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General Abstract

Hyperpigmentation is a common skin disorder caused by the abnormal
production and accumulation of melanin, including sunspots, post-
inflammatory hyperpigmentation, and melasma. Melanin is produced by
melanocytes in melanosomes through a complex process called
melanogenesis, in which tyrosinase plays a critical role. Therefore,
exploration of the permeation capacity, biological activity, and metabolic
mechanisms of existing and novel tyrosinase inhibitors is necessary and
will help to improve the problem of hyperpigmentation. One of the main
problems regarding the existing tyrosinase inhibitor, Alpha-Arbutin, is its
poor permeation ability. In this thesis, it is proposed that the ability of the
drug to permeate within the skin can be enhanced by solid microneedles
and dissolving polymeric microneedles. It was found that both solid
microneedle post-treatment and dissolving polymeric microneedles were
able to facilitate the intradermal penetration of Alpha-Arbutin. Interestingly,
the soluble polymeric microneedle was able to reach deeper into the skin,
targeting delivery to the basal layer, making it a more desirable option.
Also, given the compliance and safety issues associated with solid
microneedles, dissolving polymeric microneedles overall have better
prospects.

Although we found that the use of dissolving polymeric microneedles is an
effective way to improve the permeation of Alpha-Arbutin, there still exists
a need to develop a novel compound with strong tyrosinase inhibition and
optimal partition coefficient. Thus, in this thesis, we have identified the

new compound 11c as a promising tyrosinase inhibitor with excellent anti-



tyrosinase activity shown in melanoma cells A375. Compound 11c is
hydrophobic and demonstrated good /in vitro and in vivo penetration ability.
Most importantly, compound 11c was able to successfully improve UV-
induced skin pigmentation in guinea pigs in the /n vivo experiments. All
suggest that compound 11c may serve as a promising and effective novel
tyrosinase inhibitor that could be used to develop potential therapies for
the treatment of skin hyperpigmentation.

After having evaluated the biological activity as well as the
physicochemical properties of 11c, we turned our attention to its
mechanism of action. In this thesis, the metabolic pathway of tyrosinase
modulators in melanoma cells was investigated. A combination of LC-MS
targeted metabolomics and OrbiSIMS analysis was used to investigate
the differences in metabolites in melanoma cells from different
experimental groups. It was found that disorders of Malate-Aspartate
Shuttle and fatty acids were associated with the role of tyrosinase
modulators in melanoma cells. This suggests that fatty acids and
respiration have important functions in melanoma cells. This also provides
a strong contribution to subsequent scholars searching for new

therapeutic targets for pigmentation and melanoma.
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Chapter 1. General Introduction

In this introductory chapter, | will discuss skin disorders associated with
abnormal melanin deposition and their common treatment modalities.
Among these treatment modalities, tyrosinase inhibitors have been widely
reported as effective anti-melanogenic agents'?. This article will briefly
review the characteristics of existing tyrosinase inhibitors and the
limitations of current treatment options for hyperpigmentation. It will also
provide theoretical support for research into the development of more
effective tyrosinase inhibitors and further study of their mechanisms as
well as metabolic pathways. Furthermore, this study will not only explore
the intracellular action and mechanism of tyrosinase at the biological level,
but it will also focus on the intradermal drug delivery capability of
tyrosinase inhibitors. This chapter will then describe the anatomical
structure and function of the skin, as well as the routes of drug delivery. In
addition, this chapter will review different ways of enhancing intradermal
drug delivery, where microneedles are used as a viable drug delivery
strategy to aid in treating disease. Different microneedle types and
applications will also be covered here. Lastly, different applications of
various experimental methods are presented in this article, including LC-

MS and OrbiSIMS.

There is now considerable evidence showing how skin disorders can lead
to psychological problems and a poor quality of life. Skin lightening and

skin cancer have been in the spotlight for decades®*. In Asia, a large



market exists for skin lightening. Most women seek to make their skin
whiter and brighter in various ways, mostly for aesthetic purposes®. In
addition, the incidence of skin cancer has been high in both Europe and
the United States®. Excessive UV exposure and melanin accumulation
can cause severe damage to the skin and significantly increase the risk of
skin cancer’. Studies on melanin suppression would be effective in
improving both of these skin problems. Therefore, there is a need for
more in-depth research into existing as well as newly synthesised

tyrosinase inhibitors.

1.1 Skin pigmentation disorders

In humans, changes in skin colour occur at the functional level of
epidermal melanin®®. Essentially, this system is related to the density of
melanocytes; the number, size, and distribution of melanin vesicles
transferred to epidermal keratin-forming cells; the properties and
degradation rate of the melanin, and its degradation rate'®. In turn, the
regulation of pigmentation involves many factors required for the
development, heterogeneity, regeneration, and ageing of melanocytes
and their precursor cells'. This can determine the structure of
melanosomes, melanin synthesis, transport and distribution of
melanosomes, and the melanocyte-specific transcription factors that
control the expression and function of all these genes'?. Also, the
mutations of several of these genes are now known to be associated with
human pigmentary disorders'®, which include hyperpigmentation and

hypopigmentation.



1.1.1 Hyperpigmentation

Skin hyperpigmentation arises from three distinct processes: (i)
biogenesis and transport of melanin within melanocytes; (ii) transfer of
melanin from melanocytes to keratinocytes; and (iii) internalisation and
processing of melanin by keratinocytes. Within keratinocytes, melanin
accumulates in the supranuclear region and protects nuclear genetic
material from UV-induced damage®'. The relationship between skin
pigmentation and photoprotection still remains uncertain, but we do know
that excessive melanin accumulation can also lead to many skin

problems'>-18,

Hyperpigmentation disorders can be classified as congenital
hyperpigmentation disorders or as acquired hyperpigmentation
disorders™2°. Acquired hyperpigmentation disorders include age-related
freckles/freckles, melasma, penile/vaginal melanosis, facial follicular red
melanosis, UV-induced hyperpigmentation (tanning), post-burn
hyperpigmentation (frictional melanosis and grey skin disease), and

chemical/pharmaceutical-induced hyperpigmentation?'-23,

Of these, the most common are sunspots, post-inflammatory
hyperpigmentation, and melasma?*2°. Sunspots, also known as liver spots,
are associated with prolonged exposure to the sun. Generally, they
appear in areas exposed to the sun, such as the hands and face. Post-
inflammatory hyperpigmentation is the result of skin damage or

inflammation. Common causes may be due to acne or reactions to certain



drugs?.

Melasma, also known as chloasma, is a discrete, localised, and non-
inflammatory hyperpigmentation disorder that often occurs on the eyes,
mouth, cheeks, and forehead?’. The leading patient group is middle-aged
women. As an acquired facial pigmentation disorder, melasma is thought
to be caused by hormonal changes - specifically, the elevation of serum
progesterone levels?® 28, Pathological studies have found melasma to be
associated with increased melanin deposition within the epidermis,
particularly in the supranuclear region of the basal cells?®. In contrast,
melasma does not cause an increase in melanocytes within the epidermis.
Thus, the pigmentation in melasma is functional and reversible. Because
of the slow onset of hyperpigmentation, long-term treatment can prevent

hyperpigmentation in melasma3°3".

Bioinformatics analysis studies of melasma have showed that melanin
and melanogenesis-related proteins were significantly more highly
expressed in the lesioned epidermis, as were mRNA levels of tyrosinase-
related protein |, suggesting a regulatory role at the mRNA level*?. In
contrast, the expression of melasma-related genes, including Wnt and
other genes related to lipid metabolism, was significantly downregulated
in the presence of impaired barrier function due to melasma.
Interestingly, however, a subset of Wnt signalling regulators, including
Wnt blocker |, secretory frizzled-associated protein II, and Wnt5a, were

found to be more highly expressed in melasma lesions33-35,



This abnormal amount of melanin can become an aesthetic problem3®. In
Western countries, a large patient population uses skin lighteners to
prevent and treat this type of irregular pigmentation. In summary, there is
a large potential market and good prospects for further exploration of the
mechanisms of hyperpigmentation and the development of new agents for

its treatment.

1.1.2 Hypopigmentation

Hypopigmentation is the loss of skin colour due to a decrease in the
amount of melanin, such as vitiligo and albinism3’3. Disruptions in the
function of many factors associated with hyperpigmentation, such as
GABRB3, are thought to be the cause of hypopigmented disorders.
Delahanty et al*® suggest that deletion of GABRB3 results in almost total
loss of retinal pigment. Although mostly benign, acquired
hypopigmentation can have significant cosmetic, psychological, economic,
and social impacts. For example, vitiligo can lead to smooth skin with
white patches, which can cause aforementioned impacts for the individual.
In some people, these patches can appear all over the body. It is an
autoimmune disease where the cells that produce pigment are damaged.

At the current time of writing, there is no cure for vitiligo°.

1.2 Melanocytes

Pigmentation disorders of the human skin are usually caused by abnormal
lesions of melanocytes or melanosomes, resulting in aberrant changes in

melanin*'. This is why the structure of melanosomes and the mechanism



of melanin formation are the focus of research into these disorders.

1.2.1 Melanin and melanosomes

Melanin is a complex polymer produced by melanocytes in human skin,
eyes, and hair*2. In humans, melanin exists in three forms: eumelanin,
pheomelanin, and neuromelanin*®. The most common of these is
eumelanin, which is manufactured and deposited in melanosomes.
Production of melanin first occurs in the epidermis before being
transferred to keratin-forming cells via their dendritic structure**. The
amount of melanin present determines our skin colour and thus our
ethnicity and phenotypic appearance. There is no significant difference in
the number of melanocytes between races. The main factors affecting
differences in skin colour are the proportion of melanin and the number
and distribution of melanosomes in keratin-forming cells*°. It also plays an
important role in protecting our skin from UV radiation and
photocarcinogenesis and in removing toxic drugs and chemicals®.
Melanin also reduces the risk of folate intake and skin degeneration*’.
Many epidemiological studies have shown that people with darker skin
are less likely to develop skin cancer compared to those with fairer skin“®.
However, excessive accumulation of melanin can lead to skin diseases
such as freckles, melasma, and even melanoma and skin cancer®.
Although the presence of melanin may prevent the development of skin
cancers, including cutaneous melanoma, the presence of melanin may be
necessary for the malignant transformation of melanocytes. The poor

photostability of brown melanin creates a mutagenic environment upon



exposure to short-wave UV light and displays cytotoxic, genotoxic
properties. This demonstrates the complex role of melanogenesis in the
development of melanoma and explains the association of exposure to
UV radiation with an increased risk of malignant melanoma, a cancer of

melanocyte®°.

Melanosomes belong to the LRO (lysosome-associated organelle)
family®'. Their formation involves the interaction of rough endoplasmic
reticulum (RER) structures with vesicles and trans-Golgi network (TGN)
channels®2. Melanosomes can be divided into four stages depending on
their level of maturation®3%. Early melanosomes, particularly stage |
melanosomes, are similar to lysosomes and are formed by the smooth
membrane outgrowth of RER. In the second stage of the melanosome
production pathway, a fibrillar matrix is formed. Late melanosomes
contain a structurally intact matrix and a high density of melanin deposits.
Further maturation is driven by the delivery and activation of structural
and enzymatic proteins and the delivery of substrates. Melanosomes can
therefore be defined as organelle containing tyrosinase and located in

melanocytes that have a unique capacity to synthesise melanin®.

It is generally believed that melanogenesis begins when tyrosinase and
other related enzymes are cleaved and tyrosinase hydroxylates L-tyrosine
to L-DOPA. Initiation of this activity requires an acidic pH%. Another
theory suggests that tyrosine hydroxylase is involved in producing L-
DOPA much earlier®’, and the initial hydroxylation reaction requires an

acidic environment provided by the pre-melanosome, whose pH is



regulated by the proton pump system®- However, due to the
acidification will inhibit the synthesis of melanin®®! once L-DOPA is
present, the formation of melanin pigments requires a neutral or alkaline
environment®'82. Therefore, the environmental conditions required for

melanin synthesis needs to be further investigated.

1.2.2 Factors regulating melanogenesis within melanocytes

In addition to the influence of melanosomes and the melanogenic
environment, the key elements regulating melanogenesis within
melanocytes are pigment-specific factors usually located in, on, or near
melanosomes. They can be divided into three types: proteins involved in
the structure of melanosomes, enzymes that regulate melanin synthesis,

and proteins involved in melanosome composition and melanosome
transport*?, as shown in Figure 1-1. Transcription factors such as MITF
are clearly expressed by melanocytes and melanoma cells and are able

to regulate the expression and function of many pigment-specific

factors1.63-65,
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Figure 1-1 Factors that regulate melanogenesis within melanocytes. Key

factors include proteins that affect melanosome structure (Pmel17,
MART-1 and GPNMB) and proteins that directly or indirectly regulate

melanin synthesis (TYR, TYRP1, DCT, BLOC-1)*.

One of the most well-known receptors on melanocytes that regulate their
function is the melanocortin-1 receptor (MC1R)%67, Activation of MC1R
increases the production of cAMP and leads to phosphorylation of the

transcription factor of the cAMP-response element binding protein (CREB)

and its motifé3°, This process is illustrated at the bottom of Figure 1-1.

Currently, known MC1R agonists include alpha-melanocyte stimulating

hormone (a-MSH) and adrenocorticotropic hormone (ACTH), the



antagonist of MC1R is Agouti signaling protein (ASP), which regulates
true melanogenesis’®. And, polymorphisms in the MC1R gene have been
extensively studied, one of the most critical transcription factors regulating
cellular function is the Microphtalmia Transcription Factor (MITF).
Regarding MITF, the promoter is regulated by a variety of other
transcription factors including PAX3, SOX9”", and SOX1072. Various
physiological factors from keratin-forming cells, fibroblasts, and other

sources can also regulate the level and function of MITF expression’374,

In addition to the MC1R receptor, multiple proteins also influence melanin
production in melanocytes. Three important structural proteins make up
melanosomes: PMEL17/Silv/GP100, MART-1 and GPNMB". These
structural melanosome proteins provide the scaffolding material for the
enzymes required for melanin deposition’®. Several other proteins are
also involved in melanin synthesis. In melanosomes, there are three key
enzymes: TYR (tyrosinase), TYRP1 (tyrosinase-related protein-1), and
TRP2/DCT (dopachrome interconversion isomerase)’’. A number of other
factors, including block-1, OA1, P, and SLC45A2 (formerly known as
MATP) affect the transport of these enzymes and thus their function’87°.
According to current research, over 150 genes are involved in the
production and regulation of melanin. Melanin biosynthesis is controlled

by multiple extracellular signaling pathways®.

Overall, melanin formation is a combination of enzymatic catalysis and
chemical reactions. The biosynthetic pathway for melanin formation in

various life forms was first elucidated by Raper®' and Mason®, but has



recently been modified®84. Factors that stimulate melanogenesis include
direct UV irradiation and the action of melanocyte-stimulating hormone (a-
MSH) secreted by keratin-forming cells, which promotes the tyrosinase
reaction to produce melanin. Tyrosinase can therefore be considered as
the key enzyme responsible for the regulation of melanin and
melanogenesis in the body. The regulation of tyrosinase activity is now
widely used to reduce dark spots and promote skin lightening®. The
exploration of novel tyrosinase inhibitors is a popular route to alleviate

skin pigmentation problems?®.

1.2.3 Mechanism of tyrosinase involving production of melanin

The discovery of tyrosinase dates back to 1895, when Bourquelot et al.®’
found that instead of turning blue as previously observed, the mushrooms
Russula Foetens and Rhizopus Nigricans turned red and then dark brown
during oxidation. Tyrosine was later isolated from Aspergillus niger and
was shown to be a precursor of melanin®. After that, tyrosinase, a new
enzyme that oxidises tyrosine to the corresponding quinone, was named

by Bertrand et al.®®

Tyrosinase (TYR, EC 1.14.18.1) is a copper-containing oxidoreductase
and a critical rate-limiting enzyme®. Tyrosinase has multiple mechanistic
pathways of action. For example, enzymatic inhibition of natural products
by tyrosinase is often caused by the synergistic action of macromolecules
and small molecules®'. The active site of tyrosinase contains two copper

ions. When exposed to UV light, these copper ions cause tyrosinase to



become more active. This means a compound could potentially block
melanin production by trapping the copper ions and preventing them from

activating tyrosinase®2.

Tyrosinase is involved in two main reactions: catalysing the hydroxylation

of L-tyrosine to produce L-DOPA, and the oxidation of L-DOPA to produce

dopaquinone® (Figure 1-2). The first stage is stimulated by copper ions

which catalyse the conversion of monophenols (e.g. tyrosine) to o-
diphenols (monophenolase activity), followed by the oxidation of o-
diphenols to the corresponding o-quinone derivatives (biphenolase activity)
to form L-DOPA®%_ This is followed by further oxidation of L-dopamine to
produce dopamine quinone (hydroquinonase)®. which is then further
oxidised to eumelanin and brown melanin through other related enzymatic
reactions®”. Tyrosinase thus has a unique dual catalytic function®°. As
tyrosinase plays a crucial role in melanin production, reducing melanin
production through tyrosinase inhibition has attracted the interest of many
medicinal chemists and cosmetic researchers. Currently, most cosmetic
products or emollients are tyrosinase inhibitors. Since tyrosinase is
produced only by melanocytes, tyrosinase inhibitors specifically inhibit
intracellular melanin production without any side effects, making it an

attractive strategy.
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Figure 1-2 Tyrosine metabolism and the enzymatic action of tyrosinase.

1.3 Tyrosinase modulators
1.3.1 Tyrosinase stimulator - L-DOPA

L-DOPA is a precursor of melanin and is an important cofactor in
tyrosinase catalysis'®. In hamster melanoma cells, L-DOPA induces a
rapid and dose-dependent increase in tyrosinase activity, with peak

activity at 25 or 50 yM. It also induces moderate pigmentation and the



formation of predominantly immature melanosomes'®. It had long been
known that L-DOPA is a potent activator and substrate for human
tyrosinase, but lacked sufficient theoretical support. Today, it has been
shown that both the substrate L-tyrosine and the activator L-DOPA have
independent binding sites on the tyrosinase enzyme?3192.103 Fyrthermore,
both L-tyrosine and L-DOPA are required for the correct folding of the
tyrosinase in the endoplasmic reticulum (ER), preventing it from entering
the degradation pathway'%41%_ This strongly suggests that L-DOPA leads
to a dramatic increase in tyrosinase activity and melanin content,

accompanied by the appearance of many melanosomes.

It has been found that in melanoma cell lines, L-tyrosine and L-DOPA also
each have a regulatory role in melanogenesis, in addition to their known
functions as substrates and cofactors'®1% [ -tyrosine and L-DOPA
initiate the tyrosine hydroxylase (TH) and dopa oxidation (DO) cycles
respectively'97.1%_ Both phenolics may bind axially to the catalytic centre,
but L-tyrosine binds preferentially to the CuA site, while L-DOPA binds to

CuB108.109

L-DOPA is a direct product of L-tyrosine hydroxylation and a cofactor of
TH. The Tyr affinity of L-DOPA as a TH cofactor is approximately 100-fold
higher than that of L-DOPA as a DO substrate, suggesting that L-DOPA
may bind to both sites of the enzyme'"®. However, it is also the dual role
of L-DOPA as a substrate for DO activity and a cofactor for TH activity
that complicates the understanding of the mechanism of the Tyr

response’!!. Furthermore, in human melanoma, increased MSH binding is



observed within hours after exposure to L-tyrosine or L-DOPA"2, a-MSH
binds to the melanocortin-1 receptor (MC1R) on the cell surface and
activates adenylate cyclase, leading to the upregulation of the cAMP/PKA
signaling pathway and the induction of MITF expression®113-115 This
suggests that L-DOPA acts as a positive regulator of melanogenesis by

stimulating MSH receptor activity.

It has also been suggested that L-DOPA at micromolar or lower
concentrations stimulates cell proliferation''®117. Current literature'04.118.119
suggests that L-DOPA could also regulate cellular function and cellular
metabolism through non-receptor-mediated processes that act directly or
through melanogenic intermediates produced by its non-enzymatic or
enzymatic oxidation. Therefore, further studies are required on the
metabolic pathways and mechanisms of action of levodopa in melanoma

cells.

1.3.2 Advances of research in tyrosinase inhibitors

There are four categories of tyrosinase inhibitors: competitive, non-
competitive, mixed (competitive/non-competitive), and uncompetitive
inhibitors'?0.121, Competitive inhibitors may be inhibitors that prevent
substrate binding by binding to free tyrosinase, such as copper ion
chelators, substrate analogues of tyrosinase, or derivatives of L-tyrosine
or L-DOPA. In contrast, non-competitive inhibitors bind only to tyrosine

complexes.

Over the past few decades, medical and cosmetic industries have been



investigating the treatment of skin diseases. Numerous studies have
shown that compounds derived and isolated from a variety of natural
sources and compounds have strong antioxidant and skin lightening
properties'??. Tyrosinase inhibitors have now become important

ingredients in medical cosmetic products for depigmentation.

Although synthetic tyrosinase inhibitors have been widely reported at this
stage, only a few have been used for commercial purposes, such as
resorcinol, arbutin'?® and kojic acid®>'2¢, Among this, resorcinol is banned
mainly because of its high cytotoxicity, arbutin and kojic acid is limited by
the insufficient permeability, low activity, or poor stability'?®. Vitamin C and
its derivatives can also be used as whitening agents. However, the level
of tyrosinase inhibitory activity in these compounds is still not high enough
for widespread use. The tyrosinase inhibitors commonly used in the
market today, such as tretinoin and cysteine, have good inhibitory
capacity. However, studies have found that they may produce undesirable
side effects such as dermatitis, skin irritation, and even skin cancer'?.
Traditional skin lightening products such as hydroquinone'’,
corticosteroids, and mercury-containing products have been banned.
These compounds have been found to be potentially mitogenic, making
them genotoxic to melanocytes'?®. Therefore, there is a need to develop
natural whitening products that do not contain harmful side effects. The

chemical structures of existing tyrosinase inhibitors are shown in Figure

1-3.
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Figure 1-3 Chemical structures of existing tyrosinase inhibitors. (a)

Arbutin (b) Nicotinamide (c) Kojic acid.

As tyrosinase plays a key role in mammalian melanin production,
tyrosinase inhibitors have been a hot topic of research in this field.
However, regarding the study of commercial tyrosinase inhibitors at this
stage, the choice of research target is an issue. All these compounds
have certain defects in their physicochemical properties, among which
arbutin is the most lipophilic and has difficulty in crossing the stratum
corneum to the inner skin. For this reason, arbutin is considered to be of
high research interest. Moreover, due to the limitations of the
experimental method, only arbutin could be detected among these three
compounds as shown by the Orbi-SIMS. Therefore, the choice of arbutin

as a research target is feasible and has sufficient scientific implications.

1.3.2.1 Naturally derived tyrosinase inhibitors

Naturally derived tyrosinase inhibitors are mainly of animal, plant, and
microbial origin'?°. Chai et al'*® extracted and isolated proanthocyanidins
from avocados, and found that proanthocyanidins are reversible

competitive tyrosinase inhibitors as well as that the neighbouring hydroxyl



group on the B-ring can integrate with the copper ion at the active centre
of the enzyme. Xiong et al.’®' found that apigenin is a mixed tyrosinase
inhibitor that can be inserted into the hydrophobic lumen of the enzyme
and interact with a number of amino acid residues. Passi et al'3? isolated
C9 and C11 dicarboxylic acids from cereal spore cultures and found them
to be competitive tyrosinase inhibitors with tyrosinase inhibitory

capacity '3,

1.3.2.1.1 Arbutin

Arbutin, also known as 4-hydroxyphenyl-B-d-glucopyranoside, is a
naturally occurring phenolic component found in various plants such as
rockweed, bearberry, lingonberry, and pear'*. Arbutin is a safe and mild
competitive inhibitor of melanogenesis with negligible toxicity to
melanocytes and other skin cells'. Instead, it inhibits the tyrosinase
activity of melanosomes rather than inhibiting the synthesis and
expression of melanocyte tyrosinase’®. In addition, arbutin inhibits
melanogenesis in melanocytes co-cultured with keratin-forming cells more
effectively than in melanocyte cultures alone'’. As a result, arbutin is

widely used in both the cosmetic and medical fields'?.

1.3.2.1.2 Isomers of arbutin and Alpha-Arbutin

One of the isomers of natural arbutin is Alpha-Arbutin (4-hydroxyphenyl-a-
d-glucopyranoside, a-arbutin), which is produced by the glycosidic bond
as an Alpha - isomer'2. In 2003, researchers found that Alpha-Arbutin

inhibited melanogenesis by directly inhibiting tyrosinase activity '*°. So far,



the results of skin lightening agents screened using human tyrosinase
suggest that Alpha-Arbutin is a more effective lightening agent than
arbutin™9, One researcher studied the effects of Alpha- and Beta-Arbutin
on tyrosinase activity in mushrooms and mouse melanomas and found
that Beta-Arbutin was able to inhibit their tyrosinase activity. In contrast,
Alpha-Arbutin only inhibited tyrosinase in mouse melanoma with an ICso
of 0.48 mM, with a mixed mechanism of inhibition. However, its effect was
10 times greater than that of Beta -arbutin'¥'. As a result, Alpha-Arbutin

has become one of the most widely used skin lightening agents.

1.3.2.1.3 Physicochemical properties of arbutin

The chemical formula of arbutin is C12H1607 with a specific spin value of -
64.00 + 1.00. It appears as a white powder that is soluble in hot water,
slightly soluble in cold water, and soluble in organic solvents such as
methanol'#?. Arbutin should be kept in a tightly closed environment,
avoiding contact with oxides. It is easily hydrolysed under acidic
conditions. This is due to the presence of several hydroxyl groups in the
Alpha-Arbutin molecule that can form hydrogen bonds with water
molecules, making it highly hydrophilic with a log P value of -1.4943, |t
makes Alpha-Arbutin difficult to cross the epidermis of the skin to reach
the melanocyte site for action, as the stratum corneum is more resistant to
hydrophilic substances'4. However, due to the advantages of Alpha-
Arbutin over other harmful skin lightening agents, there is a need to
investigate the development of multiple dosage forms or transdermal

delivery systems to improve the bioavailability of arbutin, such as through



microneedles, nanosystems, microsystems, and lipid systems'43.145,

1.3.2.2 Synthetic tyrosinase inhibitors

Many scholars have studied the inhibition mechanism of tyrosinase
inhibitors and have synthesised a series of effective inhibitors. Xing et
al.’8 synthesised and characterised NasPMo11CuQ4o. Their experimental
results showed that this compound was a reversible competitive inhibitor
that could effectively inhibit tyrosinase activity with an ICso of 4.8 x 10
mol/L. Yi et al.’" also synthesised some salicylic acid analogues based
on salicylic acid and investigated their inhibition of tyrosinase activity,
finding that a 4, 6 -O- phenethyl on the glycosyl group could be a potential

tyrosinase inhibitor with an I1Cso of 5.2x10-° mol/L.

These studies have led to the synthesis of novel tyrosinase inhibitors
using natural products as lead compounds. Common lead compounds

with specific backbone structures include flavonoids or polyphenols.

1.3.2.2.1 Chalcones and flavonoid inhibitors

Chalcone is an important substrate for the biosynthesis of flavonoids and
can be converted to flavonoids in plants by the action of chalcone
isomerase’8. Chalcones are widely distributed in the flowers, leaves, bark,
and roots of plants and play an important role in a variety of
phytopharmaceuticals commonly used in Asia, Europe, Africa, and South
America'91%0  Chalcones have a flexible backbone structure that allows

them to bind to a wide range of receptors. In addition, they have a wide



range of biological activities: anti-cancer'™'1%2  antioxidant®3,
antibacterial’*, antimalarial’®, and anti-inflammatory'™®. The use of
chalcones in clinical practice has become a major research topic.
Nowadays, various drugs used clinically, such as Metochalcone for

gallbladder diseases and Sofalcone for gastric ulcers, are available'’.

Their structures are shown in Figure 1-4. Chalcone compounds show

considerable promise and have received widespread attention. In recent

years, research into their biological activity has been very active.
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Figure 14 Chemical structure of Chalcone related derivatives.

However, little research has been reported on the ability of chalcones to
activate tyrosinase activity. Nishida et al.’® synthesised a series of
hydroxychalcone analogues and selected four compounds that showed
strong inhibition of tyrosinase activity, with the best inhibition at an ICso
concentration of only 1 pmol/L. Nixha et al.”®® synthesised chalcone
analogues from carbazole and modified them to obtain several new
compounds with tyrosinase activating activity. Sonmez et al.'® obtained a
series of tyrosinase activating chalcone derivatives by introducing
different substituted phenylureas and phenylthioureas into the a-ring of

chalcone.



Such preliminary studies demonstrate the feasibility of novel tyrosinase
inhibitors using chalcone as a backbone. In order to develop safer and
more effective tyrosinase inhibitors, other preliminary studies have been
carried out on dihydrochalone and its homologues in the flavonoid family.
Dihydrochalone is a non-planar water-soluble molecule containing a 1,3-
diphenylacetone structure and is considered to be a "minority flavonoid"
naturally occurring in plants'®'-163_ It is an important, safe, and biodiverse
natural compound with hypoglycaemic, hepatoprotective, antioxidant,
antitumour, whitening, memory improvement, blood pressure regulation,
analgesic, anti-inflammatory, and antibacterial properties’®4165, |t is also
commonly used in food additives. Therefore, synthesising
dihydrochalcone as a backbone and introducing other active groups to
produce tyrosinase inhibitors with better activity and safety is worthy of

being tried and studied.

1.3.2.3 Limitations of tyrosinase inhibitors

Despite the large number of in vitro tyrosinase inhibitors available, only a
few have been able to produce results in clinical trials'®®167, This is due to
the rate-limiting step of tyrosinase catalysis during pigmentation. The gap
between in vitro and in vivo studies suggests that other innovative
strategies are needed to validate their efficacy and safety. Besides the
drug’s tyrosinase inhibition ability, other parameters related to the
cytotoxicity, solubility, skin absorption, permeability, and stability of the
drug should also be considered. Screening test systems are also crucial

as keratin-forming cells play a positive regulatory role in melanogenesis



within melanocytes'®®. Therefore, the use of animal skin, keratin-forming
cells co-cultured with melanocytes, or 3D skin should be considered for
mammalian skin models. If only melanocytes or soluble tyrosinase are

used, the reliability of the data is not strong enough.

1.4 Skin penetration

Skin penetration for intradermal or transdermal drug delivery is a limiting
factor for success. One of the main issues in achieving effective
depigmentation is the choice of the intradermal delivery system and drug
formulation, as we need to ensure that useful drug concentrations will
reach the melanocyte'®®. Poor bioavailability and penetration into
melanosomes are the main reasons why many potential inhibitors of

melanin synthesis have failed in /n vitro and in vivo trials'.

1.4.1 Skin structure and function

The human skin is a highly complex multilayered structure and is the
largest organ of the body, accounting for approximately 16% of body
mass and an average area of 2 m? in a typical adult'’°. The main function
of the skin is to act as a barrier between the body and the external
environment''.  This barrier prevents the entry of chemicals,
microorganisms, and UV radiation, and the loss of water and body
fluids'2. In addition, the skin regulates body temperature and acts as a

sensory organ. The human skin can be divided into three layers: the



epidermis, the dermis, and the subcutaneous fat layer'’3, as shown in

Figure 1-56. The basal layer in the epidermis and is the target region for

drug administration.
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Figure 1-5 The structure of skin'74.

1.4.1.1 The epidermis

The epidermis is the outermost layer of the skin and protects the rest of
the body from the environment. The thickness of the epidermis varies

depending on the area of the body; the eyelids are only 0.05 mm thick,



while the palms of the hands and soles of the feet are 1.5 mm thick. The
epidermis contains melanocytes (melanoma-forming cells), Langerhans
cells (involved in the skin's immune system), Merkel cells, and sensory
nerves'’>176 |t consists of a stratum corneum, a hyaline layer (stratum
lucidum), a granular layer, a spinous layer, and a basal layer, which has

no blood vessels but contains free nerve endings'’’. The melanocytes are

located in the basal lamina. This is illustrated in Figure 1-6.
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Figure 1-6 The epidermis of thick skin with the designations of different

layers'’8,



The human epidermis is a complex squamous epithelium that is
constantly renewing itself. Its innermost basal cells are a population of
stem cells which have the ability to proliferate and divide. Once their
dividing progeny leave the basal layer and migrate upwards, they begin
the terminal differentiation process, forming the characteristic

morphological layers of the spindle, granule, and stratum corneum’7®.

1.4.1.2. The stratum corneum

The epidermis is mainly composed of keratinocyte (95%), which form the
initial basis of the 'bricks and mortar' structure'® (with the exception of

trace components such as pigment cells, Ranges cells, and Merkel cells)

(Figure 1-7). Keratinocyte expand and give rise to daughter cells which

eventually differentiate to form the stratum corneum (SC), consisting of 10
- 25 layers of dead cells (corneocytes). The corneocytes act as "bricks"
embedded in a "mortar" consisting of various lipid bilayers such as
ceramide, fatty acids, cholesterol, and cholesteryl esters, also known as
the intercellular platelet lipid membrane. This creates the structural basis
of the epidermal permeability barrier'®', where the intercellular platelet
lipid membrane forms the functional part of the skin barrier'®. The
epidermal barrier function usually prevents excess water from entering or

leaving the body'8.
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Figure 1-7 Schematic diagram of the 'bricks and mortar' structure and

functional composition of the stratum corneum?®4,

The stratum corneum can be removed by the classic tape peeling method.
The cuticle is selectively and completely transferred to the tape by
pressing the tape onto the skin and then abruptly removing it. This
process is repeated 10-20 times. This way, active skin can be obtained for
experiments or used to determine drug concentrations in the stratum

corneum and the rest of the skin respectively'8.
1.4.1.3. The basal cell layer

The basal layer is the innermost layer of the epidermis and contains small
round cells called basal laminae. The cells of the basal layer are
constantly dividing, with new cells pushing older cells to the surface of the

skin and eventually shedding them. The basal cell layer is also known as



the germ layer because it is constantly producing new cells'e.

The basal cell layer contains melanocytes. Melanocytes produce a skin
pigment called melanin, which gives the skin its tan colour and helps
protect the deeper layers of the skin from the harmful effects of the sun'®’.
Sunlight exposure causes melanocytes to increase melanin production to
protect the skin from UV rays which can cause sunburn. Melanin spots on

the skin can lead to birthmarks, freckles, and age spots.

1.4.2 The route of skin administration

Skin administration can be divided into topical, intradermal, and
transdermal drug delivery'®. When the intended site of action is
superficial to the skin, the drug delivery system is considered to be
topical'®. When the intended target site of action is deep in the skin, such
as within the dermis, the drug delivery system is considered
intradermal%-192_ Lastly, when the drug passes through the skin and
enters the systemic circulation, the drug delivery system is considered
transdermal’®1%4_ In the last 20 years, transdermal and intradermal drug
delivery systems have increased in their usage. These systems have
various advantages over oral administration and are a novel painless
route of drug delivery, thanks in large part to their non-invasive
nature'®3195. The risk of oral or injectable drug overdose is reduced while
early metabolism of the drug in the liver can be avoided. These systems
are also able to produce controlled drug delivery and sustained release,

resulting in satisfactory efficacy'%6.1%7,



Unfortunately, the protective function of human skin imposes
physicochemical limitations on the type of penetrant that can cross the
barrier'®®. For passive drug delivery through the skin, adequate
lipophilicity with a logarithmic partition coefficient preferably between 1-3.5,
low molecular weight <5600 Da, and reasonable water solubility >100
pug/mL is required in order to penetrate the barrier'®®20  These
requirements limit the number of commercially available products that are

based on transdermal or dermal delivery?°'.

The SC is a key factor in regulating the passage of drugs through the
tissue?%0292 This uppermost layer of the skin consists of keratinocytes
embedded in a lipid-rich matrix and is approximately 10-15 pm thick.
However, most active pharmaceutical ingredients (APls) are quite
hydrophilic, electrically charged, or of large molecular size, making them
far from ideal for skin penetration?®®. Recent developments in intra-
/transdermal drug delivery have therefore raised the need for strategies to
overcome the function of the SC barrier to facilitate rapid and effective
penetration of a wider range of molecules, including large molecule

therapeutics and genetic material?%4.205,

1.4.2.1 Pathways across the stratum corneum

At this stage, three routes of crossing the SC are currently being

employed?%6-2%8(Figure 1-8). The first consists of crossing the SC and

epidermis using different hair follicles to reach the dermis directly, also

known as the appendageal route?®®. The other two routes involve crossing



the SC then passing through the keratinocytes (intracellular route) or
passing between keratinocytes through lipid cements (intercellular route).
Of these, the intracellular route is more polar due to the keratin-containing
cells of the stratum corneum. And due to the lipid cements, intercellular
route is thus considered to be the main route for transdermal drug
delivery?19211 Water-soluble drugs readily enter the intracellular route and
lipid-soluble drugs mainly pass through the intercellular route?'>-214, It is
noteworthy that the penetration of external molecules into the skin occurs
simultaneously through these three parallel permeation pathways.
However, their relative contribution may depend to a large extent on the
physicochemical properties of the drug. Knowing that it is usually not
possible to select their properties according to the intended application, it

is necessary to develop strategies that facilitate skin transport.
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Figure 1-8 lllustration of nanoparticle skin penetration pathways. Topically



applied nanoparticles can penetrate the skin in one of three different ways:
(1) through the appendageal route, (2) through the intracellular route, or

(3) through the intercellular route?' .

1.4.2.2 Intradermal drug delivery for the treatment of

hyperpigmentation

As melanin is secreted by melanocytes in the basal layer?'¢2'7 in order to
effectively inhibit melanin production, the drug needs to cross the stratum
corneum and reach the deepest basal layers of the epidermis. However, it
is not necessary for the drug to cross the skin into the circulatory system,
so a route with little systemic absorption and accumulation is ideal.
Intradermal drug delivery, also known as dermal therapy system (DTS), is
thus an appropriate delivery method and is often used to treat skin
diseases. Through topical treatment, the drug is distributed or passes

through the outer layer of the skin to the lesion?'8.

Some of the available tyrosinase inhibitors are essentially hydrophilic?9-22°,
It is difficult for hydrophilic compounds to penetrate the skin because they
do not readily enter the hydrophobic stratum corneum??'.222, Therefore, it
is worth investigating how the active ingredient penetrates the skin and
delivers the drug to the basal layer. DTS is appropriate in this aspect as it
can ensure that more of the drug stays in the skin rather than penetrating

the whole body.

Drugs delivered via DTS target the skin, including the stratum corneum,

active epidermis, and dermis. DTS treatment requires both partial



retention in the stratum corneum and the passage of drugs across the
skin surface into the active epidermis or dermis?23224, Unlike other organs
of the body, drugs can easily be delivered directly to the skin. The
challenge is that the outermost layer of the skin, the stratum corneum,
acts as a barrier to drugs and varies greatly in its ability to bind to different
drugs. Successful DTS designs are able to deliver drugs to the interior of
the skin without excessive entry into the body's circulation??®, producing
high concentrations within the skin while minimising absorption into the

bloodstream to avoid side effects?25.

1.4.3 Microneedles

With the rapid development of biomaterials, microelectronics, micro and
nano manufacturing, and nanotechnology, various methods of promoting
penetration to facilitate penetration agents such as drug carriers,
iontophoresis, microneedle injections, ultrasound, electrothermal pores,
and needleless injections have begun to break through the barrier of the

stratum corneum, allowing transdermal absorption of large molecules

previously thought to be difficult to administer transdermally (Figure 1-9).

In recent years, with the rapid rise in the incidence of skin diseases such
as acne, psoriasis, and skin tumours, there has been a growing demand
for topical treatments for skin diseases. Many of the drugs used in the
treatment of dermatological conditions have a high degree of systemic
toxicity or skin irritation, such as retinoids, corticosteroids, potomytoxin,

and anti-melanoma drugs. The use of carrier technology to improve the



dermal targeting of these drugs can improve local absorption and reduce
systemic toxicity in the skin and is becoming a popular area of research in

transdermal drug delivery systems.

One simple and feasible way to do this is through the microneedle. The
development of an effective microneedle system is necessary in order to
avoid harming other normal body cells. Microneedles are a hybrid of a
hypodermic needle and a transdermal patch and are slowly
revolutionising the field of transdermal and intradermal drug delivery??’.
This new finding also speaks volumes about the importance of

intradermal drug delivery.

When applied to the skin, microneedles achieve increased transdermal
drug absorption by selectively puncturing or removing the stratum
corneum, creating micron-sized pores through which the drug travels??.
Typically, microneedles have an axis length between 250-1000 microns
and possess a sharper tip than hypodermic needles??®?%, Studies have
shown that microneedles can penetrate the stratum corneum?3' without
touching nerves or blood vessels, leaving patients pain-
free?32.233 Microneedles have also been shown to greatly improve the
bioavailability of various therapeutic agents and large molecular weight
compounds. This is a significant advantage over conventional transdermal

drug delivery?34,
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Figure 1-9 Schematic diagram of the microneedle patch and other

common (intramuscular, subcutaneous and intradermal) injection routes

into human skin.

In 1952, the Journal of Science published a paper on the construction and
application of microneedles, initiating research into their use in
biomedicine®*. In 1976, the first microneedle patent was applied for by
Gerstel and Place of Alza. It was thought that this micron-sized needle
could be used for transdermal drug delivery in a painless manner?3,
However, it was not until 1995 that the first paper on microneedle arrays
was published, where they developed a hollow microneedle array injected
with bacterial plasmids for genetic transformation of nematodes?’. In
1998, Prausnitz et al. first applied microneedles to the field of intradermal

drug delivery®®. Since then, more and more scientists have been



exploring the field of microneedles and have discovered that not only
small molecules but also large molecules such as peptides, proteins,
oligonucleotides, and even supramolecular complexes can be

administered transdermally using microneedles?%.

Most microneedles on the market today are used for aesthetic purposes,
such as for hyperpigmentation. This suggests that patients with
hyperpigmentation are more receptive to using microneedles as a form of

drug delivery and thus further exploration into this field is warranted.

1.4.3.1 Types of microneedles

Most of the early microneedle arrays were made of silicon, but new
materials such as silicon nitride, glass, metals, and polymers have now
come into use?¥%24' Processing techniques for microneedles originate
mainly from the semiconductor industry from lithography, chemical
etching, or optical techniques?#2-244. Currently, microneedles can generally
be classified into four main categories depending on the preparation
process and material used. These include solid microneedles, coated

microneedles, hollow microneedles, and dissolving microneedles?#°%46, as

shown in Figure 1-10.
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Figure 1-10 4 types of MNP and their route of administration?4’.

Solid microneedles can be loaded by applying a drug to the surface or by
pre-treating the skin to induce microchannel infiltration®*®. Coated
microneedles are a modified version of solid microneedles and contain an
additional drug-polymer coating?2%9, After insertion into the skin, the
microneedle is left in place for a certain period of time in order to allow the
coating to dissolve, resulting in the release of the drug. The hollow
microneedle can be loaded with liquid drugs and injected into the skin for
microneedle delivery, similar to traditional subcutaneous injections?47:2%!,
This method allows for more control of the drug delivery rate through
pressure-driven flow. Recently, drugs have been delivered through this

method?52,

Each of these different microneedling methods has its own advantages.
Among them, solid microneedles can be used directly overlaid with
commercial products, enabling a visual comparison of their enhancing

capacity. Soluble microneedling is widely used for its good compliance,



especially for patients with excessive melanin deposition, where long-term

use of microneedle patches is the best treatment option.

1.4.3.1 Solid microneedles

Solid microneedles are micron-length arrays of microneedles made from
polymers containing biocompatible properties. These types of
microneedles are commonly used as skin pre-treatments to create
microneedle channels. These micropores are deeper and easily penetrate
the outermost layer of the skin. Topical preparations are then applied.
Solid microneedles are now used by dermatologists for skin treatments?.
Among others, Akmal et al*?’ found that skin post-treatment of solid
microneedles, like a "stick-and-poke" strategy where the drug is
administered first and then the solid microneedle is applied, can greatly
enhance drug delivery. However, some studies have found that
microneedle channels are difficult to keep open for longer periods of time
due to the regenerative and elastic nature of the skin. It has been reported
that microneedle channels can only maintain activity for just 15 minutes
using the 'poke-stick' method?%4. This is the biggest limiting factor found to
date and may reduce the amount of drug ultimately delivered?3°2%.
Therefore, strategies need to be developed to prolong the pore viability for

drug delivery.

1.4.3.2 Dissolving microneedles

Dissolving microneedles are made by encapsulating drug molecules with

a biodegradable polymer?57:2%8. When the dissolving microneedle is



inserted into the skin, the tip dissolves and the drug is then released into
the skin. This is a single step process as the polymer degrades
completely and does not need to be removed after insertion. There is no
need to consider whether it will break off in the skin and have
biocompatibility issues?3'. In addition, dissolving microneedles have been
shown to be very effective in controlling drug release. Due to the
bioacceptability of the polymer and its solubility in the skin, it is one of the

best options for long-term treatment to improve patient compliance?5°20,

It is worth noting that the matrix polymer and manufacturing method of
DMNs can affect the properties and enhance the ability of microneedles?®2.
To investigate the binding of Alpha-Arbutin to microneedles, Aung et al
developed dissolved microneedles loaded with Alpha-Arbutin and
hydrogel-forming microneedles using polyvinyl alcohol (PVA) and poly
(acrylic acid-maleic acid) copolymer (PAMA)?61262 The results showed
that the dissolving microneedles and hydrogel-forming microneedles were
able to provide intradermal delivery of Alpha-Arbutin. This illustrates the
importance of continuing to investigate better microneedles containing

Alpha-Arbutin and their feasibility.

Currently, a large number of microneedles are used mainly for immune
system diseases, diabetes, and cancer'®263.264  This has been a major
breakthrough in improving vaccinations. However, for dermatological
diseases, especially skin lightening, the question of whether the
absorption rate of intradermal administration can be effectively improved

and the accuracy of targeted delivery improved is a question that requires



further research.

1.5 Skin cancer - melanoma

Skin cancer is one of the most common malignancies worldwide?%°. It can
generally be classified as either malignant melanoma or non-melanoma
skin cancer?6¢267  Malignant melanoma is a serious form of skin cancer
that begins in the pigmented system of the skin. Its incidence is relatively
low, accounting for only 4% of skin cancers, but it causes 79% of skin
cancer-related deaths?®®. Non-melanoma skin cancers, mainly basal cell
carcinoma (BCC) and squamous cell carcinoma (SCC), occur mainly on
exposed areas of the face and can be extremely disfiguring?6°-271.
Cutaneous malignant melanoma (CMM) is a malignant tumour of
melanocytic origin, usually caused by skin pigmentation and by
unregulated and abnormal proliferation of melanocytes within the
epidermis®’2. In people of colour, malignant melanoma occurs in areas
that are rarely exposed to UV light, such as the feet?’. In contrast, in
Caucasians, 90% of the original lesions are cutaneous, with the most
common lesions occurring on the back, male chest, and female legs?’4. It
is more dangerous than other types of skin cancer such as BCC and SCC
as it spreads more rapidly to other organs?’>. The incidence of melanoma
has continued to rise in recent decades, often affecting young people.
Therefore, the importance of research and development of new treatment

strategies has increased greatly?®.

Based on their histopathology, primary cutaneous melanomas can be



classified into four groups: superficial spreading melanoma, nodular
melanoma, melanotic melanoma, and acantholytic melanoma?/6-278,
Primary cutaneous melanomas are characterised by their ability to invade
and metastasise and are one of the most common forms of skin cancer.
Cancer cells usually arise from the transformation and proliferation of
melanocytes that normally reside in the basal cell layer of the epidermis,
but can also develop when melanocytes no longer respond to the normal
control mechanisms of cell growth?'®27°. They may then invade nearby
structures or spread to other organs of the body (metastases) where they
again invade and impair the function of that organ. Although melanoma is
almost always curable in its early stages, it may be considered advanced
if it spreads to other parts of the body?®°. Therefore, early diagnosis of
melanoma is very important and careful examination is necessary for

further melanoma treatment.

In addition to early diagnosis, successful treatment requires the right type
of therapy e.g. chemotherapy. Many active compounds that have an
effect on the cytotoxicity of malignant melanoma cells exist and can be
used as effective agents for further treatment?®'282. Melanoma can be
inhibited through a variety of mechanisms. Studies have shown that
inhibition can be achieved through apoptosis, a common mechanism of
action of cancer-targeting drugs?83-285, Different proteins induce apoptosis
in different ways, but all ultimately lead to nuclear DNA damage. For
example, sangenol has been reported as an anti-cancer drug. Its

expression in ovarian cancer cells can activate and inhibit the NF-KB



signaling pathway through caspases?®®. However, the mechanism by
which sangenol L. induces melanoma cell death is unclear. Interestingly,
important data exists suggesting that the purinergic signalling pathway
plays an immunosuppressive role in the pathophysiology of melanoma
and in the ATP signaling pathway??7-288, Therefore, as shown in other
tumours, the purinergic signaling pathway should be considered as a
potential target for melanoma management and treatment and may offer

new therapeutic perspectives.

Although chemotherapeutic drugs can kill cancer cells, they may damage
some normal cells and cause side effects, including effects on other
cellular and molecular mechanisms in the melanoma system?8%-291_ The
type of side effects induced depend on the type of drug used, the amount
taken, and the length of treatment. The impact of resistance to
chemotherapy on the treatment of melanoma has also been mentioned in
recent studies?°?-2%, Moreover, the immunosuppressive effect of excess
melanin can lead to melanoma progression and resistance to
immunotherapy®. Therefore, inhibition of tyrosinase can inhibit the
production of excess melanin, thereby alleviating the progression of
melanoma and improving the efficiency of immunotherapy such as

chemotherapy.

In summary, the study of tyrosinase inhibitors and their mechanism of
action is of great value. Better targeting and overcoming resistance to
chemotherapy are essential to improve the overall efficacy of melanoma

treatment. In addition, research into the mechanisms of inhibition of



melanoma skin cancer and the development of new effective compounds

are also important research directions.

Among these, the malignant melanoma cell A375 was chosen to be used
in my studies as it is a human melanoma cell. A375 was derived from a
54-year-old woman and is one of a series of cell lines established by
Geiard et al*®. It formed rapidly growing subcutaneous tumours
resembling malignant melanoma in NIH Swiss mice treated with anti-
thymocyte globulin and serum, and was cloned on normal fibroblasts and
agar. The karyotype is a triploid with chromosomes?®. There are 9 marker

chromosomes per cell and normal precent of N2, N6, and N222°7,

1.6 Metabolomics

Metabolism is the general term for all the chemical reactions and
chemicals in a biological system (cells, tissues, organisms) that are used
to maintain life activities?®®. Whether or not an object has metabolism
determines whether or not it can be considered a living being®®. In a
biological system, the variety of metabolites and the number of metabolic
reactions is enormous. The systematic study of these metabolite changes
and the regulation of metabolic reactions is of great importance to the life
sciences, not only for revealing the regulatory mechanisms and molecular
mechanisms of certain metabolic genes, but also for the diagnosis,
prognosis, and treatment of certain metabolism-related diseases30%-301,
Metabolomics is a reliable tool that can be used to study the complex

changes in metabolites of biological systems302:303,



Since the emergence of the concept of genomics at the end of the 20th
century3%* a wide range of -omics have emerged and studies have been
published. These include transcriptomics, proteomics, and metabolomics.
Among these, metabolomics has become a hot topic of research for
medical researchers3%5:3%_Metabolomics is different from other ‘omics’, as
it is the study of the changes of metabolites in the dynamic process of
metabolism as well as the changes of metabolites over time after the
biological system is stimulated or perturbed. Metabolomics enables us to
elucidate the metabolic pathways of the biological system and reveals the
metabolic nature of the organism's life activities®%73%8,  With the
development of life sciences, the depth of research on metabolites has
increased and gradually metabolomics has become established. A
metabolome can be defined as the collection of all metabolites in a cell,
tissue, organ, or individual, generally referring to small endogenous
molecules with a molecular weight of less than 1000 Da which often exert
biological effects at lower blood concentrations3%%319, As metabolites are
at the end of the regulation of biochemical activity in biological systems,
they contain biomarker information that directly reflects the physiological
phenotype3''-313, Metabolomics is therefore able to describe the metabolic
reactions that are taking place in a given biological system and can allow
us to visualise the metabolic profile. As a result, metabolomics is
increasingly becoming a very powerful analytical tool for the holistic study
of functional changes in living systems3'4. With the rapid development of
systems biology, it is equally important to establish information on the

correlations and interactions between these groups.



The concept of Metabolomics was first introduced by Oliver®'® in 1997 and
Metabonomics by Jeremy K. Nicholson®'® in 1999. Metabolomics and
Metabonomics form the current mainstream field of metabolomics3'’. The
former is generally considered to be a cell-based study and focuses on
the comprehensive, quantitative analysis of all metabolites in the system.
The latter, on the other hand, places more emphasis on the study of
biological fluids and tissues, and is the quantitative determination of the
dynamic, multi-indicator metabolic response of living systems to
pathophysiological stimuli or genetic modifications. Later, ‘Metabolomics’
gradually came to stand in for both and became the mainstream term

used.

Within metabolomics, there are also two different directions of future
development. One way is to study metabolite changes in biological
systems as a way to find the regulatory pathways involved in metabolism
and to find metabolic biomarkers associated with certain changes®'®. The
other way is to improve the equipment and find new ways to find more
metabolites, which can reveal more metabolite changes and thus new

mechanisms of metabolite changes3'°.

1.6.1 Application of metabolomics in tumour crippling research

Tumour cells are metabolically active and undergo a series of metabolic
reorganisations compared to normal cells329-322, Denkert et al.3?® used a
GC-MS metabolomics research platform to analyse the metabolic network

of cancerous tissues from colon cancer patients and found that cancerous



tissues had lower tricarboxylic acid cycle intermediates and higher levels
of nucleic acid molecules (such as purines and pyrimidines and amino
acids) than normal tissues. In a metabolomic study of cancerous tissues
from gastric and colon cancer, Hirayama et al.3* found that cancerous
tissues had lower glucose concentrations and higher concentrations of
glycolytic intermediates and lactate, with an overall upregulation of amino
acid concentrations except for glutamine. This suggests that glycolysis is
the main mode of energy supply in cancerous tissues and that there is
active glutamine catabolism and protein degradation in cancerous tissues.
Catchpole et al.>?> applied a metabolomic approach to characterise the
metabolic phenotype of kidney cancer cells. Levels of glucose 1-
phosphate, fructose 1-phosphate, inositol, mangiferin, and a-tocopherol
were found to be significantly different from those of normal kidney cells,
and fatty acids such as arachidonic acid, as well as proline and uracil,

were important in the metastatic process of kidney cancer.

The use of metabolomics has great significance in studying cancer.
Cancer cells dividing in large numbers require large amounts of nutrients
and energy to support them. This can lead to abnormalities in cell
metabolism, and these abnormalities can help explain the cause of cancer
as well as help us find suitable biomarkers.3?6327 The application of
metabolomics in cancer in general comprises two areas. One area is
concerned with the application of metabolomics to the clinical aspects of
cancer, mainly the search for metabolic markers, including diagnosis and

prognostsis®?8. The second area is concerned with the application of



metabolomics to the study of metabolic mechanisms, including the
detection of metabolites in cancer cells to reveal alterations in metabolic
pathways3?°, as well as the study of the relationship between certain
genes or proteins on metabolism through the combined application of

metabolomics and other histologies3°.

1.7 Lipidomics

The structural diversity and complexity of metabolites in living organisms
have made it difficult for researchers, As a result, a series of new
branches of metabolomics, such as Glycomics and Lipidomics, have
emerged based on the in-depth classification of metabolites in the body
according to their characteristics®3'. Of these, lipidomics is an important
branch in the development of metabolomics332333, Lipidomics was first
proposed by Han et al. in 20033, and is a discipline that provides a
systematic analysis of lipid-like metabolites and their interacting
molecules. This facilitates the understanding of the structure and function
of lipids, which in turn reveals the relationship between lipid metabolism
and the physiological and pathological processes of cells, organs, and
even the organism.®*. Lipidomics is important for revealing lipids’
metabolic regulation, biological functions, and mechanisms of action336:337,
Once the concept of lipidomics was introduced, it quickly became an
international research hotspot. Nowadays, lipidomics has been widely
used for marker screening, pathological mechanism research, drug action
target screening, evaluation of drug action effect, and mechanism of

action research.



1.7.1 Lipid metabolites

Lipid metabolites are chemically non-homogeneous compounds that
occur in nature and are highly soluble in organic solvents. They were later
redefined as ‘hydrophobic or amphiphilic small molecules3°. Lipid
metabolites are mainly classified as Fatty acids (FA), Glycerolipid (GL),
Glycerophospholipid (GP) (details in Table 2), Sphingolipid (SP), Sterol
lipid (ST), Prenol lipid (PR), saccharolipid (SL), and polyketide (PK)338339,
Among them, the first five lipid components are relatively high in
mammalian cells (Table 1). Lipid metabolites are a major component of
biological membranes and act as energy storage sources while also
participating in many important life activities, such as signal recognition,
signalling transduction, cell differentiation, and apoptosis34%-342. Therefore,
changes in the metabolism and function of lipids can affect cellular
function and cause pathological disorders in the organism. Studies have
found that metabolic diseases?®43, cardiovascular diseases3**, tumours34°,
and neurological diseases®® are closely related to abnormal lipid
metabolism. Therefore, the study of the metabolic processes of lipid
compounds can provide a new basis for disease pathogenesis, diagnosis,
treatment, and even pharmaceutical research and development. All of

these findings are biologically significant.

The diversity of lipid functions is reflected in the great variation in the
structure of lipid molecules. Unlike genes and proteins, which consist
mainly of linear combinations of four nucleic acids and 20 amino acids

respectively, lipid structures are often much more complex because of the



many different biochemical transformations that take place during their
biosynthesis339347:348 . This degree of diversity means it is important to
develop a comprehensive system of classification, nomenclature, and
chemical representation to accommodate the myriad of lipid species that

exist in nature(Table 1-1 & Table 1-2).

Table 1-1 Lipid categories of the comprehensive classification system and
the number of structures in the LIPID MAPS database.

Category Abbreviation Structures in Database
0
Fatty acyls FA )L
R OH
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—
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Glycerolipids GL )ko/\<\ )k
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0
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Category Abbreviation Structures in Database
Sphingoid Backbone
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Sphingolipids SP
Sterol Lipids ST
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Category Abbreviation Structures in Database
O O [0}
Polyketides PK o MHL’\/COOH

General Precursor

Table Lipid categories of the comprehensive classification system and
the number of structures in the LIPID MAPS database.

Table 1-2 Abbreviations and examples of glycerophospholipid main

classes.

Class

Abbreviation|Examples

Glycerophosphocholines

[PC (LPC fofPC(P-16:0/18:2(9Z,122))

lyso species)

Glycerophosphoethanolamines

|PE (LPE forlPE(O-

lyso species) [16:0/20:4(52,82,11Z,142))

Glycerophosphoserines

[PS (LPS fofPS(16:0/18:1(92))

lyso species)

Glycerophosphoglycerols

PG (LPG for-

lyso species)




|PA (LPA forIPA(16:O/O:O) or LPA(16:0)

Glycerophosphates
lyso species)
Glycerophosphoinositols Pl (LPI forPI1(18:0/18:0)
lyso species)
Glycerophosphoinositol IPIP —
monophosphates
Glycerophosphoinositol bis-phosphates [PIP2 —
Glycerophosphoinositol tris-phosphates [PIP3 —
Glycerophosphoglycerophosphoglycerols|{CL CL(1'-[16:0/18:1(112)],3"-
(Cardiolipins) [16:0/18:1(112)])
Glycerophosphoglycerophosphates IPGP —
Glyceropyrophosphates IPPA —
CDP-glycerols CDP-DG =
Glycosylglycerophospholipids [glycan]-GP |-




Glycerophosphoinositolglycans [glycan]-PlI |

Glycerophosphonocholines IPnC —

Glycerophosphonoethanolamines IPnE —

1.7.2 The relationship between melanoma and lipids

Melanoma is a devastating form of skin cancer characterised by an
impressive capacity for metabolic reprogramming34°3%°, Melanoma cells
are able to adapt to the tumour's microenvironment by using a variety of
fuels that contribute to tumour growth and progression®®'. One of the
obvious manifestations is an increased rate of lipid synthesis. Lipids are a
source of energy and form the structural basis of all membranes, but also
appear as mediators that not only influence classical oncogenic signaling
pathways but also contribute to melanoma progression34°3%2, Various
alterations in fatty acid metabolism have been reported and can promote
the aggressiveness of melanoma cells®%3. Elevated expression of key
lipogenic fatty acid synthases is associated with aggressive and poor
prognosis of tumour cells. Fatty acid uptake from the surrounding
microenvironment, B-oxidation of fatty acids, and storage also appear to
play an important role in tumour cell migration3%-3%_ It has been

documented that some specific lipid classes such as glycerophospholipids,



sphingolipids, sterols, and eicosanoids are significantly altered in lipid

metabolism in melanoma.

Studies have now explored the metabolism of lipids in melanoma cells by
comparing melanoma cells with normal melanocytes, with the most
striking difference being an increased rate of lipogenesis®73%8, In this
case, carbohydrates from nutrients are converted into fatty acids (FA),
sterols, and complex lipids3®*®. The synthesis of FA begins with the
carboxylation of acetyl-CoA to malonyl-CoA, dependent on the availability
of acetyl-CoA from the tricarboxylic acid (TCA) cycle3®. Specific inhibition
of FASN activity with the anti-obesity drug orlistat has been reported to
reduce the occurrence and number of lung metastases in a mouse model

of melanoma361:362,

Furthermore, a recent study reported that oleic acid, a FA abundant in the
lymph, protects melanoma cells from iron toxicity in an ACSL3-dependent
manner and increases their ability to form metastases3#°3%3, In addition to
their role in providing fuel for various lipid metabolisms, FAs are involved
in protein acylation, thereby controlling protein translocation, membrane
localisation, and signalling activities. For example, S-palmitoylation of the
melanocortin-1 receptor (MC1R), which corresponds to the covalent
attachment of palmitic acid to cysteine residues of proteins, has been
linked to the activation of MC1R, thereby reducing melanin formation in

mice364,

Furthermore, FAs, a valuable source of acetyl CoA, contribute to citrate



formation upon entry into the TCA cycle and provide ATP elevation to
tumour cells under nutrient-deprived conditions, emphasising the
importance of FA uptake for melanoma progression®%3%6 Increased FA
biosynthesis and FA uptake may lead to increased levels of multiple lipids
with signaling functions, thereby affecting numerous cellular processes,
including melanoma cell differentiation and motility*®’. Among these,
reduced expression of MITF increases the metastatic nature of melanoma
cells. In contrast, a variety of enzymes associated with FA metabolism
can reduce MITF expression3(®36° Thus, it is demonstrated that FA
metabolism can regulate the differentiation and progression of melanoma

cells.

In FA, studies have been reported regarding the changes in the ratio of
saturated and unsaturated fatty acids. In mice®° and human
melanomas®’!, the type of Pl with saturated and monounsaturated FA
chains increased with the tumour stage. A previous lipidomics study
showed an increased ratio of saturated to unsaturated FA in highly
metastatic B16F10 cells compared to poorly metastatic B16F1 cells,
suggesting that membrane fluidity may in turn decrease during melanoma

progression372.

The uptake of fatty acids by melanoma cells occurs via fatty acid
transporters, specifically the family consisting of fatty acid transporters 1-6
(FATP1-6)%73. Of these, FATP2 is essential for the esterification of long-
chain fatty acids to triglycerides (TG) and acts as both a fatty acid

synthase and a fatty acid transporter3’4375. According to data from the



Metabolic Cancer Study (Me-Can), patients with increased serum TG are
at increased risk of melanoma and accumulation of TG in melanoma cells
also increases resistance to targeted therapy®®3’7. The literature

suggests that targeting FATP2 attenuates the uptake of lipids.

Overall, fatty acid uptake and subsequent fatty acid oxidation (FAO) play
an important role in the survival and metastasis of tumour cells37837°,
However, melanoma cells can also take up lipids from other sources,
such as adipocytes. Regardless of the source, melanoma cells take up
lipids and use them to promote aggressive behaviour, such as metastasis

or resistance to treatment, which allows them to survive38o,

1.8 Experimental methods to assess drug penetration

1.8.1 Franz diffusion cell

Due to the difficulties of in vivo experiments, most topical and transdermal
drug penetration studies have used in vitro experiments as an alternative.
In addition to being used in risk assessment experiments for many drugs,
in vitro permeation tests can also provide a platform for the initial
assessment of the permeability of topical and transdermal formulations. In
vitro permeation assays are usually performed using static diffusion cells
(Franz cells) followed by HPLC3®'. The stratum corneum is the main
resistance to drug penetration through the skin and therefore the maijority

of in vitro drug release studies are based on this.

A common device used for in vitro transdermal studies is the Franz



diffusion cell which reflects the in vivo absorption process®2383, consisting
of a supply chamber, a receiving chamber, an angular sampling port, a

thermostatic water circulation, and a drug delivery skin, as shown in

Figure 1-11.
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Figure 1-11 Schematic illustration of the static Franz diffusion cell.

The Franz diffusion cell is commonly used to determine the transdermal
and cumulative transdermal rates of topical formulations for in vitro
transdermal administration3+385, The basic operation is to place a treated
animal skin or skin model between the recipient and donor compartments,
with the stratum corneum against the donor compartment for dermal drug

delivery models. The drug is placed on the cuticle of the skin and the



receptor chamber is filled with receptor fluid. The concentration of the
drug in the receptor fluid is determined by high-performance liquid
chromatography and the kinetics of drug passage through the skin is then

analysed.

In terms of the choice of laboratory materials, human skin is considered to
be the most reliable model for /in vitro experiments38. However, animal
skin can be used as a substitute for human skin due to legal restrictions,
unavailability of human skin, and sample variation due to differences in
age, sex, race, and anatomical location®®’. It has been observed that
diffusion experiments conducted through the skin of some animals,
particularly small animals such as mice and rats, show higher penetration
rates than experiments using human skin due to their increased
thinness®, The best natural membrane for diffusion studies is pig skin,
particularly pig ear skin, which has similar thickness, histology, and

permeability to human skin38°.

In addition, according to Baert and colleagues®®4, they evaluated various
solvents used in the preparation of interstitial fluids for tissue sample
culture. It was found that PBS was the best fluid for this study and could
be used as the tissue fluid for their simulations261:262_ |n addition, PBS can
also be used to simulate biological fluids. The ionic composition of PBS
includes Na*, K*, Ca?*, Mg?*, Cl, and HCOs, and its phosphate and pH

values are similar to those of interstitial fluids39°.

1.8.2 Analytical techniques



1.8.2.1 High-performance liquid chromatography

The most widely used technique for determining the concentration of
drugs that penetrate or cross the skin is the traditional chromatographic
method, usually HPLC3®'. HPLC and penetrant concentrations can be
analysed from different Franz cell elements (e.g. donor chamber wash,
skin wash, tape strips, remaining within skin, and recipient fluid). As HPLC
is a relatively rapid, quantitative, and versatile analytical method, it can be
used for most permeable substances through the appropriate selection of

columns, flow equations etc.

However, some difficulties exist when using HPLC. Detection and
quantification may be problematic if the sensitivity is low3%2. In addition, in
liquid chromatography, the sample should be in solution and therefore an
effective solvent extraction step is required before injection into the HPLC
system. This increases the complexity of the method and the time
required for analysis. Also, as HPLC does not have any imaging capability,
it cannot determine the exact depth of penetration or provide information

on the spatial distribution of topical formulation penetrants within the skin.

1.8.2.2 Orbi-SIMS

1.8.2.2.1 Imaging capabilities

Secondary ion mass spectrometry (SIMS) is an effective technique for
displaying molecular structures3®?. SIMS has two main platforms, ToF-

SIMS and nanoscale SIMS, which are capable of imaging different types



of biomolecules at single-cell and organelle level resolution respectively3%4.
Three-dimensional OrbiSIMS is a new TOF-based label-free chemical
imaging instrument3%. It combines the state-of-the-art Orbitrap analyser
with TOF-SIMS to allow chemical imaging and in-depth analysis of cells
with minimal sample preparation. The Orbitrap analyser offers high-quality
accuracy (sub p.p.m.), high-quality resolution (from 15,000 at m/z 200 to
480,000 at m/z 200, acquisition rate > 20 spectra for 1 spectrum), high
sensitivity, and high spectral dynamic range (total ion number to noise
ratio of 105). On the other hand, TOF-SIMS uses a multi-atom primary
beam, offering the advantage of high molecular yields and low subsurface

damage3°6,

Due to these properties, the most important advantage of 3D - OrbiSIMS
is thus that metabolic imaging at sub-cellular resolution can be achieved.
It combines the high field orbitals of biomass spectroscopy to address the
poor mass resolution of TOF-SIMS and improve the confident
identification of endogenous metabolites3%®. Previously, a commonly used
imaging analysis method was matrix-assisted laser desorption ionisation
(MALDI)3%7. However, it cannot achieve subcellular spatial resolution3%8
and even the most advanced microscopy applications rely on labelling,
which can compromise the physicochemical properties of drug molecules.
SIMS fills this gap as it improves spatial resolution, drug molecules no
longer need to be labelled in in vitro or in vivo systems, and minimal
sample preparation is required. When used in conjunction with Orbitrap,

SIMS can also provide three-dimensional information and even potential



metabolomic information.

1.8.2.2.2 OrbiSIMS for metabolomics

OrbiSIMS can be used not only for imaging, which provides information
on the location of compounds, but also for metabolomic analysis®. At
this stage, it has been shown to be able to release and unambiguously
identify large diagnostic chemical species, such as lipids and peptides.
Passarelli*®® et al. used this new technique for metabolite analysis of
macrophages treated with different concentrations of an exogenous
compound (the drug amiodarone). In a tissue section of a mouse brain,
they identified lipid and amino acid fragments and were able to image
individual cells in the tissue section. Hodgkinson et al.*® recently used
three-dimensional OrbiSIMS images to observe the metabolites of
multiple mesenchymal stem cells (MSCs) using ToF and Orbitrap.
Suvannapruk et al.3*® also used 3D OrbiSIMS to study the metabolic
profiles of human monocyte-derived M0, M1, and M2 macrophages at the
single cell level, identifying characteristic ions associated with known

biological processes in each subpopulation.

This OrbiSIMS-based metabolomics analysis platform provides an
important aid for in situ metabolic analysis of tissues and cells due to the
low sample preparation, small sample size, and fast analysis time
required, enabling rapid screening of significant changes in metabolites in
different experimental groups3®>4%1. This fully demonstrates the feasibility

of applying OrbiSIMS to metabolomics analysis, especially lipidomics.



1.8.2.3 LC-MS based metabolomics assays

Liquid chromatography-mass spectrometry (LC-MS) is a powerful tool for
quantifying a range of small biomolecules and identifying known and
unknown metabolites present in biological samples*®?. This technique has
been widely used for the identification of biomarkers of inflammatory
diseases, drug discovery, and studies of cellular metabolic profiles4s.
Unlike OrbiSIMS, which is a completely new analytical method, LC-MS or
UPLC-MS technology has already developed into one of the mainstream
technical tools for metabolomics research. It allows the separation and
detection of a wide range of polar or non-polar metabolites with high
resolution and sensitivity*°4495_ While typical diode array detectors (DADs)
are sensitive to the nmol range, mass spectrometry has higher sensitity to
the pmol range, and for metabolites that have been derivatised, the
detection limit of mass spectrometry can reach the fmol range?#06407,
Furthermore, this tool has also been used for the identification of

metabolites such as amino acids.

In addition, hydrophilic interaction liquid chromatography (HILIC), a
chromatographic technique used to improve the retention behaviour of
strongly polar substances that are poorly retained in reversed-phase
chromatography, has replaced conventional reversed-phase
chromatography#®®. HILIC works by using a strongly polar stationary
phase in combination with a mobile phase consisting of a high proportion
of organic phase/low proportion of aqueous phase. Furthermore, the

HILIC column was found to be more stable than reversed-phase



chromatography, demonstrating the potential of HILIC for metabolomics

research?%9,

Despite recent advances in determining the metabolic phenotypes of
various conditions using traditional LC-MS-based techniques, there are
still many drawbacks*'94!". For example, large numbers of cells (>1
million cells) are required to obtain sufficient signal for single cell
analysis*'2413, In addition, sample preparation procedures are complex
and include the use of organic solvents for metabolic quenching and
extraction of intracellular metabolites, these procedures will result in
incomplete sampling. And biases exist in the quantification of small
molecules in biological samples due to the rapid turnover and loss of
metabolites. Furthermore, cell samples are homogenised (metabolite
extraction) during preparation, thereby losing the structural integrity and
physiologically relevant structure of tissues and cells and eliminating the
possibility of correlating the spatial distribution of metabolites with
morphology*'4. Therefore, exploring better methods for metabolomic

analysis is an important future research direction.

1.9 Aims of this thesis

Taking into consideration the current state of research on tyrosinase
inhibitors, this thesis aims to explore and develop suitable tyrosinase
inhibitors and ways of enhancing permeation as well as explore the
relationship between tyrosinase modulators and melanoma in order to

further our understanding in this field.



The first aim of this thesis is to assess the skin permeation ability of
commercial products containing Alpha Alpha-Arbutin and to find ways to
enhance their intradermal delivery. To achieve this goal, we first produced
dissolving microneedles containing Alpha-Arbutin and then compared the
magnitude of enhancement of pre-treatment, post-treatment, and
dissolving microneedles against Alpha-Arbutin permeation by HPLC
analysis of Franz cell. The analysis was then visualised using 3D
OrbiSIMS to see how well dissolving microneedles could deliver drug to a
targeting site compared to solid microneedles. The combined analysis
was then used to help identify a more effective method of enhancing
intradermal drug delivery. This composes the second chapter of this
thesis and will explore and discuss the objectives of improving the

bioavailability of Alpha-Arbutin.

The second aim of this thesis is to assess the biological activity of the
newly synthesised tyrosinase inhibitor and its permeation capacity via
intradermal administration. To achieve this goal, | chose two new
dihydrochalcone backbone heterodimers, 11c and 11m, synthesised and
provided by our collaborators, and investigated their ability to inhibit
tyrosinase activity as well as determined their melanin content. The goal
was to find promising new tyrosinase inhibitors. In addition, their
permeation capacity was analysed by HPLC analysis and 3D OrbiSIMS
imaging visualisation with the aim of discovering new compounds that can
target intradermally for drug delivery. The whole evaluation process will

be presented in Chapter 3.



The third aim of this thesis is to explore the potential mechanisms of
tyrosinase modulators in melanoma cells to find new therapeutic targets
for melanoma. L-DOPA and Alpha-Arbutin, as well as 11c and 11m, are
tyrosinase modulators that were chosen for differential analysis in this
study. They are capable of stimulating either up- or down-regulation of
tyrosinase and are closely related to tyrosinase activity as well as tyrosine
metabolism. As presented and described in Chapter 4 of the thesis, this
study used a combination of LC-MS and OrbiSIMS to analyse the
metabolite changes of tyrosinase modulators in melanoma cells, thus
identifying metabolites with significant changes and exploring their

pathways.



Chapter 2. Evaluation of enhanced Intradermal delivery
of Alpha-Arbutin by applications of microneedles and

3D OrbiSIMS
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2.1 Abstract

Hyperpigmentation is a common dermatological disorder caused by
abnormal production and accumulation of melanin. This can lead to
various other skin disorders, including ephelides, hemochromatosis, and
lentigines. Alpha-Arbutin has been widely used to treat hyperpigmentation
disorders through tyrosinase. However, its hydrophilicity makes it
challenging for it to permeate through the stratum corneum and to reach
the basal layer where its target site melanosomes are located. Therefore,
it is necessary to explore the applications of commercial solid steel
microneedle (CMNs) and dissolving microneedle (DMNs) techniques and

assess their effectiveness in improving skin permeation of Alpha-Arbutin.

This skin permeation study was carried out by application of three
commercial products with different formulations on porcine skin of full
thickness mounted on Franz cell for 24 hours. In addition, we assessed
the effectiveness of commercial solid steel microneedles in delivering
commercial Alpha-Arbutin products into the basal layer using the
oscillating microneedle device, Dermapen®, as a pre-treatment and post-
treatment. Furthermore, an Alpha-Arbutin-loaded Polyvinylpyrrolidone-Co-
Vinyl Acetate (PVPVA) dissolving microneedle was fabricated using 2%
w/w Alpha-Arbutin and the effectiveness of the Alpha-Arbutin-loaded
PVPVA dissolving microneedle in promoting Alpha-Arbutin permeation
was then evaluated. Subsequent HPLC analysis was carried out to
analyze the amounts of Alpha-Arbutin remaining in each of the Franz cell

components. Further 3D Orbitrap Secondary lon Mass Spectrometry



(OrbiSIMS) imaging was conducted for visual analysis.

Our results showed that although skin permeation of Alpha-Arbutin was
limited (less than 1%), a large enhancement (4-5%) was achieved after
application of CMNs or DMNs. We found that DMNs demonstrate a more
sustainable and robust capacity through visual analysis by OrbiSIMS. In
addition, enhance skin permeation of Alpha-Arbutin by delivering the
compound to the basal layer within the skin. Overall, this study
demonstrates that DMNs could be a promising delivery system for
promoting intradermal delivery of Alpha-Arbutin to achieve the highest

effectiveness in the treatment of hyperpigmentation disorders.
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2.2 Introduction

Melanin is the primary pigment responsible for the pigmentation of skin,



eyes, and hair and has a multitude of properties. It has a crucial role in
photoprotection, and is a broadband ultraviolet absorbent, an antioxidant,
and a radical scavenger. Melanin protects the skin against damage from
the harmful ultraviolet radiation from sunlight'®. It also protects the skin
against stress from different sources, including environmental pollutants,
toxic drugs, and chemicals. Although melanin plays an important role in
protecting the skin, abnormally increased production and accumulation of
melanin leads to various hyperpigmentation disorders, including melasma,
postinflammatory hyperpigmentation, solar lentigines, ephelides, and café
au lait macules*'*. These conditions are generally not harmful but can
have a considerable psychological effect on the affected patients due to

the effect on their physical appearance?'>.

In general, these skin disorders are caused by several intrinsic and
extrinsic factors, including ultraviolet radiation, radicals, inflammatory
mediators, and hormones*'®. These all lead to the upregulation of
melanogenesis. Several approaches to achieve depigmentation include
regulation of the transcription and activity of tyrosinase, tyrosinase-related
protein-1, tyrosinase-related protein-2, and peroxidase, as well as
regulation of the uptake and distribution of melanosomes in recipient
keratinocytes, regulation of the degradation of melanin and melanosomes,
and the turnover of pigmented keratinocytes*'”. Current treatment options
for hyperpigmentation include topical agents, chemical peels, cryotherapy,
and light or laser therapy*'®. Approximately 15% of the world’s population

is estimated to be using depigmenting products’. Among them, Alpha-



Arbutin is a common commercial ingredient used to improve skin
pigmentation and a naturally occurring reversible tyrosinase inhibitor. Its
IUPAC name is (2R,3S,4S,5R,6S)-2 hydroxymethyl-6-(4-hydroxyphenoxy)

oxane-3,4,5-triol.

The alpha-isomer Alpha-Arbutin (4-hydroxyphenyl-Alpha-D-
glucopyranoside) has superior tyrosinase inhibition'°. Alpha-Arbutin is
able to inhibit the synthesis of melanin in patients with hyperactive
melanocytes and hyperpigmentation disorders. The main mechanism of
action of Alpha-Arbutin is through inhibition of melanosomal tyrosinase
activity directly, or by acting as a substrate to compete with tyrosinase for
the active site of the enzyme'?3. Several studies show that Alpha-Arbutin
has similar effectiveness to hydroquinone due to its molecular structure,
but it demonstrates less irritation and melanocytotoxicity*'®. Hence, it may

be a great alternative for treating skin hyperpigmentation disorders.

However, since the treatment of hyperpigmentation is generally
administered topically, it is necessary for the drug to pass through the
stratum corneum of the skin to ensure successful delivery. Corneocytes
are thought to be the main barrier*?942! to skin penetration, and consist of
an extremely insoluble keratin matrix that does not permit diffusion of

hydrophilic molecules??,

Melanocytes are located in the basal layer, which is the target site of
Alpha-Arbutin. In order to reach the target site, Alpha-Arbutin thus needs
to permeate through the stratum corneum. The log P of a drug is an

indication of its lipophilicity. Substances with a log P greater than 2 readily



permeate across the skin*?%, However, Alpha-Arbutin is hydrophilic and
has a log P value of — 1.49%%4, thus it exhibits poor permeation across the

skin42,

Although there are other depigmenting agents with better active effects,
Alpha-Arbutin has a much lower toxic effect profile and does not cause
serious adverse effects with long-term exposure'?. Therefore, it is crucial
to improve the permeation of Alpha-Arbutin across the skin. This can be
done by developing novel delivery systems such as microneedles*?,
nanosystems*?6, microsystems*?7:42¢  [ipidic systems*?®, and more'#?.
Among these, microneedle technology has been widely explored for
improving the skin permeation ability of intradermal and transdermal
delivery systems of hydrophilic molecules'®. Donnelly et al.*3° used solid
microneedles to enhance the skin penetration of the hydrophilic
compound ALA and to reduce the amount of ALA used. Oh et al.**' found
that biocompatible PC microneedles enhance the skin penetration of
calcein, a hydrophilic molecule, and thus they believe it is a suitable tool

for transdermal drug delivery systems for hydrophilic molecules.

Microneedles are arrays of micro-size projections with lengths ranging
from 250 um to 1000 um that pierce the skin to create microchannels
through the stratum corneum in order to deliver drug molecules to the
target site in the skin 432, Microneedles can be categorised into five main
groups: solid, coated, dissolving, hollow, and hydrogel-forming

microneedles’¥.

The solid microneedle is normally used for skin pre-treatment based on



the "poke-and-patch" technique*®. The needle tips penetrate into the skin,
forming microchannels through which the drug directly enters the skin
layers on the application of a drug patch, thus increasing skin
permeation®®, However, the closure of microchannels created after
microneedle insertion is a critical aspect when evaluating microneedles as
it influences the drug diffusion rate to the skin microvasculature and
interstitial fluid. In a previous study by S Bal et al., the microchannels
generated after solid microneedle application were shown to close very
rapidly - after 15 minutes in most of the cases***. Currently, no study has
been carried out to investigate the effectiveness of commercial solid steel
microneedles in improving the skin permeation of Alpha-Arbutin.
Therefore, commercial solid stainless steel microneedles were used in
this study not only as the pre-treatment but also as the skin post-
treatment based on the “coat-and-poke” technique with slight
modifications??®. The drug was first applied to the skin surface, followed
by microneedle insertion. This was done to overcome the transient period
of microchannels opening for more effective transportation of Alpha-

Arbutin across the skin#3%.

One advantage of dissolving microneedles is their ability to improve
patient compliance. Dissolving microneedles are typically fabricated using
hydrophilic polymers (eg. PVA or PVP) and by incorporating drug
molecules either in solution or nano/microparticle suspension at the
casting stage. Upon insertion of the dissolving microneedle in the skin,

dissolution takes place, and the drug is released into the skin. This is a



single-step process without the need for the microneedle to be removed
after insertion. Therefore, it is one of the best choices for long-term

therapy as it can improve patient compliance*.

Recently, Aung et al. developed Alpha-Arbutin-loaded dissolving
microneedles and hydrogel-forming microneedles using polyvinyl alcohol
(PVA) and poly (acrylic acid-co-maleic-acid) copolymer (PAMA)?°. The
results were promising as the dissolving microneedles and hydrogel-
forming microneedles showed 4.5 times and 2.8 times increase in the
permeation of Alpha-Arbutin respectively, compared to the commercial gel
and cream?®'. This data suggests that the dissolving microneedle and
hydrogel-forming microneedle offer superior intradermal delivery of Alpha-
Arbutin. However, further attempts to improve targeted delivery of
dissolving microneedles through different polymer (PVPVA) formulations
are necessary. Previous studies have only focused on the total amount of
drug delivered into the skin by microneedles, neglecting the specific
location. As melanocytes are located between the epidermis and the
dermis, if the drug stays only in the upper epidermis, it will not reach the
target location. Therefore, a good microneedle system should provide a

more precise target position.

In order to find a better microneedle system, the latest OrbiSIMS imaging
technique was chosen to be combined with HPLC analysis in this study.
Although HPLC analysis provides useful quantitative results, this
analytical technique does not confer any detail regarding the distribution

of Alpha-Arbutin within individual layers of skin. Hence, additional visual



analytical techniques must be explored to provide spatial detail regarding
Alpha-Arbutin permeation. Previously, time-of-flight secondary ion mass
spectrometry (ToF-SIMS) has been widely used as a tool for imaging drug
spatial distribution in skin layers 226:437.438 Recently, it has been noted that
with the incorporation of OrbiTrap to ToF-SIMS, also known as 3D
OrbiSIMS, has been shown to provide higher mass-resolution
capabilities*®®, allowing the visual analysis to act as a powerful
complementary technique3?3. 3D OrbiSIMS combines the high speed and
spatial resolution of secondary ion mass spectrometry (SIMS; under 200
nm for inorganics and under 2 um for biomolecules) with the high mass
resolving power of an Orbitrap (>240,000 atm/z200)3%. OrbiSIMS also
yields significantly more and stronger peaks than ToF-SIMS which greatly
facilitates further analysis**. However, there is still a knowledge gap
regarding OrbiSIMS as a visual analysis tool for skin, as its application to
skin so far has only been by depth profile and tapes strips imaging. Thus,
this study will be the first to apply 3D OrbiSIMS to the visualization of the
skin distribution of Alpha-Arbutin, with many advantages including

subcellular resolution and no need for radiolabelling or fluorescent labels.

Overall, this study aims to evaluate the skin permeation of Alpha-Arbutin
commercial products and investigate the effects of commercial solid
stainless steel microneedles and polymeric dissolving microneedles in

improving skin permeation of Alpha-Arbutin.
2.3 Materials and methods

2.3.1. Materials



Alpha-Arbutin analytical standard was purchased from Merck Life
Sciences UK Limited by Scientific Laboratory Supplies Ltd. Ordinary®
Alpha-Arbutin 2% + Hyaluronic Acid (HA) and Ordinary® Ascorbic Acid
8% + Alpha-Arbutin 2%(AA) were purchased from Deciem Beauty Group
Inc. The INKEY® List 2% Alpha-Arbutin Serum (INK) was purchased from
The INKEY List. Sodium acetate was purchased from Sigma-Aldrich, UK.
Phosphate buffered saline (pH 7.4), Acetic acid, and Methanol (HPLC
grade) were purchased from Fisher Scientific, UK. Teepol® solution
(multipurpose detergent) was purchased from Scientific Laboratory
Supplies, UK. D-Squame standard sampling discs (adhesive discs) were
ordered from CUDERM corporation, USA. Deionized water was obtained
from an ELGA reservoir, PURELAB® Ultra, ELGA, UK. All reagents were
of analytical grade, unless otherwise stated. Hypersil BDS C18 column
(150 mm length x 4.6 mm inner diameter, 3.0 ym particle size) and
UltiMate™ 3000 HPLC were obtained from Fisher Scientific, UK.

Centrifuge 5417R was purchased from Eppendorf UK Limited.

Dermapen®, a microneedling pen, was purchased from ZJchao, China.
The microneedles on Dermapen® have a tapered conical structure. The
microneedle has a base diameter of 370 um with a tip radius of 53.4 ym.
The distance between the microneedles (pitch) is 620 uym. For the
purpose of the permeation study, we selected a microneedle length of
1000 um and an oscillation speed of 8000 RPM. Dermastamp™, a
microneedle stamp, was purchased from Teoxy Beauty, Wuhan, China.

PVPVA Kollidon® (vinyl acetate 64 molecular weight 15-20 kDa) was



kindly provided by BASF, Ludwigshafen, Germany. Kollisolv® PEG E 400
and Glycerol were purchased from Merck Life Sciences UK Limited by
Scientific Laboratory Supplies Ltd. Carboxymethylcellulose sodium salt
high viscosity was purchased from Scientific Laboratory Supplies, UK.
OCT media was obtained from VWR International Ltd., Belgium.

Pig skin was used to study the ability of microneedles to promote
permeability, rather than ex-vivo human skin. Because unlike human skin,
it does not have limited availability and does not need to pass ethical
scrutiny. In addition, various studies have highlighted that pig skin is a
suitable substitute for human skin. The pig skin samples were taken from
a local abattoir of animals raised specifically for food.

The skin samples were collected without any steam cleaning. The skin is
then prepared by distilled water washing and drying it with tissues. Full
thickness skin is generally used to avoid altering the biomechanical

properties of the skin. Afterwards, skin samples are stored at -20 ° C and

used for six months.
2.3.2 Methods

2.3.2.1 Fabrication of Alpha-Arbutin-loaded polyvinylpyrrolidone-co-

vinyl acetate (PVPVA) microneedles

Alpha-Arbutin-loaded PVPVA microneedles were fabricated using
polydimethylsiloxane (PDMS) moulds based on the method developed by
Sabri et al.??%. Briefly, the moulds consist of a 10 x 10 array of 300 pm x
300 um x 1000 ym (W x L x H) obelisk microneedles with tip-to-tip

spacing of 800 um. The microneedle matrixes were prepared by



dissolving 16.2% w/v PVPVA and 2% v/v PEG 400 in HPLC water at
room temperature and pressured for one hour. Then, 2% w/w Alpha-
Arbutin was added to the polymer solution, which was further degassed
for 30 minutes. Afterwards, 150 pl of the polymer solution was pipetted
into each PDMS mould using positive displacement pipettes and
centrifuged at 4000 revolutions per minute (RPM) for 15 minutes at room
temperature to fill the needle cavities. Finally, excessive polymer solution
was removed before leaving the needle layers to be dried overnight in a

desiccator.

The backing layer of microneedle patches was prepared by dissolving
5.2% w/w sodium carboxymethyl cellulose (CMC) in HPLC water while
stirring at 75 °C for two hours. Then, glycerol (0.66% v/w) was added to
the backing layer solution to act a plasticizer. 200 ul of backing layer
solution was pipetted on top of the needle layers using positive
displacement pipettes and centrifuged at 3500 RPM for 10 minutes. The
moulds were dried at room temperature for 48 hours in a desiccator. The
polymeric microneedles were then demoulded and stored in a desiccator

until further use.
2.3.2.2 Visualization of PVPVA microneedles by SEM

Polymeric microneedle images were captured using an optical
microscope (Zeiss Axioplan, Germany) and an environmental scanning
electron microscopy (ESEM) (FEI Quanta 650) in low vacuum mode to
visualize the shape and dimensions of the microneedles. For ESEM

imaging, the microneedles were mounted on a metal stub using double-



sided carbon tape prior to imaging.
2.3.2.3. HPLC analysis of Alpha-Arbutin in skin permeation study
2.3.2.3.1 Chromatographic conditions

Hypersil BDS C18 Columns, 150mm L x 4.6mm ID, 3.0um was used as
chromatographic column. The system was operated at a flow rate of 0.5
mL/min and injection volume of 10.00uL. Column temperature was
maintained at 30°C and UV detection at A max = 280nm with an emission
wavelength setting. The run time for each sample was 20 minutes. 0.1M
acetate buffer (pH 4.0) and methanol in a ratio of 95:5 (v/v) were used as

the mobile phase.
2.3.2.3.2. Linearity, LOD and LOQ

The linearity of the method was assessed over a range of concentrations.
Twelve different concentrations between 0.1 and 1024 pg/mL were
chosen. The calibration curves were obtained by plotting the peak areas
against the corresponding Alpha-Arbutin concentrations. The slope, y-
intercept, and correlation ccoefficient (R?) of the curve were determined

by linear regression analysis*4'.

According to FDA regulations*?, the theoretical limits of detection (LOD)
and quantification (LOQ) values for the developed method were
calculated using the standard deviation of the response (o) and slope (S)

of the calibration curve according to the following equations :
LOD = 3.30/S, LOQ = 100/S

2.3.2.4. Skin preparation



Skin samples were prepared from 6-month-old pigs obtained from local
abattoirs. The skin was kept at 4 °C for a maximum of 24 hours, the tissue
was washed with ultrapure water only, and the hair was trimmed with
scissors. Excess subcutaneous fat was removed, and the skin was
wrapped in aluminium foil and stored at -20 °C for a maximum of 3
months. The entire full thickness of the skin was used for the Franz cell
permeation experiments to prevent alteration of the biomechanical

properties of the skin.
2.3.2.5. Franz cell set-up

Prior to permeation studies, skin samples were thawed at room
temperature for at least one hour. Afterward, circular skin samples were
cut and mounted between the donor and recipient compartments of the
Franz-type static diffusion cell device**® with the dermal side facing
downwards and an exposed surface area of 0.64 cm? and a recipient
compartment volume of 3mL. The trimmed skin samples were placed over
the recipient compartment for 15 minutes to allow equilibration prior to
skin treatment. The integrity of each skin sample was assessed by
resistance using the method and guidelines described by Davies et al.*44,
and only skin that yielded resistance readings greater than 10 kQ was
used. PBS solution (pH 7.4) was used as the recipient medium. The water
bath conditions needed to be maintained throughout the experiment, such
as temperature at 36.5°C. The maximum duration of the study was 24

hours.

2.3.2.6. Permeation of commercial Alpha-Arbutin products using



solid microneedles Dermapen®

Franz cell experiments were performed with three commercial products
(HA, AA, and INK) with and without the application of the Dermapen®.
Firstly, 200mg of each product was applied to the skin, and 200 ml of
distilled water was used as a control. For the microneedles pre-treatment,
the Dermapen® (1000 um, oscillation speed of 8000 RPM) was applied to
the skin, followed by the application of the three commercial products. For
the post-treatment, three commercial products were applied to the skin
first, followed by the application of the Dermapen®. For both pre- and
post-treatments, the application time of the Dermapen® was kept to 1
minute with a mild pressure application. The skin was then mounted on
Franz cells. Each experiment was run in triplicate to ensure accurate

results.

2.3.2.7. Permeation of Alpha-Arbutin-loaded polyvinylpyrrolidone-co-

vinyl acetate (PVPVA) microneedles

In order to investigate the utility of dissolving microneedles in enhancing
skin permeation of Alpha-Arbutin, Franz cell experiments were performed
using Alpha-Arbutin-loaded PVPVA microneedles (DMNSs). Prior to
assembling the Franz cells, Alpha-Arbutin-loaded PVPVA microneedles
were punctured into the skin in quadruplicate for 1 minute using thumb
force and 200 ml of distilled water was used as a control. The skin

samples were then mounted on Franz cells.

Upon assembling the Franz cells, all the permeation experiments were

conducted over a period of 24 hours in a thermostatically controlled water



bath set at 36.5 °C.

2.3.2.8. Post Franz cell skin tissue preparation

After the permeation experiments, the excess liquid was removed and
collected from the skin surface by careful application of sponges soaked
with 3% v/v Teepol solution. The sponges were pooled for HPLC analysis
as a total skin wash. Any formulation which might have spread to the
donor chamber was collected by the sponges and stored for HPLC
analysis as a donor chamber wash. Upon removing the excess
formulation from the skin surface, 15 sequential tape strips were collected
from the skin. The amount from the different Franz cell components (skin
wash, donor chamber wash, pooled tape strips, and remaining skin after
tape stripping) was extracted by the addition of 5, 5, 10, and 5 mL of
methanol extraction mixture (methanol 30%: water) respectively. Samples
were then vortexed for 1 minute and sonicated for 30 minutes. Then, 1 mL
of mixture was collected from each sample. For the receptor fluid, 1 mL of
the solution from each Franz cell was collected. All the samples were
centrifuged at 4 °C at 14000 rpm for 10 minutes and then filtered through

a 0.22 ym membrane.

2.3.2.9. Visualization of Alpha-Arbutin within the skin by 3D

OrbiSIMS

2.3.2.9.1 Sample preparation

The skin samples from the Franz cell experiment in section 2.2.7 were

chosen for the visualization analysis. The surface of the skin was



scrubbed with a sponge moistened with distilled water to remove excess
formulation. The skin was then scrubbed with a dry sponge. The skin
samples were then immediately frozen using liquid nitrogen to avoid
morphological distortion and tissue damage caused by autolysis or decay.
The skin samples were then placed on a Cryostat (Leica Biosystems,
Wetzlar, Germany) for frozen sectioning (CT -24°C, OT -30°C), and 20
pm thick transverse skin sections were cut, with three sections per sample
being placed on the slide. For each sample, adjacent 20 um thick sections

were used for standard hematoxylin-eosin staining.

2.3.2.9.2 3D OrbiSIMS imaging analysis

For permeation analysis, skin cross-sections were used. A 3D OrbiSIMS
(Hybrid SIMS, IONTOF GmbH, Germany) analysis was performed and for
the Orbitrap image acquisition, a 20 KeV Ar3000+ analysis beam with a
diameter of 20 um was used as the primary ion source. Samples were
analyzed at room temperature across a 300 x 300 ym area in negative
polarity. Ar3000+ primary ions were used with a filament current of 2.30 A
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 mbar in the main chamber. The
optimal target surface potential was at 136.6 V. Mass spectra were
recorded at a resolution of 240,000 at m/z 200 in the mass range of 75 to
1,125 m/z. The automatic gain control (AGC) target was off, with the

maximum injection time set at 500 ms. Both data acquisition and the



subsequent data processing were performed using SurfaceLab 7 software
(IONTOF GmbH). Orbitrap data was acquired using a Thermo Fisher

Orbitrap HF mass spectrometer.
2.3.2.10 Statistical Analysis

All results were reported as mean * standard deviation (n = 3). Statistical
calculations were performed using Prism8. Statistically, a significant
difference is denoted using an unpaired student’s t-test (*, p < 0.05; **, p <

0.01).

2.4 Results and discussion
2.4.1 Formulation and fabrication of dissolving MNs

The Alpha-Arbutin-loaded PVPVA microneedle was successfully
fabricated using a two step casting process as previously reported. The
rigidity of the needle tips was increased by the introduction of PEG 400.
According to previous reports*4®, the dissolving microneedles formed from
PVPVA and PEG 400 materials have good mechanical strength and
puncture capacity, so their properties will not be expanded on in detail
here. The backing layer of the microneedles is flexible due to the
combination of glycerol and CMC, and as such, demoulding is easily

manipulated.

The images of a top view and side view of the Alpha-Arbutin-loaded

PVPVA microneedle are illustrated in Figure 2-1(a-b). Figure 2-1(c)

shows an optical microscope side view image of the Alpha-Arbutin-loaded



PVPVA microneedle with needle tip lengths of 1000 nm. As shown in

Figure 2-1(d-g), the needles have an obelisk design with a base width of

284.2 ym and 276.1 ym. It can also be seen that, this is 10x10 array of

microneedles with the tip-to-tip spacing of 800 pm.

Figure 2-1 Photograph, optical microscopy and scanning electron

microscope images of Alpha-Arbutin-loaded PVPVA microneedle (a)
Photograph of side view (b) Photograph of top view (c) Optical
microscopy image of side view. (d-g) Scanning electron microscope
images of Alpha-Arbutin-loaded PVPVA microneedle. (d&e) Top view (f&g)

Side view.

2.4.2 HPLC analysis of Alpha-Arbutin in skin permeation study
2.4.2.1 Linearity, LOD, and LOQ

The calibration curves, limits of detection and limits of quantification



for Alpha-Arbutin were determined according to the chromatographic

conditions described in section 2.3.2.3.

As shown in Figure 2-2, a calibration curve for Alpha-Arbutin was
obtained by selecting 12 points between the concentrations of 0.1 and
1024 ug/mL concentrations. The equation for the relationship between
concentration and area was obtained as y = 0.0862x + 0.2359, where the
coefficient of determination was 0.9999. The detection limit of Alpha-
Arbutin was 0.0646 pg/mL, and the limit of Alpha-Arbutin quantification
was 0.1937 ug/mL. This shows that the curves are accurate and the

regression effect is significant and credible.
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Figure 2-2 Calibration curves for Arbutin and Alpha-Arbutin (a) Calibration

curves for arbutin; (b) Calibration curves for Alpha-arbutin Calibration
curves for arbutin standards were obtained by selecting 12 points
between 0.1 and 1024 ug/ml concentration. And x is concentration of the

compounds solution in yg/ml and y is peak area (mAU*min) of the



compound.
2.4.2.2 Alpha-Arbutin skin permeation from commercial products

The mean percentage of permeation of commercial Alpha-Arbutin

products in different Franz cell components following a 24-hour

permeation test is illustrated in Figure 2-3(A). The mean percentage of

permeation of Alpha-Arbutin was the highest outside the skin (in donor

wash and skin wash) compared to the other Franz cell components.

This indicates that the vast majority of the Alpha-Arbutin failed to
penetrate the skin. Indeed, limited drug penetration into the skin was
observed, with only about 0.7-1.1% of the active ingredient being found
within the remaining skin in the target layer where melanocytes reside.
Also, less than 0.02% of Alpha-Arbutin for all three products was able to

penetrate through the dermis to reach the receptor compartment (Figure

2-3(A, d)). Overall, we found that the Alpha-Arbutin has limited

permeation into the skin (tape strips and remaining skin) and across the
skin (receptor fluid). This can be attributed to the high hydrophilicity of
Alpha-Arbutin that makes it difficult for it to permeate through the
hydrophobic stratum corneum, as also reported by Won et al*'>. In Won's
study, 2% Alpha-Arbutin eventually resulted in only 0.97 £ 1.76 pg/mL

deposited in the epidermis and dermis.

2.4.2.3 Alpha-Arbutin skin permeation from commercial products

with Dermapen® pre-treatment



As shown in Figure 2-3(B, b), following Dermapen® application pre-

treatment, the mean percentage of permeation of Alpha-Arbutin of HA, AA,
and INK remaining within the skin was increased by approximately 1.5
times, 2.2 times, and 1.4 times, respectively. The mean percentage

permeation of Alpha-Arbutin in the receptor fluid (across the skin) for HA,

AA, and INK in Figure 2-3(B,c), although increased, remains no more

than 0.6% of the total dose administered.

2.4.2.4 Alpha-Arbutin permeation from commercial products with

Dermapen® post-treatment

The mean percentage of permeation of commercial Alpha-Arbutin
products with Dermapen® application post-treatment in different Franz

cell components following 24-hour permeation test is shown in Figure

2-3(C).

Following Dermapen® application post-treatment, the mean percentage of
permeation of Alpha-Arbutin from the commercial HA formulation in tape
strips, remaining skin, and receptor fluid was increased by approximately
9 times, 3 times and 30 times respectively; the mean percentage of
permeation of Alpha-Arbutin of AA in tape strips, remaining skin and
receptor fluid was increased by approximately 10 times, 14 times and 74
times respectively; and the mean percentage of permeation of Alpha-
Arbutin of INK in tape strips, remaining skin, and receptor fluid was
increased by approximately 6 times, 17 times and 261 times respectively.

This indicates the permeation into the skin (tape strips and remaining skin)



was improved. This provides a better opportunity for Alpha-Arbutin to act
as a skin-lightening agent and treat hyperpigmentation disorders.
However, attention needs to be paid to the fact that the proportion
permeating across skin into the receptor fluid was also increasing in

parallel.

24.2.5. Alpha-Arbutin release of Alpha-Arbutin-loaded

Polyvinylpyrrolidone-Co-Vinyl Acetate (PVPVA) microneedle

The mean percentage of permeation of Alpha-Arbutin with Alpha-Arbutin-

loaded PVPVA microneedle application in different Franz cell components

following 24-hour permeation test is illustrated in Figure 2-3(D).

Following Alpha-Arbutin-loaded PVPVA microneedle application, since
the concentration of the drug in the soluble microneedle and in the
commercial product was controlled to be the same at 2% wiw,
comparisons could be made between them. The mean percentage of
permeation of Alpha-Arbutin remaining within skin was a 6-fold increase
compared to the group without microneedles application. This indicates
that the permeation into the skin (tape strips and remaining skin) was
improved. In addition, the drug content of the receptor fluid (transdermal

delivery) was also significantly higher, up to 1%.
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Figure 2-3 HPLC analysis of mean percentage of permeation of

(A)commercial Alpha-Arbutin products, n=3; (B)commercial Alpha-Arbutin
products with Dermapen® pre-treatment, n=6; (C)commercial Alpha-
Arbutin products with Dermapen® post-treatment, n=6; and (D) Alpha-
Arbutin-loaded PVPVA microneedle application (n=4), in different Franz
cell components (donor wash, skin wash, tape strips, remaining skin and
receptor fluid) following 24-hour permeation test. The insets provide

details on the mean percentage of permeation of commercial Alpha-



Arbutin products in (A) Tape strips (b), Remaining within skin (c) and
Receptor fluid (d). (B-D) Remaining within skin (b), and Receptor fluid (c).
The data are expressed as means = SD (n=3). HA stands for The
Ordinary Alpha Arbutin 2% + Hyaluronic Acid; AA stands for The Ordinary
Ascorbic Acid 8% + Alpha Arbutin 2%; INK stands for The INKEY List 2%

Alpha Arbutin Serum.
2.4.2.6 Comparison between different types of microneedles.

The statistical comparison between the percentage of permeation of
Alpha-Arbutin in the remaining skin shows that the percentage of
permeation of Alpha-Arbutin with Dermapen® application pre-treatment
has no significant difference compared to the group without microneedle.
For the solid microneedles post-treatment, a significantly higher
percentage of permeation of Alpha-Arbutin in the formulation of HA and

INK was found compared to the percentage of permeation of Alpha-

Arbutin without microneedle, as illustrated in Figure 2-4.

In addition, the statistical comparison between the percentage of
permeation of Alpha-Arbutin in the remaining skin shows that the
percentage of permeation of Alpha-Arbutin with Alpha-Arbutin-loaded
PVPVA microneedle application was also significantly higher than the

percentage of permeation of Alpha-Arbutin without microneedle as

illustrated in Figure 24.

Theoretically, the percentage of permeation of Alpha-Arbutin should have

a greater improvement following dissolving microneedle (DMNSs)



application as all the drugs can be loaded and released into the skin416417
whereas solid microneedle application cannot deliver the full dose.
However, when comparing the percentage of permeation of Alpha-Arbutin
with  Dermapen® and Alpha-Arbutin-loaded PVPVA microneedle

application, there is no significant difference between both treatment

modalities, as illustrated in Figure 2-4.

Although the percentage of permeation of Alpha-Arbutin with Dermapen®
application is only slightly different compared with the percentage of
permeation of Alpha-Arbutin with  Alpha-Arbutin-loaded PVPVA
microneedle application, the standard error of the mean is higher. This
indicates that the results are not consistent and may vary between each
application*'8, which may be due to the drug loss caused by the
Dermapen® during application.

Normally, solid microneedle is used as skin pre-treatment prior to drug
application, and the channels generated in the dermal layer of the skin
immediately recoil and reseal after microneedle application*'®. Therefore,
commercial solid steel microneedle was used after drug application in this
study. However, a large amount of the formulation is left in the
microneedle cartridge when solid microneedles are used for post-
treatment, as shown in Appendix Figure A-1. This leads to a large
amount of composition being wasted and reduces the permeation rate of
the drug. Furthermore, as different formulations have different viscosities
for the needle, the amount left in the cartridge is varied, as shown in

Appendix Table A-1. Therefore, if solid microneedles are to be utilized for



reprocessing in the future, the formulation needs to be improved to
decrease the likeliness of it remaining inside the cartridge. This also gives
a reason to explore new delivery methods, such as dissolvable
microneedles.

Since both CMNs and DMNs are able to pierce the outermost layer of skin
and create microchannels reaching the depth of the dermal papillae, an
increase in the percentage of Alpha-Arbutin penetration in the receptor
fluid was expected and obserived. Higher amounts of Alpha-Arbutin
bypassed the skin barriers through the microchannels created and were
presented in the receptor fluid**®. However, these results were not as we
hoped, as the excessive amount of Alpha-Arbutin that crosses the skin
may enter the blood circulation. Overall though, CMNs post-treatment has
a higher transdermal delivery rate compared to DMNs.

Overall, from the comparison of the percentage of permeation of Alpha-

Arbutin in remaining skin following the three treatment modalities, as
illustrated in Figure 2-4, microneedles in general improve the permeation
of Alpha-Arbutin into the skin. This provides a good opportunity to improve

Alpha-Arbutin's effect as skin-lightening agent. However, in terms of

compliance and safety, DMNs offer better prospects.
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Figure 2-4 HPLC analysis of mean percentage of Alpha-Arbutin without

microneedles (Without MNs), with Dermapen® pre/post treatment(CMNs)
and with Alpha-Arbutin-loaded PVPVA microneedles(DMNs) remaining
within skin after a 24-hour permeation test. The data are expressed as
means = SD (n=3 without microneedle; n=6 with Dermapen®; n=4 with
Alpha-Arbutin-loaded PVPVA microneedle). Unpaired student’s t-test was
used to determine statistical significance(* indicates p < 0.05; ** indicates

p < 0.01; no significant difference (ns) indicates p > 0.05 ).

2.4.3 Visualisation of Alpha-Arbutin within the skin by 3D OrbiSIMS

Although the use of HPLC analysis provides useful insights into the
permeation of compounds within the skin, it is unable to provide more
precise information on specific skin layers. Therefore, using skin sections

in combination with 3D OrbiSIMS imaging is required to investigate the



depth distribution of Alpha Arbutin within the skin. Due to the variation in

pig skin thickness, it is important to identify the thickness of the epidermis

based on sections from the adjacent site. For example, Figure 2-5 shows

that the thickness of the stratum corneum at this site is 10-15 ym, and the
thickness of the epidermis is 20-150 uym. The melanocytes containing
tyrosinase are located between the epidermis and the dermis in a
structure with only one layer of cells, located around 150-160 um from the

surface of the skin.

Figure 2-56 HE-stained cross-section of DMNs dosed porcine dermatomed

skin (4 mm thick). The epidermal thickness of the skin sample is labelled
on the image. Image from 20um Cryocut tissue sections at a 10-fold

magnification.

According to Nichola*®!, palmitic acid (C1sH3102") and cholesterol sulfate

(C27H45S047) can be used to localize the uppermost layers of the stratum



corneum and epidermis. Alternatively, POs", which is usually found in the

epidermis and dermis**°, can also be used to help with localization, as

shown in Figure 2-6 (1). In our study, high-intensity Arbutin fragment ions

were detectable by OrbiSIMS analysis, with the fragment molecular ion of

Arbutin (C12H1607) being C12H1507 (Figure 2-6 I1,d-f). It is clear that most

of the Arbutin in the DMNs group is cleaved into fragments by the electron

flood gun. The ion CeHsO> (Figure 2-6 Il, a-c) was found to have a

significant signal intensity in the two samples, while it was barely visible
on the blank skin group, indicating that CsH4O2 is an exogenous
substance and is not part of the ionic signal fragment present in the skin
itself. Arbutin is a compound of hydroquinone and D-glucose. Some
studies’ suggest that arbutin will lose a glucose and break down
naturally into hydroquinone (CeHsO2) on the skin. It explains why the
signal of ion C12H1507 is missing and leads to a logical inference that
CeH4O2 could be used as a representative ionic fragment of Alpha-Arbutin

and could be used as a marker for the localized compound.
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Figure 2-6 Negative polarity ion images of 3D OrbiSIMS from various

fragment ions of the skin cross-section dosed by Alpha-Arbutin-Loaded
PVPVA microneedles (DMNs) and Commercial Alpha-Arbutin Products
with Dermapen® Application post-treatment(CMNs) in full thickness
porcine skin (4 mm thickness), while water was used as blank group. The

Field of View is 300.0 ym, and Pixelsize is 4.0 ym, MC stands for



maximum ion count per pixel and TC total ion count for the specific ion of
interest. (I)The ion images illustrate the 2D spatial distribution for the
following molecular ions: (a, e, i) Palmitic acid (C1sH31027); (b,f,j)
Cholesterol sulfate (C27H45S047); (c,g,k) Total ion; (d,h,I) Phospholipid
marker (PO3"). And (a-d) is in the blank group, (e-h) in the CMNs group,
and (i-1) in the DMNs group. All ion images have been normalized to the
total ion image. (Il) The ion images illustrate the 2D spatial distribution for
the molecular ions of Alpha-Arbutin: (a&d) Alpha-Arbutin (C12H1507 and
CeéHsO2 ) in the blank group (b&e); Alpha-Arbutin (C12H1507" and
CsH402 ) in CMNs group; (c) Alpha-Arbutin (C12H1507- and CeH402 ) in

DMNs group. All ion images have been normalized to the total ion image.

The ability to enhance the intradermal accessibility of Alpha-Arbutin using
solid microneedle augmentation requires further definitive localization. As
can be seen in Figure 2-7 (a), the Alpha-Arbutin fragment signal overlaps
substantially with molecular ion Cholesterol sulfate (C27H45S047),
indicating that it is located primarily in the stratum corneum and upper
epidermis and does not enter deeper parts of the skin. In contrast, the
ionic signal of Alpha-Arbutin (green) in Figure 2-7 (b) clearly appears
below the stratum corneum. It overlaps with the position of the POs" ion,
indicating that it is distributed in the epidermis and located in the lower
and middle epidermal layers and thus shows that DMNs have a significant

enhancing effect on the permeation of this compound.
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Figure 2-7 Images of 3D OrbiSIMS from various fragment ions overlay of

the skin cross-section dosed by Commercial Alpha-Arbutin Products with
Dermapen® Application post-treatment (a) and Alpha-Arbutin-Loaded
PVPVA microneedles (b) in dermatomed porcine skin (4 mm thickness).
The Field of View: 300.0 ym and Pixelsize: 4.0 ym. The ion images
illustrate the 2D spatial distribution for the overlay of different molecular
ions. Three color overlay between ion images; Stratum corneum and top
of epidermal (cholesterol sulfate fragment, C27H4sS0O4~, red), epidermal
(phospholipid marker, POz, blue) and Alpha-Arbutin fragment (CeHsO2

green).

2.5. Conclusion

The permeation of Alpha-Arbutin through skin from three different

commercial products was evaluated by HPLC, and for the first time,




OrbiSIMS was used to visualize the permeation of Alpha-Arbutin within
the skin. In the absence of microneedles, a low percentage of permeation

of Alpha-Arbutin was observed due to its high hydrophilicity.

Both solid microneedle post-treatment and dissolving polymer

microneedles loaded with Alpha-Arbutin improved Alpha-Arbutin skin
permeation as analysed by HPLC. Furthermore, the combination of 3D

OrbiSIMS and skin cross-section analysis was used for the first time to
evaluate the distribution of Alpha-Arbutin within the skin by 2D high-
resolution imaging techniques, demonstrating the effectiveness of
dissolving polymeric microneedles in improving the permeation of Alpha-
Arbutin to the epidermal junction where melanocytes reside. Overall, the
combination of HPLC results and OrbiSIMS image show that dissolving
polymeric microneedles are more effective than solid microneedles at
reaching the target, based on the same effective dose (2%). Moreover, in
terms of compliance and safety, dissolving polymeric microneedles offer
much better prospects. Thus, this study suggests that dissolving
polymeric microneedles are a promising delivery system compared to
solid microneedles to facilitate targeted intradermal delivery of Alpha-

Arbutin for the treatment of skin hyperpigmentation disorders.
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Although in the previous chapter, optimisation solutions were provided
regarding the permeability of the existent tyrosinase inhibitor Alpha-
Arbutin. Through a holistic approach, it was concluded that dissolving
polymeric microneedles are a promising delivery system capable of

facilitating intradermal delivery.

However, as the physico-chemical properties of Alpha-Arbutin are
inherently flawed, and as all other existing melanin-reducing agents have
some drawbacks to a greater or lesser extent, the development of a new
effective melanin-reducing agent is necessary and urgent. As a key rate-
limiting enzyme in the melanogenesis process, TYR has become the most
important target for melanogenesis inhibition. Therefore, in this chapter 3,
we will detail about the synthesis and the structure of new tyrosinase
inhibitors and evaluate the medicinal potential of the new compounds by

their biological activity and penetration capacity.



3.1 Abstract

Excessive melanin deposition may lead to a series of skin disorders. The
production of melanin is carried out by melanocytes in melanosomes
through a complex process called melanogenesis, in which the enzyme
tyrosinase performs a key role. In this work, we identified a series of novel
tyrosinase inhibitor hybrids with a dihydrochalcone skeleton and
resorcinol structure, which can inhibit tyrosinase activity to reduce the
melanin content in the skin. Of which, compound 11¢ possessed the most
potent activity against tyrosinase with the ICso values at nanomolar
concentration ranges, gratified antioxidant activity and showed low
cytotoxicity. Furthermore, /in vitro permeation tests, supported by HPLC
analysis and 3D OrbiSIMS imaging visualisation, revealed the excellent
permeation ability of 11c, which is able to well permeate through the skin
and is accommulated in the basal layer perfectly, targeting melanocytes in
the skin. More importantly, compound 11c could reduce the melanin
content on UV-induced skin pigmentation in a guinea pig model in vivo.
Herein, the present results suggested that compound 11¢c may serve as a
promising potent tyrosinase inhibitor for the development of a potential

therapy to treat skin hyperpigmentation.

3.2 Introduction

Hyperpigmentation is a common skin disorder nowadays, which refers to
the localized darkening of the skin due to an increase in melanin.’

Melanin is an irregular light-absorbing substance produced by



melanocytes located in the basal layer of the epidermis.? While melanin
can protect human skin from excessive ultraviolet radiation (UVR) and
environmental pollutants, excessive melanin accumulation can lead to
various of acute skin disorders, such as freckles, sun rash and
chloasma,**® as well as skin cancer’ and post-inflammatory melanosis.?
As hyperpigmentation such as melasma is functionally reversible, long-

term treatment can prevent from more severe pigmentation.®°

The pathogenesis of hyperpigmentation is generally thought to be related
to genetic background, UV exposure and altered inbody hormone levels.™
The current treatment for this type of disorder is generally topical. There
are two main objectives, one is to inhibit melanin production, and the
other is to inhibit melanin transport. The inhibition of melanin production is

the main focus of research.

The molecular mechanism for small-molecular compounds to inhibit
melanosynthesis usually involves the inhibition of melanocyte inducing
transcription factor (MiTF).'? Since melanogenesis is activated through
the regulation of several intracellular signalling pathways, including Wnt/ 3
catenin pathway,”™ NO pathway,’* MAPK pathway,'® PI3K/Akt pathway,
cAMP/MITF-M signaling pathway'® and MC1R/a pathway.!” MiTF is an
integral regulator of these five major signalling pathways and plays a
critical role in the control of gene expression of the enzymes tyrosinase
(TYR), tyrosine-related protein 1 (TYRP-1) and tyrosine-related protein 2

(TYRP-2).12

Melanin production involves complex synthetic pathways, including the



combination of enzymes and chemical catalytic reactions, in which TYR is
a key rate-limiting enzyme. Moreover, TYR is expressed only by
melanocytes, where melanin is synthesized.’® As a result, inhibiting TYR

can reduce melanin production in cells without toxic side effects.'®

As shown in Figure 3-1, in the process of melanin synthesis, the active

sites of TYR are in three states: reduced state, oxidation state and
deoxidation state. The main difference between them lies in the oxidation
state of copper ions.?’ In the presence of monophenol oxidase, deoxy
TYR (Egeoxy) binds with oxygen to form oxidized TYR (Eoxy), and then Eoxy
binds with L-Tyrosine (1) to further catalyze the formation of L-DOPA (2).
In the presence of diphenol oxidase, Eoxy loses an oxygen atom to form
reduced TYR (Emet), and L-Dopa is oxidized into dopaquinone (3). Two
adjacent copper ions are bridged at the active site by water (hydroxyl)
ligands. TYR exists mainly in the form of Emet, Which cannot oxidize
monophenolic compounds (such as L-Tyrosine) and needs to be reduced

to Edeoxy by L-DOPA before tyrosine oxidation.'®
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Figure 3-1. Catalytic cycle of TYR: catalytic cycle of monophenol oxidase

and bisphenol oxidase. Three types of TYR are Eoxy, Emet, and Edeoxy,
respectively. Eoxy T, EoxyD, and EmetD are Eoxy-tyrosine, Eoxy-dopamine, and
Emet-dopamine complexes, respectively. Sphere shape represents copper

ions with different oxidation states.

Nowadays, groups of compounds with TYR inhibitory activity have been
developed, which can be divided into resveratrol analogues,?'-2¢
phenylthiourea analogues,?’-3? peptides®*-34 and flavonoids.3%-38 Although
most of the inhibitors targeting TYR are proven to be effective in vitro,

only a few have been in the clinical stage because of low bioavailability,



non-negligible skin irritation or poor stability. These in clinically used TYR

inhibitors have been found to reduce skin pigmentation or cure skin

disorders (Figure 3-2), such as hydroquinone (4),%° arbutin (5),4° azelaic

acid (6),*" L-ascorbic acid (7),*? ellagic acid (8),% and kojic acid (9).4
They have been mainly used in the cosmetics, with some side effects,
such as low skin permeation, instability, high cytotoxicity and
carcinogenicity.*>#8 Based on these factors, their applications are limited.
Therefore, it is essential to develop more effective new agents with low
toxicity and high skin permeability for the treatment of skin

hyperpigmentation.
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Figure 3-2. Structures of commercially available TYR inhibitors.

Dihydrochalcone (10) compounds belong to open-chain flavonoids with

the structural skeleton of 1,3-diphenylacetone.*® They have a variety of



biological activities, i.e., hypoglycemia, antioxidation, anti-tumor,
hypopigmentation, and anti-inflammation. In this study, dihydrochalcone
moiety is chosen as the synthetic backbone, aiming design and discovery
of superior novel tyrosinase inhibitors. As reported previously,4546:50.51 the
structure of resorcinol is the key pharmacophore of TYR inhibitors, and
compounds containing this group have good TYR inhibitory activity. In
order to obtain more effective tyrosinase inhibitors with better permeability,
this study is sought to tackle this problem through design and synthesis of

a series of novel dihydrochalcone hybrids by introducing resorcinol

structure into the skeleton of dihydrochalcone (Figure 3-3) to explore the

SAR of TYR inhibitors and identify a novel candidate agent for the

potential treatment of skin hyperpigmentation.
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Figure 3-3. Design strategy of novel dihydrochalcone hybrids as TYR

inhibitors.

Hererin, we would like to report the design, synthesis and biological



evaluation of these novel hybrids containing dihydrochalcone and
resorcinol moieties. Their activity will be assessed in the /n vifro enzyme
and cell models. The most potent compound will be selected and
assessed comprehensively using High  Performance  Liquid
Chromatography (HPLC) analysis and 3D Orbitrap Secondary lon Mass
Spectrometry (OrbiSIMS) imaging to visualise and analyze the
permeability of the compound. The effect of prophylaxis and repair will be

assessed in the guinea pig skin models after topical administration.

3.3 Methods
3.3.1 Chemical synthesis

177a-n. A two-neck flask was charged with compounds 17a-n,
pentamethylbenzene (1.5 eq. per benzyl to be removed) and dry DCM.

Under the protection of Ar at 0 'C (the intermediate without methoxyl) or -
78 C (the intermediate with methoxyl), inject 1 M BClz (1.5 eq. per benzyl

to be removed) into the flask, the solution turned orange and reacted for
20 min. After the reaction was completed, water was added to quench the
reaction. Diluted with EtOAc and water, the biphasic solution was
extracted three times with EtOAc. The combined organics were washed
with brine, dried over anhydrous Na>SO4, and concentrated in vacuo.
Purification of the residue by column chromatography with DCM/MeOH to

give the target compounds 11a—n with moderate yields.



1,3-Bis(2,4-dihydroxyphenyl)propan-1-one (11c). Yield 64.2%, yellow oil.
H NMR (300 MHz, DMSO-at) 0 12.71 (s, 1H), 9.25 (s, 1H), 9.02 (s, 1H),
7.78 (d, J= 8.7 Hz, 1H), 7.17 (d, J = 25.3 Hz, 2H), 6.85 (s, 1H), 6.28 (m,
2H), 6.12 (s, 1H), 3.10 (s, 2H), 2.73 (d, J= 8.1 Hz, 2H); 3C NMR (75 MHz,
DMSO-a6) 6 205.0, 165.2, 164.8, 157.1, 156.3, 133.4, 130.6, 117.8, 112.9,
108.6, 106.4, 102.9, 92.5, 29.5, 25.4; HR-MS (ESl) m/z. calcd for

C15H140s [M-HJ 273.0768, found 273.0767; Purity: 99.671% (by HPLC).

3-(2,4-Dihydroxyphenyl)- 1-(4-hydroxy-3-methoxyphenyl)propan-1-one

(17m). Yield 63.2%, pink solid. '"H NMR (300 MHz, MeOD) 6 7.57 (d, J =
7.7 Hz, 2H), 6.84 (dd, J= 11.8, 8.1 Hz, 2H), 6.29 (d, J= 2.4 Hz, 1H), 6.20
(dd, J=8.2, 2.4 Hz, 1H), 3.89 (s, 3H), 3.15 (t, /= 7.7 Hz, 2H), 2.85 (t, J =
7.7 Hz, 2H); *C NMR (75 MHz, MeOD) ¢ 200.7, 156.4, 155.8, 152.3,
147.65, 130.2, 128.6, 123.3, 118.6, 114.5, 110.8, 106.0, 102.1, 54.9, 38.7,
19.5; HR-MS (ESI) m/z. calcd for CieH1605 [M-H]" 287.0925, found

287.0922; Purity: 95.521% (by HPLC).

For the rest of the chemical synthesis and the molecular docking method

refer to Appendix B.
3.3.2 Mushroom TYR inhibitory activity of tested compounds

We analyzed the TYR inhibitory activity of target compounds based on
methods reported in the literature®® with minor modifications. Compounds
were dissolved in DMSO, prepared as a 10 mM stock solution, and diluted
to the desired concentration with 1xPBS at pH 6.8 (8 concentration
gradients were set for each compound). TYR lyophilized powder and

substrates (L-DOPA and L-Tyrosine) were dissolved in PBS, respectively,



to prepare 300 U/mL TYR solution and 2 mM L-DOPA solution or 1 mM L-
Tyrosine solution. The total reaction volume was 200 (L, that was, 80 (L
of PBS, 20 (L of sample and 60 (L of TYR solution were added to a 96-

well plate, pre-incubated at 37 ‘C for 20 min, and then 40 (L of substrate
solution was added to it, and pre-incubated at 37 ‘C for 5 min (L-DOPA)

or 10 min (L-Tyrosine). Afterwards, absorbance at 490 nm was measured
immediately with a microplate reader, PBS solvent used as blank control,

and measured three times in parallel.
3.3.3 Cytotoxicity of 11c and 11m

B16F10 and A375 cells were used for determination of cytotoxicity of
representative compounds 11c and 11m. The cells were cultured in
DMEM high glucose medium containing 10% fetal bovine serum. The
cells in logarithmic growth phase were digested, counted, suspended, and
seeded into 96-well plates at a rate of 3x10° cells/well. After 24 h of
culture, the compound solutions were added to the culture to make final
concentrations of the compound at 5 /M, 10 ¢/M and 50 /M for cell

B16F10; 50 tM for cell A375. After incubatation at 37 C in 5% COz for 72

h, 20 (L of 5 mg/L MTT was then added to the culture. After incubation in
the incubator for 4 days, the culture medium was sucked away, and
methylzan was dissolved with 150 (L. DMSO. The absorbance at 490 nm

was measured with a microplate reader.
3.3.4 TYR inhibitory activity of 11c and 11m

The B16F10 and A375 cells in the logarithmic growth phase were



digested, resuspended, and counted, then seeded into 24-well plates at a

rate of 3 x 10 cells/well, and incubated at 37 C in a 5% CO: incubator for

24 h. 1 /M a-MSH was added to the blank control group, positive control
group and experimental groups. For cells B16F10, the positive control
group was treated with 25 M kojic acid, the experimental groups was
treated with 5, 10 and 25 ¢M 11c or 11m, respectively. For cells A375, the
positive control group was treated with 20 £M Kojic acid, the experimental
groups were treated with 20 M 11c and 11m. And the blank group was
added with DMSO (< 0.3%). After 24 h of incubation, the cells were
collected into centrifuge tubes, washed twice with 1 mL of PBS, and then
added 100 M of 1% TritonX-100 (with 50 mM PBS, pH 6.8) containing

0.1 mM PMSF to lyse cells. After incubating at -80 ‘C for 30 min, let it
thaw at room temperature, then centrifuged at -4 ‘C at 12x103 rpm for 15

min, took 80 (L of the supernatant and added it to a 96-well plate, and
then added 20 (L of bottom to the 96-well plate. The substance L-DOPA
(2 mM) was transferred to 37 C to react for 1 h, and its absorbance at
490 nm was measured with a microplate reader every 10 min. The
experiment was repeated three times in parallel. % TYR activity =

ODexperimentaI group/ODcontroI group X 100%.
3.3.5 Inhibition of 11c and 11m on melanin content

The B16F10 cells and A375 cells in the logarithmic growth phase were
digested, resuspended, and counted, then seeded into 24-well plates at a

rate of 3x10* cells/well, and incubated at 37 C in a 5% CO: incubator for

24 h. 1 (/M a-MSH was added to the blank control group, positive control



group and experimental groups. For cells B16F10, the positive control
group was treated with 25 M kojic acid, the experimental groups was
treated with 5, 10 and 25 ¢M 11c and 11m, respectively. For cells A375,
the positive control group was treated with 20 @M Kkojic acid, the
experimental groups was treated with 20 M 11c or 11m. And the blank
group was added with DMSO (< 0.3%). After incubating in the incubator
for 24 h, the cells were collected into centrifuge tubes, washed twice with

1 mL PBS, and then added with 100 (L of 1 M NaOH, incubated at 60 'C

for 1 h, and the supernatant was taken into a 96-well plate, the
absorbance at 405 nm was measured with a microplate reader. The
experiment was repeated three times in parallel. % Melanin

content=0ODexperimental group/ODcontrol group * 100%.
3.3.6 Western blotting

B16F10 cells (2 x 10° cells/well) were cultured in DMEM medium with
10% FBS and 1% penicillin/streptomycin (v/v) for 24 h and then incubated
with various concentrations of compounds or DMSO for 72 h in six-well
plates. Then, the cells were washed twice with ice-cold PBS and
subsequently scraped in RIPA lysis buffer (Beyotime, China). The cell

pellets were lysed on ice for 30 min, followed by centrifugation at 4 'C for

another 30 min (13, 000 rom/min) and the supernatant was quantified with
BCA kit (Beyotime, China). The western blot operation process has been
written in great detail in previous research. The specific primary
antibodies used included those for TYR (1:1000, Abcam, Cambs, UK),

MIiTF (1:1000; Cell Signaling Technology, Beverly, MA), and GAPDH



(1:10000; Proteintech, Wuhan, China). The secondary antibody was HRP-
conjugated goat anti-rabbit-lgG (1:10000; Biosharp Beijing, China).
Immunoreactive bands were visualized by enhanced chemiluminescence
using ECL plus (FUDE biology technology, Hangzhou, China) and Bio-

Rad Versadoc (Tanon, Shanghai, China).
3.3.7 HPLC analysis of 11c and kojic acid in skin permeation study

Use Hypersil BDS C18 Columns, 150 mm L x 4.6 mm ID, 3.0 ym as
chromatographic column. The system operated at a flow rate of 0.5
mL/min. Injection volume is 10.00 (L. Column temperature is kept at
30 °C, UV detection at A max = 280 nm with an emission wavelength
setting. And the run time for each sample is 20.00 min. Mobile phase is
composed of 0.1 M acetate buffer (pH 4.0) and methanol in a ratio of 95:5

(v v) for kojic acid and 40:60 (v/v) for 11c.
3.3.8 Linearity, limit of detection and limit of quantitation

The linearity of the method was assessed over a range of concentrations.
Thirteen different concentrations between 0.05 and 512 wg/mL are chosen
for 11¢c and kojic acid. The calibration curves were obtained by plotting
the peak areas against the corresponding concentrations of 11¢ or kojic
acid. The slope, y-intercept and correlation co-efficient (R?) of the curve
were determined by linear regression analysis. According to FDA
regulations®’, the theoretical LOD and LOQ for the developed method
were calculated using standard deviation of the response (o) and slope (S)

of the calibration curve according to the following equations:

LOD = 3.30/S, LOQ = 100/S



The equation for the relationship between concentration and area was
obtained as y=1.6456x-0.0178, where the coefficient of determination
was 0.9998. Meanwhile, the calibration curve for kojic acid standard was
obtained as, y=1.1165x+0.0091, and the regression coefficient was
0.9999. It indicates that the curves are accurate and the regression effect
is more significant and credible. The detection limit of 11¢c was 0.1323
tg/mL, and the limit of quantification was 0.4010 wg/mL. The detection
limit of kojic acid was 0.1448 wg/mL and the limit of quantification was

0.4388 ug/mL.

3.3.9 In vitro skin permeation efficiency of 11c and kojic acid by

Franz cell components

Skin samples were prepared from 6-month-old pigs obtained from local
abattoirs and then steamed cleaned. The skin was kept at 4 ‘C for a
maximum of no more than 24 hours, the tissue was washed with ultrapure
water only and the hair was trimmed with scissors. Excess subcutaneous
fat is removed and the skin is wrapped in aluminium foil and stored in the
fridge at -20 C for a maximum of 3 months. Ensure that the entire
thickness of the skin is used for the Franz cell penetration experiments to

prevent alteration of the biomechanical properties of the skin.
3.3.10 Franz cell set-up

Prior to infiltration studies, skin samples were thawed at room
temperature for at least 1 h. Afterwards, circular skin samples were cut
and mounted between the donor and recipient compartments of the

Franz-type static diffusion cell device®? with the dermal side facing



downwards and an exposed surface area of 0.64 cm? and a recipient
compartment volume of 3 mL. The trimmed skin samples were placed
over the recipient compartment for 15 min to allow equilibration prior to
skin treatment. The integrity of each skin sample was assessed by
resistance using the method and guidelines described by Davies et al.,
200483, and only skin that yielded resistance readings greater than 10 kQ
was used. PBS solution (pH 7.4) was used as the recipient medium. 200
mL of 2 mg/mL of 11c or kojic acid in PG were administered through the
donor chamber. And 200 mL of distilled water was used as a control. The

water bath temperature at 36.5C was maintained throughout the

experiment. The skin was exposed to the compound preparation for
various time points of 0.5, 1, 2, 4 and 24 h. Each preparation was run 3

times at each time point to ensure accuracy.
3.3.11 Post Franz cell skin tissue preparation

After the permeation experiments, the excess liquid was removed and
collected from the skin surface by careful application of sponges soaked
with 3% Vv/v Teepol solution. The sponges were pooled for HPLC analysis
as a total skin wash. Any formulation which might have spread to the
donor chamber was collected by the sponges and stored for HPLC
analysis as a donor chamber wash. Upon removing the excess
formulation from the skin surface, 15 sequential tape strips were collected
from the skin as tape strips. The amount of 11c from the different Franz
cell components (skin wash, donor chamber wash, pooled tape strips, and

remaining within skin after tape stripping) were extracted by the addition



of 5, 5, 10, and 5 mL of methanol extraction mixture (methanol 30%:
water), respectively. Samples were then vortexed for 1 min and sonicated
for 30 min. The extracts (1 mL) were collected. For the receptor fluid, 1
mL of the solution from each Franz cell was collected. And all the samples

were centrifuged at 4 'C at 14000 rpm for 10 min and then filtered through

the 0.22 ym membrane.
3.3.12 Visualization of 11c within the skin by OrbiSIMS

The 2 h skin samples were chosen from the Franz cell permeation test,
the surface of the skin were scrubbed with a sponge moistened with
distilled water to remove excess formulation. The skin was then scrubbed
with a dry sponge. The skin samples were then immediately frozen using
liquid nitrogen, to avoid morphological distortion and tissue damage
caused by autolysis or decay. The skin samples were then placed on a
Cryostat (Leica Biosystems, Wetzlar, Germany) for frozen sectioning (CT

-24 'C, OT -30 C), and 20 pm thick transverse skin sections were cut,

with three sections per sample being placed on the slide. For each
sample, adjacent 20 wum thick sections were used for standard

hematoxylin-eosin staining controls.
3.3.13 3D OrbiSIMS imaging analysis

For permeation analysis, skin cross-sections were used. A 3D OrbiSIMS
(Hybrid SIMS, IONTOF GmbH, Germany) analysis was performed on a
hybrid instrument (IONTOF GmbH). For the Orbitrap image acquisition, a
20 KeV Ar3000+ analysis beam with a diameter of 20 ym was used as the

primary ion source. Samples were analyzed at room temperature across a



300 x 300 um area in negative polarity. Ar3000+ primary ions were used
with a filament current of 2.30A 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 wus. Argon gas flooding was in operation to aid
with charge compensation, which led to a pressure of 9.0 x 10" mbar in
the main chamber. The optimal target surface potential was at 136.6 V.
Mass spectra were recorded at a resolution of 240,000 at m/z 200 in the
mass range of 75 to 1,125 m/z. The automatic gain control (AGC) target
was off with the maximum injection time set at 500 ms. Both data
acquisition and the subsequent data processing were performed using
SurfaceLab 7 software (IONTOF GmbH). Orbitrap data were acquired

using a Thermo Fisher Orbitrap HF mass spectrometer.
3.4 Result and discussion
3.4.1 Chemical synthesis

As shown in , compounds 11a-n with ring B containing resorcinol
structure were synthesized. Starting from commercially available 2,4-
dihydroxybenzaldehyde (14), compound 15 with protected hydroxyl group
was obtained by reaction with benzyl bromide. Compounds 16a—n were
prepared by aldol condensation between compound 15 and various
acetophenone bearing different substituents, followed by the reduction of
the double bond to give compounds 17a-n in the presence of
bis(pinacolato)diboron and catalyst Cs2COs. Finally, in the present of BCls
as Lewis acid and pentamethylbenzene as acid-acceptor, benzyl group

was removed to obtain the corresponding target compounds 11a-n.



Among them, the chemical structure formulas of 11¢c and 11m are shown

in the Figure 3-4.
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Figure 34 The synthesis and structure of compounds 11c and 11m.

For the rest of the chemical synthesis and the molecular docking results

refer to Appendix B.
3.4.2 Mushroom TYR inhibitory activity of tested compounds

Due to the fact that TYR extracted from Agaricus bisporus (mTYR) is pure,
stable and commercially available, it is often used as a model of human
TYR to screen TYR inhibitors. L-Tyrosine and L-Dopa, substrates of

monophenol oxidation and diphenol oxidation by TYR, were selected to



determine the TYR inhibitory activities of all target compounds by the

method reported in the literature.5? The results were shown in Table 3-1.

From the results of L-Tyrosine as substrate, it could be seen that when
the B ring was 2’,4’-dihydroxybenzyl ring, the TYR inhibitory activity of all
target compounds was in nanomolar level; when the 2’,4’-dihydroxy group
on the B ring turned into 3’,4’-dihydroxy group (such as 12m), 2’-hydroxyl
group (such as 12j) or 4’-hydroxyl group (such as 12b), its inhibitory
activity decreased sharply. When the 2’,4’-dihydroxy group on the B ring
was methylated (such as 12n), its inhibitory activity was also greatly
reduced. These results suggested that a 2’,4’-dihydroxybenzyl ring on the
B-ring was necessary for TYR inhibitory activity. Among these compounds,
whose A ring was 2,4-dihydroxyphenyl or 3-methoxy-4-hydroxyphenyl had
the best TYR inhibitory activity, i.e., compound 11c (L-Tyrosine ICso =
0.050 M; L-Dopa ICso = 0.064 M) and 11m (L-Tyrosine ICso = 0.054 1iM;
L-Dopa ICso = 0.165 pM). When the substituent on the A ring was 3-
hydroxy-4-methoxy (11k), its activity decreased slightly (L-Tyrosine ICso =
0.069 tM; L-Dopa ICso = 0.245 tM). When the A ring was substituted by
alkyl or halogen groups, its activity decreased, and when the volume of
alkyl substituents was large, such as 4-phenyl substituted 11n, its activity
decreased significantly. According to the results, the structure-activity
relationship was summarized as follows: firstly, the B ring was resorcinol
structure and essential for activity; secondly, for A ring, the activity of 2,4-
dihydroxyphenyl and 3-methoxy-4-hydroxyphenyl was the best, followed

by 2-hydroxy-4-methoxy. The activity would be reduced significantly when



it was substituted by highly hindered alkyl (Figure 3-5).

Table 3-1 Inhibitory activity of tested compounds on TYR.

ICso (uM) @ ICso (uM)“
Compd. Compd.

L-Tyrosine L-Dopa L-Tyrosine L-Dopa
11a 0.089 £0.008 0.171+0.003 | 12d >10 >10
11b 0.133+0.036 0.189+0.008 | 12e >10 >10
11c 0.050 £ 0.005 0.064 = 0.005 | 12f >10 > 10
11d 0.069 £ 0.006 0.286=+0.028 | 12¢g >10 >10
11e 0.110£0.010 0.184+0.016 | 12h >10 >10
11f 0.123+0.013 0.239+0.018 | 12i >10 >10
11g 0.072£0.017 0.212+0.021 | 12j >10 >10
11h 0.119+£0.012 0.189+0.017 | 12k >10 >10
11i 0.069 £ 0.007 0.183+0.017 | 121 >10 >10
11j 0.232 £0.024 0.644+0.010 | 12m >10 >10
11k 0.069 £0.007 0.245+0.024 | 12n >10 >10
111 0.183+0.016 0.625+0.050 | 13a >10 >10
11m 0.054 £ 0.005 0.165+0.018 | 13b >10 >10
11n 0.331+£0.033 1.431+£0.120 | 13¢c >10 >10
12a >10 >10 13d >10 >10
12b >10 >10 13e >10 >10
12¢ >10 >10 Kojic acid 29.7+235 48.7+3.85

41Cso values are expressed as means = SD (standard error) of at least

three independent experiments.



* R,=2".4"-OH was essential for tyrosinase inhibition;
* When 2°.4°-OH turned into 3°.4’-OH or 2°-OH or 4’-OH.
the activity decreased.;
| * When 2°.4°-OH was methylated. the activity decreased.

* R;=2.4-OH or 3-OCHj;, the activity was mostly favored:

* When the A ring was substituted by the following substituent.
the activity slightly decreased. 2-OH-4-OCHj; =~ 3-OH-4-
OCH; > OH substituted > OCHj substituted;

* When the A ring was substituted by an alkyl or halogen. the
activity decreased.X > CH; >H > CH(CH;), > phenyl.

Figure 3-5. Summary of the structure-activity relationship of

dihydrochalcone TYR inhibitors.

Based on the results obtained from the preliminary screening using
mushroom tyrosinases, it was confirmed that the most active of these, 11c
and 11m, were selected as the subjects for the study of their application
as novel tyrosinase inhibitors in the anti-melanogenic field. The predicted
physicochemical properties and PK parameters for 11c and 11m were

obtained from data available through a dedicated prediction website, as

shown in the table below(Table 3-2).

Table 3-2 The Log P and pKa value of tested compounds on TYR
ICs0 (M) @

Compd.

L-Tyrosine L-DOPA




11c 0.050 + 0.005 0.064 + 0.005

11m 0.054 + 0.005 0.165 + 0.018

Kojic acid 20.7 £2.35 48.7 £ 3.85

Based on the predicted results, both 11c and 11m have superior lipophilic
properties. Therefore, it is expected that these compounds can have

better permeability, compared to Kojic acid.

3.4.3 TYR inhibitory activity of 11c and 11m in murine cell line

B16F10

MTT method was used to determine the cytotoxicity of compounds 11c

and 11m in B16F10 cells at three concentrations (5 ¢M, 10 tM, and 50

M) firstly. The results were shown in Figure 3-6A, even at a high

concentration of 50 M, the cytotoxicity of compounds 11¢ and 11m was

minimal compared to the control group.

In order to evaluate the inhibitory effect of the optimal compounds on TYR
activity and melanin content in B16F10 melanoma cells, a-Melanocyte
stimulating hormone (a-MSH) was used to stimulate B16F10 cells to
increase the level of TYR activity, and then compounds 11¢ and 11m (O,
5, 10 and 25 M) or positive control (kojic acid, 25 (M) were used to treat

B16F10 cells. L-DOPA was used as a substrate for TYR, and the results



of TYR activity assessment were shown in Figure 3-6B, compounds 11c

and 11m had great inhibitory effects against TYR in cells in a dose-
dependent manner and had better TYR inhibitory potential than the
positive control kojic acid. Similar to the TYR activity assessment, melanin

content in B16F10 cells decreased significantly when treated with 11c and

11m with the increase of concentration (Figure 3-6C).

As reported previously,®® MiTF is an upstream transcription factor of TYR,
which plays an important role in the transcription of TYR gene. Western
blotting demonstrated that the protein levels of both TYR and MiTF in
B16F10 cells treated with 11c had decreased in a dose-dependent
manner, whereas the inhibition of the protein levels of TYR and MiTF in

B16F10 cells treated with kojic acid were relatively weaker compared with

that of 11¢c (Figure 3-6D). Altogether, the data indicated that 11c probably

suppressed melanin by both inhibiting the function of TYR and decreasing

TYR contents.
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Figure 3-6. Evaluation in murine cell line B16F10. (A) Cytotoxicity of

compounds 11c and 11m in B16F10 cells. Inhibitory activities of 11c and
11m on TYR (B) and melanin content (C) in B16F10 cells stimulated by a-
MSH were tested. The cells were treated with 0, 5, 10, 25 /M of 11¢ and
11m or 25 M of kojic acid, respectively. The data are expressed as
means + SD (n=3). Statistical significance of differences was assessed
using multiple t-test. *, p < 0.05; **, p < 0.01; **, p < 0.001; ****, p <
0.0001. (D) Western blotting. Effects of 11¢c and kojic acid on TYR and

MiTF levels in B16F10 cells.

3.4.4 TYR inhibitory activity of 11c and 11m in human cells A375

Since 11c and 11m have negligible toxicity at a low concentration (10 ¢/M)




in murine-derived cells, and hypotoxicity at high concentration (50 /M), it
is neccessory to verify whether it would be less toxicity in human-derived
cells. Therefore, the human malignant melanoma cells A375 were chosen
to determine the cytotoxicity of compounds 11c and 11m by MTT assay,

using kojic acid as a positive control. The results are shown in Figure

3-7A. At a high concentration of 50 ¢M, the cytotoxicity of compound 11m

could be negligible compared to the control, while 11c was slightly

cytotoxic.

To ensure that the novel compounds had the same ability to inhibit
melanin and TYR activity for human-derived cells, A375 cells were
stimulated with a-MSH to increase the level of TYR activity. Then, A375
cells were treated with 20 ¢M of compounds 11c, 11m and the positive

control (kojic acid). The results of the TYR activity and melanin content

are shown in Figure 3-7B and 8C. Compounds 11c and 11m at 20 ¢/M

both had a significant inhibitory effect on TYR in A375 cells with a similar
capacity to the positive control. Of these, 11c had a slight superiority over
11m. Similar to the assessment of TYR activity, melanin content in A375

cells was remarkably reduced with the treatment of 11c and 11m at 20

(M.
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Figure 3-7. Evaluation in human A375 cells. (A) Cytotoxicity of

compounds 11c, 11m and kojic acid in A375 cells. Inhibitory activities of
11c and 11m on TYR (B) and melanin content (C) in A375 cells
stimulated by a-MSH were tested. The cells were exposed to 20 (/M of
11c, 11m and kojic acid for 24 h. Statistical significance of differences
was assessed using ANOVA one-way test. (A) Values were significantly
different from those of the control group. (n=3, values are means + SE).
(B, C) Values were significantly different from those of the a-MSH group.
(B, n=4, C, n=3, values are means = SE)*, p < 0.05; **, p < 0.01; ***, p <

0.0001.

However, this raises the question that, unlike the excellent inhibitory



activity of 11c, 11m in mTYR, the activity was significantly reduced when
targeting switched to hTYR. This may be due to a structural gap between
the mushroom tyrosinase and the animal-derived tyrosinase. This has
been identified in a number of studies*?°, which have concluded that the
catalytic activity and substrate specificity of mTYR has been shown to be
significantly different from that of the mammalian enzyme, in particular the
amino acid sequence of its active site region is significantly different from
that of hTYR. Since small changes in enzyme-ligand interactions may
also have a significant effect on binding affinity, the different inhibition

results for hnTYR and mTYR are not surprising.

3.4.5 In vitro skin permeation efficiency of compound 11c by Franz

cell component

The skin permeation of 11c was determined by HPLC analytical methods.
Calibration curves, limits of detection and quantification for 11c and kojic
acid were firstly established according to the chromatographic conditions

set up in the Experimental section.

The optimal compound 11¢c was then assessed for its skin permeation
studies by using the Franz diffusion cell. 2 mg/mL of 11c in propylene
glycol (PG) was used, and 2 mg/mL of kojic acid was chosen as a positive
control. The highest skin permeation of 11¢c was observed at 2 hours after
application, with 26.77% remaining inside the skin (intradermal). In

contrast, kojic acid reached its highest level at 4 hours after application,



with only 3.56% of the active ingredient remaining in the skin (Figure

3-8A). In addition, it can be seen from Figure 3-8B-F that from 0.5 h to 24

h, the amount of 11c penetrated into receptor fluid (transdermal) is tiny,

and the highest level (Figure 3-8F) doesn’t exceed 1.2%. Overall, based

on the skin permeation studies, the intradermal delivering capacity of 11¢c
was shown to be superior and far exceed that of kojic acid. In addition,
only a tiny amount of 11¢ would possibly be able to enter the circulatory

system after transdermal permeation, most effectively avoiding toxic side

effects.
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Figure 3-8. HPLC analysis of the mean percentage of recovery of 11c in

different Franz cell components (donor wash (DW), skin wash (SW), tape
strips (TS), remaining within skin (RS) and receptor fluid (RF)) following
permeation test at different hours ((B) 0.5h, (C) 1h, (D) 2h, (E) 4h, (F)
24h). (A) The percentage of 11c remaining within skin (intradermal) at
different hours. The data are expressed as means + SD (n=6). Statistical
significance of differences was assessed using multiple t-test (*, p < 0.05;
. p < 0.01; *** p <0.001; *** p < 0.0001; no significant difference (ns)

indicates p > 0.05).

3.4.6 Visualization of compound 11c within the skin by OrbiSIMS

Firstly, according to haematoxylin and eosin (H&E) staining (Figure 3-9A),

the thickness of stratum corneum can be determined at 5-10 um and the
thickness of epidermis at 20-100 um, where the melanocytes containing
tyrosinase are located in the basal layer, between epidermis and dermis,

and therefore should be located 100-110 pm from the skin surface.

According to the study of Nichola and co-workers,*® palmitic acid
(C16H3102) can be used to locate the stratum corneum. And cholesterol
sulfate (C27H45sS0Oy) is used as an adjunct to locate the uppermost layer
of epidermis. The white dashed line in Figure 11A indicates the boundary
between stratum corneum and epidermis. The ion signal of 11c clearly

appeared below the stratum corneum and was distributed in the epidermis.



In addition, the signal ions of 11c are mainly C15sH1305 and C1sH1205Na
in Figure 3-9B, c-d. C5H7305 resided more in the stratum corneum, and
it lost a hydrogen ion and was bound a sodium ion when 11c entered the

epidermis. Alternatively, identification of the site of penetration of the

compound was supported by the fact that the phospholipid marker (POs)
would appear in the epidermis and upper dermis®” (Figure 3-9C, f). Figure
3-10A shows remarkably that the ionic signal of 11c appears under
palmitic acid (CrsH3702), indicating that it has crossed the stratum
corneum and entered the interior of the skin. As shown in Figure 3-10B,
the distance of the green part of the 11¢ ion from the skin surface is about

50-150 ym. This indicates that 11c entered the skin and mainly stayed at

the base of the epidermis and in the upper dermis. Further, according to

Figure 3-10B, 11c is distributed in a line, showing that it has not

permeated excessively into the dermis. Thus, it is suggested that

compound 11c¢ targets the melanocytes in the basal layer adequately.
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Figure 3-9. (A) HE-stained cross-section of dermatomed porcine skin

(4 mm thick) dosed with 11c at 2 mg/mL. The basal layer of epidermis is
located above the white dashed line (the position indicated by the arrow).
Image from 20 um cryocut tissue section at a 10-fold magnification. (B &
C) Negative polarity ion images of 3D OrbiSIMS from various fragment

ions of the skin cross section dosed by compound 11c at 2 mg/mL in

o CiHy 0y

C2H,S0,

Total

POy

dermatomed porcine skin (4 mm thickness), and use water as blank group.

The field of view is 300.0 um and pixelsize is 2.0 um, MC maximum ion
count per pixel and TC total ion count for the specific ion of interest. (B)

The ion images illustrate the 2D spatial distribution for the molecular



ions of 11c: (a) 11¢c (C1sH1305) in blank group; (b) 11¢c (C1sH120s5Na’)
in blank group; (c) 11c (C1sH13057) in 11c group; (d) 11c (CrsH120s5Na’)
in 11c group. All ion images have been normalized to the total ion
image. (C) The ion images illustrate the 2D spatial distribution for the
following molecular ions: (a)&(e) palmitic acid (CrsH3:07); (b)&(f)
cholesterol sulfate (C27H45sSOyx); (¢)&(g) Total ion; (d)&(h) phospholipid
marker (PO3). And (a)-(d) in blank group and (e)-(h) in 11c group. All

ion images have been normalized to the total ion image.

Overall, the location of target compound penetration within the skin
can be directly observed by the SIMS images. As in Figure 3-10, it is
clear that 11c remains mainly between the epidermis and the dermis,
facilitating rapid detection to obtain results. In addition, a comparison
of Figure 2-7 and Figure 3-10 also shows that a greater amount of 11c
can fully penetrate through the stratum corneum and into the skin

compared to the low permeability of CMNs, fully illustrating the

targeted permeability of 11c.
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Figure 3-10. Images of 3D OrbiSIMS from various fragment ions of the

skin cross section dosed by 2 mg/mL of 11¢c in dermatomed porcine skin
(4 mm thickness). The Field of View: 300.0 um and Pixelsize: 2.0 um. The
ion images illustrate the 2D spatial distribution for the overlay of
different molecular ions. (A) Three color overlay between ion images,
Stratum corneum, SC (palmitic acid fragment, CrsH3:02, red), top of
epidermis (cholesterol sulfate fragment, C27H.sS0O.4~, blue ) and 11c
(C15H1305, and C1s5H1205Na, green). (B) Three color overlay between
ion images, 11c (CrsH1305, blue), 11c (CrsH120s5Na, green),

epidermis (phospholipid marker, POzs, red).

3.4 Conclusion

As a key rate-limiting enzyme in the process of melanin formation, TYR
has become the most important target to inhibit melanin production. In this

study, by applying the pharmacophore fusion strategy, the resorcinol



structure is introduced into the skeleton of dihydrochalcone to discover
potential TYR inhibitors. Thirty-three dihydrochalcone TYR inhibitors are
designed and synthesized, and the TYR activities of all compounds are
evaluated. The TYR inhibitory activity of fourteen compounds is stronger
than that of positive control kojic acid, and the ICso values reach the
nanomolar levels. Compounds 11c¢ and 11m show the most potent TYR
inhibitory activity with ICso of 0.050 ¢/M and 0.054 (M, respectively (when
the substrate was L-tyrosine). Mechanism validation experiments show
that 11c probably suppresses melanin production by inhibiting the
function of TYR in a non-competitive manner and decreasing TYR

contents.

Further experimental results show that compounds 11¢c and 11m have
gratifying antioxidant activity and low cytotoxicity, and could inhibit TYR
activity and melanin production in murine cell line B16F10 in a dose-
dependent manner. In human-derived A375 cells, compounds 11c and
11m also show excellent TYR inhibition and melanin suppression. In
addition, compound 11c also shows outstanding performance in /n vitro
skin permeation assays, rapidly crossing the skin stratum corneum and
remaining inside the skin, thus targeting the basal layer and focusing on
the melanocytes. More importantly, we also found the compound 11c

exhibited powerful anti-melanogenesis ability in a guinea pig model /n vivo.

Taken together, compound 11c can be considered as a low-toxic and
effective TYR inhibitor for further development of new therapeutic options

for the treatment of skin hyperpigmentation.
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In the previous chapter we explored the possibility of novel tyrosinase
inhibitors and, after evaluating the biological activity of compounds 11c
and 11m, confirmed their potential as drugs for the treatment of
hyperpigmentation. The next focus will thus be on studies on the
mechanism of the new compounds' action. It is hoped that the analysis of
the significant metabolite changes by tyrosinase modulators in melanoma
cells A375 will provide a useful contribution to the search for new

melanoma therapeutic targets.



4.1 Abstract

It is well known that hyperpigmentation is associated with melanocyte
proliferation, which may lead to melanoma. As regulators of
hyperpigmentation, the relationship between tyrosinase modulators and
melanoma has been the focus of extensive attention. In this study, L-
DOPA was chosen as the tyrosinase stimulator to be investigated, while
Alpha-Arbutin and the new compounds 11c and 11m were chosen as the
tyrosinase inhibitors. L-DOPA was chosen as there have been consistent
cases suggesting a correlation between L-DOPA as a treatment for
Parkinson's and the development of melanoma. Conversely, many
tyrosinase inhibitors can alter or even inhibit the development of
melanoma. Therefore, a combined metabolomics and lipidomics analysis
was used to gain further insight into the molecular mechanisms of
melanoma. The analysis yielded the metabolic pathways and effects of L-
DOPA and tyrosinase inhibitors in melanoma cells. As a part of this, LC-
MS targeted metabolomics was used to analyse metabolite changes in
melanoma cells and a total of 108 metabolites was identified. LC-MS
metabolite pathway analysis revealed that phenylalanine, tyrosine, and
tryptophan biosynthesis and Malate- Aspartate Shuttle were the two most
affected pathways. Subsequently, Orbitrap secondary ion mass
spectrometry (OrbiSIMS) was applied as a novel technique for the
analysis of metabolomics. As OrbiSIMS is sensitive to lipids, it was
suitable to be used for a comparative analysis of the changes in lipids of

tyrosinase regulators in melanoma cells. Combining the results of these



two analyses, we found that tyrosinase modulators can affect the normal
physiological state of melanoma cells by modulating the levels of Malate-
Aspartate Shuttle and fatty acids. Overall, this study provides a strong
contribution to further exploration of the metabolic mechanisms of

melanoma cells and the search for new therapeutic targets.

4.2 Introduction

Hyperpigmentation is a condition in which patches of skin are darker than
the surrounding normal skin due to an upregulation of melanin synthesis,
an increase in the number of melanocytes, and a decrease in
melanosome breakdown. These new and localized hyperpigmented or
irregularly pigmented lesions may be malignant melanoma if they cause
pain or itching'®6421:422 Abnormal hyperpigmentation is a hallmark sign of

melanoma and can be used as a basis for diagnosis*?3.

Melanoma is the deadliest form of skin cancer, and its incidence is
growing faster than any other preventable cancer today*?. In 2021,
melanoma was the fifth most common cancer diagnosis in the United
States, accounting for 5.6% of all cancer diagnoses*?. While the
incidence of many other tumour types has been declining, melanoma
continues to increase worldwide and is very aggressive and lethal*?®.
However, early-stage melanoma is treatable and has excellent long-term
survival rates*?’. It is therefore important to explore the metabolic
mechanisms of melanoma, find new targets for drug delivery, and thus to

develop new drugs.



Studies have now found an association between Parkinson's disease (PD)
treated with L-DOPA and an increased risk of developing malignant
melanoma*?®-431_ Patients with PD have an overall reduced risk of cancer
diagnosis. However, breast cancer and melanoma have an unusually high
co-morbidity rate with PD*32, L-DOPA is the most common treatment for
Parkinson's disease and is a substrate for melanin synthesis. However,
there is concern that this therapy may lead to melanoma“®3. Following L-
DOPA administration, tyrosinase activity has also been found to increase
rapidly due to the higher substrate availability*3*. L-DOPA or its oxidation
products stimulate intracellular tyrosinase concentrations and regulate
tyrosinase mRNA levels in both a positive and negative manner, overall

significantly increasing tyrosinase activity*3.

In contrast, it has also been suggested that whether or not PD patients
are treated with L-DOPA has little or no effect on the development or
progression of melanoma*34%’, Therefore, whether L-DOPA is involved in
this association remains controversial. However, there is no doubt that L-
DOPA has a strong immunosuppressive effect, which must be somewhat
problematic for the subsequent treatment of melanoma®®43 It is
therefore important to explore the relationship between L-DOPA and

melanoma, especially the effect of L-DOPA on melanoma cell metabolism.

In addition to L-DOPA, the massive accumulation of melanin can also
lead to a failure of immunotherapy*4?. The overproduction of melanin is
directly related to tyrosinase. Tyrosinase oxidises L-tyrosine to L-DOPA

and then to L-DOPA quinone in melanocytes, which ultimately synthesise



melanin**'. Unlike normal melanocytes, melanoma cells do not excrete
melanin into neighbouring cells*#?. As a result, large amounts of melanin
accumulate in melanoma cells, endogenously protecting them from
radiation therapy and rendering immunotherapy ineffective**3. In addition,
melanin acts as a reactive oxygen species (ROS) scavenger and
neutralises the effects of chemotherapy*#. It is thus vital to find new
melanoma treatment pathways. The overexpression of melanin during
tumourigenesis is associated with tyrosinase. It is thought that tyrosinase
inhibitors can be used to counteract the accumulation of high levels of
melanin associated with many diseases, thus making it a potential
molecular target in the treatment of melanoma“*>. It works by restoring the
sensitivity of melanoma cells to external damage through inhibition of
tyrosinase and reduction of melanin production. Therefore, it has been
suggested that tyrosinase inhibitors could be used as sensitizers for
melanoma treatment and adjuvant therapy. In addition, it has been
suggested that tyrosinase overexpression can induce melanoma and that
TYR can suspend apoptosis in melanoma cells under the regulation of the
transcription factor MITF74446.447  However, it has also been found that
CRISPR/Cas9-mediated TYR knockdown (KO) increased Vasculogenic
mimicry (VM) in melanoma cells, suggesting that TYR brings about
anticancer function by negatively regulating VM*8, These publications
suggest the feasibility of using tyrosinase as a target for developing novel

melanoma drugs.

Due to gaps in the metabolomics of tyrosinase modulators, the metabolic



pathways of L-DOPA and tyrosinase inhibitors in melanoma cells and
their effects on melanoma cells need to be further investigated. A
comprehensive analysis using metabolomics and lipidomics will be used
in this study to further understand the molecular mechanisms of
melanoma. L-DOPA, as well as Alpha-Arbutin, 11c, and 11m are
tyrosinase modulators that stimulate the up- or down-regulation of
tyrosinase and are closely related to tyrosinase activity and tyrosine
metabolism101:124143 Therefore, it is reasonable to choose tyrosine as the
primary biomarker to be studied. In addition, much of the literature finds
that the melanin suppression process is associated with multiple amino
acids and nucleic acid metabolism, thus making metabolic pathway
analysis targeting amino acid-related pathways necessary**°. LC-MS is
currently the most widely used metabolomics tool, as it can analyse a
wide variety of small molecules, particularly amino acids**. Therefore,
247 standards, mainly amino acids, were used as references to target and

analyse their metabolic pathways.

The literature shows that lipid metabolism signalling pathways are also
strongly altered in melanoma cells®**4%', Lipid metabolism, an important
branch of metabolomics, is an analytical approach for the holistic study of
the multiparametric response of living systems based on lipid metabolic
signatures in complex biological samples. It has also attracted significant
research interest. A new, sensitive instrument for lipids, 3D Orbitrap
Secondary lon Mass Spectrometry (OrbiSIMS), has now been applied to

metabolomic analysis. Passarelli et al*®® imaged neurotransmitters in the



hippocampus of mice by 3D OrbiSIMS and was able to infer 127 lipids. 3D
OrbiSIMS is characterised by the combination of the high resolution of
Orbitrap (>240,000 at m/z 200) and the high spatial resolution of TOF
mass spectrometry (<200 nm), with good results for lipid molecules.
Therefore, OrbiSIMS was chosen as a complementary analytical tool to
LC-MS, with its low sample preparation, small sample size, and fast

analysis time making it suitable for the initial exploration of lipidomics.

Overall, this study is based on the analysis of L-DOPA and tyrosinase
inhibitors, two substances with positive and negative effects on tyrosinase
respectively, to analyse the metabolic mechanisms of melanoma cells and

to try to find novel drug targets.

4.3 Methods

4.3.1 Bioevaluation of 11c and 11m on human cell line A375

4.3.1.1 Cytotoxicity of 11c and 11m in A375.

Each well in a 96-well plate was seeded with 1 x 10* cells/100 pl of A375
cell suspension and was left to develop overnight to attach to the bottom
of each well. The next day, 100 pl of medium containing various
concentrations (1, 2, 4, 8, 16, 32, 64, 100 uM) of 11c and 11m and Alpha-
Arbutin was added. Control cells were grown in a medium with the same
concentration of DMSO. After 48 hours, 25 ml of a 5 mg/ml MTT solution
was added to each well without removing the medium. After 2 hours of

incubation at 37 °C, 100 ml of lysing buffer was added. A 96-well



multiscanner was then used and the optical densities at 490 nm were
measured following an overnight incubation (20 hours) at 37°C. As a
control, the medium/MTT/lysing buffer was incubated under identical

conditions. Viability of cells (%) = OD test group /OD control group X100%.

4.3.1.2 Intracellular tyrosinase activity determination of 11c and 11m

in A375

7x10* A375 cells/Well vaccination were placed in 12-Well plates. 5 ¢/M L-
DOPA was added to the blank control group, positive control group and
experimental groups. The positive control group was then treated with
Alpha-Arbutin, the experimental groups with 11¢c and 11m (1, 2, 4, 8, 16,
32, 64, 100 uM), and blank group with DMSO (< 0.3%). After incubating
for 48 hours, the cells were collected in centrifugal pipes with 200uL 1%
Triton X-100, incubated in the freezer (- 40 °C) for 1 hour, and then left at
room temperature until melted. After 12000 RPM centrifugation at 4 °C for
30 mins, 80 pL of each sample was placed in 96 - Well plates and 20uL L-
DOPA(10 mM) was added. These were then incubated for 15 minutes in
37 °C water. The OD value at 490 nm was measured using a microplate,

and terSinase aCtiVity (%) = OD test group /OD control group X100%

4.3.1.3 Intracellular melanin content determination of 11c and 11m in

A375

A375 cells were seeded at a density of 7x10* per well in 12-Well plates
and cultured in a CO2 incubator at 37°C with a volume fraction of 5% for

24 hours. 5 M L-DOPA was added to the blank control group, positive



control group and experimental groups. The positive control group was
then treated with Alpha-Arbutin, the experimental groups with 11¢c and
11m (1, 2, 4, 8, 16, 32, 64, 100 uM), and blank group with DMSO (<
0.3%). Afterwards, the cells were removed from the 48 hours cell culture,
washed twice with PBS, and digested with a pancreatic enzyme. The cells
were then combined with 200 yL NaOH(1M) solution (10% DMSO) and
left in an 80 °C water bath for one hour. The solution was then mixed
uniformly and 100 uL of each solution was placed in 96-well plates, the
absorbance at 405 nm was measured with a microplate reader. The
experiment was repeated nine times in parallel. Melanin content (%) = OD

test group /OD control group x100%.

4.3.2 Cell sample preparation for LC-MS

A total of 5 groups of cells were cultured. 5 uM L-DOPA was added as an
inducer of melanogenesis in 4 groups, excluding the control group. Three
of these groups were then selected to be sample groups by adding 16 uM
of 11c, 11m, and Alpha-Arbutin respectively. All five groups were cultured
for 48 hours.

Afterwards, the culture medium was eliminated, and the cells were briefly
rinsed with 37°C PBS. Methanol (500 uL) at -40°C was injected to stop
the metabolism and remove the intracellular metabolites concurrently. The
cells were scraped and aggressively vortexed for one hour on ice before
being centrifuged at 14,000 rpm for 10 minutes at 4°C. The supernatants
were transferring to fresh tubes and evaporated with a Jouan Centrifugal

Evaporator. The leftover residue was then reconstituted in 70 pL of



methanol (4°C) and centrifuged for 10 minutes at 14,000 rpm and 4°C.
The extract was put into an amber HPLC vial with a glass insert, labelled,
and used for LC-MS analysis. 10 L of each sample was collected and
used as a pooled QC for untargeted analysis and MS/MS analysis to
evaluate the analytical system's performance.

4.3.3 LC-MS analysis

The Q-Exactive Plus mass spectrometer equipped with a Dionex U3000
UHPLC system was utilised for the LC-MS study. Using an HPLC flow
rate of 300 L/min and a temperature of 45°C, metabolomics samples (10
ML, 4°C) were separated and eluted over a ZIC-pHILIC column (4.6x150
mm, 5m particle size, Merck SeQuant, Darmstadt, Germany). The
gradients began with 20% A (20 mM ammonium carbonate in water) and
80% B (acetonitrile) and climbed to 95% A over 15 minutes, after which
the composition was restored to its initial state in 2 minutes and the
column was re-equilibrated for 7 minutes. The MS equipment was
configured with ESI+ and ESI- switching acquisition modes for sample
profiing and data-dependent MS/MS for QC sample identification.
Detailed MS parameters are displayed as follows: Capillary voltage at 20
V (ESI+) and 15 V (ESI). Spray voltage at 4.5 kV (ESI+) and 3.5 (ESI). In
both modes, the sheath, auxiliary, and sweep gas flow rates were 40, 5,
and 1 (arbitrary unit) per minute respectively. The temperatures of the
capillary and the heater were kept at 275°C and 150°C respectively. Data
for LC-MS profiling were collected with a resolution of 70,000 from 70—
1050 m/z . On the QC sample (n = 3), Top 5 ddMS/MS was done at a

resolution of 17,500 and normalised collision energies (NEC) of 20, 30,



and 40.

Randomly selected cellular samples from the control group and ApoE4 Ki
group were evaluated using mixes of authentic standards and reagent
blanks in a single LC-MS analytical run. Pooled QC (n = 4) was injected at
the beginning of the analysis to condition the column, and also after every
3-5 samples (n = 6) to evaluate the analytical system's stability,
robustness, repeatability, and performance.

4.3.4 Cell sample preparation for OrbiSIMS

The 5 groups of cells (Blank; 5 uM L-DOPA; 5 yM L-DOPA and 16 pM of
11c; 5 uM L-DOPA and 11m; 5 uyM L-DOPA and Alpha-Arbutin) were
seeded on glass slides merged in a complete culture medium for 48 hours.
Cells were rinsed three times with a 150mM ammonium formate solution
after adhering to glass slides. The slides were frozen in liquid nitrogen
and dried for 48 hours in a freezer drier. Prior to OrbiSIMS analysis, the
cell slides were kept at -80°C.

4.3.5 OrbiSIMS experimental methods

The 20 keV Arsp0™ argon gas cluster ion beam (GCIB) of 20m diameter of
SIMS was employed for sputtering ions of the cell samples, and Q
Exactive HF mass spectrometry was utilised for the full-MS scan in the
range of 75.0 to 1120.0 m/z for negative polarity. The Q Exactive depth
profile was acquired on a 300 x 300 um? region in random raster mode
with crater size 384.6 x 384.6 um and mass resolution 240,000 at 200
m/z. The cycle time was established at 200us. The time for injection was
set at 500 ms. Each sample was evaluated in three distinct regions, and

each measurement lasted 300 scans.



4.3.6 |dentification and annotation of metabolites

Compound Discoverer 3.3 was used to pre-process LC-MS data for
untargeted metabolomics, univariate analysis, and metabolite
identification. In addition, SIMCA P was used to conduct principal
component analysis (PCA) and partial least squares-discriminant analysis
(PLS-DA). Using the Compound Discoverer 3.3 software, metabolite
identification was achieved by matching the retention time of identified
peaks with legitimate standards, MS/MS fragmentation with the mzCloud
database, and correct masses with human metabolites in the BioCyc
database. A retention period of 0.5 min to 15 min (with an RT tolerance of
0.5 min), a mass range of 70-1050 m/z, and a mass tolerance of 5 ppm
was utilised for peak selection and identification. According to the
categorization guidelines of the standard metabolomics project,
discovered metabolites can be categorised into four degrees of
confidence. Level 2 confidence in metabolite identification is based on
correct mass, retention duration, or MS/MS value. Level 3 confidence of
metabolite identification is based on exact mass, while unknown is
classed as level 4 after confidence selection.

Using GraphPad Prism, the data was analysed and reported as the mean
standard deviation (SD). The significance of metabolite differences
between the control and ApoE4 KI groups was determined using the
Student’s t-test, ANOVA test, and PLS-DA analysis. The combination of
an FDR-adjusted p-value 0.05 and a VIP>1 was judged as statistically
significant in LC-MS data analysis. For the OrbiSIMS Data analysis, the

combination of a RAW-adjusted P value<0.05 and VIP>1 adjusted was



judged to be statistically significant.

3D OrbiSIMS is controlled by software supplied by SurfaceLab Version
9.0 (IONTOF, Germany), which uses the application programming
interface (API) supplied by Thermo Fisher for both control of the Orbitrap
MS section of the instrument and online data retrieval. lons collected from
the spectrum were searched and assigned by comparing the m/z value to
the LIPID MAPS and HMDB databases with a mass deviation of less than
2 p.p.m.

4.3.7 Pathway and enrichment analysis

The web-based programme Metaboanalyst
(https://www.metaboanalyst.ca/) was utilised for pathway and enrichment

analysis.

4.4 Results and Discussion

441 Compounds 11c and 11m have negligible cytotoxicity in cell

A375

The cytotoxicity of compounds 11c and 11m to cells A375 was
determined by MTT, using Alpha-Arbutin as a positive control. The
cytotoxicity was measured using a gradient of concentrations (1, 2, 4, 8,
16, 32, 64, 100 uM). The results displayed in Figure 4-1A and Table 4-1
show that only at ultra-high concentrations greater than 64 yM did the
cellular activity change significantly. At low concentrations, the cytotoxicity
of compounds 11c and 11m was negligible. Thus, this fully demonstrates

that compounds 11c and 11m are safe tyrosinase inhibitors.



4.4.2 Compounds 11c and 11m inhibit tyrosinase activity and reduce

melanin content in cell A375.

L-DOPA was used as a stimulating agent to test the new compounds'
inhibitory effect on tyrosinase activity. Cells were then treated with
different concentrations (1, 2, 4, 8, 16, 32, 64, 100 pyM) of 11c and 11m or
the positive control Alpha-Arbutin. After 48 hours of incubation, the
absorbance was measured at 490 nm using a microplate reader to assess

intracellular tyrosinase activity.

Intracellular tyrosinase activity decreased significantly with increasing
drug concentrations, as shown in Figure 4-1B and Table 4-2. The IC50
for 11c, 11m, and the positive control Alpha-Arbutin were 3.849 uM, 14.63
MM, and 3.227 uM respectively. The above results indicate that
compounds 11c and 11m were able to inhibit intracellular tyrosinase
activity in the same dose-dependent manner as Alpha-Arbutin, and that
the ability of 11c to inhibit tyrosinase activity was similar to that of Alpha-

Arbutin.

In order to assess the compounds’ abilities to inhibit melanin, cells were
again treated with different concentrations (1, 2, 4, 8, 16, 32, 64, 100 uM)
of 11c, 11m, or the positive control Alpha-Arbutin. After 48 hours of
incubation, the intracellular melanin content was measured according to

the absorbance at 405 nm in a microplate reader.

As shown in Figure 4-1(C) and Table 4-2, the inhibition of melanin

increased significantly with increasing concentrations of 11¢c, 11m, and



Alpha-Arbutin. The IC50 for 11c and 11m was 2.481 yM and 7.026 uM
respectively, compared to 6.179 uM for the positive control Alpha-Arbutin.
This indicates that 11c had a significantly higher ability to reduce melanin
content than the positive control, while the effect of 11m was similar to
that of the positive control. However, it can also be seen that the inhibitory
effect on melanin was not further enhanced with increasing

concentrations of the drug above 16 uM.
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Figure 4-1 (A) Cytotoxicity of 11c, 11m and Alpha-Arbutin in cell A375;

Total melanin content (B) and tyrosinase activity (C) in A375 melanoma
cells after treatment with 11c, 11m and Alpha-Arbutin for 48h; A375 cells
were exposed to 11c, 11m and Alpha-Arbutin at different concentrations
for 48h, as shown in this figure. Data are expressed as absorbance levels.
The statistical significance of differences was assessed using ANOVA
one-way test. Values were significantly different from those of the control

group. (A,n=4; B&C, n=9; values are means + SE). *P < 0.05, **P < 0.01.

Table 4-1 Cytotoxicity of 11c, 11m, and Alpha-Arbutin in cell A375 in 48h
Cytotoxicity Alpha-Arbutin 11c 11m

IC50 (uM) 4.904x10"%2 82.3 128.1

Table 4-2 Inhibition of Tyrosinase and Melanin of by 11c, 11m, and
Alpha-Arbutin in cell A375 in 48h

IC50 (uM) Alpha-Arbutin 11c 11m
Melanin Inhibition 6.179 2.481 7.026
Tyrosinase Inhibition 3.227 3.849 14.63

4.4.3 LC-MS Metabolic profiles of melanoma cell A375 treated with L-
DOPA only, or along with Alpha-Arbutin, 11¢, and 11m.

The proliferation and apoptosis of melanoma cells are inextricably linked
to the presence of a wide range of amino acids. In fact, relatively specific
amino acid dependence has been found to be one of the metabolic
abnormalities of melanoma cells*7452453 |t has been suggested in the

literature that amino acids, particularly leucine and glutamine, are



essential for the growth, survival, and metabolism of tumour cells.
Abnormal increases in some amino acids can even lead to the
proliferation and metastasis of cancer cells***. Therefore, studying
changes in metabolites such as amino acids is vital for understanding the
effects of drugs on melanoma cells. To analyse the changes in polar
metabolites such as amino acids in melanoma cells by L-DOPA and
tyrosinase inhibitors, endogenous metabolites were chosen to be
measured by hydrophilic interaction chromatography (HILIC) LC-MS in
this study. A total of 1047 features were detected and then used for
identification. Metabolite identification was performed by using the
confidence levels recommended by the Metabolomics Standards Initiative
(MSI). The databases used to assess metabolite confidence levels
included the standards database for matching retention times of authentic
standards, the mzCloud MS/MS database for matching MS/MS
fragmentation databases, and the human database for matching accurate
quality to metabolites. Following confidence selection, 108 metabolites
were identified as high-confidence metabolites (Level 1 and 2) based on
the MSI identification levels. These included Amino acids and pepides,
Fatty Acids and Conjugates, TCA acids, Purines. Monosaccharides,
Cholines, Pyrimkdines, Fatty esters, Pyridoxines, Nicatinamides, Sulfonic
acids, Pyridinecarbaxylic acids and other organic acids (Figure 4-2B),
and the score plot from the PLS-DA analysis showed a clear separation of
metabolism between the five groups (Figure 4-2A). It is clear from the
heat map analysis (Figure 4-2C) that most of the metabolites decreased

significantly after the addition of L-DOPA e.g. Chenodeoxychol,



Hypoxanthine, Leucinic acid, and Acetoin. Only Hypoxanthine showed a

significant increase after the addition of tyrosinase inhibitors.
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Figure 4-2 (A) The PLS-DA score plots for control, L-DOPA(5uM), Alpha-

Arbutin(16uM), 11c(16uM), and 11m(16uM), in A375 cells. All groups
except control contain L-DOPA (5 pM). R2=0.99 Q2=0.95. (B) The
classification of annotated metabolites detected from A375 cells by LC-
MS. (C) Heatmap of different metabolites for 5 groups. The top 50
identified differential metabolites were used to perform heatmap analyses.
The color represents the metabolite concentration of each sample

calculated by peak area normalization method.



In addition, in Figure 4-3, changes in metabolic profiles were compared
between the control and L-DOPA groups and between the L-DOPA and
11c groups respectively. Between the control and L-DOPA grounds, 72
metabolites were considered to be statistically significant (FDR value <
0.05), while between the L-DOPA and 11c groups, 41 metabolites were
considered statistically significant. The log normalised intensities of these

features are shown in Figure 4-4.
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Figure 4-3 (A) The PLS-DA score plots, (B)volcano plot and (E) heatmap

for control and 5uM L-DOPA group in A375 cells. R2=0.99 Q2=0.96
(C)The PLS-DA score plots, (D)volcano plot, and (F) heatmap for L-
DOPA(5uM) and 11c group(16uM 11c & 5 uM L-DOPA) in A375 cells.
R2=0.99 Q2=0.99. In the volcano plot, fold change threshold (x) 1.5 and

p-value threshold (y) 0.05 were used. The red(up) and blue(down) dots



represent metabolites above the threshold. The top 35 identified
differential metabolites were used to perform heatmap analyses. The
colour represents the metabolite concentration of each sample calculated

by peak area normalization method.
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Figure 4-4 (A-E)The relative normalized intensity of significantly identified

metabolites detected from LC-MS. (F)The Venn diagram of significantly
different metabolites in the control and 5uM L-DOPA group compared
with significantly different metabolites in the L-DOPA (5 yM) and 11c
group (16uM 11c & 5 uM L-DOPA) group, in which 36 metabolites were

found to be significantly different in both groups.



444 Tyrosinase modulators significantly perturb phenylalanine,

tyrosine and tryptophan biosynthesis and Malate-Aspartate Shuttle

Pathway enrichment analysis using the characteristic metabolites from
these two comparison groups (based on two different databases, KEGG
and SMPDB) vyielded that phenylalanine, tyrosine and tryptophan
biosynthesis and Malate-Aspartate Shuttle were the two most important
metabolic pathways (Figure 4-5). In the phenylalanine, tyrosine and
tryptophan biosynthesis pathway, the expression of the metabolites
phenylalanine and tyrosine was down-regulated in the L-DOPA group
(Figure 4-6A). This was due to the addition of L-DOPA, which induced a
rapid and dose-dependent increase in tyrosinase activity, thereby
accelerating hydrolysis of the substrate (tyrosine) and phenylalanine. This

coincided with the results of the changes in metabolites.

Moreover, phenylalanine and tyrosine showed a significant rebound after
adding tyrosinase inhibitors. Of these, 11c was found to have a similar
capacity to the positive control alpha-arbutin and was significantly better
than 11m, which is consistent with our previous findings in Chapter 3. In
addition, as an important intermediate in the tyrosine metabolic pathway,
there was a change in the amount of L-DOPA obtained in the assay using
OrbiSIMS. Unlike other tyrosinase inhibitors, the novel tyrosinase inhibitor
11c significantly inhibited the production of L-DOPA and thus effectively
inhibited melanogenesis. L-DOPA is as an important intermediate in the
tyrosine metabolic pathway and an oxidation product produced by the

hydroxylation of tyrosine by the action of tyrosine hydroxylase*3®.



Therefore, it can be assumed that 11c has an inhibitory effect on other

enzymes, such as tyrosine hydroxylase.
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Figure 4-56 The pathway enrichment analysis of the control and 5 yM L-

DOPA group in A375 cells with (A) KEGG and (B) SMPDB database. The

pathway enrichment analysis of the L-DOPA group(5 uM) and 11c

group(16uM 11c & 5 uM L-DOPA) in A375 cells with (C) KEGG and (D)

SMPDB database.

In contrast, the apparent metabolic pathway obtained based on the

SMPDB database (Figure 4-5B&D) was that of Malate-Aspartate Shuttle

(Figure 4-6B), where Aspartate was found to be significantly up-regulated



and NADH and a-KG were significantly down-regulated in the L-DOPA
group. Both Aspartate and NADH are closely associated with various
types of cancer, especially melanoma. It has been shown that elevated
levels of Aspartate promote cancer cell growth*®. Most cancer cells rely
on glycolysis to produce ATP, meaning Aspartate is essential for cell
proliferation as it is a necessary metabolite in glycolysis. Moreover,
asparate production results in cellular respiration, which leads to cell
proliferation*®”. In our study, increased levels of Aspartate in the
metabolites of the L-DOPA group were found to induce further
proliferation of melanoma cells. However, this was not improved by the

addition of tyrosinase inhibitors.

It has been suggested that NADH has an inhibitory effect on the growth of
cancer cells and that there are different biochemical operating
mechanisms and targets of NADH in the control of cancer cell growth%,
Moreover, NADH has a preventive effect on cancer metastasis**®. This is
due to the fact that upon addition of NADH, the level of ATP in the cells
can be increased, and when sufficient ATP is present in the cells, those
regulatory factors that are necessary to stop cell division can be
produced*®®. Therefore, the decrease in the level of NADH in the cells of
the L-DOPA group indicates a decrease in the level of those regulatory
factors necessary to stop cell division. As a result, the rate of cell
proliferation increased. In contrast, after the addition of tyrosinase
inhibitors, NADH levels were rebounded, with the most pronounced

rebound found after the addition of 11m.



Alpha-ketoglutarate (a-KG, a-ketoglutarate) is an essential metabolite in
the tricarboxylic acid (TCA) cycle and has an important regulatory role in
physiological processes such as lipid synthesis, oxidative stress, protein
modification, and cell death. Currently, several studies have been

published suggesting that a-KG has potential antitumour effects*6’.

The literature suggests that a-KG is an effector of p53-mediated tumour
suppression and that accumulation of a-KG in p53-deficient tumours
drives tumour cell differentiation and resists malignant tumour
progression#%2, Moreover, a-KG also induces tumour cell scorching and
inhibits breast cancer cell growth. Overall, a-KG levels have been found
to be negatively correlated with cell proliferation capacity*®3. Therefore, in
the L-DOPA group, the decreased level of a-KG indicates that cancer
cells exhibited a significant proliferative and differentiation capacity. In
contrast, the addition of the tyrosinase inhibitors alpha-arbutin and 11c

resulted in a significant rebound in a-KG levels.
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Figure 4-6 The pathway network mapping. (A)Phenylalanine, tyrosine and

tryptophan biosynthesis and tyrosine metabolism. Red font signals
detected molecules and the bar chart shows the relative intensity of each
species. (B)Malate-Aspartate Shuttle. The green arrow identifies the
change of L-DOPA group to the control group. The blue arrow identifies
the change of 11c group to the L-DOPA group. The bar chart shows the

relative intensity of each detected species.

Overall, phenylalanine, tyrosine, and tryptophan biosynthesis and the
Malate-Aspartate Shuttle are thought to be the two most affected
pathways. These two metabolic pathways can be linked via the TCA cycle;
fumaric acid is used as the posterior of tyrosine and participates in the
TCA cycle to produce malate, thus affecting the Malate-Aspartate Shuttle
pathway*64. Of these two pathways, the effects of L-DOPA and tyrosine
inhibitors on the phenylalanine, tyrosine, and tryptophan biosynthesis
pathway are known. However, the effects on the Malate-Aspartate Shuttle
(MAS) pathway have been a new discovery. Previous literature has shown
that the MAS pathway is associated with lung cancer cells as well as
melanoma*®>. Cancer cells use more oxygen than normal cells for
oxidative phosphorylation and rely heavily on NADH in the cytoplasm for
ATP production via the MAS pathway in the mitochondria. However, the
effect of L-DOPA and tyrosinase inhibitors on the MAS pathway was
previously unknown. Now, the results of metabolite analysis have

demonstrated that L-DOPA and tyrosinase inhibitors significantly affect the



MAS pathway, thereby affecting ATP production and lipid metabolism.

This is a significant new finding that will aid in future research.

The changes in individual metabolites shown above demonstrate the
possible proliferative effect of L-DOPA on melanoma cells. The addition of
tyrosinase inhibitors could improve this by increasing the expression of
metabolites such as tyrosine, L-DOPA, a-KG, and NADH. It is suggested
that these metabolites are new targets that should be considered for the
treatment of melanoma, and that tyrosinase inhibitors could be used to
some extent as an adjunct to promote the upregulation of cancer cell
suppressors, thereby inhibiting the transitional differentiation of cancer

cells.

4.4.5 OrbiSIMS lipid metabolic profiles of melanoma cell A375 in the

presence of L-DOPA only, or with Alpha-Arbutin, 11¢c and 11m.

The changes in lipid metabolites in melanoma cells is another point of
concern. Melanoma cells, being cancer cells, are able to provide the ATP
and macromolecules needed for cell growth, division, and survival by
reshaping their metabolism. Therefore, lipid synthesis and metabolism
should be the focus of discussion in tumour cells. Moreover, based on the
metabolic markers obtained using LC-MS analysis, it has been noted that
phenylalanine, a-KG, and NADH all have important regulatory roles in lipid
metabolism*66468  For example, phenylalanine is mostly oxidised to
tyrosine in vivo through the catalytic action of phenylalanine hydroxylase,

and together with tyrosine, it synthesises important neurotransmitters and



hormones and participates in glucose and lipid metabolism in the body. a-
KG is not only an essential metabolite in the tricarboxylic acid (TCA) cycle,
but also plays a vital role in lipid synthesis, oxidative stress, protein
modification, and lipid metabolism. NADH can react with free radicals to
inhibit lipid peroxidation and protect mitochondrial membranes and
mitochondrial function. Therefore, changes in such lipid metabolites should

also be an area of focus for research.

According to the current research literature, 3D OrbiSIMS has excellent
potential for direct cellular analysis and in situ metabolite analysis as it has
the advantage and sensitivity for the screening and detecting of lipid
metabolites. Thus, the OrbiSIMS screening tool was selected to detect 115
putative annotated lipid metabolites against 5 different experimental
groups. Score plots using PLS-DA analysis showed a clear separation of
metabolic profiles between the 5 groups (Figure 4-7A). As shown in
Figure 4-7B, 20 of the lipids had significant variation (p.value<0.01)
according to ANOVA analysis, with 17 of these being fatty acids (FA). In
addition, as shown in Figure 7 (D-l), changes in lipid metabolite profiles
were compared between the control group and the L-DOPA group and
between the L-DOPA group and the 11c group respectively. Both volcano
and heatmap analyses clearly demonstrated that most lipid metabolites
were significantly down-regulated by the addition of L-DOPA. However,
upon addition of 11c, the intracellular lipid levels were significantly
increased, returning to the same level as the control group. This indicates

that both L-DOPA and 11c have significant, albeit different, effects on lipid



synthesis and metabolic pathways. In contrast, Alpha-Arbutin and 11m

had no effect on lipid metabolites.

Figure 4-7 (E&F) shows 23 significantly altered metabolites (p.value<0.01)
in the control and L-DOPA groups, while their log normalised intensities
are shown in Figure 8A. Twenty of these were FA and all showed a
decrease in the L-DOPA group. Figure 4-7 (H&I) shows the 47 apparently
altered metabolites in the L-DOPA and 11c groups, with their log
normalised intensities shown in Figure 8B. All metabolites except for lipids
PE(O-38:3) or PE(P-38:2) and SM(d16:1/17:0) showed a decrease in
intracellular levels after the addition of 11c. All other apparent signatures
showed an increasing trend, and 20 of them were Fatty Acids and

Conjugates (Table 4-3).
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Figure 4-7 (A) The PLS-DA score plots, (B)ANOVA plot and (C)Heatmap

of lipid metabolites for control, L-DOPA(5uM), Alpha-Arbutin(16uM),
11c(16puM), and 11m(16uM), in A375 cells. All groups except control
contain L-DOPA (5 uM). The red dots represent the lipid metabolites with a
significant difference. (D) The PLS-DA score plots (R2=0.99 Q2=0.59), (E)
Volcano plot, and (F) Heatmap for control and 5 yM L-DOPA group in
A375 cells. (G) The PLS-DA score plots (R2=0.99 Q2=0.76), (H) Volcano
plot, and (1) Heatmap for L-DOPA (5 uM) and 11c¢ group(16uM 11c & 5 uM
L-DOPA) in A375 cells. The volcano plot has fold change threshold (x) 2
and p-value threshold (y) 0.1. The red (up) and blue (down) dots represent
lipid metabolites above the threshold. The top 25 identified differential
metabolites were used to perform heatmap analyses. The color represents
the metabolite concentration of each sample calculated by peak area

normalization method.
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Figure 4-8 The relative normalized intensity of significantly identified lipid

metabolites detected from OrbiSIMS, (A) Control, and 5 uM L-DOPA group
in A375 cells; (B&C) L-DOPA (5 uM) and 11c group(16uM 11c & 5 pM L-
DOPA) in A375 cells; (D) Venn diagram of significantly different lipid
metabolites in the control and 5 yM L-DOPA group compared with the L-
DOPA (5 pM) and 11c group(16uM 11c & 5 uM L-DOPA), in which 17
metabolites were significantly different across both groups. (E) The
enrichment analysis of 17 lipid signatures in 1072 sub-chemical class

metabolite sets.

Table 4-3 The classification of annotated lipid metabolites detected by
OrbiSIMS.

P value



Lipids metabolites classification |Control to L-DOPA (23)| L-DOPA to 11c (47)

Fatty Acids and Conjugates 20 18
Glycerophosphoethanolamines 1 11
Glycerophosphoinositols 1 9
Other Glycerophospholipids 0 1
Docosanoids 1 2

Steroids 0 1
Glycerophosphates 0 2
Sphingomyelins 0 1
Glycerophospholipids 0 2

446 Tyrosinase modulators significantly perturb the fatty acid

metabolism

In addition, Figure 4-8D&E show that there were 17 significant change
agents common to the two comparison groups, 15 of which were fatty
acids. This demonstrates the importance of fatty acid metabolism in
melanoma cells. It is well known that fatty acids, in addition to being
structural components of the membrane matrix, are substrates for (-
oxidation and can be used as a fuel source for energy production*®®. Fatty
acids can be synthesised by fatty acid synthase (FASN), which is
overexpressed in a variety of cancers, including melanoma. Its elevated
expression is associated with tumour cell invasion and poor prognosis*’.
Uptake of fatty acids in the surrounding microenvironment and fatty acid -
oxidation and storage also play an important role in tumour cells. Recent

studies have shown that FATP1/SLC27A1, a carrier of long-chain fatty




acids, is enriched in melanoma compared to other types of cancer, thus
highlighting the importance of fatty acid uptake for melanoma

progression’!.

Most studies nowadays focus only on either lipids or the expression of
fatty acids in melanoma cells. However, the understanding of the
relationship between tyrosinase regulators and fatty acids is still very
limited, especially with regards to metabolic changes in melanoma cells.
Intravenous injection of L-DOPA has been reported to increase plasma
FFA and plasma glucose in dogs and humans*’2. In addition, L-DOPA has
a specific structure similar to that of aromatic amino acids and is able to
interact with the bilayer of different lipid components and reduce lipid
peroxidation*’3. However, previous studies have only addressed the role of
L-DOPA in neurodegenerative diseases such as PD, while studies in

melanoma cells are still lacking.

Regarding the relationship between tyrosinase inhibitors and fatty acids, it
has been documented that tyrosinase inhibitors usually have antioxidant
effects and therefore reduce lipid peroxidation'®®. Much of the research
has focused on the fact that fatty acids can act as tyrosinase inhibitors and
reduce melanin production*’447%, However, there has been no discussion
on the role of tyrosinase inhibitors in melanoma cells for fatty acid
metabolism. Therefore, this is the first discussion on the effect of
tyrosinase modulators in melanoma cells on the metabolism of lipids such

as fatty acids.



Overall, the results of the present study showed that the levels of fatty
acids and other lipid metabolites in melanoma cells decreased significantly
upon addition of L-DOPA and increased significantly upon addition of the
novel tyrosinase inhibitor 11c. In contrast, the addition of Alpha-Arbutin
and 11m had no significant effect on lipid metabolism. The evidence
suggests that tyrosinase modulators are closely associated with fatty acid
metabolic pathways. Furthermore, many studies have shown that fatty
acid levels are usually higher in cancer cells than in normal tissue*’6477.
This suggests that at the fatty acid level, the activity of melanoma cells is
inhibited after the addition of L-DOPA and activated after the addition of
11c. This is inconsistent with the conclusions obtained from the amino acid
metabolism section, but this may also be the reason for the lack of
significant cytotoxicity following the addition of tyrosinase inhibitors such

as L-DOPA and 11c.

4.5 Conclusion

In conclusion, the novel tyrosinase inhibitor 11c had a similar tyrosinase
inhibitory effect (1IC50=3.849 uM) and an even better melanin inhibitory
effect (1C50=2.481 pM) than Alpha-Arbutin. In addition, based on
metabolomic and lipidomic analyses, we found that L-DOPA and 11c
acted as stimulators of up- and down-regulation of tyrosinase activity
respectively. We determined that tyrosinase modulators acting on
melanoma cells A375 were significantly associated with the phenylalanine,
tyrosine, and tryptophan biosynthesis pathway and for the first time, found

a correlation with the Malate-Aspartate Shuttle metabolic pathway. In



addition, there was a significant correlation in the lipidome, especially for
fatty acid metabolism. This provides a significant contribution to further
studies on the role of tyrosinase modulators in melanoma. Helping
researchers to understand the potential mechanisms by which tyrosinase
modulators act on melanoma cells may lead to the identification of new
targets, which could lead to the development of safer drugs. Furthermore,
because of the complex interactions between oncogenic signalling,
dysregulation of amino acid, and fatty acid metabolism in melanoma, it is
important to further explore the effects of tyrosinase modulators such as L-

DOPA and 11c on the metabolism of melanoma cells.



Chapter 5. General conclusions, future work and

perspectives

5.1 General conclusion

Although hyperpigmentation as a skin disorder is not malignant, it can
significantly impact a patient's daily life negatively. In addition, if left
untreated, it can potentially worsen and lead to an increased risk of
melanoma. It is therefore essential and urgent to find proper and effective

treatment.

Existing hypomelanotic agents are mainly tyrosinase inhibitors. However,
existing tyrosinase inhibitors have some drawbacks, so a targeted search
to either improve existing tyrosinase inhibitors or explore new and superior
tyrosinase inhibitors is a pressing need and a goal of this thesis. In
addition, an extended exploration of the metabolomics and mechanisms of
tyrosinase modulators in melanoma cell has been undertaken in this thesis.
Overall, a range of approaches and results have been covered here and
has furthered our understanding of tyrosinase inhibitors and potential

treatment options.

It is well known that in the absence of microneedles, Alpha-Arbutin has a
low permeation rate due to its high hydrophilicity. The first objective of my
PhD project was to find a suitable microneedle delivery strategy that would
enhance the intradermal delivery of Alpha-Arbutin. To achieve this goal, |

chose to adapt two different microneedles, solid microneedle Dermapen®



and dissolving polymeric microneedle. The use of Dermapen® was also
split into two different delivery sequences: pre-treatment application and
post-treatment application. Afterwards, the permeation of Alpha-Arbutin in
the skin was assessed by HPLC for three different commercial products,
and the permeation of Alpha-Arbutin in the skin was visualised using

OrbiSIMS to determine its spatial distribution.

One of the main findings of this thesis concerns the effect of mechanical
insertion of solid microneedles and the sequence of drug delivery on the
drug permeation capacity. HPLC analysis showed that the drug amount
rate within the skin increased more significantly after solid microneedle
post-treatment than pre-treatment. In addition, dissolving polymeric
microneedles loaded with Alpha-Arbutin were also found to improve the
intradermal permeation of Alpha-Arbutin significantly. However, there was
no significant difference in the enhancement of the skin penetration
capacity of solid microneedle post-treatment versus dissolved polymeric
microneedle for Alpha-Arbutin when considering the proportion of

intradermal content.

Subsequently, to further determine the difference in the drug permeation
ability of the two different types of microneedles, the definitive location of
arbutin retention within the skin was located. Therefore, in this experiment,
for the first time, 3D OrbiSIMS and skin cross-section analysis were
combined to assess the distribution of Alpha-Arbutin within the skin
utilising 2D high-resolution imaging. It was found that dissolving polymer

microneedles are more effective in increasing the amounts of Alpha-



Arbutin in the layer where melanocytes are located and in improving
Alpha-Arbutin targeted delivery. This suggests that, overall, dissolving
polymeric microneedles are better at reaching the target than solid
microneedles. In addition, dissolving polymeric microneedles offer better
prospects in terms of adherence and safety. This is because dissolvable
microneedles are a straightforward way of administering drugs, which
makes it simple and easy for patients to handle themselves. Moreover,

there is no risk of the steel needle breaking off and remaining in the skin.

Thus, in an optimised protocol based on existing tyrosinase inhibitors,
dissolving polymeric microneedles may be a promising delivery system
that can be combined with Alpha-Arbutin to facilitate intradermal delivery

for the treatment of pigmentation disorders.

However, due to the physical and chemical deficiencies of Alpha-Arbutin
itself and the fact that a large number of existing melanin-reducing agents
have several drawbacks, it is necessary to develop a new and effective
melanin-reducing agent. As a key rate-limiting enzyme in melanogenesis,
TYR has emerged as the most important target for melanogenesis

inhibition. Thus, inhibition of TYR became a focus of this study.

A series of potential TYR inhibitors were synthesised with a
dihydrochalcone backbone incorporating a resorcinol structure. They were
then evaluated and screened on the basis of their biological activity.
Compounds 11c and 11m showed the most potent inhibitory activity on

mushroom tyrosinase. Furthermore, mechanistic validation experiments



showed that 11c might inhibit melanin production by inhibiting TYR
function and reducing TYR content in a non-competitive manner. Moreover,
there was satisfactory antioxidant activity. This makes it a very promising

compound.

In Chapters 3 and 4, the low cytotoxicity of the novel tyrosinase inhibitors
11c and 11m in human-derived melanoma A375 cells, as well as their
outstanding TYR inhibition and melanin inhibition, were successfully
demonstrated. Compound 11c exhibited similar tyrosinase inhibition to
Alpha-Arbutin (IC50=3.849 uM) and even better melanin inhibition than
Alpha-Arbutin (IC50=2.481 uM). Furthermore, the HPLC results provide
ample evidence of compound 11c with excellent performance in /in vitro
skin permeation tests, rapidly crossing the cutaneous stratum corneum
and remaining within the skin. At the same time, OrbiSIMS spatial
distribution analysis of the drug confirmed its ability of targeted drug
delivery, staying in the basal layer and focusing only on melanocytes.
More importantly, in an /n vivo guinea pig model, 11c also exhibited a
strong anti-melanogenic capacity. Overall, compound 11c can be
considered as a low-toxic and potent TYR inhibitor for the further
development of new therapies for the treatment of skin pigmentation

disorders.

Having confirmed that compounds 11c and 11m have superior
heterogeneous tyrosinase inhibitory abilities, the next step was to gain
further insight into their mechanisms of action, particularly concerning

metabolite changes in melanoma cells. A link between L-DOPA as a



tyrosinase stimulator and the appearance of melanoma was found.
Therefore, to further understand this principle, metabolomics and
lipidomics were chosen to analyse the metabolic pathways of the
tyrosinase modulators L-DOPA and 11c in melanoma. Based on LC-MS
analysis, it was shown that in melanoma cells A375, tyrosinase regulators
are associated with the biosynthetic pathways of phenylalanine, tyrosine,
and tryptophan. This is the first time that the relevance of tyrosinase
modulators to the Malate-Aspartate Shuttle metabolic pathway has been
specified and is one of the main findings of this thesis. In turn, Malate-
Aspartate Shuttle influences the formation of ATP via the TCA cycle and
affects cellular respiration. In addition, fatty acids showed significant
changes in the lipidome. In accordance with previous literature, the
importance of FA uptake on melanoma progression was highlighted and it
was found that FA metabolism could regulate melanoma cell differentiation

and progression.

These results demonstrate the significant regulatory role of L-DOPA and
11c on melanoma status and provide an important contribution to a deeper
understanding of the mechanisms of tyrosinase regulators in melanoma.
Overall, this demonstrates that Malate-Aspartate Shuttle and fatty acids
are suitable new therapeutic targets, providing new directions for

subsequent drug development against melanoma.

Overall, this thesis has explored three main topics that successfully
address the main aims. Firstly, microneedles were used to optimise the

intradermal permeation of the existing tyrosinase inhibitor Alpha-Arbutin.



Secondly, the novel tyrosinase inhibitor 11c was discovered to have higher
bioactivity and permeation capacity. Lastly, the metabolomics of tyrosinase
modulators in melanoma A375 was explored. It was found that Malate-

Aspartate Shuttle and fatty acid metabolism had significant changes.

5.2 Future work and perspectives

A great deal of work has been done in this study to find suitable ways to
increase the permeability of Alpha-Arbutin and evaluate the biological
activity of novel tyrosinase inhibitors and metabolic pathways. As a result,
this work offers many further possibilities that can be explored for the
treatment of abnormal melanin deposition. However, a number of issues

still need to be refined and further investigated.

The first concern is the choice of formulation for dissolving polymeric
microneedles. In Chapter 2, only 2% Alpha-Arbutin was chosen to be
loaded into the dissolving microneedles. Although this was a relatively
small concentration, a relatively good enhancement effect was still
achieved. Therefore, increasing the loading concentration of Alpha-Arbutin
could be considered later to analyse the effect of dissolving microneedles
containing higher concentrations of Alpha-Arbutin on the permeability of

Alpha-Arbutin to find the most appropriate drug loading concentration.

In addition, more experimental time points should be added to the study on
the effect of microneedle application time for drug permeability. At this
stage of the experiment, the different time points were only tested up to 24

h, which is not sufficient. Because of the slow release of DMNs, which



require longer time to dissolve, the drug permeation should be tested after
36h, 48h and 72h. Therefore, this is a feasible experimental plan

afterwards.

Moreover, the preliminary experiments were only done /n vitro.
Furthermore, frozen pig skin was used as the subject. A gap still exists
between the characteristics of pig and human skin, which may impact the
subsequent analysis of the permeation capacity of the drug. Therefore,
this study proceeded to carry out studies in human skin. Young volunteers
(20-35 years old) of different gender, skin colour, and ethnicity were used
to avoid skin differences between different genders and ethnicities
affecting the drug’s penetration ability. Skin samples were collected using
tape strips and the results were analysed using a combination of HLPC
and OrbiSIMS, thus completing the aim of obtaining the distribution of

Alpha-Arbutin in human sKkin.

The assessment of the cytotoxicity of the new compounds 11c and 11m
needs to be refined by using a wider variety of cell lines for the assay. At
this stage, only murine-derived melanoma cells B16F10 and human-
derived melanoma cells A375 have been selected, leading to some
limitations in the results. Other skin cell lines such as Human immortalised
keratinocytes (HaCaT) and Human skin fibroblast (HSF) need to be
selected to overcome this. Alternatively, 3D recombinant artificial skin
models could be selected for /in vifro alternative genotoxicity testing.
EpiSkin™, EpiDerm™, and Skin Ethic™ are well-established commercial

artificial skin models which are widely used. As for determining the



tyrosinase inhibitory activity of the new compounds 11c and 11m, besides
the use of melanoma cells, the drug’s ability to inhibit melanogenesis in
normal human epidermal-derived melanocytes should also be considered.

These are all directions that could be further delved into in the future.

At this stage, the permeability research for 11c is limited to the basic
formulation, therefore, the next step could be to explore more suitable
formulations to further enhance its permeability based on its drug ionic
nature. In addition, an issue identified with 11c is that its drug stability is
somewhat deficient and susceptible to oxidation. Therefore, exploring new
and suitable formulations in combination with antioxidants will be the next

research focus for the new compound 11c.

In terms of metabolomics, it is also necessary to consider the effect of
different administration times on the changes of metabolites in the cells.
Therefore, the next step is to investigate, at different time points, the
changes of intracellular metabolites associated with L-DOPA and 11c as
modulators of tyrosinase upregulation and downregulation respectively.
This will lead to a deeper understanding of how tyrosinase modulators
affect the metabolic pathways of melanoma cells and provide substantial

support in exploring therapeutic modalities for melanoma.
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Chapter 7. Appendices

Appendix A

Figure A-1. Photograph of drug residue in the needle.



Table A-1. HPLC analysis of mean percentage of permeation of commercial Alpha-Arbutin products with Dermapen® post-
treatment in different Franz cell components (donor wash, skin wash, tape strips, remaining skin and receptor fluid) following 24-

hour permeation test.

Amou)nt (Mg Remalneln need| RE DW SW TS RS Total ?moun ReCO\;ery rat
50.05433.7 -
HA  1348.23:3242 4.98+11.02 5430032418 550.26340.44 270.03:243 °0% 276747  69.19%
A 236296250173 534513 64 1177.94111352.6 279.9461256.0 27.235119.0 13.13;111.5 866.55  96.66%
INK  2842.43+200.79 16-31#32.7 450 ppiogp g3 980.098475.4 75.68+39.1 49.02424.5 459708 97439

2 2 3 5

Table A-2. HPLC analysis of mean Alpha-Arbutin permeation rates from remaining in skin of 24h penetration test of different
formulations with and without microneedle pre-treatment. The data are expressed as means + SD (Without MNs and CMNs pre-
treatment, n=3; CMNs post-treatment, n=6; DMNSs, n=4).

Percentage (%) HA AA INK
Without MNs 1.1217+0.8646 0.4327+0.2239 0.8611+0.2148
CMNs pre-treatment| 1.6901+1.5707 0.9393+1.8988 1.2156+0.3296
CMNs post-
3.7536+1.7674 2.2446%3.217 6.5857+7.3408
treatment

Pure Alpha-Arbutin
DMNs 4.5772+1.2808




Table A-3. HPLC analysis of mean Alpha-Arbutin from different Franz cell components, receptor fluid (RF), donor wash (DW),
skin wash (SW), tape strips (TS) and remaining in skin (RS) following 24 hours permeation test by WMNs, CMNs and DMNSs.
The data are expressed as means + SD (n=3 WMNSs; n=6 for CMNs; n=4 for DMNs).

Percentage of alpha-arbutin in total administration/ %

Commercial Alpha- Commercial Alpha- Commercial Alpha- Alpha-Arbutin-
Franz Cell Compo Arbutin ProduF::ts Arbutin Products with Dermap  Arbutin Products with Dermape Loaded PVPVA Micro
nents en® Pre-treatment n® Post-treatment needle
9 .
HA AA INK HA AA INK HA AA INK 2% wiw Alpha
Arbutin
57.53+15 87.43+5 57.84+21 66.78+19.7 70.11+18.8 41.46+16 56.13+39 24.31+11
Donor Wash 12 19 14 9 92.12+8.92 3 04 23 37 4.34+4.55
. 39.12+12 11.68+5 39.29+19 27.36+17.8 27.16£17.9 35.03+x15 32.35%37 44.1948.
Skin Wash 90 06 40 > 6.1£5.42 > 07 46 04 80.04+15.22
Tape Strips 2.20+1.5 0.42+0. 1.96x1.9 3594441 0.67+1.26 1.47+1.01 19.44120 4.0924.0 11.7145. 9.79+8.88
3 10 2 .80 3 16
Remaining within 1.12+£0.8 0.43x0. 0.86+0.2 3.75£1.7 591+3.2 14.5647.
SKin 6 29 p 1.69+1.57 0.94x1.9 1.22+0.33 6 1 34 4.57+1.28
0.01£0.0 0.02+0. 0.02+0.0 0.30£0.5 1.48+4.7 5.21£3.6

Receptor Fluid 0.59+0.62 0.16+0.37 0.05+0.08

2 04 5 9 > 0 1.23+2.46




Appendix B
1. Methods
1.1 Chemistry synthesis

2,4-Bis(benzyloxy)benzaldehyde (15). Compound 14 (1g, 7.24 mmol),
KoCOs (3 g, 21.72 mmol) and benzyl bromide (3.44 mL, 28.96 mmol) were
added to methanol. The mixture was heated to reflux for 2 h. Then,
methanol was removed in vacuo. Diluted with EtOAc and water, the
biphasic solution was extracted three times with EtOAc. The combined
organics were washed with brine, dried over anhydrous Na>SOs4, and
concentrated in vacuo. Purification of the residue by column
chromatography with PE/EA (10:1) to give 2,4-
bis(benzyloxy)benzaldehyde (15, 2 g, 6.3 mmol, 86.77%) as a white solid.

19a-n. Compound 15 (300 mg, 0.94 mmol), various acetophenone
(1.05 eq.) and NaOH (188.44 mg, 4.71 mmol) were added to ethanol. The
mixture was heated to reflux for 2—4 h. Then, ethanol was removed in
vacuo. Diluted with EtOAc and water, the biphasic solution was extracted
three times with EtOAc. The combined organics were washed with brine,
dried over anhydrous Na>SOs, and concentrated in vacuo. Purification of
the residue by column chromatography with PE/EA to give the target
compounds 16a—n as a yellow solid or oil with good yields.

17a-n. A pressure vial equipped with a magnetic stirring bar was
charged with compounds 16a-n, bis(pinacolato)diboron (3 eq.), Cs2COs3
(0.2 eq.) and ethanol. The vessel was flushed with argon, sealed with a

crimp cap, and heated to 120-150 C for 12—24 h. The reaction vessel was



removed from the oil bath when the reaction was finished, and cooled to
room temperature. The precipitate, if appeared, was collected by filtration
onto a sintered-glass funnel, washed with cold ethanol (3 x 50 mL), and
dried in vacuo to give the target compounds. Otherwise, ethanol was
removed in vacuo. Diluted with EtOAc and water, the biphasic solution
was extracted three times with EtOAc. The combined organics were
washed with brine, dried over anhydrous Na>SOs4, and concentrated in
vacuo. Purification of the residue by column chromatography with PE/EA
to give the target compounds 17a—n as a white solid with moderate yield.
11a-n. A two-neck flask was charged with compounds 17a-n,
pentamethylbenzene (1.5 eq. per benzyl to be removed) and dry DCM.

Under the protection of Ar at 0 C (the intermediate without methoxyl) or -
78 C (the intermediate with methoxyl), inject 1 M BCls (1.5 eq. per benzyl

to be removed) into the flask, the solution turned orange and reacted for
20 min. After the reaction was completed, water was added to quench the
reaction. Diluted with EtOAc and water, the biphasic solution was
extracted three times with EtOAc. The combined organics were washed
with brine, dried over anhydrous Na>SOs, and concentrated in vacuo.
Purification of the residue by column chromatography with DCM/MeOH to
give the target compounds 11a—n with moderate yields.
3-(2,4-Dihydroxyphenyl)- 1-(4-methoxyphenyl)propan-1-one (11a).
Yield 72.8%, yellow solid; "H NMR (300 MHz, CDClIs) 6 8.55 (s, 1H), 7.96
(d, J= 8.5 Hz, 2H), 6.96 (s, 1H), 6.92 (d, J = 9.0 Hz, 2H), 6.54-6.45 (m,

1H), 6.39 (d, J = 8.2 Hz, 1H), 5.81 (s, 1H), 3.87 (s, 3H), 3.35 (t, /= 5.9 Hz,



2H), 3.09-2.85 (m, 2H); *C NMR (75 MHz, DMSO-a) o 198.8, 163.5,
157.0, 156.3, 130.7, 130.6, 130.1, 118.1, 114.3, 106.4, 102.9, 56.0, 40.0,
25.0; HR-MS (ESI) m/z. calcd for CieH1604 [M-H]- 271.0975, found
271.0976; Purity: 99.358% (by HPLC).
3-(2,4-Dihydroxyphenyl)-1-(m-tolyl)propan-1-one (11b). Yield 80.2%,
yellow oil. '"H NMR (300 MHz, CDCl3) 6 8.26 (s, 1H), 7.78 (d, J = 9.3 Hz,
2H), 7.43-7.29 (m, 2H), 6.95 (d, J= 8.1 Hz, 1H), 6.46 (d, J= 2.6 Hz, 1H),
6.39 (dd, J= 8.2, 2.5 Hz, 1H), 6.00 (s, 1H), 3.39 (t, /= 6.0 Hz, 2H), 2.95 (t,
J = 6.0 Hz, 2H), 2.40 (s, 3H); *C NMR (75 MHz, CDCI3) & 202.9, 155.6,
155.2, 138.5, 136.1, 134.6, 131.3, 128.9, 128.5, 125.6, 119.9, 108.0, 104.4,
40.6, 23.0, 21.3; HR-MS (ESI) m/z calcd for C16H1603 [M-H]- 255.1026,
found 255.1028; Purity: 96.665% (by HPLC).
1,3-Bis(2,4-dihydroxyphenyl)propan-1-one (11c). Yield 64.2%, yellow
oil. '"H NMR (300 MHz, DMSO-a) 6 12.71 (s, 1H), 9.25 (s, 1H), 9.02 (s,
1H), 7.78 (d, J= 8.7 Hz, 1H), 7.17 (d, J= 25.3 Hz, 2H), 6.85 (s, 1H), 6.28
(m, 2H), 6.12 (s, 1H), 3.10 (s, 2H), 2.73 (d, J = 8.1 Hz, 2H); 3C NMR (75
MHz, DMSO-a) 6 205.0, 165.2, 164.8, 157.1, 156.3, 133.4, 130.6, 117.8,
112.9, 108.6, 106.4, 102.9, 92.5, 29.5, 25.4; HR-MS (ESI) m/z calcd for
C15H140s5 [M-H] 273.0768, found 273.0767; Purity: 99.671% (by HPLC).
3-(2,4-Dihydroxyphenyl)-1-(2-hydroxyphenyl)propan-1-one (11d).
Yield 82.7%, light yellow solid. '"H NMR (300 MHz, DMSO-a) 0 11.99 (s,
1H), 9.23 (s, 1H), 8.99 (s, 1H), 7.92 (dd, J= 7.7, 1.7 Hz, 1H), 7.57-7.47 (m,
1H), 6.96 (d, J= 9.1 Hz, 2H), 6.85 (d, J= 8.1 Hz, 1H), 6.28 (d, J= 2.1 Hz,
1H), 6.18-6.08 (m, 1H), 3.24 (t, J = 7.6 Hz, 2H), 2.76 (t, J = 7.6 Hz, 2H);

3C NMR (75 MHz, DMSO-a) 6 206.8, 161.2, 157.1, 156.3, 136.5, 131.2,



130.6, 120.6, 119.7, 118.1, 117.7, 106.4, 102.8, 25.0, 22.3; HR-MS (ESI)
m/z. calcd for C15H1404 [M-H] 257.0819, found 257.0818; Purity: 98.151%
(by HPLC).

1-(4-Bromophenyl)-3-(2,4-dihydroxyphenyl)propan-1-one (11e). Yield
85.9%, pink oil. 'H NMR (300 MHz, CDClz) 6 7.93 (s, 1H), 7.90-7.71 (m,
2H), 7.59 (d, J= 8.1 Hz, 2H), 6.95 (d, J= 8.2 Hz, 1H), 6.44-6.37 (m, 1H),
6.34 (d, J= 2.5 Hz, 1H), 4.86 (s, 1H), 3.36 (t, /= 5.9 Hz, 2H), 2.95 (t, J=
6.0 Hz, 2H); 3C NMR (75 MHz, DMSO-at) 6 199.5, 157.0, 156.3, 136.1,
132.2, 130.5, 130.4, 127.6, 117.8, 106.4, 102.9, 24.7, 20.7; HR-MS (ESI)
m/z. calcd for CisH13BrOsz [M-H] 318.9975, found 318.9976; Purity:
99.254% (by HPLC).

3-(2,4-Dihydroxyphenyl)-1-(o-tolyl)propan-1-one (11f). Yield 89.7%,
yellow oil. '"H NMR (300 MHz, CDCls) 68.09 (d, J= 3.8 Hz, 1H), 7.61 (dd,
J=17.6, 3.6 Hz, 1H), 7.31 (dd, J = 7.8, 4.1 Hz, 1H), 7.22-7.14 (m, 2H),
6.87 (dd, /= 8.2, 3.9 Hz, 1H), 6.38 (dd, J= 4.1, 2.5 Hz, 1H), 6.35-6.24 (m,
1H), 5.35 (s, 1H), 3.34-3.15 (m, 2H), 2.98-2.76 (m, 2H), 2.41 (d, J = 4.1
Hz, 3H); *C NMR (75 MHz, DMSO-a6) 6204.7, 157.0, 156.3, 138.6, 137.2,
132.0, 131.5, 130.5, 128.9, 126.3, 117.9, 106.3, 102.9, 41.9, 25.0, 21.0;
HR-MS (ESI) m/z. calcd for C16H1603 [M-H]- 255.1026, found 255.1025;
Purity: 98.650% (by HPLC).

3-(2,4-Dihydroxyphenyl)-1-(4-hydroxyphenyl)propan-1-one (11g).
Yield 66.9%, colorless oil. '"H NMR (300 MHz, CDCls) 0 8.49 (s, 1H), 7.89
(d, J=9.0 Hz, 2H), 7.20 (s, 1H), 6.96-6.76 (m, 3H), 6.36 (d, J = 2.6 Hz,
1H), 6.29 (dd, J= 8.2, 2.6 Hz, 1H), 5.11 (s, 1H), 3.37-3.19 (m, 2H), 2.92—

2.77 (m, 2H); 3C NMR (101 MHz, CDCIl3) 6 201.1, 164.1, 155.6, 131.3,



130.8, 129.1, 120.3, 113.8, 107.9, 104.6, 40.3, 22.9; HR-MS (ESI) m/z
calcd for C15sH1404 [M-H] 257.0819, found 257.0815; Purity: 98.107% (by
HPLC).

1-(2,4-Dichlorophenyl)-3-(2,4-dihydroxyphenyl)propan-1-one (11h).
Yield 48.2%, pink oil. '"H NMR (300 MHz, CDCl3) & 7.54-7.42 (m, 2H),
7.35-7.30 (m, 1H), 6.96 (d, J = 8.1 Hz, 1H), 6.46-6.34 (m, 2H), 5.08 (s,
2H), 3.36 (t, /= 6.2 Hz, 2H), 2.95 (t, /= 6.3 Hz, 2H); "*C NMR (75 MHz,
CDCl3) 6 203.7, 155. 5, 155.1, 138.1, 136.3, 132.6, 131.3, 130.7, 130.6,
127.4, 119.4, 108.0, 104.1, 44.5, 23.3; HR-MS (ESl) m/z calcd for
C15H12CI203 [M-H]- 309.0090, found 309.0094; Purity: 97.929% (by HPLC).

3-(2,4-Dihydroxyphenyl)- 1-(2-hydroxy-4-methoxyphenyl)propan-1-one
(11i). Yield 34.7%, pink solid. '"H NMR (300 MHz, DMSO-a) 0 12.72 (s,
1H), 9.24 (s, 1H), 8.99 (s, 1H), 7.88 (d, J= 8.8 Hz, 1H), 6.85 (d, J= 8.2 Hz,
1H), 6.55-6.49 (m, 1H), 6.47 (d, J= 2.4 Hz, 1H), 6.28 (d, J = 2.4 Hz, 1H),
6.12 (dd, J= 8.1, 2.4 Hz, 1H), 3.82 (s, 3H), 3.22-3.13 (m, 2H), 2.74 (t, J=
7.7 Hz, 2H); *C NMR (101 MHz, DMSO-a) 6 205.4, 166.0, 164.7, 157.1,
156.3, 133.0, 130.6, 117.7, 113.8, 107.7, 106.4, 102.9, 101.3, 56.2, 40.0,
25.3; HR-MS (ESI) m/z. calcd for CieH160s [M-H]- 287.0925, found
287.0924; Purity: 99.140% (by HPLC).

3-(2,4-Dihydroxyphenyl)- 1-(4-isopropylphenyl)propan-1-one (17)).
Yield 81.8%, yellow oil. '"H NMR (300 MHz, CDCls) 6 8.43 (s, 1H), 7.95 (d,
J=17.8 Hz, 2H), 7.35 (s, 2H), 7.32 (d, J= 5.6 Hz, 1H), 6.99 (d, J= 8.1 Hz,
1H), 6.48 (d, J= 2.4 Hz, 1H), 6.41 (d, J= 8.3 Hz, 1H), 5.37 (d, J= 13.3 Hz,
1H), 3.43 (t, J= 5.9 Hz, 2H), 3.01-2.97 (m, 2H), 1.30 (d, J = 7.0 Hz, 6H);

8C NMR (75 MHz, CDCl3) 6 202.3, 155.6, 155.4, 154.5, 133.9, 131.3,



128.7, 126.8, 120.2, 107.9, 104.6, 40.6, 34.3, 23.6, 22.8; HR-MS (ESI) m/z.
calcd for C1gH2003 [M-H] 283.1339, found 283.1334; Purity: 98.016% (by
HPLC).

3-(2,4-Dihydroxyphenyl)- 1-(3-hydroxy-4-methoxyphenyl)propan-1-one
(11k). Yield 51.6%, white solid. '"H NMR (300 MHz, CDCls) 6 9.37 (s, 1H),
9.20 (s, 1H), 8.98 (s, 1H), 7.48 (dd, J= 8.4, 2.1 Hz, 1H), 7.35 (d, J= 2.2
Hz, 1H), 6.99 (d, J= 8.5 Hz, 1H), 6.83 (d, J= 8.2 Hz, 1H), 6.27 (d, /= 2.3
Hz, 1H), 6.11 (dd, J = 8.1, 2.4 Hz, 1H), 3.83 (s, 3H), 3.06 (t, J = 7.6 Hz,
2H), 2.69 (t, J= 7.7 Hz, 2H); "*C NMR (101 MHz, MeOD) 6 200.8, 156.4,
155.8, 152.2, 146.2, 130.1, 121.5, 118.6, 114.2, 113.5, 110.3, 106.0, 102.2,
55.0, 38.6, 25.2; HR-MS (ESI) m/z calcd for C1eH1605 [M-H]- 287.0925,
found 287.0926; Purity: 98.408% (by HPLC).

3-(2,4-Dihydroxyphenyl)-1-phenylpropan-1-one (111). Yield 52.9%,
pink solid. '"H NMR (300 MHz, CDCls) ¢ 8.25 (s, 1H), 8.03-7.98 (m, 2H),
761 (t, J=7.4Hz, 1H), 7.49 (d, J= 7.6 Hz, 2H), 7.46 (s, 1H), 6.99 (d, J=
8.2 Hz, 1H), 6.49 (d, J= 2.5 Hz, 1H), 6.42 (dd, J= 8.2, 2.6 Hz, 1H), 3.43 (1,
J = 5.9 Hz, 2H), 2.99 (t, J = 6.0 Hz, 2H); *C NMR (75 MHz, CDCl3) &
202.6, 155.7, 155.3, 136.1, 133.8, 131.3, 128.7, 128.4, 119.9, 108.0, 104.5,
40.6, 23,0; HR-MS (ESI) m/z. calcd for C1sH1403 [M-H] 241.0870, found
241.0866; Purity: 98.017% (by HPLC).

3-(2,4-Dihydroxyphenyl)- 1-(4-hydroxy-3-methoxyphenyl)propan-1-one
(17m). Yield 63.2%, pink solid. '"H NMR (300 MHz, MeOD) 6 7.57 (d, J =
7.7 Hz, 2H), 6.84 (dd, J=11.8, 8.1 Hz, 2H), 6.29 (d, J= 2.4 Hz, 1H), 6.20
(dd, J=8.2, 2.4 Hz, 1H), 3.89 (s, 3H), 3.15 (t, J=7.7 Hz, 2H), 2.85 (t, J=

7.7 Hz, 2H); 3C NMR (75 MHz, MeOD) ¢ 200.7, 156.4, 155.8, 152.3,



147.65, 130.2, 128.6, 123.3, 118.6, 114.5, 110.8, 106.0, 102.1, 54.9, 38.7,
19.5; HR-MS (ESI) m/z. calcd for CieH1605 [M-H]- 287.0925, found
287.0922; Purity: 95.521% (by HPLC).

1-([1, 1-Biphenyl]-4-yl)-3-(2,4-dihydroxyphenyl)oropan-1-one (17n).
Yield 49.8%, yellow oil. 'H NMR (300 MHz, DMSO-at) 0 8.15 (s, 1H), 7.92
(s, 1H), 6.98 (d, J = 8.4 Hz, 2H), 6.74 (d, J = 8.3 Hz, 2H), 6.69-6.64 (m,
2H), 6.42 (d, J= 7.6 Hz, 2H), 6.15 (d, J= 7.4 Hz, 1H), 5.90 (d, J= 7.4 Hz,
1H), 5.80 (d, J= 8.2 Hz, 1H), 5.22 (d, J= 2.4 Hz, 1H), 2.15 (t, /= 7.6 Hz,
2H), 1.70 (t, J= 7.6 Hz, 2H); *C NMR (75 MHz, DMSO-ds) 6 199.4, 156.5,
155.8, 144.4, 138.9, 135.5, 130.2, 129.1, 128.7, 128.4, 127.0, 126.9, 117.6,
106.0, 102.4, 38.7, 24.5; HR-MS (ESI) m/z. calcd for C21H1803 [M-H]
317.1183, found 317.1182; Purity: 97.843% (by HPLC).

12a—n. Compounds 12a-n were synthesized according to the
synthetic routes of compounds 11a—-n.

1-(2,4-Dihydroxyphenyl)-3-(2,3-dimethoxyphenyl)propan-1-one (12a).
Yield 54.1%, white solid. '"H NMR (300 MHz, CDCl3) 6 12.76 (s, 1H), 7.67
(d, J= 8.6 Hz, 1H), 6.99 (d, J= 7.5 Hz, 1H), 6.82 (d, J= 8.1 Hz, 2H), 6.35
(s, 2H), 5.83 (s, 1H), 3.86 (d, J = 3.8 Hz, 6H), 3.18 (d, J = 8.3 Hz, 2H),
3.09-2.95 (m, 2H); *C NMR (75 MHz, DMSO-a) 0 204.2, 165.2, 164.7,
152.8, 147.1, 134.7, 133.4, 124.3, 122.0, 112.9, 111.5, 108.7, 102.9, 60.5,
56.0, 25.0, 20.7; HR-MS (ESI) m/z. calcd for C17H180s [M-H]- 301.1081,
found 301.1082; Purity: 99.767% (by HPLC).

1-(2,4-Dihydroxyphenyl)-3-(4-hydroxyphenyl)propan-1-one (12b).
Yield 74.7%, yellow solid. '"H NMR (300 MHz, DMSO-a) 6 12.63 (s, 1H),

10.61 (s, 1H), 9.15 (s, 1H), 7.80 (d, J = 8.8 Hz, 1H), 7.05 (d, J = 8.3 Hz,



2H), 6.69-6.61 (m, 2H), 6.36 (dd, J= 8.8, 2.4 Hz, 1H), 6.24 (d, J= 2.2 Hz,
1H), 3.20 (t, /= 7.6 Hz, 2H), 2.81 (t, J = 7.6 Hz, 2H); "3C NMR (75 MHz,
DMSO-as) 6 204.3, 165.2, 164.7, 156.0, 133.5, 131.5, 129.7, 115.52,
113.0, 108.6, 102.9, 34.0, 29.5; HR-MS (ESI) m/z. calcd for C15H1404 [M-
H]- 257.0819, found 257.0821; Purity: 96.941% (by HPLC).
1-(2,4-Dihydroxyphenyl)-3-(2, 3,4-trimethoxyphenyl)propan-1-one
(12c). Yield 48.2%, light yellow solid. '"H NMR (300 MHz, DMSO-a) o
12.60 (d, /= 1.4 Hz, 1H), 10.60 (s, 1H), 7.77 (d, J= 8.7 Hz, 1H), 6.89 (d, J
= 8.5 Hz, 1H), 6.69 (d, J = 8.5 Hz, 1H), 6.37-6.31 (m, 1H), 6.26-6.20 (m,
1H), 3.77 (s, 3H), 3.73 (s, 3H), 3.71 (s, 3H), 3.14 (t, /= 7.6 Hz, 2H), 2.81 (t,
J = 7.6 Hz, 2H); *C NMR (75 MHz, DMSO-a5) 0 204.3, 165.3, 164.8,
152.5, 151.8, 142.2, 133.4, 126.7, 124.2, 112.9, 108.7, 108.2, 102.9, 61.1,
60.7, 56.2, 40.0, 25.0; HR-MS (ESI) m/z calcd for CigH200e [M-H]
331.1187, found 331.1186; Purity: 96.389% (by HPLC).
1-(2,4-Dihydroxyphenyl)-3-(3-hydroxyphenyl)propan-1-one (12d).
Yield 85.6%, light yellow solid. '"H NMR (300 MHz, DMSO-a) 0 12.61 (s,
1H), 10.64 (s, 1H), 9.27 (s, 1H), 7.82 (d, J= 8.8 Hz, 1H), 7.07 (t, /=7.7
Hz, 1H), 6.73-6.64 (m, 2H), 6.62-6.55 (m, 1H), 6.37 (dd, J = 8.9, 2.3 Hz,
1H), 6.26 (d, J= 2.4 Hz, 1H), 3.26 (t, J= 7.6 Hz, 2H), 2.85 (t, J= 7.5 Hz,
2H); 3C NMR (75 MHz, DMSO-a) 0 204.0, 165.2, 164.7, 157.8, 142.9,
133.4, 129.7, 119.4, 115.8, 113.4, 113.0, 108.6, 102.9, 39.9, 30.2; HR-MS
(ESI) m/z. calcd for CisH14O4 [M-H]- 257.0819, found 257.0821; Purity:
99.268% (by HPLC).
1-(2,4-Dihydroxyphenyl)-3-(2-hydroxy-4-methoxyphenyl)propan-1-one

(12e). Yield 61.5%, yellow solid. '"H NMR (300 MHz, DMSO-d) & 13.25—



13.05 (m, 1H), 11.07 (d, J= 15.1 Hz, 1H), 9.90 (d, J= 15.4 Hz, 1H), 8.33—
8.18 (m, 1H), 7.44 (d, J=9.7 Hz, 1H), 6.89 (d, J = 3.7 Hz, 1H), 6.85-6.80
(m, 1H), 6.80-6.74 (m, 1H), 6.71 (t, /= 5.6 Hz, 1H), 3.78 (s, 3H), 3.60 (d, J
=10.0 Hz, 2H), 3.10-2.90 (m, 2H); 3C NMR (75 MHz, DMSO-at) 6 204.8,
165.2, 164.8, 159.1, 156.4, 133.4, 130.7, 119.7, 112.9, 108.6, 104.5, 102.9,
101.7, 55.3, 40.0, 25.2; HR-MS (ESl) m/z calcd for C1isH1605 [M-H]
287.0925, found 287.0924; Purity: 97.871% (by HPLC).

1-(2,4-Dihydroxyphenyl)-3-(3-hydroxy-4-methoxyphenyl)poropan-1-one
(12f). Yield 74.2%, white solid. '"H NMR (300 MHz, DMSO-a&) 6 12.61 (s,
1H), 8.78 (s, 1H), 7.81 (s, 1H), 6.80 (d, J= 8.2 Hz, 1H), 6.71-6.57 (m, 2H),
6.35 (d, J= 8.9 Hz, 1H), 6.24 (s, 1H), 3.72 (s, 3H), 3.19 (d, J= 7.2 Hz, 2H),
2.79 (t, J = 7.6 Hz, 2H); 3C NMR (75 MHz, DMSO-at) 0 204.2, 165.2,
164.7, 146.78, 146.4, 134.1, 133.4, 119.2, 116.3, 113.0, 112.7, 108.6,
102.9, 56.1, 39.9, 29.6; HR-MS (ESI) m/z calcd for C1isH1605 [M-H]
287.0925, found 287.0939; Purity: 98.746% (by HPLC).

1-(2,4-Dihydroxyphenyl)-3-(3,4, 5-trimethoxyphenyl)propan- 1-one
(12g). Yield 66.9%, white solid. '"H NMR (300 MHz, DMSO-a) J 12.61 (s,
1H), 7.83 (d, /= 8.9 Hz, 1H), 6.58 (s, 2H), 6.36 (d, /= 8.8 Hz, 1H), 6.25 (s,
1H), 3.74 (s, 6H), 3.61 (s, 3H), 3.27 (s, 2H), 2.86 (t, J = 7.9 Hz, 2H); 3C
NMR (75 MHz, DMSO-a6) 6 204.2, 165.2, 164.7, 153.2, 137.2, 136.1,
133.6, 113.0, 108.6, 106.1, 102.8, 60.4, 56.2, 39.9, 30.7; HR-MS (ESI) m/z.
calcd for C1gH2006 [M-H] 331.1187, found 331.1188; Purity: 96.984% (by
HPLC).

1-(2,4-Dihydroxyphenyl)-3-(3,4-dimethoxyphenyl)propan-1-one (12h).

Yield 67.3%, light yellow solid. '"H NMR (300 MHz, DMSO-a) 6 12.63 (s,



1H), 10.65 (s, 1H), 7.82 (d, J= 8.9 Hz, 1H), 6.87 (d, /= 10.1 Hz, 1H), 6.82
(s, 1H), 6.76 (d, J = 8.2 Hz, 1H), 6.36 (d, J = 8.8 Hz, 1H), 6.30-6.16 (m,
1H), 3.73 (s, 3H), 3.70 (s, 3H), 3.29-3.22 (m, 2H), 2.86 (t, /= 7.6 Hz, 2H);
13C NMR (75 MHz, DMSO-a6) 0 204.3, 165.2, 164.7, 149.1, 147.6, 133.9,
133.5, 120.6, 113.0, 112.8, 112.3, 108.6, 102.9, 56.0, 55.8, 39.95, 30.0;
HR-MS (ESI) m/z. calcd for C17H180s [M-H]- 301.1081, found 301.1085;
Purity: 98.183% (by HPLC).
1-(2,4-Dihydroxyphenyl)-3-(3-nitrophenyl)oropan-1-one  (12i). Yield
60.2%, light yellow solid. '"H NMR (300 MHz, DMSO-at) d 12.49 (s, 1H),
10.66 (s, 1H), 8.19 (s, 1H), 8.14-8.03 (m, 1H), 7.84 (d, J = 8.9 Hz, 1H),
7.78 (d, J=7.7 Hz, 1H), 7.59 (t, J= 7.9 Hz, 1H), 6.36 (dd, /= 9.0, 2.3 Hz,
1H), 6.25 (d, J = 2.3 Hz, 1H), 3.42-3.34 (m, 2H), 3.07 (t, J= 7.4 Hz, 2H);
13C NMR (75 MHz, DMSO-a6) 0 203.4, 165.2, 164.5, 148.2, 144.0, 136.0,
133.5, 130.1, 123.6, 121.5, 113.0, 108.6, 102.8, 39.9, 29.5; HR-MS (ESI)
m/z. calcd for CisH13NOs [M-H]- 286.0721, found 286.0720; Purity:
98.228% (by HPLC).
1-(2,4-Dihydroxyphenyl)-3-(2-hydroxyphenyl)propan-1-one (12j). Yield
55.6%, yellow solid. '"H NMR (300 MHz, DMSO-a) 6 12.66 (d, J= 2.3 Hz,
1H), 10.63 (d, J= 2.4 Hz, 1H), 9.42 (d, J= 2.5 Hz, 1H), 7.88-7.76 (m, 1H),
7.10 (d, J=7.5Hz, 1H), 6.99 (d, J= 8.0 Hz, 1H), 6.78 (d, J= 7.7 Hz, 1H),
6.71 (d, /= 7.8 Hz, 1H), 6.35 (d, J= 8.8 Hz, 1H), 6.29-6.18 (m, 1H), 3.17
(d, J=7.8 Hz, 2H), 2.85 (d, J= 9.2 Hz, 2H); *C NMR (101 MHz, DMSO-0a%)
0 204.7, 165.2, 164.8, 155.6, 133.4, 130.3, 127.6, 127.4, 119.4, 115.3,
112.9, 108.6, 102.9, 38.1, 25.7; HR-MS (ESI) m/z calcd for C15H1404 [M-

HJ 257.0819, found 257.0819; Purity: 95.704% (by HPLC).



1-(2,4-Dihydroxyphenyl)-3-(o-tolyl)propan-1-one (12k). Yield 88.1%,
light yellow solid. '"H NMR (300 MHz, DMSO-at) d 12.66-12.55 (m, 1H),
10.62 (s, 1H), 7.82 (d, J= 8.8 Hz, 1H), 7.19 (d, J= 6.2 Hz, 2H), 7.14-7.08
(m, 2H), 6.39-6.32 (m, 1H), 6.28-6.22 (m, 1H), 3.23 (t, J = 7.8 Hz, 2H),
2.90 (t, J = 7.7 Hz, 2H), 2.29 (s, 3H); *C NMR (101 MHz, DMSO-at) o
204.1, 165.3, 164.7, 139.6, 136.2, 133.5, 133.5, 130.4, 129.0, 126.4, 113.0,
108.6, 102.9, 38.2, 27.6, 19.4; HR-MS (ESI) m/z calcd for C16H1603 [M-H]-
255.1026, found 255.1029; Purity: 96.578% (by HPLC).

1-(2,4-Dihydroxyphenyl)-3-(3-methoxyphenyl)poropan-1-one (121).
Yield 82.3%, light yellow solid. "H NMR (300 MHz, DMSO-a) 6 12.59 (d, J
= 9.8 Hz, 1H), 10.64 (d, J= 10.0 Hz, 1H), 7.82 (t, /= 9.7 Hz, 1H), 7.18 (d,
J=9.9 Hz, 1H), 6.84 (d, J= 10.0 Hz, 2H), 6.75 (d, J= 11.3 Hz, 1H), 6.33
(d, J= 9.7 Hz, 1H), 6.27-6.18 (m, 1H), 3.73 (s, 3H), 3.30-3.19 (m, 2H),
2.88 (d, J= 9.3 Hz, 2H); 3C NMR (75 MHz, CDCls) 6 203.8, 165.1, 163.1,
159.6, 142.5, 132.3, 129.7, 120.9, 114.3, 113.6, 111.6, 108.1, 103.6, 55.3,
39.6, 30.4; HR-MS (ESI) m/z calcd for Ci6H1604 [M-H]- 271.0976, found
271.0978; Purity: 98.791% (by HPLC).

1-(2,4-Dihydroxyphenyl)-3-(3,4-dihydroxyphenyl)oropan-1-one (12m).
Yield 62.8%, yellow solid. '"H NMR (300 MHz, DMSO-a) 6 12.68 (s, 1H),
10.67 (s, OH), 8.75 (s, 1H), 7.82 (d, J = 8.8 Hz, 1H), 7.31-7.09 (m, 1H),
6.68-6.62 (m, 2H), 6.55-6.48 (m, 1H), 6.39 (dd, J= 8.9, 2.4 Hz, 1H), 6.28
(d, J=2.4 Hz, 1H), 3.21 (t, /= 7.6 Hz, 2H), 2.78 (t, J= 7.6 Hz, 2H); *C
NMR (75 MHz, DMSO) & 204.0, 165.1, 164.5, 145.2, 143.5, 133.1, 132.0,
119.1, 116.0, 115.6, 112.6, 108.4, 102.6, 39.4, 29.4; HR-MS (ESI) m/z

calcd for C1sH140s [M-H] 273.0768, found 273.0776; Purity: 99.871% (by



HPLC).

1-(2,4-Dihydroxyphenyl)-3-(2,4-dimethoxyphenyl)propan-1-one (12n).
Yield 76.5%, yellow oil. '"H NMR (300 MHz, CDClsz) 67.80 (d, J = 8.4 Hz,
1H), 7.38 (d, J= 3.7 Hz, 1H), 7.35 (s, 1H), 6.89 (d, J= 8.2 Hz, 1H), 6.54 (d,
J=2.2 Hz, 1H), 6.51 (dd, J = 8.4, 2.2 Hz, 1H), 6.44 (d, J = 2.4 Hz, 1H),
6.37 (dd, J=8.2, 2.5 Hz, 1H), 3.83 (s, 3H), 3.72 (s, 3H), 3.33-3.26 (m, 2H),
2.97-2.90 (m, 2H); *C NMR (75 MHz, DMSO-ds) 0 204.2, 164.8, 164.4,
159.2, 158.0, 132.9, 130.0, 120.8, 112.5, 108.2, 104.4, 102.5, 98.3, 55.3,
55.1, 37.9, 24.7; HR-MS (ESI) m/z. calcd for C17H180s [M-H]- 301.1081,
found 301.1104; Purity: 98.515% (by HPLC).

13a—e. Compounds 13a—e were synthesized according to the
synthetic routes of compounds 11a-n.

3-(2,4-Dimethoxyphenyl)- 1-(4-methoxyphenyl)propan-1-one (13a).
Yield 72.3%, pink oil. '"H NMR (300 MHz, CDCl3) 67.98 (d, J= 8.9 Hz, 2H),
7.12 (d, J=8.1 Hz, 1H), 6.94 (d, J= 8.9 Hz, 2H), 6.48 (d, J= 2.4 Hz, 1H),
6.44 (dd, J = 8.1, 2.4 Hz, 1H), 3.88 (s, 3H), 3.83 (s, 3H), 3.81 (s, 3H),
3.23-3.15 (m, 2H), 3.02-2.94 (m, 2H); *C NMR (75 MHz, DMSO) 6 197.9,
163.0, 159.1, 158.0, 130.2, 129.9, 129.6, 121.1, 113.9, 104.3, 98.3, 55.5,
55.3, 55.1, 38.1, 24.4; HR-MS (ESI) m/z. calcd for C1gH2004 [M+H]*
301.1435, found 301.1439; Purity: 99.215% (by HPLC).

1-(2-Hydroxy-4-methoxyphenyl)-3-(2-hydroxyphenyl)oropan-1-one
(13b). Yield 69.3%, white solid. '"H NMR (300 MHz, CDCls) 6 7.66 (dd, J =
8.4, 0.9 Hz, 1H), 7.14-7.10 (m, 2H), 6.89 (s, 1H), 6.86 (d, /= 1.0 Hz, 1H),
6.40 (s, 2H), 3.82 (s, 3H), 3.39-3.34 (m, 2H), 3.02 (t, J = 6.3 Hz, 2H); 3C

NMR (75 MHz, CDCls) 6 204.8, 166.5, 165.4, 154.3, 131.8, 130.6, 128.0,



127.5, 120.8, 116.9, 113.2, 108.2, 100.9, 55.6, 39.3, 25.0; HR-MS (ESI)
m/z. calcd for C1eH1604 [M-H] 271.0976, found 271.0968; Purity: 96.474%
(by HPLC).

3-(2-Hydroxyphenyl)- 1-(4-methoxyphenyl)propan-1-one (13c). Yield
75.7%, colorless oil. '"H NMR (300 MHz, CDCls) 68.44 (s, 1H), 8.01 (d, J=
8.9 Hz, 2H), 7.18-7.12 (m, 2H), 6.99-6.93 (m, 3H), 6.91 (dd, J=7.3, 1.3
Hz, 1H), 3.91 (s, 3H), 3.49-3.42 (m, 2H), 3.10-3.04 (m, 2H); 3C NMR (75
MHz, CDCI3) 6 200.6, 164.1, 154.7, 130.7, 130.6, 129.1, 128.0, 128.0,
120.6, 117.5, 113.8, 55.5, 40.1, 25.0; HR-MS (ESI) m/z calcd for C1eH1603
[M-H]- 255.1026, found 255.1023; Purity: 99.693% (by HPLC).

1-(2-Hydroxy-4-methoxyphenyl)-3-(4-hydroxyphenyl)poropan-1-one
(13d). Yield 56.8%, yellow solid. '"H NMR (300 MHz, CDClz) o 12.85 (s,
1H), 7.63 (d, J= 9.6 Hz, 1H), 7.10 (d, J= 8.4 Hz, 2H), 6.77 (d, J= 8.4 Hz,
2H), 6.45-6.33 (m, 2H), 3.83 (s, 3H), 3.24-3.14 (m, 2H), 3.02-2.91 (m,
2H); *C NMR (101 MHz, CDCIs3) 6 204.0, 166.1, 165.3, 154.2, 132.8,
131.6, 129.5, 115.5, 113.4, 107.8, 101.0, 55.6, 40.0, 29.6; HR-MS (ESI)
m/z. calcd for C1eH1604 [M-H] 271.0976, found 271.0977; Purity: 99.733%
(by HPLC).

3-(4-Hydroxyphenyl)- 1-(4-methoxyphenyl)propan-1-one (13e). Yield
79.2%, yellow solid. '"H NMR (300 MHz, CDCI3) 6 8.03-7.93 (m, 2H),
7.16-7.09 (m, 2H), 7.01-6.93 (m, 2H), 6.86-6.78 (m, 2H), 3.90 (s, 3H),
3.26 (t, J=7.7 Hz, 2H), 3.02 (t, /= 7.6 Hz, 2H); 3C NMR (101 MHz, CDCls)
0199.5, 163.7, 154.5, 132.8, 130.6, 129.8, 129.5, 115.6, 113.9, 55.5, 40.5,
29.7; HR-MS (ESl) m/z calcd for CieH1603 [M-H]: 255.1026, found

255.1022; Purity: 98.584% (by HPLC).



1.2 Molecular docking. The X-ray crystal structure (PDB ID: 2Y9X)
of TYR from Agaricus bisporus was downloaded from the protein database.
The protein was then prepared through the Protein Preparation Wizard
module in Schrdodinger, and compounds 11¢c and 11m were prepared by
the Ligprep module, and their force fields were minimized by OPLS-2005.
Finally, Glide Extra Precision (Glide-XP) in Ligand Docking module was
used for extra precision docking of compounds with proteins, and PyMOL
Molecular Graphics System version 2.7 was used to process docking

images.

1.3 TYR inhibitory mechanism study of 11c and 11m. Under
different concentrations of L-Tyrosine (0.4 mM, 0.35 mM, 0.3 mM, 0.25
mM, 0.2 mM, 0.15 mM, 0.1 mM, 0.05 mM) and 11c or 11m (0 mM, 0.025
mM, 0.05 mM, 0.1 mM), the enzyme inhibition types of the compounds
were analyzed and measured four times in parallel. The method was the
same as that of ICso. The inhibition type of the compounds on the enzyme
was determined by using the Lineweaver-Burk double reciprocal diagram

(1/V = Kn/Vmax 1/([S]) + 1/Vmax) with different concentrations of L-Tyrosine.

1.4 Antioxidant activity of representative compounds 11a—n.
Representative compounds were tested for their DPPH free radical
scavenging activity using methods reported in the literature®®% with some
modifications. In a 96-well plate, 180 (L of DPPH in methanol (0.2 mM)

were mixed with 20 (L of a representative compound in DMSO (0.5 mM).



L-ascorbic acid was used as standard reference material, and 20 (L of
DMSO was added to the blank group. The 96-well plate was then
incubated in the dark for 1 h. Absorbance was measured at 517 nm using
a microplate reader and all experiments were repeated three times in
parallel. The DPPH radical scavenging activity of representative
compounds was calculated using the following formula: % radical
scavenging rate = [(Ac-As)/Ac] x 100. Ac refers to the absorbance of the
blank group, and As refers to the absorbance of the test group.
1.5 In vivo treatment of 11c on UV-induced skin pigmentation

The animal experiments were performed using the previously reported
method** with minor modifications. All the experiments were conducted on
the basis of the approval and guidelines of the Ethics Review Committee
of China Pharmaceutical University (animal experiment ethical review
acceptance No. 2022-06-012), as well as the Animal Welfare Act and
principles stated in the Guide for the Care and Use of Laboratory Animals
of the National Research Council. Female guinea pigs (Dunkin—Hartley
strain, 10 weeks old, 350-500 g, Nanjing, China) were used as
experimental subjects. On the backs of the guinea pigs, four separate
areas (2 x 2 cm?) were shaved and received ultraviolet exposure from a
UV lamp (SH1-B, Sigma, Shanghai, China), with a total UV dose of 30
mJ/cm?/day. Each separate area was treated with different formulations
with or without different doses of the compound. The effect of the
compound was examined on the basis of a pigmentation model with two
different methods of administration: topical administration of the compound

1) 6 h before UV radiation every day for 2 weeks, or 2) after exposure to



UV lamp for 5 days/week for two consecutive weeks. Three days after the
final operation, the animals in both groups were sacrificed and skin
samples were removed surgically. The skin samples were sent to KeyGEN
Biotechnology Company (Nanjing, China) for tissue sectioning, staining,
and photographing. Melanin content was assessed wusing a
Fontana—Masson Stain Kit (Solarbio, Beijing, China) following the
manufacturer’s instruction. The proportion of the positive cells was the
ratio of the number of positive cells to the number of epidermal cells in the

same visual field with 10 different images for each skin sample

2. Results
2.1 Scheme B-1.

Synthesis of compounds 11a-n, 12a—-n and 13a—e?

OH OBn Ry O OBn
/©/CHO a CHO b R2
HO BnO R3 OBn
14 15 16a-n
Ry O OBn Ry O OH
R3 OBn Ry OH
17a-n 11a-n
11a Ry =R, = H; R3 = OCHj3 1MhR;{=R3=CR;=H
11b Ry =R3=H; R, = CHj 11i R; = OH; R, = H; Ry = OCH,4
1McR;=R;=0OH;R, =H 11j Ry =Rz = H; R3 = CH(CHa),
1d Ry =OH; R, =R; =H 11k Ry = H; Ry = OH; Ry = OCHj
11e Ry =Ry =H; R3 =Br MRy =R, =R3=H
11fR; =CHz; R, =Ry =H 11m R; = H; R, = OCHj3; R3 = OH
11g Ry =Rz =H; R; = OH 11n Ry =R, = H; R3 = phenyl
OH O Ry’ Ry O Ry
O
HO Rs' Rs R’
12a-n N 13a-e
12aRy'= Ry =OCH3; R3'=Rs'=H 12h Ry =R, =H;R,’=R3'=0CH; 13aR; =R, =Ry'=H; R3= Ry =R3'= OCHj3
12bRy'=Ry' =R, '=H; Ry'= OH 12i Ry =R3'= Ry’ =H; Ry'=NO; 13b Ry =Ry'= OH; R; = Ry’ =R3'= H; R3 = OCHj3
12¢ Ry'= Ry =R3'= OCHg; Ry' = H 12j Ry = OH; Ry’ = Ry' = Ry’ = H 13c Ry =R, =Ry = Ry' = H; R3 = OCHj,; R'= OH
12d Ry'=R3' =R4'=H; Ry'= OH 12kRy =CH;; Ry =R3'= Ry/'=H  13dR; =Ry'= OH; R,=R¢' =Ry'= H; Ry = OCH;

12e Ry'= OH; Ry =Ry=H; Ry =OCH3  12IRy=Ry'= Ry =H;R,'=OCH; 13e Ry =R, = Ry' = Ry = H: Ry = OCHs: Ry = OH
12fRy'=R,=H;Ry’=0OH;R3'=0CH;  12m R, =R4'= H; Ry' = Ry'= OH
12g Ry'=H; Ry =R3'=R4' = OCHs 12n Ry =R3'= OCH3 R,'=R,'=H



Reagents and conditions: (a) Benzyl bromide, K2CO3, MeOH, reflux, 2 h;
(b) Various acetophenone, NaOH, EtOH, reflux, 2-4 h; (c)
Bis(pinacolato)diboron, Cs2CO3, EtOH, sealed tube, 130-150 C; (d) 1 M

BClsz, dry DCM, - 78 'C or 0 C, Ar, 20 min.

2.2 Molecular docking.

We used molecular docking to further explore the interaction mode of
compounds 11¢ and 11m with TYR. The 3D structure of TYR used for
docking was obtained from Agaricus bisporus (PDB ID: 2Y9X). The best
docking mode is shown in Figure B-1. As shown in Figure B-2, the B-rings
of 11¢c and 11m could occupy the spacious cavity around the active
position formed by His61, His85, His259, Asn260, His263, Met280, Gly281,
Ser282, Val283, Arg286, Phe292 and two copper ions, whereas the A
rings were located at the inlet of the active pocket. The 2’-OH group of 11¢
formed a significant hydrogen bond interaction with Met280, and the B ring
formed a 7~ stacking interaction with His85, His259 and His263, which
further explained the reason why the activity of compounds was greatly
reduced with B-ring without 2’,4’-dihydroxy. The binding mode of the
pharmacophore of 11m and 11c was similar. Moreover, neither 11¢ nor
11m interacted with copper ions. The docking results ulteriorly showed
that compounds 11c and 11m mainly interacted with amino acid residues

other than TYR active sites and were non-competitive inhibitors.



Figure B-1 Binding mode of 11¢c (A and B) and 11m (C and D); yellow
dashed lines indicated hydrogen bonds; orange dashed lines indicated 77—

7 stacking; the blue balls indicated copper ions.

2.3 Antioxidant activity of representative compounds 11a—n.

Since TYR can catalyze oxidation reactions, antioxidant compounds are
capable of inhibiting TYR activity without direct contact with TYR.%35
Assessment of antioxidant activity helps to understand the mechanism of
compounds inhibiting TYR further. Thus, 1,1-Diphenyl-2-picrylhydrazyl
(DPPH) radical scavenging method was used to evaluate the antioxidant
activity of representative compounds 11a-n at 50 M, L-ascorbic acid and
kojic acid were used as the positive control, and the absorbance at 517 nm
was measured by microplate reader. The results in Table B-1 showed that
compounds 11a—-n had gratifying DPPH radical scavenging abilities, which
were superior than that of positive control kojic acid. We speculated that
the DPPH radical scavenging effect of compounds 11a—n was part of its

inhibition of melanin production.



Table B-1. Antioxidant activity of representative compounds 11a-n at 50

(M.

Scavenging activity| Scavenging activity
Compd. Compd.
(%)? (%)?
11a 76.56 £ 1.31 11i 72.44 + 0.98
11b 70.50 £ 0.97 11j 69.14 £ 1.09
11c 85.47 £ 1.21 11k 67.03 £ 0.62
11d 70.98 + 1.57 111 55.67 £ 0.99
11e 63.36 £ 2.21 11m 78.16 £+ 1.27
11f 75.85 £ 0.97 11n 41.50 £ 0.21
11g 78.72 +1.87 kojic acid 28.20 £ 0.58
L-ascorbic
11h 71.30+£0.78 82.02 +2.48
acid

a@Scavenging activity values are expressed as means + SD (n = 3).

2.4 Kinetic studies of TYR inhibition.

Due to the fact that, compounds 11c and 11m showed the strongest TYR
inhibition, with ICso values of 50 nM and 54 nM, respectively. Using
Lineweaver Burk double-reciprocal plot, they were selected as
representative compounds to analyze TYR inhibition. In the presence of
11c and 11m, the kinetic results of TYR were shown in Figure B-3, which
showed four straight lines with 1/V varying with 1/[S], different slopes and
intersecting on the horizontal axis. When the concentration of compounds

increased, the Vmax value decreased, while the K., value remained



unchanged, indicating that compounds 11c and 11m were non-competitive
inhibitors of mushroom TYR, which might exert the inhibitory effect of TYR

by interacting with amino acid residues outside the active center.
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Figure B-2. TYR kinetic characteristic curves of 11c (A) and 11m (B).

2.5 In vivo treatment of 11c on UV-induced skin pigmentation in a

guinea pig model

Two different methods were applied to evaluate the /n vivo anti-melanin
effect of 11¢ in UV-induced skin pigmentation in a guinea pig model: as a
prophylactic (Figure B-3A) and as a treatment for repair (Figure B-4A),
that is, topical administration of the compound 11c 6 h before UV radiation
every day for 2 weeks, or after exposure to UV lamp for 5 days/week for

two consecutive weeks.

From the result of preventing pigment formation, daily topical
administration of 11c inhibited the production of melanin in a dose-
dependent manner (Figure B-3B). As shown in Figure B-4C and B-4D, the
proportion of cells positive to the Fontana-Masson stain of the skin treated

with 0.5 mM 11c in PG was higher than that of 1 mM 11c in PG.



Meanwhile, different solvents of 11c had no significant effect on the
inhibition of melanin, and duplicate concentration of 11¢c in PG and

carbomer (CP) hydrogel both reduced melanin level.

In the batch of repair experiments, compound 11c in different formulations
were applied after receiving UV radiation for 2 weeks. Similar conclusions
could be drawn that 11c was able to heal the scorching skin in a dose-
dependent manner, and various solvents had limited influence on the

experimental results (Figure B-4B-D).
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Figure B-3. Prophylactic effect of 11¢c on UV-induced pigmentation in
guinea pig skin. (A) Time schedule of UV irradiation and application of 11c.

(B) Images of the back of guinea pigs before (left) and after (right) UV



irradiation. (C) Biopsy specimens were taken from each of the four-square
areas of the right guinea pig and silver-stained with a Fontana-Masson
staining kit. Bars = 50 ¢M. (D) Statistics of cells positive for Fontana-
Masson stain. The proportion of the positive cells was the ratio of positive
cells to the number of epidermal cells in the same visual field with 10
different images for each skin sample. Statistical significance of
differences was assessed using multiple t-test. *, p < 0.05; **, p < 0.01 vs

control group.
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Figure B-4. Ability of 11c to repair UV-induced pigmentation in guinea pig
skin. (A) Time schedule of UV irradiation and application of 11c. (B)

Images of the back of guinea pigs after UV irradiation (left) and after UV



irradiation and treatment (right). (C) Biopsy specimens were taken from
each of the four-square areas of the right guinea pig and silver-stained
with a Fontana-Masson staining kit. Bars = 50 (/M. (D) Statistics of cells
positive for Fontana-Masson stain. The proportion of the positive cells was
the ratio of positive cells to the number of epidermal cells in the same
visual field with 10 different images for each skin samples. Statistical
significance of differences was assessed using multiple t-test. *, p < 0.05;

** p < 0.01 vs control group.



