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Abstract

Introduction and Aim: Skin afflictions have been treated with topically applied active
compounds since the ancient Greek era. Topical compounds mostly avoid first-pass
metabolism and move directly into the local region of the skin or mucous membranes to exert
their therapeutic effects. In this study, the aim was to investigate the in vitro diffusion
characteristics of active compounds commonly used in topical formulations, such as caffeine,
theophylline, retinol, L-carnitine, and Co-enzyme Q10 across porcine skin, used as a model
for human skin. These compounds were tested alone and in combination within different
topical formulations (liquid, gel, and cream) to investigate skin permeation, skin accumulation
and effect on skin integrity.

Methods: Method development and validation were performed to detect and quantitate all
compounds tested by using a RP C18 HPLC system. Mobile phases included the following:
caffeine and theophylline (Methanol:water [40:60], 20°C), retinol (Methanol:water [95:5],
20°C), L-carnitine (Sodium Phosphate buffer (pH 3.0):Methanol [99:1], 40°C) and Co-enzyme
Q10 (Methanol:2-propanol [40:60], 25°C). All analyses were performed at 1 ml/min and
injection volume of 20 ul. In vitro diffusion studies were performed using a PermeGear 7-in-
line flow-through system. Either caffeine (2.5%), theophylline (2%), retinol (0.3%), L-carnitine
(2%) or Coenzyme Q10 (0.5%) in various formulations alone, and in combinations were
loaded into the donor compartments and PBS (pH 7.4) was pumped through the acceptor
chambers at 1.5 ml/h (32°C, over 4 hours and 24 hours). The fluid collected (every 30 min or
2 hours) was analysed by RP HPLC. Skin accumulation for each compound was performed
after completion of each experiment and skin integrity was established by measuring tissue
resistance.

Results: HPLC methods were found to be sensitive and valid for linearity, precision, accuracy
and robustness. Retention times were as follows: caffeine 2.57+0.02 min, theophylline
2.18+0.03 min, retinol 2.91£0.02 min, L-carnitine 3.0+0.009 min and Co-enzyme Q10 3.15
10.003 min. From the in vitro diffusion studies of active compounds alone, caffeine within all
formulations had the highest diffusion rate compared to theophylline and L-carnitine
(caffeine>theophylline>L-carnitine). Retinol and Co-enzyme Q10 did not diffuse across the
skin within a 24-hour time-period. In combination with Co-enzyme Q10, the diffusion of
caffeine increased from both gel and cream formulations (p<0.05), while retinol increased the
diffusion of theophylline from a liquid formulation (p<0.05). Theophylline increased the
diffusion of L-carnitine from both liquid and gel formulations (p<0.05). Liquid and gel
formulations without compounds, decreased the skin’s integrity after 24 hours and 2 hours,
respectively. After 24 hours, the skin’s integrity decreased after exposure to all compounds

tested (liquid and gel formulations), while the cream formulation mostly kept the integrity of
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the skin intact. Caffeine accumulated much more in the skin (>13%) compared to all the other
compounds (<2.5%) for all three different formulations tested (caffeine>>L-
carnitine>theophylline>retinol>Co-enzyme Q10). Combination studies mostly caused a
decrease in accumulation of all compounds within the skin, except the following: retinol
increased theophylline accumulation from a gel formulation and vice versa, Co-enzyme Q10
increased caffeine accumulation from all formulations and L-carnitine’s accumulation mostly
increased when combined with other compounds.

Conclusion: Caffeine was found to diffuse across and accumulate within the skin to a higher
extent as compared to all the other compounds due to its ideal physicochemical
characteristics. Very lipophilic compounds like retinol and Co-enzyme Q10 only accumulated
to some degree in the skin. The findings indicated that the preferable combinations to increase
efficacy, would be Co-enzyme Q10 in combination with caffeine, especially from a cream
formulation, retinol in combination with theophylline (gel) and any of the compounds combined
with L-carnitine (gel and cream). Cognisance must however be taken about possible systemic

side effects.
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Chapter 1: General introduction

1.1 The Skin

1.1.1 Overview of the Human Skin

The skin is the largest organ of the human body and makes up sixteen percent of the
human body weight. This complex organ acts mainly as a protective mechanism
against foreign particles by being a permeability barrier to the environment (Kruger,
2010) as well as preventing water loss (Nolan and Marmur, 2012). The skin has
various other functions including regulating temperature, synthesis of Vitamin D,
playing a part in the immune system as well as receiving stimuli through the numerous
nerves ending (Lebonvallet et al., 2010). The skin consists of three layers; epidermis,
dermis and a fatty subcutaneous layer known as the hypodermis (Figure 1.1). Both
epidermis and dermis have been found to be the prominent layers which are separated
by the basement membrane, the extracellular matrix is a thin layer that forms part of
the dermal layer (Evan et al., 2013). Furthermore, the epidermis consists of stratified
squamous epithelium containing various cell types including Langerhans cells,

melanocytes, and keratinocytes (Hwa et al., 2012).

Figure 6.1: Transverse section of the human skin (Khavkin and Ellis, 2011).
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1.1.2 Epidermis

The epidermis, being the outmost hydrophilic layer (70% water) (Bolzinger et al.,
2012), varies in thickness from 0.06 mm on the eyelids to 0.8 mm on the palm of the
hand and sole of the feet (Benson and Watkinson, 2012, p4). This layer is made up of
stratified epithelial cells which consist of keratinocytes, these cell types are protein-
rich cells containing keratin, that are responsible in providing structure and tensile
strength and make up 95% of the epidermis layer; keratinocytes are hydrophilic and
are separated from each other by a lipophilic layer (Hwa et al., 2011; Khavkin and
Ellis, 2011).Within the epidermis, keratinocytes are arranged differently, forming the
following layers: stratum basale (basal layer), stratum spinosum, stratum granulosum

and stratum corneum (Figure 1.2) (Hwa et al., 2011).

Figure 6.2: Histological cross-section of the Epidermis layer (Khavkin and Ellis,

2011).
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1.1.3 Stratum Basale

The stratum basale, also called the stratum germinativum, is the basal (base) layer of
the epidermis. It is the layer that is closest to the blood supply lying underneath the
epidermis. Basal cells are responsible for proliferation. The cells can divide via the
process of mitosis, which means that skin cells germinate here. Through the process
of mitosis, keratinocytes arise. These cells are responsible for producing the most
important protein called keratin. Keratin makes the skin tough and provides it with
much-needed protection from microorganisms, physical harm, and chemical irritation
(Piipponen et al., 2020).

1.1.4 Stratum Spinosum

Keratinocytes move from the stratum basale into the stratum spinosum, where
secretion of keratin occurs thus forming lamellae bodies (secretary bodies). This gives
the layer a spiny appearance. The stratum spinosum is partly responsible for the skin’s
strength and flexibility (Benson and Watkinson, 2012, p6).

1.1.5 Stratum Granulosum

The keratinocytes continue to migrate into the stratum granulosum, the cells undergo
differentiation and therefore become flatter, brittle granular cells with no nuclei; these
are known as keratohyalin (Benson and Watkinson, 2012, p6). The keratohyalin
granules secrete a phosphoprotein known as profilagrin, which is responsible for the
formation of corneocytes as well as intracellular metabolites which contribute to

stratum corneum hydration and pH (Thyssen and Kezic, 2014).

1.1.6 Stratum Corneum

The Stratum Corneum is the outmost layer consisting of 10 - 25 layers of corneocytes,
which have originated from keratinocytes that have undergone differentiation. The thin
epithelial layer is impermeable to water as well as water-soluble substances (Bolzinger
et al., 2012). The stratum corneum is the main penetration barrier when it comes to
topical administration of drugs (Ochalek et al., 2012). The layer serves as the
protective layer against harsh environmental conditions, additionally the layer plays a
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vital role in water permeability. Studies have shown that the layer consist of natural
moisturizing factors such as free amino acids, organic acids, urea and inorganic acids.
These factors bind to water while the organization of lipids in the layer are responsible
for the creation of the barrier (Menon et al., 2012). The major lipid classes found in the
stratum corneum are as follows: cholesterol, free fatty acids and ceramides (CERs).
Studies have shown that CERs play a vital role, a change in CERs composition will

cause an impairment in the skin barrier (Van Smedden et al., 2011).

1.1.7 Tight Junctions

Epithelial tissue consists of cell-to-cell interactions by means of junctional complexes,
this means cell structures can communicate by means of the arrangement of complex
proteins which provides contact between neighbouring cells (Basler et al., 2016).
Junctional complexes comprise of tight junctions, adherens junctions, desmosomes
and gap junctions (Basler et al., 2016). Tight junctions are found below the stratum
corneum at the level of the stratum granulosum (Figure 1.3), they act as a barrier and
regulate the pathway of water, ions, and solutes through the paracellular pathway (De
Benedetto et al., 2011). Furthermore, they have been found to play a crucial role in
establishing as well as maintaining cell polarity in tissues (Basler et al., 2016). Both
the stratum corneum and the tight junctions act as the epithelium skin barrier structure,
they interact together to ensure that the skin maintains a barrier (De Benedetto et
al.,2011).

Figure 6.3: Schematic overview of the skin including putative penetration pathways.
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Abbreviations: BL: basal cell layer of HF, C: Cortex, CCL: central cell layer of HF,
CL: companion cell layer of HF, cu: cuticle of hair shaft, He: Henle's layer, Hu: Huxley's
layer, icu: cuticle of IRS, IRS: inner root sheath, M: Medulla, MC: matrix cells, ORS:
outer root sheath, SC: stratum corneum, SG: stratum granulosum. Yellow arrows:
putative paracellular and transcellular penetration pathways. Red dots: tight junctions,
blue stars: Langerhans cells, orange arrows: sebum, green circles: microbiota (Basler
et al., 2016).

1.1.8 Dermis

The dermis is the layer found beneath the epidermis and it contains tough connective
tissue, blood vessels, hair follicles, smooth muscle, lymphatic tissue as well as sweat
glands. The dermis consists of fibroblast cells that are responsible for secreting
collagen, elastin and proteoglycans which give support and elasticity to the skin.
Furthermore, the dermal layers provide nutrients for the epidermis (Khavkin and Ellis,
2011).

1.1.9 Hypodermis

Hypodermis is the deepest layer, located below the dermis and above the underlying
muscle (Khavkin and Ellis, 2011). The layer is composed of adipocytes arranged in
lobules, fibroblasts, lymphocytes and mast cells and serves as an insulator and shock
absorber (Kruger, 2010). The hypodermis is found to insulate and protect the body

from mechanical injuries as well as a reserve energy supply (Khavkin and Ellis, 2011).

1.2 Skin afflictions

With the skin being the outermost human organ, which is in direct contact with the
environment, it is increasingly exposed to stress that may cause skin afflictions. Skin
afflictions refers to disorders that affect the skin, this can be characterized as minor or
severe conditions.

The disturbance of the epithelial barrier of both the stratum corneum and tight junctions
has been recognized as a feature of inflammatory diseases (Khavkin and Ellis, 2011).

The impairment of the human stratum corneum barrier can lead to an increase in
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transdermal water loss which in turns causes the skin to become susceptible to
penetration of toxins thus resulting in various forms of skin afflictions (Del Rosso and
Levin., 2011). Some skin afflictions can be categorized as situational cases due to
stress or they may be from a genetic outcome. The following skin afflictions will be
discussed in more detail: atopic dermatitis, psoriasis, acne vulgaris, adeposis
adematosa and hyperpigmentation.

1.2.1 Inflammatory Afflictions

1.2.1.1 Atopic Dermatitis

Atopic Dermatitis, also known as eczema, is an inflammatory skin disease that is
characterized by dryness and itch. Studies have shown that more than 85 % of the
population is affected from childhood. The causality of the disease has not been
determined, however there are two hypotheses that support the mechanism (Nutten,
2015):
e The inflammation is due to an immune defect, genetic studies have linked the
causality of atopic dermatitis to various mutations, which support the
hypothesis.

e The skin inflammation can be due to the primary defect of the stratum corneum,
making the layer susceptible to penetration of microorganisms such as
Staphylococcus aureus, a gram-positive bacterium (Figure 1.4). The S. aureus
bacterium causes alteration of the lipid composition in the stratum corneum

leading to skin inflammation.

Atopic dermatitis affects the facial and extensor surface of the limbs in infants whilst
older children and adults have rashes on the flexural areas of the neck, elbows and
knee areas (Ong., 2009; Nutten., 2015).
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Figure 6.4: Potential lllustration showing the mechanism of Staphylococcus aureus
in Atopic dermatitis.

On encountering Staphylococcus aureus (S.aureus), Toll-like receptors (TLR)
polymorphisms may lead to an increased Thymic stromal lymphopoietin (TSLP) and
a decreased Human beta-defensin (HBD) production in Atopic dermatitis (AD).
Increased Thymic stromal lymphopoietin (TSLP) leads to an increased T-Helper type
2 (TH2) response, whereas decreased Human beta-defensin, which is known to
attract C-C chemokine receptor (CCR6+), leads to a decreased T-Helper type 1 (TH1)
response. HBD production may be further suppressed by Interleukin-4 (IL-
4)/Interleukin-13(IL-13). (Solid lines indicate pathway blocks.) (Ong, 2009).
Abbreviations: KC: Keratinocyte; LC/DC: Langerhans cells/dendritic cells; MDC:
Macrophage-derived chemokine;_SC: Stratum corneum (skin barrier); TARC: Thymus
and activation-regulated chemokine (Ong, 2009).

1.2.1.2 Psoriasis

Psoriasis is known as an immune-mediated inflammatory disorder, a common chronic
relapsing inflammatory skin disease. The immune system is dysregulated from the
normal immune response (Rendon and Schakel., 2019). This disorder is found to be
more prominent in adults and affect 2 — 3 % of the world’s population. Studies have
found that there are several causalities which induces the disease (Enamandram and
Kimball, 2013).

In psoriasis, T lymphocytes migrate from the immune system to the skin, there is no
evidence which explain this hypothesis however, studies relate it to the genetic
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susceptibility of the disease. The T lymphocytes are activated due to an immune
response, the activation of T lymphocytes causes the development of red scaly skin
lesions which results in inflammation of the skin. Furthermore, evidence has shown a
correlation between tumour necrosis factor alpha (TNFa) and psoriasis. The cell
signalling protein which is normally involved in systemic inflammation is found to
promote and sustain psoriasis lesions however the aetiophatogenesis remains unclear
(Figure 1.5) (Krueger and Bowcock, 2005; Campanati et al., 2010).

Figure 6.5: Schematic illustration of the mechanism behind the activation of
Psoriasis.

Skin plaque formation is induced by environmental triggers in genetic predisposed
subjects. Maintenance of the plaque is mediated by a self-sustaining pathogenic cycle
constituted by T cells, dendritic cells, connective tissue (fibroblasts) and skin
epithelium (keratinocytes). Moreover, the increased vascularity of the derma allows
the migration from the circulation into the inflamed tissue of T cells and monocytes
that will differentiate into mature dendritic cells. The systemic inflammatory condition
characterizing psoriasis is evidenced by the high circulating levels of inflammation
markers and, in a fraction of patients, causes the development of comorbidities, such

as psoriatic arthritis and cardiovascular diseases.
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Abbreviations: SNP, single-nucleotide polymorphism; CNV, copy number variation;
VEGF, vascular endothelial growth factor. (Molteni and Reali, 2012).

1.2.1.3 Erythema solare (Sunburn)

Solar UV radiation has been known to be vital in the production of Vitamin D which
plays a role in the synthesis of calcium and contributes to bone growth (Biniek et al.,
2012). Studies have found that continuous exposure of UV radiation alters the function
of the stratum corneum and thus leads to severe skin damage (Werth et al., 2011;
Biniek et al., 2012). UVB radiation (280-320 nm) is absorbed by the epidermis and
alter the morphology of the stratum corneum by increasing the thickness of the layer.
This causes an alteration in the permeability of the layer thus allowing an increase in
transdermal water loss resulting in a decrease in hydration of the layer. Due to this
structural change, the skin is thus more susceptible to chapping and cracking due to
the decrease in hydration, further aggravation can cause inflammation such as atopic
dermatitis, itchthyosis vulgaris and chronic xerosis (Biniek et al., 2012).

1.2.2 Age and Hormone related afflictions

1.2.2.1 Acne vulgaris

Acne is a disorder which affects 80% of adolescents and young adults from the age of
11 and can persist into adulthood, with 12%-14% of cases affecting both the

psychological and social wellbeing of an individual (Figure 1.6) (Almezani, 2018).

Figure 6.6: lllustration of moderate acne on a patient (Williams et al., 2012).

The cause of acne can be explained by the pilosebaceous unit being affected, this unit
consisting of a hair follicle, hair shaft, arrector pili muscle and sebaceous gland (oil

gland). The pathophysiological factors which induce acne includes:
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Seborrhea - this is due to the enlargement of the gland and the
overproduction of sebum (free fatty acid).

Hyperkeratinisation — Keratinocytes are hyper-proliferated around the
hair follicle, this become dense with lipid droplets and thus forming acne
lesions. There are two types of lesions formed:

o Non-inflammatory - made up of whiteheads and blackheads

o Inflammatory lesions - pores are infected with bacteria and have
turned into papules and pustules; pimples containing pus (Figure
1.7).

Propionibacterium acnes — The bacteria (P. acnes) migrate and
colonizes the follicle duct and causing inflammation (Nakano et al., 2015;
Dawson and Dellavalle., 2013).

The distribution of acne corresponds to the density of the pilosebaceous unit, this unit

is commonly found on the face, neck, upper chest, shoulders and back. Acne is usually

characterized by the scarring and inflammation of the skin (Williams et al., 2012).

A)

B)

Figure 6.7: Transverse view of a normal sebaceous follicle represented in (A) and

inflammatory acne lesion with rupture of follicular and secondary inflammation

represented in (B) (Williams et al..2012).

28



1.2.2.2 Adeposis adematosa (Cellulite)

Cellulite can be defined as a localized metabolic disorder of the subcutaneous tissue
which results in the alteration of the appearance of the skin in women (Djajadisastra
et al., 2014). It is an undesirable aesthetic problem which affects more than 85% of
women; it usually begins at puberty and progresses throughout life (Tokarska et al.,
2018; Hexsel and Mazzuco.,2013). This condition was often mistaken with Cellulitis,
which is a progressive bacterial infection in the form of gangrenous bacteria spreading
within the subcutaneous tissue (Bauer et al., 2020). With time, cellulite has been
characterized as an alteration of the skin surface which gives rise to an orange peel
effect (Figure 1.8 (A)) or mattress appearance (Tokarska et al., 2018). Its occurrence
is mainly due to damaged blood vessels or accumulation of toxins from the lipolysis
process in lymph vessels thus resulting in decreasing microcirculation. This causes
accumulation of lymph fluid in the dermis as well as fat accumulation in the
subcutaneous adipose tissue (Figure 1.8 (B)) (Djajadisastra et al., 2014; Herman and
Herman, 2012). Cellulite occasionally occurs around the breast, abdomen, and upper
arms, but it is mostly present on the pelvic region (gluteal-femoral region) (Rawlings,
2006; Velasco et al., 2008). Furthermore, cellulite can be classified into two distinct
categories: incipient cellulite and advanced cellulite. Incipient cellulite is barely
noticeable, it is usually recognized by an orange peel appearance demonstrated by
the pinch test. In the case of full blown or advanced cellulite, there are irregular dimples
which are highly noticeable on the skin surface; this stage of cellulite is also known as
soft cellulite (Tokarska et al., 2018; Bauer et al., 2020).
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Figure 6.8: (A) Visual grading scale for orange peel appearance. (B) Schematic

illustration of the major mechanism involved in Adeposis adematosa.

The exact etiology of cellulite is still a matter of debate, but most scientists agree on
the involvement of reduced microcirculation, interstitial liquid infiltration (edema),
localized hypertrophy of adipocytes, oxidative stress, and persistent low-grade
inflammation, combined with extracellular matrix (ECM). Cellulite and skin aging may

influence each other (Dupont et al., 2014).

1.2.2.3 Hyperpigmentation

Hyperpigmentation is a common skin problem that affects a large portion of the female
population. Studies have shown that 90% of women can be affected whilst 50-70% of
women experience skin discoloration during pregnancy (Almezani, 2018).
Furthermore, hyperpigmentation is found to affect all population groups but seems to
be more within population groups with darker skin types (skin types IV-VI) than lighter
skin types; the darker the skin the more melanocytes in the epidermis (Davis and
Callender, 2010; Qargaz and Al-Yousef 2018; Almezani, 2018). Hyperpigmentation is
related to the excess production of melanin; pigmentation responsible for skin hair and
eye colour (Leyden et al., 2011). Studies have shown that UV light exposure stimulates
melanocyte activity, thus causing excess production of melanin (Leyden et al., 2011;
Almezani, 2018).

Melasma and post-inflammatory hyperpigmentation (PIH) are common pigmentation
disorders that lead to darker marks on the surface of the skin (Davis and Callender
,2010; Nicolaidou and Katsambas, 2014)

+ Melasma - This is clinically represented as irregular macules (area of
discoloration). The cause of melasma is unknown; however, studies show that
factors contributing to the disorder includes genetic predisposition, UV light
exposure and estrogen exposure (Figure 1.9) (Nicolaidou and Katsambas.,
2014).

+ Post-inflammatory Hyperpigmentation (PIH)- PIH is related to a physiological
response due to inflammation of the skin such as acne, atopic dermatitis, lichen

planus and psoriasis (Davis and Callender, 2010; Rachmin et al., 2020). In this
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case, melanocytes are stimulated by the inflammation (Davis and Callender,
2010; Rachmin et al., 2020).

Figure 6.9: lllustration of pigmented macules caused by melasma on the

forehead (Nicolaidou and Katsambas., 2014).

1.3 Topical treatment of skin afflictions

1.3.1 Topical Treatment

Topical treatment has been found to be an effective way to treat local medical

conditions and they are low in cost (Fleischer et al., 2017). Transdermal deliveries of

therapeutic agents are an alternative and advantageous route of delivery compared to

oral intake and hypodermic injections (Prausnitz and Langer, 2008). These

advantages include:

1.

2.

Avoidance of hepatic first pass metabolism
Ability to discontinue administration by removal of the agent

The ability to control drug delivery for a longer time compared to the usual
gastrointestinal transit of the oral dosage form

The ability to modify the properties of the biological barrier of absorption (Pathan
and Setty, 2009).
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1.3.2 Topical Formulations

Dermal and transdermal drug delivery can be dated back to the ancient Greeks, they
used to apply a mixture of water, olive oil and lead oxide as an ointment on the skin
(Morrow et al., 2007). Transdermal drugs have been used in the new era to treat skin
diseases as well as aid with skin aesthetics. Most transdermal drugs are prepared in
various formulations with different consistency such as liquids, solid powders, or semi-
solids; where the semi- solid formulations consist of creams, gels and ointments
(Morrow et al., 2007; Bartosova and Bajgar, 2012).

1.3.2.1 Topical solutions

Topical solutions are liquids which consist of one or more dissolved chemical
substances. The solution often contains a mixture of solvents such as alcohol, polyols,
and water (Ueda et al., 2009).

1.3.2.2 Gels

Gels also called jellies are semisolid substances which can be characterized as two
different systems. Two-phase system gels are composed of small inorganic particles
or large organic molecules mixed in with a liquid. Single phase system gels are
composed of organic macromolecules which are uniformly distributed throughout the
liquid, thus not creating an apparent boundary between the macromolecules and liquid
(Ueda et al., 2009). Gels are composed using hydroxypropyl methylcellulose (HPMC)
or carpobol, these agents are found to be effective in enhancing the drug permeation
through the human skin (Al-Suwayeh et al., 2014).

1.3.2.3 Creams

Creams are emulsions of oleaginous (rich in oil) substances and water which spreads
easily over the skin compared to ointments. Topical creams can be prepared in two
manners: oil-in-water (o/w) or water-in-oil (w/0). O/W refers to oil being dispersed in
water or aqueous solutions; these types of creams are water washable as well as
cosmetic and aesthetically accepted. W/O refers to water or aqueous solution
dispersed in oil or oleaginous phase; this mixture is not water washable and cannot
absorb water (Ueda et al., 2009).
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1.3.3 Penetration Enhancers

The stratum corneum is the main barrier for drug penetration and it is known to limit
the transdermal penetration of molecules (Maghraby et al., 2008). Penetration
enhancers are chemicals that are used to promote the delivery of active ingredient
across the stratum corneum (Ubaid et al., 2016).

1.3.3.1 Chemical enhancement

1.3.3.1.1 Carbopol

Carbopol is a family of commercial polymers which are commonly used in cosmetic,
pharmaceutical paint and food industry. There are more than 10 different grades of
carbopol polymers, which are known to have a high molecular weight, hydrophilic
characteristics and crosslinked polyacrylic acid polymer (Varges et al., 2019). The
hydrophilic and cross-linked properties of Carbopol form a microgel which is useful for
dermatological applications (Al-Suwayeh et al., 2014; Ubaid et al., 2016). The physical
hydrogel has a three-dimensional polymer network which absorb water and presents
a temporary reversible entanglement that are stronger when compared to chemical
hydrogel (Varges et al., 2019). Studies have found that these polymers open tight
junction in the stratum corneum, which improves the permeability of active agents

through the paracellular pathway of the skin (Balakrishnan et al., 2015).

1.3.3.1.2 Ethanol

Ethanol commonly known as alcohol (CH3CH20H or C2HsO) is a clear colourless liquid
that is readily used as a topical disinfectant due to its antimicrobial effect. For this
reason, the agent is widely used in various products with direct contact with human
skin such as hand disinfectants, cosmetics or mouthwash. Ethanol has a molecular
weight of 46.07 g/mol with a boiling point of 78.37 °C and melting point of -114.1 °C.
Furthermore, the liquid molecule has a density of 789 kg/m3, a vapor pressure of 5.95
KPa at 20 °C and an acid dissociation constant (pKa) of 15.9 (Ethanol, 2023). Ethanol
is commonly used in transdermal formulations, it is also combined with water during

in vitro permeation experiments as it diffuses through the skin rapidly with a steady
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state flux of approximately 1mg/cm?h (Mathur et al., 2010). Ethanol increases
permeation rate of drugs through the skin due to the following:

- the liquid can act as a solvent and increases the solubility of the drug

- ethanol can increase solubility of permeants that deplete during the steady state
diffusion study

- application of ethanol on the skin can increase the permeation of the stratum
corneum by loosening the tight junctions which in turns alters the permeability of the
tissue

-the highly volatile property of ethanol modifies the thermodynamic activity of the drug
within the formulation, which allows for the drug to become more concentrated and
therefore create an over-saturated diffusion through the skin (Williams and Barry,
2012).

1.3.3.1.3 Propylene glycol

Propylene glycol is an emollient and emulsifier found in various ranges of consumer,
professional and industrial uses such as carrier molecule in production. The liquid
molecule can be described as a small carbon molecule (C3HgO2) which form part of
the monopropylene glycol (MPG) family (Jacob et al., 2018; Fowles et al., 2013). The
molecule has a molecular weight of 76,09 g/mol with a boiling point of 186 °C and a
melting point of -60 °C. Propylene glycol has a density of 1.0361 g/cm® and thus
extremely soluble in water. Furthermore, the molecule has a vapor pressure of 106.6
at 20 °C and a pKa of 14.8 at 25 °C (Propylene-glycol, 2023).

In a study conducted by William Griffin (Pasquali et al., 2008), emulsifiers were
classified according to a theory known as hydrophilic-lipophilic balance (HLB). This
theory simply states that the emulsifier consists of a molecule that combines both
hydrophilic and lipophilic groups. The balance of the size and the strength of these
two opposite groups is known as HLB (Pasquali et al., 2008). The numerical value of
HLB determines the nature of the emulsifier and the type of the emulsion. In other
words, this will help to determine whether the emulsifier has more of a hydrophilic or
lipophilic affinity. The lower the HLB value of an emulsifier, the more hydrophobic the
emulsifier becomes. The HLB scale ranges from 0 to 20 (Sondari and Tursiloadi.,
2018). According to the William Griffins classification (Pasquali et al., 2009), propylene
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glycol has a HLB value in the range of 3.4 - 4.5; this indicates that propylene glycol is
a lipophilic molecule that forms a w/o emulsion (Pasquali et al., 2008). The HLB scale
is illustrated in Figure 1.10 (As ef al., 2018).

Propylene glycols, as mentioned, has been used as a chemical enhancer for optimum
topical transdermal formulation delivery. Chemical enhancers are agents that modifier
the function of the stratum corneum. Propylene glycol works similarly by increasing
permeation and loosening the a-keratin bonds, found in the epidermal layer, and

therefore reducing the drug-tissue binding (Haque and Talukder, 2018).

18
Solubilizing agents (15-18)
15
Hydrophilic Detergents (13-15)
(water soluble)
12
o/w Emulsifying agents (8-16)
9 Wetting and
Water spreading agents (7-9)
dispersible
----------- 6
wlo Emulsifying agents (3-6)
3
Hydrophobic Antifoaming agents (2-3)
(0il soluble)
0
High HLB Low HLB
H,0 Soluble Oil (fat) Soluble
Oil-in-Water Emulsion Water-in-Oil Emulsion

Figure 6.10: An illustration of HLB scale (As et al., 2018).
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1.3.3.1.4 Olive oil

Olive oil is characterized as a natural oil, which can be used as an emulsifier, stabilizer
or solubility enhancer. Natural oils are heterogeneous lipids which consist of
triglycerides, diglycerides, free fatty acids, phosphatides, sterols, fatty alcohols and fat
-soluble vitamins. Studies have found that free fatty acids are responsible for the
structural change of the skin barrier, thus increasing the permeation of hydrophilic and
hydrophobic compounds (Pham et al., 2016; Cizinauskas et al., 2017). Free fatty acids
enter the hydrophobic tail of the stratum corneum lipid bilayer and disrupt the structure,
by disrupting the inner structure it increases the fluidity and decreases the diffusional

resistance resulting in an increase in permeation (Kim et al., 2020).

1.4 Active compounds used in topical formulations

1.4.1 Xanthine compounds

Xanthine compounds, chemically known as 3,7-dihydropurine-2,6-dione contains a
purine base found in most human body tissues and fluids. The compound itself is a bi-
product which results from the xanthine oxidase enzyme converting hypoxanthine to
xanthine and finally to uric acid (Sarici et al., 2009). A methyl group attaching itself to
a xanthine compound forms a methylated compound known as methylxanthine.
Caffeine and theophylline are both methylxanthines. These two compounds are found
to affect cells and tissues in the human body. The mechanism of action of both caffeine
and theophylline includes (Monteiro et al., 2016):

e blocking of the adenosine receptors which results in the increased release of

norepinephrine, dopamine, and serotonin,
e central nervous system stimulation,
e bronchodilation (mostly used in the treatment of asthma),

e stimulation of diuresis,

regulation of glycogen metabolism.

Furthermore, caffeine and theophylline inhibit phosphodiesterase (PDE). The
inhibition of PDE stimulates lipolysis, which is beneficial in the treatment of skin

afflictions such as Adeposis adematosa (Herman and Herman, 2012). Moreover,
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methylxanthines have also been known to be used in various topical creams with
the aim of reducing skin related afflictions. A study conducted by Mitani et al., 2007
shows that plant extracts such as cocoa bean and cola nuts are rich in xanthine
derivatives (Caffeine and theophylline). Furthermore, their research found that
extracts of these plants have an effect against photo damage such as wrinkles,
sunburn or tumors. The study suggest that the xanthine derivatives suppress the
formation of wrinkles by preventing the neutrophil infiltration which is caused by
UV exposure (Mitani et al., 2007).

1.4.1.1 Caffeine

Caffeine is a popular ingredient found in anti- cellulite creams as well as shampoos
(Luo and Lane, 2015). Studies have shown that caffeine stimulate hair growth through
follicular penetration (Otberg et al., 2008). The hair follicle serves as a long-term
reservoir for topically applied agents, these agents can be stored in the reservoir for
several days (Lademann et al., 2010). As caffeine is topically applied, the molecule
penetrates the hair follicle through the trans-appendageal pathway. The molecule than
moves from the pathway into the blood capillaries which surrounds the hair follicle
(Lademann et al., 2008). Due to the follicular absorption of caffeine, shampoos are
found to contain caffeine as an active ingredient in the formulation (Otberg et al.,
2008).

Caffeine has been found to activate the lipolysis process by increasing the secretion
of catecholamines, which in turn activates the 3-adrenergic receptors that inhibit PDE
and increases cyclic adenosine monophosphate (CAMP) in the cells. This activates
the hormone sensitive lipase (HSL) in the lipolysis process. The caffeine molecule is
also known to inhibit binding of insulin on the a-adrenergic receptor, therefore
preventing the fat deposition which could lead to the appearance of adeposis
adematosa. Caffeine stimulates the drainage of lymph systems found in adipocyte
tissue by removing toxins, which arise during the lipolysis process (Herman and
Herman, 2013).

5-a-Reductase is an enzyme that converts testosterone into an active form called
dihydrotestosterone (DHT) which is responsible for baldness. Topical application of
caffeine reduces the smooth muscle tension around the hair follicle allowing the agent
to diffuse into the blood capillaries. As caffeine enters the blood circulation, it inhibits
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the activity of the 5-a-reductase enzyme, which allows for a renewed growth phase of
the hair. Furthermore, stimulation of hair growth can occur by inhibiting the PDE
enzyme activity, which increases intracellular cAMP concentration that leads to
cellular metabolism (Herman and Herman, 2013; Raker et al., 2016). The elevated
levels of cAMP in the cell suppresses the inflammatory pathway by upregulating Nur77
expression (gene expression linked to inflammation) which weakens the monocyte
inflammatory function. This is beneficial in patients who suffer from atopic dermatitis
or psoriasis (Raker et al., 2016). Caffeine has been found to act as an antagonist on
the Axa receptor. Aoa receptors play a role in the heart by regulating myocardial oxygen
consumption and coronary blood flow as well as control anti-inflammatory effects in
the body (Dall’lgna et al., 2007).

1.4.1.1.1 Physiochemical properties of Caffeine

Caffeine (Figure 1.11) also known as 1,3,7- trimethylxanthine with a chemical formula
of CgH1oN4O2 (Table 1.1) is naturally found in coffee, cocoa, tea, and cola nuts.
Caffeine can also be classified as an alkaloid as it is formed from the metabolism of
nitrogen. This molecule is found to contain a lipophilic component and therefore is
expected to easily permeate through the cell membrane (Monteiro et al.,2016). A

synopsis of the physical and chemical properties of caffeine is provided in Table 1.1.

Figure 6.11: The chemical Structure of Caffeine (Monteiro et al., 2016).
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Table 6.1 Physicochemical properties of caffeine (Wilkinson et al., 2006; Agyemang-
Yeboah and Oppong, 2013; Monteiro et al.,2016).

1,3,7- trimethylxanthine, caffeine

Chemical names 58-08-2, Guaranine

Molecular weight 194.194 g/mol

Appearance Odourless white powder with bitter taste
Solubility Soluble in water (2.17%) and soluble in ethanol
pH 6.9

log P (Partition coefficient) | -0.07

Dissociation constant

14 at 25°C
(pKa)
Melting point 238°C
Boiling point 178°C
Vapor Pressure 1010 kPa at 178°C
Density 1.2 g/cm?3
Volatility 0.5%

1.4.1.2 Theophylline

Theophylline is combined with ethylene diamine in anhydrous alcohol to form
aminophylline which breaks down fat and cellulite through the activation of enzymes
(Wang et al., 2007). Theophylline occurs naturally in tea and cocoa (Barnes, 2013).
Theophylline was first extracted in 1985 from tea, it was further synthesized chemically

to form a diuretic agent (Barnes, 2013). With time, its bronchodilator property was
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discovered and therefore it became the first line of treatment in chronic obstructive
pulmonary (COPD) disease (Barnes, 2013). Theophylline has been found to have
several molecular mechanisms of action (Barnes, 2013):

- PDE inhibition: as mentioned in section 1.4.1, theophylline act as a PDE inhibitor,
however compared to caffeine theophylline is found to be a weak non-selective
inhibitor.

- Adenosine Receptor Antagonism: Theophylline blocks adenosine As; and Az
receptors which is the mechanism of action for its bronchodilator effects.

- Increased IL-10: IL-10 is a cytokine with anti-inflammatory properties, the
concentration of IL-10 decreases in the presence of asthma or COPD. An increase in
theophylline relatively increases the concentration of IL-10, however, this can be
counter-parted by the PDE inhibition process.

- Effects of transcription: Theophylline prevents the migration of the pro-inflammatory

transcription factor called nuclear factor kappa B Cells into the nucleus by inhibiting

the degradation of the inhibitory protein I-kBa (nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha). Inhibition of pro-inflammatory transcription
factors reduces the inflammatory genes in asthma and COPD which contributes to
theophylline bronchodilator function (Barnes, 2010).

- Decreases insulin resistance and hyperglycaemia: Theophylline has the potential to
treat insulin resistance and hyperglycaemia by decreasing the secretion of IL-6 (Pro-
inflammatory adipokines- Interleukin) which is characterized by an increase in adipose
tissue (Mitani et al., 2018).

1.4.1.2.1 Physiochemical properties of Theophylline

The theophylline molecule, also known as 1,3-Dimethylxanthine (Figure 1.12) with a
chemical formula C7HsgN402 is a methyl xanthine which is derived from tea with diuretic,
smooth muscle relaxant, bronchial dilation, and central nervous system activities
(Theophylline, 2023). The theophylline molecule is described as a polar molecule and
therefore requires the aid of a pro-drug when being administrated topically to enhance
transdermal delivery. A pro-drug can be defined as a molecule which attaches to an
organic/inorganic moiety and chemically modifies the molecule to increase the
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chances of permeation through the skin transdermal delivery (N'Da, 2014). A synopsis
of the physical and chemical properties of Theophylline is provided in Table 1.2.

Figure 6.12: The chemical Structure of Theophylline

(Monteiro et al., 2016).

Table 6.2 Physicochemical properties of theophylline (Theophylline, 2023).

Chemical names | 1 3_dimethyl-7H-purine-2,6-dione
Molecular weight 180.167g/mol

Appearance Odourless white crystalline powder with bitter taste

Slightly soluble in water at a range of 5.5 to 8.3 g/l

Solubility
Slightly soluble in ethanol and chloroform
pH 3.0-47
log P (Partition -0.02
coefficient)
Dissociation
8.81 at 25°C
constant (pKa)
Melting point 274°C
Boiling Point 313°C
Vapor Pressure 5.12X10°° mm Hg at 25 °C
Density 1.36 g/lcm3
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1.4.2 Retinol

Vitamin A or Retinol A has been found to be very effective in the treatment of skin
problems including aging (Jazzpollard, 2013), the compound is known to play a role
in epithelial homeostasis (Oliveira et al., 2018).

The topical application of retinol can be beneficial to the skin in the treatment of
psoriasis and severe acne, as it contains anti-inflammatory properties (Dawson and
Dellavalle, 2013; Zasada and Budzisz, 2019). As retinol is topically administrated, the
compound diffuses through the skin and binds to retinoid nuclear acid receptor (RAR).
Once the compound has bound to the receptor, the receptor binds to a specific region
on DNA known as retinoic acid elements (RARE). This activates transcriptional
activity. Retinol is known to be lipophilic and can therefore diffuse through cellular and
phospholipid membranes. Figure 1.13 shows a schematic overview of retinoid effects
on photoaged skin (Sorg et al., 2006). The retinoid extract found in retinol A has been
found to increase dermal content of collagen and dermo-epidermal protein, thus
helping the skin look firmer and toned, which is beneficial in the treatment against
wrinkles and skin aging (Zasada and Budzisz, 2019).

[ Modification of cellular functions ]\

/ Protein ._\

Homodimer

e

Homodimer

Cytoplasrn/

Figure 6.13: Cellular mechanisms of retinoid action in photodamaged skin.
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The retinoid molecule (R) enters the cell by diffusion and is transported from the
cytoplasm to the nucleus by cellular retinol-binding proteins (CRBP) or by cellular
retinoic acid-binding proteins (CRABP). All-trans-retinoic acid, which is an active
metabolite of vitamin A, can be metabolized immediately after binding to CRABP.
CRBP and CRABP influence the bioavailability of retinoids. In the nucleus, R binds to
either retinoic acid receptor (RAR) or to retinoid X receptor (RXR). Both RXR and RAR
as homodimers (identical proteins) and/or heterodimers (different proteins) act as
ligand-dependent transcription factors and bind to specific elements in the promoter
genes, i.e., retinoid response elements (RRE). Transcription is modulated by
transcriptional activation through specific DNA sites or by inhibiting transcription
factors, e.g., activator protein-1 (Darlenski et al., 2010).

1.4.2.1 Physiochemical properties of Retinol

Retinol A or Vitamin A (C20H300) (286.459 g/mol) also known as (2E,4E,6E,8E)-3,7-
dimethyl-9-(2,6,6-trimethylcyclohexen-1-yl) nona-2,4,6,8-tetraenoic acid is an ester
which naturally occurs in the skin with retinol and retinyl esters being the most
abundant forms. These compounds are stored in the liver (Babamiri and Nassab,
2010; O’'Byrne and Blaner., 2013). Retinol is formed in the small intestines by
hydrolysis of retinyl esters by means of esterase enzymes. It is further oxidized by
alcohol dehydrogenase and converted in many tissues to retinoic acid (300.43 g/mol),
Figure 1.14 illustrates the chemical structure of retinol derivatives (Yourick et al., 2008;
Babamiri and Nassab, 2010). In commercial cosmetic creams, retinol derivatives such
as retinyl palminate, retinyl acetate and retinyl propionate are ingredients widely used
as they are found to be more stable than retinol, which is found to degrade when
exposed to light (Mukherjee et al., 2006). Retinol and its derivatives are known to be
lipophilic molecules and can therefore diffuse through cellular and phospholipid
membranes (Sorg et al., 2006), once inside the cell membrane they bind to the
respective receptor respective receptor as mentioned in section 1.4.2. A synopsis of
the physical and chemical properties of caffeine is provided in Table 1.3.
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Figure 6.14: Structural formulas of Retinal palminate, retinol and Retinoic Acid
(Zasada and Budzisz, 2019).

Table 6.3 Physicochemical properties of retinol (Retinol, 2023).

Chemical names Vitamin A, all-trans-Retinol 68-26-8, Vitamin A1
Molecular weight 286.459 g/mol

Appearance Yellow or light orange crystalline powder

Solubility Insoluble in water (0.671 mg/l) and soluble in methanol

log P (Partition
coefficient)

5.68

Dissociation constant | 16.4: Strongest acidic

(pKa) -2.2: Strongest basic
Boiling point 138°C at 1X10® mmHg
Melting point 63.5°C

Vapor Pressure 7.5x10® mmHg at 25°C
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1.4.3 L-Carnitine

L-carnitine is the biological stereocisomer of carnitine which is a compound
predominantly found in food from animal sources (Flanagan et al., 2010), the
compound can also be synthesized in eukaryotes (Strijbis et al., 2010). In eukaryotes,
L-carnitine is synthesized from proteic trimethyllysine (amino acid) in the liver, brain
and kidney. The biosynthetic pathway of L-carnitine involves four different enzymes
which forms three substrates of the carnitine biosynthesis pathway (Strijbis et al.,
2010). The pathway starts with the hydroxylation of trimethyllysine (TML) by TML
dioxygenase (TMLD) into 3-hydroxy-Né-trimethyllysine (HTML). The second enzyme
performs a pyridoxal 5-phosphate (PLP)-dependent aldolytic cleavage of HTML
resulting in 4-N-trimethylaminobutyraldehyde (TMABA). The third enzymatic reaction
includes the dehydrogenation of TMABA by TMABA dehydrogenase (TMABADH)
which forms gamma-butryobetaine (y-BB). In the fourth enzymatic step, y-BB is
hydroxylated by gamma-butryobetaine dioxygenase (BBD) to form L-carnitine. This

biosynthetic pathway is illustrated in Figure 1.15 (Strijbis et al., 2010).

Figure 6.15: (A) lllustration of L-carnitine biosynthesis pathways (Strijbis et al.,

2010).

L-carnitine is known to reduce sebum secretion, by transporting the sebum fatty acid
chain inside the mitochondria and thus plays a role in energy metabolism (Foitzik et
al., 2007). The L- carnitine isomer, also known as BT vitamin, is biologically active and
acts as a co-factor in the process of fatty acid metabolism, it transports fatty acid
chains to the inner mitochondria membrane. The activation of the long- chain to form
acyl CoA occurs in the endoplasmic reticulum and the outer surface of the
mitochondrial outer membrane (Figure 1.16). Acyl CoA moves from the outer
membrane to the mitochondrial intermembrane space and is converted into
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acylcarnitine by means of the malonyl-CoA-sensitive carnitine palmitoytransferase |
(CPT-I). Carnitine-acylcarnitine translocase transports acylcarnitine from the
intermembrane space into the mitochondrial inner membrane. Acylcarnitine binds to
carnitine palmitoytransferase Il (CPT-II) and breaks down the compound releasing
carnitine and Acyl CoA in the mitochondrial inner membrane matrix. Acyl CoA then
enters the B-oxidation pathway where the fatty acid is broken down to produce ATP
(Figure 1.16) (Longo et al., 2016). This mechanism has been effective in the topical
treatment of human sebocytes (Peirano et al., 2012). As mentioned previously, L-
carnitine causes oxidization of free fatty acids, this again plays a positive role in the
treatment of adeposis adematosa. Topical anti-cellulite creams use L-carnitine
alongside methylxanthines with the objective of enhancing the process of lipolysis with
the expectation of reducing the orange peel appearance (Rossi and Vergnanini, 2000;
Jazzpollard, 2013). In a study conducted by Arslam et al (2003), the topical application
of L-carnitine was found to be effective in the treatment of skin afflictions such as burn
injuries and inflammation through the process of increasing the level of cellularity
(Arslan et al., 2003).

Figure 6.16: lllustration of the mitochondrial transport of fatty acid (Longo et al.,

2016)

Fatty acids bound to albumin are transferred across the plasma membrane by the

action of fatty acid transport proteins (FATP), fatty acid translocase (FAT/CD36),
caveolins and plasma membrane fatty acid binding proteins (FABPpm). Inside the cell,

fatty acids undergo vectorial acylation, a process catalysed by acyl-CoA synthases
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(ACS), that traps them in the cytoplasm as acyl-CoA thioesters. The acyl-CoA
thioesters are then conveyed through different metabolic pathways in mitochondria,
peroxisomes and microsomes based on the cell energy status. ACS: acyl-CoA
synthases; CACT: carnitine acyl carnitine translocase; CPT-1: carnitine palmitoyl
transferase-1; CPT-2: carnitine palmitoyl transferase-2; FA: fatty acid; FABPpm:
plasma membrane fatty acid binding proteins; FAT/CD36: fatty acid translocase;
FATP: fatty acid transport proteins; OCTNZ2: organic cation transporter novel 2 (Longo
et al.,, 2016).

1.4.3.1 Physiochemical properties of L-Carnitine

L- Carnitine also known as hydroxy-y-N-trimethylaminobutyricacid, 3-hydroxy-4-N, N,
N trimethylaminobutyrate (Figure 1.17) is a white crystalline hygroscopic powder. The
molecule retains moisture and is hydrophilic. A synopsis of the physical and chemical

properties of L-carnitine is provided in Table 1.4.

Table 6.4 Physicochemical properties of L-carnitine (L-carnitine, 2023).

Chemical names hydroxy-y-N-trimethylaminobutyricacid,3-hydroxy-4-N, N,

N trimethylaminobutyrate

Molecular weight 161.201 g/mol

Appearance Crystalline hygroscopic powder
Soluble in water 1x10° mg/l at 25°C
Solubility .
Insoluble in acetone
pH 6.5-8.5
" -5.4
log P (Partition 548
coefficient)
Dissociation
3.8 at 25°C
constant (pKa)
Melting point 197°C
Boiling point 287.5°C
Density 0.64 g/lcm?®

47



Figure 6.17: Structural formula of L-
carnitine (Hoppel, 2003).

1.4.4 Coenzyme Q10 (Ubiquinone-10)

Coenzyme Q10(CoQ1o) is a fat-soluble (lipophilic) anti-oxidant which is found naturally
in the phospholipid bilayer membrane in every single cell in the body (Borekova et al.,
2008). The compound enhances mitochondrial activity, maintains bioenergetic
activities in human tissue, transport electrons to the mitochondrial membrane and
enhances the immune system (Crane, 2001; Borekova et al., 2008; Lopez et al.,
2010). With age and continuous exposure of the sun, there is a decrease in the level
of CoQqo in the epidermis. This promotes skin aging (Baumann, 2007; Huang et
al.,2009). Topical application of CoQ1o replenishes the levels in the epidermis, which
increases the synthesis of collagen and elastin, thus resulting in the reduction in the
appearance of wrinkles (Huang, Lin and Fang, 2009; Knott et al., 2015). Topical
application of CoQ1o with Vitamin E and Vitamin C protects the stability of the epidermis
membrane from free radical oxidative damage and can regenerate the synthesis of
other antioxidants such as tocopherol and ascorbate (Borekova et al., 2008).

1.4.4.1 Physiochemical properties of Coenzyme Q10

Coenzyme Q10 is chemically known as 2,3-dimethoxy-5-methyl-6-polisoprene
parabenzoquinone and is a naturally occurring orange lipophilic molecule with a large
molecular mass of 863.34 g/mol (Figure 1.18) (Borekova et al., 2008; Huang, Lin and

Fang, 2009). CoQ1o is an isoprenoid, a hydrocarbon that is structurally based on
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multiple isoprene units. Due to the fact that Co-enzyme has 10 isoprenoid units, it is
therefore named Co-enzyme Qio. The compound is found not to be stable at high
temperatures of about 46°C where it starts to degrade. A synopsis of the physical and

chemical properties of coenzyme Q10 is provided in Table 1.5 below.

Figure 6.18: Structural formula of Co-enzyme Q10 (Parkinson et al., 2013).

Table 6.5 Physicochemical properties of Co-enzyme Q10 (Coenzyme Q10, 2023)

Chemical names
2[(2E,6E,10E,14E,18E,22E,26E,30E,34E)-
3,7,11,15,19,23,27,31,35,39-Decamethyltetraconta-
2,6,10,14,18,22,26,30,34,38-decaenyl]-5,6-dimethoxy-3-
methylcyclohexa-2,5-diene-1,4-dione

Molecular weight 863,3 g/mol

Appearance Solid

Solubility Soluble in water 0.00019 g/l
log P (Partition 10

coefficient)

Dissociation constant 4.7

(PKa)

Melting point 50-52°C

Boiling point 865.2+65°C
Density 0.96+0.1 g/cm?3

CoQ1o exists in three alternative redox states; the fully reduced ubiquinol form (CoQ10
H2), the radical semiquinone intermediate (CoQ10 H.), and the fully oxidized
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ubiquinone form (CoQ10) (Raizner, 2019). A redox state refers to a reduction-
oxidation reaction where reduction gains electrons or decreases the oxidation state by
a molecule, atom or ion, while oxidation loses electrons or increases the oxidation
state by a molecule, atom or ion (Parkinson et al., 2013). As illustrated in Figure 1.19,
ubiquinone is in a fully oxidized form, which is reduced into semiquinone by the
addition of two hydrogen atoms, semiquinone is a free radical form which is reduced
into Ubiquinol (Figure 1.18) (Borekova et al., 2008). The redox reaction of CoQ1o plays
a role in the production of ATP, the compound transfers electrons between complexes
| (ubiquinone) and complex Il (semiquinone). The oxidation of the fatty acids and
amino acids moves the electron into complex Il (ubiquinol) which results in the
production of ATP as explained in Figure 1.19 (Parkinson et al., 2013).

Figure 6.19: Mitochondrial Electron Transfer chain and the redox reaction of Co-
enzyme Q10 (Parkinson et al., 2013).

1.5 Diffusion across skin

Penetration of drug molecules across the skin occurs initially through the stratum
corneum. The movement of molecules across the skin occurs through the following
two pathways: the trans-appendageal pathway and the trans-epidermal pathway
(Mathur et al., 2010; N'Da, 2014).
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1.5.1 Trans-appendageal pathway

The trans-appendageal pathway (Figure 1.20) consist of the sweat ducts, hair follicles
and sebaceous glands which represents only 0.1% of the diffusion of molecules across
the skin (Mathur et al., 2010; Ruela et al., 2016). This pathway which is also known as
the shunt route, provides a pathway for molecules that have difficulty diffusing through
the intact stratum corneum due to either a high molecular weight or being charged
(polar molecules) (Mathur et al., 2010; N'Da, 2014). The follicular pathway refers to
permeation of drug molecules through the hair follicle, this pathway has been found to
be more advantageous to molecules that are hydrophilic and have a high molecular
weight. Hair follicles, form invaginations within the skin surface reaching the dermis
layer, thus increasing the surface area for penetration (Trauer et al., 2009).

1.5.2 Trans-epidermal pathway

As the drug is transported into the skin it is dissolved and released from the
formulation. The drug molecule moves into the stratum corneum through the
intercellular lipid matrix and moves into the dermis layer where it is absorbed through
the capillary vessels (Ruela et al., 2016). The transepidermal pathway consists of two
different routes, the intra cellular and the transcellular route (Figure 1.20).

1.5.2.1 Intracellular route

The intracellular route, which is also known as the transcellular pathway, provides a
permeation route for molecules that move through the stratum corneum, the molecules
thus diffuse through the cell (Figure 1.20) (Trauer et al., 2009). The molecule diffuses
through the corneocytes, which are differentiated keratinocytes found in the stratum
corneum. The keratinocytes of the stratum corneum is highly hydrophilic and therefore
making it easy for hydrophilic drugs to diffuse through. However, the keratinocytes are
enveloped in lipophilic layers that prevent hydrophilic drugs to diffuse through this
pathway. This makes it hard for a drug molecule as it needs to diffuse through the
lipophilic area followed by the hydrophilic area (Mathur et al., 2010). The first
conception was that only hydrophilic drugs diffused through the intracellular route
however it was found that the intracellular route is the predominant pathway for most
drugs, this route accommodates both hydrophilic and lipophilic molecules. There is a
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series of partitioning and diffusion stages between the hydrophilic corneocytes and

lipid envelope surrounding the corneocytes (Haque and Talukder, 2018).

1.5.2.2 Intercellular route

The intercellular route, also known as the paracellular pathway, provides a pathway
whereby substances diffuse across the epithelium layer by passing through the
intercellular spaces between cells which consist of lipid lamellae (Trauer et al., 2009).
This pathway allows for diffusion of lipophilic or non-polar molecules (Alkilani et al.,

2015), and is the most predominant route of diffusion (Trauer et al., 2009).

Figure 6.20:Drug permeation through the Trans-epidermal pathway (transcellular

and intercellular route) and Trans-appendageal pathway (sweat ducts, sebaceous
gland, and hair follicle) (N’'Da, 2014).
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1.5.3 Factors Affecting Transdermal Drug Delivery

1.5.3.1 Tissue Inteqrity

To optimize an efficient delivery of transdermal drug, it's important to study and

understand the integrity of the tissue as this will influence the bioavailability of

compounds that pass through specific skin compartments (Gorzelanny et al., 2020).

They are various factors put in place to investigate the integrity of the tissue; these

factors include the following (Jhawat et al., 2013; Gorzelanny et al., 2020):

Trans-Epidermal water loss (TEWL) - This method measures barrier
function/molecular flow, in other words it's the amount of water which passively

evaporates through the skin into the external environment.

Trans-Epithelial/trans-Endothelial electrical resistance (TEER) - This method
measures the electrical resistance across tissue. This a very sensitive and
reliable way to confirm the integrity and permeability of tissue (Srinivasan et al.,
2015).

Physiological and pathological condition of the skin — Physiological and
pathological conditions may alter the permeation of the drug through the skin.

Regional Site of skin- It's important to understand the skin’s anatomical features
such as hair follicle, thickness of stratum corneum or sweat glands as these will
affect the percutaneous absorption.

1.5.3.2 Physiochemical properties of drug

Other than understanding the integrity of the skin to optimize drug delivery, it is equally

important to study the drug molecule itself as they are factors that might impede in the

delivery of the molecule. These factors include the following (Jhawat et al., 2013):

Size of the drug molecule and molecular weight - The greater the size or
molecular weight of the drug molecule the lower the absorption rate. Kadam
and colleagues (2014) stated that the molecular weight of a drug should lie
between 100-500 Dalton for transdermal delivery to occur.
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- Partition coefficient and solubility — This determines the solubility or diffusion of
drug in a lipid or aqueous system. Drugs which consist of both lipid and water
solubility have a greater rate of absorption as the skin consist of a lipid bilayer.

- Drug concentration — Drugs will move according to the concentration gradient -
from a high concentration to a low concentration. Therefore, the higher the

concentration of the drug, the greater the absorption rate through the skin.

- pH conditions- This plays a role in determining the extend of the absorption
rate, where unionized drugs have a better absorption rate than ions or ionic

drugs.

1.5.4 Kinetics of Drug Absorption

As mentioned in section 1.5.3.2, a drug molecule adopts a passive diffusion which
means that the drug will move from a high concentration (being on the skin surface)
to a low concentration (that being inside the skin) (Jhawat et al., 2013). The rate of
drug absorption by passive diffusion is controlled by Fick’s law of diffusion seen in
Equation 1 below (Zhou et al., 2015):

_ ~dcC
J=DZ (1)

J: This refers to the flux, the number of molecules flowing through a cross-sectional
are per unit time.

D: This refers to the diffusion coefficient of penetrant (diffusant) in cm?/sec, which is
assumed to be constant.

dC: This refers to the concentration in g/cm?3.

dx: This refers to the distance in centimetre of movement perpendicular to the surface
of the barrier.

1.6 Models for human skin

In vitro skin penetration studies are essential for the development of transdermal
drugs. Due to the difficulty in obtaining human skin, many animal and tissue culture
models are used effectively to predict the in vivo human penetration/permeation of
topically applied chemicals (Schmook et al., 2001; Todo, 2017). Characteristics such
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as thickness, lipid content, hair follicle density and enzyme activity are attributes
reviewed when choosing a good animal model to represent human skin percutaneous
absorption (Todo., 2017).

1.6.1 Porcine skin

Porcine skin is the most frequent model used for in vitro permeation studies due to
the anatomical similarity to human skin (Schmook et al., 2001; Herron, 2010). The
porcine skin epithelial layer is structurally similar to human epidermal thickness and
the dermal-epidermal thickness ratios are also similar. Pigs and humans have similar
hair follicle and blood vessel patterns in the skin. Porcine skin consists of dermal
collagen and elastic content which is like humans. Furthermore, studies have shown
that porcine skin have similar physical and molecular responses to various growth

factors than human skin (Herron,2010).

1.6.2 Rat skin

Rodents skin has been found to be freely available and inexpensive, and usually used
in permeation and regulatory toxicity studies. However, the rodent skin is found to
have a higher permeation rate compared to the human skin. This can be explained by
the following: in rodent skin the epidermis is found to be thinner, the appendage
number is higher, intercellular lipid composition of the stratum corneum is different and
the corneocyte surface is lower (Jung and Maibach, 2015).

1.6.3 Rabbit skin

Rabbit skin is generally more permeable than human skin. In a study conducted by
Nicoli and colleagues (2008) a comparison was done between skin of a rabbit ear and
skin of pig ear. The result showed that the rabbit ear skin had a thicker stratum
corneum, increase amount of lipid found in stratum corneum, high hair density and is
less hydrophilic than pig ear skin (Jung and Maibach, 2014). The stratum corneum is
primarily known as the skin barrier, the thickness of the stratum corneum gives an
indication on the number of cell layers which in turn determines the skin permeation
flux. The lipid content of the stratum corneum gives an indication of the lipophilicity of

the barrier which in turn affects the diffusion of topically applied drugs (Todo, 2017).
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Studies have shown that hair follicles plays a role in drug permeation, as they increase
the absorption of the substance through the appendageal pathway and into the blood
capillary (Mohd et al.,2016).

1.6.4 3D Cultured human skin models

Various pathophysiological studies have been conducting using two-dimensional (2D)
cell culture, also known as the standard laboratory practice. In this practice, cells are
grown in a monolayer on a solid flat surface. The cells are kept alive using specific
conditions such as: supplying of nutrients (amino acids, carbohydrates, vitamins,
gases (O2 and CO2)), and regulation physio-chemical environment (pH, osmotic
pressure, temperature). The 2D cell culture system has provided a key understanding
in molecular signalling, cellular morphology, and drug discovery. However, there are
limitations that could impact on the cellular responses from morphology, proliferation,
migration, and differentiation to biochemical signalling. These limitations include
mechanical forces, spatial orientation, physiological oxygen, nutrient and signalling
gradient which are associated with a three dimensional (3D) in vivo environment
(Randall et al., 2018)

The 3D model is a highly physiological three-dimensional cellular system which
consist of a stratified epithelium derived from human skin biopsy (Szymanski et al.,
2020). The problem with producing a 3D human skin model is the limited tissue
availability, donor variability, structural differences, and ethical consideration (Randall
et al., 2018; Szymanski et al., 2020). The cells grown in a 3D system replicate the
physiological process and complexity found in the in vivo microenvironment. For this
reason, the 3D system is used as an alternative for drug and cosmetic evaluation
(Idrees et al., 2021).

1.7 Methods used for in vitro diffusion of chemicals across skin

Transdermal drug delivery has been an alternative way to diffuse a drug into the
systemic circulation system as compared to conventional oral therapy or injections
(Bartosova and Bajgar, 2012). Pharmaceutical and cosmetic industries have used this
non-invasive in vitro diffusion method, which in turn has evolved research
methodology (Ng et al., 2010).
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1.7.1 Franz Cells

Franz cells are used to measure the dermal absorption through in vitro diffusion
(Salamanca et al., 2018). The Franz cell apparatus (Figure 1.21) consist of a versatile
blown glass diffusion cell which places the membrane horizontally and is used in the
development of transdermal products having a donor chamber open to the air and a
stirred receptor chamber (Permegear Catalog, 2018).

(A) (B)

Figure 6.21: (a) lllustration of Franz Cell (b) Schematic illustration of Franz Cell
(Bartosova and Bajgar, 2012).

1.7.2 Static cell (Side-bi- Side)

The side-bi-side cell consist of two cells placed adjacent to each other. One cell
compartment receives the sample receptor fluid while the other cell compartment
consists of the donor compound. The temperature is controlled by means of two
protruding openings which allows the heat to circulate. Figure 1.22 shows a schematic
illustration of the side-bi-side static cell apparatus. The aim of this apparatus is to
evaluate the compound uptake into a membrane and determine the rate at which the
compound diffuses through the membrane as well as the concentration found in the
receptor cell compartment (PermeGear, 2018).
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Figure 6.22: Schematic illustration of the Side-bi-side static cell apparatus
(Permegear, 2018).

1.7.3 Continuous Flow cell or Flow-through-cell

The in-line continuous flow or flow-through cell (Figure 1.23) consists of two cell
compartments. A fixed volume amount is injected in each receptor compartment. The
apparatus consists of an automated machine that controls the temperature. In-line
cells have a continuous flow which causes turbulence in the receptor chambers and
stimulates stirring. The aim of this type of apparatus is to mimic the flow rate in vivo,
and to evaluate compound uptake into the membrane, as well finite or infinite dose of
permeation can be done. Furthermore, the rate at which the compound crosses the
membrane (flux) is determined under continuous flow. The concentration in the
receptor as well as the rate of clearance (flow rate) can be determined with the use of
the apparatus (Fotaki., 2011; Permegear.,2018).
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Figure 6.23: Schematic illustration of the Continuous flow or flow-through cell

(Permegear, 2018).
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1.8 Aims and objectives of the study

Aim
This study is intended to determine the effectiveness of penetration of various active

compounds (Caffeine, Theophylline, Retinol, Co-enzyme Q1o and L-carnitine) in
different formulations (Liquid, Gel and Cream) into and across porcine skin.

Objectives

To validate the HPLC method analysis for each active compound: Caffeine,

Theophylline, Retinol, Co-enzyme Q1o and L-carnitine.

To compare the in vitro diffusion kinetic behavior of each active compound, alone
and in combination, within three different formulations (liquid, gel and cream)
across porcine skin, by using an ILC-07 (in-line flow cells) automated diffusion

system over a 4-hour and/or 24-hour time period.

To compare the accumulation of each active compound, alone and in combination,
within three different formulations (liquid, gel and cream) within porcine skin after

the final established diffusion time period for each compound.
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Chapter 2: Experimental Methods and
Materials

2.1 High Performance Liquid Chromatography

2.1.1 Introduction

HPLC is seen as a multi-facet methodology which carries out an important and integral
analytical function within the pharmaceutical industry (Kazakevich and Lubrutto, 2007:
77). HPLC has been known to be effective in detecting and estimating the quantity of
a compound in a medium as well as separating the compound in a mixture. The HPLC
system is made up of the mobile phase, pump, injector, column, and detector (Figure
2.1) (Dewe et al., 2004).

—l sample [ | ]
[ B _ L
HPLC l_
Injector l—*’l: :I }—P Detector
pump HPLC column J—\_‘_I

HPLC Data aquisition
solvent v

waste

Figure 7.1: Schematic diagram of HPLC System (Czaplicki 2013:102).

Solvent reservoir: HPLC solvent storage for continuous operation of the system
Pump: The pump in the system is used to generate a specific flow rate for the mobile
phase, generally this is recorded as millimeters per minute.

Injector: The analytes are introduced by the injector into a stream of the mobile
phase as the sample enters the mobile phase it is carried out to the HPLC column.
Column: Also known as the centre of the HPLC system as it allows separation of and
analysis of components in a mixture. The column acts as the position of contact
between the mobile phase and stationary phase.
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Detector: A detector registers specific physical properties of the column effluent.
Commonly used, is the UV (wavelength) detector, this acts as a means of detecting
compounds.

Data acquisition and control system: The HPLC-instrument is controlled by a
computer-based system (Kazakevich and Lubrutto, 2007: 83).

The stationary phase is the part of the chromatographic system through which the
mobile phase containing the injected samples flows through and is retained. Ina HPLC
machine, the separation and purification occur due to the relative affinities of the
molecules for the stationary phase and the mobile phase (due to their polarity). In the
case of a reverse phase liquid chromatography, molecules are bound to the
hydrophobic matrix in an aqueous buffer (polar) and eluted from the matrix using a
gradient of organic solvent (non-polar) (Ojha et al., 2013).

2.1.2 Materials

All pure standards were obtained from Sigma-Aldrich Co LLC (St Louis, Mo, USA) or
Merck Co. LLC (NJ, USA). These pure standards included the following: Caffeine
Anhydrous, Theophylline Anhydrous, Retinol, L-Carnitine Hydrochloride, Co-enzyme
Q1o. Similarly, to the pure standards, analytical grade laboratory chemicals were
purchased from Sigma-Aldrich Co LLC (St Louis, Mo, USA) or Merck Co. LLC (NJ,
USA). These analytical grade laboratory chemicals included HPLC grade methanol
and 2-propanol (HiPerSolv CROMANORM Methanol and 2-propanol.)

« propylene glycol

Hydroxypropyl methyl cellulose (HPMC FAM)
+ Beeswax- bleached

« Olive oil — Tested according to Ph.EUR
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2.1.3 Chromatographic apparatus

2.1.3.1 Analytical instrument

Analyses were performed using the Perkin-Elmer Flexar HPLC system (Figure 2.2)
containing a Flexar degasser, a binary pump, an autosampler, a column oven, a UV
detector and Perkin-Elmer Chromera® software.

Figure 7.2: Perkin ElImer HPLC System.

Photograph illustrating an actual HPLC system in the laboratory. The photo displays
the mobile phase reservoir as well as the different compartments which harbours the
HPLC detector, pump, manual injector, and column oven. The picture also shows a
computer which is responsible for data integration.

2.1.3.2 Column

A Phenomenex Kinetex column (Reverse Phase -Column 18 : 5um, 150 mm x 4.6mm)
containing a reverse phase — column 18 Security Guard Ultra cartridge (4.6 mm) were
purchased from Separations (Pty) Ltd and used for the HPLC analyses.
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2.1.4 Preparation of mobile phases

2.1.4.1 Water used for HPLC mobile phases

Milli-Q water was filtered through a 0.45 ym filter using a Millipore all-glass filtration
unit (Merck) (Figure 2.2). The filtration removed water impurities prior to usage through
the HLPC system.

Sodium azide is an inorganic compound used in filtered water to reduce the bacteria
growth. A stock solution of 2% (w/v) was prepared and then diluted X100 to make a
concentration of 0.02% (w/v) by adding 10 ml from the 2% (w/v) concentration to 990

ml of filtered water.

2.1.4.2 Preparation of Mobile phases

2.1.4.2.1 Caffeine

The mobile phase consisted of 400ml (A) of HPLC grade methanol and 600ml (B) of
filtered water (A: B 40:60) (Naveen et al., 2018).

2.1.4.2.2 Theophylline

The mobile phase consisted of 400ml (A) of HPLC grade methanol and 600ml (B) of
filtered water (A: B 40:60) (Charehsaz et al., 2014).

2.1.4.2.3 Retinol

The mobile phase consisted of 950 ml (A) of HPLC grade methanol and 50ml (B) of
filtered water (A: B 95:5) (Kaur et al., 2004).

2.1.4.2.4 | -carnitine

The initial L- carnitine buffer consisted of 0.1 M ammonium acetate (Cao et al., 2007).
Ammonium acetate (C2H7NO2 ; 77.083 g/mol; 7.7083g) was added to 700ml of filtered
water and dissolved using a magnetic stirrer. Ammonium acetate solution was

adjusted with acetic acid to a pH of 3.5 using a pH meter. Once the correct pH was
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reached, 300ml of acetonitrile was added until a final volume of 1000 ml was reached.
The buffer was found to be unsuitable as it was found to block the column. In this case,
phosphoric buffer was used instead (Khoshkam and Afshar, 2014). The phosphoric
acid buffer (50 mM, pH 3.0) was prepared by dissolving Na2HPO4 - 12H>0 (17.907 g)
into 1000 ml filtered water. Sodium Heptane sulfonate (C7H17NaO4S; 0.56 g; 202.25
g/mol) was added to the buffer and then the pH was adjusted carefully using a pH
meter. The pH of the solution was adjusted to 3.0 by diluting phosphoric acid in water
until a pH 3 has been achieved. Sodium heptane sulfonate is an ion pairing reagent,
it was added to the L-carnitine mobile phase to form ionic pairs with L-carnitine. This
caused the L-carnitine to become more hydrophobic thus resulting in greater
interaction with the Reverse Phase stationary phase and a longer retention time. lon
pairing agents are usually added to ionic samples, as they move out of the stationary
phase without proper observation (Phechkrajang, 2010). Once the mixture was
prepared, the final mobile phase consisted of 99% sodium phosphate buffer (pH 3):
1% HPLC grade methanol.

2.1.4.2.5 Coenzyme Q10

Coenzyme Q1o initial mobile phase consisted of a mixture of HPLC grade methanol:
water (98:2 v/v) (Contin et al., 2011). The isocratic mobile phase proved unsuitable for
the detection of coenzyme Q1o. The final mobile phase consisted of 400ml of HPLC
grade methanol and 600ml of HPLC grade 2-propanol.
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2.1.5 Chromatographic Conditions

The HPLC conditions for caffeine, theophylline, retinol, L-carnitine, and coenzyme Q1o
were used as described Table 2.1 below:

Table 7.1 Chromatographic conditions of caffeine, theophylline, retinol, L-carnitine,

and coenzyme Q10.

_ N Coenzyme
Caffeine | Theophylline| Retinol L-carnitine a
10

Flow rate 1.0 ml/min | 1.0 ml/min | 1.0 ml/min | 1.0 ml/min | 1.0 ml/min
Injection Volume 20ul 20ul 20ul 20ul 20ul
Detection (nm) 272 272 325 225 275
Run Time (min) 3.0 3.0 3.0 3.5 3.5
Temperature 20 20 20 40 25
(°C)

2.2 Preparation of Standards

2.2.1. Caffeine stock solution

Caffeine stock solution was prepared by accurately weighing 5.0 mg caffeine in a 15
ml centrifuge tube and adding 5 ml caffeine mobile phase as mentioned in section
2.1.4.2. The solution was vortexed thoroughly to solubilize the caffeine after which the
stock solution was filtered through a 0.45 pm syringe filter and stored at 4°C. A 2 ml

working solution was prepared for the different points in the calibration curve. Those
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solutions were obtained mixing the necessary reagent volume to attain different
concentrations; 5, 10, 25, 30, 100, 150 and 200 pug/ml.

2.2.2 Theophylline stock solution

The stock solution was prepared by accurately weighing 5.0 mg Theophylline in a 15
ml centrifuge tube and adding 5 ml theophylline mobile phase as mentioned in section
2.1.4.2. The solution was vortexed thoroughly to solubilize the Theophylline where
after the stock solution was filtered through a 0.45 pym syringe filter and stored at 4°C.
A 2 ml working solution was prepared for the different points in the calibration curve.
Those solutions were obtained mixing the necessary reagent volume to attain different
concentrations; 1, 2,5,10,20,25, and 30 pg/ml.

2.2.3 Retinol stock solution

The stock solution was prepared by accurately weighing 3.0 mg retinol in a 15 ml
centrifuge tube and adding 3 ml Retinol mobile phase as mentioned in section 2.1.4.2.
The solution was vortexed thoroughly to solubilize the Retinol where after the stock
solution was filtered through a 0.45 pym syringe filter. The stock solution was wrapped
in foil, to avoid any degradation as it is sensitive to light and stored at 4°C. A 2 ml
working solution was prepared for the different points in the calibration curve. Those
solutions were obtained mixing the necessary reagent volume to attain different
concentrations; 0.5, 2, 5, 10,40 and 100 pg/ml.

2.2.4 L-carnitine stock solution

The stock solution was prepared by accurately weighing 5.0 mg L-carnitine in a 15 ml
centrifuge tube and adding 5 ml L-carnitine mobile phase as mentioned in section
2.1.4.2. The solution was vortexed thoroughly to solubilize the L-carnitine where after
the stock solution was filtered through a 0.45 pym syringe filter and stored at 4°C. A 2
ml working solution was prepared for the different points in the calibration curve. Those
solutions were obtained mixing the necessary reagent volume to attain different
concentrations; 100, 200, 300, 400, 500 and 700 pg/ml.
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2.2.5 Coenzyme Q10 stock solution

The stock solution was prepared by accurately weighing 10 mg Coenzyme Qioina 15
ml centrifuge tube and adding 10 ml Coenzyme Q1o mobile phase as mentioned in
section 2.1.4.2. The solution was vortexed thoroughly to solubilize the Coenzyme Q1o
where after the stock solution was filtered through a 0.45 pm syringe filter. The
compound was handled at low light as it is light sensitive; it was then stored at 4°C in
foil-covered container. A 2 ml working solution was prepared for the different points in
the calibration curve. Those solutions were obtained mixing the necessary reagent
volume to attain different concentrations; 0.1, 0.5, 1, 5, 10 and 50 pg/ml.

2.3. Preparation of phosphate buffered

The phosphate buffer saline (PBS), pH 7.4 was prepared by weighing out 16 g of
sodium chloride (NaCl), 0.4 g of potassium chloride (KClI), 2.88 g of sodium phosphate
(Na2HPO4), 0.48 g of potassium dihydrogen phosphate (KH2PO4) and added into 1600
ml of double distilled water (ddH20). Once the chemicals were dissolved, the pH was
adjusted to 7.4 by means of Hydrochloric acid (HCL) and Sodium hydroxide solution.
Once the pH was adjusted, ddH20 was added to a total volume of 2000 ml.

2.4. HPLC Method Validation

2.4.1 Linearity

Linearity was expressed in terms of the determination coefficient (R?) from plots of the
integrated peak areas versus concentration of the standards, the data was best
described by the linear equation: y= mx+c (Campas-Baypoli et al., 2009). Linearity
was evaluated for each standard compound in the following ranges: Caffeine 5 pg/ml
— 200 pg/ml, Theophylline: 1 pg/ml — 30 pug/ml, Retinol: 0.5 pg/ml — 100 pyg/ml, L-
carnitine: 100 pg/ml — 1000 pg/ml and Coenzyme Q1o: 0.1 pg/ml —100 pg/ml. Standard
curves were constructed for each standard compound using excel software, peak
area was plotted against concentration (ug/ml). These samples were injected in

triplicate into the HPLC system.
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2.4.2 Limit of detection and limit of quantification

Limit of detection (LOD) and quantification (LOQ) are incorporated as analytical
method development and validation parameters which aid with the process of drug
synthesis. LOD refers to the lowest concentration of the analyte that is detected by an
assay, but not necessarily quantified. LOQ refers to the lowest concentration of an
analyte that can be quantified with a linear response (Benal; 2014).

Calculations of the LOD and LOQ were performed using Excel as follows (Apostol et
al., 2009):

From the data analysis toolbar and using the linear regression formula the standard
error (SE) of the intercept was calculated. The standard deviation (SD) of the intercept

was calculated using the following equations (Apostol et al., 2009).

SD of intercept = SE intercept x Sqrt(N) (2)

Where N= number of concentrations tested.

LOD = 3.3 x (SD of intercept/slope of linear regression curve) (3)

LOQ = 10 x (SD of intercept/slope of linear regression curve). (4)

2.4.3 Precision

Precision is a measure of closeness of the analytical results obtained from a series of
replicate measurements of the same measure under the conditions of the method
(Peters et al., 2007).

2.4.3.1 Intra-day precision

Intra-day precision was determined by analysing samples on the same day at different
times of the day; each sequence was repeated 3 times. The following concentrations
were evaluated: Caffeine: 20 pg/ml, Theophylline: 10 pg/ml, Retinol: 40 pg/ml,
Coenzyme Q1o: 100 pug/ml and L-carnitine: 500 ug/ml.
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These samples were injected in the morning at 09h00 and in the afternoon at 14h00.
The results were expressed as means, standard deviation and relative standard
deviation (%RSD). This validation parameter was a way to measure variability, relative
standard deviation should have been less or equal to 2% (Parsons et al., 2009; Reddy
and Chevela., 2015)

2.4.3.2 Inter-day precision

Inter-day precision was determined by analysing samples on different days; each
sequence was repeated 3 times. The following concentrations were evaluated:
Caffeine: 20 pg/ml, Theophylline: 10 pg/ml, Retinol: 40 ug/ml, Coenzyme Q1o: 100
pg/ml and L-carnitine: 500 ug/ml.

These samples were injected on two different days. The results were expressed as
means, standard deviation and relative standard deviation (%RSD), RSD should have

been less or equal to 2%. (Reddy and Chevela., 2015).

2.4.4 Accuracy

According to a study conducted by Menditto et al., (2007) accuracy can be defined as
the closeness of agreement between a quantity value obtained by measurement and
the true value of the measurement. This is a crucial measurement which determines
the level of confidence of the result obtained, this allows to express the effectiveness
quality, and safety of the compound. Three concentration levels of each compound
were chosen to test, the samples were prepared as mentioned in section 2.2. HPLC
analysis of each concentration was repeated six times to provide repeatability
(Menditto et al., 2007).
1. Caffeine: 5 yg/ml, 30 ug/ml and 150 pg/ml

2. Theophylline: 2 ug/ml, 4 pg/ml and 10 pg/mi
3. Retinol: 2 pyg/ml, 10 pg/ml, 100 pg/mi
4. Co-enzyme Q1o: 5 pg/ml, 10 pg/ml and 100 pug/mi

5. L-carnitine: 100 ug/ml, 400 pg/ml and 700 pg/ml
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Results were expressed as percentage recovery (%), this was a validation parameter
which showed that the expected value was measured accurately (Peters et al., 2007).
Values for recovery were desired to be as close to 100% (90 — 110% for non-regulated

products (Karnes et al., 1991).

2.4.5 Ruggedness

Ruggedness is defined as the degree of reproducibility of measurements required in
specific laboratory conditions. The aim of this test is to evaluate the stability of the
active ingredients by obtaining results using changing laboratory conditions minimally
(Pereira et al., 2021). All 5 active compounds were tested under the following
conditions and all results expressed as means and standard deviations.

2.4.5.1 Mobile phase variation

The % HPLC grade methanol was varied as follows:

e Caffeine: 39.5%, 40.0% and 40.5% (Table 3.21)

e Theophylline: 39.0%, 40.0% and 41.0% (Table 3.22)

o Retinol: 94.5%, 95%, 95.5% (Table 3.23)

e L-Carnitine: 99.5%, 99.0% (Table 3.24)

e Coenzyme Q1o: 39.5%, 40.0% and 40.5% (Table 3.25)

2.4.5.2 Flow rate

The flow rate was varied as follows: 0.95 ml/min, 1 ml/min and 1.1 ml/min.

2.4.5.3 Temperature variation

The column temperature was changed in the following manner for Caffeine,
Theophylline and Retinol: 19.5°C, 20°C and 20.5°C. For Co-enzyme Q1o the column
temperature was changed to 24.5°C, 25°C and 25.5°C. L-carnitine, the column
temperature was changed to 39.5°, 40.0°C and 40.5°C.
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2.4.6 Stability

The stability of the drug solution was determined by choosing 3 different

concentrations of all 5 active compounds, which were further kept at room temperature

for a week and then analyzed using each active ingredients HPLC conditions

mentioned in section 2.1.5.

2.5 In vitro Diffusion Studies

2.5.1 Introduction

In the recent decades, there has been an increase in the number of dermal

formulations utilised for the skin. Topical and transdermal formulations carry drugs or

active ingredients which diffuse through the skin layers. The benefits of dermal

formulation penetrating through the skin are as follows: dermal formulations are non-

invasive treatment, gastrointestinal tract is protected, and the first pass metabolism of

the liver is completely avoided (Zsiko et al., 2019). In a review conducted by Zsiké and

colleagues, various methods which mimic in vivo conditions of skin penetration have

been described. These methods include:

The use of in vitro diffusion studies using diffusion cells. This tool consists of a
chamber for active compound application. The active compound diffuses through
the chamber into an acceptor chamber (Zsiké et al., 2019).

Skin-PAMPA (Parallel Artificial Membrane Permeability Assay). This method
consists of the usage of a 96-well plate-based method which determines the rapid
passive membrane permeability of molecules (Sinko et al.,2012; Zsiko et al., 2019)

Tape stripping is a minimal invasive method that tests the penetration of topically
applied formulations through the stratum corneum. An adhesive strip tape is used

to remove the stratum corneum, which is quantitively analysed using HPLC (Zsiko
et al., 2019).

Two-photon microscopy
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- Confocal laser scanning microscopy

- Confocal Raman microscopy

Diffusion cells can be broken down into two classes: static diffusion cells and flow-
through cells. Studies have shown that the use of in-line flow-through diffusion cells is

more suitable to simulate the in vitro drug diffusion process (Cordoba-Diaz et al.,

2000).

2.5.2 Preparation of formulations

2.5.2.1 Liquid

The preparation of the liquid formulation was performed according to Moser et al
(2001). Caffeine (0.25 g), Theophylline (0.2 g), Retinol (0.03 g), L-carnitine (0.2 g)
and Co-enzyme Q10 (0.5 g) was respectively added to 3 g of 70% (v/v) ethanol and
6.75 g propylene glycol and MilliQ water added to a final volume of 10 ml. Both
Ethanol and propylene glycol were added to the formulation to enhance penetration
of the active compound across the skin barriers (Haque and Talukder, 2018). Each
solution was then sonicated for 5 minutes at room temperature (Figure 2.3). Each

liquid formulation was placed in a dark container and stored at 4°C until use.

Figure 7.3: Ultrasonic Sonicator (Janke & Kunkel-

Ultra-Turrax).

Image showing an ultrasonic emulsification used in this research. The model used
in this study was the Janke & Kunkel- Ultra- Turrax.
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2.5.2.2 Gel

The preparation of Hydroxypropyl methyl cellulose (HPMC FAM) gel was performed
according to Ghzaoui et al (2001). Caffeine (0.25 g), Theophylline (0.2 g), Retinol (0.03
g), L-carnitine (0.2 g) or Co-enzyme Q10 (0.5 g) was added to 0.3 g of HPMC FAM and
1.5 g propylene glycol and Milli Q water added to a final volume of 10ml. HPMC FAM
was added to the formulation to form a gel. Each gel formulation was then sonicated
for 5 minutes and placed in a dark container and stored at 4°C until use.

2.5.2.3 Cream

The preparation of the cream formulation was performed according to Sonia et al
(2017). Bleached beeswax (0.8 g) was melted in a water bath at 70°C. Once the
beeswax was completely melted, 6 ml of Olive oil was added and vigorously mixed
with the beeswax. While still vigorously mixing the formulation, 4ml of MilliQ water
containing either caffeine (0.25 g), theophylline (0.2 g) or L-carnitine (0.2g) was added
to the formulation. The formulation was left to set for an hour before it was placed in a
dark container and stored at 4°C until use. Retinol (0.03 g) or Co-enzyme Q10 (0.5 g)
were added to the olive oil prior to mixing with the melted beeswax.

2.5.3 Combination Studies

Combination of active compounds within the different formulations were also used for
the in vitro permeability studies. The aim of testing combination compounds was to
study the effect of possible penetration enhancement or inhibition when compounds

are combined. The combination studies included the following:

= (Caffeine (0.25 g) + Retinol (0.03 g)
= (Caffeine (0.25 g) + L- carnitine (0.2 g)
= (Caffeine (0.25 g) + Co-enzyme q10(0.05 g)

=  Theophylline (0.2 g) + Retinol (0.03 g)
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= Theophylline (0.2 g) + L-carnitine (0.2 g)

= Theophylline (0.2 g) + Co-enzyme q10(0.05 g)
= L-carnitine (0.2 g) + Co-enzyme q10(0.05 g)

= |-carnitine (0.2g) + Retinol (0.039g)

= L- carnitine (0.2g) + Caffeine (0.259g)

Each formulation (liquid, gel, and cream) was prepared as previously mentioned with

the added combination, placed in a dark container, and stored at 4°C until use.

2.5.4 Collection and storage of porcine skin tissue samples

An Ethics waiver for the approval of the use of porcine skin was obtained from the
University of the Witwatersrand Animal Research Ethics Committee as well as the
Human Research Ethics Committee (75.03.2016- O) (Addendum X). The porcine skin
samples were harvested from animals euthanized for other purposes at the Wits
Research Animal Facility. Porcine skin is the most frequent model used for in vitro
permeation studies due to is anatomical similarity to human skin (Schmook et al.,
2001; Herron, 2010).

After collection, porcine skin was immediately placed in cold (PBS) (pH 7.4) solution
and transported to the laboratory within an hour. Excess fat and connective tissue
were removed, and the specimens were cut into 1x4 cm strips. The tissue stripes were
then placed into cryovials, snap frozen in liquid nitrogen (-195°C) and stored at -70°C.
No specimens were obtained or used with any signs of skin disease that might
influence the permeability characteristics of the skin. The process of cryopreservation
is a process in which organelles, cells and tissues are preserved by cooling to
extremely low temperatures. Studies have shown that the process of cryopreservation
might increase the permeability of the skin, however it is the method of choice to
preserve skin samples when fresh skin cannot be utilized for these studies (Pouliot et
al., 2017).
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2.5.5 Equipment used

2.5.5.1 7-In-line flow cell diffusion apparatus

The in vitro diffusion apparatus consisted of an ILCO7 (Figure 2.4) (A) and (B)
automated system containing 7-in-line flow cells from PermeGear INC (Hellertown,
PA, USA). An ISCO Retriever |V fraction collector, an Ismatec IPC peristaltic pump
and a Thermoscientic Haake SC100 water bath were connected to the apparatus.
Each flow cell contained an orifice area of 0.0397 cm? (Figure 2.5). Tissue viability was
done by critically examining the tissue sample and looking for anything that could
compromise the integrity of the skin barrier. The intactness of the skin barrier was
measured by a TEER meter (Millicel ERS-2 electrical resistance system, EMD
Millipore Corporationm) before and after each experiment (Musazzai et al., 2018). The
diffusion behaviour between repeat tissue samples in an experiment was also
compared for any changes in diffusion behaviour that would indicate a barrier

compromise.

(A) (B)

Figure 7.4: lllustration of (A) Anterior and (B) Superior view of in vitro diffusion

apparatus automated system containing 7-in-line flows (ILC07) from PermeGear INC
(Hellertown, PA,USA).
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Figure 7.5: lllustration of porcine skin divided into 4-5 mm sections to be mounted in

flow-through diffusion cells (exposed area 0.039 cm?).

2.5.5.2 In vitro diffusion experiment

Prior to each permeability experiment, porcine skin samples were thawed for 10
minutes at room temperature in phosphate buffered saline (PBS, pH 7.4). Thereafter,
excess fat and connective tissue were removed, and the skin divided into 4-5 mm
sections and mounted in flow-through diffusion cells (Figure 2.4). Permeability
experiments were performed for each compound tested. Equilibration of 10 minutes
was allowed in the donor as well the acceptor compartments of the diffusion cells.
Thereafter the PBS solution of the donor cell was replaced with the liquid, gel or cream
formulation containing the active compounds. PBS at 37°C was pumped through the
acceptor chambers at a rate of 1.5 ml/h and collected, by means of a fraction collector,
at 30 min intervals for the first 4 hours and thereafter at 2-hour intervals for a final
period of 24 hours initially. Thereafter, final collection periods were established as
every 2 hours for a 24-hour period for each of caffeine, retinol, coenzyme Q10 and

L-carnitine, while the collection period for theophylline remained as every 30 min for a
4-hour period. The study was performed under sink conditions (i.e. the concentration
in the receptor cell never reached 10% of the donor cell concentration). The
permeability experiment was repeated three times in different formulations (liquid, gel
and cream) for each compound and combination of compounds) (caffeine,
theophylline, retinol, I-carnitine and co-enzyme Qo). As controls and to test for
specificity of the compounds PBS, liquid, gel and cream formulations without any
compounds were loaded into the donor compartments and experiments performed as
above. At different time points the collected fluid in the receptor compartments was
analysed by injecting 20 pl into the HPLC system and using the reverse-phase column

18 as mentioned in sections 2.1.4 and 2.1.5 above. From the chromatograms
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obtained, the specific peaks of the compounds were identified from the retention times
obtained from the corresponding standards. The areas of the peaks were then inserted
into the linear regression equations of the standard curves obtained from the

respective standards and solved for concentration.

2.5.5.2.1 Analysis of in vitro diffusion data

2.5.5.2.1.1 Calculation of Cumulative quantities

Cumulative quantities Qt (ng) refers to the quantity appearing in the receptor
compartment of the diffusion per time period (min). The cumulative values were

calculated by using Equation 5 below:

Qt =Y, VtCt (5)
Equation 5: Cumulative quantities (Where Qt is the cumulative quantities (ng), t (min)
is the time period, Vt is the volume (ml) of the sample at t and Ct is the concentration

of the sample (ng/ml) at t.

Data for the cumulative curves were expressed as the cumulative quantity per unit of

skin surface are exposed (Equation 6, A=0.0397 cm?).

Equation 6: Qt/A (6)

2.5.5.2.1.2 Steady State fluxes

Steady state fluxes (Jss) were calculated using GraphPad Prism Version 8.4.2. The
values were calculated from the linear portion of the cumulative curves through linear

regression analysis using Equation 7 below:

Equation 7: Steady state fluxes Jss = A(Q/(tA)). (7)
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Data for the cumulative curves were expressed as the cumulative quantity per unit of

skin surface are exposed (Equation 7, A=0.0397 cm?).

2.5.5.2.1.3 Apparent permeability coefficient

Apparent permeability coefficients (Papp) were calculated by using Equation 8
below:

Papp= Jss/Co (8)

Co is the initial concentration of the compound in the donor compartment at t=0.

In this study, infinite dosing was used, which assumes that the compound
concentration would not deplete over the experimental time period and there is very
little change in initial concentration within the formulation throughout the experiment
(Lau and Ng, 2017, p.2). The lag phase was calculated from the x-axis intercept after

the linear regression of the linear portion of the cumulative diffusion curve.

2.5.5.3 Trans-epithelial electrical resistance (TEER) measurements
testing skin inteqrity

Tissue viability was established prior to and after permeability experiments by
measuring the tissue resistance using a Millipore Millicel ERS-2 hand-held resistivity
meter (Figure 2.6). An experiment was also performed where tissue resistance was
measured over a 24-hour time period (0, 2, 4 and 24 hours) after exposure to the 3
formulations without compounds (control) and with compounds so as to investigate
the effect on skin barrier integrity. Experiments for both retinol and coenzyme Q1o took
place under low light condition to reduce degradation of the compounds. Results at

each time point were expressed as % of the initial resistance measurement (T = 0).
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Figure 7.6: Millipore Millicel® ERS-2 hand-held resistivity meter.

2.5.5.4 Accumulation within the skin

Skin accumulation of active compounds (Qa) within the exposed skin (0.0397 cm?)
after the completion of the in vitro diffusion experiments was also accessed. After each
experiment was completed, the tissue was placed within a 5 ml tube, 2 ml HPLC grade
methanol was added and the tissue was homogenized for 10 min before being
centrifuged at 1500 rpm for 5 min. The supernatant was removed and the compounds
extracted was detected using the HPLC methods as previously mentioned in section
2.4. The quantity accumulated within the skin was calculated using Equation 9 below:

Qt (ng/cm?) = CtV/A. 9)

Qt is the quantity accumulating in the skin after a certain time (t). Ct is the
concentration of the extracted skin (in 2 ml methanol) after time (t). A is the skin area
(cm?) and V is the volume of methanol (2 ml). The percentage of the initial compound
within the formulation that was applied to the skin, which accumulated within the skin,
was calculated by using Equation 10 below:

Qt(%) = (QU/Qo) x 100 (10)
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where Qq is the initial amount (pg or mg) of compound added to the donor

compartment.

Once the diffusion experiment of the active compound alone was completed, the skin
disk was removed and cleaned before the homogenised sample was analysed by
HPLC. The skin disk was then homogenised in 2 ml methanol and centrifuged. After
centrifugation, the sample was filtered through a 0.45 ym syringe filter and analysed
using the HPLC machine.

2.6 Statistic Analysis

Data was analysed using Excel and GraphPad Prism Version 8.4.2. All experiments
were repeated at least 3 times and parameters were expressed as Means + standard
deviation. Linear regression analysis was performed on all standard curve data and
the linear regression formula (y= mx+c ) used to calculate concentrations, cumulative
amounts and to compute the steady state fluxes (Jss) and lag phases from the
cumulative curves. ANOVA tests (2-way) were used to test for statistical significance
(p < 0.05) between steady state flux values (ng.cm.min"), skin accumulation (% of
initial) and skin integrity (% of initial). For the two-way ANOVA test (Analysis of
variance), the 2 independent variables were compounds (alone and in combination)

and formulation (liquid, gel and cream).

Chapter 3.1: Results — Validation

The skin which is the largest organ of the human mainly acts as protective mechanism
against foreign particles by means of acting as a permeability barrier to the
environment. With time, the continuous exposure to the harsh environment, whether
it be through over-exposure of sun rays, climate change or chemicals can give rise to
skin afflictions (Balato et al., 2014). Hyperpigmentation, erythema solare (sunburn),
adiposis ademotosa (cellulite), to name a few are examples of skin afflictions.

In this study, a selection of active compounds (Caffeine, Theophylline, Retinol, Co-
enzyme Q1o and L-carnitine) were validated using HPLC detection prior to the diffusion

experiments. The active compounds were incorporated individually as well as in
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combination in different topical formulations such as liquid, gel and cream. This was
to evaluate the in vitro rate of diffusion of the active agents across skin, accumulation
within the skin and whether the diffusion rate and accumulation would be influenced
by various formulations or when combined with other agents. The aim was thus to
establish which formulation and which combination shows the greatest efficacy. A 7-
in - line flow cell diffusion system was used to evaluate the rate of diffusion across the
skin and extent of accumulation of all 5 active compounds alone or in combination in

liquid, gel, or cream formulations within porcine skin.

3.1 HPLC Method Validation

The intent of method validation is to provide scientific evidence that the analytical
method is reliable and consistent and can therefore be used as a routine analysis. The
key criteria for evaluation of an analytical method according to International Council of
Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines are
linearity, accuracy, precision, LOD, LOQ , ruggedness and sensitivity (Beloufa et al.,
2017; Taleuzzaman, 2018).

3.1.1 Linearity

The linear regression model is the ability to predict values for a dependent variable
whilst the independent value is known. The model determines the relationship of an
independent variable on a dependent variable. The linearity of the model is expressed
by means of a coefficient of correlation (r) or coefficient of determination (R?) (Moosavi
and Ghassabian, 2018). The coefficient of determination (R?) is interpreted as the
percent of variation shared between the two variables (Bruce Ratner, 2009; Hamilton
et al., 2015). A coefficient of determination of 1.0 indicates that there is a perfect linear
model while a value less 1.0 shows that not all variability in the data can be accounted
by the model (Hamilton et al., 2015; Belouafa et al., 2017).

3.1.1.1 Caffeine

In Figure 3.1, the compound was linear between the following values: 5 — 200 pg/mi

with regression equation of y= 19610x - 85893 and R? value of 0.9952. A slight
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variation in the lower values (<50 ug/ml) can be observed. Due to the possibility that
the lower values could potentially affect the regression line, analyses were performed
on standards covering the lower regions of the concentration range (Figure 3.2): 5 —
30 pg/ml (Preparation of Calibration Curves, 2003). A regression equation of y=
46872x + 7462.4 with an R? value of 0.9988 was calculated from the latter caffeine
curve. The LOD and LOQ were calculated from both Figure 3.1 and 3.2. In Figure 3.1
LOD and LOQ were found to be 22.06 yg/ml and 66.84 pg/ml respectively while in
Figure 3.2 results were found to be 2.62 ug/ml and 7.95 pg/ml, respectively. The HPLC
chromatogram of the caffeine standard is portrayed in Figure 3.3. The chromatogram

shows the retention time of caffeine 2.57 + 0.02 min.

Caffeine Standard Curve
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Figure 8.1: Linear regression curve of Caffeine (0 - 200 yg/ml)

The curve illustrates a regression equation of y= 19610x - 85893 and R? value of
0.9952. Values are the mean + standard error of 3 replicates. When error bars are

not visible, they fall within the size of the marker.
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Caffeine Standard Curve
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Figure 8.2: Linear regression curve of Caffeine (0 - 30 uyg/ml).

The curve illustrates a regression equation of y= 46872x + 7462.4 and R? value of
0.9988. Values are the mean + standard error of 3 replicates. When error bars are

not visible, they fall within the size of the marker.

Figure 8.3: Chromatogram of Caffeine.

Caffeine peak was detected at a retention time of 2.57 + 0.02 min at an absorbance
of 56 milli-absorbance units (mAU). Chromatographic conditions were followed using

table 2.1 in section 2.1.5.
84



Theophylline Standard Curve
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3.1.1.2 Theophylline

The linearity of Theophylline is demonstrated in Figure 3.4, within the concentration
range 0 — 25 pg/ml. Theophylline showed a regression equation of y= 96073x with a
R? of 0.9942. The LOD and LOQ were calculated from Figure 3.4 and were found to
be 3.34 ug/ml and 10.13 pg/ml, respectively. The HPLC chromatogram of theophylline
standard is portrayed in Figure 3.5. The chromatogram showed the retention time of
theophylline 2.18 £ 0.03 min.

The curve illustrates a regression equation of y=96073x with a R? value of 0.9942.
Values are the mean + standard error of 3 replicates. When error bars are not

visible, they fall within the size of the marker.

Figure 8.4: Linear regression curve of Theophylline (0 - 25 yg/ml).
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Theophylline peak was detected at a retention time of 2.18 £ 0.03 min at an
absorbance of 100 mAU. Additionally, a peak was detected at retention time of 1.482
at an absorbance of 6 mAU. Chromatographic conditions were followed using table
2.1 in section 2.1.5.

3.1.1.3 Retinol

The linearity of Retinol is demonstrated in Figure 3.6. Retinol showed a regression
equation of y= 36849x + 72987 with a R? value of 0.9933, in the concentration range
0 —100 pg/ml. The LOD and LOQ were calculated from Figure 3.6 and were found to
be 14.83 pg/ml and 44.93 pg/ml, respectively. In the lower region of the standard
curve, LOD and LOQ were calculated as 0.35 pg/ml and 1.06 pg/ml respectively._ The

[ 1
Figure 8.5: Chromatogram of Theophylline.

HPLC chromatogram of retinol standard is portrayed in Figure 3.8. The chromatogram
showed the retention time of retinol 2.91 + 0.02 min.

Figure 8.6: Linear regression curve of Retinol (0 — 100 ug/ml).
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Retinol Standard Curve
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The curve illustrates a regression equation of y= 36849x + 72987 with a R? value
of 0.9933. Values are the mean + standard error of 3 replicates. When error bars are

not visible, they fall within the size of the marker.

In figure 3.7, analyses were performed at the lower regions of the standard curve for
retinol (0 — 10 pg/ml) due to slight variation in the lower concentration ranges. A

regression equation of y= 52648x with a R? of 0.9995 was obtained.
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Figure 8.7: Linear regression curve of Retinol (0 — 10 ug/ml).
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curve illustrates a regression equation of y= 52648x with a R? value of 0.9995.
Values are the mean + standard error of 3 replicates. When error bars are not

visible, they fall within the size of the marker.

Figure 8.8: Chromatogram of Retinol.

Retinol peak was detected at a retention time of 2.91 + 0.02 min at an absorbance of
1100 mAU. Chromatographic conditions were followed using table 2.1 in section

2.1.5.
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3.1.1.4 Coenzyme Q10

The linearity of Coenzyme Q1o is demonstrated in Figure 3.9. Coenzyme Q10 showed
a regression equation of y= 10175x + 23299 with a R? value of 0.9949. LOQ and
LOD were calculated from Figure 3.9 and were found to be 12.73 pg/ml and 38.56
pug/ml, respectively. In the lower region of the standard curve LOD and LOQ were
calculated as 0.69 uyg/ml and 2.08 pug/ml respectively. The HPLC chromatogram of

coenzyme Q1o standard is portrayed in Figure 3.11. The chromatogram showed the

retention time of coenzyme Q10 3.15 + 0.003 min.
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Figure 8.9: Linear regression curve of Co-enzyme Q10 (0 — 100 ug/ml).

The curve illustrates a regression equation of y=10175x + 23299 with a R? value of
0.9949. Values are the mean + standard error of 3 replicates. When error bars are not

visible, they fall within the size of the marker.

In figure 3.10, analyses were performed on standards covering the lower regions of
the standard curve for coenzyme Q1o (0 — 10 pg/ml) due to slight variation in the lower
concentration ranges. A regression equation of y=20188x + 5000.9 with a R? value of
0.9986 was obtained.
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CoenzymeQ,, Standard Curve
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Figure 8.10: Linear regression curve of Co-enzyme Q10 (0 — 10 pag/ml).

The curve illustrates a regression equation of y=20188x + 5000.9 with a R? value
of 0.9986. Values are the mean * standard error of 3 replicates. When error bars

are not visible, they fall within the size of the marker.

Figure 8.11: Chromatogram of Coenzyme Q10.

Coenzyme Q1o peak was detected at a retention time of 3.15 £ 0.003 min at an
absorbance of 77 mAU. Additionally, two peaks were detected at 1.55 min at an
absorbance of 28 mAU and at 1.61 min at an absorbance of 22 mAU.

Chromatographic conditions were followed using table 2.1 in section 2.1.5.
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3.1.1.5 L-Carnitine

The linearity of L-Carnitine is demonstrated in Figure 3.12. L-carnitine showed a
regression equation of y= 86.385x + 1981.8 with a R? value of 0.9714. The
concentration ranged from 100 — 1000 pg/ml. LOD was < 100 pg/ml and LOQ was
100 pg/ml. The HPLC chromatogram of L-carnitine standard is portrayed in Figure
3.13. The chromatogram showed the retention time of L-carnitine 3.0 £ 0.009 min.

L- Carnitine Standard Curve
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Figure 8.12: Linear regression curve of L-Carnitine (0 — 1000 yg/ml).

The curve illustrates a regression equation of y= 86.385x + 1981.8 with a R? value of
0.9714. Values are the mean + standard error of 3 replicates. When error bars are not

visible, they fall within the size of the marker.
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Figure 8.13: Chromatogram of L-carnitine.

L-carnitine peak was detected at a retention time of 3.0 £ 0.009 min at an absorbance
of 18 mAU. Additionally, a peak was detected at a retention time of 1.3 min and
absorbance of 2.2 mAU. Chromatographic conditions were followed using table 2.1 in

section 2.1.5.
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3.1.2 Accuracy and Precision

3.1.2.1 Precision

Precision refers to the closeness between a series of measurements obtained from
multiple sampling of the same homogenous sample under the prescribed conditions.
Precision is expressed as: repeatability, intermediate precision, and reproducibility
(Kachave and Jadhav,2021). Tables 3.1 — 3.5 illustrates mean, standard deviation and
%RSD data of Caffeine, Theophylline, Retinol, Co-enzyme Q1o and L-carnitine
respectively.

RSD is defined as a coefficient of variation which is determined by the ratio of standard
deviation and the mean. The measurement obtained by the ratio describes the
dispersion of samples. In the pharmaceutical industry, RSD is used to determine
multiple functions such as: the variability of the total dose of the active pharmaceutical
ingredient (API), to determine the API in combination samples or to determine the
variation in drug dissolution and bioavailability (Gao et al., 2013).

According to Shabir (2004), the accepted of %RSD varies according to the
international regulatory agencies. The acceptance criteria for precision according to
the Food and Drug Administration (FDA) should be 1% for drug substances and drug
products, + 2% for bulk drugs and finished products (Shabir, 2004). However, other
regulatory Authorities, such as Health Canada (HC), states that RSD should be 1%
for drug substances and 2% for drug products (Shabir, 2004). For minor components,
it should be + 5% but can reach a maximum value of 10%. The %RSD acceptance
criteria of intermediate Precision should be < 2% (Shabir, 2004; Gao et al., 2013).
Intermediate precision refers to the intra-day and inter-day precision and a value of <
2% indicates good precision of the method (Belouafa et al., 2017).
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3.1.2.1.1 Caffeine

Table 3.1 shows precision of Caffeine at concentrations of 15, 30 and 150 yg/ml. Each
concentration was repeated 3 times, and a mean and standard deviation were
calculated. The (%) RSD was calculated for each concentration value. Results shows
that the (%) RSD value exceeded the 2% acceptance criteria at the lower
concentration levels, due to the variation in the data at these lower concentration

ranges.

Table 8.1: Precision of Caffeine.

Concentration | Number of
Peak Area | Mean * SD | (%) RSD
(mng/ml) Replicates
Replicate 1 214 588
15 Replicate 2 | 230 807 222251+ 4.2
Replicate 3 | 221 357 9364
Replicate 1 387 453
30 Replicate 2 | 386 830 392 143 2.2
Replicate 3 | 402 144 8667
Replicate 1 | 2 764 730
150 Replicate 2 | 2810631 | 2814 004 1.8
Replicate 3 | 2 866 659 + 51043
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3.1.2.1.2 Theophylline

Results obtained in Table 3.2 shows precision of Theophylline at concentrations of 5,
10 and 20 pg/ml. Each concentration was repeated 3 times, and a mean and standard
deviation were calculated. (%) RSD across all 3 concentrations were found to be <
2%.

Table 8.2: Precision of Theophylline.

Concentration | Number of Mean *
Peak Area (%) RSD
(ng/ml) Replicates SD

Replicate 1 632 598

5 Replicate 2 632718 638 023 + 1.5
Replicate 3 648 753 9293
Replicate 1 991 966

10 Replicate 2 991 631 992 654 + 0.2
Replicate 3 994 365 1491
Replicate 1 | 2123 342

20 Replicate 2 | 2117900 | 2118 281 0.2
Replicate 3 | 2 113 600 + 4882
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3.1.2.1.3 Retinol

Results obtained in Table 3.3 shows precision of Retinol at concentrations of 5, 40
and 100 pg/ml. Each concentration was repeated 3 times and a mean value and
standard deviation were calculated. %RSD across all 3 concentrations were found to

be < 2%.

Table 8.3:Precision of Retinol.

Concentration | Number of
Peak Area Mean * SD (%) RSD
(mng/ml) Replicates
Replicate 1 212122
5 Replicate 2 214 717 213972 0.8
Replicate 3 215076 1612
Replicate 1 1 886 060
40 Replicate 2 1893 322 1901131 % 1.1
Replicate 3 1924 012 20145
Replicate 1 5010 981
100 Replicate 2 5 006 540 5000 983 + 0.3
Replicate 3 4 985 429 13652
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3.1.2.1.4 Co-enzyme Q10

Results obtained in Table 3.4 shows precision of Co-enzyme Q1o at concentrations
of: 5,10 and 70_ug/ml. Each concentration was repeated 3 times, and a mean value
and standard deviation was calculated. %RSD across all 3 concentrations were
found to be £ 2%.

Table 8.4:Precision of Co-enzyme Q10.

Concentration | Number of
. Peak Area Mean £+ SD | (%) RSD
(mng/ml) Replicates

Replicate 1 107 304

5 Replicate 2 107 414 107 361 + 0.05
Replicate 3 107 364 55
Replicate 1 206 109

10 Replicate 2 205 133 205757 0.3
Replicate 3 206 029 542
Replicate 1 729 836

70 Replicate 2 728 662 728 643 + 0.2
Replicate 3 727 427 1205
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3.1.2.1.5 L-Carnitine

Results obtained in Table 3.5 shows precision of L-carnitine at concentrations of:
200, 500 and 1000 ug/ml. Each concentration was repeated 3 times, and a mean
value and standard deviation was calculated. %RSD across all 3 concentrations
were found to be < 2%.

Table 8.5: Precision of L-Carnitine.

Concentration | Number of
. Peak Area | Mean £SD | (%) RSD
(mng/ml) Replicates

Replicate 1 20724

200 Replicate 2 21404 21121+ 1.7
Replicate 3 21234 354
Replicate 1 41693

500 Replicate 2 41 540 41493 + 0.6
Replicate 3 41 246 227
Replicate 1 82977

1000 Replicate 2 82 234 82972 + 0.9
Replicate 3 83 706 736
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3.1.2.2 Intermediate precision

Intermediate precision was used to express within-laboratory variations (Belouafa et
al., 2017) such as intra-day and inter-day precision. Results as seen in Tables 3.6 —
3.10 reports the intermediate precision data of Caffeine, Theophylline, Retinol, Co-
enzyme Q10 and L-carnitine. The concentration was repeated 3 times on the same
day and then repeated on day 2 to retrieve inter-precision data for each 5 active
ingredients. An overall mean value was calculated over the two days The acceptance
criteria for precision of data are expressed in (% )RSD with a value < 2% as it indicates

good precision of the method (Belouafa et al., 2017).

3.1.2.2.1 Caffeine

Results obtained in Table 3.6 shows intra- and inter-day precision of Caffeine at
concentrations of 20 pg/ml. The (%) RSD was determined across inter and intra-day

and a value <€ 2% was found.

Table 8.6: Intermediate precision of Caffeine (20 pg/ml).

Peak Area Peak Area
Number of Replicates
Day 1 Day 2
Replicate 1 214588 220904
Replicate 2 230807 225534
Replicate 3 221357 224032
Mean 222251 + 8146 223490 + 2362
%RSD 3.67 1.06
Overall Mean
222870
(Day 1 & Day 2)
SD 870
%RSD 0.4
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3.1.2.2.2 Theophylline

Results obtained in Table 3.7 shows intra- and inter-day precision of Theophylline at
concentrations of 10 pg/ml. The (%) RSD was determined across inter and intra-day,

the value was found to be > 2%.

Table 8.7: Intermediate precision of Theophylline (10 pg/ml).

Peak Area Peak Area
Number of Replicates
Day 1 Day 2
Replicate 1 653502 683541
Replicate 2 654227 692397
Replicate 3 653897 699547
Mean 653876 + 363 691828 + 8018
%RSD 0.056 1.16
Overall Mean
(Day 1 & Day 2) 672852
SD 26837
%RSD 4.0

100



3.1.2.2.3 Retinol

Results obtained in Table 3.8 shows intra- and inter-day precision of Retinol at

concentrations of 40 pg/ml. The (%) RSD was determined across inter and intra-day,

the value was found to be > 2%.

Table 8.8: Intermediate precision of Retinol (40 ug/ml).

Peak Area Peak Area
Number of Replicates
Day 1 Day 2

Replicate 1 1886060 1960571
Replicate 2 1893322 1960344
Replicate 3 1924012 1987500

Mean 1901131 £ 20145 1969438 + 15613

%RSD 1.06 0.79

Overall Mean
1 935 302
(Day 1 & Day 2)
SD 48324
%RSD 2.5
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3.1.2.2.4 Co-enzyme Q10

Results obtained in Table 3.9 shows intra- and inter-day precision of Co-enzyme Q1o
at concentrations of 100 pg/ml. The (%) RSD was determined across inter and intra-

day, the value was found to be < 2%.

Table 8.9: Intermediate precision of Co-enzyme Q10 (100 pug/ml).

Peak Area Peak Area
Number of Replicates
Day 1 Day 2

Replicate 1 1016 231 1337546 *)
Replicate 2 1016782 1033461
Replicate 3 1016116 1035064

Mean 1016377 + 356 1034263 + 1133

%RSD 0.035 0.11

Overall Mean
1025356
(Day 1 & Day 2)
SD 12596
%RSD 1.2

* Value was omitted as it skewed the data.
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3.1.2.2.5 L- Carnitine

Results obtained in Table 3.10 shows intra- and inter-day precision of | - carnitine at
concentrations of 500 pg/ml. The concentration was repeated 3 times on the same
day and then repeated on day 2 to retrieve inter-precision data. %RSD was

determined across inter and intra-day. The value was found to be > 2%.

Table 8.10: Intermediate precision of L-Carnitine (500 pug/ml).

Peak Area Peak Area
Number of Replicates
P Day 1 Day 2
Replicate 1 41693 44628
Replicate 2 41540 45212
Replicate 3 41246 44489
Mean 41493 + 227 44776 + 384
%RSD 0.55 0.86
Overall Mean
(Day 1 & Day 2) 43172
SD 2374
o,
%RSD 6.4

3.1.2.3 Accuracy

Accuracy refers to the closeness of agreement between the true value of the analyte
concentration and the mean result obtained by spiked blank samples (Belouafa et al.,
2017). Table 3.11 — 3.15 represents the mean, SD and (%) RSD obtained for Caffeine,
Theophylline, Retinol, L-carnitine, and Co-enzyme Q1o respectively. The acceptable
range of % recovery was found between 80 and 120 % (Australian Pesticides &
Veterinary Medicines Authority, 2004:5).
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3.1.2.3.1 Caffeine

Table 3.11 reports the mean, SD and percentage recovery of Caffeine. The linear
regression formula obtained from figure 3.2 was used to calculate accuracy. %
Recovery of the spiked concentration of both 5 ug/ml and 30 ug/ml were within the
acceptance criteria. The % recovery of the spiked concentration of 150 pug/ml was
found to be over the acceptance criteria. Linear regression formula in Figure 3.1 was

used to calculate the accuracy as it was out of range.

Table 8.11: Peak area and percentage recovery of Caffeine.

blizue?ﬁggfezf Concentration Spiked (ug/ml)
5 | 30 | 150
Area under the Curve
1 267219 *) 1414609 4846016
2 266037 *) 1426679 4824508
3 219667 1401058 4879801
4 216771 1436741 4931255
5 216826 1432558 4927854
6 219275 1434396 4919603
Mean 218135 1424340 4888173
SD 1552 13890 45429
RSD% 0.7 1.0 0.9
Recovery% 89.9 100.8 169.1

*Data points were excluded as they skewed data.

3.1.2.3.2 Theophylline

Table 3.12 reports the mean, SD, and percentage recovery of Theophylline. %
Recovery of the spiked concentration of both 2 ug/ml and 4 pg/ml were within the
acceptance criteria. % Recovery of the spiked concentration of 10 uyg/ml was below

the acceptance criteria.
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Table 8.12: Peak area and percentage of Theophylline.

g::;:i‘:;:sf Concentration Spiked (ug/ml)
2 | 4 | 10
Area under the Curve
1 190307 355324 651648
2 190604 355587 650767
3 190306 356253 651069
4 190451 356923 651687
5 191035 357083 651520
6 190696 355897 650811
Mean 190567 356178 651250
SD 278 712 420
RSD % 0.1 0.2 0.07
Recovery % 80 84 65

3.1.2.3.3 Retinol

Table 3.13 reports the mean, SD and percentage recovery of Retinol. The linear
regression formula used in Figure 3.7 was used to calculate the area under the curve
for 2 and 10 pg/ml while formula in Figure 3.6 was used to calculate the area for 100
pug/ml. Due to the variation in the values in the lower concentration range, the %

recovery values obtained when the blank was spiked with 2 ug/ml, was omitted. This

low concentration resulted in the overestimation of the recovery.
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Table 8.13: Peak area and percentage of Retinol.

::::i':;';:sf Concentration Spiked (ng/ml)
2 10 | 100
Area under the Curve
1 346606 401187 2847528
2 317175 403927 2861261
3 312954 402250 2892785
4 315977 402145 2866226
Mean 323178 402377 2866950
SD 15719 1139 18952
%RSD 4.9 0.3 0.7
Recovery % 306.9 *) 89.4 75.8

*Value was ignored due to the variation in the values in the lower concentration ranges which resulted

in a wide variation in % recovery.

3.1.2.3.4 Co-enzyme Q10

In Table 3.14, reports the mean, SD and percentage recovery of Co-enzyme Q1o. The
percent recovery for Co-enzyme Q1o was reported to be within the acceptable range
(80 =120 %). The linear regression formula used in Figure 3.10 was used to calculate
the area under the curve for 5 and 10 pg/ml while the formula in Figure 3.9 was used
to calculate the area for 100 pg/ml.
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Table 8.14: Peak area and percentage of Co-enzyme Q10.

:zmibcz::: Concentration Spiked (ug/ml)
5 10 100
Area under the Curve
1 107304.01 206108.8 1016231
2 107414.44 205132.9 1016782
3 107363.95 206028.5 1016116
Mean 107360.8 205756.7 1016377
sSD 55.3 541.7 356
RSD% 0.05 0.3 0.03
Recovery% 101.4 99.4 97.6

3.1.2.3.5 L-Carnitine

Table 3.15 reports the mean, SD and percentage recovery of L-carnitine. %

Recovery was found to be in the range between 63.9 and 80.3 %, acceptable range:

80 -120% (Australian Pesticides & Veterinary Medicines Authority, 2004:5).

107




Table 8.15: Peak area and percentage of L-Carnitine.

Number of Replicates Concentration Spiked pg/ml
100 400 700
Area under the curve
1 7346 28528 50127
2 7556 28306 49969
3 7625 28236 53252
4 7173 30182 49148
5 7673 29936 49749
6 5713 ™) 30357 49567
Mean 7475 29257 50302
SD 210 1000 1485
RSD% 2.9 3.4 2.9
Recovery% 63.9 79.3 80.3

*Data point was excluded as it skewed data.

3.1.3 Ruggedness

Ruggedness is a measure by which laboratory conditions are varied slightly e.g., slight
variations in temperature, mobile phase, and flow rate (Dejaegher and Heyden.,
2007). A variation in temperature, mobile phase and flow rate results in a shift iin the
retention time as compared to the normal condition set up (Chulikhit et al., 2023).
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3.1.4 Temperature Variation

The temperature in the column was adjusted according to the chromatographic
conditions of each active compound. Temperature was shifted 0.5 °C above and below
the designated chromatographic condition of each active compound (César and
Pianetti, 2009).

3.1.4.1 Caffeine

Table 3.16 a-c reported on the temperature variation of Caffeine at 3 different
concentrations: 20,150,200 pg/ml, where the average retention time for caffeine was
found to be 2.52 + 0.02 min.

Table 3.16a reports on the temperature variation of Caffeine (20 pug/ml). At the
temperature of 19.5°C, a high variation was reported amongst each replicate. Due to
the high variation in the lower concentration of caffeine, these values were omitted.
The mean retention time (min) with the temperature variation, was found to be 2.54 +
0.03 min. The %RSD of retention time was found to be < 2% and the %RSD of area

under the curve was > 2%.

Table 8.16a: Temperature Variation of Caffeine (20 pg/ml)

Temp(?aa)tures Number of Replicates | Retention Time (Min) | Area (a)

Replicate 1 2.63 4792

19.5 Replicate 2 2.53 267985*
Replicate 3 2.54 =¥

Replicate 1 2.53 794527

20 Replicate 2 2.52 806572

Replicate 3 2.51 827857

Replicate 1 2.54 934594

20.5 Replicate 2 2.51 934991

Replicate 3 2.52 933843

Mean 2.51 872064

SD 0.03 69198
%RSD 1.3 7.9

*Values were omitted as it skewed the data.
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Table 3.16b reported the temperature variation of Caffeine (150 pg/ml). The mean
retention time (min) was reported as 2.53 £+ 0.01 min, the retention time remained
constant despite the temperature variation. The %RSD of retention time was found

to be < 2% and the %RSD of area was > 2%.

Table 8.16b: Temperature Variation of Caffeine (150 pg/ml)

Temperatures (°C) :::;zg;:: 'Eﬁfg?:\;l?:) Area (a)

Replicate 1 2.54 2097704

19.5 Replicate 2 2.54 1931931

Replicate 3 2.54 1855520

Replicate 1 2.53 2361369

20 Replicate 2 2.52 2432551

Replicate 3 2.52 2481345

Replicate 1 2.52 2725051

20.5 Replicate 2 2.52 2719376

Replicate 3 2.52 2661897

Mean 2.53 2362971

SD 0.01 331664
%RSD 0.4 14.04

Table 3.16¢ reported the temperature variation of Caffeine (200 pg/ml). The mean
retention time (min) was reported as 2.53 + 0.02 min, there was a slight variation in
the retention time but remained overall constant. The % RSD was found to be < 2%
and the % RSD of the area was > 2%.
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Table 8.16¢c- Temperature Variation of Caffeine (200 pg/ml)

Temperatures (°C) ::;:it::ea';:; ﬁﬁ::?gl?:) Area (a)

Replicate 1 2.53 3320432

19.5 Replicate 2 2.54 3398690

Replicate 3 2.54 3461625

Replicate 1 2.57 3874530

20 Replicate 2 2.56 3868300

Replicate 3 2.51 3953333

Replicate 1 2.51 3937739

20.5 Replicate 2 2.52 3942848

Replicate 3 2.51 3942369

Mean 2.53 3744430

SD 0.02 267188
%RSD 0.8 7.14

3.1.4.2 Theophylline

Temperature was varied 0.5°C above and below the designated chromatographic
condition of each active ingredient. Table 3.17a-c showed temperature variation of
Theophylline at 3 different concentrations; 5, 10 and 25 pg/ml. From the table below,
the average retention time at which Theophylline was detected by the HPLC machine
was 2.1 + 0.03 min. The area under the curve was constant throughout the

temperature variation.

Table 3.17a reports on the temperature variation of Theophylline (5 pg/ml). The mean
retention time (min) was reported as 2.10 + 0.02 min and remained constant despite
the temperature variation. The % RSD of the retention time was found < 2% and the
% RSD of the area was > 2%.
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Table 8.17a: Temperature Variation of Theophylline (5 ug/ml)

Temperatures (°C) ::g:il?a';:: ﬁﬁ:ﬁ?f\m Area (a)

Replicate 1 2.08 412870

19.5 Replicate 2 2.09 397571

Replicate 3 210 391230

Replicate 1 212 383393

20 Replicate 2 2.13 383465

Replicate 3 212 393183

Replicate 1 2.08 374148

20.5 Replicate 2 2.09 372670

Replicate 3 2.08 374934

Mean 210 387052

SD 0.02 13128
%RSD 0.94 3.4

Table 3.17b illustrated the temperature variation of Theophylline (10 pg/ml). The mean
retention time (min) was reported as 2.10 + 0.03 min and remained constant despite
the temperature variation. The % RSD for retention time and the area was < 2%.

Table 8.17b: Temperature Variation of Theophylline (10 pg/ml)

Temperatures (°C) ::gl.ilz;;:: ﬁﬁ"::rz:\;l?:) Area (a)

Replicate 1 210 686153

19.5 Replicate 2 2.09 659026

Replicate 3 210 657177

Replicate 1 212 679429

20 Replicate 2 213 679199

Replicate 3 212 681072

Replicate 1 2.07 687502

20.5 Replicate 2 2.07 692106

Replicate 3 2.06 695026

Mean 2.10 679632
SD 0.03 13361
%RSD 1.43 1.97

Table 3.17c illustrated the temperature variation of Theophylline (25 pg/ml). The mean
retention time (min) was reported as 2.09 + 0.03 min, the retention time remained
112



constant despite the temperature variation. The % RSD for retention time and the area

was < 2%.

Table 8.17c: Temperature Variation of Theophylline (25 pg/ml)

Temperatures (°C) :::;i?:ea';:: Retelzlt\;lci):)Tlme Area (a)

Replicate 1 2.08 2307709

19.5 Replicate 2 2.08 2299867

Replicate 3 2.06 2325761

Replicate 1 213 2333842

20 Replicate 2 213 2325325

Replicate 3 212 2327913

Replicate 1 2.06 2301433

20.5 Replicate 2 2.06 2313292

Replicate 3 2.06 2339002

Mean 2.09 2319349

SD 0.03 14227

%RSD 1.43 0.61

3.1.4.3 Retinol

Table 3.18a-c illustrates temperature variation of Retinol at 3 different concentrations;
0.5, 2 and 4 pg/ml with the average retention of Retinol of 2.91 + 0.02 min.

Table 3.18a illustrated the temperature variation of 1.0 pyg/ml. The mean retention time
(min) was reported as 2.92 + 0.03 min. The % RSD of the retention time was found <
2%, while the % RSD of the area was > 2%.
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Table 8.18a — Temperature Variation of Retinol (1.0 pg/ml)

Temperatures (°C) g:::ibcz‘::: %ﬁ::?:\;l?:) Area (a)

Replicate 1 2.95 68408

19.5 Replicate 2 2.94 69212

Replicate 3 2.94 70827

Replicate 1 2.92 71422

20 Replicate 2 2.92 72295

Replicate 3 2.91 72417

Replicate 1 2.91 77976

20.5 Replicate 2 2.90 72662

Replicate 3 2.90 72480

Mean 2.92 71967
SD 0.03 2716
%RSD 1.03 3.77

Table 3.18b illustrated the temperature variation of Retinol (6.0 ug/ml). The mean
retention time (min) was reported as 2.91 + 0.02 min, there was no change in the
retention time despite the temperature variation. The % RSD of the retention time was
found < 2% and the % RSD of the area was > 2%.

Table 8.18b: Temperature Variation of Retinol (6.0 pg/ml)

Temperatures (°C) ::g:ilz;::: ﬁﬂz?lt\;l?:) Area (a)

Replicate 1 2.93 285562

19.5 Replicate 2 2.93 290456

Replicate 3 2.93 292237

Replicate 1 2.91 288248

20 Replicate 2 2.91 287397

Replicate 3 2.91 292138

Replicate 1 2.89 273958

20.5 Replicate 2 2.88 301057

Replicate 3 2.89 291136

Mean 2.91 289132
SD 0.02 7189
%RSD 0.69 2.49

Table 3.18c illustrated the temperature variation of Retinol (10 pg/ml). The mean

retention time (min) was reported as 2.91 + 0.01 min, there was no change in the
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retention time despite the temperature variation. The % RSD for retention time and

the area was < 2%.

Table 8.18c: Temperature Variation of Retinol (10 ug/ml)

Temperatures (°C) gzgilz:eal;:sf .ﬁﬁ:g?;;l?:) Area (a)

Replicate 1 2.92 588176

19.5 Replicate 2 2.92 589899

Replicate 3 2.92 594048

Replicate 1 2.91 585733

20 Replicate 2 2.91 587988

Replicate 3 2.92 597519

Replicate 1 2.88 588238

20.5 Replicate 2 2.90 592320

Replicate 3 2.89 590324

Mean 2.91 590472
SD 0.01 3625
%RSD 0.51 0.61

3.1.4.4 L-carnitine

Table 3.19a-c reports the temperature variation of L-carnitine at different
concentrations; 300, 500 and 700 pg/ml with the average retention time of L-carnitine
detected at 2.97 + 0.009 min.

Table 3.19a illustrates the temperature variation of L-carnitine (300 pg/ml). The mean
retention time (min) was reported as 2.98 + 0.006 min, the retention time remained
constant despite the variation in temperature. The % RSD for retention time and the

area was < 2%.
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Table 8 19a: Temperature Variation of L-carnitine (300pug/ml)

Number of

Retention

Temperatures (°C) Replicates Time (Min) Area (a)

Replicate 1 2.98 31919

39.5 Replicate 2 2.99 32316

Replicate 3 2.99 32426

Replicate 1 3.00 32892

40 Replicate 2 3.00 32635

Replicate 3 3.00 32692

Replicate 1 2.99 33494

40.5 Replicate 2 2.99 33435

Replicate 3 2.97 33000

Mean 2.98 32757
SD 0.006 513
%RSD 0.20 1.57

Table 3.19b illustrates the temperature variation of L-carnitine (500 pg/ml). The mean
retention time (min) was reported as 2.98 + 0.014 min, the retention time remained
constant despite the variation in temperature. The % RSD for retention time and the

area was < 2%.

Table 8.19b: Temperature Variation of L-carnitine (500 pg/ml)

Temperatures (°C) ::;:It:: ea';:sf ﬁﬁ"::rz:\;l?:) Area (a)
Replicate 1 2.99 43725
39.5 Replicate 2 2.99 44357
Replicate 3 2.99 43746
Replicate 1 3.00 41693
40 Replicate 2 3.00 41540
Replicate 3 3.00 71254*
Replicate 1 297 44561
40.5 Replicate 2 2.96 44190
Replicate 3 2.96 44392
Mean 2.98 43526
SD 0.014 1216
%RSD 0.5 2.79

*Values were omitted as it skewed the data.

Table 3.19c the temperature variation of L- carnitine (700 pg/ml). The mean retention
time (min) was reported as 2.96 + 0.013 min, the retention time remained constant
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despite the variation in temperature. The % RSD for retention time and the area was
< 2%.

Table 8.19c: Temperature Variation of L-carnitine (700 pg/ml)

Temperatures (°C) g:;}i ea';:sf ﬁﬂg?:\;l?:) Area (a)

Replicate 1 2.98 63625

39.5 Replicate 2 297 64423

Replicate 3 297 63158

Replicate 1 3.00 63341

40 Replicate 2 3.00 62774

Replicate 3 3.00 63898

Replicate 1 2.95 62819

40.5 Replicate 2 2.95 63662

Replicate 3 2.95 62529

Mean 2.96 63359

SD 0.013 68607
%RSD 0.43 0.96

3.1.4.5 Co-enzyme Q10

Coenzyme Q1o (CoQ1o) is a highly lipophilic molecule found naturally in the
phospholipid bilayer membrane in every single cell in the body (Borekova et al., 2008).
HPLC has been found to be an advantageous tool in determining the estimation of
lipophilicity of a particular molecule, which is important when it comes to the
pharmacodynamic and pharmacokinetic properties of a drug (Elmansi et al.,2019). In
the instance of applying temperature variation to CoQ1o the area calculated was not
consistent. There were extensive variations in the areas of the peaks and coenzyme
Q1o tended to increase pressure of the column resulting in blocking of the guard
column.

Table 3.20a-c illustrates the temperature variation of Coenzyme Q1o at different
concentrations; 0.1, 10 and 100 pg/ml. The retention time of Coenzyme Q1o was
detected through HPLC at 2.94 + 0.009 min.

Table 3.20a illustrates the temperature variation of 0.1 pg/ml. The mean retention time
(min) was reported as 2.91 + 0.12. The Coenzyme Qg retention time decreased with
increased temperature. The % RSD for retention time and the area was > 2%.
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Table 8.20a: Temperature Variation of Coenzyme Q10 (0.1 pg/ml)

Temperatures (°C) :::;il::eai:sf 'ﬁﬁ::?:\;l?:) Area (a)
Replicate 1 3.00 15299
24 Replicate 2 3.00 14478
Replicate 3 3.00 12689
Replicate 1 2.96 29470

25 Replicate 2 2.97 184799*
Replicate 3 2.97 28943
Replicate 1 2.75 17552
26 Replicate 2 2.76 8238*
Replicate 3 2.74 10899
Mean 2.9 18475
SD 0.12 7619
%RSD 4.05 41.24

*Values were omitted as it skewed the data.

Table 3.20b illustrates the temperature variation of Coenzyme Q1o (10 pg/ml). The
mean retention time (min) was reported as 2.93 + 0.16 min. The Coenzyme Q1o
retention time decreased with increased temperature. The % RSD for retention time
and the area was > 2%. At the low concentration range, the data varies thus leading

to inaccurate data.

Table 8.20b: Temperature Variation of Coenzyme Q10 (10 pg/ml)

Temperatures (°C) ::;:i?:ea';:sf ﬁﬁ:g?lt\;l?:) Area (a)
Replicate 1 3.10 40984*
24 Replicate 2 3.09 102283
Replicate 3 3.10 114563
Replicate 1 2.97 1056569*
25 Replicate 2 2.96 179147
Replicate 3 2.96 296191
Replicate 1 2.74 459966
26 Replicate 2 2.74 -
Replicate 3 2.74 417111
Mean 2.93 261543
SD 0.16 153967.2
%RSD 5.32 58.9

*Values were omitted as it skewed the data.
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Table 3.20c the temperature variation of Coenzyme Q1o (100 pg/ml). The mean
retention time (min) was reported as 2.97 £ 0.12 min. The Coenzyme Q1o retention
time decreased with increased temperature. The % RSD for retention time and the
area was > 2%. Coenzyme Q1o is an unstable compound, when injected in the HPLC
columns it would easily block the column. This therefore resulted in some inaccurate

data and integration of peaks by the software.

Table 8.20c: Temperature Variation of Coenzyme Q10 (100 pg/ml).

Temperatures (°C) ::gl'lbc Z::: 'Eﬁfgrz:\;l?:) Area (a)
Replicate 1 3.09 1337546
24 Replicate 2 3.08 793191~
Replicate 3 3.08 1204816
Replicate 1 2.94 1289908
25 Replicate 2 2.95 1173831
Replicate 3 2.95 2062258
Replicate 1 2.75 233186*
26 Replicate 2 ND ND
Replicate 3 ND ND
Mean 2.97 1178060
SD 0.12 368415
%RSD 4.08 26

*Values were omitted as it skewed the data.

3.1.5 Mobile Phase Variation

Mobile phase plays a critical role in (HPLC). The solvent is responsible for moving the
sample through the system to reach the stationary phase where identification of the
separated components occur (Kupiec, 2004). The organic component of the mobile
phase was adjusted according to the chromatographic conditions of each active
ingredient. Furthermore, the organic component of the mobile phase concentration for
each active compound was adjusted by 0.5% in a way that the total ratio adds up to
100%. In the case of theophylline, mobile phase was increased by 1%.
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3.1.5.1 Caffeine

Table 3.21a-c showed mobile variation of caffeine at different concentrations (10,170
and 200 pg/ml) as well as the respective mean + SD. For caffeine, the normal
chromatic condition was 40% methanol and 60% water. The tables below showed that
the retention time was not constant as the organic component of the mobile phase

varied.

In Table 3.21a, the mobile phase ratio at 39.5:60.5 (methanol: water) had a retention
time of 2.46 £ 0.06 min while at 40.5:59.5 (methanol: water), the retention time was
2.35+ 0.025 min.

Table 8.21a: Mobile phase variation of Caffeine (10 ug/ml).

: Number of R etentilon
Mobile phase Replicates Tlmes(Bwln) + Area (a)
Replicate 1 247 487162
Replicate 2 247 536148
) Replicate 3 243 496250
39.5:60.5 Mean 2.46 506520
SD 0.06 26058
%RSD 2.34 5.14
Replicate 1 2.57 607909*
Replicate 2 2.57 434661
) Replicate 3 2.57 400320
40:60 Mean 2.57 417491
SD 0 24282.75
%RSD 0 5.8
Replicate 1 2.35 454036
Replicate 2 2.32 456267
40.5:59.5 Replicate 3 2.37 454020
Mean 2.35 464858
SD 0.025 13128
%RSD 1.07 8.89

*Values were omitted as it skewed the data.

In Table 3.21b, the mobile phase ratio at 39.5:60.5 (methanol: water) had a retention
time of 2.47 £ 0.017 min while at 40.5:59.5 (methanol: water), the retention time was
2.24 + 1.32 min. The retention time decreased as the % organic component of the
mobile phase increased.
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Table 8.21b: Mobile phase variation of Caffeine (170 pg/ml).

: Number of _Retenti_on

Mobile phase Replicates Tlmes(gnn) + Area (a)
Replicate 1 2.47 3638992
Replicate 2 2.45 3629178
) Replicate 3 2.49 3527414
39.5:605 Mean 2.47 3598528

SD 0.017 61781

%RSD 0.68 1.72
Replicate 1 2.31 3874530
Replicate 2 2.34 3868300
40 - 60 Replicate 3 2.37 4021440
Mean 2.34 392143

SD 0.03 8667

%RSD 1.23 2.21
Replicate 1 2.21 3297923
Replicate 2 2.25 3287145
40.5:59.5 Replicate 3 2.27 3174220
Mean 2.24 3591016
SD 0.030 296288

%RSD 1.32 8.25

In Table 3.21c, the mobile phase ratio at 39.5:60.5 (methanol: water) had a retention
time of 2.51 + 0.063 min while at 40.5:59.5 (methanol: water) mobile phase ratio the
retention time 2.49 + 0.03 min. The retention time remained relatively constant as the
mobile phase ratio was varied.
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Table 8.21c: Mobile phase variation of Caffeine (200 pug/ml).

. Number of .Retenti_on

Mobile phase Replicates Tlmes(gm) + Area (a)
Replicate 1 2.58 4013523
Replicate 2 247 4004797
_ Replicate 3 2.47 4005802
39.5:60.5 Mean 2.51 4008041
SD 0.063 4774.61

%RSD 2.49 0.12
Replicate 1 2.46 4011585
Replicate 2 2.43 4003412
40- 60 Replicate 3 2.43 3999021
' Mean 243 4004673

SD 0.015 6376

%RSD 0.63 0.16
Replicate 1 2.45 4010379
Replicate 2 2.51 4012918
) Replicate 3 2.50 4016647
40.5:59.5 Mean 2.49 4013315

SD 0.03 3153

%RSD 1.28 0.079

3.1.5.2 Theophylline

Table 3.22a-c shows mobile phase ratio variation at different concentrations (4, 10
and 25 ug/ml) of theophylline. The HPLC mobile phase chromatic condition for
Theophylline was 40% methanol and 60% water. The tables below illustrated the
variation of the organic component of the mobile phase. The organic component of
the mobile phase was adjusted by 1%. There was no particular reason why this
amount was chosen, as mentioned in a study conducted by Pal and colleagues, the
study proved that small and deliberate changes to flow rate (x 0.2 ml/min), column
temperature (£ 5 °), mobile and, phase and pH (+ 0.2) have an effect on the retention

time (Pal and Sundararajan, 2022).

In Table 3.22a, the mobile phase ratio at 39:61 (methanol: water) had a retention time
of 2.23 + 0.0019 min while at 41:59 (methanol: water) mobile phase ratio the retention
time was 2.17 £ 0.0023 min. In normal chromatic condition, the retention time was

shorter (2.17 £ 0.002 min) as compared to the mobile phase ratio at 39:61 (methanol:
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water). The retention time decreased as the % organic component of the mobile phase

increased.

Table 8.22a: Mobile phase variation of Theophylline (4 ug/ml).

: Number of .Retenti_on
Mobile Phase Replicates Tlmesfgnn) * Area (a)
Replicate 1 2.23 323851
Replicate 2 2.23 323119
Replicate 3 2.23 323841
39: 61
Mean 2.23 323604
SD 0.0019 420
%RSD 0.087 0.13
Replicate 1 217 355324
Replicate 2 218 355587
Replicate 3 217 356253
40: 60 Mean 2.17 355722
SD 0.002 479
%RSD 0.11 0.13
Replicate 1 217 319881
Replicate 2 217 319473
Replicate 3 217 318544
41059 Mean 2.17 319300
SD 0.0023 685
%RSD 0.11 0.21

In Table 3.22b, the mobile phase ratio at 39:61 (methanol: water) had a retention time
of 2.08 £ 0.0088 min while at 41:59 (methanol: water) mobile phase ratio the retention
time was 2.04 £ 0.012 min. In normal chromatic conditions, the retention time was 2.17
+ 0.0073 min. The retention time remained relatively constant as the mobile phase

ratio was varied.
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Table 8.22b: Mobile phase variation of Theophylline (8 pg/ml).

Retention
: Number of . :
Mobile Phase Replicates Time (min) + Area (a)
SD
Replicate 1 2.07 699806
Replicate 2 2.09 704733
Replicate 3 2.08 693721
39: 61
Mean 2.08 699420
SD 0.0088 5516
%RSD 0.42 0.79
Replicate 1 218 651648
Replicate 2 217 650767
Replicate 3 218 651069
40: 60
Mean 217 651161
SD 0.0073 447
%RSD 0.33 0.069
Replicate 1 2.03 676685
Replicate 2 2.05 693620
Replicate 3 2.05 693803
41: 59
Mean 2.04 688036
SD 0.012 9831
%RSD 0.59 1.43

In Table 3.22c, the mobile phase ratio at 39:61 (methanol: water) had a retention time
of 2.10 £ 0.017 min while at 41:59 (methanol: water) mobile phase ratio the retention
time was 2.05 min + 1.50. In normal chromatic conditions, the retention time was 2.12

min + 0.0045. The retention time decreased at the higher % of organic phase

component.
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Table 8.22c: Mobile phase variation of Theophylline (25 pug/ml).

, Number of .Retenti_on

Mobile Phase Replicates Tlmes(gln) * Area (a)
Replicate 1 212 2297459
Replicate 2 2.1 2284188
39:61 Replicate 3 2.08 2296030
. Mean 210 2292559

SD 0.017 7285

% RSD 0.81 0.32
Replicate 1 212 2333841
Replicate 2 213 2325325
Replicate 3 212 2327913

40:60

Mean 212 2329026

SD 0.0045 4366

% RSD 0.21 0.19
Replicate 1 2.08 2323880
Replicate 2 2.03 2327866
41: 59 Replicate 3 2.03 2327325
Mean 2.05 2326357

SD 0.031 2162

% RSD 1.50 0.093

3.1.5.3 Retinol

Table 3.23a-c shows the mobile phase ratio variation at different concentrations (1
pg/ml, 5 pg/ml, and 10 pg/ml) of retinol. The HPLC mobile phase chromatic condition
for retinol was 95% methanol and 5% water. The tables below illustrate the variation
of the organic component of the mobile as the retention time altered the organic phase
component was adjusted by 0.5%, which adds the total ratio to 100%. However, due
to the lipophilic nature of Retinol the results obtained were inconsistent. This resulted
in missing data at different replicates.

In Table 3.23a, the mobile phase ratio at 94.5:5.5 (methanol: water) had a retention
time of 2.80 min while at 95.5: 4.5 (methanol: water) mobile phase ratio, the retention
time was 2.82 £ 0.081 min. The retention time decreased at the higher % of organic
phase component.
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Table 8.23a: Mobile phase variation of Retinol (1.0 pg/ml).

. Number of _Retentipn
Mobile Phase Replicates Tlmes(gnn) t Area (a)

Replicate 1 2.80 74747

Replicate 2 ND ND

Replicate 3 ND ND

94.5:5.5

Mean 2.80 74747

SD ND ND

% RSD ND ND
Replicate 1 2.92 74429
Replicate 2 2.92 75339
95.0: 5.0 Replicate 3 2.92 75465
Mean 292 75078

SD 0.004 565

% RSD 0.0014 0.75
Replicate 1 2.92 78457
Replicate 2 2.77 73657
Replicate 3 2.78 73566

95.5:4.5

Mean 2.82 75094

SD 0.081 1657

% RSD 2.87 2.21

*ND: Not determined. The mobile phase ratio of 94.5:5.5 was re-evaluated however no area

value was determined.

In Table 3.23b, the mobile phase ratio at 94.5:5.5 (methanol: water) had a retention
time of 3.0 £ 0.0036 min while at 95.5: 4.5 (methanol: water) organic phase ratio the
retention time was 2.77 £ 0.0016 min. In normal chromatic conditions, the retention

time was 2.92 + 0.0076 min. The retention time decreased as the % organic

component of the mobile phase increased.
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Table 8.23b: Mobile phase variation of Retinol (5 pg/ml).

Mobile Phase gz;}ibcea;:; Re(’cr(:]?r;u)oin glljme Area (a)
Replicate 1 3.00 271173
Replicate 2 2.99 273795
94.5: 5.5 Replicate 3 3.00 276450
Mean 3.00 273806

SD 0.0036 2638

% RSD 0.12 0.96
Replicate 1 2.91 882037
Replicate 2 2.92 879434
Replicate 3 2.90 893943

95:5.0

Mean 292 885139

SD 0.0076 7735

% RSD 0.26 0.87
Replicate 1 277 280969
Replicate 2 277 285605

Replicate 3 ND ND

95.5:4.5

Mean 2.77 291594
SD 0.0016 22397

% RSD 0.058 7.68

*ND: Not Determined

In Table 3.23c, the mobile phase ratio at 94.5:5.5 (methanol: water) had a retention
time of 2.99 min and the SD was not determined due to the concentration replicates
not being detected. In the mobile phase of 95.5: 4.5 (methanol: water), the retention
time was 2.77 £ 0.002 min. In normal chromatic conditions, the retention time was 2.90

+ 0.0012 min. The retention time decreased at the higher % of organic phase

component.
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Table 8.23c: Mobile phase variation of Retinol (10 pg/ml).

. Number of Retention Time

Mobile Phase Replicates (min) + SD Area (a)
Replicate 1 2.99 599003

Replicate 2 ND ND

Replicate 3 ND ND

94.5:5.5

Mean 2.99 599003

sD ND ND

% RSD ND ND
Replicate 1 2.90 1886059
Replicate 2 2.90 1893321
Replicate 3 2.90 1924012

95:5.0

Mean 290 1901131
SD 0.0012 20145

% RSD 0.042 1.06
Replicate 1 277 587988
Replicate 2 277 597519

Replicate 3 ND ND

95.5:4.5

Mean 2.77 588657
SD 0.002 21953

% RSD 0.076 3.73

*ND: Not Determined. The mobile phase ratio of 94.5:5.5 was re-evaluated however no area

value was determined.

3.1.5.4 L- carnitine

Table 3.24a-c shows the mobile phase ratio variation at different concentrations (300,
500 and 1000 pg/ml) of L-carnitine. The HPLC mobile phase chromatic condition for
L-carnitine was 99% sodium phosphate buffer and 1% methanol. The tables below
illustrated the variation of the organic component of the mobile phase. The organic
phase component was adjusted by 0.5%, which adds the total ratio to 100%. Mobile
phase was not run at 100% sodium phosphate buffer (pH 3) as this resulted in the

column being completely blocked.
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In Table 3.24a, the mobile phase ratio at 99.5:0.5 (buffer: methanol) had a retention
time of 2.97 £ 0.0043 min. The retention time remained constant as the mobile phase

ratio was varied.

Table 8.24a: Mobile phase variation of L-carnitine (300 ug/ml).

Mobile Phase g:gllﬁ: Z::sf Re(ﬁ?r’]u)oin glljme Area (a)
Replicate 1 297 33338
Replicate 2 2.98 32340
_ Replicate 3 2.98 32031
99.5:0.5 Mean 2.97 32570
SD 0.0043 683
% RSD 0.14 210
Replicate 1 2.98 32576
Replicate 2 297 32409
_ Replicate 3 2.97 32369
99.0:1.0 Mean 2.98 32511
SD 0.0021 442
% RSD 0.00073 1.36

ND: Not Determined

In Table 3.24b, the mobile phase ratio at 99.5:0.5 (buffer: methanol) had a retention
time of 2.96 + 0.002 min. The retention time remained constant as the mobile phase

ratio was varied.

Table 8.24b: Mobile phase variation of L-carnitine (500 pg/ml).

Retention
Mobile Phase "é‘g;fi’gtgi Time S(gin) + Area (a)
Replicate 1 297 44348
Replicate 2 2.96 44187
Replicate 3 2.96 43936
99.5:0.5 Mean 2.96 44158
SD 0.002 208
% RSD 0.073 0.47
Replicate 1 297 44463
Replicate 2 2.96 44288
99: 1 Replicate 3 2.96 43922
' Mean 297 44225
SD 0.002 276
% RSD 0.069 0.62
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In Table 3.24c, the mobile phase ratio at 99.5:0.5 (buffer: methanol) had a retention
time of 2.95 + 0.0028 min. In normal chromatic condition, the retention time was 2.95
min = 0.0017 min. The retention time remained constant as the mobile phase ratio was

varied.

Table 8.24c: Mobile phase variation of L-carnitine (1000 pug/ml).

Mobile Phase ggg}ﬁ;gg Re(tri?r;u)o; STlljme Area (a)
Replicate 1 2.95 71457
Replicate 2 2.95 70190
99.5: 0.5 Replicate 3 2.95 69717
Mean 295 70455
SD 0.0028 900
% RSD 0.096 1.28
Replicate 1 2.95 70956
Replicate 2 2.95 70523
99: 1 Replicate 3 2.95 70383
' Mean 2.95 70621
SD 0.0017 299
% RSD 0.058 0.42

3.1.5.5 Co-enzyme Q1o

As previously mentioned in section 3.1.3.1.5, Coenzyme Q1o (CoQ10) is a highly
lipophilic molecule found naturally in the phospholipid bilayer membrane in every
single cell in the body (Borekova et al., 2008). In the instance of applying mobile phase
variation to CoQ1o the area calculated was not consistent. There were extensive
variations in the areas of the peaks and coenzyme Q1o tended to cause increase in
pressure of the column resulting in blocking of the guard column.

Table 3.25a-c shows the mobile phase ratio variation at different concentrations (0.1
pg/ml, 10 pg/ml, and 100 pg/ml) of Coenzyme Q10. The HPLC mobile phase chromatic
condition for retinol was 40% methanol and 60% 2-propanol. The tables below

illustrate the variation of the organic component of the mobile. The organic phase
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component was adjusted by 0.5%, which adds the total ratio to 100%. However, due
to the lipophilic nature of Coenzyme Q1o the results obtained were inconsistent for the
areas. This resulted in missing data at different replicates and large variation in areas
obtained.

In Table 3.25a, the mobile phase ratio at 39.5:60.5 (methanol: 2-propanol) had a
retention time of 2.96 + 0.05 min while at 40.5: 59.5 (methanol: 2-propanol) mobile
phase ratio, the retention time was 3.03 min + 0.01. The retention time remained

constant as the % of organic component in the mobile phase changed.

Table 8.25a: Mobile phase variation of Coenzyme Q10 (0.1 ug/ml).

Mobile Phase gz;}i%ea::; Re(tr(;?r;u)o; ;'Dme Area (a)
Replicate 1 2.89 1576*
Replicate 2 2.99 16679
39 5 60.5 Replicate 3 2.99 2618*
Mean 2.96 ND
SD 0.05 ND
% RSD 1.64 ND
Replicate 1 3.03 14803
Replicate 2 3.05 23906
Replicate 3 3.05 4987
40: 60
Mean 3.04 19354
SD 0.01 6437
% RSD 0.38 33.26
Replicate 1 3.03 2705*
Replicate 2 3.03 22951
Replicate 3 3.04 1759*
40.5: 59.5
Mean 3.03 ND
SD 0.01 ND
% RSD 0.19 ND

*ND: Not Determined. Values were omitted as it skewed the data.
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In Table 3.25b, the mobile phase ratio at 39.5:60.5 (methanol: 2-propanol) had a
retention time of 2.99 + 0.01 min while at 40.5: 59.5 (methanol: 2-propanol) mobile
phase ratio, the retention time was 3.05 min. The retention time remained constant as

the % of organic component in the mobile phase changed.

Table 8.25b: Mobile phase variation of Coenzyme Q10 (10 pg/ml).

: Number of .Retenti.on
Mobile Phase Replicates Tlmes(gln) + Area (a)
Replicate 1 2.98 250735
Replicate 2 2.99 8633*
Replicate 3 2.99 22828*
39.5:60.5 Mean 2.99 ND
SD 0.01 ND
% RSD 0.16 ND
Replicate 1 3.06 150351
Replicate 2 3.05 24750*
Replicate 3 3.05 17597*
40:60 Mean 3.05 ND
SD 0.01 ND
% RSD 0.19 ND
Replicate 1 3.05 4515*
Replicate 2 ND ND
_ Replicate 3 ND ND
40.5:59.5 Mean 3.05 ND
SD ND ND
% RSD ND ND

*ND: Not Determined. Values were omitted as it skewed the data.

In Table 3.25c, the mobile phase ratio at 39.5:60.5 (methanol: 2-propanol) had a
retention time of 2.99 min while at 40.5: §9.5 (methanol: 2-propanol) mobile phase
ratio, the retention time was 3.05 min. The retention time remained constant as the %
of organic component in the mobile phase changed. As mentioned prior, coenzyme
Q10 is known to be an unstable compound that has a tendency of blocking the HPLC

columns which results in unreliable data.
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Table 8.25c: Mobile phase variation of Coenzyme Q10 (100 pg/ml).

Mobile Number of Retention Time Area
Phase Replicates (min) £ SD
Replicate 1 2.99 297284
Replicate 2 2.99 30023
Replicate 3 2.99 50671
39.5:60.5
Mean 2.99 ND
SD 0 ND
% RSD - ND
Replicate 1 3.04 81716
Replicate 2 3.03 106163
Replicate 3 3.00 89189
40: 60
Mean 3.02 ND
SD 0.02 ND
% RSD 0.69 ND
Replicate 1 3.05 22834
Replicate 2 ND ND
Replicate 3 ND ND
40.5: 59.5
Mean 3.05 ND
Sb ND ND
% RSD ND ND

*ND: Not Determined

3.1.6 Flow Rate Variation

Flow rate impacts HPLC system pressure, chromatographic quality, and analysis
time. A higher than usual flow rate may adversely affect the quality of the
chromatography not giving the analyte sufficient time to interact with the stationary
phase and to be detected. While a lower than usual flow rate may leave the analyst
waiting for the peak to appear at the detector (Tarafder, Vajda and Guiochon, 2013).
The Flow rate chromatographic condition of each active compounds was 1.0 ml/min,
which was adjusted to 0.95 and 1.1 ml/min to obtain flow rate variation. The remaining
HPLC condition such as temperature and mobile phase remained the same as

described in section 2.1.5.
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3.1.6.1 Caffeine

Table 3.26 shows the flow rate variation at 150 pg/ml. The retention times decreased
as the flow rate increased. A slight decrease in the mean area of the peaks obtained
was observed as the flow rate increased.

Table 8.26: Flow rate variation of Caffeine (150 pg/ml).

Flow rgte Numper of Retentiqn Time Area (a)
(ml/min) Replicates (min)
Replicate 1 2.60 3937505
Replicate 2 2.59 3939004
0.95 Replicate 3 2.60 3928812
Mean 2.60 3935107
SD 0.01 5503
%RSD 0.22 0.14
Replicate 1 2.46 3712102
Replicate 2 2.46 3726401
100 Replicate 3 2.45 3732940
Mean 2.46 3723814
SD 0.01 10657
%RSD 0.24 0.29
Replicate 1 2.34 3565260
Replicate 2 2.34 3558647
1.10 Replicate 3 2.34 3574303
Mean 2.34 3566070
SD 0 7860
%RSD - 0.22

3.1.6.2 Theophylline

Table 3.27a-c showed flow rate variation at different concentrations (5, 10 and 25
pug/ml). The HPLC flow rate chromatic condition for Theophylline was 1ml/min. In this
instance, the adjustments for flow rate variation were made by 1 ml/min instead of 0.5
ml/min. This is due to the lipophilic property of theophylline which may take longer for
the compound to be detected by HPLC.
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In table 3.27a, the retention time obtained at 1ml/min (2.98 + 0.0038 min) was longer
than the retention time obtained at 0.95 ml/min (2.09 £ 0.0091 min) and 1.1 ml/min
(2.19 = 0.016). The adjustment in flow rate shortens the retention time at which

theophylline was detected in the HPLC machine.

Table 8.27a: Flow rate variation of Theophylline (5 ug/ml).

Flow rate Number of Retention Time Area (a)
(ml/min) Replicates (min)
Replicate 1 2.10 25808.14
Replicate 2 2.10 25614.54
Replicate 3 2.08 25932.84
0.90
%RSD 0.004 0.62
Replicate 1 2.07 409201.62
Replicate 2 2.08 407801.82
Mean 2.98 407661.20
SD 0.0038 1615.32
%RSD 0.13 0.40
Replicate 1 2.20 34149.35
Replicate 2 2.20 38128.47
1.10 Replicate 3 217 -
Mean 2.19 36138
SD 0.016 2813.66
%RSD 0.73 7.79
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In table 3.27b, the retention time obtained at 1ml/min (2.07 + 0.0084) and 0.90 ml/min
(2.08 + 0.002) was shorter than the retention time obtained at 1.1 ml/min (2.16
0.017). The adjustment in flow rate at 1.1 ml/min increased the retention time at which
theophylline was detected in the HPLC machine. Overall, the variation in flow rate
impacted on the peak areas for all theophylline however, the optimal result was found

at a flow rate of 1ml/min.

Table 8.27b: Flow rate variation of Theophylline (10 yg/ml).

Flow r_ate Num_ber of Retentiqn Time Area (a)
(ml/min) Replicates (min)
Replicate 1 2.08 41163
Replicate 2 2.09 39874
0.90 Replicate 3 2.08 37380
Mean 2.08 39472.15
SD 0.002 1923.10
%RSD 0.096 4.87
Replicate 1 2.08 683541
Replicate 2 2.07 692397
1,00 Replicate 3 2.06 699547
Mean 2.07 691828
SD 0.0084 8017.79
%RSD 0.41 1.16
Replicate 1 217 41220
Replicate 2 217 41764
1.10 Replicate 3 214 53585
Mean 2.16 45523.33
SD 0.017 6987.17
%RSD 0.79 15.35
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In table 3.27c, the retention time obtained at 1ml/min (2.06 + 0.0084 min) was shorter
than the retention time obtained at 0.90 ml/min (2.11 £ 0.011 min) and 1.1 ml/min (2.16
+ 0.017 min). The adjustment in flow rate increased the retention time at which

theophylline was detected in the HPLC machine.

Table 8.27c: Flow rate variation of Theophylline (25 pyg/ml).

I?:’g\ll}ln’:ﬁ:)e Number of Replicates Reter(m:ri]?rr:)Time Area
Replicate 1 210 34249
Replicate 2 212 31206
Replicate 3 211 29740
0.90
Mean 2.1 31732
SD 0.011 2299.95
%RSD 0.52 7.25
Replicate 1 2.06 2316696
Replicate 2 2.06 2321443
1.00 Replicate 3 2.07 2336938
Mean 2.06 2325026
SD 0.0038 10585.58
%RSD 0.18 0.46
Replicate 1 214 72544
Replicate 2 2.16 63819
1.10 Replicate 3 218 62296
Mean 2.16 66219.75
SD 0.017 5529.67
%RSD 0.79 8.35
3.1.6.3 Retinol

Table 3.28a-c showed flow rate variation at different concentrations (0.5, 2 and 4
pug/ml). The HPLC flow rate chromatic condition for Retinol was 1ml/min. In this
instance, the adjustments for flow rate variation were made by 1 ml/min instead of 0.5
ml/min. This is due to the fact that Retinol is a lipophilic agent and therefore takes
longer to be detected by HPLC.
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In table 3.28a, the retention time obtained at 1ml/min (3.03 + 0.004 min) was longer
than the retention time obtained at 0.90 ml/min (2.89 £ 0.002 min) and 1.1 ml/min (2.63
+ 0.0081). The adjustment in flow rate decreased the retention time at which retinol

was detected in the HPLC machine.

Table 8.28a: Flow rate variation of Retinol (0.5 pg/ml).

F(Irg\l'/vr;?r:;e Number of Replicates Reterz;trl]?:)Tlme Area (a)
Replicate 1 2.89 68832
Replicate 2 2.89 69536
0.90 Replicate 3 2.89 70167
Mean 2.89 69511.84
SD 0.002 667.85
%RSD 0.069 0.96
Replicate 1 3.04 71422
Replicate 2 3.03 72295
1.00 Replicate 3 3.03 72417
Mean 3.03 72044.67
SD 0.004 542.68
%RSD 0.0031 0.75
Replicate 1 2.63 69157.96
Replicate 2 2.64 65162.04
1.10 Replicate 3 2.64 64557
Mean 2.63 66292.33
SD 0.0081 2500.07
%RSD 0.31 3.77
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In table 3.28b, the retention time obtained at 1ml/min (3.03 + 0.0031 min) was longer
than the retention time obtained at 0.90 ml/min (2.88 + 0.0058 min) and 1.1 ml/min
(2.63 £ 0.005 min). The adjustment in flow rate decreased the retention time at which
retinol was detected in the HPLC.

Table 8.28b: Flow rate variation of Retinol (2 ug/ml).

Flow rate (ml/min) Number of Replicates Reter(m;c]['ci):)Time Area (a)
Replicate 1 2.89 259730
Replicate 2 2.88 262059
0.90 Replicate 3 2.89 262866
Mean 2.88 261551.57
SD 0.0058 1628.61
%RSD 0.20 0.62
Replicate 1 3.03 374653
Replicate 2 3.03 375548
1.00 Replicate 3 3.04 376150
Mean 3.03 375450.4
SD 0.0031 753
%RSD 0.13 0.20
Replicate 1 2.63 237004
Replicate 2 2.63 241567
1.10 Replicate 3 262 239269
Mean 2.63 239280
SD 0.005 2281.41
%RSD 0.19 0.95
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In table 3.28c, the retention time obtained at 1ml/min (2.79 + 0.21) was shorter than
the retention time obtained at 0.90 ml/min (2.89 £ 0.0052) and longer than the retention

time obtained at 1.1 ml/min (2.63 £ 0.005).

Table 8.28c: Flow rate variation of Retinol (4 ug/ml).

F(L(z\lllvn:iant;e Number of Replicates Reterz;;?rr]m)Tlme Area (a)
Replicate 1 2.88 570076.67
Replicate 2 2.89 576028.96
0.90 Replicate 3 2.89 573342.80
Mean 2.89 573149.48
SD 0.0052 2980.85
%RSD 0.18 0.52
Replicate 1 2.65 529681
Replicate 2 2.65 528470
1.00 Replicate 3 3.03 527316
Mean 2.79 528489.1
SD 0.21 1182.74
%RSD 7.53 0.22
Replicate 1 2.62 522532.15
Replicate 2 2.63 524948.63
1.10 Replicate 3 263 52774427
Mean 2.63 525075.02
SD 0.0050 2608.36
%RSD 0.19 0.50
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3.1.6.4 L-carnitine

Table 3.29a-c showed flow rate variation at different concentrations (300, 500 and
1000 pg/ml). The HPLC flow rate chromatic condition for L-carnitine was 1ml/min.

In table 3.29a, the retention time obtained at 1ml/min (2.98 £ 0.0033 min) was shorter
than the retention time obtained at 0.95 ml/min (3.14 £ 0.0089 min) and 1.05 ml/min
(3.00 £ 0.0059 min). The adjustment in flow rate increased the retention time at which
L -carnitine was detected in the HPLC.

Table 8.29a: Flow rate variation of L-carnitine (300 pg/ml).

F(Irg\l//vn:?r;t)e Number of Replicates Reterz;;?rr:)Tlme Area (a)
Replicate 1 3.15 34997.95
Replicate 2 3.13 35045.19
0.95 Replicate 3 3.13 33764.62
Mean 3.14 34602.58

SD 0.0089 726.08

%RSD 0.0028 0.021
Replicate 1 2.98 24009.31
Replicate 2 2.98 23821.22
1.00 Replicate 3 2.98 23862.85
Mean 2.98 23897.79

SD 0.0033 98.79

%RSD 0.0011 0.0042
Replicate 1 3.00 33159.62
Replicate 2 3.00 32726.17
1.10 Replicate 3 3.00 32655.30
Mean 3.00 32847.03

SD 0.0059 273.02

%RSD 0.002 0.0083
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In table 3.29b, the retention time obtained at 1ml/min (2.96 + 0.0028 min) was shorter
than the retention time obtained at 0.95 ml/min (3.12 £ 0.0056 min) and 1.05 ml/min
(3.00 £ 0.0022 min). The adjustment in flow rate increased the retention time at which

I-carnitine was detected in the HPLC.

Table 8.29b: Flow rate variation of L-carnitine (500 pug/ml).

'?lg\l'/vn:?;)e Number of Replicates Reterz;;?r?)Tlme Area (a)
Replicate 1 3.13 45383.65
Replicate 2 3.12 45323.12
0.95 Replicate 3 3.12 46921.40
Mean 3.12 45876.06

SD 0.0056 905.80

%RSD 0.0018 0.020
Replicate 1 2.97 41693.12
Replicate 2 2.96 41539.87
1.00 Replicate 3 2.97 41246.08
Mean 2.96 41493.03

SD 0.0028 22717

%RSD 0.00096 0.0055
Replicate 1 3.00 44628.36
Replicate 2 3.00 45211.81
1.10 Replicate 3 3.00 44488.70
Mean 3.00 44776.29

SD 0.0022 383.58

%RSD 0.00074 0.0086

142



In table 3.29c, the retention time obtained at 1Tml/min (2.94 £ 0.0027) was shorter than
the retention time obtained at 0.95 ml/min (3.11 + 0.014) and 1.05 ml/min (2.98 +
0.0033). The adjustment in flow rate increased the retention time at which I-carnitine

was detected in the HPLC machine.

Table 8.29c: Flow rate variation of L-carnitine (1000 pg/ml).

I:(L(z\ll/vrr:iar:)e Number of Replicates Reter(wrt%?rr:)Tlme Area (a)
Replicate 1 3.10 66878.16
Replicate 2 3.12 66075.35
0.95 Replicate 3 3.11 66990.08
Mean 3.1 66647.87

SD 0.014 498.97

%RSD 0.0045 0.0075

Replicate 1 2.93 82977

Replicate 2 2.94 82234.11
1,00 Replicate 3 2.94 83705.71
Mean 2.94 82972.27

SD 0.0027 735.82

%RSD 0.00092 0.0089
Replicate 1 2.98 71742.10
Replicate 2 2.98 71518.29
1.10 Replicate 3 2.98 71355.89
Mean 2.98 71538.76

SD 0.0033 193.92

%RSD 0.0011 0.0027

3.1.6.5 Co-enzyme Q10

Table 3.30a-c showed flow rate variation at different concentrations (0.1, 10 and 100
pug/ml). The HPLC flow rate chromatic condition for Co-enzyme Q10 was 1ml/min.

In table 3.30a, the retention time obtained at 1ml/min (2.99 + 0.0024 min) was longer
than the retention time obtained at 0.95 ml/min (2.96 + 0.0043 min) and shorter than
the retention time obtained at 1.05 ml/min (3.14 £ 0.099 min).

143



Table 8.30a: Flow rate variation of Co-enzymeQ10 (0.1 pg/ml).

Flow r_ate Numper of Retentiqn Time Area ()
(ml/min) Replicates (min)
Replicate 1 2.96 29469.70
Replicate 2 297 184798.76
0.95 Replicate 3 2.97 28942.66
Mean 2.96 81070.37
SD 0.0043 89831.80
%RSD 0.15 110.82
Replicate 1 2.99 15299.04
Replicate 2 2.99 14477.79
100 Replicate 3 2.99 12688.60
Mean 2.99 14155.15
SD 0.0024 1334.79
%RSD 0.080 9.43
Replicate 1 3.25 11564.65
Replicate 2 3.09 8175.42
1.05 Replicate 3 3.07 13834.01
Mean 3.14 11191.36
SD 0.099 2847.70
%RSD 3.15 25.45
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In table 3.30Db, the retention time obtained at 1ml/min (3.09 £ 0.0063 min) was slightly
shorter than the retention time obtained at 0.95 ml/min (3.34 £ 0.009 min) and slightly
longer than the retention time obtained at 1.05 ml/min (3.03 + 0.0073 min). The

adjustment in flow rate showed a slight variation in the retention time.

Table 8.30b: Flow rate variation of Co-enzyme Q10 (10 pg/ml).

Sl rgte Number of Replicates Retentiqn L Area
(ml/min) (min)
Replicate 1 3.34 15338*
Replicate 2 3.35 150351
0.95 Replicate 3 3.33 1855348*
Mean 3.34 ND
SD 0.009 ND
%RSD 0.27 ND
Replicate 1 3.09 40984.01*
1.00 Replicate 2 3.09 102283
Replicate 3 3.10 114563
Mean 3.09 108423
SD 0.0063 8683.27
%RSD 0.20 8.01
Replicate 1 3.03 29578
Replicate 2 3.03 31722
1.05 Replicate 3 3.02 48501.1*
Mean 3.03 30650
sD 0.0073 1516.04
%RSD 0.24 4.95

*ND: Not Determined. Values were omitted as it skewed the data. Coenzyme Q1o is an unstable

compound which blocks the column in HPLC. This results in inaccurate data.
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In table 3.30c, the retention time obtained at 1ml/min (3.08 £ 0.0051 min) was shorter
than the retention time obtained at 0.95 ml/min (3.20 + 0.21 min) and slightly longer
than the retention time obtained at 1.05 ml/min (3.00 + 0.0036 min). The adjustment

in flow rate showed a slight variation in the retention time.

Table 8.30c: Flow rate variation of Co-enzyme Q10 (100 pg/ml).

Flow rate (ml/min) | Number of Replicates Reterz;c‘iq?:)Time Area
Replicate 1 3.32 3078*
Replicate 2 3.32 2531~
0.95 Replicate 3 2.95 2062258
Mean 3.20 689288.93
SD 0.21 ND
%RSD 6.57 ND
Replicate 1 3.09 1337546
Replicate 2 3.09 793191*
1.00 Replicate 3 3.10 1204816
Mean 3.08 1271181
SD 0.0051 93854.28
%RSD 0.17 7.38
Replicate 1 3.01 130143
Replicate 2 3.00 639368*
1.05 Replicate 3 3.01 115527
Mean 3.00 122835
SD 0.0036 10335.07
%RSD 0.12 8.4

*ND: Not Determined. Values were omitted as it skewed the data. Coenzyme Q1o is an unstable
compound which blocks the column in HPLC. This results in inaccurate data.
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3.1.7 Stability

Experiments were conducted over a 2 — 3-day period, and as such the stability of the
compounds were observed after being stored at 4°C or exposed to 32°C (in vitro
diffusion experiment in formulations) during this period. Retinol and Coenzyme Q1o
were stored covered in foil or kept in the dark during the whole experimental procedure
(Table 3.31). Fresh stock and working standards or samples were prepared for each
set of experiments during the 2 — 3-day period. Changes in the formulations e.g.
phase separation, changes in color and odor were also noted during the 2 — 3 day
time period of the in vitro diffusion experiments.

The compounds remained stable over the 2 — 3-day time period in which experiments
were performed (Table 3.31). For the formulations containing active compounds, no
phase separation, alteration in odor or color were observed during storage at 4°C or
during the 4 — 24-hour time period of the diffusion experiments (32°C). The same
chromatogram conditions were applied as described in section 2.1.5.

Table 8.31: Stability of standard compounds over a 2 — 3- day period after storage

at 40C or exposed to 32°C (in vitro diffusion experiment in formulations). Retinol and

Coenzyme Q10 were protected from light at all times during this time period.

Compound % of initial %RSD
Caffeine 100.6 £ 2.7 2.6
Theophylline 105.8 +1.2 1.1
L-Carnitine 107.9+0.9 0.8
Retinol 103.6 £ 0.3 0.3
Coenzyme Q10 105.8+1.2 1.1
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3.1 Chapter 3.2: Results - In Vitro
diffusion of active compounds

In vitro diffusion experiments have been used to replicate the complexity of the
biological systems and it has become a way in which new formulations are developed
(Bartosova and Bajgar, 2012; Ruela et al.,2016). Both Franz-type diffusion and in-line
flow-through diffusion systems are employed to measure in vitro dermal absorption
(Cdérdoba-Diaz et al., 2000). Studies have shown that the in-line flow-through diffusion
systems are more suitable to simulate in vivo conditions, provides a good
reproducibility of the temperature obtained at each diffusion point and more accurately
reflects the movement of a compound from the donor compartment into the receptor
medium. This is compared to the Franz-type diffusion, which needs to maintain a
constant volume to flow into the receptor compartment. In summary, in-line flow-
through diffusion is time efficient and an easier way to validate in vifro permeation
studies compared to Franz-type diffusion apparatus (Cordoba-Diaz et al., 2000).

The in vitro permeation of active compounds Caffeine, Retinol, L-Carnitine and Co-
enzyme Qqo from liquid, gel and cream formulations across porcine skin was
monitored over a 24-hour time period compared to Theophylline which was monitored

over a 4-hour time period.

3.2.1 HPLC Specificity of compounds in formulations

The analytical specificity is the ability to accurately identify and measure an analyte in
the presence of other closely related compounds. Specificity shows how well an assay
can detect only a specific substance and not the other closely related substances in
the sample during an analysis (Chin et al., 2013).
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3.2.1.1 Liquid, gel, and cream formulations without active compounds

In vitro diffusion experiments across porcine skin were performed (Section 2.5) where
PBS, liquid, gel, or cream formulations without any compounds were loaded into the
donor compartments of flow cells. Fluid that was collected in the receptor
compartments were tested for interfering peaks with retention time similar to the active
compounds.

The collected fluid in receptor compartments were also spiked with active compounds
to indicate the Rt’s of the individual active compounds.

3.2.1.1.1 Specificity of Caffeine

The HPLC chromatograms obtained from the receptor fluid collected when PBS,
liquid, gel or cream formulations alone (without caffeine) were loaded into donor
compartments, were all the same (Figure 3.14.a). Four peaks were observed, one
small peak observed at the Rt (2.60min) for caffeine (compared to receptor fluid spiked

with caffeine, Figure 3.14Db).

a. b.

Figure 9: HPLC Chromatogram of Caffeine

HPLC chromatograms of fluid collected in the receptor compartment of the in vitro flow
cell after PBS, liquid, gel or cream without compounds (a) was loaded (1 ml) in the
donor compartment and a diffusion experiment performed across porcine skin as
described in section 2.5. Caffeine was detected at a retention time of 2.65 min at an
absorbance of 10 AU; (b) receptor fluid spiked with caffeine and detected at a retention
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time of 2.70 min with an absorbance of 100AU. Running conditions consisted of HPLC
grade methanol: Milli Q water (40:60).

3.2.1.1.2 Specificity of Theophylline

The HPLC chromatograms obtained from the receptor fluid collected when PBS,
liquid, gel, or cream formulations alone were loaded into donor compartments, were
all the same (Figure 3.15.a). Four peaks were observed, one small peak observed at
the Rt (2.11 min) for theophylline (compared to receptor fluid spiked with theophylline,
Figure 3.15b).

b. b.

Figure 9: HPLC Chromatogram of Theophylline
HPLC chromatograms of fluid collected in the receptor compartment of the in vitro flow

cell after PBS, liquid, gel or cream without compounds (a) was loaded (1 ml) in the
donor compartment and a diffusion experiment performed across porcine skin as
described in section 2.5; (b) receptor fluid spiked with theophylline. Theophylline was
detected at a retention time of 2.11 min at an absorbance of 110 AU. Running

conditions consisted of HPLC grade methanol: Milli Q water (40:60).

3.2.1.1.3 Specificity of Retinol

The HPLC chromatograms obtained from the receptor fluid collected when PBS,
liquid, gel or cream formulations alone were loaded into donor compartments, were all
the same (Figure 3.16.a). Four peaks were observed, although there were no
interfering peaks at the Rt (2.68 min) for retinol (compared to receptor fluid spiked with
retinol, Figure 3.16Db).
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Figure 9: HPLC Chromatograms of Retinol

HPLC chromatograms of fluid collected in the receptor compartment of the in vitro flow
cell after PBS, liquid, gel or cream without compounds (a) was loaded (1 ml) in the
donor compartment and a diffusion experiment performed across porcine skin as
described in section 2.5; (b) receptor fluid spiked with retinol (Rt = 2.68 min). Retinol
was detected at a retention time of 2.69 min at an absorbance of 23 AU. Running
conditions consisted of HPLC grade methanol: Milli Q water (95:5).

3.2.1.1.4 Specificity of L-carnitine

The HPLC chromatograms obtained from the receptor fluid collected when PBS,
liquid, gel or cream formulations alone were loaded into donor compartments, were all
the same (Figure 3.17.a). Five peaks were observed, although there were no
interfering peaks at the Rt (2.9- 3.2 min) for L-carnitine (compared to receptor fluid
spiked with L-carnitine, Figure 3.17b). L-carnitine is a zwitterion and therefore is
ionized easily. Due to the latter, a variation in retention time was observed for L-

carnitine.
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a. b.

Figure 9: HPLC Chromatograms of L-carnitine

HPLC chromatograms of fluid collected in the receptor compartment of the in vitro flow
cell after PBS, liquid, gel or cream without compounds (a) was loaded (1 ml) in the
donor compartment and a diffusion experiment performed across porcine skin as
described in section 2.5; (b) receptor fluid spiked with L-carnitine (Rt = 2.9). Running
conditions consisted of sodium phosphate buffer (pH 3.0): Methanol (99:1).

3.2.1.1.5 Specificity of Co-enzyme Q10

The HPLC chromatograms obtained from the receptor fluid collected when PBS,
liquid, gel or cream formulations alone were loaded into donor compartments, were all
the same (Figure 3.18.a). A large number of peaks were observed in the region of 1.5
— 2.0 min, although there were no interfering peaks at the Rt (3.0 min) for coenzyme
Q10 (compared to receptor fluid spiked with coenzyme Q10, Figure 3.18b)

Figure 9 :HPLC Chromatograms of Coenzyme Q10

HPLC chromatograms of fluid collected in the receptor compartment of the in vitro flow
cell after PBS, liquid, gel, or cream without compounds (a) was loaded (1 ml) in the

donor compartment and a diffusion experiment performed across porcine skin as
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described in section 2.5; (b) receptor fluid spiked with coenzyme Q10 (Rt = 2.99 min).
Coenzyme Q10 was detected at a retention time of 2.99 min at an absorbance of 24
AU. Running conditions consisted of HPLC grade methanol: HPLC grade 2-propanol
(40:60).

3.2.2 In vitro diffusion of active compounds across the skin from liquid,
gel, and cream, formulations

Diffusion curves of the cumulative amount of active compound (ng.cm) diffusing
across the skin versus time (min) were constructed for each compound in the different
formulations to determine the steady state flux, apparent permeability coefficient and
lag phase (min). The experimental methodology was fully explained in section 2.5.
The steady state flux (Jss) is a constant quantity of drug diffusing across a specific
area of the skin in a time period. Lag phase (min) is the time for the compound to
diffuse across the skin into the receptor fluid and to reach steady state. Apparent
permeability (cm.min) is the rate of compound penetration expressed as distance per
time (Brodin et al., 2010). The table below (Table 3.32) shows a summary of retention
time + SD for each active compound in the various formulations. It can be seen that
the retention times for all the compounds remained relatively constant and were not
affected by the formulation in which the compounds were dissolved in. The diffusion
process across the porcine skin itself did affect the retention times slightly as
compared to the retention times found in mobile phase alone (section 3.1).

Table 9: Retention times (min) of the 5 compounds present in receptor fluid after in

vitro diffusion experiments from the various formulations.

Compound Retention time (min)
Liquid Gel Cream
Theophylline 211 +£0.049 2.03 £ 0140 2.16 £ 0.026
Caffeine 2.60 + 0.003 2.61 +£0.002 2.62 £ 0.024
Retinol 2.68 + 0.008 2.68 + 0.004 2.68 £ 0.003
Coenzyme Q10 2.98 + 0.001 2.98 + 0.003 2.98 + 0.001
L-Carnitine 2.87 £0.180 2.92 +0.038 2.97 £ 0.008
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The table above does not include PBS but only 3 different formulations (liquid, gel,

and cream).

3.2.2.1 Caffeine Diffusion

Figure 3.19 below illustrates the in vitro diffusion of caffeine (2.5% wi/v: 0.25 g in 10
ml) in liquid, gel, and cream formulations across porcine skin over 24 hours. The active
compound was monitored initially over a 24-hour period and then for a period of 4
hours (Figure 3.20). A 24-hour initial period was chosen to observe diffusion behavior
prior to deciding on the final period to study. The final diffusion period for caffeine was
established as 24 hours. Table 3.33 shows the steady state flux, lag phase and
apparent permeability coefficient of caffeine across the 3 different formulations used

(liquid, gel, and cream).
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Figure 9: In Vitro Diffusion of Caffeine (2.5% w/v) from a liquid, gel, and cream

formulation across porcine skin (0.0397 cm?) over 24 hours
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Figure 9: In Vitro Diffusion of Caffeine (2.5% w/v) from a liquid, gel, and cream

formulation across porcine skin (0.0397 cm?) over 4 hours.

The graph in Figure 3.20 above, shows the caffeine diffusion in liquid, gel, and cream
formulations over the initial 4-hour time period. As can be seen from these graphs,
caffeine diffused very rapidly across porcine skin and the rate remained constant over
the 24-hour time period, irrespective of the formulation used. Caffeine present in a
cream formulation diffused slightly quicker through porcine skin compared to caffeine
from gel and liquid formulations. The differences in steady state flux rates were,
however, not statistically significant (p>0.8). Approximately 0.64% (liquid and gel) —
0.73% (cream) of the original caffeine diffused across the skin into the receptor fluid
over a 24-hour time period. The lag phase was found to be 0 min across all 3
formulations, indicating that diffusion occurred immediately through the skin. The
apparent permeability coefficient (Papp: rate of diffusion into the skin (cm.min-) for
caffeine from a cream formulation across porcine skin, was slightly higher than from

gel or liquid formulations (Table 3.33).
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Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

Caffeine in a liquid, gel, and cream formulation.

Caffeine
(nFIl::)r(;Z(‘rj:ii)*) Lag Time Papp Value
Formulations I?Il.ean +SD (min) (cm.min")
Liquid 2887 + 308.83 1.15 x 10
Gel 2867 + 46.68 1.15x 10*
Cream 3143 £ 64.56 1.25 x 104

3.2.2.2 Theophylline Diffusion

Figure 3.21 below illustrates the in vitro diffusion of Theophylline (2% w/v: 0.2 g in 10

ml) from liquid, gel, and cream formulations across porcine skin. Theophylline was

monitored over a period of 24 hours initially; however the active compound was not

detected after 4 hours and was therefore monitored over a period of 4 hours only.

Table 3.33 shows the steady state flux, lag phase and the apparent permeability

coefficient of caffeine across the 3 different formulations (liquid, gel, and cream).
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Figure 9: In vitro Diffusion of Theophylline (2% w/v) from a liquid, gel, and cream

formulation across porcine skin (0.0397 cm?) over 4 hours. The graph shows diffusion

of theophylline at different ranges which is due to the high variability in diffusion.
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Due to the high variability in the diffusion of theophylline across porcine skin, the in
vitro diffusion graphs were divided into three different ranges (low, medium, and high
diffusion) for each formulation. Theophylline from a liquid formulation diffused better
than from a cream followed by a gel formulation (Table 3.34).

The diffusion rate for theophylline for all formulations seemed to decrease after 30 min
exposure and in the low concentration ranges, flattened off significantly.  The
differences in steady state flux rates were, however, not statistically significant
(p>0.05). Approximately 0.0025% - 0.0330% (liquid), 0.0008% - 0.0087% (gel) and
0.0012% - 0.0214% (cream) of the original theophylline diffused across the skin into
the receptor fluid over a 4-hour time period. Theophylline from a liquid formulation
diffused at a very high rate across the skin (0.0628% of initial amount diffused across
the skin). The lag phase was found to be 0 min across all 3 formulations. The apparent
permeability coefficients (cm.min™') for theophylline from the liquid and cream
formulations across porcine skin were overall higher than from a gel formulation (Table
3.34).

As seen in figure 3.21, the graph depicting theophylline in cream (low) formulation and
cream (medium) formulation overlaps with theophylline in gel low, liquid low and gel

medium formulations.

Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

Theophylline in a liquid, gel, and cream formulation over 4 hours.

Theophylline
Formulations (ng.(l::r:g;(.:in*) Lag '_I'ime Papp V_al_t11e
Mean + SD (min) (cm.min™)
Liquid (Low) 48.85 £ 31.60 0 244 x10°
Liquid (Medium) 298.0 £ 378.63 0 1.49x10°
Liquid (High) 750.9 + 161.88 0 3.75x10°
Gel (Low) 15.67 £ 7.64 0 7.83 x 107
Gel (Medium) 16.26 + 13.67 0 8.13x 107
Gel (High) 95.44 + 42.57 0 4.78 x 10°®
Cream 601.5 £ 247.77 0 3.01x10°
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Table 3.34 shows the diffusion of theophylline in 3 different formulations. The table
further depicts the different ranges at which theophylline was diffused, this is due to
the high variability in theophylline through its diffusion process. The lag time was zero,
this shows that diffusion occurred immediately has theophylline compound was added

to the continuous flow (Figure 1.23).

3.2.2.3 L-Carnitine Diffusion

Figure 3.22 below illustrates the in vitro diffusion of L-Carnitine (2% w/v: 0.2g in 10 ml)
from liquid, gel, and cream formulations across porcine skin over a 24-hour time
period. A 24-hour initial period was chosen to observe diffusion behavior prior to

deciding on the final period to study.
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Figure 9: In vitro Diffusion of L-carnitine (2% w/v) from a liquid, gel, and cream

formulation across porcine skin (0.0397 cm?) over 24 hours.

As can be seen from the graph in Figure 3.22, L-carnitine diffused initially rapidly
across porcine skin up till 750 min after which the rate declined up to 24 hours,
irrespective of the formulation used. L-carnitine present in a liquid formulation diffused
much quicker through porcine skin compared to caffeine in a gel formulation, where
the rate was quicker than L-carnitine in a cream formulation (Liquid > gel > cream).
The differences in steady state flux rates were, however, not statistically significant
(p>0.9).
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Approximately 0.0038% (liquid), 0.0017% (gel) and 0.0007% (cream) of the original L-
carnitine diffused across the skin into the receptor fluid over a 24-hour time period.
The lag phase was found to be 1.56 min for L-carnitine from a liquid formulation and
0 min for L-carnitine from the other two formulations. The apparent permeability
coefficient (rate of diffusion into the skin (cm.min') for L-carnitine from the three
formulations into the porcine skin was in the following order: liquid > gel > cream (Table
3.35).

Table 9: Steady state, Lag time and Apparent permeability coefficient (Papp) of L-

carnitine in a liquid, gel, and cream formulation.

L-carnitine
Flux .
Formulations (ng.cm2.min) Lag Time Papp Value
Mean + SD (min) (cm.min™)
Liquid 23.25+6.33 1.56 1.16 x 106
Gel 10.62 £ 3.94 0 5.31 x 107
Cream 5.60 +5.11 0 2.80 x 10”7

3.2.2.4 Retinol and Coenzyme Q10

Due to the physiochemical of both retinol and Coenzyme Q10, both compounds were
not detected in the receptor fluid within 24-hour time period and therefore were not
quantified or illustrated in a graph.

3.2.3 In Vitro Diffusion parameters of active compounds alone and in
combination

The pharmaceutical industry continuously tries to find ways to discover new drugs or
improve the usage of drugs in new therapeutic areas; this is done through the process
of drug repurposing. Drug combination is a type of drug repurposing, the process of
drug combination involves the interaction of two or more drugs (Sun et al., 2016). The
interaction of these drugs can either increase or decrease efficacy of the individual
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drug or produce a new side effect that is unrelated to the initial side effect (Cascorbi,
2012).

In this study, the effect of one drug on the diffusion behavior of another was
investigated by adding active compounds with each, as described in section 2.5.4.2.
In vitro diffusion curves of cumulative amount of active compounds (ng.cm2) diffusing
across the skin versus time (min) were constructed for Caffeine, Theophylline and L-
carnitine alone and in combination with each other as well as with retinol and
Coenzyme Q10. The diffusion parameters of caffeine, theophylline and L-carnitine
alone and in combination across liquid, gel and cream formulation can be observed in
Tables 3.33 — 3.35.1.

3.2.3.1 Caffeine alone and in Combination

The in vitro diffusion of caffeine from the three formulations (liquid, gel and cream),
alone and in combination with co-enzyme Q10, retinol or L-carnitine are illustrated in
the figures below (Figures 3.23 -3.25).

Figure 9: In vitro diffusion of caffeine alone and in combination from a liquid

formulation across porcine skin (area = 0.0379 cm?), (n=3) over 24 hours.
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Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

Caffeine in a liquid formulation.

In Combination Fluxss Lag Papp Statistical
Compound with (ng.cmZmin™) | Time Value significance
Mean * SD (min) | (cm.min™) of Fluxss
Liquid Formulation (p value)
Caffeine Alone 2887 + 308.83 0 1.15x 10*
_ L-Carnitine 2299 + 457.71 0 9.20 x 10 0.6425
Caffeine
CoQ10 3742 + 1161.9 0 1.50 x 10 0.5008
Retinol 2486 + 384.6 0 9.94 x 10°® 0.7513

From the graphs above Figure 3.23 it can be seen that L-carnitine and coenzyme Q10

increased the cumulative amounts of caffeine from a liquid formulation across porcine

skin slightly (L-carnitine > coenzyme Q10), while retinol seemed to slightly decrease

the cumulative amount of caffeine slightly.

The in vitro diffusion parameters are

presented in Table 3.36 above indicate that the steady state flux rates, lag phases and

Papp values were very similar with no statistically significant differences (p>0.05).

Cummulative amount
(ng/cmz)
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2.0%810 "

1.5%10 "
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1250

1500

Caffeine Alone

Caffeine + Co-enzyme Q10
Caffeine + L- carnitine

Caffeine + Retinol

Figure 9: In vitro diffusion of caffeine alone and in combination from a gel formulation

across porcine skin (area = 0.0379 cm?), (n=3) over 24 hours.
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Similarly, the graphs above (Figure 3.24) indicate that L-carnitine (750 min and
above) and coenzyme Q10 increased the cumulative amounts of caffeine from a gel
formulation across porcine skin (L-carnitine > coenzyme Q10), while retinol seemed
to decrease the cumulative amount of caffeine. The cumulative amount of caffeine
remained unchanged in combination with L-carnitine up to 600 min, after which a
large increase in the cumulative amount was observed from 750 min. However, a
large variation in the cumulative amount at each time point was observed for caffeine
from 750 min onwards. The in vitro diffusion parameters are presented in Table 3.37
above. From Table 3.37 it can be seen that the steady state flux values and Papp
values of caffeine were affected in the following order when combined: Coenzyme
Q10 (p<0.05) > L-carnitine (p>0.05) >> Retinol (p>0.05). In combination with
coenzyme Q10, the lag time of caffeine to reach steady state also increased from 0 —
10.55 min.

Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

Caffeine in a gel formulation.

In Combination Fluxss Lag Papp Statistical
Compound with (ng.cmZmin™) | Time Value | significance

Mean * SD (min) | (cm.min™)] of Fluxss

Gel Formulation (p value)

Caffeine Alone 2867 + 46.68 0 1.15x 10™

) L-Carnitine 3247 *+ 235.45 0 1.30 x 10* 0.7639
Caffeine CoQ10 5858 + 3915 | 10.55 | 2.34x10°| 0.0250*
Retinol 476.5 £ 192.87 0 1.91 x10° 0.0680

* Statistical significance p < 0.05
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Figure 9: In vitro diffusion of caffeine alone and in combination from a cream

formulation across porcine skin (area = 0.0379 cm?), (n=3) over 24 hours.

The graphs above (Figure 3.25) indicate that caffeine in combination with coenzyme
Q10 increased significantly (p< 0.0001) the cumulative amounts of caffeine from a
cream formulation across porcine skin, while retinol decreased the cumulative amount
of caffeine. L-carnitine seemed to have no effect on caffeine diffusion from a cream
formulation. A large increase in the cumulative amount was observed for caffeine in
combination with co-enzyme Q10 from O min. The in vitro diffusion parameters are
presented in Table 3.38 below. From Table 3.38 it can be seen that the steady state
flux values and Papp values of caffeine were affected in the following order when
combined: Coenzyme Q10 (p<0.05) >>> Retinol (p>0.05) > L-carnitine (p>0.05). In
combination with retinol, the lag time of caffeine to reach steady state increased to
6.43 min.
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Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of
Caffeine in a cream formulation.

In Fluxss Lag Papp Statistical
Compound | Combination | (ng.cmZmin™) | Time Value significance
with Mean * SD (min) | (cm.min™) of Fluxss
Cream Formulation (p value)
Caffeine Alone 3143 + 64.56 0 1.25x 10*

L-Carnitine | 2808 + 242.72 0 1.11x 10 0.7911
Caffeine *

20008 a4 <0.0001

CoQ10 3277 04 0 8.00 x 10
Retinol 3089 £+ 370.74 6.43 1.24 x 10* 0.9659

* Statistical significance p < 0.01

3.2.3.2 Theophylline alone and in Combination

The in vitro diffusion of theophylline from the three formulations, alone and in
combination with co-enzyme Q10, retinol or L-carnitine are reported in the Figures
(Figures 3.26 - 3.28). Due to the huge variation in diffusion rates of theophylline in
combination with retinol from a liquid formulation, the lower graphs have been

expanded for easier observation (Figure 3.26 a and b).
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Figure 9 In vitro diffusion of theophylline alone and in combination from a liquid

formulation across porcine skin (area = 0.0379 cm?2), n=3 over 4 hours.

Figure 9: In Vitro diffusion of theophylline alone and in combination from a liquid

formulation across porcine skin (area = 0.0379 cm?2), n=3 over 4 hours.
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Figure 3.26 a & b indicate that retinol increased the cumulative amounts of
theophylline from a liquid formulation across porcine skin, while L-carnitine seemed to
have minimal effect, if any. Coenzyme Q10 seemed to decrease the cumulative
amount of theophylline. A large increase in the cumulative amounts was observed for
theophylline in combination with retinol from 0 min in some instances.

The flux rate for theophylline varied (cumulative amount per unit time) greatly as
mentioned before, however the steady state flux rate indicated no statistical
significance (p>0.05). The in vitro diffusion parameters are presented in Table 3.39
above. From Table 3.36 it can be seen that the steady state flux values and Papp
values of theophylline were affected in the following order when combined: Retinol
(high) (p<0.05) > Retinol (low) (p>0.05) >> L-carnitine (high) (p>0.05) > L-carnitine
(low) (p>0.05) > co-enzyme Q10 (p>0.05).

Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

Theophylline in a liquid formulation.

In Combination Fluxes Lag Papp Value Statistical
Compound with (ng.cmZmin®) | Time (cm.min") significance
Mean * SD (min) ) of Fluxss
Liquid Formulation (p value)
. _____________________________________________________________ ____________|
Theophlline | - 44 g5 + 31.60 0 |244x10°
Alone (Low)
Theophylline 5 >0.05
Alone (Medium) 298.0 £ 378.63 0 1.49x10
Theophylline 5 >0.05
Alone (High) 750.9 + 161.88 0 3.75x 10
Theophylline "'C(fg\‘,\',t)'”e 151.5 + 37.25 0 |756x100| 09824
L-Camitine | 345 5+ 105.33 0 |[1s8x105| 09942
(High)
CoQ10 4414 £66.72 0 2.21x10° 0.9992
Retinol (Low) 5210 £ 1204.17 0 2.61x10* 0.2696
Retinol (High) 1;?;73;5 0 |589x104]| 00144

* Statistical significance p < 0.01
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Figure 9: In vitro diffusion of theophylline alone and in combination from a gel

formulation across porcine skin (area = 0.0379 cm?2), n=3 over 4 hours.

The graphs above (Figure 3.40) indicate that retinol increased the cumulative amounts
of theophylline from a gel formulation across porcine skin, while I- carnitine seemed to
increase the cumulative amount in some instances. Coenzyme Q10 seemed to have
minimal effect on the cumulative amount of theophylline. A large increase in the
cumulative amount was observed for theophylline in combination with Retinol from 25
min onwards. The in vitro diffusion parameters are presented in Table 3.37 above.
From Table 3.37 it can be seen that the steady state flux values and Papp values of
theophylline were affected in the following order when combined: Retinol (p>0.05) >
Co-enzyme Q10 (p>0.05) > L-carnitine (high) (p>0.05) > L-carnitine (low) (p>0.05). In
combination with L-carnitine (high), the lag time of theophylline to reach steady state

also increased from 0 — 7.22 min.
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Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

Theophylline in a gel formulation.

In Combination Fluxss Lag Papp Value Statistical
Compound with (ng.cmZmin™) | Time (cm.min") significance
Mean * SD (min) ) of Fluxss
Gel Formulation (p value)
Theophyline | 45 67 4 7 64 0 7.83x 107
Alone (Low)
Theophylline >0.05
Alone 16.26 + 13.67 0 8.13x 107
(Medium)
;'I‘eOphg'."T]e 95.44 + 42 57 0 478 x 10° >0.05
Theophylline Loge ( 't!g )
~amiin® 1 108.5+64.5 0 5.43 x 10 0.9841
(Low)
L-Camitine | 456640543 | 7.22 7.83x 10 0.9237
(High)
CoQ10 214.4 + 90.99 0 1.07 x 10°® 0.9658
Retinol 317.2 £217.29 0 1.59 x 10 0.9482
3510 ©-
- ° Theophylline Alone Low
c . .
g 2*106' Theophylline Alone Medium
€ Theophylline Alone High
: NE 2%10 ° 1 Theophylline + L- Carnitine
% ?‘; ° Theophylline + Retinol Low
s £ 1%10°- Theophylline + Retinol High
£
£ Theophylline + Co-enzyme Q10
5 5910 °
0
0 -
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Figure 9: /n vitro diffusion of theophylline alone and in combination from a cream

formulation across porcine skin (area = 0.0379 cm?2), n=3 over 4 hours.
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Figure 9 /n vitro diffusion of theophylline alone and in combination from a cream

formulation across porcine skin (area = 0.0379 cm?2), n=3.

The graphs above (Figure 3.28a & b) indicated that Retinol increased the cumulative
amounts of theophylline from a cream formulation across porcine skin, while co-
enzyme Q10 and L-carnitine had minimal effect. A large increase in the cumulative
amount was observed for theophylline in combination with Retinol at 25 min in some
instances. The in vitro diffusion parameters are presented in Table 3.41 above. From
Table 3.38 it can be seen that the steady state flux values and Papp values of
theophylline were affected in the following order when combined: Retinol (p> 0.05) >>
Co-enzyme Q10 (p>0.05) > L-carnitine (p>0.05). In combination with L-carnitine, the

lag time of theophylline to reach steady state also increased from 0 — 15.26 min.
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Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

Theophylline in a cream formulation.

In FluXss Lag Papp Statistical
Compound Combination (zng._cT Time Valu? . significance
with .min’") (min) (cm.min of Fluxss
Mean % SD B (p value)
Cream Formulation

Theophylline 601.5+ 0 3.01 x
Alone 247.77 10°
L-Carnitine 1268+ | 4506 | 034 0.9186
Theophylline 29.87 10
182.7 + 9.13 x
CoQ10 658.5 0 10 0.9282
: 1945 + 9.73
Retinol 19311 0 10 0.7724

3.2.3.3 L-Carnitine alone and in Combination

The in vitro diffusion of L-carnitine from the three formulations, alone and in
combination with co-enzyme Q10, retinol or theophylline are illustrated in the figures
below (Figures 3.29 - 3.31). Diffusion in combination with theophylline was kept to a
4-hour time period as it was found that theophylline became undetectable after 4 hours
when used alone (Figure 3.21). Although L-carnitine could be detected when
combined with caffeine in all formulations, it could not be quantitated. For the ease of
interpretation, the figures for L-carnitine alone and in combination from all formulations

are indicated separately.
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Figure 9: In vitro diffusion of L-carnitine alone and in combination with theophylline

from a liquid formulation across porcine skin (area = 0.0379 cm2), n = 3.
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Figure 9: In vitro diffusion of L-carnitine alone and in combination with retinol and

coenzyme Q10 from a liquid formulation across porcine skin (area = 0.0379 cm?2), n =
3.
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The graphs above (Figure 3.29 a & b) indicate that theophylline increased the
cumulative amounts of L-carnitine from a liquid formulation across porcine skin.
Retinol and coenzyme Q10 similarly enhanced the diffusion of L-carnitine (retinol >>>
Coenzyme Q10), however to a much lesser extent than the enhancement observed
by theophylline. The enhancement of L-carnitine diffusion by coenzyme Q10 was only
observed from 600 min onwards. A large variation in the diffusion of L-carnitine in
combination with retinol was observed at the time points 420 min onwards. The in vitro
diffusion parameters are presented in Table 3.42 above. From Table 3.39 it can be
seen that the steady state flux values and Papp values of L-carnitine were affected in
the following order when combined: Theophylline (p<0.05) >>> Retinol (p>0.05) >
Coenzyme Q10 (p>0.05). In combination with theophylline, the lag time of L-carnitine
to reach steady state increased from 1.56 — 77.02 min, while the lag time of L-carnitine
in combination with co-enzyme Q10 increased from 1.56 - 377.8 min. No lag time was

observed when L-carnitine was combined with retinol.

Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

L-carnitine in a liquid formulation.

C Fluxss Lag Statistical

Compound In Corvr;:)tratlon (ng.cmZmin™) | Time izfneriar:g)e significance
Mean * SD (min) ) of Fluxss
Liquid Formulation (p value)

L-Carnitine Alone 23.25+6.33 1.56 1.16 x 10°
CoQ10 238.7 + 26.88 377.8 | 1.19x10°% >0.05
L-Carnitine : 186885 + 3 <0.0001*
Theophylline 74378.78 77.02 9.34 x10
Retinol 852.2 + 1672.4 0 4.26 x 10°° 0.9714

* Statistical significance p<0.01
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Figure 9: In vitro diffusion of L-carnitine alone and in combination with coenzyme Q10

and retinol from a gel formulation across porcine skin (area = 0.0379 cm2), n = 3.
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Figure 9: In vitro diffusion of L-carnitine alone and in combination with theophylline

from a gel formulation across porcine skin (area = 0.0379 cm2), n = 3.
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Figure 9: In vitro diffusion of L-carnitine alone and in combination with retinol from a

gel formulation across porcine skin (area = 0.0379 cm2), n = 3.

The graphs above (Figure 3.30 a, b &c) indicate that theophylline, coenzyme Q10 and
retinol increase the cumulative amounts of L-carnitine from a gel formulation across
porcine skin (Coenzyme Q10 (high) >> Theophylline (high) > Coenzyme Q10 (low) >
Theophylline (low) >> Retinol). In some instances, Coenzyme Q10 and theophylline
caused very high diffusion rates for L-carnitine (Coenzyme Q10 (high) >> Theophylline
(high) in the initial 4 hours. The in vitro diffusion parameters are presented in Table
3.40 above. From Table 3.43 it can be seen that the steady state flux values and Papp
values of L-carnitine were affected in the following order when combined: Theophylline
(high) (p<0.05) > Theophylline (low)= Co-enzyme Q10 (high) (p>0.05) > Co-enzyme
Q10 (low) (p>0.05) > Retinol (p>0.05). In combination with theophylline, the lag time
of L-carnitine to reach steady state also increased from 0 — 74.28 min.
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Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

L-carnitine in a gel formulation.

.. Fluxss Lag
Compound In Corvr;:)tratlon (ng.cmZmin) | Time P(zl?nerianlg)e
Mean * SD (min) )

L-Carnitine

Gel Formulation

Statistical
significance
of Fluxss
(p value)

L-Carnitine 10.62 + 3.94 0 5.31 x 107

Alone

CoQ10 (Low) 7619752001’5 0 3.46 x 10* 0.7641

CoQ10 (High) 2;12_7; 0 157x10% | 01786

Theophyline | 37574 4 46776 | 0 186x10° | 01132
(Low) B '

The(ﬁi’gg')"”e 53373 + 12474 | 7428 | 2.67 x10° 0.0258
Retinol 1135 + 484.79 0 568 x 107 0.9612

*Statistical significance p< 0.05
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Figure 9: In vitro diffusion of L-carnitine alone and in combination with coenzyme Q10

and retinol from a cream formulation across porcine skin (area = 0.0379 cm2), n =3.
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Figure 9: In vitro diffusion of L-carnitine alone and in combination with retinol from a

cream formulation across porcine skin (area = 0.0379 cm2), n = 3.
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Figure 9:/n vitro diffusion of L-carnitine alone and in combination with theophylline

from a cream formulation across porcine skin (area = 0.0379 cm2), n = 3.
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The graphs above (Figure 3.31 a, b &c) indicate that coenzyme Q10, retinol and
theophylline increase the cumulative amounts of L-carnitine from a cream formulation
across porcine skin (Coenzyme Q10 > Theophylline > Retinol). A large variation in the
cumulative amount was seen for L-carnitine diffusion in combination with Coenzyme
Q10. The in vitro diffusion parameters are presented in Table 3.41 above. From Table
3.44 it can be seen that the steady state flux values and Papp values of L-carnitine
were affected in the following order when combined: Theophylline (p>0.05) =
Coenzyme Q10 (p>0.05) >> Retinol (p>0.05). In combination with theophylline, the
lag time of L-carnitine to reach steady state also decreased from 118.5 — 62.62 min
while, in combination with retinol, the lag time of L-carnitine to reach steady state also
decreased from 118.5 — 18.82 min.

Table 9: Steady state flux, Lag time and Apparent permeability coefficient (Papp) of

L-carnitine in a cream formulation.

. Fluxss Lag Statistical
Compound In Corvr;:)tratlon (ng.cmZmin™) | Time izfneriar:g)e significance
Mean * SD (min) ) of Fluxss
Cream Formulation (p value)
. _________________________________________________________ __________|
L-Camnitine 560 + 5.11 1185 | 2.8x107
Alone
LC CoQ10 30647 + 15864 0 1.53x 103 0.1903
-Carnitine
. 32837 + 3
Theophylline 10667 53 62.62 1.64 x10 0.1612
Retinol 2280 £ 450.9 18.82 1.14 x 10* 0.9216

All the in vitro diffusion parameters for caffeine, the summarized in Tables 3.45 — 3.47
below.
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Table 9: Summary of steady state, Lag time and Apparent permeability coefficient

(Papp) of Active compounds alone and in combination in a liquid formulation.

In Combination Fluxss Lag | poop value | Statistical
Compound with (ng.cmZmin™) | Time (crnpmin“) significance
Mean + SD (min) ) of Fluxss
Liquid Formulation (p value)
Caffeine Alone 2887 + 308.83 0 1.15x 10*
. L-Carnitine 2299 + 457.71 0 9.20 x 10" 0.6425
Caffeine
CoQ10 3742 + 1161.9 0 1.50 x 10 0.5008
Retinol 2486 + 384.6 0 9.94 x 10 0.7513
Theophylline |45 85, 3160 0 | 244x10°
Alone (Low)
Theophylline 5 >0.05
Alone (Medium) | 2980 378.63 0 1.49 x 10
Theophylline 5 >0.05
Alone (High) 750.9 + 161.88 0 3.75x 10
Theophylline "'C(fg\:\',t)'”e 15153725 | 0 | 7.56x10° | 09824
L-Camitine | 5455, 10533 0 158 x 10 0.9542
(High)
CoQ10 44.14 £ 66.72 0 2.21 x 10 0.9992
Retinol (Low) | 5210 + 1204.17 0 2.61x10* 0.2696
Retinol (High) A o | s89x10¢ | 00144
L-Camnitine 23.25 + 6.33 156 | 1.16x 10
Alone
| Comit CoQ10 238.7+26.88 | 377.8 | 1.19x10° >0.05
-carnitine =
Theophylline 1o0880 s | 1702 | 934x10° | <0000
Retinol 852.2 + 1672.4 0 4.26 x 10°° 0.9714

*Statistical significance of Fluxss comparison with compounds alone (p<0.05). A 1-way
ANOVA test was used.
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Table 9: Summary of steady flux, Lag time and Apparent permeability coefficient

(Papp) of Active compounds alone and in combination in a gel formulation.

In Combination Fluxss Lag Papp Statistical
Compound with (ng.cmZmin™) | Time Value significance
Mean * SD (min) | (cm.min™") of Fluxss
Gel Formulation (p value)
Caffeine Alone 2867 + 46.68 0 1.15x 10™*
_ L-Carnitine | 3247 + 23545 0 1.30 x 107 0.7639
Caffeine CoQ10 5858 + 3915 | 1055 | 2.34x10% | 0.0250%
Retinol 476.5 + 192.87 0 1.91x 10° 0.0680
Theophylline | 15 57 4 764 0 7.83x 107
Alone (Low)
Theophylline 7 >0.05
Alone (Modium) | 16:26 £ 1367 0 8.13x 10
Theophylline & >0.05
| Ao (Uighy | 9544 +42.57 0 4.78 x 10
Theophylline |1 -Carnitine 108.5 + 64.5 0 543x10° |  0.9841
(Low) 5+ 64. . .
L-Carnitine 156.6 +2543 | 7.221 | 7.83x10° | 0.9237
(High)
CoQ10 214.4 + 90.99 0 1.07 x 10° 0.9658
Retinol 317.2 + 217.29 0 1.59 x 10° 0.9482
L-Carnitine 7
L Carnitine Ao 10.62 + 3.94 0 5.31x 10
CoQ10 (Low) | 6950 + 7172.05 0 3.46 x 10 0.7641
CoQ10 (High) 223‘1‘2.7241-’ 0 157x10° | 0-1786
Theophyliine | 37574 4 46776 | 0 186x10° | 01132
(Low) B '
The&‘?gr{')“”e 53373 + 12474 | 7428 | 267x10° | 00258
Retinol 1135 + 484.79 0 568 x 10° 0.9612

*Statistical significance of Fluxss comparison with compounds alone (p<0.05). A 1-way
ANOVA test was used.
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Table 9: Summary of steady flux, Lag time and Apparent permeability coefficient

(Papp) of Active compounds alone and in combination in a cream formulation.

FluxXss Papp Statistical
In 2 . Lag N
P (ng.cm™.min . Value | significance
Compound | Combination 1 Time .
with (min) (cm.min of Fluxss
Mean % SD B (p value)
Cream Formulation
. 1.25 x
Caffeine Alone | 3143 £ 64.56 0 104
L-Carnitine 2808 + 242.72 0 1'1101_4)( 0.7911
Caffeine 010 20008 * 0 8.00x | <0.0001*
3277.04 10
Retinol 308037074 | 643 | oL 0.9659
Theophylline 601.5 % 0 3.01 x
Alone 247.77 10
" 6.34 x
L-Carnitine 126.8 + 29.87 15.26 10 0.9186
Theophylline 913 x
CoQ10 182.7 £ 658.5 0 '10_6 0.9282
Retinol 1945 + 19311 0 9'17(;’5)( 0.7724
L-Camitine | 5604511 | 1185 |2.8x107
Alone
CoQ10 30647 + 0 1.53x 0.1903
L-Carnitine 15864 10
. 32837 1.64 x
Theophylline 10667 53 62.62 10° 0.1612
Retinol 2280 + 450.9 18.82 1'110‘}4)( 0.9216

*Statistical significance of Fluxss comparison with compounds alone (p<0.05). A 1-way
ANOVA test was used.
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3.2.4 TEER values

Skin integrity (tissue resistance) was evaluated over a 24-hour time period to
investigate whether caffeine, theophylline, L-carnitine and retinol in the different
formulations had a negative effect on the skin barrier. TEER values for Co-enzyme
Q10 were not obtained due to the instability of the compound. The TEER results can

be observed in Figures 3.32a — ¢ below.

Liquid formulation

150 1
Control

Caffeine
Theophylline

L-Carnitine

Retinol

TEER % of Initial

Time min

Figure 9: Skin inteqgrity test (TEER) after exposure to active compounds in a liquid

formulation compared to liquid formulation alone.*: Statistically significantly different
compared to control (p<0.05) (Caffeine: 2.5%, Theophvlline: 2%, L-carnitine: 2%, Co-
enzyme Q10: 0.5% and Retinol: 0.3%).

As can be seen from Figure 3.32a, skin barrier function remained mostly intact after
4 hours exposure to a liquid formulation without active compounds, however barrier
function decreased with time and reached <50% after 24 hours exposure. Barrier
function remained relatively intact with active compounds until 2 hours, except for L-
carnitine which affected barrier function severely at this time point and beyond. All
active compounds caused a decrease in skin barrier function after 24 hours
exposure time, with theophylline and L-carnitine having the greatest effect on skin.
Furthermore, I-carnitine was found to have a significant decrease in skin integrity as

compared to all the other active ingredients.
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Gel formulation

200 A

Control
C affeine
Theophylline

L-Carnitine

Retinol

TEER % of Initial

Time min

Figure 9:Skin integrity test (TEER) after exposure to active compounds in a gel
formulation compared to gel formulation alone. *: Statistically significantly different
compared to control (p<0.05) (Caffeine: 2.5%, Theophylline: 2%, L-carnitine: 2%, Co-
enzyme Q10: 0.5% and Retinol: 0.3%).

From Figure 3.32b above, it can be seen that skin barrier function decreased after 2
hours exposure to approximately 70%. In contrast, retinol caused an increase in skin
barrier function up between 2 to 4 hours of exposure retinol. However, skin integrity
decreased by 50% after 24 hours exposure to retinol. Barrier function remained
between 50 and 70% for the other active compounds till 4 hours, except for retinol. All
active compounds caused a decrease in skin barrier function after 24 hours exposure

time, with theophylline and L-carnitine having a significant effect on skin integrity.
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Cream formulation

200 -
* I control

= I caffeine
= 150+
= I Theophylline
o
- Il _-Carnitine
o

1007 - i
X Retinol
24
w
w 50
h

Time min

Figure 9: Skin integrity test (TEER) after exposure to active compounds in a cream

formulation compared to cream formulation alone. *: Statistically significantly different
compared to control (p<0.05).Caffeine: 2.5%, Theophylline: 2%, L-carnitine: 2%, Co-
enzyme Q10: 0.5% and Retinol: 0.3%).

From Figure 3.32c above, it can be seen that skin barrier function remained
relatively intact up till 24 hours exposure to active ingredients in a cream formulation.
Caffeine caused a significant increase in skin barrier function after 2 — 4 hours of

exposure, but decreased significantly after 24 hours exposure.
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3.2.5 Skin Extraction

3.2.5.1 Skin extraction of active ingredients alone

After completing the diffusion experiment of the active compound alone, the skin disk
was removed and cleaned. The homogenized sample was then analysed by HPLC.
The skin disk was homogenized in 2 ml of methanol and subsequently centrifuged.
Following centrifugation, the sample underwent filtration through a 0.45 ym syringe
filter and was then analysed using the HPLC machine.

Table 3.49 presents the summary of the average percent accumulation (of the initial
amount) of Caffeine, Theophylline, Retinol, L-carnitine, and Co-enzyme Q10 in three
different formulations. For each active compound, the percentage of the initial active
compound alone in three different formulations was extracted from the skin disk.

In the case of caffeine, the gel formulation exhibited a significantly higher percentage
of caffeine accumulation compared to the liquid (p < 0.05) and cream (p < 0.05)

formulations.

For theophylline, the liquid formulation showed a higher percentage of theophylline
accumulation compared to the cream and gel formulations; however, this difference

was not statistically significant (p > 0.05).

Analysing retinol skin accumulation over a 4-hour period revealed that the liquid
formulation had a higher percentage of retinol accumulation compared to the cream
and gel formulations (p > 0.05). Similarly, over a 24-hour period, the liquid formulation
exhibited a higher percentage of retinol accumulation compared to the cream and gel
formulations (p > 0.05).

Regarding L-carnitine skin accumulation, the liquid formulation demonstrated a higher
percentage of L-carnitine accumulation compared to the cream and gel formulations

(p > 0.05).
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In the case of coenzyme Q10 skin accumulation, the liquid formulation showed a
significantly higher percentage of coenzyme Q10 accumulation compared to the
cream and gel formulations (p > 0.05).

Table 9: Summary of average percent accumulation (of initial amount) of Caffeine,

Theophylline, Retinol, L-carnitine, and Co-enzyme Q10 in three different formulations.

Average (%)

Compound Formulations Accumulation Standard deviation
Liquid 13.70 0.61
Caffeine (2.5%) Cream 13.86 0.75
Gel 16.14 1.15
Liquid 0.93 0.06
Theophylline (2%) Cream 0.69 0.04
Gel 0.57 0.01
_ Liquid 0.51 0.04
Ret'(’(‘)‘_’éo(/f)hrs) Cream 0.25 0.14
Gel 0.26 0.08
Liquid 0.68 0.44
Retir(gg%hrs) Cream 0.21 0.01
Gel 0.18 0.08
Liquid 2.33 1.22
L-carnitine (2%) Cream 1.32 0.81
Gel 1.56 0
Liquid 0.04 0.01
CoQuo Cream 0.006 0.004
Gel 0.03 0.02

*Statistical significance (p<0.05):

Caffeine: Liquid vs Cream (p=0.8049); Liquid vs Gel: (p=0.0016%); Gel vs Cream
(p=0.00277). Caffeine (Liquid, Gel & Cream) vs Theophylline, L-Carnitine, Retinol
& Coenzyme Q10 in all formulations (p<0.0001*). Theophylline: Liquid vs Gel
(p=0.5799); Liquid vs Cream (p=0.7113); Gel vs Cream (p=0.8529). L-Carnitine: Liquid
vs Gel (p=0.2450); Liquid vs Cream (p=0.1333); Gel vs Cream (p=0.7113).
L-Carnitine (Liquid) vs Retinol, Theophylline & Coenzyme Q10 in all
formulations (p<0.05*). Retinol: Liquid vs Gel (p=0.6999); Liquid vs Cream
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(p=0.6886); Gel vs Cream (p=0.9877). Coenzyme Q10: Liquid vs Gel (p=0.4354);
Liquid vs Cream (p=0.4145); Gel vs Cream (p=0.9704). Statistical test: 2-way ANOVA.

3.2.5.2 Skin extraction of active compounds in combination

Once the diffusion experiment of active compound in combination was completed, the
skin disk was removed and wiped down dry with a tissue paper to remove any
formulation. The skin disk was then homogenised in 2 ml methanol and centrifuged.
After being centrifuged, the sample was filtered through a 0.45 ym syringe filter and
analysed using the HPLC machine. The percentage of initial active compound in
combination in three different formulations, which was extracted from the skin tissue

is shown in Table 3.49.

3.2.5.2.1 Combination Caffeine extraction

Caffeine was combined with Retinol, Co-enzyme Q10, and L-carnitine in three
different formulations (liquid, gel, and cream). When combined with L-carnitine, the
liquid formulation exhibited a higher percentage of caffeine accumulation compared to
the cream (p > 0.05) and gel (p > 0.05). Similarly, in combination with retinol, the liquid
formulation showed a higher percentage of caffeine accumulation compared to the
cream (p > 0.05) and gel (p > 0.05). Furthermore, when combined with co-enzyme
Q10, the liquid formulation demonstrated a higher percentage of caffeine
accumulation compared to the cream (p > 0.05) and gel (p > 0.05).

3.2.5.2.2 Combination Theophylline extraction

Theophylline was combined with Co-enzyme Q10, L-carnitine, and Retinol in three
distinct formulations (liquid, gel, and cream). When Theophylline was combined with
Co-enzyme Q10, the liquid formulation exhibited a higher percentage of Theophylline
accumulation compared to the cream (p > 0.05) and gel (p > 0.05). Similarly, when
Theophylline was combined with L-carnitine, the liquid formulation demonstrated a
higher percentage of Theophylline accumulation compared to the cream (p > 0.05)
and gel (p > 0.05). Notably, Theophylline in combination with retinol revealed that the
gel formulation had a significantly higher percentage of Theophylline accumulation
compared to both the liquid (p < 0.0001) and cream (p < 0.0001) formulations.
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3.2.5.2.3 Combination Retinol extraction

Retinol was combined with L-carnitine, Theophylline, and Caffeine in three different
formulations (liquid, gel, and cream). When Retinol was combined with L-carnitine, the
liquid formulation demonstrated a higher percentage of retinol accumulation compared
to the cream (p > 0.05) and gel (p > 0.05). In the case of Retinol in combination with
Theophylline, the gel formulation exhibited a significantly higher percentage of retinol
accumulation compared to both the liquid (p = 0.008) and cream (p = 0.0391)
formulations. Similarly, when Retinol was combined with Caffeine, the liquid
formulation showed a higher percentage of retinol accumulation compared to the gel
(p > 0.05) and cream (p > 0.05) formulations.

3.2.5.2.4 Combination Co-enzyme Q10 extraction

Coenzyme Q10 was combined with caffeine, L-carnitine, and Theophylline in three
different formulations (liquid, gel, and cream). Results obtained from diffusion
experiments, where Coenzyme Q10 was combined with L-carnitine and Theophylline,
indicated detectable peaks; however, the quantification of Coenzyme Q10 was not
feasible.

In the combination of Coenzyme Q10 and caffeine, the liquid formulation exhibited a
significantly higher percentage of Coenzyme Q10 accumulation compared to both the
gel (p < 0.0001) and cream (p < 0.0001).

3.2.5.2.5 Combination L-carnitine extraction

L-carnitine was combined with retinol, coenzyme Q10, caffeine, and theophylline in
three different formulations (liquid, gel, and cream). When L-carnitine was combined
with caffeine, the cream formulation exhibited a higher percentage of L-carnitine
accumulation compared to the gel (p > 0.05), while the liquid formulation showed a
significantly lower accumulation (p = 0.0014). In combination with coenzyme Q10, both
the cream and gel formulations demonstrated a higher percentage of L-carnitine
accumulation compared to the liquid, which was significantly lower (p < 0.005).
Combining L-carnitine with retinol revealed that both gel and liquid formulations had a
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higher percentage of L-carnitine accumulation compared to the cream (p = 0.0278).
Lastly, in combination with theophylline, both gel and cream formulations showed a
higher percentage of L-carnitine accumulation compared to the liquid, with the liquid

formulation being significantly lower (p < 0.005).

Table 9: Summary of average percent accumulation (% of initial) of active compound

in combination.

Combination Accumulation within skin

% of initial compound

Formulation

Compound
(% w/v)

Liquid

Gel

Cream

Caffeine (2.5%)
+ Retinol (0.3%)

Caff: 0.100 + 0.057*
Ret: 0.032 + 0.035%

Caff: 0.066 + 0.035"
Ret: 0.0028 + 0.003

Caff: 0.037 + 0.0016"*
Ret: 0.0008 + 0.00026

Caffeine (2.5%)
+ CoQ10 (0.5%)

Caff: 0.510 + 0.150"
CoQ10: 4.117 £
0.715"

Caff: 0.240 + 0.015"
CoQ10:0.15+0.013

Caff: 0.120 + 0.013"
CoQ10: 0.120 £ 0.008

Caffeine (2.5%)

Caff: 0.480 + 0.0"

Caff: 0.27 £ 0.14"

Caff: 0.37 £ 0.0*

L-carnitine (2%)

L-car: 3.56 + 1.53

L-car: 3.14 +2.42

E’ZOL/;‘)’ar”'t'”e L-car: 2.69 + 0 L-car: 5.53 + 0 L-car: 6.50 + 0"
(Tzrlf?ﬁhé'ggﬁo Theo: 0.035 + 0.027* | Theo: 0.020 £ 0.01 | Theo: 0.003 + 3.5x10°*
(© 5°%) *CoQ10: - detected | *CoQ10: - detected | *CoQ10: - detected
Theophylline Theo: 0.034 + Theo: 0.014 Theo: 0.003 + 3.99x10
(2%) + L- 0.0006" 0.0003 &+

Carnitine (2%) | L-car:2.87 +0 L-car: 6.14 + 0* L-car: 5.92 + 0*
Theophylline Theo: 0.260 + 0.007* | Theo: 1.330 + 0.003 _ $
(2%) + Retinol | Ret: 0.059 + Ret: 0.470 + ;2?-06 ??g’g Jf) %88682
(0.3%) 0.00049% 0.0023A O

Retinol (0.3%) + | Ret: 0.008 +0.005% | ~oF 9.0009% Ret: 0.0011 + 0.0011

L-car: 1.18 £ 0.74

L-carnitine (2%)
+ CoQ10 (0.5%)

L-car: 3.57 + 1.33
*CoQ10: detected

L-car: 6.98 + 1.04*

*CoQ10: detected

L-car: 7.23 + 0.76"
*CQ10: detected

* Coenzyme Q10 was detected in these samples, but could not be quantified

* Statistically significantly different compared to compound alone (p<0.0001)
* Statistically significantly different compared to compound alone (p<0.030)
* Statistically significantly different compared to compound alone (p<0.002)
& Statistically significantly different compared to compound alone (»p<0.001)
A Statistically significantly different compared to compound alone (p<0.05)
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Chapter 4: Discussion

Topical drug delivery has been found to be an effective route of drug administration
due to the fact that the drug circumvents first-pass metabolism and has a direct local
effect on the skin or mucous membranes. It also reaches the targeted areas faster and
has reduced amount of side effects compared to the oral route (Ruela et al., 2016).
The administration of topical drugs is found to achieve controlled or prolonged drug
delivery (Ruela et al., 2016). The concept of topical application reveals that some
drugs will remain on the surface of the skin (topical) or penetrate across the skin layers
(transdermal) (Supe and Takudage, 2019). Various formulations have been used to
deliver active compounds (caffeine, theophylline, L-carnitine, retinol and Coenzyme
Q10, amongst others) to the skin for different skin afflictions e.g. wrinkles, UV damage,
inflammation, cellulite, psoriasis etc (Wang et al., 2021; Desoqi et al., 2021)

The focus of this study was to investigate the efficacy of in vitro diffusion of active
compounds such as Caffeine, Theophylline, Retinol, L-carnitine and Co-enzyme Q10,
alone and in combination, from three different formulations (liquid, gel and cream)
across exercised porcine skin. To reach this objective, HPLC methods used to detect
these compounds were explored and validated. Furthermore, the amount of
accumulation of these compounds, alone and in combination was investigated as well
as the effect of the formulations and the compounds on the barrier properties of the

exercised skin.

4.1. Method development and Validation of Active compounds

4.1.1 Caffeine

Caffeine is a xanthine derivative with a molecular weight of 194.19 g/mol (van Zyl et
al., 2008). This small molecule consists of an additional methyl group on position 7 of
the chemical structure. Increasing the water solubility of caffeine which results in a
slower distribution of compound through PBS (van Zyl et al., 2008). This theory can
be seen in a study conducted by van Zyl and colleagues (2002), which compared the
molecular diffusion of drugs across porcine bronchial tissue, and it was found that
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theophylline has a greater flux value (620 ng.cm2.min") as compared to caffeine and
theobromine (380 ng.cm=2.min"') (van Zyl et al., 2008).

The quantification of caffeine content was performed using the published and
validated HPLC method by Chowdhury et al. (2012). This method was not altered as
caffeine was detected at a retention time of 2.57+ 0.02 min. Linearity of the caffeine
calibration curve was good with a R? value of 0.9952 in the range of 0 — 200 ug/ml (y=
19610x - 85893). Variation of values was found in the lower region of the calibration
curve. As such, a further analysis was performed using the lower concentrations and
a strong linear relationship was indicated as seen in Figure 3.2 (0 - 30 yg/ml, R?=
0.9988). The variation could be due to the mobile phase used in our study, as a-mixture
of methanol and water (40:60; v/v) was used. In a study conducted by Alkhamaisah
and colleagues (2019), a low gradient mobile phase containing water, methanol, and
acetonitrile in a ratio of 84:1:15 was used to measure the amount of caffeine in different
beverages. Result obtained showed that the HPLC method used to detect caffeine
content in beverages gave a R? value of 0.9995 in the range of 0.122-125 ug/ml
(y=25686x + 21332). Acetonitrile is a strong eluotropic compound and is frequently
used in reversed phase HPLC and capillary electrophoresis (Rudakov et al., 2018).
Precision RSD (%) was found to be 4.2%, 2.2% and 1.8% at concentration values of
15,30, and 150 pg/ml respectively in the lower concentration ranges (table 3.1). At a
higher concentration (150 pg/ml) RSD was found to be < 2%. This could be explained
using the Horwitz function, as the concentration of the analyte decreases, the relative
standard deviation reproducibility (RSDR) increases (Horwitz and Albert, 2006). Intra-
and inter-day precision %RSD values were <2%, this confirms adequate sample
stability and method reliability (Horwitz and Albert, 2006).

Accuracy of the method was analyzed by studying the % recovery using three different
concentrations for each sample in replicates (n=6). The results obtained showed an
% recovery within the ranges of 80-120%, which shows that the method was able to
accurately quantify and estimate caffeine. The ruggedness of the method was
measured by determining the effect of temperature variation, mobile phase variation
and flow rate variation. The result obtained from the %RSD (<2 %) (table 3.1) showed
that the method was successfully applied to measure caffeine.

The stability of caffeine was determined by storing the caffeine working solution at a
temperature of 4°C over a period of 2-3 days (table 3.31). The result demonstrated a
%RSD of 2% which shows that stability was not kept completely intact. This could be
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due to the period caffeine was stored for and the temperature it was stored at. In a
study conducted by Al-Bratty and colleagues (2020), the short- and long-term stability
of caffeine was investigated. The result showed that caffeine (10ug/ml) stored in room
temperature for 48h, in a refrigerator at -7°C for 7 days and at -20°C for 30 days had
a good stability (RSD <2%) (Al-Bratty et al., 2020). In another study conducted by
Oliphant and colleagues (2022), the aim was to develop and validate a liquid
chromatography assay in vitro and in vivo quantification of caffeine and this to
determine the stability of caffeine citrate solution. The result obtained showed that
caffeine found in saliva placed under freeze and thaw cycles (-20°C to ambient
temperature for a total of 3 months) was stable in all three different concentration (1,15
and 30 pg/ml), RSD value was < 2% (Oliphant et al., 2022). In both aforementioned
studies, stability testing of caffeine was conducted at temperatures below 0°C for a
duration exceeding three days.

4.1.2 Theophylline

Theophylline is a methylxanthine with a molecular weight of 180.16 g/mol and is a
metabolite of caffeine (Moghimipour et al., 2012). This compound has been used to
manage respiratory diseases. As a result of its capacity to elevate cyclic AMP levels
by non-selectively inhibiting phosphodiesterase, caffeine induces the relaxation of
bronchial smooth muscles, thereby exerting bronchodilatory effects (Moghimipour et
al., 2012). The compound is more soluble in hot water, has a negative log P value and
shows slight solubility in organic liquids (Gulaboski et al., 2007). Theophylline was
quantified using the same method and conditions as used for the detection of caffeine
(Chowdhury et al., 2012). Theophylline was detected at a retention time of 2.18 £ 0.03
min (figure 3.5), slightly earlier than caffeine, as expected due to its increased
hydrophilicity. Linearity of the theophylline calibration curve was good with a R? value
of 0.9942 in the range of 0 - 25 pg/ml (y=96073x) (figure 3.4). In a study conducted by
Al-Salman et al. (2021), theophylline was detected 3.45 + 0.011 min, with the
calibration curvelinear in the concentration range 5- 25 pg/ml and indicating excellent
correlation (R?= 0.9998). The increase in retention time could be due to the difference
in mobile phase used - Methanol:Acetonitrile (50:50), (v/v) and acetic acid at pH 4.5
(Al-salman et al., 2021).
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Precision, intra-and inter-day precisions demonstrated %RSD values < 2. This
indicates that the method is reproducible and reliable. Accuracy (RDS %) was within
the 80-120% range except for the concentration value of 10 ug/ml, which had a value
of 65% (table 3.12). The method development for ruggdeness and stability showed a
%RSD value < 2, which indicated that the method was successfully applied to measure
theophylline (table 3.31).

4.1.3 Retinol

Retinol, also known as vitamin A is a common ingredient used to improve the
appearance of skin (Yourick et al., 2008). It is a slightly larger molecule
(286.459g/mol), which is described to be very lipophillic with a Log P value of 5.8
(National Center for Biotechnology Information, 2022). Retinol was detected and
quantified utilizing a HPLC RP C18 column using the method described by Patriche et
al. (2014). Due to the lipophilic nature of the compound, 99% methanol was used in
the mobile phase for the elution of the molecule and to prevent it from adhering to the
reverse column (Patriche et al., 2014). This method was validated for the detection of
retinol at a retention time of 2.91 £ 0.02 min (figure 3.8). In a study conducted by Khan
et al. (2010), retinol was detected at a shorter retention time of 2.10 min, this could be
due to column and mobile phase used which is as follows: Perkin ElImer C18 (150mm
x 4.6mm x 5um; Norwalk, USA) precolumn guard cartridge, at 292nm wavelength,
using methanol-water (99:1, v/v), in isocratic mode. In a study conducted by
Prabakaran et al. (2014), the retention times for standard and sample of Vitamin A
Acetate was 1.182 min and 1.165 min, respectively. The retention time can be
attributed to the mobile phase used in the HPLC method; RP 18 (250 A~ 4.6mm; 5um)
column using the mobile phase consists of Acetonitrile: Isopropyl alcohol: n-Hexane
(400:400:200). The linearity of the retinol calibration curve was good with a R? value
of 0.9933 in the range of 0 - 100 pg/ml (y= 36849x + 72987) (figure 3.6).

The precision (table 3.3), accuracy (table 3.13), ruggedness and stability (figure 3.31)
parameters were evaluated for retinol, the laboratory result showed that the method
was accurate and fully validated (%RSD < 2).
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4.1.4 L-carnitine

L-carnitine, is a water soluble molecule with a molecular weight of 161.2 g/mol (In et
al ., 2019). The molecule plays a role in transporting long chain fatty acid across the
mitochondrial membrane (Perano et al., 2012). L-carnitine is known as a zwitterion
which is defined as a polymer that contains both a positive and negative charge along
the chain. The charge stoichiometry can either be neutral or weighed towards the
cation or anion charge, switching charges can be dependent on the environment the
polymer finds itself in (Blackman et al., 2019). L-carnitine was initially detected by
using HPLC conditions described by Cao et al. (2007) however, the method was found
to be inadequate in detecting L-carnitine (section 2.1.4.2.4). The molecule was not
retained in the C18 column as it was expelled into the void volume. A different method
was used to detect L-carnitine, one described by Khoshkam and Afshar (2014), with
slight variation. The mobile phase consisted of 0.05 M phosphate buffer (pH 3.0:
methanol (99:1) containing 0.56 mg/ml of sodium 1-heptanesulfonate and the column
temperature was set at 40°C instead of 50°C. Linearity of the L-carnitine calibration
curve was adequate with a R? value of 0.9714 in the range of 0 — 1000 ug/ml (y=
86.385x + 1981.8) (figure 3.12).

In a study conducted by Manoharan (2021), L-carnitine showed a good linearity at
concentration ranges between 70-1120 ug/ml with an R? value of 1. In the current
study, L-carnitine had a retention time of 3.0 £ 0.009 min, while in the study conducted
by Manoharan (2021), the retention time was more than double at 7.7 min. This could
be due to the HPLC conditions used in this particular study, where the mobile phase
consisted of 0.05M phosphate buffer (pH-3.2): Methanol (95: 5 v/v) (Manoharan,
2021).

The developed HPLC method showed that the precision, accuracy, ruggedness and
stability was valid (%RSD <2). The intermediate precision of L-carnitine between two
days showed an RSD value of 6.4%. The Recovery percentage of accuracy result for
100, 400 and 700 pg/ml was 63.9%, 79.3% and 80.3% respectively. The results
obtained for intermediate precision (table 3.10) and accuracy (table 3.15) did not fall
within the %RSD range (2%). There is no substantial reason for the results obtained,
this could possibly be due to the degradation of the L-carnitine molecule due to

temperature variation or pH of mobile phase.
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4.1.5 Coenzyme Q10

Coenzyme Q10 (CoQ10), or ubiquinone (863.3 g/mol; log p value 10) is a fat-soluble
(lipophilic) anti-oxidant which is found naturally in the phospholipid bilayer membrane
in every single cell in the body (Borekova et al., 2008; National Center for
Biotechnology Information (2022). PubChem Compound Summary for CID 5281915,
Coenzyme Q10. Retrieved June 29, 2022). The compound enhances mitochondrial
activity, maintains bioenergetic activities in human tissue, transport electrons to the
mitochondrial membrane and enhances the immune system (Crane, 2001; Borekova
et al., 2008 and Lopez et al., 2010). CoQ10 was quantified using RP HPLC utilizing
the method described by Yuan et al., (2010). Chromatic separation was done on a
Diamonsil C1g column with the UV detector set at 275nm. Mobile phase was prepared
using methanol-2-propanol (40:60, v/v), which was identical to the one used in the
current study. At first, mobile phase used for coenzyme Q10 was methanol:water (98:2
v/v), however this yielded to no detection peak on the HPLC.

Linearity of the coenzyme Q10 calibration curve was good with a R? value of 0.9986
in the range of 0 — 100 pg/ml (10175x + 23299) (figure 3.9). Due to variation in the
lower region of the curve, analyses were performed on standards covering the lower
regions of the standard curve for coenzyme Q10 (0-10 pg/ml), with an equation of
(y=20188x + 5000.9) and a retention time of 3.15 + 0.003 min (figure 3.10). In a study
conducted by Sarkar et al. (2021), linearity of CoQ10 was obtained in the
concentration range of 240-360 ug/ml with an R? value of 0.997 and a retention time
of 4.46 min. The differences in retention time could be due to the HPLC condition used
in this study such as Waters X Bridge C1s column was used as stationary phase and
as mobile phase, a mixture of acetonitrile, tetrahydrofuran, and water (65:32:3 v/v)
was used. The result obtained from HPLC method development showed that the
precision (table 3.4), accuracy (table 3.14), ruggedness, and stability (table 3.31) was
valid (RSD< 2%).
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4.2. In vitro diffusion of active compounds across skin

Topical and transdermal drug delivery have shown increased benefits in clinical
practice for drug delivery to targeted sites. The major benefits from this system are:

it avoids first pass metabolism, controls, and prolongs the release of compounds and
there is a reduction in the amount of side effects as compared to the oral route of
administration (Ruela et al., 2016).

Studies have shown that certain drug molecules contain characteristics which are
ideal for transdermal drug delivery across the stratum corneum. The epidermis'
outermost layer serves as a barrier, recognized for its lipophilic nature. Consequently,
molecules with high lipophilicity exhibit enhanced permeability across this membrane
(N'Da, 2014; Neupane et al., 2020). Molecules should preferably have a low molecular
weight (200-500 Da) to easily penetrate across the stratum corneum. In the case of a
large molecular weight, penetration enhancers could be added to facilitate the
movement of the molecule across the skin. In this regard, the development of an
appropriate formulation to enhance drug delivery plays a role (Neupane et al., 2020).
The solubility and the partition coefficient of the molecule determines the pathway the
drug would follow to permeate across the skin. Hydrophilic molecules would use
transcellular routes (through the cells) while lipophilic molecules would use
intercellular routes (between cells or paracellular route). Ideally, a molecule should
consist of both lipophilic and hydrophilic properties to simplify the transdermal drug
delivery (N'Da, 2014). There is a third route of permeation, that is known as the shunt
pathway or appendageal route. This pathway offers a path for molecules to move
through hair follicles (the transfollicular route) or sweat glands and across the stratum
corneum (Ng and Lau, 2015). Drugs that use this pathway consist of a high molecular
weight (N'Da, 2014). However, according to a study conducted by Verma et al. (2016),
the transfollicular route is more suitable for systemic delivery as it contributes
insignificantly to local therapy. This could be due to the complex unit which has various
barriers that can enhance or hinder the permeation of a molecule (Verma et al., 2016).
In this study, an in vitro diffusion method utilizing flow-through in-line cells
(PermeGear) was used to investigate the movement of active compounds such as
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Caffeine, Theophylline, Retinol, L-carnitine, and Co-enzyme Q10, across the layers of

the skin.

4.2.1 Caffeine

Caffeine is a small molecule with a molecular weight of 194,19 g/mol, a log P value of
approximately -0.07 and consists of both hydrophilic and lipophilic properties
(Pubchem). These characteristics benefit the transdermal delivery of caffeine across
the stratum corneum. A log P value > -1 is considered a good value for compounds
that undergoes transdermal delivery (N'Da, 2014). In a study conducted by Yu and
colleagues (2021), a description of favorable factors that influence percutaneous
absorption were reviewed. Results showed that a Log P value between 1-3 is
considered to have both hydrophilic and lipophilic properties and therefore considered
a favorable molecule to diffuse through skin (Yu et al., 2021).

The results obtained from the current study showed that caffeine penetrated the skin
immediately (no lag time), it gave linear kinetics (cumulative amount versus time) and
did not reach a plateau after 24 hours. Caffeine contains hydrophilic properties, which
allows it to be absorbed and distributed throughout a body of water and sufficient
lipophilic properties which allow for the compound to pass through membranes
(Caffeine for sustainment of Mental Task performance, 2001).

The different formulations used (liquid, gel, or cream) did not affect the penetration
behaviour of caffeine across the skin and no statistically significant differences in
steady state flux and Papp values were found between the 3 different formulations
(table 3.33) (p>0.05). Similar to the results in this study, Mustapha et al. (2011) found
that 1g caffeine in a gel formulation showed the highest absorption characteristics
across skin compared to caffeine in a liquid or cream formulation.

The cumulative diffusion graph for caffeine (Figure 3.19) indicated that caffeine most
probably used all 3 transdermal permeation routes (transcellular, intercellular and
transappendageal route) to diffuse across the skin. Since caffeine was found to easily
diffuse through the stratum corneum and dermis layer of the skin, there is a chance
that the compound will reach the circulatory system, with resultant side effects e.g.
tachycardia. In a study conducted by Trauer et al. (2009), where the data from in vitro
follicular penetration of caffeine was compared to the data from in vivo experiments, it

was found that in both experiments, caffeine diffused through the follicular pathway by
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50%. Compared to the in vitro data however, the in vivo data indicated that caffeine
was detected in the blood stream (Trauer et al., 2009). This could potentially lead to
increased tension, anxiety, tremor, and palpitations in individuals that are sensitive to
caffeine (Rodak et al., 2021).

4.2.2 Theophylline

Theophylline is a metabolite of caffeine with a small molecular weight of 180,14 g/mol
and displays both hydrophilic and lipophilic properties. Due to the structural difference
of having one less methyl group, theophylline is more hydrophilic (log P = -0.02) than
caffeine (log P=-0.07) (Andrei, 2011). The molecule will therefore most probably use
the transcellular route as its main pathway to diffuse across the skin (figure 3.21). It
was found that theophylline from the liquid formulation had the highest diffusion rate
(figure 3.21). This is most probably due to the presence of the penetration enhancers,
ethanol, and propylene glycol within the liquid formulation (Hag and Michniak-kohn,
2018). Theophylline showed great variation in diffusion behaviour across the skin,
irrespective of the formulation used and might be due to the fact that theophylline
diffused across skin using both the paracellular (intercellular) and the intracellular
(transcellular) pathways. Even though the paracellular pathway is not the preferred
pathway for more hydrophilic molecules, the penetration enhancers found in the
different formulations modify the corneocytes’ protein structure in the stratum corneum
and thus increases the permeability (Carrer et al., 2020).

Ethanol is often used in various pharmaceutical and cosmetic formulations, however
there is no exact explanation behind the mechanism of ethanol as a penetration
enhancer. In a study conducted by Gupta et al. (2020), it was found that ethanol
enhanced bilayer permeability by extraction of skin lipids and enhancing the mobility
of lipid chains (Gupta et al., 2020). This reasoning might support the finding in the
current study that theophylline from a liquid formulation gave the highest diffusion rate
(table 3.34).

In the cream formulation olive oil was added, which is a natural potent free fatty acid
permeation enhancer (Masrijal et al., 2020). The natural occurring enhancer disrupts
skin barrier and increases permeability across the skin. Theophylline from the cream
formulation was found to diffuse across the skin, however at a lower rate as compared

to from the liquid formulation (table 3.34). In a study conducted by Wang et al. (2007),
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the permeation of aminophylline in three plant oils, including olive oil, were
investigated. Results indicated that all plant oils did enhance the permeation of
aminophylline. However, their permeation enhancing effects were less than that found
for ethanol (Wang et al., 2007). These findings support the results in the current study
as illustrated in Figure 3.21.

Propylene glycol, a chemical enhancer also found in the gel formulation, increases the
solubility in the intercellular lipids of the stratum corneum (Carrer et al., 2019). In the
result obtained for this study, the theophylline from the gel formulation had a lower
diffusion rate as compared to that found from the liquid and the cream formulations.
This could be due to propylene glycol used as co-solvent with ethanol in the liquid
formulation where it works effectively in combination with ethanol, thus enhancing
theophylline’s permeation (Karande and Mitragotri, 2009). Furthermore, reasons why
molecules from formulations containing propylene glycol resulted in a lower diffusion
rate as compared to formulations containing ethanol, could be due to the mechanism
of action of these two penetration enhancers. Ethanol disrupts the stratum corneum
barrier by removing intercellular material and causing lipid fluidization and extraction,
while propylene glycol increases permeability by solvating the alpha-keratin structure
(Hag and Michniak-Kohn, 2018). A similar study was conducted by Duracher et al.
(2009) investigating the in vitro transdermal diffusion of caffeine across pig skin in the
presence of ethanol (5%), propylene glycol (56%) and a mixture of both ethanol and
propylene glycol (25%:25%). The Duracher study indicated that ethanol on its own
had the least effect on the diffusion of caffeine across porcine skin, followed by
propylene glycol and, the most effective transdermal enhancer, was the mixture of
ethanol and propylene glycol. These findings are in accordance with what was
obtained in the current study, indicating that the two enhancers together do have a
significant effect on the rate of diffusion of compounds across skin.

Another study was conducted by Pokorna et al. (2019) investigating the effectiveness
of four different penetration enhancers on the diffusion behaviour of theophylline,
prepared in a medium containing both propylene glycol and water. Results showed
that all the chemical enhancers significantly improved the permeation of theophylline
in range of 1-3 hours. The study also indicated that theophylline alone struggled to
diffuse across tissue with a flux value of 6.60 + 0.80 pg/cm?/h which was the lowest
value as compared to when used in combination with chemical permeation enhancers.

Result obtained in the study showed Theophylline permeation with the chemical
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permeation enhancers increased rapidly (29.84 + 7.02 ug/cm?/h) (Pokorna et
al.,2019). A study conducted by Moghimipour et al. (2012) investigated the in vitro
diffusion characteristics of theophylline across shaded snakeskin and the penetration
enhancing effects of bile salts, sodium tauroglycocholate and sodium deoxycholate as
well as skin modifiers such as oleic acid. Result indicated that enhancer-free samples
showed almost no diffusion of theophylline across the skin (Moghimipour et al., 2012).

4.2.3 L-Carnitine

L- carnitine is a peptide derivative (161,20 g/mol) with a pKa of 3.8, a log P value of
-5.58 and at a neutral pH of 7.4, it is a zwitterion with an overall neutral charge
(National Center for Biotechnology Information (2022). PubChem Compound
Summary for CID 10917, Levocarnitine. Retrieved June 29, 2022).

According to the results obtained, L-carnitine diffused across skin at a lower rate than
Caffeine and Theophylline (Figures 3.19, 3.20 and 3,21). In a liquid formulation, L-
carnitine reached a cumulative amount of approximately 2x10* ng/cm? after 24 hours
(figure 3.22) while Caffeine and Theophylline reached cumulative values of
approximately 8x10° ng/cm? (24 hours) (figure 3.20) and 1.5x10°% ng/cm? (4 hours)
(figure 3.21), respectively. The data obtained from this study shows how the
hydrophilic L-carnitine molecule has limited transdermal penetration across the skin.
According to In et al. (2019), when applied topically binds to the calcium positive
charge (Ca?*) found between the corneocytes in the stratum corneum. This resulted
in a greater quantity of L-carnitine that remains in the surface area of the skin (In et
al., 2019). Lim et al, (2018), performed a study that investigated different types of
peptides and their skin permeation and effect on wrinkle reduction. They found that
Acetyl hexapeptide-3 (also known as Acetyl hexapeptide-8, brand name Argireline
(Arg0)), which is in a zwitterionic state, struggle to diffuse across the skin. Only 0.22%
of the total amount that permeated across the skin was retained within the stratum
corneum, while 0.01% of the peptide manage to permeate to the epidermis (Lim et al.,
2018). This was due to the molecule large molecular weight (889 g/mol), hydrophilicity
(log P =-6.3) and charged state.

From the results obtained in the current study (figure 3.22), L-carnitine in a liquid
formulation, diffused at a greater rate as compared to the gel and cream formulations.
The higher diffusion from the liquid formulation is due to ethanol and propylene glycol,
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both penetration enhancers found in the liquid formulation. The gel formulation
contained propylene glycol only, which is not as effective as ethanol, as it works better
as a co-solvent (Haq and Michniak-kohn, 2018). The cream formulation had the lowest
diffusion rate as compared to the liquid and gel formulations. The cream formulation
consisted of olive oil, which is a free fatty acid natural penetration enhancer. The olive
oil found in the cream formulation increased the diffusion of L-carnitine but was not
able to deliver the compound to the target site as it forms a layer on the skin surface
and inhibits L-carnitine to move through the hydrophilic part of the phospholipid bilayer.
Similarly, a study conducted by Fox et al. (2011) that investigated the influence of a
Pheroid (lipophilic enhancer) on the topical delivery and transdermal diffusion of L-
carnitine through skin, indicated that the Pheroid increased the permeation of L-
carnitine but did not improve the topical delivery to the target site (epidermis-dermis)
as compared to PBS (Fox et al., 2011).

4 .2.4 Retinol and Coenzyme Q10 (CoQ10)

Retinol and CoQ10 are larger molecules with molecular weights of 286 g/mol and
863.34 g/mol, respectively. Both these molecules are highly lipophilic with log P values
of 5.68 and 10, respectively (National Center for Biotechnology Information. PubChem
Database). The larger molecular weights and lipophilic natures of both molecules are
factors that hinder the in vitro diffusion across skin resulting in accumulation within the
skin surface (Yang and Hinner, 2015). In many studies, both Retinol and CoQ10
diffusion have been evaluated by using formulations containing penetration enhancers
to increase transdermal delivery (Neupane et al., 2020). Due to the lipophilic nature
and larger sizes of these molecules, both Retinol and CoQ10 are thought to penetrate
the skin using the paracellular pathway (N'Da, 2014). This study did not detect any
Retinol or CoQ10 in the receptor fluid even after 24 hours of exposure to the

compounds.
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4.3 In Vitro Diffusion of compounds in combination

Transdermal drug delivery is the process of administrating therapeutic agents across
skin. This method is considered the most innovative way for a therapeutic agent to
reach its target site as it presents numerous advantages. Most research studies have
focused on single compound permeation or compounds with a permeation enhancer.
These approaches do not take into consideration the effect one compound may have
on the diffusion behavior of another when they are used in combination. As such, the
diffusion behavior of compounds in combination from three formulations (liquid, gel,
and cream) was investigated in the current study (Bird and Ravindra, 2020).

4.3.1 Caffeine alone and in combination in liquid, gel, and cream
formulations

4.3.1.1 Liquid Formulation

Caffeine when combined with CoQ10, L-carnitine and Retinol (figure 3.23 and table
3.33) resulted in a linear diffusion rate similar to when caffeine alone diffused across
porcine skin from a liquid formulation. There was a slight increase in caffeine diffusion
when combined with L- carnitine and CoQ10, as compared to caffeine on its own
however, the increases were not statistically significant (p>0.05). In contrast to the
combinations of caffeine with either L-carnitine or CoQ10, when combined with
Retinol, caffeine exhibited a slightly lower diffusion rate. However, this difference was
not found to be statistically significant (p > 0.05). As mentioned before, previous
studies have shown that L-carnitine influences the adhesion between corneocytes in
the stratum corneum and this might result in the slight increase in caffeine diffusion
when these two compounds are used in combination (In et al., 2019). Both retinol and
Coenzyme Q10 are very lipophilic molecules and tend to accumulate within the upper
skin layers. As found in this study their effects on the diffusion behavior of caffeine
from a liquid formulation is very similar to caffeine on its own (figure 3.23).
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4.3.1.2 Gel Formulation

From the gel formulation, it was noticed that there is a greater diffusion rate of caffeine
when combined with CoQ10 as compared to when on its own (figure 3.24). In
combination with CoQ10, caffeine reached a cumulative amount after 24 hours of
approximately 1x107 ng/cm?, while alone it reached a cumulative amount of
approximately 4.6x108 ng/cm? (table 3.37). This increase in diffusion was found to be
statistically significant with a p value of 0.0250. A lag time was however noted (table
3.7). Thus, by combining CoQ10 and caffeine in a gel formulation containing propylene
glycol as penetration enhancer, caffeine penetration would be more effective than it
would be on its own. The mechanism of this increase in diffusion of caffeine when
combined with coenzyme Q10 is unknown and it can only be speculated that it has to
do with the enzymatic conversion of coenzyme Q10 in the skin and the
hydrating/antioxidative effect of coenzyme Q10 in the skin that facilitated the
movement of caffeine through the skin.

Caffeine, when combined with retinol showed a lower diffusion rate, compared to
caffeine on its own. This effect was not statistically significant (p>0.05), but it shows
that retinol impeded the diffusion of caffeine when the two compounds are used in
combination. Although the mechanism of this is also unknown, it can be speculated
that retinol accumulated in the skin (reservoir effect) and blocked the different
pathways caffeine used to penetrate the skin, with the resultant slower diffusion rate
of caffeine (Yourick et al., 2008). Caffeine in combination with L-carnitine, showed
similar diffusion characteristics to caffeine on its own from 0-600 min (figure 3.24).
After 600 min a great variation was observed which could be due to the fact that some
of the caffeine molecules diffused rapidly through the transappendageal pathway
(shunt). Looking at the large variation in the data, it could be assumed that the diffusion
rate of caffeine when combined with L-carnitine would be superimposed on the
caffeine-only curve and thus L-carnitine has no effect on the diffusion of caffeine from

this gel formulation.

4.3.1.3 Cream Formulation

From a cream formulation, a similar pattern of caffeine diffusion as that observed from

the gel formulation was noted. In combination with Coenzyme Q10, caffeine had a
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statistically significantly greater cumulative amount after 24 hours of approximately
3.1x107 ng/cm? compared to caffeine on its own with a value of approximately 5x10°
ng/cm? (p<0.0001, Table 3.35)). Similar to the gel formulation above, in combination
with retinol, caffeine from a cream formulation had a lower cumulative amount after 24
hours (p>0.05). The reasons for the caffeine diffusion in the presence of coenzyme
Q10 and retinol would be similar to that mentioned above. When combined with L-
carnitine, caffeine had a similar diffusion pattern as found for caffeine alone (figure
3.25). This indicates that adding L-carnitine to caffeine did not affect the way in which

caffeine diffuse across the skin from a cream formulation.

In summary across all three different formulations (liquid, gel, and cream), CoQ10 was
found to have more of a significant enhancing effect on the diffusion behavior of
caffeine (gel and cream: p<0.05; liquid: p>0.05) (table 3.45, table 3.46, table 3.47).
Retinol across all three formulations impeded the diffusion of caffeine as compared to
the other compounds (CoQ10 and L-carnitine). L- carnitine indicated little, if any effect
on the diffusion behaviour of caffeine when used in combination from all three
formulations.  Compared with this study where retinol was found to impede the
diffusion of caffeine, a study performed by Djajadisastra and Hadyanti (2014), found
that tretinoin, also known as all-trans retinoic acid, had an enhancing effect on the
diffusion of caffeine across rat skin. So far, there has been as yet very little, if any

literature found on combination studies used for comparative purposes.

4.3.2 Theophylline alone and in combination in liquid, gel, and cream
formulations

4.3.2.1 Liquid Formulation

As mentioned in the section 4.2 above, Theophylline struggled to diffuse across
porcine skin due to the more hydrophilic nature of the molecule with a large variation
observed in the diffusion data (cumulative amount after 4 hours: approximately 1.0 x
10% - 1.8 x 10° ng/cm?) (figure 3.26a and 3.26b). A similar wide distribution pattern of
diffusion data was observed when theophylline was used in combination from the
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liquid formulation (figure 3.26a). The molecule also was not detected in the receptor
fluid after 4 hours exposure. Combined with retinol, theophylline’s diffusion rate from
a liquid formulation increased statistically, from the range mentioned above to
approximately 2.0 x 108 (p>0.05) and 1.1 x 107 ng/cm? (p= 0.0144) after 4 hours. This
latter very high cumulative value is thought to be due to the rapid transappendageal
pathway via the hair follicles. Although retinol is a slightly larger, lipophilic molecule
and is known to accumulate within the skin and form a reservoir, it is thought to alter
the barrier properties, in an unknown manner to facilitate the penetration of
theophylline. The enzymatic conversion of retinol to retinyl esters and retinoic acid by
active enzymes in the tissue after snap freezing in liquid nitrogen, could also play a
role (O'Byrne and Blaner, 2013). This could possibly be by affecting the tight junctions
in the stratum corneum, opening them up and increasing the diffusion of theophylline.
L- carnitine had very little, if any effect on the diffusion of theophylline (p>0.05) when
used in combination, while coenzyme Q10 resulted in a very low diffusion rate of
theophylline (p>0.05). This is most probably due to coenzyme Q10 accumulating

within the skin and blocking the penetration of theophylline.

4.3.2.2 Gel Formulation

Similarly, from the gel formulation, when theophylline was combined with Retinol, the
theophylline cumulative amount after 4 hours was found to be increased from
approximately 5 x 10*to 3 x 10° ng/cm?, however the steady state flux rate increase
(table 3.37) was not statistically significant. The diffusion of theophylline, when
combined with retinol, was much higher from the liquid formulation (Retinol (high)-
p<0.05) as compared to the gel formulation. This could partly be due to the penetration
enhancers ethanol and propylene glycol in the liquid formulation. When combined with
L- carnitine, a slight increase in the diffusion of theophylline was observed (p>0.05)
while combined with CoQ10, theophylline’s diffusion remained unaffected (figure
3.27).

4.3.2.3 Cream Formulation

As with both the liquid and gel formulations above, theophylline’s diffusion was

increased when combined with Retinol from a cream formulation, with cumulative
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amounts of approximately 6.2 x 10* to 2 x 10° ng/cm? after 4 hours (figure 3.28a). The
increase in steady state flux rates were however not statistically significant. When
combined with L-carnitine, theophylline’s diffusion was not altered and similarly when
combined with coenzyme Q10, no alteration in the diffusion of theophylline was
observed (table 3.41). As mentioned above, the increase in theophylline’s diffusion
when combined with retinol most probably was due to an effect of retinol on the tight
junctions in the stratum corneum, opening the areas between keratinocytes and
enhancing the diffusion of theophylline. This was evident in Figure 3.32c, where retinol

maintains skin integrity within a cream formulation.

In summary, Theophylline diffused much better across skin in combination with
Retinol, from all three formulations tested. This was found to be statistically significant
in the liquid formulation (p=0.0144) as compared to the gel and cream formulations
(table 3.41). The presence of the penetration enhancers ethanol and propylene glycol
found in the liquid formulation would also have contributed to this enhanced diffusion.
Across all three formulations, CoQ10 and L-carnitine had little, if any effect on the
diffusion rate of theophylline. In a study by Djajadisastra and Hadyanti (2014),
tretinoin, also known as all-trans retinoic acid, had a similar enhancing effect on the

diffusion of aminophylline across rat skin.

4.3.3 L-carnitine alone and in combination in liquid, gel, and cream
formulations

4.3.3.1 Liquid Formulation

When combined with theophylline, L-carnitine’s diffusion across porcine skin from a
liquid formulation increased significantly (p=0.0001) after a lag time of approximately
77 min (table 3.42) from cumulative amounts after 4 hours of <1 x 10* to 3 x107 ng/cm?
(steady state flux rate: p < 0.0001). Although theophylline was found to increase the
diffusion of L-carnitine, the opposite was not observed, as L-carnitine did not affect the
diffusion of theophylline (section 4.3.2.1). The nature of this interaction and enhancing
effect of theophylline on the diffusion of L-carnitine is surprising and worth further

investigation.
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Similarly, both retinol and coenzyme Q10, when combined with L-carnitine individually
for a 24-hour time period, increased the diffusion of L-carnitine, however a long lag
time of 378 min was noticed when combined with coenzyme Q10. These two lipophilic
compounds have altered the tight junctions in the stratum corneum or affected the
hydration of the corneocytes due to enzymatic conversion within the skin and thus
increased the diffusion of the hydrophilic L-carnitine molecule. Curiously, no L-
carnitine was detected in the receptor fluid when combined with caffeine, even after
24-hour exposure. This could be due to the degradation of L-carnitine over the 24hr
collection period. The interaction is unexpected and needs further investigation.

4.3.3.2 Gel Formulation

From the gel formulation, L-carnitine’s diffusion indicated a minimal cumulative
amount over 24h, however in combination with CoQ10 resulted in an increase to two
levelsi.e., 2 x 107 and 1.0x108 ng/cm?2.However, the alteration in steady state flux rates
(table 3.23) were not statistically significant i.e. the rate of diffusion/cm? did not
increase significantly (p>0.05). The latter high cumulative amount may be attributed
to the rapid transappendageal pathway via the fair follicles. Similarly, when combined
with retinol, the cumulative amount of L-carnitine also increased to a value of 1 x 108
ng/cm? after 24 hours (figure 3.30c), which have been the reasons mentioned before
in section 4.3.1.1. The change in steady state flux rate was however not statistically
significant (p > 0.05). In combination with theophylline over a 4-hour time period, L-
carnitine also showed an increase in diffusion, with cumulative amounts of 1 x 107 (lag
time of 74 min) and 2.8x107 ng/cm?, steady state flux rate: p = 0.0258 after 4 hours.
The reason for this increase in diffusion needs further investigation. As with diffusion
from the liquid formulation, no L-carnitine was detected in the receptor fluid after 24-

hour exposure when combined with caffeine.

4.3.3.3 Cream Formulation

As found from the liquid and gel formulations above, the diffusion of L-carnitine from
a cream formulation in combination with theophylline, retinol and CoQ10, increased,

with CoQ10 (table 3.31a) having the largest effect, reaching a cumulative amount of
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3.7x107 ng/cm? after 24 hours. In combination with theophylline, the cumulative
amount of L-carnitine reached 5.7x10° ng/cm? after 4 hours (table 3.31c) and
combined with Retinol reached 2.2x10° ng/cm? after 24 hours (table 3.31b). The
possible reasons for the increased diffusion were mentioned in section 4.2, however
the penetration enhancers within the formulations may also play a major role in the
enhancement of the diffusion of L-carnitine across the skin when used in combination.
It was noticed that from a cream formulation L-carnitine alone had a lag time of 119
min before diffusion occurred (table 3.44), this was most probably due to interaction
with polar groups within the stratum corneum delaying diffusion as well as the
hydrophilic molecule struggling to penetrate the skin from the cream that might form a
layer on the skin surface (Schafer et al., 2023). The presence of theophylline and
retinol resulted in decreased lag times. This decrease is attributed to reduced
interaction between L-carnitine and calcium ions within the stratum corneum. This
reduced interaction is hypothesized to occur because of the accumulation of other
compounds (theophylline and retinol) in the stratum corneum as well. This suggests
that the presence of theophylline and retinol somehow alters the dynamics of L-
carnitine and calcium ion interactions in the skin, potentially affecting processes such
as permeability or cellular signaling. No lag time was noticed when L-carnitine was
combined with coenzyme Q10 (table 3.44), it could be speculated that this was
probably due to the antioxidant and hydrating effect of this compound in the skin (Knott
et al., 2015). No diffusion of L-carnitine occurred from the cream formulation in the

presence of caffeine, due to a yet unknown mechanism.

In conclusion, it can be stated that theophylline, CoQ10 and Retinol all influenced the
diffusion of L-carnitine across porcine skin (table 3.47). The effect of Theophylline on
L-carnitine steady state flux rates was mostly found to be statistically significant (faster
rate/cm?), as compared to CoQ10 and Retinol. The mechanism behind this increase
should be further investigated. In a previous study conducted by Alhomina (2001) with
the aim to determine the effect of daily administration of theophylline on the activity of
carnitine palmitoyltransferase in skeletal muscle, results showed a significant increase
in the activity of palmitoyltransferase. The function of the palmitoyltransferase enzyme
is that it binds the L-carnitine molecule to long-chain fatty acids for the | -carnitine cross
into the inner membrane of mitochondria (Wang et al., 2021). One could speculate

that Theophylline may lead to notable alterations in the distribution of carnitine not only
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in plasma but also in various other tissues (Alhomina, 2001). Furthermore, in the
current study it was found that CoQ10 and Retinol increased the diffusion of L-
carnitine, although the steady state flux rates were not found to be significant (p<0.05)
(table 3.47). The mechanisms could be due to the reasons stated in section 4.1.4. As
previously mentioned, L-carnitine is a Zwitterion and encounters difficulty when
diffusing through skin (In et al., 2019). Combining both CoQ10 and retinol with L-
carnitine individually, would seem to enhance the diffusion of L-carnitine from all
formulations. Both CoQ10 and Retinol are lipophilic molecules using predominantly
the paracellular pathway to penetrate the skin (N'Da, 2014). Facilitation of the diffusion
of L-carnitine through skin by these lipophilic compounds via the paracellular pathway
might be a possibility, alternatively these molecules might drive the L-carnitine

molecules to move to a greater extent via the transcellular pathway (N'Da, 2014).

4 .4. Skin barrier Function (Skin integrity)

The skin is composed of several different types of barriers: physical, chemical, and
immune barriers. The physical barrier located in the outmost layer of the skin is
commonly known as the stratum corneum. It has been identified as the core tissue of
the skin barrier (Proksch et al., 2006). The stratum corneum structure consist of
corneocytes, which are held together by tight junctions, also known as desmosomes,
and proteins which helps maintain the skin barrier (Hogan et al., 2012). The
corneocytes are surrounded by a protein-lipid cornified cell envelope and the
intercellular space between the corneocytes is filled with lipid lamellae which consist
of ceramides, cholesterol, and free fatty acids. This structure is made in a way that
prevents water loss from the body and protects the skin from external foreign
pathogens (Haque and Talukder, 2018).

Due to the rigid complexity of the stratum corneum, transdermal delivery of certain
compounds do not easily result in permeation through the skin. For this reason,
penetration enhancers have been made available. The aim of using penetration
enhancers is to modify the stratum corneum barrier function in a way so that molecules
can penetrate through the skin (Haque and Talukder, 2018). In this study three
penetration enhancers were used i.e., ethanol and propylene glycol used in the liquid
formulation and propylene glycol used in the gel formulation. In the cream formulation,
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olive oil was added which is categorized as a fatty acid penetration enhancer known
to temporally cause a reversible disruption to the stratum corneum by increasing
fluidity and diffusion through the skin (Haque and Talukder, 2018).

Furthermore, TEER method was used to measure the resistance across the skin
(Gelker et al., 2018; Musazzi et al., 2018). The pupose of this was to investigate
whether the different formulations containing the pernetration enhancers had an effect
on the skin barrier after the diffusion period. The effect of the summary of active
compounds added to the formulations on the barrier function of the skin was also
investigated.

4.4 .1 Liquid Formulation

The liquid formulation in our study contained ethanol and propylene glycol as
penetration enhancers. According to Haque and Talukder (2018), ethanol extracts lipid
and protein from the stratum corneum. Propylene glycol mainly increases drug
permeation by improving the partition properties of drugs in the stratum corneum, it
solvates the alpha-keratin and reduces drug tissue binding (Haque and Talukder,
2018). The TEER results in the present study showed that the skin integrity of porcine
skin exposed to the control, which only consisted of the liquid formulation with no
added compounds, remain relatively constant for up to 240 min (4hours) (figure 3.32a).
At 24 hours (1440 min) the skin integrity decreased to just below 50% (figure 3.32a).
This decrease in skin integrity was attributed to the two penetration enhancers in the
liquid formulation.

In and colleagues (2019), reported that L-carnitine was found to influence the adhesion
between corneocytes in the stratum corneum by causing chelation with calcium ions.
The result obtained from the present study (figure 3.32a) showed that L-carnitine in
the liquid formulation was found to significantly decrease the skin integrity (barrier
function) in a time dependent manner. This could be due to the abovementioned action
of L-carnitine. At 24 hours the skin integrity caused by exposure to L-carnitine within
the liquid formulation was much lower as compared to the control (<25%) (figure
3.32a).

Retinol in the liquid formulation increased the barrier function after 2 hours exposure
(120 min) and this was found to be statistically significant (p<0.05) (figure 3.32a).
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Retinol is well known to keep the skin barrier intact, that is the reason the molecule is
used in many anti-aging creams (Gruber et al., 2020). The fat-soluble molecule moves
across the stratum corneum and binds to receptors found in the keratinocyte. When
interacting with these receptors, retinol promotes the growth of keratinocytes,
strengthens the function of the epidermis, and prevents the loss of transdermal water
loss (Zasada and Budzisz, 2019). Furthermore, retinol is also known to reduce the
degradation of collagen and inhibits the process of metalloproteinases which is
responsible for breaking down the extracellular matrix (Mukherjee et al., 2006; Zasada
and Budzisz, 2019). At 4 hours (240 min) the barrier function significantly decreased
to 50% and decreased again at 24 hours, however this was not statistically significant
compared to the liquid formulation alone (p>0.05) (figure 3.32a). Both caffeine and
theophylline in the liquid formulation kept the skin integrity intact for the first 2 hours.
This could have been to the protective function caffeine and theophylline have on the
skin; caffeine is known to promote biosynthesis of collagen in the skin which increases
the elasticity (Seleem et al., 2022). Theophylline serves as an important antioxidant
by decreasing apoptosis levels of epidermal keratinocytes and increasing melatonin
levels to name a few (Sanabria-de la Torre et al., 2020). At 4 hours there was a
statistically significant (p<0.05) decrease of skin integrity to about 30% (figure 3.32a).
All the components affected the skin barrier in a time dependent manner. CoQ10 was

not tested as the component was found not to be stable with time.

4.4.2 Gel Formulation

Propylene glycol was also the penetration enhancer present in the gel formulation. At
2 and 4 hours after exposure it can be observed that Retinol, added to the gel
formulation, significantly increased the skin integrity by over 100 % compared with
formulation alone (Figure 3.32b). This could be explained by the fact that retinol is a
lipophilic molecule which accumulates in the skin surface. The molecule is known to
smooth out the stratum corneum and thicken the epidermis. It also reconstructs the
underlying dermal and epidermal matrix proteins such as elastin and collagen (Gruber
et al., 2020). Retinol thus enhances skin integrity and hydration; therefore, retinol can
thus be considered to keep the skin barrier intact. At 24 hours however, retinol

decreased the barrier function to 50% compared to formulation alone (figure 3.32b).
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Both Theophylline and L-carnitine significantly decreased (p<0.05) the barrier function
of the skin to below 10% after 24 hours exposure when added to the formulation (figure
3.32b), due to previously mentioned possible effects on the barrier property of the skin.
All components affected the skin barrier in a time dependent manner (figure 3.32b).
The skin barrier was still relatively intact after 24 hours for the control formulation
alone, containing only propylene glycol and caffeine within the formulation, compared
to the values found for the liquid formulation (figure 3.32a). This can partly be attributed
to the gel formulation containing only propylene glycol and not propylene glycol and
ethanol found in the liquid formulation, which is known to decrease the skin integrity
to a greater extent (Carrer et al., 2019).

4.4.3 Cream Formulation

The cream formulation had olive oil added, this is known as a natural penetration
enhancer. Since olive oil contains Free Fatty acids (oleic acid), having a C18 chain
and 1 double bond, it disrupts the barrier function by causing the ordered structure of
the lipids to be disrupted (Haque and Talukder, 2018). The results obtained in the
current study showed that the barrier function of the skin remained intact after
exposure to the cream formulation alone, as well as when all compounds were added
individually to the cream formulation over the 24-hour period (figure 3.32c). The only
significant change that occurred was when caffeine was present in the cream
formulation. At 2 hours, caffeine increased the skin integrity and only decreased the
barrier function at 24 hours. The barrier function remained above 50% after 24 hours,
thus the barrier function was not affected significantly (figure 3.32c).

In a study conducted by Dewi and colleagues (2021), topical caffeine in concentrations
of 0.25% and 0.5% in anti-wrinkle therapy was evaluated on skin elasticity. The results
indicated that topical caffeine application can improve skin barrier function and
increase the elasticity of the skin (Dewi et al., 2021).
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4.5 Skin accumulation of active compounds alone

The amount of each active compound alone and in combination present within the
three different formulations, that accumulated in the skin was evaluated at the end of
each of the in vitro permeation experiments. The purpose was to evaluate the extent
at which individual compounds accumulated within the skin that would result in a local
effect, and how the presence of other compounds, when used in combination, would
affect this accumulation.

4.5.1 Caffeine

Caffeine accumulated in the skin over a 24-hour time period in high amounts (Figure
3.33), which correlated well with the in vitro diffusion data across the skin obtained for
caffeine within all 3-formulations. More than 10% of the initial quantity of caffeine that
was applied onto the skin, accumulated within the skin, with the gel formulation
yielding the highest quantity (16.14%; p<0.05, Table 3.45). The reason for the lower
skin accumulation in the liquid formulation could be due to the penetration enhancers
propylene glycol and ethanol in the liquid formulation that increased the diffusion of
caffeine across the skin, resulting in a slightly lower accumulation in the skin as
compared to the gel formulation that contained propylene glycol only. Propylene glycol
was found in a study to increase in vitro diffusion of agents that are more soluble in
alcohol than water, which could also explain the greater accumulation of caffeine in
skin from a gel formulation, since caffeine is more soluble in water than ethanol
(Veryser et al., 2013). The accumulation of caffeine from a cream formulation was
found to be very similar to the liquid formulation. In a study done by Trauer et al.
(2009), a similar concentration of caffeine (2.5% (w/w) was used to investigate
follicular penetration of caffeine in vitro using the follicular closing technique. The
formulation used in this study was composed of 2.5g of caffeine, 30 g of ethanol (70%)
and 67.5g of propylene glycol. In this study, results showed an increase level of
caffeine penetration in the epidermis layer with a value of 4.7% + 0.57 (table 3.48).
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4.5.2 Theophylline

The skin accumulation of theophylline from the 3 formulations (liquid, cream, and gel)
over a 4—-hour period was very low (< 1.0% of the initial amount of theophylline applied
to the skin, Figure 3.34). Theophylline in a liquid formulation accumulated significantly
(p< 0.05) (0.93%) as compared to theophylline in a cream (0.69%) and gel (0.57%)
formulation respectively. The results for skin accumulation correlate very well with the
in vitro diffusion results found in the study (figure 3.21). The increased theophylline
accumulation from a liquid formulation as compared to from cream and gel
formulations have been due to the penetration enhancers (ethanol and propylene
glycol) found in the formulation. Ethanol is known to be greatly effective in increasing
the permeation of compounds by various mechanisms such as: disruption of the
Stratum corneum, weakening of the protein structure between the corneocytes and
changing the environment in the bilayer (Williams and Barry, 2012). The olive oil in the
cream formulation most probably also disrupted the lipid layers. All these factors lead
to increased permeation of compounds in the skin and could have resulted in a
corresponding increased accumulation of more hydrophilic compounds e.g.,
theophylline within the skin (Wang et al., 2007, Veryser et al., 2013). Another factor
that might also have contributed was theophylline interacting with polar groups within
the stratum corneum lipid bilayer. Furthermore, the skin accumulation data obtained
across all 3 formulations were relatively low compared to caffeine. The time period in
which skin accumulation was done was only after 4 hours which would also contribute
to the low accumulation. The diffusion study was only done for 4 hours due to
theophylline not diffusing further after 4 hours. This correlated well with what was
discussed in section 4.2. Theophylline, being a more hydrophilic molecule than
caffeine, encountered difficulty in diffusing across the skin, making use mostly of the
transcellular pathway. This resulted in variations in the diffusion data obtained due to
the molecule struggling to diffuse through the three different pathways. Compared to
the present study, a higher amount of aminophylline was found to be present within
skin by Ademola et al. (1992). The concentration of theophylline detected in the skin
after topical application in vitro ranged from 2.8 + 0.5% to 7.7 + 7.7% according to
Ademola et al. (1992), whereas in our current study, the concentrations were notably
lower, measuring 0.93 + 0.06% for the liquid formulation, 0.69 + 0.04% for the cream
formulation, and 0.57 £ 0.01% for the gel formulation.
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4.5.3 Retinol

Retinol, from a liquid formulation had the greatest accumulation within the skin (0.51
% of the initial amount loaded onto the skin as compared to retinol within the cream
(0.25%) and gel (0.26 %) formulations, this was not statically significant (p>0.05) (table
3.48). The penetration enhancers within the liquid formulation (ethanol and propylene
glycol) most probably increased the penetration of retinol into the skin, causing a
reservoir effect of retinol within the skin (Yourick et al., 2008). Due to the lipophilic
nature of retinol, the affinity for the hydrophilic liquid formulation is less than for the
lipophilic stratum corneum, causing the retinol to move into the skin. As compared to
the liquid formulation, the gel formulation resulted in a lower accumulation of retinol in
the skin (table 3.48), as it contained propylene glycol only. From the data this would
indicate that ethanol most probably caused a disruption in the lipids surrounding the
corneocytes, resulting in greater accumulation of retinol from the liquid formulation.
Due to the lipophilic nature of the cream formulation, this most probably caused less
retinol moving into the skin because of the greater affinity between the formulation and
retinol (a very lipophilic molecule), resulting in retinol most probably remaining in the
formulation on the skin. As mentioned before, retinol did not diffuse across the skin
within the 24-hour time period and was not detected in the receptor fluid. Compared
to the current study, Yourick et al. (2008) found that a retinol amount of 5.7 + 0.8 %
accumulated in human skin from a gel formulation, while an amount of 8.9 + 2.0 % of
retinol accumulated the skin from an oil-and-water emulsion after a 24-hour period.
Furthermore, the study also showed an amount of 0.3 + 0.1% retinol from a gel
formulation and 1.3 + 0.1% from an oil-and-water emulsion diffused across the skin
after 24 hours, contrasting with the current study's findings of 0.68 + 0.44% for the
liquid formulation, 0.21 £ 0.01% for the cream formulation, and 0.18 + 0.08% for the

gel formulation.

4.5.4 L-carnitine

As mentioned before, L-carnitine is a zwitterion and contains a neutral overall charge
at pH 7.4. When interacting with a phospholipid bilayer, the zwitterion interacts with a
carbonyl oxygen found on the phospholipid bilayer which in turn changes the sodium
(Na*) and potassium (K*) position on the phospholipid bilayer resulting in a
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physiological change, this theory in an ongoing debate (Deplazes et al., 2020).
Furthermore, L-carnitine in the skin is found to break up the calcium ion bond found
between the desmosomes in the stratum corneum, this facilitates the penetration of L-
carnitine through skin (In et al., 2019). In the cosmetic industry,L- carnitine is found to
be used in exfoliating products due to the aforementioned reason, it is found to easily
removed dead skin (In et al., 2019). As mentioned in the previous sections for
caffeine, theophylline and retinol, each formulation had a penetration enhancer which
would play a part in the diffusion of the compound (figure 3.37). Similarly to what was
found for the other compounds, the accumulation of L-carnitine (2.5% w/v) from a
liquid formulation (=2.33%) was higher as compared to L-carnitine from gel (=1.56%)
and cream (=1.33%) formulations. The value obtained for skin accumulation from a
liquid formulation as compared to gel and cream formulations was not found to be
statistically significant (p>0.05). The presence of ethanol and propylene glycol in the
liquid formulation has been found to be more effective in increasing penetration
compared to propylene glycol alone and olive oil. The skin accumulation data
correlated, as seen before, with the in vitro diffusion data. In a study conducted by
Fox et al. (2011), L-carnitine at an initial concentration of 2% in a PBS formulation,
was found to accumulate in the skin at an average amount of 0.054 ug/cm? in the
stratum corneum and 1.1343 ug/cm?in the epidermis-dermis. The study compared the
accumulation of L-carnitine in PBS formulation to L-carnitine in combination with
Pheroid. The results showed that L-carnitine in combination with Pheroid accumulated
in the skin at an average amount of 0.022 ug/cm? in the stratum corneum and 0.777
ug/cm? in epidermis-dermis layer. The Pheroid combination enhanced L-carnitine

permeation however not as great as the PBS formulation (Fox et al., 2011).

4.5.5 Co-enzyme Q10

CoQ10 showed similar results to Retinol, being highly lipophilic and struggling to
diffuse across the skin. As observed before, the CoQ10 with an initial concentration of
0.5% (w/v) in liquid formulation resulted in a slightly greater accumulation (=0.54%) as
compared to CoQ10 within gel (=0.03%) and cream formulations (0.006%) (figure
3.38), this was found not to be statistically significant (p>0.05). This can again be
explained by the ethanol and propylene glycol penetration enhancing effects found in
the liquid formulation. The CoQ10 from the lipophilic cream formulation, resulted in the
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lowest skin accumulation. As mentioned for retinol above, due to the lipophilic nature
of the cream formulation, this most probably caused less CoQ10 moving into the skin
because of the greater affinity between the formulation and CoQ10 (a very lipophilic
and large molecule), resulting in CoQ10 remaining in the formulation on the skin. An
opposite effect was thus observed from the more hydrophilic gel and liquid
formulations. As found for retinol, coenzyme Q10 did not diffuse across the skin within
the 24-hour time period. Another possibility of the low skin accumulation could be that
CoQ10 was reduced within the skin because of the interaction with light. CoQ10 is a
very unstable compound, and it easily degrades when it encounters light (Tessema et
al., 2020). Similar to this study, Tessema and colleagues (2020) found that CoQ10
from a hydrophilic cream accumulated in the skin to a greater extent as compared to
CoQ10 from a lecithin-based microemulsion.

Overall data indicated that caffeine, theophylline, and L-carnitine in the different
formulations diffused across the skin and accumulated within the skin. The lipophilic
compounds, retinol, and coenzyme Q10 accumulated within the skin, however they
did not diffuse across the skin. The accumulation was, however, dependent on the
properties of the molecules. Caffeine had the highest skin accumulation (and the
highest diffusion rate across skin), followed by L-carnitine, Theophylline, Retinol and
CoQ10. This indicates that caffeine has the ideal lipophilic and hydrophilic
characteristics for transdermal drug delivery. Furthermore, a liquid formulation
containing ethanol and propylene glycol seems to indicate be a better formulation for
transdermal delivery.
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4.6 Skin accumulation in combination

Combination studies were done to evaluate not only the effect one compound may
have on the diffusion rate of another compound, but also whether one compound

influences the skin accumulation of another.

4.6.1 Skin accumulation of Caffeine in combination

4.6.1.1 Caffeine in combination with L-carnitine

Results obtained showed a very low (% of initial) caffeine accumulation in the skin
when combined with L-carnitine from all formulations when compared to the % caffeine
accumulation on its own (combined % accumulation <0.5% compared to alone = 16%).
Whereas caffeine from a gel formulation was the highest on its own (= 16%), when
combined with L-carnitine, it indicated the lowest skin accumulation (<0.2%, Figure
3.39). This indicated that L-carnitine, being a zwitterion, impeded greatly caffeine’s
skin accumulation, however it had minimal effect on caffeine’s diffusion across skin
(Figures 3.23 — 3.25). The interaction of L-carnitine with charged molecules in the skin
layer might prevent caffeine molecules also interacting with the same groups in the
skin layers due to competition for the same sites, resulting in less caffeine
accumulation. The presence of L-carnitine did not seem to impede the movement of
caffeine through the skin nor did L-carnitine block the pathways caffeine molecules
use to move through the skin. Compared to caffeine alone, the liquid formulation
containing caffeine and L-carnitine was found to have the highest amount of caffeine
accumulation in the skin compared to gel and cream formulations, the values were
respectively as follows; 0.48%, 0.27% and 0.37% (table 3.49). The high amount of
caffeine accumulation in liquid as compared to cream and gel was not statistically
significant (p>0.05). The penetration enhancers found in the liquid formulation could
be the reason for an increase in transdermal permeation and accumulation i.e.,
ethanol and propylene glycol, compared to propylene glycol only that are present in
the gel formulation, for reasons mentioned previously. The penetration enhancing
effect of the free fatty acids in olive oil present in the cream formulation, also increased
caffeine accumulation in the skin slightly in the presence of L-carnitine. This could
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also be attributed to caffeine being able to move into the skin layers more easily due
to the disruption in the lipid layers caused by the FFAs.

4.6.1.2. Caffeine in combination with Retinol

Caffeine had a very low skin accumulation (% of initial) when in combination with
retinol from all formulations, as compared to caffeine on its own (combined %
accumulation £=0.1% compared to alone = 16%). Whereas caffeine from a cream
formulation was = 13% on its own, when combined with retinol, it indicated the lowest
skin accumulation (<0.04%, Figure 3.40). Retinol however had minimal effect on
caffeine’s diffusion across skin from the liquid formulation (most probably due to the
presence of ethanol and propylene glycol as penetration enhancers) but did decrease
the diffusion of caffeine across skin from both the gel and cream formulations (Figures
3.23 — 3.25). Retinol thus seemed to greatly impede caffeine’s skin accumulation from
all formulations (liquid (=0.100%), gel (0.066%), cream (=0.037%)). As mentioned
before, retinol is a very lipophilic molecule and moves through the skin using the
lipophilic paracellular pathway as well as the transcellular and transappendageal
pathways to a lesser degree. The paracellular pathway consists of more lipids which
is favourable for retinol. In moving via these pathways, retinol forms a layer in the skin
which lowers the diffusion of caffeine across the skin. Due the two molecules that
might use the same pathways to diffuse into the skin, there might be competition
between the two molecules with the larger, more lipophilic retinol blocking the
movement of the caffeine molecule. This would result in less caffeine within the skin

and more caffeine remaining on the skin surface.

4.6.1.3. Caffeine in combination with CoQ10

Caffeine had a very low skin accumulation (% of initial) when in combination with
CoQ10 from all formulations, as compared to caffeine on its own (combined %
accumulation £0.5% compared to alone = 16%). Whereas caffeine from a cream
formulation was = 13% on its own, when combined with CoQ10, it indicated the lowest
skin accumulation (=0.1%, figure 3.41). CoQ10 increased caffeine’s diffusion across
skin from all formulations (cream>>gel>>liquid) most probably partly due to the
presence of ethanol, propylene glycol and olive oil as penetration enhancers, Figures

218



3.23 — 3.25). It seemed to greatly impede caffeine’s skin accumulation from all
formulations (liquid (=0.51%), gel (=0.24%), cream (=0.12%). As mentioned for retinol
above, CoQ10 is also a very lipophilic and large molecule making use of the same
pathways as retinol. However, curiously, as compared to retinol, CoQ10 significantly
enhanced caffeine’s diffusion greatly. In combination with CoQ10, caffeine also
accumulated more in the skin compared to when combined with retinol. This could
partly be due to enzymatic activity that occurs in the skin which alters CoQ10 into its
reduced form, Ubiquinol (Knott et al., 2015, Tessema, 2020), therefore resulting in low
levels of CoQ10 (ubiquinone) in the skin. Since the skin was snap frozen in liquid
nitrogen, some enzymatic activity might still be preserved during the experimental
process after defrosting (Soderquist M, 2013, Eliminating Biological Change after
Excision. Genetic Engineering and Biotechnology News January 15, Vol 33, No 2, pg 16,
https://doi.org/10.1089/gen.33.2.08). Ubiquinol might interact with groups in the

stratum corneum, similarly to L-carnitine, disrupting the skin lipid layer which might

result in less caffeine skin accumulation, but greater diffusion across the skin. The
higher affinity between the lipophilic cream formulation and coenzyme Q10 and
caffeine, might also impede movement of both compounds into the skin resulting in
more caffeine on the skin surface due to coenzyme Q10 forming a layer on the skin
and impeding its movement. This could result in the slightly lower skin accumulation

as compared to the liquid and gel formulations.

4.6.2 Skin accumulation of Theophylline in combination

4.6.2.1. Theophylline in combination with CoQ10

Theophylline is more hydrophilic than caffeine and slightly smaller. The compound had
an extremely low skin accumulation (% of initial) after 4 hours when in combination
with CoQ10 from all formulations, as compared to on its own (combined %
accumulation <0.07% compared to alone <1%). Whereas skin accumulation of
theophylline from a cream formulation was = 0.7% on its own, when combined with
CoQ10, it indicated the lowest skin accumulation (=0.003%, Figure 3.42). CoQ10 had
minimal, if any effect on theophylline’s diffusion across skin from all formulations,
Figures 3.26a — 3.28b). CoQ10 seemed to greatly impede theophylline’s skin

accumulation. As mentioned before, CoQ10 is a very lipophilic and large molecule
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(Celik et al., 2017). As found with caffeine above, the possible enzymatic alteration of
CoQ10 to ubiquinol, might have affected theophylline skin accumulation in a negative
way. These large lipophilic molecules may also form a layer in the skin which in turn
prevented Theophylline to accumulate inside the skin, however in this instance CoQ10
did not enhance the diffusion of theophylline across the skin, as was found with
caffeine mentioned above (section 4.6.1.3). It could be speculated that theophylline
uses mostly the transcellular pathway (as it is relatively hydrophilic) which might not
be used by CoQ10 and in this way the diffusion is not affected. Theophylline in
combination with CoQ10 from a liquid formulation (=0.035%) had the highest amount
of skin accumulation as compared to gel (=0.02%) and cream (=0.003%) formulations,
which again, might be due to the effective penetration enhancer, ethanol as well as
propylene glycol in this formulation. Other reasons for the poor skin accumulation in
the presence of coenzyme Q10 are mentioned in the section on caffeine in section
4.6.1.3.

4.6.2.2 Theophylline in combination with L-carnitine

Very similar results were obtained for the skin accumulation of theophylline in
combination with L-carnitine as observed in section 4.6.2.1 as well as the results found
for caffeine in section 2.6.1.1. When combined with L-carnitine, theophylline’s
accumulation in the skin was extremely low, especially from a cream formulation
(Figure 3.43). L-Carnitine, being a zwitterion impeded greatly theophylline’s skin
accumulation, however it had minimal effect on theophylline’s diffusion across skin
(Figures 3.26a — 3.28b). The interaction of L-carnitine with charged molecules in the
skin layer might prevent theophylline molecules interacting with the same groups in
the skin layers due to competition for the same sites, resulting in less theophylline skin
accumulation. The presence of L-carnitine did not seem to impede the movement of
theophylline through the skin, nor did L-carnitine block the pathways theophylline
molecules used to move through the skin. As found earlier for theophylline alone, the
liquid formulation (=0.034%) was found to have the highest amount of theophylline
accumulation in the skin after 4 hours compared to cream (=0.003%) and gel
(=0.014%) formulations. This could partly have been due to the penetration enhancers

found in the liquid formulation i.e., ethanol and propylene glycol. The poor skin
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accumulation from a cream formulation in the presence of L-carnitine could be due to
L-carnitine being a zwitterion, moving into the skin to a greater extent than the
hydrophilic theophylline due to the low affinity between the lipophilic cream formulation
and the compounds. There might be great competition between the two compounds
for the transcellular diffusion pathway, resulting in theophylline being impeded by the
L-carnitine binding to the Ca?* ions found in the upper layers of the stratum corneum
as mentioned before.

4.6.2.3 Theophylline in combination with Retinol

Theophylline had a slightly lower skin accumulation (% of initial) when in combination
with retinol from the liquid and cream formulations, as compared to theophylline on its
own (combined % accumulation =0.6% for cream and =0.25% for liquid compared to
alone = 1%). Curiously, the % theophylline’s skin accumulation, in the presence of
retinol, from the gel formulation increased to =1.33% (Figure 3.44). Retinol was found
to increase theophylline’s diffusion across skin from all formulations as well (Figures
3.26a — 3.28b). Retinol is a very lipophilic molecule making use of all three penetration
pathways, but mostly the paracellular pathway. However, curiously, in comparison to
when theophylline was combined with coenzyme Q10 (section 4.6.2.1), retinol
enhanced theophylline’s diffusion greatly, whereas coenzyme Q10 had little effect on
theophylline’s diffusion. In combination with retinol, theophylline also accumulated
more in the skin compared to when combined with coenzyme Q10. Due to the
differences in the lipophilicity of the two molecules as well as them making use of
different pathways to diffuse into the skin, retinol seemed to accelerate the more
hydrophilic theophylline molecule’s diffusion, most probably via the transcellular
pathway. Thus, although retinol accumulated in the skin and impeded some
accumulation of theophylline, it may have forced more theophylline molecules to
diffuse into the deeper layers of the skin and across the skin. The reasons for the
increase in theophylline skin accumulation (from the gel formulation) and diffusion
when combined with retinol from all formulations, is evidence for further investigation,
but might be due to enzymatic alteration of retinol within the skin to retinoic acid which
has a skin hydrating effect. This also disrupts the barrier allowing more of the
hydrophilic theophylline to penetrate the skin. Enzymatic activity in the excised skin

which was snap-frozen after collection, might still have been responsible for the
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formation of retinoic acid during the experimental procedure (Soderquist M, 2013,
Eliminating Biological Change after Excision. Genetic Engineering and Biotechnology
News January 15, Vol 33, No 2, pg 16, https://doi.org/10.1089/gen.33.2.08).

4.6.3 Skin accumulation of Retinol in combination

4.6.3.1 Retinol in combination with L-carnitine

Retinol skin accumulation (%) in combination with L-carnitine was much lower
(=0.008%, liquid> gel>cream ; figure 3.45) than retinol accumulation on its own
(=0.7%, Figure 3.36). As mentioned in all the sections above, L-carnitine, being a small
hydrophilic amino acid derivative thus impeded greatly retinol’s skin accumulation. The
interaction of L-carnitine with charged molecules in the phospholipid bilayer of the skin
might alter the lipid bilayer as mentioned previously, this might have impeded the
movement of retinol into the skin in some way. The original retinol compound might
have been also detected to a lesser extent due to enzymatic conversion to retinoic
acid within the skin. The retinol skin accumulation from the liquid formulation
(=0.008%) also was higher as compared to the gel (=0.0005%) and cream (=0.0011%)
formulations. This might be due to ethanol and propylene glycol found in the liquid
formulation that is known to be effective permeation enhancers, as mentioned before
(Williams and Barry, 2012; Jacob et al., 2018)

4.6.3.2 Retinol in combination with Theophylline

Retinol’s skin accumulation (% of initial) when in combination with theophylline from
the liquid and cream formulations, was lower as compared to retinol on its own
(combined % accumulation =0.12% for cream and =0.06% for liquid compared to alone
in cream = 0.25% and liquid =0.7%). Curiously, the % retinol’s skin accumulation in
the presence of theophylline from the gel formulation increased significantly from
=~(0.25 to =0.47% (p<0.05).This tendency was also noticed where theophylline’s skin
accumulation also increased from the gel formulation when the two compounds were
combined (section 4.6.2.3; table 3.49) The results indicated that retinol and

theophylline in a gel formulation enhanced each other’s skin accumulation via a yet
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an unknown mechanism that needs further investigation. As mentioned in section
3.6.2.3, retinol also enhanced the diffusion of theophylline across the skin from all
formulations, possibly due to the hydrating effect on the skin caused by the conversion
of retinol to retinoic acid as mentioned above (section 4.6.2.3). However, no retinol
was detected in the receptor fluid, thus theophylline did not enhance the diffusion of
retinol across the skin.

4.6.3.3 Retinol in combination with Caffeine

Retinol had a very low skin accumulation (% of initial) when in combination with
caffeine from all formulations, as compared to retinol on its own (combined %
accumulation =0.032% compared to alone <0.7%). Whereas retinol from a cream
formulation was =0.25% on its own, when combined with caffeine, it indicated the
lowest skin accumulation (=0.0008%, Figure 3.47). Caffeine thus seemed to greatly
impede retinol’s skin accumulation and vice versa. As mentioned before in section
4.6.1.2, retinol forms a layer in the skin which lowers the diffusion of caffeine across
the skin, but due to the fact that the two molecules might use the same pathways to
diffuse into the skin, there might be competition between the two molecules with the
larger, more lipophilic retinol blocking the movement of the caffeine molecule and vice
versa. Retinol, as found earlier, had minimal effect on caffeine’s diffusion across skin
from the liquid formulation, but did decrease the diffusion of caffeine across skin from
both the gel and cream formulations (Figures 3.23 — 3.25). No retinol was detected in
the receptor fluid when combined with caffeine, thus caffeine did not enhance the
diffusion of retinol across the skin. The retinol accumulation was higher from the liquid
formulation as compared to the gel and cream formulations which might be due to the
presence of the two penetration enhancers, as mentioned before. Another reason
contributing to the low detection of retinol might be the conversion of retinol to retinoic

acid resulting in low levels on the original compound detected in the skin.
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4.6.4 Skin accumulation of CoQ10 in combination

4.6.4.1 CoQ10 in combination with Caffeine

CoQ10 accumulation increased (% of initial) when in combination with caffeine from
all formulations, as compared to CoQ10 on its own (combined % accumulation from
liquid =4.1% (p<0.05), gel =0.15% and cream =0.12% compared to alone <0.04%,
Figure 3.48). The greatest accumulation was from a liquid formulation in the presence
of caffeine, which might partly be due to the penetration enhancers as well as the
lower affinity between the lipophilic coenzyme Q10 and the hydrophilic formulation
causing more coenzyme Q10 to move into the skin. As mentioned in section 4.6.1.3,
CoQ10 also increased caffeine’s diffusion across skin from all formulations
(cream>>gel>>liquid, Figures 3.23 — 3.25), but this was not the case in reverse.
Caffeine did not increase the diffusion of CoQ10 across the skin as no coenzyme Q10
was detected in the receptor fluid. A possible contributing mechanism for the higher
levels of coenzyme Q10 in the presence of caffeine could be that caffeine in some way
prevents the conversion of coenzyme Q10 to ubiquinol in the skin, with the resultant
higher levels of coenzyme Q10 detected in the skin.

4.6.4.2 CoQ10 in combination with Theophylline and L-Carnitine

Detectable, but no quantifiable levels of coenzyme Q10 were detected within the skin
from all formulations when combined with theophylline or L-carnitine. The mechanisms
behind this can only be speculated. Both theophylline and L-carnitine are small
hydrophilic molecules and could most probably enhance the enzymatic metabolism of
CoQ10 to ubiquinol, resulting in very low levels of ubiquinone (CoQ10) in the skin.
CoQ10 however, caused decreased accumulation of theophylline as opposed to
increased accumulation of L-Carnitine inside the skin. (Figures 3.42 and 3.49). An
interesting finding and has most probably to do with the increased levels of ubiquinol

and decreased levels CoQ10 in the skin. This needs further investigation.
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4.6.5 Skin accumulation of L-carnitine in combination

4.6.5.1 L-Carnitine in combination with Caffeine

Results obtained showed higher levels (% of initial) of L-carnitine in the skin when
combined with caffeine from all formulations when compared to the % L-carnitine
accumulation on its own (combined % accumulation cream: =6.5%, gel: =5.5%, liquid:
=2.7% compared to alone <2.3%, Figure 3.49). Interestingly, no L-carnitine was
detected in the receptor fluid when combined with caffeine from all formulations
(Section 3.2.3.3). This implied that caffeine caused L-carnitine to accumulate in the
skin, but not to diffuse across the skin. From section 4.6.1.1 above, L-carnitine, being
a zwitterion, impeded greatly caffeine’s skin accumulation, however it had minimal
effect on caffeine’s diffusion across skin (Figures 3.23 — 3.25). As mentioned before,
caffeine and L-carnitine might interact with the same groups in the skin layers due to
competition for the same sites, resulting in less caffeine accumulation, but more L-
carnitine accumulation due to the presence of charged reactive groups within L-
carnitine. Caffeine moves easily across the skin, being more lipophilic and uses
multiple pathways, however L-carnitine being very hydrophilic, and using mostly the
transcellular pathway, might struggle moving across skin in the presence of caffeine
due to competition for the transcellular pathway to cross the skin. Interestingly, the
liquid formulation in the presence of caffeine, yielded the lowest L-carnitine
accumulation and the gel and cream formulations the highest. Thus, the penetration
enhancers found in the liquid formulation i.e. ethanol and propylene glycol, did
increase the diffusion of L-carnitine across the skin, however prevented it from
accumulating in the skin to a greater extent as compared to the other two formulations.
It might be due to the fact that L-carnitine is hydrophilic and its affinity for the
hydrophilic liquid formulation is high, thus more of the compound will remain on the

skin surface, the opposite would be true for the cream formulation.
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4.6.5.2 L-carnitine in combination with CoQ10

A similar trend was observed as described in section 4.6.5.1 above. Higher levels (%
of initial) of L-carnitine in the skin were observed when combined with coenzyme Q10
from all formulations when compared to the % L-carnitine accumulation on its own
(combined % accumulation cream: =7.2%, gel: =7.0%, liquid: =3.6% compared to
alone <2.3%, Figure 3.50). Coenzyme Q10 also increased L-carnitine’s diffusion
across skin phenomenally (Figures 3.29b, 3.30a and 3.31a, section 3.2.3.3). As
mentioned in section 4.6.4.2, L-carnitine in turn decreased coenzyme Q10’s
accumulation in the skin. (Figures 3.23 — 3.25). These effects could be due to the
levels of ubiquinol compared to ubiquinone (coenzyme Q10) in the skin as mentioned
in section 4.6.4.2. As mentioned in section 4.6.5.1, the liquid formulation also yielded
the lowest L-carnitine skin levels and could be due to the reasons mentioned in that

section.

4.6.5.3 L-carnitine in combination with Retinol

Results obtained showed higher levels (% of initial) of L-carnitine in the skin when
combined with retinol from the liquid and gel formulations when compared to the % L-
carnitine accumulation on its own (combined % accumulation gel: =3.1%, liquid: =3.6%
compared to alone <2.3%, Figure 3.51). Alternatively, L-carnitine greatly impeded the
retinol’s skin accumulation for possible reasons (section 4.6.3.1) and also did not
enhance retinol diffusion across the skin, as no retinol was detected in the receptor
fluid. Retinol was also found to enhance L-carnitine’s diffusion greatly across the skin
(Figures 3.29b, 3.30c, 3.31b). Due to the differences in the lipophilicity of the two
molecules (L-carnitine being hydrophilic and retinol being lipophilic) as well as them
making use of different pathways to diffuse into the skin, retinol seemed to accelerate
the more hydrophilic L-carnitine’s diffusion via the transcellular pathway. Thus, retinol
may have forced more L-carnitine molecules to diffuse into the deeper layers of the
skin and across the skin. The reasons of the increase in L-carnitine skin accumulation
(from the liquid and gel formulations) and diffusion when combined with retinol from
all formulations, give a cause for further investigation, but could in part be due to the
presence of the penetration enhancers in the two formulations and the hydrating effect
on the skin caused by the conversion of retinol to retinoic acid (section 4.6.2.3).
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4.6.5.4 L-carnitine in combination with Theophylline

A similar trend as described in sections 4.6.5.1 and 4.6.5.2 was observed when L-
carnitine was combined with theophylline. Higher levels (% of initial) of L-carnitine in
the skin were observed when combined with theophylline from all formulations when
compared to the % L-carnitine accumulation on its own (combined % accumulation
cream: =5.9%, gel: =6.1%, liquid: =2.9% compared to alone <2.3%, Figure 3.52).
Theophylline also greatly increased L-carnitine’s diffusion across skin (Figures 3.29a,
3.30b and 3.31c). As mentioned in section 4.6.2.2, L-carnitine again impeded greatly
theophylline’s skin accumulation, but had minimal effect on its diffusion across skin
(Figures 3.26a — 3.28b) for possible reasons mentioned in that section. As mentioned
in sections 4.6.5.1 and 4.6.5.2 above, the liquid formulation also yielded the lowest L-
carnitine skin levels and could be due to the reasons mentioned in those sections.
Theophylline might cause some disruption in the barrier layer of the skin that might
cause increased amounts of L-carnitine to diffuse into and across the skin, and this

mechanism needs further investigation.

From the results reported above, it would seem that L-carnitine’s diffusion across the
skin and accumulation in the skin are positively affected by all compounds combined
with it and when combined in all formulations. However, this compound negatively
affects most other compounds’ skin accumulations but have minimal effect on their
diffusion across the skin. All compounds affect caffeine’s skin accumulation in a
negative way, however when combined with coenzyme Q10, its diffusion is greatly
enhanced across the skin which might increase the risk of systemic side-effects. This
combination however, also results in more coenzyme Q10 accumulation in the skin,
especially from a liquid formulation, with resultant beneficial effects. Combined with
retinol, theophylline’s diffusion across the skin increases, which might also increase
the risk of systemic side-effects, however retinol accumulation in the skin increases

from a gel formulation with resultant beneficial effects.
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5.Chapter 5: Final Conclusion

The purpose of this study was to investigate the effectiveness of penetration of various
active compounds in different formulations (Liquid, Gel and Cream) in and across
porcine skin. Five different active compounds (Caffeine, Theophylline, Retinol, L-
carnitine and CoenzymeQ10) were detected and the methods validated by HPLC
analysis compared the in vitro kinetic behaviour of each active compound alone and
in combination. Furthermore, the accumulation of each active compound alone and in
combination was evaluated within the three different formulations (liquid, gel, and
cream). Skin integrity was observed by evaluating the effect of active compound in

different formulation on the barrier intactness.

5.1 Method validation of active compounds

The proposed HPLC method is suitable for the detection of caffeine, theophylline,
retinol, coenzyme Q10 and L -carnitine. Furthermore, the method showed to be linear,

precise, accurate and robust across all five active compounds.

5.2 In vitro diffusion of active compounds across skin

Each active compound was prepared in three different formulations (liquid, gel, and
cream) and the diffusion behaviour was investigated across the porcine skin.
Caffeine alone in a cream formulation penetrated at a slightly greater rate as compared
to caffeine in gel and in liquid. This can be due to composition of the formulations;
cream contains olive oil which act as a natural occurring enhancer. When looking at
caffeine in combination, its shows that caffeine in combination with coenzyme Q10
showed a significant increase in skin permeation in a gel and cream formulation as
compared to liquid. Both gel and liquid formulation contained chemical enhancer,
propylene glycol and ethanol respectively, which contributes an increase in skin
permeation.

Theophylline was found to be a complex compound to diffuse through skin, this is due
to its greater hydrophilic nature. The study showed that Theophylline alone had a
greater diffusion rate from a liquid formulation as compared to gel and cream

formulations. This again can be attributed to the chemical enhancer found in liquid,
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ethanol. When looking at Theophylline in combination with retinol, it was found that
theophylline had a greater permeability across all three formulations (liquid, gel, and
cream). L- carnitine alone, which is known as a zwitterion, diffused at a greater rate in
a liquid formulation. L-carnitine in combination with theophylline had a significant
greater diffusion in liquid and gel formulation. Both retinol and co-enzyme Q10 have
lipophilic properties which makes it difficult for compounds to diffuse through the skin.

5.3 Skin accumulation of active compounds alone and in combination

Due to the nature of certain active compounds, skin accumulation was found to be
more prominent for some compounds as compared to others. When looking at skin
accumulation on its own, Caffeine was found to significantly accumulate in the skin
over a period of 24hours from a gel formulation compared to liquid and cream
formulation. Theophylline and L-carnitine had an increase in skin accumulation in the
liquid formulation, however this was not found to be statistically significant. Retinol and
Coenzyme Q10 are both lipophilic compounds that struggled to diffuse through the
skin. Result obtained showed that both compounds accumulated in the skin and that
a higher accumulation percentage was found from a liquid formulation for Retinol and
coenzyme Q10. Skin accumulation in combination showed that adding a secondary
compound to the formulation can increase the accumulation percentage of the primary
compound as seen in theophylline, retinol co-enzyme Q10 and L-carnitine.
Theophylline in combination with retinol showed a significant accumulation of
theophylline across all 3 formulations. Retinol in combination with theophylline showed
a significant amount of retinol accumulation from a gel formulation. Coenzyme Q10 in
combination with caffeine showed a significant accumulation of co-enzyme from a
liquid formulation. L-carnitine was found to significantly accumulate in skin from a liquid
formulation when in combination with Caffeine, Theophylline, Retinol and Coenzyme
Q10.

5.4 Skin inteqrity

As a general overview, skin barrier function was found to disintegrate after exposure
to active compounds over a period of 24-hours in liquid and gel formulation, the cream
formulation showed that the skin barrier remained relative intact over the same period.
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When exposed to a liquid formulation containing L-carnitine, skin barrier function
significantly after 2 hours while retinol increased the barrier function after 2 hours then
decreased barrier function after 4 hours.

Both Caffeine and Theophylline only affected the barrier function after a 4hour

exposure.

From the gel formulation, retinol caused significant increase in the skin barrier function
after 2 hours to 4 hours. The compound only decreased skin integrity at 24 hours.
Theophylline and L carnitine decreased barrier function significantly after 24 hours
while, caffeine remained relatively constant. From a cream formulation, the skin barrier
function remained consistently intact over 24 hours. Caffeine increased the barrier

function at 2 hours and significantly decreased skin barrier function at 24 hours.

5.5. Future recommendations

In future, researchers and policy makers should consider testing different formulation
such as emulsion, emulgel, or ointments to observe the diffusion characteristics of
these compounds; Caffeine, Theophylline, L-carnitine, Retinol and CoQ10.
Furthermore, other chemical enhancers can be evaluated to see how they affect the
permeation rate of active compounds across skin. Various chemicals have been
known to disrupt the stratum corneum, these chemicals include poly-alcohols, amines,
pyrrolidones, amides, sulphoxides, fatty acids, alkanes, esters, surfactants, terpenes,
and phospholipids. The assessment of skin integrity can be done using transdermal
water loss (TEWL), this is a common way in chich skin barrier is evaluated.
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