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Thesis summary

Central nervous system (CNS) disorders have been highlighted by the World Health Organisation (WHO) as one
of the biggest threats to public health. This study aimed to improve the clinical outcomes in CNS disorders, with
focus on major depression, through pharmaceutical and pharmacokinetic approaches by the use of transdermal

base creams and patches for the delivery of a phytochemical and the use of in-silico modelling to optimise
antidepressant dosing in challenging populations such as pregnant women.

The flavonoid hesperetin, as a potential candidate for CNS disorders, was incorporated into commercial base
creams (Vanish-Pen™, Doublebase™ gel, Versatile™, and Pentravan®). In-vitro drug release studies were
conducted at week 0 showing that Pentravan® formulation released the highest percentage of hesperetin (12.69
% (0.68 %)), while Versatile™ released the lowest (4.53 % (0.65 %)). Storage studies on Vanish-pen™ and
Doublebase™ were consistent for 10 weeks when stored at 4°C and 25°C, respectively, while Versatile™ showed
consistent profiles when stored at both 4°C and 25°C. Significant changes were detected in the release profiles of
Pentravan® during storage at both temperatures.

Transdermal hesperetin patch systems were developed using either Dow Corning® BIO-PSA 7-4501 silicone
adhesive or Eudragit® E100 acrylic adhesive. The silicone-based patch that contains 5.5 % glycerol provided the
highest release, 39.9 % (0.37 %), but during storage for 3 weeks at 4°C and 25°C, the release significantly
decreased. The Eudragit®-based patch that produced the highest release (8 % (0.06 %)) was composed of 5%
glycerol and 45% of triacetin. However, during storage the acrylic-based patches degraded. Silicone-based
transdermal patches showed higher drug release than creams which could potentially be useful for systemic
hesperetin delivery for the treatment of CNS disorders, while hesperetin creams could be more suitable for the
localised delivery to the skin for the treatment of skin cancers.

In order to highlight non-pharmaceutical approaches to optimise CNS therapeutic outcomes, we applied
pharmacokinetic modelling to examine potential dose adjustments that would be required in challenging population
groups, namely pregnancy, for two antidepressants, paroxetine and sertraline.

Paroxetine has been demonstrated to undergo gestation related reductions in plasma concentrations, to an extent
which is dictated by the polymorphic state of CYP 2D6. However, knowledge of appropriate dose titrations is lacking.
A pharmacokinetic modelling approach was applied to examine gestational changes in trough plasma
concentrations for CYP 2D6 phenotypes, followed by necessary dose adjustment strategies to maintain paroxetine
levels within a therapeutic range of 20-60 ng/mL. A decrease in trough plasma concentrations was simulated
throughout gestation for all phenotypes. A significant number of ultra-rapid (UM) phenotype subjects possessed
trough levels below 20 ng/mL (73-76 %) compared to extensive metabolisers (EM) (51-53 %). For all phenotypes
studied there was a requirement for daily doses in-excess of the standard 20 mg dose throughout gestation. The
following doses are suggested to be optimal: for EM, 30 mg daily in trimester 1 followed by 40 mg daily in trimesters
2 and 3, for poor-metabolisers (PM), 20 mg daily dose in trimester 1 followed by 30 mg daily in trimesters 2 and 3,
and for UM, a 40 mg daily dose throughout gestation. Sertraline is also known to undergo changes in
pharmacokinetics during pregnancy. CYP 2C19 has been implicated in the inter-individual variation in clinical effect
associated with sertraline activity. However, knowledge of suitable dose titrations during pregnancy and within CYP
2C19 phenotypes is lacking. A pharmacokinetic modelling virtual clinical trials approach was implemented to assess
gestational changes in trough plasma concentrations for CYP 2C19 phenotypes and to identify appropriate dose
titration strategies to stabilise sertraline levels within a defined therapeutic range throughout gestation. Sertraline
trough plasma concentrations decreased throughout gestation, with maternal volume expansion and reduction in
plasma albumin being identified as possible causative reasons. All CYP 2C19 phenotypes required dose increase
throughout gestation. For EM and UM phenotypes, doses of 100-150 mg daily are required throughout gestation.
For PM, 50 mg daily during trimester 1 followed by a dose of 100 mg daily in trimesters 2 and 3 are required.

Transdermal system is a promising approach to obtain the CNS benefits of phytochemicals and to overcome the
limitations associated with their oral delivery, while more studies are needed to be used clinically. Using PBPK
modelling for adjusting the doses of CNS medications in challenging populations could improve quality of life and
prevent empirical interventions.
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1.1 Disorders of the central nervous system

It has been highlighted by the World Health Organisation (WHO) that one of the biggest threats
to public health is central nervous system (CNS) disorders [1]. The leading cause of global
disability-adjusted life-years (DALYs) in 2019/2020 remained neurological disorders,
contributing to 16.5 % of deaths [2]. A major challenge for successful CNS drug delivery is the
passage across the blood brain barrier (BBB), which restricts the entry of small molecular
weight drugs based upon attainment of prerequisite physiochemical properties for cell
membrane permeability, such as low molecular weight (< 500), high lipophilicity, low hydrogen-

bonding potential, and molecular flexibility [3, 4].

The BBB is an impermeable barrier formed from brain microvascular endothelial cells,
pericytes, astrocyte end feet, extracellular matrix, and neurons (Figure 1.1) [5]. Endothelial
cells are highly selective when controlling the passage of exogenous and endogenous
compounds into the brain [6]. Poor clinical efficacy of some CNS medications is due to the
impermeable nature of the BBB hindering molecular flux [7-11]. In addition to the
physicochemical drug properties, the passage of drug molecules into the brain is restricted by
three key features of the BBB physiology: (i) an extensive tight junction (TJ) protein network
limited paracellular drug transport; (ii) limited transcytosis and the lack of fenestrations
resulting in limited transcellular transport of drug molecules; (iii) an extensive network of active

drug transporter proteins [12, 13].
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Figure 1.1 The components of the blood brain barrier.
Obtained from [6]
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Key CNS disorders include Parkinson’s disease, multiple sclerosis, epilepsy, Alzheimer
and other dementias, neuroinfections, neurological disorders associated with malnutrition, pain
associated with neurological disorders, stroke, traumatic brain injuries, schizophrenia, and

depression [1].

1.2 Depression and its prevalence

Major depressive disorder is ranked by the World Health Organisation as the 4" global leading
cause of disability [14]. The lifetime prevalence of depression is 20 % in the worldwide general
population with a higher prevalence in females, 5:2 is the female to male ratio [15].
Approximately 280 million people in the world are suffering from depression [16]. Depression
is the second cause of disability in the ranking of Disability Adjusted Life Years (DALY for the
age category 15-44 years old [17].

1.2.1 Diagnosis and risk factors of depression

The criteria of the Diagnostic and Statistical Manual of Mental Health, Fourth Edition (DSMIV)
is used to diagnose depression appropriately. Five of the nine DSMIV symptoms should be
present in a patient continuously for a period of minimally 2 weeks to be diagnosed with
depression. DSMIV symptoms are the loss of pleasure or interest, weight or appetite alteration
significantly, depressed mood, energy loss or fatigue, suicidal tendencies, worthlessness
feelings, low concentration or thinking ability, psychomotor retardation, and sleep disturbances

such as insomnia or hyposomnia [15].

It is indeed challenging to link depression to one specific factor as a complex interaction of
psychological, social, and biological factors can result in depression. People who experience
specific stressful life events have increased potential to develop depression. Several other risk
factors could contribute to depression such as genetics, chronic pain, substance abuse, poor
nutrition, and certain chronic medical conditions such as sleep disorders, thyroid condition,
cancer, diabetes, multiple sclerosis [18]. In addition, several medications could potentially
provoke depression including antihypertensives, anti-obesity agents, antivirals,

contraceptives, and corticosteroids [19].

1.2.2 Pharmacological treatment

The major hypothesis of depression is the monoamine hypothesis which explains that
depression is caused by deficiency of the monoaminergic transmitters in the brain including
serotonin (5-HT), dopamine (DA), and norepinephrine. The symptoms of depression may arise
from altered neurotransmitters’ storage, synthesis, or release, in addition to the disruption of

receptors sensitivity or the functions of subcellular messengers. Anti-depressant therapeutics
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targeting the monoaminergic system are the mainstay treatment options (Table 1.1) [15, 20],
with the choice of treatment approaches being tailored to personal preferences and to the

particular medical condition of the patient.

Table 1.1 Treatment approaches for depression

Treatment Examples

] ) o Fluoxetine, paroxetine, sertraline, citalopram,
Selective Serotonin Reuptake Inhibitors (SSRIs)

mirtazapine
Tricyclic Antidepressants (TCAs) Amitriptyline, imipramine
Monoamine-Oxidase Inhibitors (MAQIs) Iproniazide

Serotonin-Norepinephrine Reuptake Inhibitors (SNRIs) | Venlafaxine, duloxetine

Herbal drugs St. John's wort

Other therapeutics Mood stabilisers, lithium salts, antiepileptics

. . Light therapy, magnetic stimulation, psychotherapy,
Non-chemical therapies .
cognitive therapy

The goal of treatment is achieving full remission which is described by DSMIV as possessing
no significant symptoms of depression for the past two months. Both emotional and physical
symptoms should be resolved during remission. Remission focuses on restoring the patient's
full functional capacity, which includes returning to work, resuming hobbies and personal
interests, and restoring personal relationships. Relapse refers to the return of a depressive
symptoms while in remission [21]. Other diagnostic scales to indicate remission and
improvement are Clinical Global Impressions-Severity Scale (CGI-S), The Hamilton
Depression Rating Scale (HAM-D), and Montgomery and Asberg Depression Rating Scale
(MADRS) [22].

1.2.3 Poor treatment outcomes in depression

Although most patients are able to recover with treatment from the most severe symptoms of
depression, the rate of recurrence is high with 75 % of the patients who recover experiencing
one or more episodes of major depression within 10 years [15]. Moreover, in 70 % of
depressed patients whom are taking an adequate course of one antidepressant, remission is
not achieved [23, 24]. The risks related to recurrence are familial factors, individual’s mentality,
number of previous episodes, comorbid conditions, demographic characteristics, treatment

failures, and partial symptomatic response [25-28].
Taking into consideration that depression is more prevalent in women, depression during

pregnancy is a serious and prevalent condition with incidence rates as high as 20 % [29].

Recent reports in the UK have suggested that 1 in 25 women (aged 20-35 years) who die by
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suicide, do so during the perinatal periods (conception, pregnancy and postnatal) [30]. The
use of mental health services by pregnant women is low, approximately 14 %, when compared
to non-pregnant women, approximately 25 % [30]. Barriers to seeking help by distressed
pregnant women include cultural barriers, the inability to disclose or acknowledge their
feelings, lack of awareness of depression symptoms and how to seek help, and the negative

attitudes of healthcare professionals, family and friends [31].

There is a serious need to better manage depression or discover new antidepressants to treat
the unresolved conditions or to follow approaches that could improve clinical response. The
level of unmet needs in mental disorders is significant with high recurrence rates and high rates
of unachieved remission as discussed above. Moreover, patient non-adherence to
antidepressants is a significant issue with about 50% of patients discontinue the treatment of
depression prematurely [32]. The reasons for non-adherence and discontinuation of
antidepressants were side effects, high cost, delayed onset of action, complicated dosing or
titration of the drug, poor instruction by the clinician, lack of follow up, and misperceptions

about antidepressants [32].

Key barriers to optimisation of care include social stigma, lack of trained providers, lack of
resources, in addition to the prevalence of unwanted therapeutic side effects, and inconvenient
formulations choices (e.g. immediate release versus modified release drug formulation
systems). Increasing the efficiency of health systems, intensive monitoring, developing new
therapeutic intervention strategies could significantly improve the outcome of depression
treatment [33].

1.3 Chemical approaches to optimising outcomes in CNS disorders: phytochemicals as
novel CNS drug candidates

Phytochemicals, which are chemicals derived from natural extracts of plants and vegetables,
have been highlighted as possible novel potential therapeutic agents for CNS disorders.
Flavonoids are a major category of phytochemicals and consists of over 6500 compounds [34,
35]. The structure of flavonoids consists of two aromatic rings A and C and a heterocyclic
benzene ring (B ring) (Figure 1.2) [36]. The position of the attached substitution (R)
categorises the flavonoids into seven major subgroups, namely flavonols, flavones, flavanols,

flavanones, anthocyanins, catechins, and isoflavones (Table 1.2) [36, 37].
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Figure 1.2 The chemical structure of flavonoid

Flavonoids consist of two aromatic rings (A and B) linked through ring (C). Based on the pattern of
hydroxylation and substitution (Rx), there are 7 subclasses of flavonoids [38].

Table 1.2 Main groups of flavonoids with compounds and food sources examples.

Example Source
Flavonols Quercertin, kaempferol, myicetin Blueberry, black tea, leek, yellow
onion, cherry, apple, tomato, curly
kale.
Flavanones Hesperetin, naringenin, eridodicytol Orange juice, lemon juice,
grapefruit juice.
Flavones Chrysin, lubeolin, tangeretin, tricetin, Celery, parsley, capsicum.

sinensetin, apigenin, nobiletin
Isoflavones Daidzein, genisten, glycitein
Catechins (-) Epicatechin, (+) catechin

gallocatechin, epigallocatechin,

epigallocatechin 3-gallate

Flavanols Taxifolin, silibinin, silymarin, pinobaskin
Anthocyanins Petunidin, malvidin, peonidin, cyanidin,
delphinindin.

Flavonoids possess several pharmacological actions

Soybean, tofu, soy flour
Beans, cherry, chocolate apricot,

peach, red wine, grapes, green tea

Cocoa, chocolates, cocoa
beverages.

Red berries, black grapes,
blackcurrant, blackberries, rhubarb,
plum, red cabbage, strawberries,

cherries

including antineoplastic, anti-

inflammatory, antidiabetic, antidepressant, antiviral, antiallergic, gastro-protective and hepato-

protective activities [39-41]. In addition, they have been reported to induce CNS related effects
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such as the protection of neurons from neuro-inflammation and neurotoxins in degenerative
disease status [42-48]. A reduced risk of neurodegenerative diseases, including Alzheimer
disease (AD), multiple sclerosis (MS), Parkinson disease (PD), Huntington disease (HD), and
amyotrophic lateral sclerosis (ALS) has been linked to regular consumption of flavonoids, this

is due to their antioxidant and neuroprotection capabilities [43].

Supporting the proposal of flavonoids as potential candidates for neurological diseases, it has
been shown that several flavonoids are able to cross the BBB and access the central nervous
system, including hesperetin, naringenin, and epigallocatechin gallate (EGCG) [43]. Clinical
evidence has shown that flavonoids possess a protective function to dopamine neurons by the
prevention of apoptosis and oxidative damage [49, 50]. Flavonoids target sites are thought to
be widespread, but many studies have focused on the interaction with the GABAA receptor,
where several flavonoids demonstrated inhibitory actions on GABAa, showing anticonvulsant
activity [38, 51-54].

Studies have shown the potential anti-depressive effects of flavonoids and strongly suggesting
that these natural products are novel candidate compounds for mental health disorders [55-
62]. There are several possible mechanisms underlying the antidepressant effects of
flavonoids. Flavonoids can restore the levels of monoamines in the brain, increase the levels
of serotonin and dopamine in the CNS, and up-regulate monoaminergic neurotransmitters [63-
65]. Furthermore, they reduce hyperglycaemia and neuroinflammation, and supress oxidative
stress by their antioxidant effects. Flavonoids can interact with the presynaptic 5-HT1a,

dopaminergic D4, D2, D3, noradrenergic a2, and k-opioid receptors [66-69].

Flavonoids have demonstrated several effects on the brain-derived neurotrophic factor
(BDNF). The atrophy of hippocampus induced by depression is linked to the increased
secretion of cortisol or the abnormal low levels of BDNF [70]. It has been demonstrated that
flavonoids can increase the levels and the expression of BDNF in the hippocampus, restore

the downregulation of BDNF induced by stress, and activate BDNF signalling pathway [71-75].

The flavonoid hesperetin was able to markedly reduce the oxidative stress, amyloidogenesis,
cognitive dysfunction and neuroinflammation in mice brains, which were induced by amyloid-
beta (AB) and LPS injections to represent the pathological changes Alzheimer’s disease [76].
Lipopolysaccharide (LPS) is a biomolecule that induces inflammatory genes and mediators,
and the abnormal AR production in the brain elevates oxidative stress, neuroinflammation, and

neurodegeneration [77, 78].
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The effects of hesperetin against Parkinson’s Disease (PD) have been studied in rats by
inducing PD-like symptoms using 6-hydroxydopamine (6-OHDA). In this study, the
administration of hesperetin was able to reduce the motor dysfunction and reduce oxidative
stress by regulating neuroinflammation, apoptotic cell loss, and regulating the transcription
factor Nrf2 [76, 79]. In addition, hesperetin delayed the onset of seizure in epileptic mice
(induced by kainic acid) when administered orally in a dose-dependent way by inhibiting the

proinflammatory kinases in the hippocampus [52].

In cadmium-induced neurodegeneration study, hesperetin was administered for five weeks
and was able to protect the brain against oxidative stress and activate endogenous antioxidant
defence mechanisms [80]. Several studies have analysed the positive impacts of hesperetin

against different neurodegeneration models in neuronal cell lines [81-86].

More research into flavonoids is desperately needed to help reduce the knowledge gap
between pre-clinical research and clinical implementation. Although there is promising
evidence, phytochemicals lack the necessary concrete scientific solidity to be safely carried

forward into clinical levels of research, simply because they have not been studied sufficiently.

1.4 Formulation approaches to optimising clinical outcomes in CNS disorders:
topical/Transdermal drug delivery

The most frequently used route for administering medications remains the oral route with most
of the newly approved drugs being licenced in orally dosed formulation [87]. However, the
exposure to first-pass metabolism, the requirement for multiple dosing regimens, and the side
effects could lead to poor compliance and reduced clinical outcomes. As an alternative,
transdermal drug delivery is considered historically safe and innovative way of administering
medications. This route is with comparable efficacy to oral administration but provides better
compliance, prolonged release, and improved bioavailability by avoiding first-pass metabolism
[88, 89].

The skin is considered to be the largest organ in the human body, with a total weight of between
3.5-10 kg and a surface area of at least 2 m? [90]. The skin provides a barrier that protects the
body from the external environmental hazards such as ultraviolet (UV) radiation,
microorganisms, chemicals, and allergens [90]. The skin is comprised of the epidermis, dermis,
subcutaneous tissues, and appendages (Figure 1.3). The epidermis layer is 50—-100 pm thick
and composed of 10-20 layers of cells. The primary skin layers comprise the epidermis are the
stratum basale, stratum spinosum, stratum granulosum, stratum lucidum, and the stratum

corneum. The stratum basale, which is also referred to as the basal layer, contains
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keratinocytes, melanocytes, langerhans cells and merkel cells. Langerhans cells are formed

in the bone marrow and then localise in the stratum basale and are one of the classical antigen

Drug amount applied to the skin
; l T
Stratum corneum # 3“

Viable epidermis

Superficial dermis

Skin layers

Profound Dermis

Dermis+ connective tissue

Blood wessels

presenting cells responsible for the immune response of skin. Melanocytes form melanin that
provides the pigmentation of hair, skin, and eyes, and absorbs harmful UV radiation to protect
the skin from releasing free radicals in the basal layer. The primary function of merkel cells is
for cutaneous sensation and are localised mainly in touch sensitive sites such as the lips and
finger tips [90, 91].

Figure 1.3 Skin composition.
Obtained from [92]

The uppermost layer of the epidermis is the stratum corneum (SC), which is the penetration
controlling layer and the major barrier to environmental toxins. This layer regulates water loss

from the body. It consists of high density and low hydration cells. The thickness of the stratum
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corneum is 10—20 um and composed of corneocytes [93]. Corneocytes are non-nucleated, flat,
and dead cells comprised of insoluble bundled keratin in a lipid bilayer. Corneocytes are
interconnected by membrane junctions called corneodesmosomes, these contribute to the
stratum corneum cohesion. Lipids compose the intercellular space between the corneocytes
providing a competent barrier function. Lipid domains consist of ceramides, free fatty acids,

cholesterol, cholesterol sulfate, and cholesterol esters [90].

The dermis thickness is approximately 2-5 mm and consists of elastic connective tissue and
collagen fibrils providing elasticity, flexibility, and support. The dermis slightly affects the
permeation of most drugs but may reduce the ability of highly lipophilic drugs to permeate to
deeper tissues. An extensive vascular network is present within the dermis. This network
provides oxygen and nutrients to tissues, regulates body temperature, removes waste
products and toxins from the tissues, and supports wound repair and immune response.
Because of this extensive blood supply, a concentration gradient occurs between the topically
applied chemicals and the dermis ensuring that the permeating chemicals are reaching the

systemic blood supply through the dermo-epidermal junction [90, 94, 95].

1.4.1 Transdermal passage of drugs

Following the application of a drug formulation onto the skin, penetration through the stratum
corneum occurs by intercellular (between the cells), transcellular (through the cells), or
transappendageal pathways. The majority of compounds utilise intercellular routes [96], with
the intercellular lipid bilayers in the stratum corneum providing the only continuous pathway
through the stratum corneum (Figure 1.4). The transport of a compound within the intercellular
lipids can occur by the diffusion through the polar head groups (polar pathway) or through the
lipid core (lipid pathway) [97, 98]. The transcellular route is the crossing of a drug through the
corneocytes and it is considered as the polar pathway through the stratum corneum (Figure
1.4). The keratin matrix in the corneocytes is polar in nature, therefore the compounds need
to partition between the lipid domains that surround the corneocytes and the polar environment
inside the corneocytes. The transappendageal route is a minor pathway for drugs which
represent the passage of drugs through hair follicles, sweat glands, and sebaceous glands
[99]. The amount of these appendages in skin surface represents only 0.1-1 % and this route

is considered not significant [90].
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Figure 1.4 Representation of Intercellular and transcellular pathways for the penetration of
drug molecules through the stratum corneum.

For successful transdermal delivery, a drug must be able to diffuse through a complex mixture
of lipids with hydrophobic and hydrophilic domains in order to pass through intercellular
channels [100] in addition to possessing specific physicochemical properties (Table 1.3) [101-
103].

Table 1.3 Summary of drug characteristics required for transdermal drug delivery.

Molecular weight <500 Da
Log P <5
Melting point <200 °C
Aqueous solubility =1 mg/ml

The transfer of a drug through the skin can be quantified by the application of Fick’s law of

diffusion (Equation 1):

__PD'AC
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whereby J is the flux or steady state permeation, P is the partition coefficient of the drug
between the stratum corneum and the formulation, D is the diffusion coefficient of the permeant
across the stratum corneum, AC is the difference in the permeant concentration across the
stratum corneum, and T represents the thickness of the stratum corneum which can be referred

as the diffusional path length [99].

In this law, diffusion is assumed to be the mass transfer of individual solutes, driven by random
molecular movement and the rate of transport. The concentration of the drug and the surface
area of which the drug is applied proportionally affect the rate of drug transport in which the
amount of drug transported into the SC is increased by increasing the surface area of
applications. The thickness of SC (T), which is variable depending on the anatomical site, is
inversely proportional to the rate of drug transport. Introducing polar molecules to a lipophilic
drug decreases lipophilicity and thus reduces the partition coefficient, resulting in a decreased

rate of transport of drug across the skin [99].

1.4.2 Topical and transdermal formulation systems

The delivery of drugs to/through the skin can be accomplished using topical and transdermal
dosage forms applied on the skin. Topical drug delivery is intended to treat local skin disorders
with the retainment of the drug within the skin, while transdermal drug delivery is the delivery

of a drug to the systemic circulation through the skin.

The general classification of these dosage forms incorporates solids, semisolids, and liquids
systems. Gels, creams, and ointments are the most developed and utilised topical semisolid
dosage forms, primarily because they allow easy application for the delivery of drug into the
skin targeting localised dermatological disorders such as psoriasis, dermatitis, and eczema.
Drugs have been applied to the skin to treat superficial diseases for many thousands of years.
For instance, the use of potions, salves ointments, and patches, comprising of animal, mineral,
plant extracts were already popular in Babylonian medicine and in ancient Egypt (~ 3000 BC)
[104, 105]. However, the routine use of these dosage forms as transdermal systems for drug

delivery only became common practice towards the end of the 20th century.

Transdermal drug delivery is the delivery of a compound through the skin and into the blood
stream to treat systemic disorders. Delivering therapeutic agents through the skin enables
drugs to bypass oral first pass enzymatic or chemical degradation in the liver or gastrointestinal
tract. Therefore, transdermal delivery is of interest for drugs with limited oral bioavailability and

short half-lives.
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1.4.2.1 Semisolid emulsions (creams)
An emulsion is a mixture of two immiscible or partially miscible liquids, in which one is
distributed in the form of fine droplets in the other. The most commonly used class of emulsions

is the semisolid emulsions including creams and lotions for dermatological use [1086].

Creams are semisolid emulsion preparations containing one or more drug molecules dispersed
or dissolved in a suitable base. Creams are semisolids possessing a relatively fluid consistency
and formulated as water-in-oil (w/0) or oil-in-water (o/w) emulsions depending on the base
used. Two general classes of bases are utilised in creams, these are water-in-oil emulsion
bases and oil-in-water emulsion bases. The base used in the semisolid formulation is a vehicle
that can impact the effectiveness of the formulation. Creams spread more easily over the skin

than the ointments and they are more cosmetically acceptable.

Water-in-oil (w/o) creams provide some degree of occlusion, possess good emollient
properties, insoluble in water but contain water, and can absorb small quantities of water.
Examples of w/o bases are petrolatum rose water ointment USP (‘cold cream’), hydrous
lanolin, Eucerin®, and Hydrocream®. Whereas o/w creams are easily removed by water, but
they are insoluble in water, nonocclusive, and non-greasy. Examples include hydrophilic
ointment USP, Unibase®, Dermabase®, Pentravan®, and Versatile™. The base is selected
according to several factors including the requirement of occlusion or water washability, the

condition of skin, and the desired extent and rate of absorption [99, 107, 108].

The process of developing new transdermal formulations is time-consuming due to the effort
in choosing the matrix type, the drug loading, and the enhancers with their content, which will
influence the permeation of the drug from the formulation through the skin [109]. Companies
such as Fagron© and Medisca® have developed ‘ready-to-use’ compounding bases that are
designed to suit different skin requirements and compatible with broad range of drugs. These
vehicles are easy to use with simple compounding steps and are designed according to the

latest knowledge of topical vehicle tolerance and safety.

1.4.2.2 Transdermal patches

The first transdermal patch was developed in 1979 and approved by US FDA was Transderm
Scop® (scopolamine) for the treatment of motion sickness. Patches that were developed after
scopolamine were nitroglycerin for angina pectoris, clonidine for hypertension, oestradiol for
hormone replacement therapy for females, fentanyl for pain, nicotine for smoking cessation,

and testosterone for hypogonadism [95, 110].
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Transdermal patches can be formulated in two common systems: liquid/gel reservoir and solid
matrix patches (Figure 1.5). In liquid/gel reservoir, a fluid or a semisolid that contain the drug
is sequestered in a cavity formed between a permeable film and an impermeable backing film.
The permeable membrane separates the reservoir from the adhesive layer. The steps of
manufacturing the reservoir patches (also called form-fill-seal patches) and process of coating-
drying are illustrated in Figure 1.6. The membrane in liquid/gel reservoir systems controls the
release rate of the drug from the patch providing a constant rate of drug release from the
system supporting zero-order kinetics (Figure 1.7). The primary limitation of this system is the
possibility of reservoir rupture and leakage leading to drug toxicity. Another disadvantage of
drug in reservoir system is the requirement of larger patch to achieve the delivery goal. The
potential problems that might arise during the manufacturing process of reservoir patch
include: machine misalignment defect, fold defect, cut into the patch, air bubble defect, and
gel splash defect [95, 111].

Transdermal Product Formulation Development

— Backing

Liquid/gel

Reservoir B _ Liquid/Gel

patch —— Reservoir

Membrane
T~ Adhesive
™~ Release Liner
Solid matric _ Backing
patch

1‘7 Adhesive

- Release Liner

Figure 1.5 Two types of Transdermal patches: liquid/gel reservoir and solid matrix patches.
Obtained from [90].
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(A) Form-filling-sealing process; (B) Coating and drying process. Obtained from [111]
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Figure 1.7 Drug plasma concentration profile after liquid/gel reservoir patch application

The lag-time represent the time taken for a drug to appear in systemic circulation following patch
application. The figure depicts the depletion and removal of the patch as well as the corresponding
profile for repeated oral dosing of the same drug. Css representing steady-state concentration, R
is the dose rate, Cl is the clearance. Figure obtained from [111].
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Because of the leakage problems associated with reservoir patch system, matrix patch
systems were introduced and became the dominant products in the transdermal formulations
market [111]. Matrix patches are more flexible, thinner, more comfortable and adhering, and
the manufacturing is less expensive. A patch that does not contain liquid reservoir is regarded
as matrix patch. In matrix patches, the drug is mixed with a polymeric or viscous adhesive in
the same layer to deliver the drug and to adhere to the skin. Incorporating the drug into a
pressure sensitive adhesive (PSA) provides not only adhesion but also a control on drug
delivery rate [90, 95, 111].

The adhesive in transdermal patches (Figure 1.5) is a primary material that is responsible of
attaching the formulation to the skin. Silicone polymers, acrylic copolymers, and rubber are
three main types of pressure sensitive adhesive (PSA) polymers used often in transdermal
patches. Acrylic PSAs are of low cost and excellent affinity for pharmaceutical compounds [90,
112]. However, a disadvantage is the presence of monomers that are unreacted and can be
toxic. Whereas silicone PSAs offer high drug delivery, low irritation, and low reactivity. On the
other hand, they have low solubility with drugs and their cost is high [90, 112]. Rubber
adhesives demonstrate low cost and are typically chemically inert. The poor affinity of rubber
adhesive for drugs and excipients and their low solvents solubility are key disadvantages [90,
112].

Backing films and release liners serve to protect and contain the transdermal drug formulation
(Figure 1.5). The backing film contains and protects the formulation during the wear period and
throughout the shelf life. The choice of backing material is critical due to its influence on the
adhesion, delivery profile, appearance of the patch, and wearability. Some backings are
laminates of several materials (e.g., ethylene vinyl acetate, polyethylene, positron emission
tomography) which provide the desired properties [113, 114]. These materials must hinder
unwanted absorption of the drug or other excipients. The backing film controls moisture
evaporation and skin occlusion. The release liner protects the adhesive during storage. It must
provide consistent and steady release from the adhesive throughout the shelf life of the product

without interacting with the other components of the patch [113, 114].

1.4.2.3 Transdermal formulations in CNS disorders

Transdermal drug delivery for CNS indicated therapeutics offers the benefit of sustained drug
release, reduce dosage frequency, improve patient’s compliance and the possibility of reduced
CNS side effects. Currently, a few CNS indicated transdermal formulations are available. A
selegiline patch is available commercially (Emsam®) for the treatment of depression [115].

The bioavailability obtained from the selegiline transdermal system was compared to single
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oral dose [116], with a significantly higher bioavailability with transdermal delivery, 73 %,
compared to oral delivery, 4 %, suggesting that the transdermal system was able to reduce

first-pass metabolism and provide sustained release pharmacokinetics [116].

Transdermal patch systems using matrix patches for CNS disorders are also commercially
available with rotigotine (for restless legs syndrome and Parkinson's disease), rivastigmine (for
Alzheimer's disease and Parkinson's disease dementia), capsaicin (for neuropathic pain
associated with postherpetic neuralgia in nondiabetic adults), and lidocaine (for chronic pain

from postherpetic neuralgia) [117].

1.5 Pharmacokinetic approaches to optimising clinical outcomes in CNS disorders:
pharmacokinetic modelling and therapeutic drug monitoring

Clinical pharmacokinetics and therapeutic drug monitoring (TDM) are necessary tools to
understand approaches to optimise clinical outcomes through rational therapeutic
interventions. Clinical pharmacokinetics and TDM are of particular importance in neurologic
and psychiatric disorders. Antipsychotics have variabilities in first-pass effect, absorption, and
volume of distribution between different individuals and some antipsychotics have long
elimination half-lives. TDM provides a treatment guidance framework to support medicines
optimisation, through highlighting the necessity for personalised and individualised treatment
regimens for patients, particularly special populations including pregnant women and
paediatrics. Psychoactive agents such as SSRIs, antiepileptics, benzodiazepines, tricyclic
antidepressants, antimigraine drugs, antipsychotic drugs, psychostimulants, and opioid
analgesics are heterogeneous groups of drugs that are subject to interindividual variability
which emphasis the requirement of individualised TDM. To this end, TDM could improve the
management of DDIs, overdose, adherence, tolerability, genetic variabilities, and

subsequently improve clinical response [118-121].

Key to current TDM approaches is the application of pharmacokinetic analysis to both assess
the drug plasma concentrations in the context of a therapeutic range, and to support dose

titrations with prior knowledge of the pharmacokinetic properties of drugs.

1.5.1 Basic principles of pharmacokinetics

Pharmacokinetics is the field of pharmacology which studies movement of drug molecules in
the body. This involves the processes of drug absorption, distribution, metabolism and

elimination [122, 123].

1.5.1.1 Absorption
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Absorption is the process of transferring drug molecules from the administration site to the
systemic circulation. For a drug to be absorbed after administering it as a solid formulation by
oral route, disintegration and dissolution processes in the gastrointestinal fluid are required
[124]. The dissolution rate is impacted by its water solubility, manufacturing processes, particle
size, and the formulation excipients. Arthur Noyes and Willis Rodney Whitney [125] described
the influence of the formulation and drug-specific properties on the rate of in-vitro drug

dissolution in equation 2.
dac
S =k (C—=0) (2)

where Cs is solubility concentration, C is the drug concentration in bulk media and k is the drug

dissolution rate constant.

For a drug to be absorbed after dissolution, there is a requirement to permeate into the
gastrointestinal epithelial enterocytes lining. The absorption through this barrier occurs by
passive diffusion or active transport (carrier-mediated transport) as illustrated in Figure 1.8
[126, 127].

Passive transport involves drug molecules diffusing across the epithelial lining from an area of
high concentration to an area of lower concentration until equilibrium is attained. Passive
diffusion in the gastrointestinal tract could be by transcellular route (for lipophilic molecules) or
paracellular route (for hydrophilic molecules). The transcellular routes involve the permeation
of drug molecules through the enterocytes, while the paracellular route is the passage of drug
molecules through aqueous pores in the membrane (between the enterocytes) (Figure 1.8).
Passive diffusion of drug molecules is affected by gastric pH and the degree of drug ionisation
in which unionised molecules, that possess higher lipid solubility, diffuse more easier than
ionised molecules. For active transport, drug molecules require energy (liberated from the
hydrolysis of ATP) to travel across the membrane barrier against the concentration gradient

with the help of drug transporter proteins located in the membrane.
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Figure 1.8 Modes of drug transport across the epithelial lining including the passive transport
and active transport.

Circles represent transcellular diffusion of molecules through the enterocytes, squares represent
paracellular diffusion through aqueous channel (between enterocytes), and triangles represent the
active transport of a drug through membrane carrier proteins.

1.5.1.2 Distribution

Following absorption, drug molecules distribute across tissues through diffusion out of the
systemic circulation. However, hindrances to this process can occur with binding to plasma
proteins, such as human serum albumin (HSA) and alpha-1 acidic glycoprotein (AAG) [128,
129]. The capability of a drug to distribute into a specific tissue or organ depends on the extent
of perfusion to the tissue. The liver, brain, and kidneys are rapidly perfused organs that receive
a high supply of drugs that are carried in plasma, while adipose tissues and skeleto-muscular
system are slowly perfused tissues that receive limited amounts of drugs and could result in

delayed clinical response [128, 129].

The partitioning of drugs into tissues depends on the composition of tissue. Hydrophilic drugs
are partitioned into high water organs and tissues, such as the muscles, while lipophilic drugs
partition into the fat rich organs including liver, adipose, kidney, and brain [128, 129]. The
distribution of a drug into its target site is also dependant on the binding capability of drug into
plasma proteins. The drug must be in its unbound state to distribute in the circulation and elicit

a clinical response, while protein bound drugs will not produce clinical effects [128, 129].

1.5.1.3 Metabolism
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The metabolism of the drug is the alteration of drug’s chemical structure to produce easily
eliminated molecules following enzymatic processes occurring primarily in the liver. Hepatic
drug metabolism is usually mediated by Cytochrome P450 (CYP) enzymes or by non-CYP
enzyme pathways, and it usually occurs in two phases, Phase-l and Phase-Il metabolism [130-
133].

Phase-I metabolism occurs through CYP enzymes to obtain intermediate metabolites which
will further be conjugated by Phase-ll metabolism. CYP enzymes are located in the
endoplasmic reticulum or the mitochondria and at least 57 functional CYPs genes have been
identified and classified [134]. CYP1, CYP2, and CYP3 subfamilies are responsible for the
metabolism of approximately 75 % of drugs and xenobiotics [134]. Of all the characterised
human CYPs, the CYP3A4 is most abundant and has the greatest number of drug substrates,

inhibitors and inducers when compared to the other CYP enzymes [134].

Phase-ll is the process of conjugating the products of Phase-l metabolism through
glucuronidation, acetylation, sulphation, methylation, and glutathione and Acyl Co-enzyme A
conjugation. Phase-ll enzymes include Uridine 5-diphospho-glucuronosyltransferase (UGT),
Sulphotransferases (SULTS), N-Acetyl transferases (NATSs), glutathione S-transferase (GST),
and methyl transferase [131, 133, 135, 136].

1.5.1.4 Excretion

Excretion is the process of removing the products of metabolism irreversibly from the body by
the kidneys, as the primary route, or by biliary excretion. The process of drug excretion through
the kidneys includes glomerular filtration, tubular secretion, and tubular reabsorption.

Tubular secretion, mainly at the proximal tubules, is the active transfer of materials to the renal
tubular lumen from the peritubular capillaries through protein transporters. These protein
transporters include the organic anionic transporters (OAT), the organic cationic transporters
(OCT), and the multi-drug resistance-associated proteins (MRPs). Tubular secretion of drug
compounds can be influenced by renal blood flow, plasma binding, and intrinsic clearance
[137, 138].

Tubular reabsorption is the passive process of transporting drugs from the kidney back into
the systemic circulation and it mainly occurs at the proximal tubules. Large, ionised, or
hydrophilic molecules are not expected to undergo tubular reabsorption. Urine flow rate can
affect the reabsorption of molecules in which the higher the urine flow rate the lower is the

reabsorption due to the reduced concentration gradient and contact time [138].

1.5.2 Pharmacokinetic parameters used in TDM
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Applying TDM to optimise clinical outcomes requires consideration of key pharmacokinetic
parameters obtained from plasma drug concentration versus time profiles. These include the
clearance (CL), volume of distribution (Vd), half-life (t:-), area under the curve (AUC), and
bioavailability (F) [139].

Clearance is the process of drug elimination from the body, and it reflects the volume of body
fluid from which the drug is excreted per unit time [139, 140]. The liver and kidneys are the
main drug clearance sites, but other sites could also contribute such as sweat and saliva. The
total clearance (CLr) of a drug is the sum of the clearances from all organs where the
elimination of a drug occurs, including blood clearance (CL») and plasma clearance (CLy)
(Equation 3).

CLy = CLy + CLy + CLogher (3)

The volume of distribution (Vd) is referred to the apparent volume in which the drug is present
to provide a particular concentration (C). Drugs distribute differently according to their
properties, i.e, lipophilic drugs distribute to adipose tissues, while hydrophilic drugs distribute
into the water fractions of organs and tissue. A factor that can affect the Vd of a drug is its
binding capacity to blood (erythrocytes), plasma proteins, and tissues, resulting in low volumes
of distribution. The volume of distribution may be expressed with respect to the administered
dose and the expected blood/plasma concentration (C) [139, 140] (Equation 4)

(4)

Dose
c

Vd =

The half-life (t12) represents the duration of time for the plasma concentration of a drug to be
reduced by 50 %. The half-life depends on the clearance and the volume of distribution of a
drug, therefore, any alterations in protein binding may impact both the CL and Vd, and

consequently will influence the half-life of a drug (Equation 5).

vd
tij2 = (0.693) . = (5)

The AUC measures the systemic drug exposure following administration through any route.
AUC can be determined using the trapezoidal rule in the calculation of the area under the curve
of drug concentration-time profile. For an oral dose, the AUC can be estimated with respect to

the dose and the total clearance (Equation 6):

AUCprq = DO%(:M (6)
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Bioavailability (F) represents the fraction of the administered dose that reach the systemic
circulation. For intravenous administration, F=1 since the drug reaches the systemic circulation
immediately. For oral administration routes, the bioavailability is usually less than 1, due to the
potential first pass effect, chemical degradation by pH changes along the gastrointestinal tract,
the potential secretion by of efflux proteins, or metabolism due to the influence of drug

metabolism enzymes [139, 140] (Equation 7)

AUCorqi
AUCyy

F= (7)

To determine such pharmacokinetic parameters, approaches such as empirical or

compartmental modelling are used, through the application of pharmacokinetic models.

1.5.3 Empirical pharmacokinetics modelling
Empirical pharmacokinetics requires the presence of existing clinical data (plasma
concentrations) to determine pharmacokinetic metrics. Empirical pharmacokinetic modelling

utilises two approaches termed compartmental and non-compartmental modelling [141, 142].

1.5.3.1 Compartmental modelling

Compartmental modelling incorporates pharmacokinetics concepts including absorption,
distribution, metabolism, and elimination into logical mathematical terms. This enables the
modelling of complex physiological activities by considering the body as one or more
compartments which will allow the prediction of drugs’ pharmacokinetics and illustrate the
parameter of that system. Parameters including volume of distribution, area under the curve
(AUC), half-life, and elimination rates could be determined with compartmental modelling [143].
A compartment is considered as a unit or a box that represent multiple tissues having the same
rate of drug distribution [144]. The assumption is that the compartments does not represent

any specific tissue and the drug concentration is homogenous in the compartment.

1.5.3.2 Non-compartmental analysis (NCA)

Non-compartmental analysis (NCA) is model-independent approach and an empirical method
relying on a collection of individuals clinical data [145]. Because there is no compartment that
needs to be assumed to fit the drug pharmacokinetics profile, NCA requires less restrictive
assumptions to conduct the modelling method when compared to compartmental analysis
[146]. Model development process in NCA is more manageable and straightforward for
modellers with less experience. When opposed to compartmental modelling, NCA requires

fewer plasma samples and sampling time may not be as crucial. NCA is used to calculate
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important parameters including mean residence time (MRT), mean absorption time (MAT), and
the area under the first instant of the systemic drug concentration curve (AUMC). NCA results
are usually a generalisation of a compartmental analysis, but they are nevertheless valuable
for providing a broad picture extrapolation of a drug's pharmacokinetics profile, especially when

it is still in early stage of development [143].

1.5.4 Physiologically based pharmacokinetic (PBPK) modelling

Physiologically based pharmacokinetic (PBPK) modelling is a mechanistic approach that,
unlike the empirical approaches, does not depend on clinical and preclinical data to extrapolate
the drug to predict its pharmacokinetic parameters [147-149]. Physiologically based
pharmacokinetic (PBPK) modelling has proceeded as a promising approach to overcome drug
development challenges [150, 151]. PBPK is a system biology approach that uses a
mechanistic method to predict and estimate drug’s pharmacokinetics using physiological and
biological mechanisms of species [152]. To describe the best estimates of drug’s
pharmacokinetics in the body, PBPK use both mathematical models and drug specific
properties including the metabolic, physicochemical, and pharmacogenomic data achieved by
preclinical or in-vitro pharmaceutical experiments and species-specific physiological,

anatomical and pathophysiological parameters [152].

In PBPK modelling, compartments reflect different body organs (Figure 1.9), and the body
processes that affects drug concentrations are modelled in mathematical expressions that aid
in quantifying drug disposition in a particular organ or tissue [150-152]. With PBPK, the
physiology of the organs involved in drug’s pharmacokinetics is also modelled. For example,
with the administration of an oral drug, several factors that affects the release of drug from its
delivery system into the systemic circulation should be considered such as gastric emptying,
regional variations of drug, intestinal pH and geometry, metabolising enzymes, and transporter
proteins across the small intestine [152]. Other pharmacokinetics processes are also modelled
including tissue partitioning, drug permeability, absorption, metabolism, and clearance, due to

the potential impact on drug disposition [150-152].

Several factors could influence the variability of drug’s pharmacokinetics, these include
demographics (sex, gender, body surface area, ethnicity, and body weight), genetic
phenotypes (polymorphism), drug-drug interactions (DDI), environmental factors (diet and
smoking), and physiologic factors (pregnancy, hepatic and renal impairment or other disease
states) [153, 154]. Clinical trials often recruit individuals with normal biochemical and
physiological body composition, while recruiting special populations such as pregnant women,

paediatrics, patients with renal and liver diseases, and geriatrics, is still challenging. This
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resulted in poorly made clinical decisions regarding drug doses due to the lack of enough

clinical pharmacokinetics studies on these special populations.

PBPK modelling is a unique and powerful tool due to the incorporation of biochemical and
physiological differences between populations, thus, describe drug’s pharmacokinetic
parameters that are population specific where there is limited clinical data available [155].
PBPK allows better understanding of differences in pharmacokinetics parameters during the
gestation period with understanding the physiological changes in each trimester that could
influence drug exposure suggesting dose adjustments. Also, PBPK could be used for
paediatrics and geriatrics to understand physiological and anatomical changes which could

influence drug pharmacokinetic parameters at different scenarios.
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Figure 1.9 Schematic diagram of PBPK models.
Obtained from [156]

1.5.4.1 Software based PBPK modelling approaches

Because of the advancement of technology in pharmacokinetic modelling, PBPK models are
currently constructed into computer software programs to enhance the capacity of predictability
of the models. This approach in predicting pharmacokinetics parameters using a software is
called in silico PBPK modelling. In silico PBPK modelling is beneficial in addressing drug
development challenges such as cost at preclinical stages when clinical data are not available

by predicting the potentially unsafe drugs and exclude them at early drug development stages.
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A primary example of such tools is the Simcyp® Simulator (https://www.certara.com/), which

is a population-based simulator that provides virtual trial simulation systems and includes
genomic, physiologic, and demographic genomic databases with algorithms accounting for the
variability of patients. The behaviour of drug in virtual patient populations can be predicted
allowing the identification of individuals with extreme risk. Simcyp® allows linking in-vitro data
of drug to in-vivo pharmacokinetic/pharmacodynamic profiles and in-vivo drug absorption,
distribution, metabolism, excretion. This is beneficial when conducted prior to human studies
to explore the potential complexities and to support drug development decision making. With
Simcyp®, researchers can save time and money, drug labels could be optimised, and patients’
risk decrease. Additional features are proposed by this software program including the
simulation for virtual specific populations (paediatrics, obese, pregnant women, renal and liver
impairments, and others), complex pharmacokinetic simulations involving metabolite profile,

simulating drug-drug interactions, and clearance prediction models [157].

1.5.4.2 Application of PBPK modelling in medicines optimisation

Conner et al. 2018, addressed and evaluated the drug-drug interactions of the common
antiepileptic drug valproic acid (VPA) by developing PBPK models for adults and children. This
study adds UGT enzyme kinetics and an advanced ADAM model for extended release (XR)
formulation of valproic acid to existing physiologically based pharmacokinetic (PBPK) models
for VPA. The model was successfully validated with observed data with and without DDlIs [158].
Also, the same group developed a lamotrigine PBPK model for IR and ER formulations which
accurately predicted DDIs and lamotrigine IR/XR disposition in adults and children [159]. The
authors suggested that their developed models can be used to improve the efficacy and safety

of valproic acid and lamotrigine at different unexplored case scenarios [158, 159].

Furthermore, examples of PBPK modelling for CNS therapeutics was examined in a study by
Huang et al., 2017, in the development of a model for atomoxetine, which is used for attention
deficit hyperactivity disorder (ADHD). Their developed models demonstrated successful
validation and predictions which suggested that their models can be extrapolated to different

DDls, ethnicities, and paediatrics at different scenarios for atomoxetine [160].

Badhan et al. 2019 [161] used software-based PBPK modelling to explore DDI and the need
of dose optimisation of methadone when used concurrently with rifampicin. The model
predicted the need of methadone dose increase to maintain the plasma concentrations within
the therapeutic window when administered with rifampicin, also, their prediction demonstrated
that during rifampicin cessation, a dose reduction of 10 mg every 2 days prior to rifampicin

cessation was required to maintain methadone therapeutic levels [161]. PBPK in this study

A.K. AlMurjan, PhD Thesis, Aston University 2021. 44


https://www.certara.com/

aims to reduce the risk of illicit drug use and suboptimal therapy in patients taking methadone

for the management of opioid use disorder concurrently with rifampicin.

Kneller et al. 2019 explored the pharmacokinetics of aripiprazole with investigating CYP2D6
phenotypes using PBPK, their predictions suggested that only poor metabolisers require dose

adjustments [162].

In addition, several studies conducted over the last decade have shown the importance of
PBPK in improving clinical outcomes in special population groups such as pregnancy,
paediatrics, renal patients, and the elderly. Polasek et al. (2013) conducted PBPK modelling
on elderly and predicted a reduced metabolic clearance with four drugs that showed good
model predictability [163]. PBPK modelling was successful in predicting altered plasma
concentrations of 7 drugs in diabetic patients and another study demonstrated the usefulness
of PBPK in predicting the observed plasma profiles of 151 drugs in chronic kidney disease
patients [164, 165].

Mendes et al (2015) [166] predicted the systemic exposure of antiretroviral (ARV) drugs using
PBPK modelling, and their model was successful in the optimisation of ARV drugs in pregnant
women. Further, Algahtani et al (2015) [167] developed a PBPK model that predicted the
pharmacokinetics of indomethacin in pregnant women (second trimester) adequately. Walsh
et al (2016) [168] demonstrated the importance of PBPK simulations in managing actinomycin

D dosing in young patients as their model gave good actinomycin D predictions.

Jogiraju et al. (2017) utilised PBPK modelling by Simcyp® simulator to explore the influence
of pregnancy on the pharmacokinetics of 3 drugs (metformin, tacrolimus, oseltamivir). The
model successfully predicted the changes observed in Cnax and AUC in each trimester when
compared to post-partum. Simcyp® model outputs were useful in corelating the results with
pregnancy-induced alteration in hepatic CYP3A4 activity (tacrolimus), renal blood flow

(metformin, oseltamivir), and reduced plasma protein levels (tacrolimus) [169].

Zhou et al. (2019) illustrated the importance of PBPK modelling in exploring ceftazidime
exposure in renal impairment patients. They demonstrated the alterations noticed in
pharmacokinetics parameters of ceftazidime when comparing renal patients and healthy
volunteers which include the increase in mean plasma AUC values with increasing the severity

of renal impairment [170].
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Zakaria et al. (2018) explored the pharmacokinetics of clopidogrel in Malaysian population
groups and illustrated the impact of inter-ethnic variability on the attainment of the target
plasma concentration of clopi-H4, which is the active metabolite of clopidogrel. This was
explored under the effect of different CYP2C19 polymorphisms through PBPK modelling. A
significant difference was illustrated in the Cmax of clopi-H4 when comparing extensive
metabolisers (EM) and poor metabolisers (PM) phenotypes with the tested population groups.
A partial recovery of the Cmax of PMs was attained by suggesting a high-dose strategy using a
high loading dose and followed by a maintenance dose, this resulted in higher PM subjects

reaching the therapeutic minimum target concentration of clopi-H4 [171].

Olafuyi et al. (2017a) developed a paediatric physiologically based pharmacokinetic model to
explore the influence of rifampicin (CYP3A4-inducer) when concomitantly used with
artemether and lumefantrine (AL) for tuberculosis co-infected malaria subjects. The predictions
for 2-5 years old children illustrated that no subjects reached the target day 7 concentration
which necessitates dose adjustments. Olafuyi et al. (2017a), adapted a treatment regimen
which resulted in more than 60 % of subjects reaching the required target concentration [172].
Olafuyi et al. (2017b) applied PBPK modelling to evaluate the impact of antiretroviral-mediated
DDls on piperaquine antimalarial therapy during gestation. They demonstrated the safe use of
piperaquine during pregnancy as the day 7 concentrations were optimal and consistent. Their
model predictions also highlighted that the pharmacokinetics of piperaquine was significantly

altered with antiretroviral-mediated DDIs during pregnancy [173].

1.5.4.3 Translational pharmacokinetics

As highlighted in the previous section, PBPK modelling has had a considerable impact on
academic, regulatory, and clinical decisions throughout the last decade. The US FDA have
utilised modelling and simulation strategies to address questions regarding drug development,

regulatory and therapeutic issues [174].

Drug-drug interactions of guanfacine with moderate CYP3A4 inhibitors or inducers were
predicted by employing PBPK modelling using Simcyp® to optimise dosing strategies in
adolescents and children. The dosing recommendations for guanfacine based on these
predictions were FDA approved without the requirement of conducting further clinical studies
[175].

Another example of regulatory and clinical impact of PBPK modelling is the evaluation of
quetiapine systemic exposure in adults, children, and adolescents after administration of

immediate release (IR) and extended release (XR) formulations. Simcyp® was used to
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compare the two formulations and the model prediction indicated that children and adolescents
would receive equivalent exposures if the XR formulation was given once daily, or the IR
formulation was given twice daily at similar total doses per day. This was a high-impact
application of paediatric PBPK modelling in that the requirement of clinical study was avoided

and Quetiapine XR® was approved for paediatric labelling [176].

The exposure of deflazacort in children and adolescents was evaluated using PBPK modelling
with the simulation of DDIs. Dosage recommendations were provided in the presence of
moderate to severe CYP3A4 inducers and inhibitors and have been accepted as supporting

evidence for the deflazacort label's proposed dosing recommendations [177].

In 'high-impact' scenarios, model-informed biosimulation through the application of PBPK
modelling in virtual clinical trials predicts the dose that is most likely to optimise efficacy and/or
minimise toxicity for a given patient based on their unique covariates known to
impact medication response. This is limited to trained healthcare providers and academic
hospitals with strong expertise in clinical pharmacology. Examples include the use of these
models for antibiotics precision dosing in critically ill patients [178], metformin dose suggestion
for renal impairment patients [179], chemotherapy and immunosuppressants in critical
paediatric disorders [180-182].
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1.6 Thesis aims and objectives

The overall aim of this study is to improve the clinical outcomes in CNS (primarily mental
health) disorders through pharmaceutical and pharmacokinetic approaches. The
pharmaceutical approach focuses upon the use of hesperetin, as a potential novel
phytochemical candidate for CNS disorders, utilising transdermal formulations including
creams and patches. Hesperetin was chosen due to its novelty, potential candidate for CNS
disorders, few transdermal studies, and its suitable physiochemical properties for transdermal
delivery. While the pharmacokinetic approach includes the use of PBPK modelling to
demonstrate the application of this technology to support optimising possible clinical outcomes
in the treatment of mental health in pregnant women, using virtual clinical trials to improve
pharmacokinetics profiles of the antidepressants paroxetine and sertraline. Paroxetine and
sertraline are widely prescribed for depression, and they were chosen due to their complex

pharmacokinetic profiles during pregnancy that needs to be addressed

The format and work contained within this thesis is translational in nature, aiming to
demonstrate the importance and potential of considering both pharmaceutical and

pharmacokinetic approaches in optimising clinical outcomes.

To realise those aims, the overall objectives were:

- Chapter 2: To develop hesperetin cream formulation systems using commercially
available compounding pharmaceutical base creams including Vanish-pen™,
Doublebase™, Versatile™, and Pentravan® and to identify the most appropriate
vehicle in terms of drug release with understanding the release kinetics. Furthermore,
to assess the formulations during storage for 10 weeks at temperatures 4 °C and 25
°C using morphological characterisation, organoleptic properties assessment, pH

assessment, in-vitro drug release studies, and kinetics assessment.

- Chapter 3: To develop hesperetin transdermal patch systems using Dow Corning®
BIO-PSA 7-4501 silicone adhesive and Eudragit® E100 with different plasticisers
(polyvinylpyrrolidone 30 (PVP 30), Tween® 20, glycerol, triacetin), and to identify the
most appropriate transdermal patch in terms of visual mechanical properties and
efficient drug release. Moreover, to evaluate the patches during storage for 3 weeks at
temperatures 4 °C and 25 °C using morphological characterisation, visual mechanical
properties assessment, pH assessment, in-vitro drug release studies, and kinetics

assessment.

A.K. AlMurjan, PhD Thesis, Aston University 2021. 48



- Chapter 4: To apply the principles of mechanistic pharmacokinetic modelling and
virtual clinical trials to elucidate the causative effects of the decrease in plasma
paroxetine levels during gestation and to provide a clinically relevant dosing adjustment
strategy that could be implemented to maintain plasma paroxetine levels during

gestation, when taking into consideration the CYP 2D6 phenotype status patients.

- Chapter 5: To apply the principles of PBPK modelling and virtual clinical trials for the
evaluation of the influence of gestation on plasma sertraline levels and to provide a
clinically relevant dosing titration strategy for CYP 2C19 phenotype status during

gestation by maintaining the required sertraline plasma concentration levels.
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Chapter 2

Topical and transdermal delivery of
hesperetin for CNS disorders using
commercial compounding cream

bases
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2.1 Introduction

Flavonoids found in citrus fruits (oranges and grapefruit) are termed citrus flavonoids, and
include hesperetin, naringin, diosmin, rutin, naringenin, and quercetin [183]. Hesperetin has
been studied widely and demonstrated several pharmacological effects including
neuroprotection, anticancer, anti-inflammatory, antioxidant, antidepressant, hypolipidemic,
and anticonvulsant properties [52, 76, 81, 184-187].

It has been suggested that hesperetin can cross the BBB and reach the CNS where it exerts
its neuroprotective properties [76, 185, 187]. The safety, efficacy, and cheap availability of
hesperetin make it a candidate drug for pre-clinical and clinical studies for the management of

neurodegenerative disorders.

In major depressive disorder, the effects of hesperetin in improving depression has been
explored with a range of possible mechanisms [67, 74, 188, 189]. Hesperidin and its aglycone
hesperetin have shown an antidepressant and anxiolytic effects when administered to diabetic
rats which was achieved by activating the nuclear factor erythroid-2-related factor 2
(Nrf2)/antioxidant response element (ARE) pathway in the brain [188, 189]. Nrf2/ARE pathway
is the most important antioxidant pathway to date and is found to be inactivated in prolonged

high glucose condition causing diabetic complications including depression and anxiety [189].

Another study showed that hesperidin and hesperetin exerted antidepressant-like effects in
both chronic and acute treatment in mice [74]. This study suggested that the antidepressant
effects are mediated by increasing BDNF levels in hippocampus and inhibiting I-arginine-NO-
cGMP pathway [74]. In a further study, the antidepressant effect of hesperidin in mice was
studied and highlighted that the pharmacological effects are related to interactions with the

serotonergic 5-HT(1A) receptor [67].

In addition to its CNS-related effects, it was demonstrated that hesperetin can prevent
angiogenesis, induce cancer cells apoptosis, reduce cancer cell proliferation, and suppress
cell migration [190]. Studies have revealed the efficiency of hesperetin against human skin
carcinoma cells [191, 192], carcinoid cancer [193], breast cancer [194, 195], lung cancer [196,

197], prostate cancer [198], and gastric cancer [199].

2.1.1 Physicochemical properties of hesperetin
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Hesperetin has a molecular weight of 302.28 g/mol, logP value of 2.4, and a melting point of
227.5 °C, with 3 hydrogen bond donors and 6 hydrogen bond acceptors [200-202]. It is a
trihydroxyflavanone with three hydroxy groups at the 3’-, 5- and 7-positions with an additional
methoxy substituent at 4’-position (Figure 2.1) [185]. Hesperetin is the aglycone form of
hesperidin and it is absorbed in the small intestine. The majority of hesperetin metabolites are
obtained by the first-pass metabolism of hesperetin in intestinal cells into hesperetin 7-O-
glucuronide and 3'-O-glucuronid, while the remaining metabolites consisted of

sulfoglucuronides [203].

CHa

HO 0
ki OH

Figure 2.1 Chemical structure of hesperetin.
Obtained from [204]

Hesperetin pharmacokinetics have been studied and demonstrated to possess a low oral
bioavailability resulting from the extensive first-pass metabolism, its lipophilic nature, and its
low aqueous solubility, this consequently result in low and often subtherapeutic concentrations
in the systemic circulation following oral administration [185, 193, 205-210]. Given these
limitations to optimal oral bioavailability, the use of transdermal formulation systems for
hesperetin may have the potential to deliver higher plasma concentrations than those obtained

following oral delivery. However, such studies are currently lacking.

2.1.2 Pharmaceutical semisolid emulsions for topical and transdermal drug delivery

An emulsion is a mixture of two immiscible or partially miscible liquids, in which one is
distributed in the form of fine droplets (internal phase), in the other (the external phase) (Figure
2.2). One liquid is nonpolar including oil, lipid, or wax, and the other liquid is polar including
water or aqueous solution. Oil-in-water (o/w) emulsions composed of oil droplets distributed in
water, and water-in-oil (w/0) emulsions include water droplets distributed in oil. The most
commonly used class of emulsions is the semisolid emulsions including creams and lotions for

dermatological use [106].
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Figure 2.2 The representation of emulsions showing the oil-in-water emulsion (left) and the
water-in-oil emulsion (right) with the shaded area representing oil.

Obtained from [106]

2.1.2.1 Composition of pharmaceutical emulsions

Pharmaceutical emulsions are composed of an oil phase, water phase, emulsifiers, and other
excipients such as preservatives, antioxidants and humectants. The choice of the components
and type of emulsion depends on the administration route, desired physical properties, the

solubility of drugs, the desired rheological properties, clinical use, and therapeutic response.

2.1.2.1.1 Oils and emulsifiers
Hydrocarbons-based oils are widely used for emulsions applied externally such as liquid

paraffin, benzyl benzoate, turpentine oil, and various silicone oils [211].

Emulsifiers are necessary for controlling the stability of emulsions during shelf life. Without
emulsifiers, emulsions will be thermodynamically unstable and will tend to crack by separating
the two phases of oil and water through coalescence. Combinations of emulsifying agents are
usually used in practice instead of single agents due to the enhanced stability by multiple
agents. Emulsifiers control stability by the formation of a barrier at the droplet interface, which
is called an interfacial film, or in the external phase as a rheological barrier. These barriers are
responsible of preventing the coalescence of the dispersed droplets, hence, the enhanced
stability. There are two general groups of emulsifiers: (i) synthetic or semisynthetic surfactants
and polymers (including anionic, cationic, non-ionic, polymeric, fatty amphiphiles) and (ii)

agents from natural origin [106, 211] (Table 2.1).

Table 2.1 Classes of emulsifying agents for topical administration.

Class Example Emulsion type
Sodium lauryl sulfate o/w

Anionic
Sodium stearate o/w
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Calcium oleate w/o
Cationic Cetrimide o/w

Polyethylene glycol 40 stearate o/w
Non-ionic

Sorbitan monooleate (Span 80) w/o
Polymeric Poloxomers (Pluronic F-68) o/w

Cetostearyl alcohol o/w

Commercial cetyl alcohol o/w
Fatty i

Commercial stearyl alcohol o/w
amphiphiles

Triple-pressed stearic acid o/w

Glyceryl monostearate o/w

Sterols (wool fat, choleserol and its esters) w/o
Natural origin

Bentonite o/w, w/o

2.1.2.1.2 Preservatives

The aqueous phase in o/w emulsions are strongly susceptible to contamination by the growth
of fungi and bacteria. This contamination could potentially be a health hazard and affect the
physiochemical characteristics of the emulsions including pH, colour, or odour changes in
addition to phase separation.

w/o emulsions are less prone to contamination due to the enclosure and protection of aqueous
phase by the oil phase. Phenoxyethanol, p-hydroxybenzoates, and benzoic acid are commonly

used preservatives in topical emulsions [106].

2.1.2.1.3 Antioxidants and humectants

Antioxidants in emulsions are important to prevent oxidative reactions of the components
which could cause changes in physical properties. Commonly used antioxidants in
pharmaceutical emulsions are butylated hydroxyanisole, butylated hydroxytoluene, the alkyl
gallates, and a-tocopherol. Humectants are commonly added to dermatological emulsions to
reduce water evaporation during use and storage. Glycerol, propylene glycol, and sorbitol at

low concentrations are commonly used humectants [106].

2.1.2.2 Oil-in-water creams

The type of creams that are mostly used pharmaceutically and cosmetically are generally the
o/w semisolid emulsions (o/w creams). The structuring and stability of the continuous phase
in o/w creams is enabled by either the addition of rheological modifiers including polymeric
materials, or, by forming lamellar gel network phases (a-crystalline gel network phase) through
the interactions of various emulsifiers and water. In the preparation of o/w creams, soluble fatty

amphiphiles mixed with water-soluble surfactants are commonly used (Table 2.2). o/w creams
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consist of four phases, a dispersed oil phase stabilised by interfacial film, a-crystalline gel
phase consist of bilayers of surfactant and alcohol separated by interlamellar fixed water
layers, a-crystalline hydrates, and the continuous water phase (Figure 2.3). These multiple

phases ensure the immobility of oil droplets and prevent flocculation and coalescence [106].

Interlamellar water

Bulk water

2
Qil droplet =

)
N4

Surface of
oil droplet

Crystalline
hydrate

Gel network phase

= ionic surfactant
» = fatty amphiphile

Figure 2.3 The illustration of the complex nature of o/w cream system and it structured gel
network phase that ensures the immobility of oil droplets.

Obtained from [106]

2.1.2.3 Compounding pharmaceutical bases

Compounding vehicles that are ‘ready-to-use’ are developed and designed to suit different skin
requirements and compatible with broad range of drugs. These vehicles are easy to use with
simple compounding steps and are designed according to the latest knowledge of topical
vehicle tolerance and safety. A wide range of pharmaceutical base creams are available for
compounding (Table 2.2). Studies have explored the capability of some vehicles to deliver
drugs through the skin. The o/w base creams mentioned below are vehicles for both

hydrophilic and hydrophobic drugs due to their composition which is oil and water.

Table 2.2 The appearance and description of the evaluated pharmaceutical base creams.

Pharmaceutical Appearance Description Notes

Base

formulations

Vanish-pen™ Off-white o/w - Vehicle for - PH5-6

cream base by cream hydrophilic and - Stable at40°C

Medisca® [212]

lipophilic drugs.

- Pluronic lecithin
organogel (PLO) -
based.

Stable in the presence
of both salt and base
forms of active agents.
Penetrating
capabilities not
available.
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PLO transdermal
cream by
Medisca® [212]

Off-white o/w
cream

Vehicle for
hydrophilic and
lipophilic drugs.
PLO-based.
Slightly sticky.

Good penetrating
capabilities
extrapolated based on
In-vitro skin
penetration of

Progesterone
VersaPro™ gel Clear to slightly Vehicle for Proven target site
base by hazy. Viscous hydrophilic and delivery with
Medisca® [213] gel. lipophilic drugs. Diclofenac Sodium
Quick drying, non-
greasy.
VersaPro™ White, shiny, Vehicle for Excellent penetrating
cream base by elegant o/w hydrophilic and capabilities
Medisca® [212] cream lipophilic drugs. extrapolated based on
Non-greasy. In-vitro skin
Hypoallergenic. penetration of
Progesterone
PenDerm™ White o/w Vehicle for Excellent penetrating
cream by cream hydrophilic and capabilities
Medisca® [212] lipophilic drugs. extrapolated based on

In-vitro skin
penetration of
Progesterone

Doublebase™ gel
by Dermal® [214,
215]

White opaque
hydrating gel

Hydrating gel.

high protective and
moisturising
properties containing
high amount of
emollient oils and
glycerol.

Aids in treating
chapped or dry skin
conditions such as
psoriasis, eczema,
ichthyosis or elderly
dry skin.

The active ingredients
are liquid paraffin and
isopropyl myristate.
Other ingredients:
glycerol, carbomer,
sorbitan laurate,
trolamine,
phenoxyethanol,
purified water

No freezing

No storage above
25°C

Versatile™ cream
base gel by
Fagron®© [108].

Shiny, white to
off-white o/w
cream

Hydrophilic vanishing
base cream with
excellent hydration
effect.

Its consistency is
retained with high
concentrations and
broad range of APls,
solvents, and

PH of 3.5-5.5

Store below 25°C
The ingredients are
purified water,
emollient, O/W
emulsifiers, lubricant,
vitamin E, pro-
liposome, silicone,
chelating agent, and

dermaceutical preservatives.
ingredients. Free of any harmful
and controversial
ingredients.
Pentravan® Yellow o/w Great extent and rate pH of 4-5.5.
cream base by emulsion of absorption of the Liposomal matrix with

Fagron®© [107].

API.

Compatible with a
broad range of APls.
Non-greasy.

penetration enhancing
ingredients.
Fragrance free.
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Pentravan® was investigated to deliver ketoprofen and testosterone percutaneously and
compared to Pluronic Lecithin Organogel (PLO) [216]. In this study, Pentravan® demonstrated
3.8-fold higher ketoprofen absorption than PLO and 1.7-fold higher testosterone absorption
than PLO [216]. A study by Kirilov et al. (2016) used Pentravan® and low molecular-mass
organic gelator (LMOG) organogel to deliver enrofloxacin but the later provided 3.7 times
higher absorption [217]. Polonini et al. (2014a) performed drug release studies on Pentravan®
formulation containing human sexual steroids which showed high release rates [218]. In
another study by Polonini et al. (2014b) Pentravan® was evaluated to deliver female sexual
steroids (progesterone, estradiol, estriol) transdermally. The results demonstrated that
Pentravan® provided satisfactory permeation rates through human skin and expected to
deliver good efficacy systemically [219]. Two studies used Pentravan® successfully to deliver
enrofloxacin transdermally to reptiles’ skin [220, 221]. Pentravan® and other ready-to-use
transdermal vehicles were compounded with anti-emetic drugs (aprepitant, dexamethasone,
ondansetron) and assessed [109]. Pentravan® was one of the most efficient vehicles tested

to release aprepitant and dexamethasone in terms of quantity [109].

A few studies have utilised Versatile™ as a vehicle to deliver drugs topically and assessed
drugs’ percutaneous permeation [222-224]. The percutaneous absorption of some analgesics
compounded to Versatile™ versus a reference cream was investigated [224]. The study has
shown that Versatile™ formulation had improved characteristics and the authors anticipated
that Versatile™ could provide enhanced transdermal delivery of some of the tested analgesic
medications (ketamine, bupivacaine, diclofenac, gabapentin, orphenadrine, and

pentoxyifylline) compared to the reference cream [224].

The stability of several compounded preparations in Vanish-Pen™ cream base (by Medisca®)
was assessed for 30, 60, and/or 90 days at room temperature and at 4°C showing very
promising vehicle. The potency (content) of the drugs in the vehicle remained around 100%,
this was achieved with progesterone, pentoxifylline, and clonidine reflecting their stability in

Vanish-pen™ when stored at both room temperature and at 4°C for 90 days [225].

Additional studies have assessed other Medisca® bases and demonstrated the stability and
the reserved potency of different drugs including diclofenac (in VersaPro™ gel base) [226],
naproxen (in PLO Gel Mediflo™) [227], estrogens (HRT cream base) [228], and progesterone
(in PLO Transdermal Cream™ and HRT Cream™ Base) [229]. A study illustrated the
effectiveness of diclofenac gel (using PLO Mediflo 30 gel base by Medisca®) in reducing the
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pain in participants with chronic Achilles tendinopathy (CAT) [230]. Studies conducted by Dow
Pharmaceuticals for Medisca® showed the good-to-excellent penetrating capabilities of most
Medisca® cream bases extrapolated based on in-vitro skin penetration of progesterone, these
bases include VersaPro™ Cream Base, HRT Cream Base, Transdermal Pain Base,

PenDerm™ Cream Base, PLO Transdermal Cream, and Mediderm™ Cream Base [212].

Doublebase™ cream has been used previously to deliver 10 % gabapentin but it did not
facilitate skin permeation [222]. No further studies were found on the skin delivery of drugs

using Doublebase™.

The o/w base creams mentioned above are vehicles for delivering both hydrophilic and
hydrophobic drugs and they are compatible with broad range of drugs due to their composition
which is oil and water, thus, they were used in this study to be compounded with the flavonoid
hesperetin. In addition, o/w creams are the most commonly used pharmaceutically and they
are more accepted by patients due to easy handling and the non-greasy texture, unlike w/o

creams.

2.2 Aims and Objectives

The aims of this study are to incorporate hesperetin into pharmaceutical base creams and to
identify the most appropriate vehicle in terms of solubility, stability, and release kinetics. In this
present study, a range of pharmaceutical base creams were evaluated for the delivery of
hesperetin. The evaluated vehicles were Vanish-Pen™ base cream by Medisca®, PLO
transdermal cream by Medisca®, VersaPro™ gel base by Medisca®, VersaPro™ cream base
by Medisca®, PenDerm™ cream by Medisca®, Doublebase™ gel by Dermal®, Versatile™ by

Fagron®©, and Pentravan® by Fagron®©.

To achieve the aims, the overall objectives were:

- Validation of a HPLC method for the detection of hesperetin in terms of specificity,
linearity, accuracy, precision-repeatability, limit of detection, and limit of quantitation.

- Determine homogeneity of hesperetin in the chosen vehicles and explore the
requirement of solubilising hesperetin in a solvent carrier.

- Develop hesperetin cream formulations using commercial compounding vehicles.

- Conduct storage studies on the developed formulations stored at both 4°C and 25°C
for 10 weeks by morphology characterisation, organoleptic properties assessment, pH

investigation, and drug in-vitro release studies with kinetic assessment.
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2.3 Materials

Hesperetin (Cayman Chemical Company, USA), phosphate buffered saline (PBS) and acetic
acid (Sigma-Aldrich®, UK); polyethylene glycol 400 (Alfa Aesar, UK); acetonitrile (Fisher
Scientific UK.); Doublebase™ gel (Dermal®, UK); Vanish-pen™ cream base, PLO transdermal
cream, VersaPro™ gel base, VersaPro™ cream base and PenDerm™ cream (Medisca®, UK);
Versatile™ base cream and Pentravan® transdermal base cream (Fagron©, UK). All other

chemicals were obtained from Sigma Aldrich.

2.4 Methods

2.41 High Performance Liquid Chromatography (HPLC) detection method for
hesperetin

An isocratic HPLC method was utilised to detect hesperetin during in-vitro drug release
studies. The method previously developed [231] was optimised successfully to detect
hesperetin. The HPLC system used was Agilent 1200 Series (Waldbronn, Germany) with a
Phenomenex HyperClone C18 LC column of 150 mm x 4.6 mm x 5 ym used for achieving the
chromatographic separation at wavelength 288 nm. The mobile phase comprised of a 55:45
ratio of 0.1 % acetic acid in deionised water to acetonitrile at a flow rate of 1 mL/min at ambient
temperature, and the injection volume was set at 20 yL. The mobile phase was filtered with 70

mm glass microfibre filters (Whatman ®) and sonicated for 15 minutes before use.

2.4.2 HPLC method validation

The method was validated in terms of specificity, linearity, accuracy, precision-repeatability,
limit of detection, and limit of quantitation [232]. Samples were prepared from a hesperetin
stock solution (20 mg/mL) in filtered PBS.

2.4.2.1 Specificity

For specificity, PBS was injected to demonstrate the absence of interference with the peak of
hesperetin.

2.4.2.2 Linearity

The linearity of precision for hesperetin was determined over six prepared concentrations,
0.469, 0.938, 1.875, 3.75, 7.5, 15 ug/mL. At each concentration, three replicates were
prepared individually and analysed by HPLC. The mean (X), standard deviation (SD) and
relative standard deviation (RSD) were calculated for each concentration. The concentration
versus the mean response (peak area) for each concentration was plotted to obtain the

regression equation and the coefficient of determination (r?) [232].

2.4.2.3 Accuracy
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To assess the accuracy of the method, three samples were prepared and analysed over the
range of 50-200 % of the target analyte with three individually prepared replicates for each
concentration. The mean response, SD, and RSD for all samples were calculated. The
theoretical value and assay value were reported using the equation for regression line, and
the percent recovery was calculated for all concentrations. The accuracy of the HPLC method
was considered successful when the mean percent recovery of the samples is 100 % * 2 %
[232].

2.4.2.4 Precision and repeatability
To test the precision of the method, ten replicates were made from one prepared sample
solution containing the target concentration, 3.75 ug/mL. The peak area, retention time, and

peak height for each replicate were recorded and the mean, SD, and RSD determined.

2.4.2.5 The limit of detection (LOD) and limit of quantification (LOQ)

The limit of detection (LOD) and limit of quantification (LOQ) were obtained through the
standard error (SE) of intercept of the linearity curve (S). The SD of intercept (o) (Equation 9),
LOD (Equation 10) and LOQ (Equation 11) were subsequently calculated [232].

o =SE .\N (9)
LOD =33 () (10)
L0Q =10 (%) (11)

where o is the standard deviation of intercept, SE is the standard error of intercept, N is the

number of samples, and S is the slope of the calibration curve.

2.4.3 Preparation of hesperetin cream formulations

Hesperetin was incorporated directly in the tested pharmaceutical base creams (Vanish-Pen™
base cream by Medisca®, PLO transdermal cream by Medisca®, VersaPro™ gel base by
Medisca®, VersaPro™ cream base by Medisca®, PenDerm™ cream by Medisca®,
Doublebase™ gel by Dermal®, Versatile™ by Fagron©, and Pentravan® by Fagron®) and
mixed manually thoroughly for 10 minutes using a spatula on a marble flat plate. In addition,
hesperetin was dissolved (0.1 % w/w) in different vehicles (acetone, ethanol, and PEG) prior
to combining with the tested bases. O/w bases were utilised due to their non-greasy nature
and water absorption ability, also, preparing w/o emulsions is more difficult than developing
o/w emulsions which can be prepared by simple compounding steps. W/o emulsions are

greasy and less tolerated by patients due to the high oil content.
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The prepared formulations were investigated using a Zeiss Primovert (Zeiss,UK) microscope
to investigate homogeneity and solubility of the drug in the base creams and to explore the
requirement of dissolving hesperetin in a vehicle prior to the incorporation into the creams
[109]. The optimal formulations was determined when a homogeneous and clear mixture was
observed with no insoluble regions of drug [109]. Morphological analysis using optical
microscopy has been used previously to assess the solubility and homogeneity of drugs in

similar formulations [109].

2.4.4 Impact of storage temperature on stability

The selected formulations were stored at both 4°C and 25°C for 10 weeks. pH investigation,
morphology characterisation, organoleptic properties assessment and drug in-vitro release
studies were conducted at weeks 0, 2, 4, 8 and 10. Control studies (for all but the in-vitro

release) were performed by using the selected plain pharmaceutical base creams.

2.4.4.1 pH assessment

The pH of the dermal layer ranges from 4-7.4, therefore, the formulations are expected to
remain within this range for the duration of any stability study [233]. Any change in pH may
reflect changes in the chemical stability, lipophilicity, or solubility of the drug. The pH was
determined by laying a drop of formulation on pH indicator paper (pH 1-14) (Ahlstrom-Munksjo
©).

2.4.4.2 Morphology characterisation and organoleptic properties

To optimise the formulations, morphology characterisation and organoleptic properties
assessment were conducted to detect any changes that might occur during the period storage
which might detect the degradation and instability of the products. The morphology of the
formulations was investigated microscopically to detect any insoluble crystals formation over

a period of 10 weeks.

A successful formulation would have stable clear microscope images during the period of
storage (up to 10 weeks), and visually within the amorphous form (not crystallised) for effective
and safe transdermal delivery [234]. The colour and the visual appearance of the formulations
were also assessed and captured to note any changes with storage which could reflect

instability or potential chemical degradation.

2.4.4.3 In-vitro drug release studies
In-vitro drug release studies were conducted using a Thincert® 12-well plate permeable inserts

with a 0.4 um pore size membrane (Greiner®, UK), representing the barrier function of the skin
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following topical delivery of a formulation [235, 236]. A sample of 0.25 g from each of the
formulations (containing 250 ug hesperetin) was placed into the donor compartment, with 1
mL PBS placed into the receptor compartment (Figure 2.4). The release study was conducted
in an orbital shaker at 100 rpm with the temperature maintained at 37 °C for 24 hours. Samples
of 100 uL were withdrawn at 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 24 hours, and replaced with fresh (pre-
warmed) PBS. The withdrawn samples were filtered through a 0.22 um filter and assessed by
the HPLC analysis.

Formulation

~"T (T

0.4 pm
Dissolution pore size
Media Membrane

Figure 2.4 The presentation of the donor and receptor compartments in the permeable inserts.

2.4.4.4 Kinetic assessment

To analyse the mechanism of drug release from the formulations, data obtained from in-vitro
release profiles were quantified in several kinetic models including zero order, first order,
Higuchi, and Korsmeyer-Peppas (KP) [237-240].

Models were applied and the best fitted model was determined by computing the coefficient of
determination (r?) and Akaike Information Criteria (AIC) values. The AIC measures the quality
of the models for the given data, the lower the AIC value the better the model. The resulting
release profiles from the in-vitro drug release studies were fitted to the release models to
compare the rate of drug release, and to understand the mechanism of drug release from the

formulations.

For zero-order models, the release of the drug is at a constant rate independent of the initial
concentration (Equation 12).
C=C, — Kt (12)

where C is the concentration, C, is the initial concentration, k is the release rate constant and

tis time.
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In first-order model, the drug is released at a constant rate proportional to the amount of drug
available at a time (f) (Equation 13).
C=Coe Xt (13)

where C is the concentration, C, is the initial concentration, K is the release rate constant and

tis time.

Higuchi developed theoretical models to understand the release of water-soluble drugs and
low solubility drugs incorporated into solid and/or semi-solid matrixes [237]. Mathematical
expressions were attained for drug particles dispersed in a uniform matrix that behave as the

diffusion media (Equation 14):

C=CyKnt (14)

where C is the concentration, C, is the initial concentration, K is the release rate constant and

tis time.

Korsmeyer-Peppas (KP) Model is a semi-empirical and simple model that relates the drug

release exponentially to the fractional release of the drug (Equation 15) [238, 239].

Ct _ pn
L= Kt (15)

where C¢/C is fraction of drug released at a time (t), K is the release rate constant and n is the
release exponent. The n-value is the diffusional exponent which is used to indicate the release
for cylindrical shaped matrices, the value of n can be utilised to describe the mechanism of

drug release from the formulations (Table 2.3).

Table 2.3 The diffusional exponent n may be used to characterise the mechanism of release of
drug from the prepared transdermal formulations.

Diffusional

release exponent | Solute transport mechanism | Release controlled by:

(n)
n<0.5 Fickian diffusion Diffusion controlled
Anomalous (Non-Fickian) Diffusion and polymer
0.5<n<1
diffusion relaxation controlled
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1 Case Il transport Zero order release

Erosion controlled

n> 1 Super case |l transport (macromolecular relaxation of

the polymeric chains)

2.4.5 Data and statistical analysis
Unless otherwise stated, all experiments were conducted in triplicate. Data is presented as

mean (standard deviation). Statistical analysis was conducted using paired students t-test with
a statistical significance implied with a probability value of < 0.05.
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2.5 Results
2.5.1 HPLC method validation
A HPLC method for the detection of hesperetin was validated successfully and detailed in the

following sections.

2.5.1.1 Specificity
For specificity, no interfering agents were detected to be overlapping with hesperetin. The
blank (PBS only sample) is with a retention time of 1.4-1.5 minutes (Figure 2.5) and hesperetin

peak at a retention time of around 3.5 minutes (Figure 2.6).

Figure 2.5 PBS only HPLC chromatogram.

PBS was detected with a retention time of 1.484 minutes using reversed phase C18 column and a
mobile phase containing 45:55:0.1 acetonitrile: water: acetic acid at 1 mL/min flow rate.

mAU

80
60
40

20

(=]
>1.452

T T T T T T T T T T T T T T T T T T T T T T v T
0 1 2 3 4 mi

Figure 2.6 Hesperetin HPLC chromatogram.

Hesperetin was detected with a retention time of 3.5 minutes using reversed phase C18 column and a
mobile phase containing 45:55:0.1 acetonitrile: water: acetic acid at 1 mL/min flow rate.
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2.5.1.2 Linearity

A proportional response was shown versus the concentration range analysed with a linear

equation of y = 38.795x + 14.744 and a r? value of 0.997, which satisfies the acceptance
criteria, r* 2 0.997 (Table 2.4) (Figure 2.7).

Table 2.4 The linearity table illustrates the tested concentration of hesperetin providing the

linear equation and r? value.

Peak area [Mean of three

Concentration injections] Peak area
(ng/ml) (mAU) (% RSD)
0.469 20.5485 (0.34) 1.638
0.938 41.66531 (0.39) 0.940
1.875 89.81976 (0.07) 0.077
3.75 177.054 (1.399) 0.790

7.5 318.1477 (1.12) 0.352

15 586.9389 (2.69) 0.458
Regression =y = 38.795x + 14.744 r?=0.997

% RSD: Percentage relative standard deviation.

700

600

500

400

300

Peak Area (mAU¥*s)

200

100 i

Figure 2.7 Calibration curve of hesperetin showing linear response.

Data represent the mean and error bars are the standard deviation, n=3.

y =38.795x + 14.744 i

R2=0.9967

5 10

Concentration (pg/ml)
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2.5.1.3 Accuracy
The accuracy of the HPLC method was successful following a mean percent recovery of 100.5

% (Table 2.5). RSDs for all samples were also within the acceptable range, <1 %.

Table 2.5 Accuracy of the HPLC method for hesperetin using 50-200 % of the target
concentration.

Concentration 1 Concentration 2 Concentration 3
1.875 ug/mL (50 %) | 3.75 pg/mL (100 %) | 7.5 pg/mL (200 %)

Injection 1 (mAU) 89.77 176.06 317.36

Injection 2 (mAU) 89.87 178.04 318.94

Injection 3 (mAU) 89.69 178.23 316.55

Mean peak area (mAU) 89.78 177.45 317.61

sD 0.09 1.2 1.22

RSD (%) 0.1 0.68 0.38

Spiked amount (ug/mL) 1.875 3.75 7.5

Found amount (pg/mL) 1.89 3.77 7.52

Recovery (%) 100.8 100.53 100.27

SD: standard deviation. RSD: relative standard deviation.

2.5.1.4 Precision and repeatability
Ten replicates of 3.75 pug/mL were analysed by HPLC. The RSDs calculated for peak area,
retention time, and peak height were all < 1 % which is acceptable (Table 2.6). This reflected

the precision and repeatability of the method.

2.5.1.5 The limit of detection (LOD) and limit of quantification (LOQ)
The limit of detection (LOD) was determined to be 0.676 ug/mL and limit of quantification (LOQ)
to be 2.05 pg/ml.
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Table 2.6 Ten replicates of the target analyte analysed by HPLC to test the precision of the

method.

Injection No. Peak area (mAU) Retention time (min) | Peak height
Replicate 1 176.06 3.50 18.38
Replicate 2 178.04 3.50 18.53
Replicate 3 178.44 3.50 18.45
Replicate 4 177.12 3.50 18.60
Replicate 5 178.23 3.50 18.29
Replicate 6 176.36 3.50 18.57
Replicate 7 177.76 3.51 18.49
Replicate 8 176.67 3.50 18.31
Replicate 9 178.88 3.50 18.56
Replicate 10 178.15 3.50 18.37
Mean 177.57 3.50 18.45
SD 0.96 0.00 0.11
RSD% 0.54 0.11 0.61

SD: standard deviation. RSD%: Percentage relative standard deviation

2.5.2 Preparation of hesperetin cream formulations

Hesperetin (0.05 % w/w) was dissolved in different carriers (acetone, ethanol, or PEG) before
mixing it with the base creams or directly added by its own to assess the solubility of hesperetin
in the 8 tested base creams and to investigate the need of incorporating a carrier to optimise
solubility [109]. The most promising carrier was PEG 400 as hesperetin dissolved fully and
showed a clear homogenous formulation under optical microscopy (Zeiss Primovert with 10x
objective lens) with no insoluble patches noticed, therefore it was selected. While incorporating
hesperetin powder alone or using acetone or ethanol produced formulations with undissolved
drug patches under the microscope. VersaPro™ gel base was excluded from the study due to

the insolubility of hesperetin in the gel base with all the tested carriers.

2.5.3 Impact of storage temperature on stability

2.5.3.1 pH assessment

The pH of the chosen formulations was assessed at weeks 0, 2, 4, 8, and 10 to ensure that
the formulations are stable and suitable for skin application. The pH of each base cream

formulation did not change during the 10 weeks of storage at 4 °C and 25 °C (Table 2.7).
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Table 2.7 pH of the tested formulations over 10 weeks of storage at 4 °C and 25 °C.

Week Vanish-Pen™ | Doublebase™ | Versatile™ | Pentravan®
0 6 7 4 7
2 6to7 7 4 7
4 6to7 7 4 6.5t07
8 6to7 7 4 6.5t07
10 6to7 7 4 7

2.5.3.2 Morphological characterisation

Changes in the morphology of the formulations may result in changes in drug efficacy and
permeation. The visual morphology of the formulations was investigated microscopically using
a light microscope to assess the possibility of crystallisation of hesperetin in the formulations
over a period of 10 weeks. Hesperetin was fully dissolved and dispersed in Vanish-Pen™
(Figure 2.8), Doublebase™ (Figure 2.9), Versatile™ (Figure 2.10), and Pentravan® (Figure
2.11), during the whole period of 10 weeks and no significant crystallisation detected when
compared to the plain cream bases. The white and dark specks are considered artefacts or
bubbles when compared to control.

Vanish-Pen™ Week 0 Week 2 Week 4 Week 8 Week 10

250

4°C

Control

Figure 2.8 Vanish-Pen™ formulations morphology characterisation under the microscope
during storage period (10 weeks).

Storage at 4 °C and 25 °C. Images captured using Zeiss Primovert microscope with 10x objective
lens. Plain: the storage of Vanish-pen™ plain cream base (no hesperetin) as a baseline of
comparison.
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Doublebase™ Week 0 Week 2 Week 4 Week 8 Week 10

Ne

4°C

Control

Figure 2.9 Doublebase™ formulations morphology characterisation under the microscope
during storage period (10 weeks).

Storage at 4 °C and 25 °C. Images captured using Zeiss Primovert microscope with 10x objective
lens. Plain: the storage of Doublebase™ plain cream base (no hesperetin) as a baseline of
comparison.

Versatile™ Week 0 Week 4 Week 8 Week 10

a .
h .

Control |

Figure 2.10 Versatile™ formulations morphology characterisation under the microscope during
storage period (10 weeks).

Storage at 4 °C and 25 °C. Images captured using Zeiss Primovert microscope with 10x objective
lens. Plain: the storage of Versatile™ plain cream base (no hesperetin) as a baseline of comparison.
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Pentravan® Week 0 Week 4 Week 8 Week 10

25°C

4°C

Control

Figure 2.11 Pentravan® formulations morphology characterisation under the microscope
during storage period (10 weeks).

Storage at 4 °C and 25 °C. Images captured using Zeiss Primovert microscope with 10x objective
lens. Plain: the storage of Pentravan® plain cream base (no hesperetin) as a baseline of comparison.

2.5.3.3 Organoleptic properties
The colour and the visual appearance of the selected formulations were assessed to detect
any discoloration or changes noticed in the creams during the period of storage.

No significant change in the colour or visual appearance of Vanish-Pen™ (Figure 2.12),
Doublebase™ (Figure 2.13), Versatile™ (Figure 2.14), and Pentravan® (Figure 2.15)
formulations during the period of 10 weeks storage at both 4°C and 25°C. The change in colour
noticed in Figure 2.15 in week 10 (25°C) for Pentravan® was due to the influence of lighting

within the laboratory, no visual changes were observed.
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Vanish-Pen® Week O Week 2 Week 10

4°C
Control

25°C
Control |

Figure 2.12 The observation of the organoleptic properties of Vanish-Pen™ formulations under
storage.

The storage period is 10 weeks at 4°C and 25°C. Plain: the storage of Vanish-pen™ plain cream (no
hesperetin) as a baseline of comparison.

Doublebase® WeekO Week 2 Week 10

25°C

4°C
Control

25°C
Control

Figure 2.13 The observation of the organoleptic properties of Doublebase™ formulations under
storage

The storage period is 10 weeks at 4°C and 25°C. Plain: the storage of Doublebase™ plain cream (no
hesperetin) as a baseline of comparison.
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Versatile® Week 2 Week 10

4°C
Control §

25°C
Control

Figure 2.14 The observation of the organoleptic properties of Versatile™ formulations under
storage

The storage period is 10 weeks at 4°C and 25°C. Plain: the storage of Versatile™ plain cream (no
hesperetin) as a baseline of comparison.

Pentravan® Week O Week 2 Week 10

4°C

Figure 2.15 The observation of the organoleptic properties of Pentravan® formulations under
storage

The storage period is 10 weeks at 4°C and 25°C. Plain: the storage of Pentravan® plain cream (no
hesperetin) as a baseline of comparison.
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2.5.3.4 In-vitro drug release studies

The ability of the prepared formulations to release hesperetin was successfully assessed by
in-vitro drug release studies using a permeable insert model. Drug release was assessed on
weeks 2, 4, 8, and 10 for Vanish-pen™ and Doublebase™ creams, and on weeks 4, 8, and 10
for Versatile® and Pentravan® creams. For all creams, release was assessed following

storage at 4°C and 25°C during the stability study period.

The release studies conducted in week 0 was the control release profile of hesperetin. The
Medisca® bases PLO transdermal cream, VersaPro™ cream base, and PenDerm™ cream
base were discarded due to the poor broad peaks by the HPLC. The HPLC method of
hesperetin was not suitable to detect hesperetin released from the above-mentioned bases,

hence, no further studies conducted on these bases.

When comparing the freshly prepared formulations, Pentravan® formulation released the
highest percentage of hesperetin after 24 hours, 12.69 % (0.68 %), but no significant difference
was detected when compared to Vanish-pen™ formulations (12.28 % (0.16 %)).
Doublebase™ and Versatile™ formulations released significantly lower percentages of
hesperetin of 11.35 % (0.26 %) and 4.53 % (0.65 %), respectively, when compared to
Pentravan® (p<0.05) (Figure 2.16).

154 .
@ — Vanish-pen
S . — Doublebase
& 10 — Versatile
S — Pentravan
o
8
w97 /
]
=
X

0 T T T i | T 1

0 1 2 3 4 520 22 24

Time (Hours)

Figure 2.16 In-vitro drug release profiles of the tested base creams at preparation.

Open circles reflect the mean percentage hesperetin release. Error bars represent the standard
deviation. n=3. Data are represented with open circles. *p<0.05, ***p<0.001 representing the
comparison of the % release at 24 hrs of each cream with Pentravan as the control.
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No statistically significant changes were detected in the release profiles of Vanish-pen™
formulations when stored for 10 weeks in 4°C storage condition (Figure 2.17A) (Table 2.8).
Storing the Vanish-pen™ formulations for 8 weeks at 25°C storage temperature provided
consistent release profiles with no statistically significant difference detected when comparing
the whole release profiles. While at week 10, significant increase in the release profile of
hesperetin was detected (p<0.05) and the percentage release of hesperetin reached up to
14.71 % (0.32 %) after 24 hours when compared to week 0 (12.28 % (0.16 %)) (Figure 2.17A)
(Table 2.8).

The storage of Doublebase™ formulation at 25°C for 10 weeks resulted in consistent release
profiles with no significant changes detected (Figure 2.17B) (Table 2.8). While the storage at
4°C resulted in significant decrease (p<0.05) in the release profiles of hesperetin in weeks 2,
8, and 10 (Figure 2.17B) (Table 2.8).

For Versatile™ formulation, the storage at both 4°C and 25°C for 10 weeks provided consistent

release profiles with no statistically significant changes detected (Figure 2.18A) (Table 2.8).
The storage of Pentravan® formulations at 4°C and 25°C resulted in statistically significant

decrease in the release profiles of hesperetin in weeks 4 and 10 (p<0.05). Whilst in week 8,

insignificant decrease in the release profiles was detected (Figure 2.18B) (Table 2.8).
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Figure 2.17 In-vitro drug release profile at 4°C and 25°C in weeks 0, 2, 4, 8, and 10 for Vanish-
Pen™ and Doublebase™ formulations.

(A) Vanish-Pen™ and (B) Doublebase™ formulations. Data represent the mean percentage
hesperetin release. Error bars represent the standard deviation. n=3. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 representing the comparison of the release profiles with week 0 as
the control obtained by one-way ANOVA with Dunnett’s post-hoc test.
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Figure 2.18 In-vitro drug release profile at 4°C and 25°C in weeks 0, 4, 8, and 10 for Versatile™
and Pentravan® formulations

(A) Versatile™ and (B) Pentravan® formulations. Data represent the mean percentage hesperetin
release. Error bars represent the standard deviation. n=3. *p<0.05, **p<0.01, ***p<0.001 representing
the comparison of the release profiles with week 0 as the control obtained by one-way ANOVA with
Dunnett’s post-hoc test.
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Table 2.8 The statistical significance (p-value) of the hesperetin release profiles from the formulations during storage at 4°C and 25°C.

Storage Week 0 Week 0 Week 0 Week 0
Formulation T 9 vs. week | vs. week | vs. week | vs. week
emperature
2 4 8 10
. 4°C 0.271 0.9544 0.3823 0.1013
Vanish-Pen™
25°C 0.988 0.9999 0.1123 0.0104
4°C 0.0015 0.129 0.0002 0.0024
Doublebase™
25°C 0.1497 0.1229 0.0821 0.9534
. 4°C N/A 0.9835 0.1697 0.2803
Versatile™
25°C N/A 0.7875 0.3675 0.3372
4°C N/A 0.0191 0.0583 0.0084
Pentravan®
25°C N/A 0.0454 0.1084 0.0087

Data represented as p-values obtained by one-way ANOVA with Dunnett’s post-hoc test. Bold data represent a p-value<0.05. N/A: data not available. Week 0
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2.5.3.5 Kinetic assessment

The mechanism of drug release rate from the formulations was analysed by applying several
kinetic models on the data obtained from the in-vitro drug release profiles. These kinetic
models applied include zero order, first order, Higuchi, and KP. Both r? and AIC values were
utilised to select the optimal kinetic model.

Of all the models tested, the KP release model was selected since it has demonstrated the
highest r? values and lowest AIC for all the tested formulations in week 0 release studies which
reflected a fitted model (Tables 2.9-2.12). The KP model describes the release of the drug
from polymeric systems and the n-value (diffusional release exponent) propose different
release mechanisms from these systems, as described in the Methods Section 2.4.4.4 Table
2.3.

For Vanish-pen™ cream, the model selection was favouring KP model in all the repeated
stability release studies for both 4°C and 25°C storage, except for week 2 and week 8 release
studies stored in 25°C. In those exception weeks, the AIC of first order model was lower than
KP model but the fitness of the models was further assessed by referring to the fraction
dissolved (%) graphs of KP and first order models. One of the “3 hours” samples was slightly
deviated from the fitted line of KP model in both week 2 and 8 (Figure 2.19). In addition, the
first order rate constant was almost very low through all the weeks for all the formulations
tested (Table 2.9).

The n-value of KP model was used to understand the mechanism of drug release from the
formulations. The repeated release studies of Vanish-Pen™ base cream formulations stored
in 4°C and 25°C showed variable n-values (Table 2.9). Week 0 and week 8 (4°C storage)
release studies showed that KP mechanism is ruled by the macromolecular relaxation of the
polymeric chains (n > 1), Super case Il transport. While the n-values obtained from the drug
release studies performed in weeks 2, 4, 8 (25°C), and 10 were 0.5 < n < 1 representing a
non-Fickian (anomalous) diffusion mechanism which is controlled by both the Fickian diffusion

and the degradation and relaxation of the polymer matrix (Table 2.4) (Table 2.9).

For Doublebase™ gel formulations, all the repeated release studies in both storage conditions
(4°C, 25°C) were favouring KP model, r?>0.997. The n-values of KP model showed that two
drug transport mechanisms might be involved since week 8 (4°C, 25°C) and week 10 (4°C)
release studies showed n-values > 1 (Super case |l drug transport), while the rest of the

repeated release studies were 0.5 < n < 1 (Anomalous diffusion) (Table 2.10).
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All the repeated drug release studies of Versatile™ formulations were favouring the KP model,
except week 8 (4°C). The applied mathematical models on week 8 (4°C) release profile were
not conclusive as the r? and AIC values of KP, zero order, first order models were comparable
(Table 2.12). Referring to the mathematical modelling graphs, samples taken at 3 hours in
week 8 (4°C) show a deviation from the fitted line when compared to week 0 KP model fitness
graph as illustrated in Figure 2.20 which represent a single time point sample.

The KP n-value for Versatile™ formulations repeated release studies was > 1, except for week
8 (4°C) 0.5 < n < 1 (Table 2.11). The more favourable transport mechanism for Versatile™

formulations is super case |l transport (Figure 2.20).

For Pentravan® cream formulations, all the repeated release studies in both storage conditions
(4°C, 25°C) were favouring KP model, r>> 0.997. The n-values showed that two drug transport
mechanisms might be involved since week 0, week 8 (25°C), and week 10 (25°C) had 0.5 < n
< 1 (Anomalous diffusion), while week 4, week 8 (4°C), and week 10 (4°C) had n > 1 (super
case |l drug transport) (Table 2.13). The release rate constant values (kKP) were decreasing
with storage which is related to the decrease in drug release with storage illustrated by in-vitro

release studies (Table 2.12).
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Table 2.9 Kinetic assessment of the release data of Vanish-Pen™ formulations performed during storage at 4°C and 25°C.

Week 0 Week 2 (4°C) Week 2 (25°C) Week 4 (4°C) Week 4 (25°C) Week 8 (4°C) Week 8 (25°C) Week 10 (4°C) Week 10 (25°C)
Model Par
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
) 0.0080 0.0000 0.008 0 0.007 0.001 0.007 0 0.007 0 0.009 0 0.01 0.001 0.012 0.001 0.011 0
Zero order | R? 0.997 0.003 0.989 0.013 0.994 0.003 0.99 0.004 0.99 0.003 0.998 0.001 0.996 0.002 0.995 0.003 0.974 0.004
AIC -8.359 7.311 -1.523 10.217 -3.837 2.588 3683 | 4.568 04345 | 3.997 -9.977 2.44 -4.99 7.212 0.944 3.406 14.845 1525
K1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | 0.00013 | <0.0001 | 0.00012 | <0.0001
Firstorder | R? 0.994 0.004 0.991 0.011 0.995 0.002 0.994 0.003 0.992 0.002 0.997 0.001 0.997 0.001 0.998 0.002 0.981 0.003
AIC -2.946 5.491 3.212 10.217 -5.96 1.555 5238 | 4.277 -1.636 3.219 -4.736 1.42 -6.266 4.03 -6.058 6.032 12.125 1.467
Kh 0.2300 0.0060 0.2380 0.0020 0.21 0.027 02000 | 0.0030 | 0212 0.009 0.257 0.008 0.271 0.018 0.334 0.026 0.31 0.009
Higuchi R? 0.739 0.015 0.802 0.045 0.794 0.017 0.804 0.025 0.81 0.014 0.751 0.003 0.783 0.019 0.803 0.012 0.857 0.008
AIC 32.855 0.429 29.45 3.385 27.762 2.949 26.103 | 1.37 26.898 | 0.454 34.318 0.469 33.26 0.421 35614 | 2232 30.143 0.262
KKP 0.005 0.001 0.0160 0.0100 0.0120 0.0030 00130 | 0.0050 | 0.0150 | 0.0040 | 0.0070 00000 | 00130 | 0.0050 | 0.0200 | 0.0020 | 0.039 0.005
Korsmeye | " 1.086 0.044 0.9250 0.0970 0.9370 0.0350 09240 | 0.0540 | 0.9030 | 0.0340 | 1.0440 00060 | 09660 | 0.0430 | 0.9240 | 0.0250 | 0.816 0.014
r-Peppas | po 0.999 0.001 0.997 0.003 0.996 0.001 0.997 0.002 0.995 0.0004 | 0.999 0.001 0.998 0.001 0.999 0.001 0.997 0.001
AIC 2462 12.184 7.419 7.065 -5.903 0.738 -9.342 5.126 45 1.192 -12.96 3.935 5683 | 4.262 7.52 3715 -2.08 2.632

KO: the rate constant for zero order model; k1: first order rate constant; kh: Higuchi rate constant; kKP: Korsmeyer-Peppas rate constant; r2: is the coefficient
of determination; AIC: the Akaike Information Criteria; n: the diffusional release exponent. SD: Standard deviation.
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Table 2.10 Kinetic assessment of the release data of Doublebase™ formulations performed during storage at both 4°C and 25 °C.

Week 0 Week 2 (4°C) Week 2 (25°C) Week 4 (4°C) Week 4 (25°C) Week 8 (4°C) Week 8 (25°C) Week 10 (4°C) Week 10 (25°C)
Model Par
Mean sD Mean SD Mean SD Mean sD Mean sD Mean sD Mean sD Mean sD Mean sD
kO 0.0081 0.0001 0.0075 0.0005 0.0061 0.0006 0.0067 0.0001 0.0052 0.0001 0.0075 0.0002 0.0082 0.0002 0.0078 0.0006 0.0091 0.0007
Zero order r 0.9849 0.0143 0.9961 0.0056 0.9873 0.0099 0.9876 0.0051 0.9923 0.0042 0.9938 0.0008 0.9964 0.0026 0.9978 0.0004 0.9978 0.0021
AlC 2.6880 7.5030 -16.872 15.9471 -5.9567 11.6010 -0.2198 4.2572 -9.4736 5.9678 -2.6150 1.6527 -7.7365 7.4989 -11.510 3.2524 -12.682 10.8760
k1 <0.0001 <0.0001 | <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001 | <0.0001 <0.0001 | <0.0001 <0.0001 | <0.0001 <0.0001 <0.0001 <0.0001
First order r 0.9882 0.0118 0.9974 0.0042 0.9898 0.0084 0.9907 0.0042 0.9939 0.0035 0.9916 0.0011 0.9942 0.0035 0.9970 0.0012 0.9986 0.0010
AIC 0.0139 8.2814 -24.045 18.5900 -9.8360 15.1760 -2.9442 4.8085 -11.754 6.5778 0.1098 1.7041 -3.1209 6.3258 -9.2306 5.4687 -14.958 5.8706
Kh 0.2323 0.0033 0.2128 0.0110 0.1750 0.0132 0.1938 0.0057 0.1481 0.0043 0.2023 0.0043 0.2229 0.0044 0.2161 0.0144 0.2560 0.0207
Higuchi r 0.8280 0.0365 0.7995 0.0273 0.8289 0.0329 0.8302 0.0133 0.8105 0.0163 0.7219 0.0058 0.7356 0.0174 0.7571 0.0146 0.7880 0.0152
AIC 27.0073 2.5360 27.6832 24794 21.9585 3.7577 23.9136 0.5488 20.5011 0.7276 31.6427 0.6550 32.5489 1.0544 30.7654 2.0890 31.8089 1.3987
kKP 0.0213 0.0113 0.0124 0.0048 0.0155 0.0053 0.0174 0.0035 0.0103 0.0026 0.0033 0.0004 0.0045 0.0015 0.0065 0.0012 0.0125 0.0034
n 0.8748 0.0707 0.9362 0.0583 0.8746 0.0678 0.8678 0.0268 0.9062 0.0332 1.1164 0.0173 1.0895 0.0485 1.0276 0.0354 0.9586 0.0364
Korsmeyer-Peppas
r? 0.9978 0.0021 0.9998 0.0002 0.9995 0.0004 0.9986 0.0003 0.9977 0.0013 0.9984 0.0004 0.9995 0.0001 0.9984 0.0003 0.9991 0.0005
AIC -12.555 8.228 -33.264 6.4062 -29.413 5.3974 -17.451 2.0824 -18.130 4.8849 -12.799 2.1062 -21.982 2.2001 -12.394 1.0947 -16.325 5.7076

KO: the rate constant for zero order model; k1: first order rate constant; kh: Higuchi rate constant; kKP: Korsmeyer-Peppas rate constant; rZ: is the coefficient
of determination; AIC: the Akaike Information Criteria; n: the diffusional release exponent. SD: Standard deviation.
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Table 2.11 Kinetic assessment of the release data of Versatile™ formulations performed during storage at 4°C and 25 °C.

Week 0 Week 4 (4°C) Week 4 (25°C) Week 8 (4°C) Week 8 (25°C) Week 10 (4°C) Week 10 (25°C)
Model Parameter Mean SD Mean SD Mean sb Mean SD Mean sD Mean sb Mean sD
kO 0.003 0.000 0.003 0.000 0.003 0.000 0.005 0.000 0.004 0.000 0.007 0.000 0.006 0.001
Zero order r? 0.986 0.009 0.996 0.001 0.995 0.002 0.994 0.008 0.999 0.001 0.998 0.001 0.997 0.001
AlC -13.448 9.358 -20.986 1.929 -19.810 1.898 -17.142 12.215 -27.880 3.931 -17.211 7.623 -12.025 3.859
k1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
First order r? 0.985 0.010 0.995 0.001 0.994 0.002 0.994 0.007 0.998 0.001 0.997 0.002 0.995 0.001
AlC -13.368 10.090 -19.501 1.987 -18.268 1.580 -17.584 12.133 -24.663 3.385 -14.748 9.113 -8.614 4.193
Kh 0.085 0.010 0.090 0.003 0.087 0.007 0.131 0.014 0.111 0.000 0.182 0.010 0.172 0.018
Higuchi r? 0.739 0.038 0.736 0.010 0.725 0.008 0.783 0.012 0.750 0.007 0.754 0.022 0.736 0.007
AlC 14.534 3.455 16.201 0.962 16.202 0.970 19.946 2.100 19.222 0.464 27.875 2.178 27.878 2.234
kKP 0.002 0.002 0.002 0.000 0.001 0.000 0.006 0.002 0.003 0.000 0.005 0.002 0.003 0.000
Korsmeyer-Peppas n 1.077 0.105 1.087 0.025 1.119 0.025 0.963 0.037 1.050 0.018 1.040 0.056 1.085 0.021
r? 0.990 0.006 0.998 0.001 0.999 0.000 0.995 0.006 1.000 0.000 0.999 0.000 0.999 0.001
AlC -13.879 8.175 -29.306 5.470 -38.499 3.321 -16.735 12.074 -41.450 10.682 -24.505 4.331 -30.718 11.149

KO: the rate constant for zero order model; k1: first order rate constant; kh: Higuchi rate constant; kKP: Korsmeyer-Peppas rate constant; r?: is the coefficient
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Table 2.12 Kinetic assessment of the release data of Pentravan® formulations performed during storage at both 4°C and 25 °C.

Week 0 Week 4 (4°C) Week 4 (25°C) Week 8 (4°C) Week 8 (25°C) Week 10 (4°C) Week 10 (25°C)

Model Parameter Mean sD Mean Sb Mean Sb Mean Sb Mean Sb Mean SD Mean sSb
k0 0.009 0.000 0.006 0.000 0.006 0.000 0.005 0.000 0.006 0.000 0.007 0.000 0.008 0.000

Zero order r? 0.985 0.005 0.988 0.008 0.996 0.004 0.998 0.001 0.993 0.003 0.998 0.000 0.996 0.004
AIC 6.702 2.892 -1.850 7.075 -15.157 8.366 -19.537 2.158 -7.535 3.011 -14.042 1.573 -8.232 10.970

k1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

First order 2 0.989 0.004 0.985 0.009 0.995 0.004 0.997 0.000 0.995 0.002 0.997 0.001 0.998 0.003
AIC 3.802 2.968 0.280 6.235 -12.041 7.539 -17.404 1.004 -10.450 3.646 -10.654 2.133 -15.866 15.286

Kh 0.261 0.012 0.160 0.005 0.152 0.002 0.144 0.005 0.166 0.005 0.195 0.007 0.238 0.012

Higuchi r 0.831 0.022 0.698 0.029 0.738 0.024 0.753 0.002 0.816 0.013 0.750 0.008 0.805 0.019
AIC 29.017 2.077 28.570 0.966 25.503 1.346 23.677 0.721 22.180 1.345 29.358 1.064 29.376 0.481

kKP 0.024 0.006 0.002 0.001 0.003 0.001 0.004 0.000 0.012 0.002 0.005 0.001 0.015 0.005

Korsmeyer-Peppas n 0.865 0.040 1.206 0.096 1.082 0.063 1.035 0.009 0.897 0.024 1.043 0.024 0.923 0.041
r 0.997 0.002 1.000 0.000 0.999 0.000 0.998 0.001 0.999 0.001 0.999 0.001 1.000 0.000

AIC -8.206 9.933 -40.723 10.187 -26.106 3.775 -20.920 5.071 -25.993 10.522 -19.103 7.166 -23.903 4.863

KO: the rate constant for zero order model; k1: first order rate constant; kh:
of determination; AIC: the Akaike Information Criteria; n: the diffusional release exponent. SD: Standard deviation.
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Figure 2.19 Comparison of model fitness between KP and first order models of Vanish-pen™.

(A) week 2, 25°C, and (B) week 8, 25°C. Solid circles represent individual data points.
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Figure 2.20 Comparison of KP model fitness at week 0 and week 8 of Versatile™ release profile

Solid circles represent the mean and error bars represent the standard deviation.
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2.6 Discussion

The flavonoid hesperetin, which is present in citrus fruits [76], was reported to possess several
benefits against depression, cancer, neurological diseases, inflammation, oxidation, and
convulsions [52, 76, 81, 184-187]. Due to the extensive first-pass metabolism nature,
hesperetin has low oral bioavailability [205-207]. Delivering hesperetin systemically through
the skin could potentially be achieved by transdermal formulations development including
creams, gels, transdermal patches. The use of cream formulation systems is a convenient
approach [109], with commercial compounding vehicles that are ‘ready-to-use’, representing a
viable approach to deliver therapeutics. These vehicles are easy to use with simple
compounding steps and are designed according to the latest knowledge of topical vehicle

tolerance and safety.

The goal of this study was to develop hesperetin transdermal formulations using commercial
base creams (Vanish-Pen™ base cream manufactured by Medisca®, Doublebase™ gel by
Dermal®, Versatile™ and Pentravan® by Fagron) and assess their ability to release hesperetin
efficiently with investigating the stability of the formulations at different storage conditions (4°C
and 25°C) for 10 weeks. The formulations were assessed by morphology characterisation,
visual organoleptic properties, pH assessments and in-vitro drug release studies with kinetic

assessment.

Other pharmaceutical bases were assessed including the Medisca® bases: PLO transdermal
cream, VersaPro™ cream base, and PenDerm™ cream base, these bases were discarded
due to the poor broad peaks by the HPLC. The HPLC method of hesperetin was not suitable
to detect hesperetin released from the above-mentioned bases, hence, no further studies
conducted on these bases. The interference of the components of the creams with the
analytical detection of hesperetin may have hampered the use of these cream bases. A major
obstacle encountered in the HPLC analysis of topical and transdermal dosage form is the
interference of the additives and preservatives present in the complex cream formulation [241].
The excipients can pass through the column and cause some loss in the chromatographic
resolution [241-243]. VersaPro™ gel base was discarded due to insoluble drug patches

detected under the microscope reflecting non-homogenous mixture.

2.6.1 Preparation of hesperetin cream formulations
The solubility and homogeneity of hesperetin in the base creams were assessed by optical
microscopy and showed the requirement of PEG to dissolve hesperetin (20 mg/mL) in the base

creams. Acetone and ethanol did not facilitate the solubilisation of hesperetin in the creams
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and showed insoluble patches under the microscope. PEG, is one of the most common
cosolvents that are used to solubilise drugs in pharmaceutical formulations and have been
used previously with hesperetin creams [244]. In this study by Huang et al., 2010, the solubility
of hesperetin in different solvents (including PEG 400) was investigated to obtain the suitable
solvent to prepare hesperetin creams. PEG 400 showed the highest solubilising effect on

hesperetin when compared to other solvents [244].

2.6.2 Impact of storage temperature on stability

Repeated storage studies on the prepared formulations were conducted at storage
temperatures of 4°C and 25°C for a period of 10 weeks. Storage studies included morphology
characterisation, organoleptic properties assessment, pH investigation and drug in-vitro
release studies. All the tested formulations showed consistent morphological characteristics
(Figures 2.8 to 2.11), colour, and visual appearance (Figures 2.12 to 2.15) with no
crystallisation or changes in colour detected at both storage temperatures over the period of

10 weeks.

2.6.2.1 pH assessment

pH values, ranging from 4 - 7 of all the developed formulations were consistent throughout the
storage period of 10 weeks and was not affected with different storage conditions (Table 2.7).
The pH of the dermal layer ranges from 4-7.4 reflecting that the formulations were in a
satisfying pH ranges for skin application [233]. The composition of the commercial bases
(Vanish-Pen™, Versatile™, and Pentravan®) is not available, therefore, it is not known what
ingredient is stabilising the pH of the formulations. Frequently used ingredients to adjust or
stabilise the pH of the formulations are citric and lactic acid, sodium lactate, sodium acetate,
sodium citrate, and diammonium citrate [245]. For Doublebase™, it is believed that the
presence of triethanolamine, which is an anionic surfactant, in the mixture can act as a

neutraliser and aid in the stability of pH during storage [246] .

2.6.2.2 Morphology characterisation and organoleptic properties

For morphological characterisation, crystallisation in the developed creams was assessed
using optical microscopy. No crystal formation was detected at storage temperatures of 4°C
and 25°C for a period of 10 weeks (Figures 2.8 to 2.11). Using optical microscopy allows direct
observations of the samples and was successfully used previously by several studies to detect
crystallisation [247, 248]. The drug must remain diffused or dissolved in its amorphous form
for effective transdermal delivery [234]. During storage, however, the drug may crystallise.
Supersaturation of the drug is one of the most common reasons of crystallisation, as it

produces an increase in thermodynamic activity, which can lead to crystal formation.
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Temperature affects crystallisation because higher temperatures generate more diffusion,
which causes more crystal formation. This fact emphasises the significance of storage

conditions in guaranteeing transdermal formulations stability [249-251].

Differential scanning calorimetry (DSC) has been typically used to understand the thermal
characteristics of compounds incorporated into topical and transdermal systems [252-256] by
giving an insight into thermal and chemical properties including phase transitions, melting

temperatures, degree of crystallinity, heat capacity changes, and homogenous dispersion.

The organoleptic properties of the creams were assessed visually during storage with no visual
changes detected in the tested creams during the whole period of storage (Figures 2.12 to
2.15). Changes in colour of creams during storage could reflect instability or potential chemical

degradation.

2.6.2.3 In-vitro drug release studies and kinetic assessment

An isocratic HPLC method was utilised to detect hesperetin during in-vitro drug release
studies. The method previously developed (Arya et al., 2015) was optimised successfully to
detect hesperetin. In our study, in-vitro drug release studies were conducted at week 0 on the
freshly prepared formulations showing that Pentravan® formulation released the highest
percentage of hesperetin after 24 hours, 12.69 % (0.68 %), but no significant difference was
detected when compared to Vanish-Pen™ formulations (12.28 % (0.16 %)). Doublebase™
released significantly lower percentage of hesperetin of 11.35 % (0.26 %) when compared to
Pentravan® (p<0.05). Versatile™ released the lowest percentage of hesperetin of 4.53 %
(0.65 %) (p<0.05) (Figure 2.16).

To further assess the stability of the formulations, in-vitro drug release studies on the stored
Vanish-pen™ and Doublebase™ formulations were repeated in weeks 2, 4, 8, and 10 (Figure
2.17), while for Versatile™ and Pentravan®, studies were conducted in weeks 4, 8, and 10

(Figure 2.18). Week 2 studies for Versatile™ and Pentravan® not conducted.

The subsequent results were further analysed using kinetic assessment and models
application, these models are first order, zero order, Higuchi model, and KP model. According
to r? and AIC values, KP model was selected as the most fitted model to describe the
mechanism of hesperetin release from all the formulations during the storage period (Tables
2.91t0 2.12). It is the most appropriate model to reflect drugs release from creams as it can aid

in characterising drug release from cylindrical shaped matrices which could describe the
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release mechanisms from polymers and could be applied to understand the diffusion of a drug
across synthetic membranes [109, 257].

For Vanish-pen™ (week 2 and 8 (25°C)) (Table 2.9) (Figure 2.19) and Versatile™ (week 8
4°C) (Table 2.11) (Figure 2.20), the model selection showed inconclusive data which was

attributed to sampling error.

2.6.2.3.1 Vanish-Pen™

Hesperetin release provided by Vanish-Pen™ formulations are likely due to the presence of
pluronic lecithin organogel (PLO) in the base components [212]. Due to the amphiphilic nature
of PLO systems, they facilitate the delivery of various drugs and enhance their permeation
across the skin [258]. Pluronic lecithin organogel (PLO) has been used for hydrophilic and

hydrophobic APIs for topical and transdermal delivery [259].

No statistically significant changes were detected in the release profiles of Vanish-pen™
formulations when stored for 10 weeks in 4°C storage condition (Figure 2.17A) (Table 2.8).
For 25°C storage temperature, consistent release profiles were detected for 8 weeks with no
statistically significant changes, while at week 10, significant increase in the release profile of
hesperetin was detected (p<0.05) (Figure 2.17A) (Table 2.8). However, the release rate
constant increased with storage (Table 2.9). Two mechanisms are suggested to be responsible
of the release of hesperetin, these mechanisms are super case Il drug transport and
anomalous diffusion. Having multiple release mechanisms is not uncommon because the
formulation could include multiple polymer matrices, including PLO, that could be affected
during storage [260, 261].

Factors that could relate to the changes in the release profiles during storage at 25 °C is the
possible change in the viscosity of PLO during storage which could lead to either decrease or
increase in drug release profile [262], this could also be related to polymeric chains relaxation

and changes in size leading to interrupted efficiency in controlling or improving drug release.
Vanish-Pen™ cream base provided a consistent release profile of hesperetin when stored in
4°C for 10 weeks but the percentage release is still minimum and could to be improved with

the addition of penetration enhancers that could facilitate more hesperetin release from the

formulation.

2.6.2.3.2 Doublebase™
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The percentages of hesperetin released during the study over weeks 2-10 ranged from 9-12
% at 4 °C and 7-14 % at 25 °C (Figure 2.17B). Two mechanisms are suggested to be
responsible of the release of hesperetin, namely super case Il drug transport and anomalous
diffusion. This demonstrate that the predominant molecular mechanism of drug release from
Doublebase™ is drug diffusion governed by concentration gradient in addition to

macromolecular relaxation of the polymer chains of carbomer.

The storage of Doublebase™ formulation at 25°C for 10 weeks resulted in consistent release
profiles with no significant changes detected (Figure 2.17B) (Table 2.8). While the storage at
4°C resulted in significant decrease (p<0.05) in the release profiles of hesperetin in weeks 2,
8, and 10 (Figure 2.17B) (Table 2.8). The release rate constant (kKP) decreased during
storage in both temperatures (Table 2.10). Doublebase™ gel contains the polymer carbomer
which is used previously in transdermal delivery [263-265]. In addition to its potential use as a
sustained release system, previous reports have showed that increasing the amount of
carbomer polymers in gel formulations could reduce drug release due to its swelling capacity

that could aid in controlling drug release [265].

In addition, Doublebase™ contains surfactants and penetration enhancers, including sorbitan
laurate (non-anionic), trolamine (anionic), and glycerol that could potentially influence drug
release. It has been shown that increasing the amount of trolamine in gel formulations can
decrease drug release by creating more viscous matrix that hinder drug molecules to be
released out of the systems [265]. Glycerol is widely used as a penetration enhancer and it
could potentially increase drug release in gel formulations [265]. Sorbitan laurate could impact
the release as it can provide more sustained release by reducing the amount of drug released
from the system [266]. These components reflect the release obtained by Doublebase™
formulations which suggest the potential of its usage as a compounding base for

topical/transdermal drug delivery although it has not been extensively investigated by studies.

The decrease in the release at 4°C also could be related to the change in the carbomer polymer
matrix integrity which can be influenced by the physiochemical properties of the drug and the
interaction between the drug and the polymer provoked by temperature [260, 267]. This could
subsequently lead to the resistance of polymer to swell and relax due to the increased network

cross-link density and increased viscosity, thus, prevent the release of the drug.

Storage temperature of 25°C for 10 weeks is optimum for providing consistent hesperetin
release from Doublebase™ but more experimentations are needed to improve the percentage

release.
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2.6.2.3.3 Versatile™

Versatile® formulations demonstrated the lowest release of hesperetin in week 0, potentially
reflecting its ability to delay release and provide possible sustained release properties. The
release of hesperetin from Versatile™ formulation stored at n both 4 °C and 25 °C ranged from
4-10 % over weeks 4-10 (Figure 2.18A). The most favourable transport mechanism according
to the KP model was the super case Il transport governed by macromolecular relaxation of the

polymeric chains.

The storage of Versatile™ formulations at both 4°C and 25°C for 10 weeks provided consistent
release profiles with no statistically significant changes detected (Figure 2.18A) (Table 2.8).

While the release rate constants increased with storage (Table 2.11).

Versatile™ cream base contain proliposome technology [108] which has been investigated
widely for its potential as a sustained transdermal dosage form [268-272]. This technology is
reflected by the low release noticed in 24 hours from Versatile™ formulations (Figure 2.16).
Proliposomes are composed of phospholipids, steroids, water soluble carriers, and solvents
[273]. Increasing the concentration of the lipid in the proliposome could enhance the control of
drug release for longer periods reflecting sustained release [274]. Proliposomes have been
developed as an approach to avoid the physiochemical instability encountered by conventional
liposomes. When applying proliposomes to mucosal membrane, they are expected to form
liposomes when in contact with mucosal fluids and the resulting liposomes act as sustained

release dosage form for the loaded drugs [273].

The increase in the release rate constants during storage noticed in our study is suggested to
be caused by polymeric changes and relaxation of the proliposomal matrix. Versatile™
components are trade secrets, but polymers are common components of cream bases. A
potential explanation for the increased drug release with Versatile™ formulations are that
polymers changes (e.g. swelling, relaxation, and erosion) during storage, could lead to reduced
polymer efficacy and easier route for drug diffusion through the polymer matrix into the release
media [260].

2.6.2.3.4 Pentravan®
The storage of Pentravan® formulations at both 4°C and 25°C resulted in statistically
significant decrease in the release profiles of hesperetin in weeks 4 and 10 (p<0.05). Whilst in

week 8, insignificant decrease in the release profiles was detected (Figure 2.18B) (Table 2.8).
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The release rate constant values were decreasing with storage which is related to the decrease

in drug release with storage illustrated by in-vitro release studies (Table 2.12).

The percentages of hesperetin released in 24 hours in weeks 4, 8, and 10 from Pentravan®
formulation stored in 4°C ranged from 7-10.5 %, In the contrary, the formulation stored in 25°C
released 8-12 % of hesperetin (Figure 2.18B). Two release mechanisms are suggested to be
responsible of the release of hesperetin in 24 hours during the 10 weeks storage period, these
mechanisms are super case Il drug transport and anomalous diffusion demonstrating that the
predominant molecular mechanism of drug release from Pentravan® is drug diffusion
governed by concentration gradient in addition to macromolecular relaxation of the polymeric
and liposomal matrices. Having multiple release mechanisms is normal because the
formulation could include multiple polymer matrices that could be affected during storage [260,
261].

Pentravan® is an o/w emulsion base that contains a liposomal matrix with penetration
enhancers that could be the reason of the greater drug release than other bases shown in
week 0 (Figure 2.16) [107]. Penetration enhancers could promote drug release and reduce the
resistance of skin barrier by interacting with the constituents of the skin. Liposomes have been
frequently used in studies to improve and control percutaneous absorption of various
compounds like diclofenac [275], betahistidine [276], tetracaine [277] and triamcinolone [278,
279]. The details of Pentravan® components are trade secret. Liposomes with smaller
diameter (up to 600 nm) penetrate the skin more easily than the bigger diameter liposomes
(1000 nm and more) [280]. Several factors can influence the chemical and physical stability
of liposomes during storage including pH, temperature, and the presence of degradation
substances. Liposomes could consequently exhibit disadvantages such as self-
aggregation, coalescence, flocculation, and particle fusion which could result in precipitation
and the formation of larger vesicles with increased size due to the loosening of the bilayer
structure of liposomes. This will eventually decrease the efficacy of liposomes in controlling

and improving drug delivery [281].

The mechanism of drug release from liposomal matrices occurs by forming transient pores in
the lipid bilayer in which drugs transport from the inner core of liposomes to the external
medium followed by the diffusion across the membrane. Another mechanism could be the
initial transport of liposomes through the membrane followed by the release of drug from the
liposomes core into the release media, this mechanism can be governed by the pore size of
the membrane [282, 283].
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The decrease in drug release with storage of Pentravan® formulation could be related to
several factors: (i) reversible binding of the released drug from the liposome which prevents
the transport of the drug through the membrane into the release media [283]; (ii) liposomes
usually increase in size with storage resulting in aggregation which could render the passage
of liposomes through the pores of the release membrane [284, 285]; (iii) the polymer used in
the commercial base is not known but the inclusion of polymers with liposomal matrix is
common. Pentravan® base has penetration enhancers which could include polymers, such as
Carbapol and PEG [286]. The polymer matrix integrity can be influenced by the physiochemical
properties of the drug and the interaction between the drug and the polymer [260, 267], which
could subsequently lead to the resistance of polymer to swell. The swelling of polymers aids
in drug release, therefore the resistance to swell will eventually result in decreasing drug
release; (iv) some penetration enhancers can be affected by temperature and lose their
penetration properties in specific temperatures, an example of that is Tween® 20 which has a
freezing point of 7°C [287].

Using pharmaceutical base creams to deliver hesperetin through or into the skin is a
convenient way for the developer and the patient. Vanish-pen™ (4°C), Doublebase™ (25°C),
and Versatile™ (4°C and 25°C) formulations were showing consistent storage studies at

specific storage temperatures for 10 weeks.

The limitations encountered during this work were the short period of release studies, stability
issues, low amounts of drug released, and storage temperatures. The release studies were
conducted for 24 hours only due to the leakage of the creams into the release media when
studies are conducted for more than 24 hours. This could be improved by using different
release procedure such as using Franz cells, however Franz cells were not feasible in this
study because of using low amounts of hesperetin. With higher amounts, Franz cells could be
used. Also, solubility enhancement could be beneficial to improve the release as hesperetin
has low aqueous solubility. Solubility enhancement techniques include particle size reduction,
nanotechnology, and using different surfactants or penetration enhancers. Although the
manufacturers of the base creams confirmed the instability of the creams at high temperatures
(40°C), assessing the formulations at this storage temperature would be beneficial to explore

the behaviour and stability of hesperetin formulations at higher temperatures.
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2.7 Conclusion
Transdermal delivery of drugs using creams is a very promising and convenient while several
challenges can be faced such as the stratum corneum barrier, the formulation optimisation,

and the stability of drugs in the formulations during storage.

The main goal of this study is to incorporate the flavonoid hesperetin into the ‘ready-to-use’
pharmaceutical base creams and evaluate it by morphological characterisation, physical

properties, release studies and storage conditions.

For consistent hesperetin release profiles for 10 weeks, it is suggested for Vanish-pen™
formulations to be stored at 4°C, Doublebase™ formulations at 25°C, and Versatile™
formulations at both 4°C and 25°C. while Pentravan® formulations stored at both 4°C and

25°C resulted in inconsistent release profiles.

The tested vehicles (except Pentravan®) showed good potential to be used clinically owing to
their easy compounding steps, morphological and physical stability with storage, consistent
release profiles at specific storage temperatures, and simple development of semi solid
topical/transdermal formulations. However, in our study, the storage conditions affected the
amount of hesperetin released from Pentravan® and the kinetic assessments showed that
polymer matrices were potentially contributing to the release mechanisms. Also, the release
obtained from all the tested vehicles was not optimum and could potentially be further improved

by using different drug release methods and more penetration and solubility enhancers.
Hesperetin creams could be beneficial for topical and localised purposes for the treatment of

skin disorders including skin cancer. More studies are required in this area to assess the

delivery and permeation of hesperetin into the skin.
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Chapter 3

Transdermal delivery of hesperetin for
CNS disorders using transdermal

patches
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3.1 Introduction

In Chapter 2, we highlighted the application of compound base creams for the topical and
transdermal delivery of hesperetin with demonstrating hesperetin’s CNS and anti-carcinogenic
properties, pharmacokinetics, and physiochemical properties. In this chapter, we considered
the use of transdermal patch systems for hesperetin. It has been shown that hesperetin
possesses low oral bioavailability owing to its lipophilic nature, extensive first-pass metabolism,
and low aqueous solubility, this consequently resulted in low and often subtherapeutic

concentrations in the systemic circulation following oral administration [185, 193, 205-210].

Transdermal patches are designed to efficiently treat targeted diseases by delivering a
therapeutically effective amount of drug through the skin into the systemic circulation. Using
transdermal patches to deliver drugs is convenient for patients due to the ease of application
and improved patient compliance, in addition to the reversibility of treatment by patch removal.
Transdermal patch exhibits numerous advantages over oral drug delivery as it avoids the first-
pass metabolism associated with oral drug delivery. Therefore, transdermal administration is

a proven way to improve drug’s bioavailability [88].

Transdermal patches can be formulated in two common types, either as a liquid/gel reservoir
patch or a solid matrix (drug-in-adhesive) patch (Figure 1.5). In liquid/gel reservoir, a fluid or a
semisolid that contain the drug is sequestered in a cavity formed between a permeable film
and an impermeable backing film. The permeable membrane separates the reservoir from the
adhesive layer. Matrix patches are more flexible, thinner, more comfortable and adhering. In
matrix patches, the drug is mixed with a polymeric or viscous adhesive in the same layer to

deliver the drug and to adhere to the skin [90].

In transdermal patches drug delivery, polymers (adhesives) are necessary as they act as the
backbone for the system and promote drug release, while plasticisers are required to prevent

brittle patches, improve flexibility, and enhance or modify drug release [288].

3.1.1 Transdermal delivery of flavonoids

The delivery of flavonoids using transdermal patches has been explored by few studies to
overcome the problems associated with oral delivery [289-291]. Bhalerao et al. (2019),
developed hesperidin transdermal patches using hydroxy methylcellulose (HPMC) and
Eudragit S100 as polymers, and Dibutyl phthalate as plasticiser. Their patches demonstrated
high hesperidin release (93.7 %) in 6 hours and good physiochemical properties [289].
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Another study developed quercetin transdermal patches using the polymers HPMC and ethyl
cellulose with PEG as a plasticiser. This study showed that the release of the drug from the
patches reached up to 85.8 % in 24 hours and significant anti-inflammatory activities were

employed by the patches [290].

Ermawati et al, (2021), developed quercetin transdermal matrix patch using the combination
of hydrophilic-hydrophilic polymers such as HPMC and carboxymethylcellulose natrium (CMC-
Na) which resulted in a release of 37 % in 5 hours and followed Higuchi model with diffusion

mechanism [291].

However, no pressure sensitive adhesives were used in Ermawati et al, (2021) study and
Kharia et al, (2020), only cellulose polymers. They did not include a pressure sensitive
adhesive which is an essential component when developing a transdermal patch. Inadequate
water resistance, low mechanical strength, and compatibility with the hydrophobic matrix are
some of the drawbacks of natural polymer cellulose. All the FDA approved patches in the

market are made of pressure sensitive adhesives.

3.1.2 Pressure sensitive adhesives (PSA)

For a transdermal patch to adhere efficiently to the skin a proper adhesive is needed. The
pressure sensitive adhesives (PSA) in transdermal patches aid in maintaining the
adhesiveness of the patch to the skin, furthermore, PSAs affect drug delivery, drug permeation,
and physical and chemical stability [90, 111]. PSAs adhere to surfaces via Van der Waals
interactions under the application of external pressure [292]. There are three commonly used
pressure sensitive adhesives for transdermal drug delivery patches, these are silicone

polymers, acrylates, and rubber-based adhesives [112, 293].

3.1.2.1 Silicone PSAs

DuPont™ Liveo™ offers a wide range of silicone-based adhesive solutions including BIO-PSA
silicone adhesives that are intended for transdermal and controlled drug delivery [294]. The
advantages of these BIO-PSA silicone adhesives are their high delivery, low irritation, non-
cytotoxic, non-sensitising, and low reactivity (stable). In the other hand, they have low solubility
with drugs, their cost is high, and their tendency of crystallisation is high [90, 112, 295]. Silicone
PSAs are produced through condensation reaction of the long chain polymer,
polydimethylsiloxane (PDMS), with a silicate resin (Figure 3.1). The ratio of the polymer/resin

determines the viscosity of the adhesive which could impact the rate of drug release [295, 296].
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Figure 3.1 The chemical structure and the condensation reaction to produce silicone pressure
sensitive adhesives.

Obtained from [296].

The use of silicone adhesives for transdermal patch drug delivery has been widely researched
previously and reviewed [293, 297-304]. Silicone adhesive transdermal patch successfully
released lidocaine rapidly in higher percentage when compared to the acrylate and
Polyisobutylene (PIB) adhesives transdermal patches [297]. A further study demonstrated that
silicone adhesive matrices provide the highest permeability and flux of physostigmine when
compared to the PIB and acrylate matrices [298]. The pharmacokinetic parameters of
tolterodine obtained from silicone and acrylate-based patches were compared and showed
that silicone-based patch showed 2-fold higher steady-state concentration and higher
bioavailability than the acrylate-based patch [300]. Silicone adhesives have been used in
commercial transdermal systems successfully, examples are Transderm-Nitro® nitroglycerin
system manufactured by ALZA Corporation for Novartis, Duragesic® fentanyl system
manufactured by ALZA Corporation for Janssen Pharmaceutical, and FemPatch® estradiol

patch made by Cygnus, Inc. for Parke-Davis [296].

3.1.2.2 Acrylic PSAs

Acrylic based PSAs are copolymers obtained by the combination of ‘hard’ and ‘soft’ monomers
at different ratios which provide the optimal characteristics of the PSA [305]. The advantages
of acrylic PSAs are their low cost and their excellent affinity for pharmaceutical compounds.

The main disadvantage is the presence of monomers that are unreacted and can be toxic [90].

A.K. AlMurjan, PhD Thesis, Aston University 2021. 98



An example of the acrylic PSAs is the methyl methacrylate copolymer (Eudragit®) (Figure 3.2)
that is currently used in transdermal drug delivery systems by being formulated as hydrophilic
or amphiphilic adhesive, when combined with the proper plasticisers [306]. Eudragit polymers
have high drug loading capacity, and they are well tolerated by the skin and non-irritant [307,
308]. Eudragit® E100 formulations are resistant to thermal degradation and oxidation, they are
of moderate cost, self-adhesiveness, and suitable with wide range of hydrophilic and

hydrophobic plasticisers, these properties make them commercially highly accepted [308].

The ability of Eudragit® E100 transdermal patches to deliver various drugs (metronidazole,
ondansetron, chlorpheniramine, losartan, atorvastatin, donepezil, fentanyl) and herbal
compounds transdermally was successfully studied and explored by several studies [288, 307-
316].
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Figure 3.2 The chemical structure of Eudragit® E100
Obtained from [317].

3.1.2.3 Rubber-based PSAs

Rubber-based adhesives have properties of interest for transdermal drug delivery systems,
including its high mechanical resistance, biocompatibility, easy film forming with good flexibility,
low cost, and being chemically inert [318]. The poor affinity of rubber adhesive for drugs and
excipients and their low solvents solubility are the disadvantages [90, 112]. Styrene-butadiene
(SBR), and styrenic block copolymers (SBC) including polystyrene-polybutadiene-polystyrene
(SBS) or polystyrene-polyisoprene-polystyrene (SIS) are examples of synthetic rubber PSAs

that are widely used for transdermal patch systems [318].

3.1.3 Plasticisers in transdermal patch systems
Plasticisers are one of the basic components used for developing transdermal patches. They

are resins or liquids with low molecular weight that reduce the secondary bonds of polymer-
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polymers chains, instead, they form secondary bonding with polymer chains and increase
molecular space [319, 320]. The plasticiser will attach between the polymer chain creating
secondary hydrogen bonds which provide molecular flexibility, less rigidity, and more
molecular space. The addition of the plasticiser reduces the glass transition temperature
resulting in more flexible polymer chains. They improve the film forming mechanical properties,
prevent cracking and brittleness of the patch, increase flexibility, and control drug release rate
from the transdermal system [320, 321]. Examples of commonly used plasticisers are

polyvinylpyrrolidone 30 (PVP 30), Tween® 20, glycerol, and triacetin.

3.1.3.1 Glycerol

Glycerol was utilised frequently by several studies as a plasticiser of biodegradable and edible
films [320, 322-339]. Glycerol-filled silicone adhesive patches were developed previously
through simple mixing method with high shear forces [340]. Glycerol enhances the water
absorption of the polymer in silicone adhesives, provide gentle skin adherence, and low peel
forces, which makes them ideal for sensitive skin types [340]. Glycerol, which is highly
hygroscopic, was added in most of the hydrocolloid films and film-forming solutions to reduce
brittleness of the film [341-343].

Films containing glycerol achieved more water adsorption and at an increased rate during
storage when compared to other films [320]. It was suggested that 5-10 % of glycerol in
transdermal patches is optimal to maintain mechanical flexibility and resistance while using 3
% glycerol results in brittle films and using 12 % causes phase separation on the film surface
[344]. Water can penetrate easily into the pressure sensitive adhesive structure with the
presence of glycerol as highly mobile channels are created in the adhesive matrix influencing
the adhesive physicochemical properties [345]. Glycerol increased ketoprofen penetration rate
from the patch when used as a penetration enhancer. The in-vitro penetration study on rat skin
showed that the patch flux is significantly higher when the concentration of glycerol is higher
[346].

3.1.3.2 Tween®20

Tween®20 has been previously formulated into transdermal patches as a permeation
enhancer or as a plasticiser [347, 348]. The effect of Tween® 20 on drug permeation through
rabbit skin was tested [347]. Several studies reported the effectiveness of Tween®20 in
increasing skin penetration of certain compounds [349-351], while in another study they
demonstrated the ineffectiveness of Tween®20 on specific compounds [352]. An amount of 1
and 5 % w/v of Tween® 20 were used as a permeation enhancer of 5-flurouracil and achieved

a two-fold increase in the permeability with 5 % amount [353]. It was observed that Tween®
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20 exerts its permeability enhancement effect mostly on hydrophilic molecules. It was
hypothesised that Tween® 20 allows polar molecules to easily partition across the skin barrier
due to increasing stratum corneum water content or due to forming large micelles that extract

skin lipids, thus favouring hydrophilic molecules permeation [353] [354].

3.1.3.3 PVP 30

PVP 30 is a hydrophilic and hygroscopic polymer which impacts moisture content in
transdermal patches. PVP can increase the moisture content by allowing easy water diffusion
into the matrix [355]. The addition of PVP into insoluble films can enhance the release rate
constants by the formation of pores which decrease the length of the diffusion path of drug
molecules to diffuse into the dissolution medium resulting in higher dissolution rates. PVP is
able to improve the solubility of the drug into the matrix by retarding crystallisation and
sustaining the amorphous form of the drug [356]. Several studies showed that increased PVP
amounts in different types of transdermal patches (including PSA) inhibited crystallisation and

enhanced drug permeation and release [288, 357-361].

3.1.3.4 Triacetin

The plasticiser triacetin was researched and investigated widely when incorporated into
Eudragit® E100 patches, it was found that triacetin is an effective first plasticiser for Eudragit
polymers [309, 312]. The use of triacetin in atorvastatin Eudragit® E100 transdermal patches
had a positive effect on flexibility and bioadhesion due to the interaction of the organic ester
bonds of triacetin with Eudragit® E100. Furthermore, triacetin allowed better and higher

release of atorvastatin compared to PEG E400 [313].

3.1.4 Crystallisation in transdermal patch systems

Crystallisation in transdermal patches is a major problem that results in unstable patch and
impacts drug release. The solid-state drug concentration in a transdermal patch system can
reach a saturation limit, resulting in the possibility of crystallisation, which causes stability
issues [249]. The initiation of crystallisation occurs through the collisions of single drug
molecules forming a nucleus. The frequent continuous collisions between the molecules of
drug result in increased critical radius of the formed nucleus that is not easy to re-dissolve,
resulting in drug crystals formation. Until a saturation state is achieved, the growth of crystals
continues. The formation of crystals in transdermal patches leads to the delivery of dangerous
or ineffective amounts of drug, makes them unstable, negatively impacts skin permeation,
reduces patient’s acceptability of the product because of the reduced aesthetic appeal of the
product [249, 362].
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The crystallisation of the drug in the patch can be eliminated or reduced by several approaches
including the reduction of drug loading to below the saturation solubility, the usage of pro-drug
which has higher solubility in the formulation, the usage of co-solvents which increase
solubility, the modification of the adhesive, and the usage of crystallisation inhibitors.
Crystallisation inhibitors and solubilisers include PVP 30, polyethylene glycol, copovidone,
crospovidone, mannitol, dextrin derivatives, polypropylene glycol, glycerine, poloxamer,
Labrasol ® and Tween® 80 [249].

The drug must remain diffused or dissolved in its amorphous form for effective transdermal
patch delivery [234]. During storage, however, the drug often crystallises. Supersaturation of
the drug is one of the most common reasons of crystallisation, as it produces an increase in
thermodynamic activity, which can lead to crystal formation. Temperature affects crystallisation
because higher temperatures generate more diffusion, which causes more crystal formation.
As a result, a higher temperature promotes crystallisation. This fact emphasises the

significance of storage conditions in guaranteeing transdermal patch stability [249, 250].

3.2 Aims and objectives
The primary aim of this study is the development of hesperetin matrix transdermal patch
systems with optimal mechanical properties, efficient drug release, and storage stability with

understanding the release mechanisms and kinetics.
To achieve the aims, the overall objectives were:

- Prepare different hesperetin transdermal patches using either Dow Corning® BIO-PSA
7-4501 silicone adhesive or Eudragit® E100 copolymer as an acrylic-based PSA.

- To assess the impact of plasticisers (PVP 30, Tween® 20, glycerol, or triacetin) on drug
release from the patches.

- Evaluate the properties of the developed patches preliminarily through in-vitro drug
release studies, thickness measurements and visual mechanical properties (stickiness
and peel).

- Assess the stability of the formulations for 3 weeks storage at 4°C and 25°C by
morphology characterisation, pH investigation, and in-vitro drug release.

- Assess the impact of 3 weeks storage on the release kinetics of hesperetin from

patches.

3.3 Materials
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Kollidon® 30 (Polyvinylpyrrolidone 30) (BASF, Ludwigshafen, Germany), Tween® 20 (Sigma-
Aldrich®, UK), Eudragit® E100 (Evonik, Germany), Glycerol (Sigma-Aldrich®, UK), Succinic
acid (Sigma-Aldrich®, UK), Triacetin (Sigma-Aldrich®, UK), Dow Corning® BIO-PSA 7-4501
silicone adhesive (DuPont™, UK), Scotchpak™ 9741 Release Liner (3M™, UK), Ethyl acetate
(Fisher Scientific, UK), Isopropanol (Fisher Scientific, UK).

3.4 Methods
3.4.1 High Performance Liquid Chromatography (HPLC) Method for hesperetin
The HPLC method utilised was previously described in Section 2.4.1.

3.4.2 HPLC method Validation

The HPLC method validation was previously described in Section 2.4.2.

3.4.3 Preliminary studies

3.4.3.1 The development of hesperetin matrix transdermal patches

Hesperetin matrix transdermal patch systems developed using Dow Corning® BIO-PSA 7-
4501 as a silicone adhesive and Eudragit® E100 as an acrylic adhesive with different

plasticisers incorporated (polyvinylpyrrolidone 30 (PVP 30), Tween® 20, glycerol, triacetin).

3.4.3.1.1 Dow Corning® BIO-PSA 7-4501 silicone adhesive patches

Hesperetin powder was dissolved thoroughly in acetone (10 mg/mL) and then added into the
silicone adhesive with or without adding the required additives (PVP 30, Tween® 20 [353], or
Glycerol [344]) (Table 3.1) [297]. The addition of hesperetin powder directly into the adhesive
formed heterogeneous mixture which necessitated the solubilisation of hesperetin in acetone.
The mixture was then vortex mixed [340] for 60 minutes until a homogenous mixture is
apparent and was then casted slowly on a release liner (Scotchpak 9741 (3M™, UK)) using
an Elcometer 4340 Automatic Film Applicator to form a thin film. The film was then left to dry
for 24 hours at room temperature. The backing layer were placed over the film, patches were

cut into 2 cm? squares.

Table 3.1 Composition of hesperetin silicone-based adhesive patches.

F1 F2 F3 F4 F5 F6 F7
PVP 30 0 5% 10 % - - - -
Tween® 20 0 - - 25% 50% - -
Glycerol 0 - - - - 25% 55%

Hesperetin 0.05% 0.05% 005% 005% 0.05% 0.05% 0.05%
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Compositions are reported as % w/w.

Dow Corning® BIO-PSA 7-4501 silicone adhesive is designed for transdermal drug delivery
systems [294]. The use of silicone adhesives for transdermal patch drug delivery has been
widely researched previously and reviewed [293, 297-304]. The resin/polymer ratio in Dow
Corning® BIO-PSA 7-4501 is 60/40, the silanol content is high with 70 % solid content, the
solvent used is heptane, and the viscosity is 1800 mPa.s [295]. Glycerol-filled silicone adhesive

patches were developed previously through simple mixing method with high shear forces [340].

3.4.3.1.2 Acrylic-based PSA (Eudragit® E100)

To prepare the Eudragit E100-based transdermal patches, a previously studied method for
patch development was used [309]. In their patch development no glycerol added while in this
study glycerol was added to facilitate the release. Succinic acid was dissolved in 10:5 ethyl
acetate/isopropanol then 10 g Eudragit® E100 was added to the mixture and mixed thoroughly
by vortex mixing for 90 minutes until a clear yellow dense solution is formed. An amount of
3 g of this polymer mixture was mixed with hesperetin and the required additives [344] (Table
3.2) then casted slowly on the release liner (Scotchpak 9741 3M™) using Elcometer 4340
Automatic Film Applicator to form a thin film. The film was then left to dry for 24 hours at room
temperature. The backing layer were placed over the film and patches were cut. Succinic acid
was incorporated into the formulations as a cohesion promoter and triacetin was needed to

provide plasticising action [309].

Table 3.2 Composition of hesperetin Eudragit® E100 patches.

F8 F9 F10 F11 F12 F13
Triacetin 45 % 45 % - - - 45 %
Glycerol - 5% 2% 5% 10 % 10 %
Succinic acid 1.75 % 1.75 % 1.75 % 1.75 % 1.75 % 1.75 %
Hesperetin 0.17 % 0.17 % 0.17 % 0.17 % 0.17 % 0.17 %
Eudragit® E100 66 % 66 % 66 % 66 % 66 % 66 %

Compositions are reported as % w/w.

The additives used with Eudragit® E100 in this study were necessary for optimising the
formulations and obtaining the required mechanical properties and flexibility. Succinic acid was
incorporated into the formulations as a cohesion promoter and triacetin was needed to provide
plasticising action [309]. The effect of those two additives together alters the mechanical

properties of Eudragit® as succinic acid allow the polymer chains to cross-link into layers that
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smoothly glide by the action of triacetin over one another [309, 311]. Succinic acid has been
used previously with Eudragit® E100 transdermal patches as a cohesion promoter and a
cross-linking agent to deliver metronidazole, losartan, and herbal molecules [307, 309-311,
314], and further as a release modifier to influence the release of ondansetron and losartan
[288, 311]. Glycerol has been previously incorporated into Eudragit® E100 patches as a

plasticiser for the delivery of donepezil, fentanyl, and herbal molecules [307, 314-316].

3.4.3.2 Measurement of patch thickness
The thickness of the developed patches was measured using a digital micrometre with an

average of three readings for each patch.

3.4.3.3 Morphology and mechanical characterisation

For optimum patches formulation, the drug should be dissolved and homogeneously dispersed
in the polymer matrix. Hesperetin powder was either mixed directly in the adhesive matrix or
dissolved in acetone before mixing to assess the need of solvent incorporation. The
morphology of the initial formulations was assessed using optical microscopy (Zeiss Primovert
[Zeiss,UK] with 10x objective lens) to detect the possible formation of insoluble drug crystals
which would reflect the insolubility and inhomogeneity of contents together in the developed
formulations [249, 297]. Using optical microscopy allows direct observations of the samples

and was successfully used by several studies to detect crystallisation [247, 248].

The formulations were further assessed visually in terms of regular handling, stickiness, and
peel-ability or detachability from the release liner. This was achieved if the patch is peeled off
the release liner easily without leaving visual traces on the liner and by adhering efficiently on
the release studies glass jars and not detach after adding the release media. The formulations
that were not homogenous under the microscope, too sticky, hard to detach from the liner, and
do not stick properly on the bottom of the glass jars were discarded. Accurate mechanical tests
are necessary such as tensile strength test, uniformity testing, and peel adhesion test [112,
297].

3.4.3.4 In-vitro drug release studies

The in-vitro drug release studies were conducted using cylindrical screw top jars (15 mL). The
patch was placed inside at the bottom of the jar and the release media used was PBS. The
release study was conducted in an orbital shaker at 100 rpm and temperature maintained at
37°C for 24 hours. Samples of 100 uL were withdrawn (n=3) at 1 and 24 hours and replaced
with fresh (pre-warmed) phosphate buffered saline (PBS), pH 7.4. The withdrawn samples

were filtered through a 0.22 ym filter and assessed by the HPLC analysis. One formulation

A.K. AlMurjan, PhD Thesis, Aston University 2021. 105



from each of the two different types of patches (silicone and acrylic PSAs) was selected for
further storage studies. The selection of the optimal formulation was based upon the

formulation causing the highest drug release.

3.4.4 Storage studies at different temperatures

The selected formulations were stored at 4°C and 25°C and assessed by morphology and
mechanical characterisation, pH assessment, in-vitro drug release studies, and kinetic
assessments. All storage studies were performed for the selected formulations at weeks 0, 2,
and 3.

3.4.4.1 Morphology and mechanical characterisation

Morphological characterisation studies (see Section 3.4.3.3) were repeated on the selected
formulations during a storage period of 3 weeks at 4°C and 25°C, in airtight glass jars, to
observe any morphological changes throughout storage [363]. In addition, visual mechanical
properties were assessed (see Section 3.4.3.3) during storage which may detect the

degradation and incompatibility of the products.

3.4.4.2 pH assessment

The pH of the dermal layer ranges from 4-7.4, therefore, the formulations are expected to be
in this range [233]. The pH in this study was assessed by applying a drop of the formulation
(un-casted and undried) on pH indicator paper (pH 1-14) (Ahlstrom-Munksj6 ©).

3.4.4.3 In-vitro drug release studies
The in-vitro drug release studies were conducted on the selected formulations (see Section
3.4.3.3). Samples of 100 uL (n=3) were withdrawn at 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 24 hours.

3.4.4.4 Kinetic assessment

Drug release kinetics were assessed as described in Section 2.4.4.4.

3.4.5 Data and statistical analysis

Unless otherwise stated, all experiments were conducted in triplicate. Data is presented as
mean (standard deviation). Statistical analysis was conducted using one-way ANOVA with
Dunnett’s post-hoc test and paired t-test with a statistical significance implied with a probability
value of < 0.05.
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3.5 Results

3.5.1 Preliminary assessments

3.5.1.1 Formulation development and morphology/mechanical characterisation,
Hesperetin was required to be dissolved in acetone to be mixed homogeneously with the
adhesive or the polymer matrix. Mixing hesperetin powder directly into the adhesive or polymer
matrix formed undissolved hesperetin patches detected using optical microscopy. The initial
formulations F1-F12 were successfully developed with good visual mechanical properties as
the patches were peeled off the liner easily with no traces on the liner and adhered efficiently
on the release jars with no detachment detected when adding the release media. F13 patch,
which contained 10% glycerol and 45% triacetin in Eudragit®E100 polymer, was too sticky and

was unable to detach from the release liner, hence, discarded.

3.5.1.2 Measurement of patch thickness

The mean thickness of the patches ranged from 0.29-0.33mm (Table 3.3).

Table 3.3 Thickness measurement of the developed patches (F1-F12).

Formulation Thickness (mm)
F1 0.30 (0.009)
F2 0.29 (0.008)
F3 0.29 (0.009)
F4 0.32 (0.008)
F5 0.32 (0.007)
F6 0.31 (0.008)
F7 0.31 (0.009)
F8 0.31 (0.006)
F9 0.32 (0.007)
F10 0.33 (0.009)
F11 0.33 (0.009)
F12 0.33 (0.007)

Data presented as mean (standard deviation).
3.5.1.3 In-vitro drug release studies

The initial formulations F1-F12 were assessed according to their ability to release hesperetin

through in-vitro drug release studies (Figures 3.3 and 3.4) (Table 3.4).
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For the silicone PSA patches (F1-F7) (Figure 3.3), F7 with 5.5 % glycerol provided the highest
mean percentage of hesperetin dissolved in 24 hours, 39.9 % (0.37 %) (Figure 3.3B). While
F6 patch with 2.5 % glycerol released 13 % of hesperetin (Figure 3.3B). F1 patch, which has
no plasticiser incorporated, had the lowest percentage of hesperetin released in 24 hours, 4.25
% (0.04 %) (Figure 3.3A).

Using 10 % PVP 30 (F3) did not influence the release when compared to 5 % PVP 30 patch
(F2), both patches released approximately 13 % of hesperetin after 24 hours (Figure 3.3A).
Lower concentration of Tween® 20 (2.5 %) in F4 patch produced higher release than the patch
with 10 % Tween® 20 (Figure 3.3).

For the Eudragit® E100 based patches (Figure 3.4), F9 with both triacetin and 5 % glycerol
dissolved the highest percentage of hesperetin after 24 hours, 8 % (0.06 %), while F10 with 2
% glycerol and no triacetin provided the lowest mean percentage of hesperetin dissolved in 24
hours, 0.76 % (0.01 %).

Using glycerol alone at different concentrations without triacetin produced low release profiles
in 24 hours for F10, F11, and F12, ranging from 0.76-1.35 % (Figure 3.4). For the further
assessments and storage studies, F7 and F9 were selected due to their highest hesperetin

release in 24 hours when compared to the remaining formulations in each type of adhesive.
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Figure 3.3 The in-vitro drug release profile of the Dow Corning® BIO-PSA 7-4501 patches (F1-
F7) at 1 and 24 hours.

(A) F1 - F4 patches; (B) F5 - F7 patches. Data represents mean of each sampling point. n=3.
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Figure 3.4 The in-vitro drug release profile of the Eudragit® E-100 patches (F8-F13) at 1 and 24
hours.

Date represented as mean percentage hesperetin release. n=3.

A.K. AlMurjan, PhD Thesis, Aston University 2021. 109



Table 3.4 The percentage of hesperetin released from the formulations (F1-F12) at 1 and 24
hours. F1 — F7 are silicone-based patches. F8 — F12 are acrylic-based patches.

1 hour (%) 24 hours (%)

F1 0.82 (0.03) 4.25 (0.04)
F2 2.56 (0.18) 13.17 (0.33)
F3 2.41 (0.20) 13.04 (0.19)
F4 3.07 (0.13) 22.71 (0.39)
F5 2.26 (0.02) 14.86 (0.15)
Fé 1.24 (0.09) 13.13 (0.24)
F7 9.62 (0.20) 39.91 (0.37)
F8 3.25(0.12) 4.82 (0.30)
F9 1.09 (0.06) 8 (0.06)

F10 0.46 (0.01) 0.76 (0.01)
F11 0.93 (0.01) 0.78 (0.03)
F12 0.34 (0.02) 1.35 (0.03)

Data reported as mean (standard deviation).

3.5.2 Storage studies at different temperatures
The selected Formulations (F7 and F9) were stored at both 4°C and 25°C for 3 weeks.
Morphology characterisation, pH assessment and drug in-vitro release studies were conducted

at weeks 0, 2, and 3.

3.5.2.1 Morphology and mechanical characterisation

The morphology of the formulations was investigated by optical microscopy to assess the
solubility and the possibility of crystallisation of hesperetin in the formulations over a period of
3 weeks. Hesperetin was fully dissolved and dispersed in F7 patch during the whole period of
3 weeks and no significant crystallisation observed under the microscope except for visible air
bubbles (Figure 3.5). F7 retained its good mechanical properties during the storage period at

both temperatures.
Formulation F9 was also homogeneous, and no insoluble drug patches detected for week 0,

however was subsequently discarded due to the poor detachability, poor handling and

stickiness noticed after 2 weeks of storage at both 4°C and 25°C.
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Figure 3.5 Morphology characterisation of F7 patch during the period of stability studies (3
weeks) under storage conditions 4°C and 25°C.

Images captured using Zeiss Primovert microscope with 10x objective lens. F7 patch composed of
silicone PSA with 5.5% glycerol.

3.5.2.2 pH assessment

The pH of the selected formulations was assessed at weeks 0, 2 and 3 to ensure that the
formulations are stable and suitable for skin application. The pH of each formulation (F7, F9)
did not change during the 3 weeks of storage at both 4 °C and 25 °C (Table 3.5).

Table 3.5 pH of the tested formulations (F7, F9) at weeks 0, 2, and 3 stored in 4 °C and 25 °C.

F7 F9
Week 0 5 7
Week 2 5 7
Week 3 5 7

3.5.2.3 In-vitro drug release studies

The ability of the prepared patches to release hesperetin was successfully assessed by in-vitro
drug release studies using a cylindrical screw top glass jars (15 mL) where the patch was
placed at the bottom of the jar then removing the release liner with thin tweezer and then the
jars were filled with PBS as a receptor medium. The studies were conducted on weeks 0, 2,

and 3 for F7 patch to observe the stability over the 3 weeks period when storing the formulation
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in both 4°C and 25°C (Figure 3.6, 3.7). For F9 (Figure 3.8), only week 0 release profile was
obtained due to stickiness and changes in mechanical properties of the patch during storage

at both 4°C and 25°C as discussed above.

The mean percentage of hesperetin released by F7 after 24 hours in week 0 was 40.50 %
(6.18 %), which was significantly higher when compared to F9 release profile, 3.64 % (0.54 %)
(p<0.001) (Figure 3.6). Storage of F7 at 4°C for 2 - 3 weeks resulted in significantly lower drug
release profile reaching 18 - 21 % in 24 hours (p<0.01) (Figure 3.7A). Concurrently, the storage
at 25°C resulted in further significant reductions in drug release with a range of 13 - 16 %
(p<0.01) (Figure 3.7B). Compared with baseline (week 0), drug release profiles in all
subsequent weeks were statistically significantly lower and in both storage conditions (Table
3.6).
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Figure 3.6 Comparing the in-vitro drug release profiles of silicone-based (F7) and acrylic-based
(F9) patches at week 0.

Open circles represent the mean. Error bars reflect the standard deviation (SD). n=3. ***p<0.001
representing the comparison of the release time point at 24 hrs.
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Figure 3.7 The in-vitro drug release profile of F7 patch in weeks 0, 2, and 3.

Storage at (A) 4°C and (B) 25°C. Data represented as mean percentage hesperetin release. Error
bars reflect the standard deviation. n=3. F7 patch composed of silicone PSA with 5.5% glycerol.
**p<0.01 representing the comparison of the release profiles with week 0 as the control.
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Figure 3.8 The in-vitro drug release profile of F9 at week 0.

Open circles represent the mean. Error bars reflect the standard deviation (SD). N=3.

Table 3.6 Statistical significance in the in-vitro drug release studies profiles on F7 (silicone-
based patch) during storage at 4°C and 25°C

4°C 25°C
Week 0
vs. 0.0045 | 0.0029
week 2
Week 0
vs. 0.0054 | 0.0039
week 3

Data represented as individual p-values of each time point. All the data shows significant difference
using one-way ANOVA with Dunnett's post-hoc test, statistical significance implied with a p-value of <
0.05. Week 0 values used as the baseline of comparison.

Hesperetin release profile from F7 patch significantly decreased during both storage conditions
(Table 3.6). To confirm the absence of chemical degradation occurred to hesperetin in F7
patch during both storage conditions, HPLC chromatograms obtained in week 0 and week 3
(24 hours sample) were compared showing that hesperetin peak is still present reflecting the
absence of chemical degradation (Figure 3.9). Differential scanning calorimetry (DSC) has
been typically used to understand the thermal and chemical characteristics of compounds

incorporated into topical and transdermal systems [252-256].
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Figure 3.9 HPLC chromatogram of hesperetin from F7 patch release studies (24 hours sample)
over 3 weeks

(A) week 0, (B) week 3, 25 °C storage, (C) week 3, 4 °C storage. F7 patch composed of silicone PSA
with 5.5% glycerol.

3.5.2.4 Kinetic assessment

Drug release kinetic models were applied to assess the mechanism of drug release for
formulations F7 and F9. The KP model was selected for F7 since it has shown the highest r?
values and lowest AIC in weeks 0, 2, and 3 release studies which reflected a fitted model
across both 4°C and 25°C storage temperatures (Table 3.7). For F9, KP model was also the

best fitted model on week 0O release profile (Table 3.8).

For F7, the KP diffusional release exponent (n) value was < 0.5 in week 0 release profile
representing release controlled by drug diffusion (Fickian diffusion). While at weeks 2 and 3
with both storage temperatures, the n-values were 0.5 < n < 1 reflecting that the release is
controlled by both drug diffusion and polymer relaxation (anomalous diffusion) (Table 3.7). This
elucidates the decrease in the release profile of hesperetin with storage affected by polymer
relaxation. For F9, The KP n-value obtained for week 0 release profile was < 0.5 representing
Fickian diffusion (Table 3.8)
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Table 3.7 Kinetic assessment of release data of F7 performed at weeks 0, 2, 3 at both 4°C and 25°C storage conditions.

Model Parameter Week 0 Week 2 (4C) Week 2 (25C) Week 3 (4C) Week 3 (25C)
Mean SD Mean SD Mean SD Mean SD Mean SD
ko 0.034 0.005 0.016 0.000 0.012 0.001 0.015 0.001 0.010 0.000
Zero order r2 0.300 0.147 0.689 0.025 0.829 0.024 0.687 0.036 0.928 0.046
AIC 61.030 1.232 42.114 0.184 24.255 0.473 40.782 0.498 14.613 4.503
k1 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
First order r2 0.506 0.155 0.739 0.024 0.853 0.024 0.733 0.036 0.940 0.040
AIC 57.710 0.500 40.516 0.256 23.188 0.627 39.319 0.333 13.160 4.911
kh 1.143 0.143 0.525 0.007 0.358 0.013 0.491 0.031 0.289 0.009
Higuchi r2 0.965 0.012 0.985 0.005 0.898 0.008 0.988 0.004 0.891 0.039
AIC 33.790 1.536 14.296 4.194 20.653 0.104 11.350 4.469 18.321 3.061
kKP 1.502 0.121 0.368 0.021 0.120 0.003 0.347 0.012 0.063 0.028
n 0.457 0.028 0.556 0.011 0.667 0.010 0.554 0.015 0.744 0.067
Korsmeyer-Peppas (KF) r2 0.977 0.001 0.995 0.002 0.961 0.014 0.997 0.000 0.999 0.001
AlC 32.446 3.284 6.589 5.030 15.681 2.032 1.129 0.838 -10.843 5.561

KO: the rate constant for zero order model; k1: first order rate constant; kh: Higuchi rate constant; kKP: Korsmeyer-Peppas rate constant; r?: is the coefficient
of determination; AIC: the Akaike Information Criteria; n: the diffusional release exponent. SD: Standard deviation.
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Table 3.8 Kinetic assessment of release data of F9 performed at week 0.

Model Parameter Week 0
Mean SD
ko 0.004 0.000
Zero order r -4.913 0.871
AlC 33.666 1.680
k1 0.000 0.000
First order r -4.847 0.864
AlC 33.565 1.668
kh 0.147 0.016
Higuchi r2 -0.759 0.349
AlC 22.709 1.558
kKP 0.935 0.114
n 0.203 0.014
Korsmeyer-Peppas 2 0822 0.054
AlC 3.870 1.514

kO: the rate constant for zero order model; k1: first order rate constant; kh: Higuchi rate constant; kKP:
Korsmeyer-Peppas rate constant; r2: is the coefficient of determination; AIC: the Akaike Information
Criteria; n: the diffusional release exponent; SD: Standard deviation.

3.6 Discussion

Transdermal patch systems exhibit numerous advantages over oral drug delivery, primarily
through avoiding first-pass metabolism associated with oral drug delivery and improving
bioavailability [88]. Using transdermal patches to deliver drugs is convenient for patients as
they are easy and simple to apply, thus, improve patient compliance. Transdermal drug
delivery could be used for sustained drug release for chronic disorders that need long term

doses to maintain the required therapeutic drug concentration [289].

The flavonoid hesperetin possesses various benefits against depression, cancer, neurological
diseases, inflammation, oxidation, and convulsions [52, 76, 81, 184-187], however, the
therapeutic potential is affected with oral delivery due to the extensive first-pass metabolism
of hesperetin which results in a reduced oral bioavailability. The low bioavailability challenge
was highlighted for all dietary flavonoids due to the insufficient plasma concentrations after
dietary intake which hinder their therapeutic potential [364, 365]. It has been suggested that
the transdermal delivery of flavonoids is one of the most advantageous routes to overcome the

challenges of flavonoid administration [289-291, 364].
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For hesperetin specific, a previous study formulated hesperidin using transdermal patch
systems using a combination of two polymers, Eudragit S100 and HPMC ES5. In-vitro drug
release studies were conducted using Franz diffusion cell resulted in 93.7% hesperidin
released in 6 hours [289]. Another study developed quercetin transdermal patches and showed
that the release of the drug from the patches reached up to 85.8 % in 24 hours and significant

anti-inflammatory activities were demonstrated by the patches [290].

The aim of this study was to develop a range of hesperetin matrix transdermal patches using
silicone (Dow Corning® BIO-PSA 7-4501) and acrylic (Eudragit® E100) pressure sensitive
adhesives with incorporating different plasticisers such as PVP 30 (5 % and 10 %), glycerol
(2% - 10%), Tween® 20 (2.5 % and 5 %), and triacetin (45%) (Tables 3.1, 3.2). The
preliminarily developed patches were evaluated through morphology and visual mechanical
assessments, thickness measurement, and in-vitro drug release studies. The formulations with

best release profiles (F7, F9) were selected for further storage studies.

The stability of the selected patches in both 4°C and 25°C were assessed and evaluated for 3
weeks period. Stability studies included morphology and visual mechanical characterisation,
pH investigation, and in-vitro drug release studies with kinetic assessments. Assessments
during storage is an important step to evaluate the formulations as storage conditions can

potentially influence the efficiency and safety of the formulations.

3.6.1 Preliminary assessments

3.6.1.1 Measurement of patch thickness

The thickness of transdermal patches is an important parameter to assess because increased
patch thickness can reduce the ability of drug molecules to become mobile and hence reduce
overall drug release, moreover, it can impact the folding endurance, moisture uptake and
moisture content [308, 366]. The thickness of the developed hesperetin patches in our study
(F1-F12) ranged from 0.29-0.33mm (Table 3.3), which is within the range obtained by previous
studies [112, 288, 308, 311, 359, 366].

3.6.1.2 Morphology and mechanical characterisation

The incorporation of hesperetin powder directly into the adhesives matrices resulted in
inhomogeneous mixture with insoluble drug spots detected under the microscope. Hesperetin
was required to be dissolved in acetone to be mixed homogeneously with the adhesive or the

polymer matrix. The preliminary formulations F1-F12 were successfully developed with good
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visual mechanical properties assessed visually in terms of regular handling, stickiness, and
peel-ability or detachability from the release liner. The patches were peeled off the liner easily
with no visual traces on the liner and adhered efficiently on the release jars with no detachment
detected when adding the release media. F13 patch, which contained 10% glycerol and 45%
triacetin in Eudragit®E 100 polymer, was too sticky and was unable to detach from the release
liner, hence, discarded. Accurate mechanical tests are necessary such as tensile strength test
and peel adhesion test as they will assist in better understanding of mechanical differences
between the developed patches [112, 297, 367].

3.6.1.3 In-vitro drug release studies

The formulations F1-F12 were assessed according to their ability to release hesperetin in 24
hours (Figure 3.3 and 3.4) (Table 3.4). For the silicone PSA patches (F1-F7), F7 with 5.5 %
glycerol provided the highest mean percentage of hesperetin dissolved in 24 hours, 39.9 %
(0.37 %), 2-fold higher than the release obtained from F6 patch (2.5 % glycerol) (Figure 3.3B).
Glycerol was utilised frequently by several studies as a plasticiser of biodegradable and edible
films [320, 322-339]. Water can penetrate easily into the pressure sensitive adhesive structure
with the presence of glycerol as highly mobile channels are created in the adhesive matrix
influencing the adhesive physicochemical properties and the penetration rate of the drug which
is increased with higher glycerol concentrations [345, 346]. Without the use of a plasticiser
(formulation F1), hesperetin release was the lowest, 4.25 % (0.04 %) (Figure 3.3A). This
emphasises the need of plasticiser incorporation into silicone adhesives to facilitate drug

release

Using 10 % PVP 30 (F3) did not statistically significantly enhance hesperetin release when
compared to the 5 % PVP 30 patch (F2), with both patches releasing approximately 13 % of
hesperetin after 24 hours (Figure 3.3A). However, several studies showed that increased PVP
amounts in different types of transdermal patches inhibited crystallisation and enhanced drug

permeation and release [288, 357-361].

Lower concentration of Tween® 20 (2.5 %) in the F4 patch produced higher hesperetin release
when compared to patch incorporating 5 % Tween® 20 (F5) (Figure 3.3). This concentration
dependant effect could be related to the fact that Tween® 20 exerts its permeability
enhancement effect mostly on hydrophilic molecules, while hesperetin is a lipophilic
compound, however, it could potentially reflect a good option for sustained release system with
higher Tween® 20 concentrations [353, 354]. Several studies reported the effectiveness of
Tween® 20 in increasing skin penetration of certain compounds [349-351], while in another

study they demonstrated the ineffectiveness of Tween® 20 on specific compounds [352].
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For the Eudragit® E100 based patches, F9 with both triacetin and 5 % glycerol released the
highest percentage of hesperetin after 24 hours, 8 % (0.06 %) (Figure 3.4). However,
formulation F10 with 2 % glycerol and no triacetin, provided the lowest mean percentage
hesperetin release in 24 hours, 0.76 % (0.01 %) (Figure 3.4). Using glycerol alone at different
concentrations without triacetin produced low release profiles in 24 hours ranging from 0.76-
1.35 % (Figure 3.4). Triacetin was required in Eudragit® patches for providing optimised drug

release as it improves flexibility between polymer chains [309, 312, 313].

F7 and F9 were selected for storage studies due to their highest hesperetin release in 24 hours
when compared to the rest of the formulations in each type of adhesive matrix (Figure 3.3 and
3.4) (Table 3.4).

3.6.2 Storage studies at different temperatures

3.6.2.1 Morphology and mechanical characterisation

Regarding morphology characterisation, F7 patches stored at 4°C and 25°C were investigated
under optical microscopy at weeks 0, 2, and 3 and demonstrated that hesperetin was fully
dissolved and dispersed during the whole period of 3 weeks and no significant crystallisation
detected (Figure 3.5). Using optical microscopy allows direct observations of the samples and

was successfully used by several studies to detect crystallisation [247, 248].

Visual mechanical assessments were implied during the storage period on F7 and F9 patches.
F7 retained its mechanical properties such visual peelability and proper stickiness during the
storage period at both temperatures, while F9 has been discarded as it has lost its mechanical

properties with storage.

The mechanical instability of Eudragit® patch (F9) could be related to the changes in the
interchain Van der Waals forces that could be either weakened or strengthened with
temperature changes due to the increased or decreased mobility between polymer chains
[292]. Furthermore, a physical aging phenomenon could be the reason of the physical changes
observed during storage. Physical ageing emerges when a polymer is out of equilibrium, and
it is prompted by molecular relaxations that are driven in the direction expected to put the
polymer system closer to equilibrium [368]. This is monitored by determining the elongation of
the polymeric patches represented by coalescence of the colloidal acrylic particles and
entanglement, which can be characterised by the relaxation of the polymer at equilibrium and
can be impacted by several factors including plasticiser amount, temperature, and humidity.

This could also be reflected by changes in tensile strength and drug release and could be
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better understood with the conduction of accurate mechanical tests such as tensile strength
test and peel adhesion test [369-371].

3.6.2.2 pH assessment

The assessment of pH on F7 patches showed that the pH was consistent and unchanged with
storage in 4°C and 25°C for 3 weeks and was maintained at pH 5 (Table 3.5). The pH of F9
was maintained at 7 for 3 weeks. It is necessary to assess the pH of any formulation intended
to be used on the skin because acidic or alkaline pH of transdermal formulations can cause
skin damage and irritation. The pH of the dermal layer ranges from 4-7.4 reflecting that the

formulation is in a satisfying pH range for skin application [233].

3.6.2.3 In-vitro drug release studies

The storage of F7 patches at 4 °C for 3 weeks resulted in a significant reduction in the release
by around 20 % after 24 hours (Figure 3.7A) (Table 3.6). Concurrently, the storage at 25 °C
resulted in further significant reductions in drug release by around 26 % when compared to
week 0 baseline after 24 hours (Figure 3.7B) (Table 3.6). This could be due to the polymer
matrix integrity which can be influenced by the physiochemical properties of the drug and the
interaction between the drug and the polymer [260, 267], which could subsequently lead to the
resistance of polymer to swell. Polymers swelling aid in the release of drug; thus, the resistance

of swelling will eventually decrease drug release.

To rule out any chemical changes reflected by the decreased release from F7 patch during
storage, the HPLC chromatograms of hesperetin released in 24 hours from F7 in week 0 and
week 3 were compared and demonstrated no change in detecting peak properties (Figure 3.9).
Differential scanning calorimetry (DSC) is commonly used for understanding the thermal
characteristics of compounds incorporated into topical and transdermal systems [252-256] by
giving an insight into thermal and chemical properties including phase transitions, melting

temperatures, heat capacity changes, or any chemical changes [372].

Without the proper adhesion to the skin, the drug release will not occur. The adhesion
properties of PSA could be affected by temperature which could also contribute to the
decreased drug release with storage, and this reflect the changes in the intermolecular links
of the polymer. The interchain Van der Waals forces could be either weaken or strengthen with
temperature changes due to the increased or decreased mobility between polymer chains
[292]. Accurate mechanical tests are necessary such as tensile strength test and peel
adhesion test as they will assist in understanding any potential changes during storage [112,
297, 367].
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The Eudragit® E100 based patch, F9, which released only 3.6 % of hesperetin at week 0
(Figure 3.8), was physically unstable during storage due to its stickiness corrupted as
explained above, therefore, no further stability studies were conducted (except for pH

assessments).

3.6.2.4 Kinetic assessment

The application of drug release kinetics and mathematical models illustrated that F7 followed
KP model with a release mechanism controlled by Fickian diffusion in week 0 (Table 3.7).
While with storage, the release mechanism was controlled by both Fickian diffusion and non-
Fickian (anomalous) diffusion. Having multiple release mechanisms for one formulation is
common (Table 3.7) [260, 261]. A previous study by Ritger and Peppas demonstrated both

Fickian and anomalous behaviours from swellable matrices [261].

Fickian diffusion is described by drug flux due to molecular diffusion and the concentration
gradient. Fickian diffusion in polymer networks is often observed when the temperature is
above the glass transition temperature of the polymer (Tg) reflecting the rubbery state of the
polymer. In this rubbery state, polymer chains have higher mobility and elongations under
relatively low load that allows an easier penetration of the solvent [373]. In non-Fickian
(anomalous) behaviour, both drug diffusion and polymer relaxation control the release of drug
from the formulation [261].

The predominant molecular mechanism of drug release from F7 during storage is a coupling
of drug diffusion and macromolecular relaxation of the polymer chains in which the drug
diffuses outward [261, 374, 375]. If the temperature is below the Tg, the chains of the polymer
will be restricted in which the penetration of the solvent to the core of the polymer is harder
[373]. The storage of the patch at different temperatures could affect the rubbery state of the
polymer affecting the mobility of polymer chains and networks. This could also be related to
the decrease noticed in hesperetin release and the change in the release mechanism from
Fickian diffusion in week 0 to both Fickian and non-Fickian diffusion during storage (Figure
3.7).

The Eudragit® E100 based patch, F9, also followed a KP model in week 0 with a release
mechanism controlled by Fickian diffusion representing a concentration gradient drug diffusion
(Table 3.8).

Silicone PSA based patches produced better performance, higher release, better stability, and

good physical handling with easier preparation when compared to Eudragit E100 films which
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were time consuming, provided low release and instable mechanical properties during storage
(Figure 3.6). However, the effect of the adhesive matrices on the release of different drugs is
variable and cannot be generalised due to the variable physiochemical properties of drugs and
plasticisers that would influence the thermodynamic activity and the intermolecular interactions
between the drug and the PSA [297].

3.7 Pharmaceutical base creams vs. transdermal patches system

Using Dow Corning ® BIO-PSA 7-4501 adhesive for the development of patches with glycerol
(56.5%) have shown the highest percentage of hesperetin release of 40 % in 24 hours, while
the highest percentage obtained from the developed creams was about 13 % from Pentravan®

formulation.

Creams were easier and faster to develop by simple compounding steps when compared to
transdermal patches which require 24 hours drying. Both formulation systems showed
consistent pH values and morphological characterisation during the storage period at 4°C and
25°C. Base creams showed consistent release profiles (except Pentravan®) at specific storage
temperatures, however, the developed transdermal patch have shown inconsistent release

profiles during storage with significantly decreasing profile.

The application of both patches and creams are considered easy and convenient for patients
but the stickiness of the patches should be assessed as some patches could leave residues
on the skin or are resistant to peel off and that would be inconvenient for the patients. The
patches would be more suitable for transdermal and sustained release as the creams can be

easily washed of by water.

Hesperetin pharmaceutical base creams could be used for topical and localised purposes for
the treatment of skin disorders including skin cancer. Also, the topical delivery of hesperetin
as a photoprotective agent using creams has been explored previously [244, 376]. Dow
Corning ® BIO-PSA 7-4501 hesperetin patches demonstrate a potential candidate to release
hesperetin systemically owing to the high release profile. However, more studies are required

in this area to assess the stability of the formulations during storage and to improve the release.
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3.8 Conclusion

The delivery of hesperetin to the systemic circulation through the skin by transdermal patches
could be a potential solution for its reduced oral bioavailability. The objective of this study is to
formulate and evaluate hesperetin transdermal matrix patch systems using Dow Corning ®
BIO-PSA 7-4501 adhesive or Eudragit® E100 with different plasticisers. The developed
patches were subjected to preliminary evaluation studies including thickness measurement,
morphological characterisation, visual mechanical properties, and in-vitro drug release studies.

The most successful patches with highest drug release were further evaluated during storage.

Using Dow Corning ® BIO-PSA 7-4501 adhesive showed good potential with good hesperetin
release profile and simple and easy development process. Glycerol (5.5 %) was the best
plasticiser to be used with Dow Corning ® BIO-PSA 7-4501 adhesive (F7 patch) as it
significantly facilitated hesperetin release (~40 %), showed stable visual mechanical
properties, and demonstrated consistent morphological characterisation during storage.
However, the percentages of hesperetin released from F7 patches with storage at 4°C and
25°C for 3 weeks were decreased significantly which could be attributed to polymer relaxation
or drug-polymer interactions. Further studies are required to better understand the reasons

behind the changes in release profiles during storage.

Dow Corning ® BIO-PSA 7-4501 adhesive is a potential candidate for the development of
transdermal patches attributed to its easy use, flexibility, compatibility with wide range of APls,
and safety profile. While according to this study, Eudragit® E100 patches produced low
release, lost its mechanical properties with storage, and were time consuming and not easy to

develop.
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Chapter 4

Precision dosing-based optimisation
of paroxetine during pregnancy for
poor and ultra-rapid CYP2D6
metabolisers: a virtual clinical trial

pharmacokinetics study

Disclaimer

Elements of this chapter have been published as follows:

Almurjan, A., Macfarlane, H., & Badhan, R. K. S. Precision dosing-based optimisation of
paroxetine during pregnancy for poor and ultrarapid CYP2D6 metabolisers: a virtual clinical

trial pharmacokinetics study. Journal of Pharmacy and Pharmacology, 72(8):1049-1060.
doi:10.1111/jphp.13281
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4.1 Introduction

Depression in pregnancy is a serious and prevalent condition with incidence rates as high as
20% [29]. Selective Serotonin Reuptake Inhibitors (SSRIs) are the first-line antidepressant
medications and now regarded as an alternative to TCAs [377]. The superior toleration of
SSRIs compared to the older antidepressants is due to their selective inhibition of serotonin
reuptake and their reduced effect on cholinergic, adrenergic, and histaminergic receptors.
SSRIs exert their effect at the presynaptic axon terminal by inhibiting the serotonin transporter

(SERT) resulting in increased amount of serotonin neurotransmitter in the synaptic cleft [378].

SSRIs are considered safe in overdose, and they are better tolerated than the older
antidepressants including TCAs. SSRIs adverse effects are troublesome but in general not
life-threatening, these include gastrointestinal disturbances such as nausea and diarrhoea,
agitation, sleep disturbances, anorexia, anxiety, myalgia, sexual dysfunction, and headaches
[20, 379]. SSRIs include antidepressants such as citalopram, fluoxetine, sertraline, paroxetine,

and fluvoxamine.

Paroxetine is used to treat several conditions including major depressive disorder, anxiety
disorder, posttraumatic stress disorder, panic disorder, and obsessive-compulsive disorder
[22, 380]. It is the most potent clinically available serotonin reuptake inhibitor with less
selectivity for the site of serotonin reuptake when compared to sertraline. Despite this,
anticholinergic adverse effects are not apparent until administering toxic paroxetine doses that

are significantly higher than the regular therapeutic doses [377].

Paroxetine is primarily metabolised by Cytochrome P450 2D6 (CYP 2D6) and to a lesser extent
(but equally important) by CYP 3A4, with minor roles for CYP 1A2, C219 and 3A5 (Figure 4.1)
[381]. Further, paroxetine is also a mechanism-based inhibitor of CYP 2D6 [382, 383], which
results in a significant decrease in clearance under multiple-dosing (steady-state) conditions

and could give rise to drug-drug interactions [377, 384].
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Figure 4.1 Paroxetine hepatic metabolism pathway showing the main metabolism by CYP2D6.

Due to its non-linear pharmacokinetics, the half-life (t1,2) of paroxetine is variable as it depends
on the duration and the dose administered, ranging from approximately 15 - 20 hours [385,
386]. Moreover, the AUC after a single dose of 20 mg is much lower to that of multiple dosing,

191 ng/hr/mL for single dosing and 1481 ng/hr/mL for multiple dosing [387, 388].

Several studies have noticed an apparent increase in the activity of CYP 2D6 during gestation
which results in an approximate 50 % decrease in paroxetine plasma concentrations compared
to pre-pregnancy levels [380, 389-393]. The underlying mechanisms of CYP2D6 induction
during pregnancy is suggested to be related to the increase in the key female hormones
estradiol and progesterone throughout pregnancy, with concentrations reaching up to 100 nM
and 1 uM for estradiol and progesterone, respectively. These levels are significantly greater
than those during menstruation (< 50 nM) [394, 395]. Such female hormones are known to be
activators for basic helix-loop-helix transcription factors (e.g. aryl hydrocarbon receptor; AhR)
or nuclear hormone transcriptional regulators (constitutive androstane receptor, CAR;
pregnane X receptor, PXR; estrogen receptor, ER), which contribute to the induction of a
variety of CYP isoforms and enhanced drug clearances [396, 397].
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However, perhaps complicating the use of paroxetine during gestation, is the fact that CYP
2D6 is extensively polymorphic with at least a 7-fold difference in the median total clearance
between the extensive metabolism (EM) and poor metaboliser (PM) phenotypes [384, 388]. In
poor metabolisers (PM), high plasma concentrations may provoke anticholinergic side effects
[398]. Furthermore, the therapeutic window was assumed to be in the range of 20-60 ng/mL
[399, 400]. However, therapeutic blood concentrations for paroxetine can range from 10 ng/mL

to 120 ng/mL [401], with toxicity reported to commence at approximately 350 ng/mL [402].

Paroxetine has been given a category D banding by the FDA because of its increased risk of
causing birth defects when taken during the first trimester, in addition to being associated with
neonatal withdrawal syndrome when administered later in pregnancy [403]. Nevertheless, the
potential harms of using paroxetine during pregnancy should be weighed carefully against the
potential for serious risks of untreated maternal depression. This is particularly important given
that recent reports in the UK have suggested that 1 in 25 women (aged 20-35 years) who die
by suicide, do so during the perinatal periods (conception-pregnancy and post-natal) [404].
And further, that poor mental health during gestation is a highly correlated with poor mental
health postnatally [405]. A poor treatment response or intolerable side effects frequently
requires an intervention and to switch from one antidepressant to another. Conservative
switching techniques involve tapering off the initial antidepressant gradually, followed by a
sufficient washout period before beginning the new antidepressant. This can take a long time
and may involve intervals without medical attention, which carries the risk of exacerbations of
the condition that could be fatal to the mother and the foetus. If antidepressants are abruptly
stopped after a long period of use, withdrawal syndromes may develop. Additionally,

depression can relapse or worsen [406].

There are no well-controlled, large scale reliable studies of paroxetine use throughout

gestation. However, the clinical toxicology database TOXBASE® (https://www.toxbase.orq)

[407], from the National Poisons Information Service Unit has published guidance for
paroxetine use throughout pregnancy and suggest that paroxetine can be continued where an
SSRI is considered clinically necessary and where paroxetine has been found to be the only
effective agent. Further, the risks of continuing must be weighed against the possible negative
outcomes associated with relapse [408]. It is important to consider the risks associated with
any relapse as well as the risk of relapse itself and recommendations are to use the lowest
effective dose and for clinicians to follow this advice without risking relapse [408]. With this in
mind, it is important that clinicians are aware of likely gestation-related variation in paroxetine

levels [409].
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In the context of post-natal period, paroxetine has been reported to lead to neonatal withdrawal
syndrome, particularly persistent pulmonary hypertension of the new-born (PPHN) when
paroxetine is used beyond 20 weeks gestation, but not amongst infants of mothers who used
the drug prior to eight weeks [410]. However, this risk is thought to be small for the SSRI group

as a whole [411].

Given that poor mental health during gestation is a highly correlated with poor mental health
postnatally [405], the benefit of therapy should be weighed against the potential risk of
cessation of therapy and the associated consequence for the mother and child [405, 412].

However, the requirement for adjustments of daily dosing during gestation is uncertain.

In light of the paucity in pharmacokinetic data for paroxetine during gestation, we have, for the
first time, applied the concept of pharmacokinetics-based virtual clinical trials dosing to
elucidate possible dose adjustments that could be implemented in both EM and polymorphic

CYP 2D6 subjects throughout gestation.

4.2 Aims and objectives

The primary aim of this study was to use the principles of mechanistic pharmacokinetic
modelling and virtual clinical trials to elucidate the causative effects of the decrease in plasma
paroxetine levels during gestation and to provide a clinically relevant dosing adjustment
strategy that could be implemented to maintain plasma paroxetine levels during gestation,

when taking into consideration the CYP 2D6 phenotype status patients.

To achieve the aims, the overall objectives were:

- To validate the previously developed paroxetine PBPK model using published single
and multiple dose studies in healthy population.

- To further validate the model in pregnant population

- To assess the impact of CYP 2D6 polymorphism on paroxetine plasma concentration
during pregnancy

- To explore approaches to paroxetine dose titration during gestation for CYP 2D6

phenotypes.

4.3 Methods
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The physiologically based pharmacokinetic (PBPK) modelling tool Simcyp was utilised to
conduct virtual clinical trials simulations in subjects (Simcyp Ltd, a Certara company, Sheffield,
UK, Version 17). For studies in Step 1, simulations incorporated mixed genders (50:50), with
studies in Step 2-4 utilising females only. A four-stage workflow approach was applied for the
development, validation, and simulation studies with paroxetine (Figure 4.2).

Adaptations to both the paroxetine ‘compound file’ and the Pregnancy ‘population group’ were

made and described below.
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Figure 4.2 A four-stage workflow-based approach to paroxetine modelling

4.3.1 Step 1: Validation of paroxetine

Within the virtual clinical trial simulator Simcyp, the ‘healthy volunteer’ (HV) population group
was used to simulate ‘non-pregnant’ females as a baseline, with the ‘pregnancy’ population
group utilised for all gestational studies. The pregnancy population group was developed by
Simcyp, to include necessary gestational dependant changes in physiology, such as blood
volume and organ/tissue perfusion and enzyme/protein expression thought to play a role in

altering the pharmacokinetics of drugs [413-416].

Paroxetine has been previously developed by Simcyp and incorporated into the Simcyp
simulator [381]. However, to account for the impact of physiological alterations during gestation
on paroxetine pharmacokinetics, a modification to the prediction of the volume of distribution
at steady-state (Vss) was required, from a pre-set minimal-PBPK model to a full-body PBPK
distribution model. This required the application of a Weighted Least Square (WLS) approach

and the Nelder-Mead minimisation method to the calculation of Vss from a tissue-partition
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coefficient scaler (Kp scalar) [417]. The pharmacokinetics parameters used for paroxetine

model are detailed in Appendix A (Table A1).

Validation of the revision made to the paroxetine compound file employed three single dose
studies and two multiple dose studies: (i) 28 male healthy volunteers (18-50 years old) dosed
a single oral dose of 20 mg [418]; (ii) 9 healthy male subjects administered a single 20 mg oral
dose of paroxetine [419]; (iii) 12 healthy volunteers aged between 20-35 years old (9 males, 3
females) administered a 20 mg single dose of paroxetine [420]; (iv) 28 healthy volunteers
administered a 20 mg daily for 13 days, with sampling on days 12 and 13 [421]; (v) 7 healthy
males administered a 20 mg oral dose of paroxetine daily for 3 days, with sampling on day 1

and 3 [422]. Simulation trial designs were run to match clinical studies used in validation.

4.3.2 Step 2: Validation of paroxetine during gestation

Paroxetine plasma concentrations have been reported during gestation from a retrospective
analysis of therapeutic drug monitoring services in Norway [380], consisting of 29 serum drug
concentrations during pregnancy and 31 drug concentrations at baseline (non-pregnancy
females) obtained from 19 women taking an oral dose of 20 mg daily. This data was extracted
and utilised as ‘observed’ data for validation purposes. The Simcyp Pregnancy population
group was adapted to incorporate CYP 2C19 activity modifications during gestation, details of
which can be found in the Appendix A. Further, the optimised Vss predicted from Step 1 was
applied here, which was allowed to alter in line with maternal physiological changes during

gestation.

In simulating paroxetine pharmacokinetics during gestation, a 38-week trial design was
utilised, with simulations conducted using a 3x10 trial design with a daily oral dose of 20 mg
for all subjects. Data was collected over the final 24 hours of every fifth week. The trial design
was also replicated for healthy volunteer population of non-pregnant females (baseline) dosed
under the same dosing strategy for comparison. Furthermore, changes in AUC and total in-

vivo clearance were quantified during gestation.

4.3.3 Step 3: Phenotype simulation

To assess the impact of CYP 2D6 phenotypes on maternal paroxetine plasma concentrations,
data was extracted from an observational cohort study in 74 pregnant women aged from 25 to
45 years who used paroxetine during pregnancy and where data was reported for gestational
weeks 16-20, 27-31 and 36—40 [423]. The study included data from 43 extensive metabolisers
(EM), 5 poor metabolisers (PM) and 1 ultra-rapid metaboliser (UM).
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Simulations were conducted using a 10x10 trial design at GW 20, 30 and 38, with EM, UM and
PM populations dosed 20 mg daily during gestation and compared to results obtained from

Simcyp.

4.3.4 Step 4: Dose adjustment during gestation

In order to identify the requirement for a dose adjustment during gestation, we examined the
impact of dose escalation on paroxetine plasma concentrations. Doses were escalated in 5
mg increments every 3 days to 15-50 mg daily doses during gestation, with trough plasma
concentrations analysed for the final day of each trimester. Data was collected and reported
for the EM, PM and UM phenotype. The percentage of subjects with trough plasma
concentrations below 20 ng/mL and above 60 ng/mL were quantified for each trimester and

each phenotype.

4.3.5 Predictive performance

For all simulations in steps 1-3, a prediction of a pharmacokinetic metric to within two-fold (0.5-
2.0-fold) of that published clinical data was generally accepted as part of the ‘optimal’ predictive
performance [424-426].

4.3.6 Visual predictive checks

Model predictions in step 1-3 were compared to clinical studies using a visual predictive
checking (VPC) strategy [427]. In this approach, the predicted mean/median and 5" and 95"
percentiles of the concentration—time profiles (generated from Simcyp) were compared against
the observed data for any validation data sets. The prediction was assumed to be valid when

the predicted data points overlapped with the observed data sets.

4.3.7 Data and statistical analysis
All observed data obtained from clinical studies were extracted using WebPlotDigitizer v.3.10

(http://arohatgi.info/\WWebPlotDigitizer/). Statistical analysis was conducted using a non-

parametric Kruskal-Wallis with a Dunn’s multiple comparison post-hoc test. Statistical
significance was confirmed where p < 0.05 was determined. All statistical analysis was
performed using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla

California USA, www.graphpad.com).

4.4 Results
4.4.1 Step 1: Validation of a revised paroxetine full-body PBPK model
A validated paroxetine model, developed and incorporated into the Simcyp Simulator, was

utilised with adaptations to include a full-PBPK model for determination of appropriate Vss and
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to model physiological changes during gestation. The model was validated against a range of
published clinical studies using the Simcyp healthy volunteer population group (Table 4.1). For
all single dose studies (Figure 4.3A and 4.3B) and multi-dose studies (Figure 4.3C), the
simulated plasma concentration-time profiles were successfully predicted to within the
observed range for each study and model-predicted tmax, Cmax, and AUC were predicted to
within 2-fold of the reported parameters for each study, confirming successful validation (Table
4.1).
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Table 4.1 Summary of pharmacokinetics parameters from the single and multiple-dose studies

Dosing PK Parameters Observed Predicted
AUC 024 h) 96.50 (65.90) 156.83 (138.69)
Segura et al
Crmax 8.60 (5.50) 11.10 (8.87)
(2003)[419]
tmax 5 (3-5) 3.9(1.72)
i . AUC 0-48 h) 127 (67) 230.3 (222.34)
Yasui-Furukori et al
Crmax 6.5 (2.4) 11.10 (8.87)
(2007)[420]
tmax 5 (4-10) 3.9 (1.71)
AUC0-120h) 225.04 (291.91) 312.34 (347.90)
Massaroti et al
o Crmax 9.02 (8.82) 11.10 (8.87)
= (2005)[418]
."E’ tmax 5.03 (1.91) 3.89 (1.71)
AUC0-8n) [Day 1] 53.8 (26.7) 65.37 (53.52)
AUC -8 n) [Day 8] 159.8 (49.8) 205.76 (104.80)
Segura et al Cmax [Day 1] 10.4 (4.8) 11.09 (8.87)
(2005)[422] Cmax [Day 8] 26.1(7.1) 31.61 (15.18)
s tmax [Day 1] 3 (3-5) 3.87 (1.62)
g tmax [Day 8] 8 (3-8) 4.15 (0.83)

AUC, area under the curve; Cmax, maximum plasma concentration and tmax, time at maximum plasma
concentration. Data represent mean (standard deviation). AUC: ng/ml h; Cmax: ng/ml; and tmax: h.
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Figure 4.3 Simulated paroxetine plasma concentrations following single and multiple dosing.

(A) Single 20 mg oral dose of paroxetine; (B) single oral 20 mg dose with observed data presented as
multiple sampling; and (C) multiple daily 20 mg oral dose. Solid lines represent mean predicted
concentration—time profile with dotted lines representing 5th and 95th percentile range. Solid circles
represent observed clinical data from each study with error bars indicating standard deviation.

4.4.2 Step 2: Validation of paroxetine during gestation

Model predicted plasma concentrations during gestation overlapped with the range of
observations reported [380] during the entire period of gestation (Figure 4.4). The mean at
baseline, 24.05 ng/mL + 15.45 ng/mL, decreased for trimesters 1 (week 5: 21.51 ng/mL + 12.93
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ng/mL), 2 (week 20: 16.09 ng/mL £11.72 ng/mL) an week 30: 17.1ong/mL £ 11.00 ng/mL),
g/mL), 2 (week 20: 18.09 ng/mL % 11.72 ng/mL) and 3 (week 30: 17.16 ng/mL % 11.05 ng/mL)

with a statistically significant decrease from week 15 onwards to week 35 (p < 0.05).

80- o Simulated
5 o Westin et al (2017)[380]
% 70+ i )
_En\s 60_ ..... R R R TR AT TR RS TR PECErpau Ty erRrpRRrernpves G
g = o) ©
£ 50- g : :
2 5 o
g% 400 8, 0 ° 5 3
o 2 ° g °
$5 31 & g & & 3
g3 : 8§ 8
g 204 g ...... 08 ....... og ......... Qe g Q.
= i 8 . 8 8
S L I B
8 8 ©
0 ? T T T T
Baseline 5 10 15 20

Gestational Week

Figure 4.4 Simulated paroxetine plasma concentrations during gestation.

Paroxetine plasma concentrations were simulated during gestation (n = 30). Simulated concentrations
represent postdose trough concentrations (sampled at 24 h after dosing) and collated at 5-week
intervals over the gestation period (black open circles). Subjects were administered a 20 mg daily
dose. ‘Baseline’ refers to non-pregnant females. Red open circles represent observed (pooled) plasma
concentrations obtained from a total of 19 subjects. Shaded regions between 20—60 ng/ml represents
the therapeutic window.

Given the polymorphic nature of the primary metabolic pathway of paroxetine (CYP 2D6), the
changes in both clearance and AUC were further assessed during gestation for EM, PM and
UM phenotype subjects within the heterogeneous healthy volunteer population generated by
Simcyp (default Caucasian frequencies: EM: 86.5 %, PM: 8.2 % and UM: 5.3 %).

For both EM and PM, statistically significant differences in the AUC were apparent from
gestational week (GW) 15 (EM) and GW10 (PM) onwards, respectively and GW25 for UM
when compared to baseline subjects (Figure 4.5A) (Appendix A: Table A2 and A3). For CL,
statistically significant differences for both EM and PM were evident from GW10 onwards and
week 20 for UM (Figure 4.5B) (Appendix A: Table A2 and A3).
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For UM the AUC and CL demonstrated a 70-80 % decrease and 450-480 % increase in
trimester 3 when compared to baseline, respectively (Figure 4.5). This is in comparison to EM
where a 19-22 % decrease and 16-18 % increase in AUC and CL were noted from baseline,

in trimester 3, respectively (Figure 4.5) (Appendix A: Table A2).
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Figure 4.5 Impact of gestation on paroxetine pharmacokinetics demarked by CYP 2D6
population phenotype status.

The impact of gestation on paroxetine (A) area under the curve (AUC) and (B) clearance at baseline
(non-pregnant females) and during gestation. Data are demarked for the population (n = 100)
phenotype status with black circles representing EM, red circles representing UM and green circles
represented PM. Solid coloured line represents median value.

4.4.3 Step 3: The impact of CYP 2D6 phenotypes on paroxetine levels during gestation
The effect of CYP 2D6 phenotypes on maternal paroxetine plasma concentrations during
pregnancy were subsequently directly explored. Paroxetine plasma concentrations have
previously been reported in CYP 2D6 phenotyped subjects [423]. To validate the ability of the
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model of recapitulate the impact of CYP 2D6 phenotypes (EM, PM and UM) on paroxetine

levels, we compared model predictions of uniform singular phenotype population to those

reported [423]. For EM, the predicted range of paroxetine plasma concentration (determined

from the range of simulated maximum and minimum values), where within the range reported
(Figure 4.6A). For PM (Figure 4.6B) and UM (Figure 4.6C), despites there being a limited

number of reported values plasma concentration measurements available, predicted

paroxetine vales were generally within or spanning the range reported [423] (Figure 4.6).

Within each phenotype, a decrease in both peak and trough concentrations were noted (Table

4.2), with the UM phenotype resulted in a significant number of subjects possessing trough

levels below 20 ng/mL (73-76 %) compared to EM (51-53 %) (Table 4.2).
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Figure 4.6 Simulated paroxetine plasma concentrations for CYP 2D6 polymorphs.

15 20 25 30 35 40 45
Gestational Weeks

Paroxetine peak (Cmax) and trough (Cmin) plasma concentration were simulated in CYP 2D6 EM (A),

PM (B) and UM (C) subjects at gestations week 20, 30 and 38. Simulation concentrations were
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compared to reported plasma concentration (red open circles) for each phenotype. Blue circles: Cmin of
each subject; green circles: Cmax of each subject.

Table 4.2 Simulated paroxetine plasma concentrations during gestation

Trough
Week Cmax (ng/mL) Cmin (ng/mL) concentration < 20
ng/mL (% subjects)
20 39.875 (129.6-2.45) 19.63 (0.15-91.87) 51
EM 30 37.235 (2.01-122.28) 18.765 (0.14-87.64) 53
38 36.56 (1.88-120.04) 18.82 (0.15-86.16) 53
20 46.535 (18.95-147.25) 25.225 (6.06-109.49) 34
PM 30 43.77 (17.62-139.78) 24.345 (6-105.09) 34
38 42.85 (17.21-136.98) 24.435 (5.99-103.05) 34
20 34.4 (0.55-110.91) 12.465 (0.04-73.3) 73
UM 30 31.69 (0.45-103.66) 11.665 (0.04-69.13) 76
38 30.84 (0.42-102) 11.985 (0.04-68.22) 76

Cmax, maximum plasma concentration; Cmin, minimum plasma concentration; EM, extensive
metabolises; PM, poor metabolisers; UM, ultra-rapid metabolisers. Data represent mean (range).

4.4.4 Step 4: Paroxetine dose optimisation
To identify appropriate dose adjustments during gestation for CYP 2D6 phenotypes, the
number of subjects with trough concentration below 20 ng/mL and above 60 ng/mL were

quantified over the dosing range of 15-50 mg daily.

In all phenotypes studies (EM, PM and UM), the daily dose required was in excess of the
standard 20 mg/day throughout gestation. The choice of optimal dose was based around
ensuring a balance of a low percentages of subjects with plasma levels below 20 ng/mL or
above 60 ng/mL. In order to accomplish this, a suggested indicator of 20 % was used to ensure,
where possible, as many subjects as possible had trough concentration above 20 ng/mL in
addition to being below 60 ng/mL (Figure 4.7) (Appendix A: Table A4).

For EM, a dose of 30 mg daily in trimester 1 followed by 40 mg daily in trimesters 2 and 3 is
suggested to be optimal. For PM a 20 mg daily dose in trimester 1 followed by 30 mg daily in
trimesters 2 and 3 is suggested to be optimal. For UM, a 40 mg daily dose throughout gestation

is suggested to be optimal
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In determining the appropriate dose, the 40-50 mg/d doses resulted in the highest individual

trough concentration in the range of 200-300 ng/mL for the trial group (Appendix A: Table A4).

< 20 ng/mL > 60 ng/mL
901 = Trimester 1 . Trimester 1
80+ = Trimester 2 B Trimester 2
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Figure 4.7 Phenotype-based dose optimisation of paroxetine during gestation.

Paroxetine doses were escalated in 5 mg increments every 3 days to 15-50 mg daily dose during
gestation, with trough plasma concentrations analysed for the final day of each trimester in entirely
EM, PM or UM pregnancy population groups. The number of subjects with trough plasma
concentration below 20 ng/ml (left panels) or above 60 ng/ml (right panels) is reported.
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4.5 Discussion

Depression is far more prevalent in women than men [428, 429], and is the leading cause of
disability worldwide [430]. Furthermore, the prevalence of depression during pregnancy is
thought to be in excess of 10 % [431], however the use of mental health services by pregnant
women is low, approximately 14 %, when compared to non-pregnant women, approximately
25 % [432]. The use of pharmacological treatment for mental health disorders during
pregnancy is governed by balancing the risk to the foetus alongside the risk of relapse in the

mental health of the mother.

The gestation related alterations in maternal physiology, in addition to the treatment itself, can
impact upon the pharmacokinetics of drugs. These alterations include the reduction in
intestinal motility, increased gastric pH, increased cardiac output, reduced plasma albumin
concentrations, and increased glomerular filtration rate [433]. However, the consequences of
such alterations are often difficult to ascertain in controlled trials for obvious ethical reasons,
which leaves prescribers to empirically treat pregnant patients according to their understanding

of the changes in biochemical and physiologic functions [392].

However, to assess the potential impact of pregnancy on antidepressant therapy, the use of
robust and validated mechanistic pharmacokinetic models provides an opportunity to
prospectively assess the potential changes in a drugs pharmacokinetics to support medicines

optimisation.

Paroxetine is primarily metabolised by CYP 2D6 and to a lesser extent by CYPs 3A4, 1A2,
C219 and 3A5 [381]. Further, paroxetine is also a mechanism-based inhibitor of CYP 2D6
[382, 383], which results in a significant decrease in clearance under steady-state conditions
[384]. The use of paroxetine during gestation is complicated by the fact that several studies
have noticed an apparent increase in the activity of CYP 2D6 during gestation [389-393], with
an associated decrease in paroxetine plasma concentration during gestation, by up to 50 %,

in comparison to non-pregnant females [380].

Given the lack of more detailed clinical studies examining this phenomenon, for the first time
this study applied the principle of pharmacokinetic modelling to prospectively assess the use
of paroxetine in pregnancy population groups and attempted to relate changes in plasma
concentrations during gestation to a potential therapeutic window region. The Simcyp

pregnancy PBPK model has been utilised by our group and others for prediction of the impact
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of changes in plasma concentrations associated with gestation [414, 417, 434], however this

is the first time it has been utilised in the context of paroxetine.

The development of the model utilised an existing, validated, and published model of
paroxetine within the Simcyp Simulator, with minor modification to allow it to be used in the
context of pregnancy, particularly to account for the impact physiological changes in gestation
on paroxetine pharmacokinetics. This was accomplished by utilising paroxetine within a full-
body physiologically based pharmacokinetics (PBPK) model. This adaptation required
validation against single and multiple dose studies in non-pregnant subjects (Step 1) followed
by pregnant subjects (Step 2). Resulting predictions in non-pregnant subjects, were within 2-
fold of those reported along with appropriate visual predictive checking (VPC) strategy
confirming population level variability in plasma concentrations (Figure 4.3) were appropriately

predicted in relation to the clinically reported variability (Table 4.1).

There is currently a paucity of pharmacokinetics data examining the impact of gestation on
paroxetine plasma concentrations. To our knowledge, Westin et al [380] is the only publication
(to date) containing paroxetine plasma concentrations sampled in patients throughout
gestation. This was therefore used as the basis for validating the paroxetine pregnancy PBPK
model. Simulations were conducted for the entire gestation period (38 weeks) and sampling
and quantification conducted on the final day of each week for every 5" week during gestation
(Weeks 0-35) (Figure 4.4). In non-pregnant subjects (‘baseline’), the predicted plasma
concentrations (24.05 ng/mL + 15.45 ng/mL) were within 2-fold of those reported by Westin et
al [435] (33.5 ng/mL) and further spanned across a similar range of reported values. Westin et
al [380] reported a 12 %, 34 % and 51 % decrease in mean plasma concentration at for
trimesters 1-3, respectively. Using the PBPK model we demonstrated a similar decrease of
up to 30 % by trimester 3 (Figure 4.4).

To understand the rationale for the decrease in paroxetine plasma levels during gestation, we
further assessed changes in total (in-vivo) clearance and AUC (Figure 4.5). This was
demarked for the CYP 2D6 phenotype of each subject. In all phenotypes, the clearance
increased during gestation, which mirror the increase in 2D6 activity reported during gestation
[392], with the greatest difference in clearance occurring in trimester 3 (Appendix A: Table A2).
This increase in clearance would therefore reduce the overall bioavailability within subjects, as
demonstrated by the statistically significant difference in the AUC in trimester 3 for all
phenotypes (Appendix A: Table A3). Within each phenotype, the UM subjects demonstrated
the greatest difference in both clearance and AUC during gestation (Appendix A: Table A2 and

A3).
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The decrease in plasma concentrations noted in our study concurs with previous reports [392,
423], and may be associated with temporal changes in CYP 2D6 expression (induction) noted
throughout gestation [393]. Ververs [423] reported an increase in PM plasma concentration
[423] during gestation, which is in contrast to the reduction modelled within our studies.
However, the number of PM subjects in their study, n=1, is low making it difficult to extrapolate

to a larger cohort of PM subjects in a generalised fashion.

Given the importance of the phenotype of the subject on gestational paroxetine levels, we next
explored the ability of the model to correctly capture phenotype levels and to examine the
trough levels in the context of the therapeutic window. Paroxetine plasma concentrations have
previously been reported in CYP 2D6 phenotyped subjects [423], of which the EM, PM and
UM were investigated using uniform singular phenotype populations. Ververs reported single
point levels which were sampling at non-specific intervals post-dosing [423] and therefore
comparison were made to Cmax and Cnin levels in each subject simulated in our studies. For
both EM (Figure 4.6A) and PM (Figure 4.6B), model predicted levels spanned the range of
reported levels across gestational weeks. For the UM phenotype population, only 3 observed
samples were available across gestation (Figure 4.6C). Although the predicted levels spanned
some of the reported levels (Figure 4.6C), the lack of UM data precludes a full comparison to

be made.

For the PM phenotype, as a result of a loss of function alleles, gestational changes in
paroxetine pharmacokinetics would be primarily governed by maternal physiological
alterations or alternative clearance pathways, e.g. CYP 3A4, whose activity is known to
increase during gestation [436], rather than direct changes in CYP 2D6 expression. Thus, the
combined impact of minimal CYP 2D6 mediated clearance (in PM phenotypes), but enhanced
CYP 3A4 clearance due to gestational induction, may result in a potential net minimal changes

in plasma levels during gestation [434].

To assess the potential impact of these polymorphic subjects on possible sub therapeutic
levels, we quantified the percentage of subjects with trough concentration below the lower
therapeutic window (20 ng/mL) for the standard 20 mg dose (Table 4.2). The UM group
demonstrated significantly larger percentages below 20 ng/mL when compared to the EM
group (Table 4.2), > 70 % from week 20 onwards. Whereas for the PM group, this remained
at 34 % from week 20 onwards. Given this variability, we next examined how a dose

adjustment could be made for EM, PM and UM subjects throughout gestation.
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For all phenotypes studies (EM, PM and UM), there was a requirement for daily doses in-
excess of the standard 20 mg dose throughout gestation. Whilst there is some uncertainty as
to the upper most limit of the therapeutic window (60-350 ng/mL) [401, 402, 437], the lower
window was used as a reference point for dose optimisation with trough levels (Figure 4.7)
(Appendix A: Table A4).

For EM, a dose of 30 mg daily in trimester 1 followed by 40 mg daily in trimesters 2 and 3 is
suggested to be optimal. For PM, a 20 mg daily dose in trimester 1 followed by 30 mg daily in
trimesters 2 and 3 is suggested to be optimal. For UM, a 40 mg daily dose throughout gestation

is suggested to be optimal (Figure 4.7) (Appendix A: Table A4).

The PM phenotype has been shown to require more frequent switches and dose modification
[438] due to an increase in the frequency and severity of associated concentration-dependent
adverse effects [439], resulting in an approximate 4-fold increase in the risk of discontinuation
during pregnancy [440]. This makes appropriate dose modification difficult in women who are
already experiencing adverse effects during gestation, such as nausea from morning sickness
in addition to nausea as an SSRI adverse drug reaction. Further, for the UM group, this cohort
would be at greater risk of sub-therapeutic paroxetine plasma concentration without a dose
adjustment, resulting in an increase in depressive symptoms, as has been recently noted in a
retrospective analysis of phenotyped pregnant women taking anti-depressant drugs during
gestation [440].

The outcomes of the dose optimisation study identified that a dose increase would be required
throughout gestation, irrespective of the phenotype. With EM requiring an increase to 30-40
mg daily, PM 20-30 mg daily and UM 40 mg daily. In all of these cases, the percentage of
subjects with sub-therapeutic concentrations (<20 ng/mL) would be less than 20 % (Figure
4.7). Post-natal dose tapering would be required to return maternal plasma levels to those in
the pre-natal period. Whilst the capability of simulating the return of maternal physiology to
the pre-natal period is not possible within Simcyp, Nagai et al (2013) [441] have suggested a
tapering dose decrease of 10 mg per week commenced before delivery, based upon
transplacental paroxetine transfer and pharmacokinetic modelling, may be effective in reducing
the incidence of withdrawal symptoms in the neonate and mother. However, paroxetine has
a very short half-life (compared to other SSRIs), and discontinuation phenomena are a
concern. Clinicians should be encouraged to be alert for these during dose tapering as they

would in any other dose-reduction phase with SSRIs.

It should be noted that given paroxetine is administered orally, changes in gestational gastric

physiology such as delayed gastric emptying [442, 443] and alterations in gastric pH [444] may
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alter the oral absorption of paroxetine, studies have demonstrated that given paroxetine is
completely absorbed [386, 445], changes in Gl-physiology during gestation are likely to have
a minimal effect. Further, paroxetine oral absorption is unaffected by changes in gastric pH
[446] neglecting the potential impact of changes in paroxetine ionization and dissolution when
administered orally during gestation. However gestational related changes in material Gl-
physiology are not currently incorporated in the Simcyp Simulator utilised within this study.
Nevertheless, the utilising of robust validation approaches allowed for the pragmatic
assessment of the need for dose adjustment during gestation, however further confirmatory

clinical studies are warranted to confirm the results presented within this study.

4.6 Conclusion

The decision to continue or withdraw antidepressants during pregnancy is challenging when
considering the paramount importance of both maternal and neonatal health. The prescriber
must actively decide whether the benefit of continuing treatment outweighs any risk of the drug
to the developing embryo/foetus. If treatment is continued throughout pregnancy, the changes
in maternal physiology should be considered in dosing strategies. With paroxetine, this is
further confounded given its susceptibility to CYP 2D6 polymorphism. Based upon modelling
studies, our findings suggest that optimisation of paroxetine during pregnancy requires dose
increase when compared to non-pregnant patients, driven by changes in tissue physiology and
its impact on the volume of distribution, in addition to gestation related alterations in CYP
isozyme abundance. For UM phenotypes, at least a doubling in the dose is required to provide

a plasma concentration within the therapeutic range.

Although there is no requirement for genetic testing prior to initiation for SSRIs, our approach
highlights the opportunity for pharmacokinetics to bring precision dosing into clinical practice.
Pre-emptive genotyping may be an approach to support precision dosing in pregnancy to
optimise drug therapy and to reduce the risk of relapse due to inadequate dosing.

However, further studies are required to assess both the extent of this gestational change on
plasma concentrations and any associated requirement for dose adjustment, in addition to also
identifying a more accurate therapeutic range to more precisely define the necessary dose

adjustments.
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Chapter 5

The application of precision dosing in
the use of sertraline throughout
pregnancy for poor and ultra-rapid
metaboliser CYP 2C19 subjects: a
virtual clinical trial pharmacokinetics

study

Disclaimer
Elements of this chapter have been published as follows:

Almurjan, A., Macfarlane, H., & Badhan, R. K. S. The application of precision dosing in the use
of sertraline throughout pregnancy for poor and ultra-rapid metaboliser CYP 2C19 subjects: a
virtual clinical trial pharmacokinetics study. Biopharmaceutics and Drug Disposition. 2021
June, 42(6):252-262.

doi:10.1002/bdd.2278

146



5.1 Introduction

Depression throughout pregnancy is known to affect up to 20 % of women [447, 448], although
fewer than 20 % of pregnant women will actually receive suitable treatment [449, 450]. The
risk of untreated depression is particularly important given that death associated with suicide
can affect 1 in every 25 women aged 20-35 years, from conception through to the post-natal
period [404]. In addition, antenatal depression is a major risk factor for developing postnatal
depression [405]. A key strategy in the management of moderate-to-severe depression is the
use of selective serotonin reuptake inhibitors (SSRIs) as first-line agents which include

sertraline, citalopram, fluoxetine, paroxetine and fluvoxamine.

Sertraline is one of the most frequently used SSRIs globally, particularly during pregnancy
[451-457], and is commonly used to manage, amongst others, anxiety and panic disorders and
obsessive-compulsive disorders [22, 380]. It is the second most potent serotonin reuptake
inhibitor and is the only SSRI that could bind to dopamine transporters [377]. Furthermore,
SSRIs have been demonstrated to lead to very few birth defects [458].

Sertraline is metabolised by multiple Cytochrome P450 enzymes, including primarily CYP
2C19 and 2B6 [459] along with contributions from CYP 2C9, CYP 2D6 and CYP 3A4 [460] and
is a moderate inhibitor of CYP 2D6 (Figure 5.1) [461, 462]. Due to its linear pharmacokinetics
[463], doses ranging between 50 and 200 mg have similar half-life (t12) for both single and

multiple dosing [377].

CYP2C19

CYP2B6
CYP2D6
<

CYP2C9

.

CYP3A4 ) Sertraline
- -
— metabolites

Figure 5.1 Sertraline hepatic metabolism pathway showing the primary metabolism by
CYP2C19 and CYP2B6.
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Differences between various populations could impact the pharmacokinetics of sertraline.
Patients with liver dysfunction have markedly reduced clearance of sertraline [377]. Young
males have higher elimination rate constant than females and elderly. Furthermore, the ty is
approximately 30 % shorter in young males (22.4 hours) than in females and elderly (32.1 —
36.7 hours) [464].

Confounding the use of sertraline in pregnancy are the longitudinal changes in CYP isozyme
expression during gestation, where expression increases for 2B6 [465], 2D6 [393, 466, 467]
and 3A4 [468, 469] and decreases for 2C19 [470-472].

The implications of such changes during gestation make dose optimisation challenging, and
this is confounded by the paucity of the pharmacokinetic studies for sertraline use during
pregnancy. In those that have reported plasma concentrations during gestation, conflicting
results indicate either an increase in trough plasma levels [380] necessitating possible dose
reduction, or a decrease in plasma concentrations requiring a possible dose increase [473-
477]. The conflicting reports may, in part, be due to the complex metabolism route and
longitudinal changes in the abundance of these enzyme pathways during gestation and often
small sample (patient) sizes within studies. Nevertheless, the consensus within all of these
studies highlights the need for careful monitoring of depressive symptoms during the perinatal

period.

Furthermore, CYP 2C19 is highly polymorphic and these genetic variabilities have been
implicated in the requirement for dose adjustment in use of sertraline and other SSRIs with
phenotypes of CYP 2C19 [478, 479]. Over 30 allelic variants have been identified for CYP
2C19 with the maijority of patients being carriers of CYP 2C19 *1 (extensive metaboliser [EM]
trait), *2 (poor metaboliser [PM] trait), or *17 (ultra-rapid metaboliser [UM] trait) alleles.
Further, guidelines from the Clinical Pharmacogenetics Implementation Consortium (CPIC)

(https://cpicpgx.org) detail the allele definitions and phenotypic interpretations of CYP 2C19

and their clinical relevance alongside providing recommendations for genotype-guided dosing
of sertraline, namely advocating a dose increase of at least 50 % in PM but no dose adjustment
for UM phenotype patients. However, conflicting reports on the impact of specific CYP 2C19
genotypes/phenotypes on sertraline have highlighted the need to investigate the impact of this

further on dose adjustments [479].

In the context of post-natal period, SSRIs have been reported to lead to Post Natal Adaptation

Syndrome (PNAS). This is, in part, due to their ability to cross the placenta which may result
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in increased serotonin concentrations in the developing foetus, thus, impacting foetal

respiratory, cardiovascular and neurological development [451, 452, 458].

A recent study implemented a pharmacokinetic modelling approach to explore the changes in
sertraline concentrations through gestation [480]. Whilst they also simulated a decrease in
sertraline levels, their study lacked both the use of full body physiological model with a
dedicated gestational-age dynamic foetal model and used a limited dataset for validation
purposes. Given the limited pharmacokinetic data throughout pregnancy, the predominantly
reported decrease in sertraline concentrations, coupled with its complex elimination pathways,
we have applied, for the first time, a full body virtual clinical trials pharmacokinetic model to

assess the dosing of sertraline throughout gestation to identity necessary dose titrations.

5.2 Aims and objectives

With a focus on the existing guidelines for use of sertraline in CYP 2C19 phenotypes, the
primary aim of this study was to evaluate the influence of gestation on plasma sertraline levels
and to provide a clinically relevant dosing titration strategy for CYP 2C19 phenotype status

during gestation.

To achieve the aims, the overall objectives were:
- Tovalidate the revised sertraline PBPK model using published single and multiple dose
studies in healthy population.
- To further validate the model in pregnant population
- To assess the impact of CYP 2C19 polymorphism on sertraline plasma concentration
during pregnancy
- To explore approaches to sertraline dose titration during gestation for CYP 2C19

phenotypes.

5.3 Methods

Simcyp Simulator was utilised, which is a physiologically based pharmacokinetic (PBPK)
modelling tool, to conduct virtual clinical trials simulations (Simcyp Ltd, a Certara company,
Sheffield, UK, Version 17). Unless otherwise stated, mixed genders (50:50) into all simulations

were incorporated. A four-stage workflow was utilised (Figure 5.2).
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Full body model Distribution Pregnancy Pregnancy Pregnancy
Adapt previous model Optimisation of Kp CYP 2C19 Dose optimisation
(Templeton et al, 2016) EM, PM and UM
Full PBPK Rodgers and

Rowland approach

Single-dose studies Multiple-dose studies Multiple-dose studies Multiple-dose studies Multiple-dose studies
3 studies 2 studies 1 study to term (maternal) Exploratory studies in Exploratory dose
phenotyped CYP2C19 optimisation in phenotyped
subjects CYP2C19 subjects
Non-pregnant subjects Non-pregnant subjects Pregnant subjects Pregnant subjects Pregnant subjects

l Development . Verification l Exploration

Figure 5.2 A workflow modelling approach for sertraline
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5.3.1 Step 1: Validation of sertraline

The Simcyp ‘healthy volunteer’ (HV) population group was utilised for studies with baseline
populations consisting of non-pregnant females. For pregnant population groups, the Simcyp
‘pregnancy’ population was used. This population was developed previously by Simcyp
researchers and includes gestation dependant changes in physiology, cardiac output, tissue
perfusion, blood volume alongside biochemistry modification (e.g. human serum albumin) and
enzyme/protein expression [413-416]. Sertraline is not available within the Simcyp Simulator;
however, a previous study developed and validated a sertraline compound for use within the

Simcyp simulator [481], with modifications made by our group to allow its use during gestation.

In order to apply this previously validated model within the context of our studies, 5
retrospective clinical studies were employed, 4 single dose studies and 1 multiple dose studies:
(i) 24 healthy adults (12 male and 12 female) aged between 18-45 years old dosed a single
oral dose of 50 mg sertraline [482] (ii) 18 healthy subjects administered a single 50 mg oral
dose of sertraline [483]; (iii) 5 healthy male volunteers, mean age 26.1 years * 4.2 years,
administered a 50 mg single dose of sertraline [484]; (iv) 5 male and 5 female (19-31 years)
dosed 100, 200 and 400 mg as a single dose with Cmax reported [485] and (v) 11 male and 11
female healthy volunteers aged between 18-45 years old administered a 200 mg daily for 30
days, with sampling on day 30 [486]; The design of trials within Simcyp were matched to these
clinical studies. Simcyp Simulator parameters for sertraline are detailed in Appendix B
(Section 1: Table B1).

5.3.2 Step 2: Validation of sertraline during pregnancy

In order to apply the developed sertraline model during pregnancy, we conducted further
validation using data extracted from a retrospective analysis of therapeutic drug monitoring
services in Norway [380]. This study included 56 pregnant and 52 non-pregnant (female)
sertraline plasma concentrations, obtained from 34 women taking an oral dose of 50 mg daily.
Importantly, this study reported individualised sample data throughout gestation rather than a
central tendency without variance [477], missing patient sample data throughout study or poor

sample sizes [473].

The Simcyp Pregnancy model has been utilised previously to assess changes in plasma
concentration in pregnant women [414, 417, 434] and this study represents its application in
the context of sertraline for the first time. The Simcyp Pregnancy model changes the
physiology of the mother (e.g. tissue volumes) throughout the study period, which allows the

model to operate in a dynamic nature, updating the prediction of Vss through the study as a
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result of updated estimates of the tissue-partition coefficient (Kp), as opposed to using fixed

estimates of Kp and Vss.

The Simcyp Pregnancy model does not inherently include longitudinal changes in CYPs 2C19
and 2B6, and these were incorporated based on previous reports of successful implementation
within the Simcyp Simulator [434] (Appendix B (Section 2)). In order to replicate the study by
Westin et al [380] we utilised a 38-week gestation and 10 x 10 (n=100 subject) study design
with sertraline doses of 50 mg daily. Data was collected for every 5" week and presented as
the final 24 hours of that period. A similar trial design was implemented for non-pregnant

females (baseline).

5.3.3 Step 3: Impact of CYP 2C19 polymorphism on sertraline plasma concentration
during pregnancy

Sertraline plasma concentrations are known to be altered in different CYP 2C19 phenotypes
[478]. In order to simulate the impact of CYP 2C19 phenotypes in pregnant women, we
simulated entirely extensive metaboliser (EM), poor metaboliser (PM) and ultra-rapid
metaboliser (UM) populations through revision of the default phenotype distribution to ensure
uniform phenotype populations. For each phenotype, CYP 2C19 enzyme abundance was also

incorporated and detailed in Appendix B (Section 2) (Figure B1).

Study design implemented a 10x10 trial design with a daily dose of 50 mg once daily
throughout gestation and sampling (of plasma concentration) conducted for every 5" week
and presented as the final 24 hours of that period. Where appropriate, data was also presented
on the final dosing day of the week during trimester 1 (T1: week 10), trimester 2 (T2: week 20)
and trimester 3 (T3: week 30).

In the absence of any published data, the default value of 0 pmol/mg was used for CYP 2C19
PM phenotypes within the Simcyp Simulator [487, 488].

5.3.4 Step 4: Dose adjustment during gestation

To explore approaches to sertraline dose titration during gestation on resultant plasma
concentrations, dosing was initiated at 50 mg once daily and increased in weekly increments
by 50 mg to a maximum of 300 mg once daily. A proposed therapeutic range was set at 10-
75 ng/mL [479]. This was based on reports from the Arbeitsgemeinschaft fur
Neuropsychopharmakologie und Pharmakopsychiatrie’ (AGNP) suggesting a range of
30-500 nM [489], equating to a lower limit of approximately 10 ng/mL. The upper limited was
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defined by Braten et al in relation to the concentration of sertraline occurring the serotonin
transporter (SERT) and being approximately 250 nM (~75 ng/mL) [479, 490].

Data was reported for each phenotype studied, namely EM, PM and UM subjects, on the final
day of each trimester and presented as the percentage of subjects possessing trough plasma

concentrations outside of the therapeutic range (i.e. below 10 ng/mL and above 75 ng/mL).

5.3.5 Predictive performance

To ensure appropriate predictive performance (Steps 1-2), predictions of pharmacokinetic
metrics that were within two-fold (0.5-2.0-fold) of published data was accepted as part of the
‘optimal’ predictive performance [424-426]. Furthermore, predictions in step 1-2 were also
validated using a visual predictive checking (VPC) strategy [427] when compared to reported
data. This approach compared the Simcyp Simulator predicted concentration—time profiles,
which consisted of either a mean or median and the 5" and 95" percentiles, against the
observed data. A successful validation approach was assumed when Simcyp-predicted

results overlapped with the observed data sets [417].

5.3.6 Data and statistical analysis
Retrospective (observed) clinical data was extracted from reported studies using
WebPlotDigitizer v.3.10 (http://arohatgi.info/WebPlotDigitizer/). Tabulated (observed) clinical

data was utilised as reported in studies, namely mean and standard deviation (Step 1 and 2).

Exploratory studies (Step 3 and 4) were reported as median and range, unless otherwise
stated. Statistical analysis was conducted using a non-parametric Kruskal-Wallis test with a
Dunn’s multiple comparison post-hoc test. Significance was confirmed with a p < 0.05. All
statistical testing was conducted using GraphPad Prism version 8.00 for Windows (GraphPad

Software, La Jolla California USA, www.graphpad.com).

5.4 Results

5.4.1 Step 1: Validation of sertraline

A previously reported sertraline model [481] was adapted, implementing a full-PBPK model to
appropriately model physiological changes during gestation and their impact upon Vss. The
model was validated against 4 single dose studies, 1 multiple dose study and a dose escalation
study. The resulting predicted plasma concentration-time profiles successfully predicted single
dose (Figure 5.3A), multiple dose (Figure 5.3B) and dose escalation studies (Figure 5.3C).
Furthermore, the resultant Simcyp predicted tmax, Cmax, and AUC were within 2-fold of the
reported values (Figure 5.3D) (See Appendix B: Table B2).
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Figure 5.3 Simulated sertraline plasma concentrations

(A) Single 50 mg oral doses of sertraline [482-484]; (B) Multiple daily 50 mg oral doses reported on
day 30 [486] for males (red) and females (green); (C) 100, 200 and 400 mg single doses of sertraline
[485]; (D) Forest plot showing the predicted mean = SD over the observed ratio of pharmacokinetic
parameters in subjects, with the dotted and shaded area representing the 2-fold range [0.5 to 2] and

154



solid black line the line of unity. For (A) and (B) solid circles represent observed clinical data with error
bars indicating standard deviation, solid lines represent predicted mean concentration-time profile and
the 5t and 95" percentile range represented by dotted lines. For (C), solid red circles represent
observed clinical data with upper and lower red lines indicating standard deviation. Solid black square
and error bars indicate mean and standard deviation respectively.

5.4.2 Step 2: Validation of sertraline during pregnancy

The distribution of simulated sertraline plasma concentrations were similar to the range of
observations reported [380] during pregnancy (Figure 5.4). The predicted mean plasma
concentration in non-pregnant females (baseline), 16.20 ng/mL + 10.32 ng/mL, was within 2-
fold of that reported, 11.1 ng/mL £ 7.02 ng/mL [380].

Further when compared to baseline, plasma concentrations decreased for trimester 2 (week
15: 16.13 ng/mL £ 9.71 ng/mL, week 20: 15.01 ng/mL = 9 ng/mL) and trimester 3 (week 30:
14.41 ng/mL £ 8.59 ng/mL, week 35, 13.68 ng/mL + 8.13 ng/mL). The decrease from baseline

was only statistically significant for week 35 (p = 0.021).
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Figure 5.4 Model predicted and observed plasma concentrations of sertraline throughout
pregnancy

Predicted concentrations were obtained from subjects (n=100) administered a 50 mg daily dose and
data collected as post-dose (trough concentrations) sampled on the final 24 hours period after dosing
and collated every 5-weeks (black open circles). Sertraline concentrations in non-pregnant female are

illustrated as ‘Baseline’. Red open circles represent pooled (observed) plasma concentrations
obtained from a total of 34 subjects. The therapeutic window is represented by the shaded regions
between 10 ng/mL to 75 ng/mL. Blue horizontal lines represent mean plasma concentration for the
simulated dataset.
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5.4.3 Step 3: Impact of CYP 2C19 polymorphism on sertraline plasma concentrations
during pregnancy

CYP 2C19 is highly polymorphic and the primary metabolic pathway for sertraline. Changes in
trough concentrations and intrinsic clearance was assessed for baseline and during gestation
for CYP 2C19 phenotype subjects, using frequencies reported within Simcyp Simulator (EM:
59 %, PM: 9.2 % and UM: 31.8 %).

The median trough plasma concentration decreased for by 17.2 % (EM, p < 0.05), 14.4 % (PM,
p > 0.05) and 20 % (UM, p < 0.001) by week 30 when compared to baseline (Figure 5.5)
(Appendix B: Table B3).
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Figure 5.5 Simulated sertraline trough plasma concentrations for CYP 2C19 polymorphs.

The impact of pregnancy on sertraline trough (Cmin) plasma concentrations for CYP 2C19 extensive
metabolisers (EM) and poor metabolisers (UM) in non-pregnant females (baseline) and throughout
pregnancy following a 50 mg once daily dose to 100 subjects per phenotype. Data represented by box
and whisker plots with median, 51" and 95 percentiles detailed. *p<0.05, **p<0.01, ***p<0.001.

Despite decreases in trough plasma concentrations throughout gestation, CYP 2C19 intrinsic
clearance also decreased. For EMs, a decrease in the median Clint by CYP 2C19 was noticed
from the 15! trimester (week 5: 78.4 L/h [17.5-611 L/h]) and continued to decrease in weeks 10
and 15: 68.5 L/h [13.8-533.8 L/h], 63.8 L/h [13.3-513.7 L/h], respectively, when compared to
the baseline Clint, 78.4 L/h [17.5-622.1 L/h]. Statistically significant decreases in Clint were
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apparent from gestational week (GW) 20 onwards when compared to baseline subjects
(p<0.05) (Figure 5.6) (Appendix B: Table B4).

For UMs, a decrease in the median Clint by CYP 2C19 was also noticed from the 15! trimester
(week 5: 97.5 L/h [21.7-721.6 L/h] and continued to decrease in weeks 10 and 15, 90.4 L/h
[20.1-671.7 L/h] and 83.3 L/h [18.5-618.7 L/h], respectively, when compared to the baseline
Clint, 105.17 L/h [24.5-776.3 L/h]. Statistically significant decrease in Clint was apparent from
gestational week (GW) 20 onwards when compared to non-pregnant subjects (p<0.05) (Figure
5.6) (Appendix B: Table B4).
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Figure 5.6 The impact of CYP 2C19 polymorphism on sertraline clearance throughout
pregnancy

The impact of CYP 2C19 extensive metaboliser (EM) and ultra-rapid metaboliser (UM) phenotypes on
Simcyp predicted sertraline in-vivo intrinsic clearance for non-pregnant females (baseline) and during
pregnancy, following a 50 mg once daily dose to 100 subjects per phenotype. Data represented by
box and whisker plots with median, 5t and 95" percentiles detailed. *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.

5.4.4 Step 4: Sertraline dose optimisation

In order to address changes in sertraline concentrations during gestation for CYP 2C19
phenotype subjects, we quantified the percentage of subjects with plasma concentrations
outside of the therapeutic range (i.e. below 10 ng/mL and above 75 ng/mL) across a dosing
range of 50-300 mg daily.

Regardless of the phenotype, the daily sertraline dose required to maintain trough

concentrations within the therapeutic window was above the usual 50 mg/day throughout
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pregnancy. When attempting to identify an optimal dose, we ensured a balance of a low
percentages of subjects outside of this window, with an optimal dose defined as where no
more than 20 % of subjects possessed concentrations outside of the window (Figure 5.7)
(Appendix B: Table B5).

For EM and UM, a dose of 100-150 mg daily is suggested to be optimal throughout pregnancy.
For PM, a starting dose of 25 mg once daily resulted in a > 60 % of subjects with trough levels
below 10 ng/mL across pregnancy (Figure 5.7). However, a dose of 50 mg once daily resulted
in 24 % of subjects possessing trough levels below 10 ng/mL (Figure 5.7). During trimesters
2 and 3, an increase in dose to 100 mg once daily resulted in less than 10 % of the subjects
demonstrating trough levels below 10 ng/mL (Figure 5.7) (Appendix B: Table BS).
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Figure 5.7 Dose optimisation of sertraline during pregnancy in CYP 2C19 phenotyped subjects

Doses were titrated in increments of 50 mg every 3 days over a range of 50 mg to 300 mg once daily
throughout pregnancy. Trough plasma concentrations were reported for the final dosing day of each
trimester in specific EM, PM or UM pregnancy population groups. Percentages of subjects with
plasma concentration (trough) outside of the therapeutic range (below 10 ng/mL [left panels] and
above 75 ng/mL [right panels]) are reported.
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5.5 Discussion

Depression is a leading cause of disability worldwide [430], and is thought to affect more than
20 % of pregnant women [431, 447, 448]. A key challenge for healthcare professional is the
use of pharmacological interventions during pregnancy, which is often informed by balancing
the expected benefits for the mother’'s mental health with the possible risks to the foetus. This
decision is further complicated by gestational related alterations in maternal physiology [433]
which can impact upon the pharmacokinetics of drugs. Often the combined impact of these, in
additional to the longitudinal nature of these alterations, make it difficult to extrapolate their
impact during clinical practice [392]. To augment the existing empirical approaches to
treatment interventions, the application of robust and well validated pharmacokinetic models
offers a unique opportunity to apply virtual clinical trials to support medicines optimisation in

mental health for special population groups.

Sertraline is metabolised by multiple enzymes, including CYPs 2C19, 2B6, 2C9, 3A4 and 2D6.
Confounding the use of sertraline in pregnancy, is the gestational alterations in maternal CYP
2C19 activity, which has been determined to decrease by 62 % and 68 % during trimester 2
and 3 respectively [470-472]. Despite this decrease, several confounding studies have noticed
either an apparent decrease [473-475] or increase [380] in sertraline plasma concentrations

during gestation.

In this study, we have applied virtual clinical trials dosing of sertraline throughout pregnancy,
to identity suitable dose titration necessary to support therapeutically maintained sertraline

plasma concentrations in the mother throughout pregnancy.

We adapted a previously published sertraline model [481] to allow its use within the context of
gestation, and this was fully validated with both single and multiple dose studies in both
pregnant and non-pregnant subjects, with predictions to 2-fold of those reported (Figures 5.3
and 5.4) (Appendix B: Section 1 Table B1 and B2) and spanning a similar range within the
population studies. However, a wider AUC range in the predicted-observed ratios (Figure
5.3D), although still within 2-fold, are thought to reflect the complexity associated with the
metabolism of sertraline, namely CYPs 2C9, 2C129, 2B6, 2D6 and 3A4 and hence the
associated contribution towards inter-individual variability. The variance in AUC from clinical
studies (measured as mainly the standard deviation) was broadly similar to those simulated

within our studies (Appendix B: Section 3).
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A recent report by Westin et al [380] highlighted sertraline plasma concentration throughout
gestation in 34 subjects. This was used as the basis for validation of the pregnancy PBPK
model. The resulting mean plasma concentrations in non-pregnant subjects (16.20 ng/mL *
10.32 ng/mL) were within 2-fold of those reported [491] and demonstrated a similar predicted
range to that reported (Figure 5.4). Furthermore, we demonstrated a decrease in mean plasma
concentration throughout pregnancy with a significant decrease in GW35 (p<0.05) compared
to baseline (Figure 5.4). On the contrary, a 10 %, 36 % and 68 % increase in plasma
concentration were reported by Westin et al [380] during trimesters 1-3 respectively. Other
studies have identified a similar decrease to that reported here [473] [477], however Westin et
al [380] included individualised sample data throughout gestation rather than a central
tendency without variance [477], missing patient sample data throughout the study or utilising
poor sample sizes [473]. Nonetheless, to further examine the reported disparity in clinical
observations, we assessed changes in trough plasma concentrations (Figure 5.5) and intrinsic
clearance (Figure 5.6) because of population variability in the phenotypes of one of the primary
CYP isozyme responsible for sertraline metabolism, namely CYP 2C19. In all tested
phenotypes, the intrinsic clearance decreased throughout pregnancy, mirroring decreases in
CYP 2C19 activity, the largest significant difference in clearance being noticed in trimester 3
(Figure 5.6) (Appendix B: Table B4).

This decrease in clearance was expected to increase sertraline trough plasma concentrations
as observed by Westin et al [380]. On the contrary, trough plasma concentrations for EMs and
UMs decreased during gestation with the greatest significant decrease occurring in trimester
3 (Figure 5.5) (Appendix B: Table B4), which concurred with a range of other reports [392, 423,
473, 475, 492]. This decrease has been associated with an increase in the key female
hormones estradiol and progesterone throughout pregnancy, with concentrations reaching up
to 100 nM and 1 pM for estradiol and progesterone, respectively, at term. These levels are
significantly greater than those during menstruation (< 50 nM) [394, 395]. Such female
hormones are known to be activators for basic helix-loop-helix transcription factors (e.g. aryl
hydrocarbon receptor; AhR) or nuclear hormone transcriptional regulators (constitutive
androstane receptor, CAR; pregnane X receptor, PXR; estrogen receptor, ER), which
contribute to the induction of a variety of CYP isoforms and enhanced drug clearances [396,
397]. However, the metabolic breakdown of sertraline is complicated, and includes CYPs 2B6,
2C9, 2C19, 2D6, and 3A4. The contribution of each isozyme has proven difficult to determine
in-vivo, however the variable up- or down-regulation of CYP isozyme expression during
gestation [493] may contribute to the disparity observed in some studies [380]. For example,

the approximate 2-fold decrease in 2C19 activity coupled with approximately 2-fold increase
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in 2B6 activity by trimester 3 may negate the overall impact of each pathway, in preference to

changes in other physiological factors such as increases in total body water.

Furthermore, the concomitant decrease in albumin is likely to cause the observed increase in
sertraline plasma unbound fraction and hence increase the volume of distribution, extending
the half-life and reducing sertraline plasma levels. To confirm this, a global sensitivity analysis
(GSA) was implemented to examine the combined influence of albumin levels, CYPs 2C19
and 2B6 abundance on Cmax, AUC, Cl and Vss (Appendix B: Section 3 Table B6 to B8) within
the model. The resulting model sensitivity rankings (Appendix B: Section 3 Table B6),
confirmed the sensitivity of the model to changes in human serum albumin levels throughout
gestation and primarily in trimester 3 (Appendix B: Section 3 Table B7 and B8). Given that
sertraline is highly protein bound, the decrease in albumin during pregnancy would be
significant driver for reduced plasma levels and an extension of the half-life [494], potentially

more so that the impact of CYP isozyme gestational changes.

At present, there is a paucity of studies exploring the impact of CYP 2C19 phenotypes on
sertraline levels during pregnancy. A recent dosing guideline for sertraline which considered
CYP 2C19 phenotypes has been published [478]. However, it is not clear whether the
proposed guidelines are relevant to pregnant women. Given the importance of the phenotype
of the subject on gestational sertraline levels, we next examined the changes in the trough
levels in relation to the therapeutic range of sertraline under a standard 50 mg daily dosage of
sertraline [479]. As expected, the UM phenotypes demonstrated the largest number of
subjects below 10 ng/mL (Appendix B: Table B5), whereas for the PM group, this was
predicted to be in the range of 24-31 %.

Finally, for all phenotypes (EM, PM and UM), dose titrations were required to daily doses that
were typically in excess of the 50 mg dose throughout pregnancy (Figure 5.7) (Appendix B:
Table B5). For EM and UM, a dose escalation to 100-150 mg daily is suggested to be optimal
through pregnancy. For PM, a dose of 50 mg during the first trimester followed by a dose
increase in trimesters 2 and 3 to 100 mg is suggested to be optimal. Furthermore, the doses
suggested within this study are within the range clinically utilised and significantly below the
known toxicity range in adults (> 4000 mg/daily) [495]. The return of maternal sertraline plasma
levels would be needed post-natally and although this is not possible to simulate within Simcyp,
tapering the dose of sertraline by 50 mg per 5-7 days is recommended to avoid withdrawal
syndrome [496]. Furthermore, although there is very little published studies reporting

pharmacodynamic changes during pregnancy for sertraline, the current approaches for the
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studies during pregnancy focus primarily on the clinicians role in the dose titration based on

empirical changes in the psychiatric state of the patient [497].

In addition, although clinicians routinely monitor drug pharmacodynamics by directly
measuring physiological indices of therapeutic responses, the link between (unbound) plasma
levels and clinical response is not well established for sertraline [498-500]. Further, any attempt
to relate unbound levels to a pharmacodynamic effect would need to further consider that the
resultant central effects would be governed by the blood-brain barrier, which acts as a
permeability barrier to any resultant central effects on reuptake of monoamines into the
presynaptic neurones. Further work is needed to address the reductions in sertraline plasma
concentration through gestation on the resultant maternal pharmacodynamic effects on mood
stability, in order to fully translate the results presented within this manuscript to clinical

practice.

A key benefit of the pregnancy PBPK approach highlighted within our study, is the ability to
incorporate key gestational changes in the physiology of the mother, for example the highlight
reduction in plasma albumin and increase in maternal volume, which can be coupled with a
mechanistic description of the activities of metabolising enzymes to enable disentangling what

would otherwise be clinically complicated relationships.

5.6 Conclusion

Any decision to withdraw or continue with antidepressant therapy perinatally is challenging for
both maternal and foetal health. A key paradigm is the balance between the benefit of
continuing treatment and the risk drug-related toxicity to the developing embryo/foetus.
Confounding treatment during gestation, are longitudinal maternal physiological alternations
which alter the requirements for dosing. Furthermore, the susceptibility of CYP 2C19 to
polymorphisms only increases the complexity in prescribing decisions.

Our results demonstrated that dose titrations are required throughout pregnancy, with UM
subjects being of concern and requiring at least double the standard dose by trimester 3, to
support on-going maintenance of plasma sertraline concentrations to within the therapeutic

range.
This study has highlighted a key role for the use of pharmacokinetics to allow pragmatic

exploration of dosing regimens within a perinatal setting, to support the reduction in risk of

treatment relapse due to inappropriate dosing.
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Chapter 6

General conclusions and future work
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6.1 General conclusions

This thesis aimed to improve the clinical outcomes in CNS (mental) disorders through
pharmaceutical and pharmacokinetic approaches with focusing on major depression.

We have highlighted the use of flavonoids, which are chemicals derived from natural extracts
of plants and vegetables, as possible novel non-pharmacological approach for the treatment
of depression. It has been shown by several studies the ability of flavonoids to cross the blood
brain barrier and exert their CNS related effects. The flavonoid hesperetin has been studied
widely and demonstrated several pharmacological effects including neuroprotection,
anticancer, anti-inflammatory, antioxidant, antidepressant, hypolipidemic, and anticonvulsant
properties. The safety, efficacy, and cheap availability of hesperetin make it a candidate drug
for pre-clinical and clinical studies for the management of CNS disorders. However, hesperetin
possess a low oral bioavailability resulting from the extensive first-pass metabolism, its
lipophilic nature, and its low aqueous solubility, this consequently result in low and often
subtherapeutic concentrations in the systemic circulation following oral administration [185,
193, 205-210]. Given these limitations to optimal oral bioavailability, in chapters 2 and 3, the
use of transdermal formulation systems for hesperetin have been explored due to their
possible potential to deliver higher plasma concentrations than those obtained following oral

delivery.

Chapter 2 focused on the development and assessment of hesperetin creams using
pharmaceutical base creams including Vanish-pen™, Doublebase™ gel, Versatile™, and
Pentravan® bases. The developed cream formulations were found to have consistent
morphological characteristics, organoleptic properties, and pH values during storage at 4°C
and 25°C for 10 weeks. In-vitro drug release studies in week 0 showed that Pentravan®
formulation released the highest percentage of hesperetin after 24 hours (12.69 % (0.68 %)),
while Versatile™ released the lowest amount. For consistent hesperetin release profiles for 10
weeks, we suggested for Vanish-pen™ formulations to be stored at 4°C, Doublebase™
formulations at 25°C, and Versatile™ formulations at both 4°C and 25°C. While Pentravan®
formulations stored at both 4°C and 25°C resulted in inconsistent release profiles. However,
the release obtained from all the tested vehicles was not optimum and could be further
improved by using different drug release methods and more penetration and solubility
enhancers. Pharmaceutical base creams illustrate good potential for the topical and localised
delivery of hesperetin to treat skin disorders while more studies are needed to investigate the

ability to reach the systemic circulation.
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Chapter 3 concerned the development of hesperetin transdermal patch systems using silicone-
based adhesive (Dow Corning ® BIO-PSA 7-4501) or acrylic-based adhesive (Eudragit®
E100) with the incorporation of different plasticisers (PVP 30, Tween® 20, glycerol, triacetin).
The selected patches were evaluated under storage for 3 weeks at temperatures 4°C and 25°C
using morphological characterisation, visual mechanical properties assessment, pH
assessment, in-vitro drug release studies, and kinetics assessment. The silicone-based patch
(F7) that contain 5.5 % glycerol provided the highest release, 39.9 % (0.37 %). During storage,
F7 patch showed consistent morphological characteristics and pH assessment, however, the
release profile was significantly decreased. In the other hand, the Eudragit®-based patch
resulted in physical and mechanical changes during storage which prevented the conduction
of further studies. More studies are needed to understand the reasons behind the changes
during storage. Dow Corning ® BIO-PSA 7-4501 adhesive is a potential candidate for the
development transdermal patches attributed to its easy use, flexibility, compatibility with wide
range of APIs, and safety profile. Dow Corning ® BIO-PSA 7-4501 patch demonstrate a
potential candidate to release hesperetin systemically owing to its release profile, however,
more studies are needed to assess the release through the skin. The release through the skin
could be further assessed in excised human or animal skin tissue using Franz cell diffusion in
conjunction with Strat-M® membrane as an alternative to human skin. Strat-M® is a synthetic

membrane-based model with diffusion characteristics well-correlated to human skin [504].

In chapters 2 and 3, we focused on the possible non-pharmacological approaches to treat
depression transdermally which could aid in overcoming the limitations associated with
conventional antidepressants by using phytochemicals, while in chapters 4 and 5, the aim was
to improve the therapeutic outcomes obtained by the commonly prescribed antidepressants,
paroxetine and sertraline, through using in-silico PBPK modelling to optimise dosing in

challenging populations such as pregnant women.

Chapter 4 focused on using PBPK modelling approach to examine gestational changes in
trough plasma concentrations of paroxetine for CYP 2D6 phenotypes, followed by necessary
dose adjustment strategies to maintain paroxetine levels within a therapeutic range of 20-60
ng/mL. This study highlighted the decrease in trough plasma concentrations throughout
gestation for all phenotypes and the requirement of dose adjustment in-excess of the standard
20 mg dose. The following doses were suggested to be optimal: for EM, 30 mg daily in trimester
1 followed by 40 mg daily in trimesters 2 and 3, for poor-metabolisers (PM), 20 mg daily dose
in trimester 1 followed by 30 mg daily in trimesters 2 and 3, and for UM, a 40 mg daily dose

throughout gestation.
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In Chapter 5, PBPK modelling was implemented to assess gestational changes in trough
plasma concentrations of sertraline for CYP 2C19 phenotypes and to highlight appropriate
dose titration strategies to stabilise sertraline levels within a defined therapeutic range
throughout gestation. This study highlighted the decrease of sertraline trough plasma
concentrations during pregnancy which has been attributed to maternal volume expansion and
reduction in plasma albumin as possible causative reasons. All CYP 2C19 phenotypes
required dose increase throughout gestation. For extensive metaboliser (EM) and ultra-rapid
metaboliser (UM) phenotypes, doses of 100-150 mg daily are suggested to be optimal
throughout gestation. For poor metabolisers (PM), 50 mg daily during the first trimester

followed by a dose of 100 mg daily in trimesters 2 and 3 are required.

Approximately 280 million people in the world are suffering from depression [16].

Although most patients are able to recover with treatment, the rate of recurrence is high and
in 70% of depressed patients whom are taking an adequate course of one antidepressant,
remission is not achieved [23, 24]. There is a serious need to better manage depression or
discover new antidepressants to treat the unresolved conditions or to follow approaches that
could improve clinical response. Poor therapeutic outcomes are usually related to patient non-
adherence to antidepressants with about 50% of patients discontinue the treatment of
depression prematurely [32]. The reasons for non-adherence and discontinuation of
antidepressants were side effects, high cost, delayed onset of action, complicated dosing or
titration of the drug, poor instruction by the clinician, lack of follow up, and misperceptions
about antidepressants [32]. The use of Phytochemicals for depression is a novel approach that
have been recently explored by several studies, however, they lack the necessary concrete
scientific solidity to be safely carried forward into clinical levels of research, simply because
they have not been studied sufficiently. Despite efforts, studies on the precise functions of
phytochemicals encountered a number of obstacles as in-vitro testing was used for the majority
of studies. For instance, techniques for in vitro screening were employed to validate the
biological activities of extracted phytochemicals. However, there are a lot of considered
phytochemicals to be explored and several potential health effects that require large-scale

experiments, which is very expensive.

This thesis aimed to reduce the knowledge gap regarding the possibility of incorporating the
phytochemical hesperetin into transdermal systems to improve its bioavailability, which will
eventually improve its pharmacological effect. When the bioavailability barrier is resolved,
phytochemicals could possibly be studied clinically more efficiently and that could lead to the
availability of more studies that could convince the scientific community that these chemicals

are worth progressing.
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The thesis also highlighted that PBPK modelling can be used to optimise and understand the
pharmacokinetics of antidepressants in special populations (pregnant women). This could
clinically improve treatment outcomes in pregnant women with mental CNS disorders
(depression). Moreover, the need of close monitoring of antidepressants when used in this

special population is highlighted.

The gestation related alterations in maternal physiology, in addition to the treatment itself, can
impact the pharmacokinetics of drugs. These alterations include the reduction in intestinal
motility, increased gastric pH, increased cardiac output, reduced plasma albumin
concentrations, and increased glomerular filtration rate [433]. However, the consequences of
such alterations are often difficult to ascertain in controlled trials for obvious ethical reasons,
which leaves prescribers to empirically treat pregnant patients according to their understanding
of the changes in biochemical and physiologic functions and undergo dose titration based on
empirical changes in the psychiatric state of the patient [392].

To augment the existing empirical approaches to treatment interventions, the application of
robust and well validated pharmacokinetic models offers a unique opportunity to apply virtual
clinical trials to support medicines optimisation in mental health for special population groups.
Unlike empirical approaches, PBPK is a system biology approach that uses a mechanistic
method to predict drug’s pharmacokinetics using both mathematical models and drug specific
properties including the metabolic, physicochemical, and pharmacogenomic data achieved by
preclinical or in-vitro pharmaceutical experiments and species-specific physiological,

anatomical and pathophysiological parameters [152].

Providing a well-studied dosing strategy for clinicians would prevent the empirical approaches
that clinicians use with knowing that the toxic plasma concentration is not reached and the
safety of the mother and the foetus is attained by continuous monitoring. Yet the suggested
dose optimisation strategies for paroxetine and sertraline provided by this thesis cannot be
used clinically at the moment because the knowledge gap in the maternal physiology and the
multifactorial effects on drugs pharmacokinetics is still unclear and needs to be studied more
intensively until the confidence in using PBPK in this special population group is high. This
thesis reduces the knowledge gap which is a step forward for increasing the scientific

confidence in using PBPK for pregnancy-related interventions.
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6.2 Future work

Future work would focus more extensively on the limitations encountered during this work such
as the short period of release studies, stability issues, low amounts of drug, and storage
temperatures. The release studies were conducted for 24 hours only due to the leakage of the
creams into the release media when studies are conducted for more than 24 hours. This could
be improved by using different release procedure such as using Franz cells, however Franz
cells were not feasible in this study because of using low amounts of hesperetin. With higher
amounts, Franz cells could be used and the percentage release could also be improved when
assessing the formulations release for longer period. Also, solubility enhancers could be
beneficial to improve the release as hesperetin has low aqueous solubility. Although the
manufacturers of the base creams confirmed the instability of the creams at high temperatures
(40°C), assessing the formulations at this storage temperature would be beneficial to explore

the behaviour and stability of hesperetin formulations at higher temperatures.

More studies are required to be conducted on the cream formulations including in-vitro/in-vivo
permeation studies on human/animal skin and on mice. This will allow us to reflect the release
of hesperetin into or through the skin. Measuring the viscosity using viscometer is required to
detect any changes during storage which could be attributed to changes in release profiles.
Robustness determination (spreadability) is also required to highlight physical changes during
storage. Differential scanning calorimetry (DSC) is required which is typically used for
understanding the thermal characteristics of compounds incorporated into topical and
transdermal systems [252-256] by giving an insight into thermal and chemical properties
including homogenous dispersion, phase transitions, melting temperatures and heat capacity

changes that might occur during storage.

Further work is needed with the most promising Dow Corning® BIO-PSA 7-4501 based patch.
Accurate mechanical tests are necessary such as tensile strength test, uniformity testing, and
peel adhesion test. Also, permeation studies on human/animal skin and mice are required to
reflect the efficiency of the formulations to deliver hesperetin systemically. To understand the
changes occurring during storage, differential scanning calorimetry (DSC) is required. The
usage of more plasticisers and permeation enhancers needs to be explored to enhance the

release of hesperetin from the patches [501].

Simcyp's PBPK Simulator now includes a comprehensive dermal model. The multi-phase,
multi-dimensional dermal absorption model, known as MPML MechDermA™  is based on skin
physiology that includes SC, viable epidermis, dermis, deep tissue, subcutis, and skin

appendages (Figure 6.1). The mechanistic MPML-MechDermA skin absorption model
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accounts for the drug, formulation, environmental parameters, and physiology, allowing
simulation of sophisticated drug diffusion through the SC from different formulations
including emulsions, patches, and gels, as well as APIs with variable physicochemical
properties [502].

Formulation

gel, crearn, lotion, paste, atc.

Stratum Cornuem (5C)

define cell shape/size, cell membrans

permeability, keratin bonding kinetics, Tortuosity
tortuosity/diffusivity, hair densitysize

Viable Epidermis (VE]
thickness/diffusivity, metabolism = B

Dermis Clogm =
thickness/diffusivity,

metabolism, blood flow M

Subcutis

thickness/diffusivity, blood flow :‘ Deffsncu

Deep Tissue
thickness/diffusivity, blood flow

Figure 6.1 MechDermA model Compartments
CL: Clearance. Deff: Diffusion coefficient. Obtained from [502]

The dermal model in Simcyp was utilised previously for PBPK modelling of the transdermal
delivery of the antidepressant selegiline along with its metabolites to evaluate their disposition
in healthy and special populations [503]. Their validated model predicted variability in drug and
metabolites exposure after selegiline transdermal patch application that could potentially result

in side effects in depressed patients with hepatic and renal disorders [503].

The Simcyp simulator will be used to translate the obtained in-vitro release profiles of
hesperetin into in-vivo dermal deposition, systemic plasma concentration and target tissue
concentrations (i.e. brain tissue). In this approach, hesperetin literature published and model
predicted pharmacokinetic parameters will be gathered and utilised within the Simcyp
Simulator, this will include estimates of partition coefficients and diffusion coefficients within
derma layers. The resulting dermal and systemic concentration profiles will provide a
pragmatic understanding of the translation of in-vitro formulation release performance to in-
vivo temporal levels and hence guide further formulation develop to obtain the require target

plasma concentration or potential brain tissue accumulation levels. However, to conduct virtual
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clinical trials, data from real clinical trials on hesperetin are needed to be able to develop a

validated hesperetin compound for PBPK modelling, but these clinical trials are still lacking.

PBPK modelling will also be used to explore other antidepressants disposition in different

special populations such as geriatrics, renal and hepatic patients.
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Appendix A: Paroxetine

Table A1. Parameter values used for paroxetine model

Parameters Value Notes
Compound type Monoprotic Base
Molecular weight (g/mol) 329.4
Log P 3.55
fu 0.05
pKa 1 9.66
B/P 1.26

Full PBPK model

Vss (L/kg) 12.63 o
Parameter optimised
Papp (106 cm/s) 17
Predicted using
ka (h1) 1.08
ADAM
Predicted using
fa 0.946
ADAM
Solid dosage form
- o (immediate release)
Solubility (Intrinsic) (mg/mL) 0.0147 ) )
Predicted using
Simcyp
CL: (L/n) 0.5
Vmaxaas 1.272
Vmaxac1e 0.6
Vmaxzpe 7.275
Vmaxsas 0.384
Vmaxiaz 0.271
Kmaas 13.3
Kmac1g 26
Km2ps 0.028
Kmaas 108
Km1az 8.8
Kp Scalar 1.6
Absorption model ADAM
Distribution model Full PBPK Model
All parameters were obtained from the internal Simcyp validated database file; Vmax: pmol/min/pmol
CYP ; Km: pM.
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Gestational changes in CYP 2C19 activity
Maternal CYP 2C19 activity has been determined to decrease by 62 % and 68 % during
trimester 2 and 3 respectively [434, 470, 472]. These modifications were incorporated into the

Simcyp Pregnancy population (Figure A1) group through the following exponential equation:

CYP2C19 Activity = GWo(1+B1.GW + B2GW?+B3GW? + BAGW*)

where GWO refers to the activity at GWO (i.e.=1) and GW refers to the gestational week.
B1 was set at -0.041 and B2 was set at 0.0006.

Trimester 1 Trimester 2 Trimester 3

CYP 2C19 Activity

0-0 L] L] L] L] L ; L] L] L L] L] ; L] L] L] L] L] I L] ;
0 12 24 36 40

Gestational Week

Figure A1: CYP2C19 activity during gestation
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Table A2. Predicted paroxetine clearance and AUC for CYP2D6 phenotypes during gestation

Baseline 5 10 15 20 25 30 35 38
AUC Median 789.55 77713 725.72 683.31 653.34 634.39 621.08 611.6 608.74
168.58- 239.44- 187.15- 152.43- 139.2- 122.62- 114.04- 112.37- 114.77-
(EM) Range
1364.4 1284.32 1226.38 1176.82 1134.43 1098.07 1066.54 1039.24 1026.61
AUC Median 1709.27 1752.09 1610.42 1507.42 1434.88 1388.85 1368.71 1367.01 1379.39
(PM) R 1540.6- 1470.43- 1403.65- 1349.18- 1304.83- 1268.65- 1240.31- 1218.98- 1208.77-
ange
g 2454 97 2662.66 2535.15 2431.11 2350.42 2286.27 2239.49 2207.52 2195.97
AUC Median 68.39 28.42 23.21 19.94 17.76 16.25 15.2 14.5 14.24
13.13- 13.03- 9.44- 8.79- 7.89- 7.71-
(UM) Range 11.44-168.5 10.29-151.89 8.28-107.13
123.62 188.92 128.81 114.66 105.46 107.2
cL Median 25.07 25.06 26.44 27.56 28.92 30.05 30.93 31.49 31.65
13.7- 14.38- 15.61- 16.07- 16.44- 16.68- 16.78-
(EM) Range 13.64-83.53 15.05-131.21
118.64 106.87 143.68 163.1 175.37 177.98 174.27
cL Median 11.71 11.415 12.42 13.27 13.94 14.4 14.615 14.63 14.505
7.51- 7.89- 8.23- 8.51- 8.75- 8.93- 9.06- 9.11-
(PM) Range 8.15-12.98
13.6 14.25 14.82 15.33 15.76 16.12 16.41 16.55
cL Median 292.45 703.76 861.76 1002.92 1126.11 1231.1 1316.13 1378.92 1404.97
161.79- 105.86- 118.69- 131.67- 155.26- 174.43- 186.7- 189.65- 186.56-
(UM) Range
1522.95 1535.41 1748.88 1943.38 2119.62 2276.44 2415.78 2534.37 2594.97

AUC: Area under the curve; CL: clearance; EM: Extensive metabolisers; PM: Poor metabolisers; UM: Ultra-rapid metabolisers
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Table A3. Statistical analysis of the differences between paroxetine CYP2D6 pharmacokinetics

during gestation.

Baseline AUC (ng/mL.h) Total CL (L/h)
vs. week  Mean Difference 95.00 % CI P-value Mean Difference 95.00 % CI P-value

5 34.92 -71.02 to 140.9 0.9397 ns 0.03241 -2.203 to 2.268 >0.9999 ns

5 10 82.21 -23.72 t0 188.2 0.2046 ns -2.699 -4.935 to -0.4635 0.0097 **
% 15 119.2 13.23 t0 225.1 0.0193 * -5.266 -7.501 to -3.030 <0.0001  ****
% 20 147.6 41.61t0 253.5 0.0017 ** -7.42 -9.656 to -5.184 <0.0001  ****
z 25 168.8 62.84 to 274.7 0.0002 i -9.186 -11.42 to -6.951 <0.0001  ****
Ig 30 183.7 77.73 to 289.6 <0.0001  **** -10.45 -12.69 to -8.214 <0.0001  ****
3 35 192.6 86.69 to 298.6 <0.0001  *** -11.13 -13.37 to -8.896 <0.0001  ****
38 195.2 89.22 to 301.1 <0.0001  *** -11.24 -13.47 to -8.999 <0.0001  ****

5 -26.57 -80.53 to 27.39 0.6572 ns 0.04 -0.4883 to 0.5683 0.9997 ns

10 67.11 13.15t0 121.1 0.0083 ** -0.5675 -1.096 to -0.03918 0.0299 *
_g 15 140.7 86.73 to 194.7 <0.0001  **** -1.101 -1.630 to -0.5729 <0.0001  ****
g 20 197.4 143.4 t0 251.3 <0.0001  **** -1.545 -2.073 t0 -1.017 <0.0001  ****
é 25 240.2 186.2 to 294.2 <0.0001  *** -1.899 -2.427 to0 -1.370 <0.0001  ****
E 30 270.4 216.4 to 324.4 <0.0001  **** -2.154 -2.682 to -1.625 <0.0001  ****
35 288.8 234.9t0 342.8 <0.0001  ***= -2.301 -2.830 t0 -1.773 <0.0001  ****
38 294.2 240.2 to 348.2 <0.0001  *** -2.343 -2.871t0-1.814 <0.0001  ****

5 -5.378 -30.90 to 20.15 0.9926 ns -55.42 -407.1 to 296.2 0.9976 ns

;.,', 10 3.84 -21.68 to 29.36 0.9979 ns -189.1 -540.8 to 162.5 0.5452 ns
g 15 10.69 -14.84 to 36.21 0.7791 ns -310.3 -661.9 to 41.38 0.103 ns

E 20 17.76 -7.762 to 43.29 0.2796 ns -420.1 -771.7 to -68.42 0.0134 *
.'g_ 25 22.27 -3.258 to 47.79 0.0452 * -514.3 -865.9 to -162.6 0.0018 *
&; 30 24.87 -0.6582 to 50.39 0.0489 * -591.7 -943.4 to -240.1 0.0003 il
§ 35 25.79 0.2698 to 51.32 0.0467 * -650 -1002 to -298.3 <0.0001  ****
38 25.58 0.05178 to 51.10 0.0493 * -674.4 -1026 to -322.8 <0.0001  ****

Statistical analysis was conducted using a Kruskal-Wallis test with a Dunn’s multiple comparison post-

hoc test, in comparison to baseline. AUC: Area under the curve; CL: clearance; Cl: confidence

interval
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Table A4. Peak and trough paroxetine plasma concentrations during each trimester for CYP2D6 phenotypes.

Week 6 Week 20 Week 33
Maximum Minimum
Percentage Cmax Chmin Percentage Cmax Chmin Percentage
trough trough
Peak Trough Peak Trough Peak Trough
Above Below Above Below Above Below
Dose Phenotypes (ng/mL) (ng/mL) 60 20 (ng/mL) (ng/mL) 60 20 (ng/mL) (ng/mL) 60 20
ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL
EM 67.9 0.08 1 71 60.11 0.06 1 79 57.34 0.06 0 81
15 mg PM 74.63 7.49 1 40 65.81 6.43 1 52 62.62 6.5 1 56
UM 51.92 0.06 0 80 41.76 0.05 0 84 39.61 0.05 0 86
EM 93.25 0.11 3 42 82.82 0.09 3 53 78.98 0.09 3 55
20 mg PM 101.25 10.03 2 24 89.4 8.62 1 31 85 8.71 1 32
UM 81.4 0.1 2 69 67.83 0.07 1 78 64.78 0.07 1 78
EM 146.41 0.23 16 22 130.62 0.17 12 29 124 .42 0.16 10 31
30 mg PM 156.77 15.19 24 7 138.78 13.08 18 10 131.81 13.19 12 11
UM 145.8 0.2 16 38 125.41 0.14 11 47 120.15 0.14 10 48
EM 202.42 0.44 42 10 181.25 0.3 30 12 172.4 0.28 27 13
40 mg PM 215.07 20.45 52 0 190.89 17.63 42 3 181.06 17.75 39 3
UM 216.31 0.42 28 21 189.25 0.27 23 28 181.19 0.24 20 28
EM 260.99 1.04 59 234.46 0.55 54 9 222.67 0.51 51 10
50 mg PM 275.79 25.81 68 245.39 22.28 63 232.48 22.39 61 0
UM 291.74 1.17 43 258.28 0.54 36 13 246.81 0.47 32 16

Cmax: maximum plasma concentration; Cmin: minimum plasma concentration; EM: Extensive metabolisers; PM: Poor metabolisers; UM: Ultra-rapid

metabolisers
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Appendix B: Sertraline

Section 1

Table B1. Final PBPK optimised sertraline parameters

Parameters Sertraline Notes
Compound type Weak Base
Molecular weight (g/mol) 306
Log P 552
fu 0.023°
pKa 1 9.43
B/P 1
Vss (Ukg) 8.23 Full PBPK model with
optimised Kp scalar of 1
ka (h") 0.12 Optimised
Fa 0.98 Optimised
CLint,uzse (uL/min/pmol) 2.7
CLint,uzco (ML/min/pmol) 5.5
CLint,uz2c19 (ML/min/pmol) 2.4
CLint,uz2e1 (uL/min/pmol) 9.5
Km,3a4 45
Vmax,3a4 0.6 Obtained from Obach et al
Km,206 26 (2005) [504]
Vmax,2D6 0.8
fumic 0.03
Ki 2D6 0.9 fuinc: 0.18
Ki 3A4 1.2 fuinc: 0.18
Absorption Model First Order
Distribution Model Full PBPK

Unless otherwise stated, data obtained/adapted from Templeton et al (2016) [481].
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Section 2

Gestational changes in CYPs 2C19 and 2B6 activity

Maternal CYPs 2C19 and 2B6 activity has been determined to decrease and increase,
respectively, during trimester 2 and 3 respectively [434, 470, 472], but are absent within the
Simcyp Simulator. These modifications were incorporated into the Simcyp Pregnancy

population (Figure B1) group through the following exponential equation:
CYP Activity = GWo(1+B1.GW + B2GW?+B3GW? + B4GW*)
where GWO refers to the activity at GWO (i.e.=1) and GW refers to the gestational week.

B1 was set at -0.041(2C19) and -0.0002 (2B6) and B2 was set at 0.0006 (2C19) and 0.00071
(2B6).

Trimester 1 Trimester 2 Trimester 3

2.2+
2.0+
1.8+
1.6+
1.4+
1.2+
1.0+
0.8+
0.6+
0.4+
0.2+

0.0 +-r—r—r—r—r—rrrrr—rrrrrr-r

0 12 24 36 40
Gestational Week

— CYP 2C19 Activity
— CYP 2B6 Activity

CYP Activity

Figure B1: Changes in CYP 2C19 and 2B6 activity during gestation
Further, the enzyme abundance for CYP2C19 phenotypes was incorporated as follows for extensive
metabolisers (14 pmol/mg [106 % CV]), poor metabolisers (0 pmol/mg [0 % CV]) and ultra-rapid
metabolisers (18 pmol/mg [100 % CV]) [487].
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Table B2: Single and multiple dose studies pharmacokinetic

Study PK Parameters Observed Predicted
AUC 0-96 h) 580 (270)
Niyomnaitham et al (2009)
Crmax 20.60 (6.01)
[482]
tmax 5.25
AUC0-96 h) 397 (149)
Chen et al (2006) [483] Crmax 10.5 (4.2)
tmax 8
2
> AUC(0-72n) 267 (121)
» Kim et al (2002) [505] Crmax 10.3 (2.47)
tmax 8(1.63)
AUC(0-72n) 521.7 (211.6)
Simcyp Predicted AUC0-96 h) 578.2 (236.2)
(This study) Crmax 11.1 (8.9)
tmax 8.9 (4)
AUC 24n) [Day 30] 2076 (549) 3712 (1758)
Ronfeld et al (1997) [486]
Cmax [Day 30] 118 (22) 123.2 (48.4)
(Male)
tmax [Day 30] 6.9 (1) 4.2 (3.1)
° AUC 24n) [Day 30] 3063 (1413) 4123 (2627)
- Ronfeld et al (1997) [486]
= Cmax [Day 30] 166 (65) 142.2 (65.6)
E (Female)
= tmax [Day 30] 6.7 (1.8) 4.4 (2.5)
100 mg Cmax 53.6 (17.1) 67.3 (32.2)
Saletu et al (1986) [485] 200 mg Cmax 105.2 (44.2) 134.6 (64.9)
400 mg Cmax 253.3 (113.2) 269.2 (129.7)

AUC: area under the curve; Cmax: maximum plasma concentration; tmax: time to maximum plasma
concentration. Data represents mean (standard deviation). AUC: ng/mL.h; Cmax: ng/mL; tmax: h.
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Table B3: CYP 2C19 phenotyped trough plasma concentration during gestation

Phenotype

EM

PM

UM

Median
Range
Median
Range
Median
Range

Trough plasma concentration (ng/mL)

Baseline Week 10 Week 20 Week 30
15.26 14.85 13.93 12.66
1.84-52.90 3.08-60.98 2.98-57.44 2.79-52.64
14.65 15.35 14.12 12.53
3.74-119.50 3.65-81.34 3.48-75.63 3.23-68.22
13.04 12.04 11.35 10.44
3.09-51.10 2914421 2.77-41.98 2.56-38.79

EM: Extensive metabolisers; PM: Poor metabolisers; UM: Ultra-rapid Metabolisers
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Table B4. In-vivo intrinsic clearance of sertraline in EMs and UMs

Phenotype
EM Median
Range
UM Median
Range

Intrinsic in-vivo clearance (Clint) (L/h)

Baseline 5 10 15 20 25 30 35 38
78.44 74.22 65.85 63.38 57.96 52.54 47.12 1.7 38.45
17.55- 15.59- 13.84- 13.32- 12.18- 11.04- 9.90- 8.76- 8.08-
622.10 601.64 533.86 513.77 469.84 425.90 381.97 338.04 311.68
105.17 97.54 90.42 83.30 76.18 69.05 61.93 54.81 50.53

21.75- 20.16- 18.57- 16.99- 15.40- 13.81- 12.22- 11.27-

24.98-17 724.61 671.70 618.79 565.87 512.96 460.05 407.13 375.39

EM: Extensive metabolisers; PM: Poor metabolisers; UM: Ultra-rapid Metabolisers

216



Table B5: Phenotyped based dose optimisation during gestation

Trimester 1 (Week 6) Trimester 2 (Week 20) Trimester 33 (Week 33)
Cmax Chmin % Below % Above 75 Cmax Chmin % Below 10 % Above 75 Cmax Chmin % Below 10 % Above 75
Dose Phenotype
(ng/mL) (ng/mL) 10 ng/mL ng/mL (ng/mL) (ng/mL) ng/mL ng/mL (ng/mL) (ng/mL) ng/mL ng/mL
EM 31.02 1.55 69 0 28.72 1.49 76 0 25.48 1.36 79 0
25mg PM 41.55 1.85 64 0 37.81 1.74 73 0 32.85 1.57 76 0
um 22.41 1.48 81 0 20.99 1.39 83 0 18.82 1.24 89 0
EM 62.03 3.10 27 0 57.44 2.98 31 0 50.96 272 36
50mg PM 83.11 3.69 24 1 75.63 3.48 28 1 65.70 3.14 31
UM 44.82 2.95 37 0 41.98 2.77 40 0 37.64 2.49 49
EM 124.07 6.20 10 5 114.87 5.96 12 2 101.93 5.45 13 1
100 mg PM 166.22 7.39 151.26 6.95 131.40 6.28 9 2
um 89.65 5.90 7 1 83.97 5.54 9 1 75.28 4.98 11 1
EM 186.10 9.30 2 19 172.31 8.94 15 152.88 8.17 6 8
150mg PM 249.31 11.08 0 24 226.88 10.43 17 197.10 9.42 1 11
UM 134.49 8.86 1 10 125.94 8.32 2 8 112.92 7.47 2 5
EM 248.14 12.40 0 36 229.74 11.92 29 203.85 10.89 0 23
200mg PM 332.42 14.78 0 42 302.51 13.91 34 262.80 12.57 0 25
um 179.31 11.81 0 27 167.93 11.09 18 150.56 9.96 1 12
EM 310.20 15.50 0 51 287.19 14.90 42 254.80 13.61 0 36
250mg PM 415.54 18.47 0 52 378.14 17.38 48 328.51 15.71 0 42
UM 22414 14.76 0 39 209.92 13.86 36 188.20 12.44 0 29
EM 372.25 18.60 0 64 344.61 17.87 0 60 305.76 16.34 0 48
300mg PM 498.66 22.17 0 69 453.77 20.86 0 61 394.19 18.85 0 49
um 268.94 17.71 0 47 251.89 16.63 40 225.83 14.93 0 38

Cmax: maximum plasma concentration; Cmin: minimum plasma concentration; EM: Extensive metabolisers; PM: Poor metabolisers; UM: Ultra-rapid
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Section 3

Global sensitivity analysis (GSA) was conducted to investigate the effects of simultaneous
parameter variations over a defined range to assess the relationships towards outcomes. The
hepatic (extensive metaboliser phenotype) abundance of CYPs 2C19 and 2B6 along with

albumin were assessed over a range detailed in Table B6.

Table B6: Model input parameters for GSA

Parameter Default Range
HSA (g/L) 494 25-50
2B6 (pmol/mg) 17 5-17
2C19 (pmol/mg) 14 5-14

GSA was conducted at week 6 (Trimester 1), week 20 (Trimester 2) and week 33 (Trimester
3) using a 50 mg once daily dose. The Morris [506] screening method was employed, due to
the lack of (physiologically) correlation between the parameters. This method considered
multiple points in the multi-dimensional parameter space and provides a more global approach
to traditional one parameter at a time analysis. This approach used several different sampling
trajectories which commence at random and are sampled across a grid space. Results were

output global index, which was used to rank the parameter space.

The global index (G/) is a function of both the mean (u) and the standard variance (o):

61 = (3fuz + o?)

Table B7: Parameter ranking following GSA

Ranking
Cmax AUC CL Vss
T T2 T3 |T1 T2 T3 |T1 T2 T3 |T1 T2 T3
HSA 1 1 1 /1 1 11 1 1|1 1 1
2B6 2 2 2|2 2 2|2 2 2|2 2 2
2cC9 3 3 3|3 3 3[/3 3 3|2 2 2

T1: trimester 1 (week 6); T2: trimester 2 (week 20); T3: trimester 3 (week 33)
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Table B8: Parameter global index following GSA

Global index
Cmax AUC CL Vss
T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
HSA 0.017471 0.015515 0.013253 | 0.424197 0.371179 0.309781 | 9508.403 11808.69 15895.64 | 27.11609 33.84137 39.68106
2B6 0.000705 0.000804 0.000992 | 0.013779 0.015798 0.019607 | 21.10802 40.16134 105.1407 0 0 0
2C19 0.000471 0.000307 0.000185 | 0.009169 0.005988 0.003592 | 9.894014 6.961058 4.926404 0 0 0

T1: trimester 1 (week 6); T2: trimester 2 (week 20); T3: trimester 3 (week 33).
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