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ABSTRACT

Nanocosmeceuticals combine active cosmetic ingredients integrated with nanotechnology to
enhance sensory, physicochemical and therapeutic properties. Nanocosmeceuticals carriers
have diverse sub-micron sized forms (10 nm to 1000 nm) such as nano and microemulsions,
vesicles and particles used in the topical delivery of cosmeceutical ingredients. This research
focused on developing novel nanocosmeceutical formulations to target delivery to the skin,
enhance the stability of actives, and improve sensory properties on the skin.
Nano/microemulsions were developed for two natural product active cosmeceutical
compounds, with different physicochemical properties and thus formulation challenges. These
were fully assessed for their physical characteristics, stability, skin delivery and efficacy.
Quality by Design (QbD) principles were applied, and materials were chosen based on their
physicochemical properties and safety profile.

Chapter 1 of the thesis presents a critical review of the current literature on topical
nanocosmeceuticals and their application to human skin.

Chapter 2 describes the development of hano-creams containing caffeine (CAF) to manage
cellulite. These formulations of 2% CAF were developed using a range of oils, surfactants, and
chemical penetration enhancers and fabrication methodologies. A target product profile (TPP)
was generated and optimal formulations were developed using a low energy method to meet
the TPP. Physical characteristics were characterised, including organoleptic properties, pH,
droplet size distribution, and viscosity. The optimal CAF nanoemulsion exhibited a particle size
of 425.00 + 5.37 nm, pH 5.64 £ 0.01, and viscosity of 8814 + 1050 Pa.s. In vitro permeation
testing (IVPT) of the developed formulations and a topical marketed 2% CAF cream were
conducted in Franz-type diffusion cells using newborn piglet skin. The steady-state CAF flux
(Jss) for the optimised formulation was 8.829 + 1.472 pug/cm?/h compared with 2.827 + 0.555
pg/cmz/h for the marketed 2% CAF semisolid topical cream. The optimised 2% CAF
formulation containing lanolin (LAN) was chosen for clinical testing.

Chapter 3 describes the development of a standardised method for scoring the severity of
cellulite in female participants' posterior thighs region and evaluating the method's reliability.
This tool was then used as a primary efficacy measure in the clinical trial. In Stage 1 of the

study, five evaluators were provided with written instructions outlining the steps to be followed



in the assessment process and conducted their evaluations independently, recording a score
for the numbered images of each participant. After a 4-week interval, each evaluator repeated
their assessment using the same images presented randomly. No additional training was
provided. In Stage 2 of the study, 2 evaluators received additional training and practice in
scoring the photographic images. They scored the images independently, but when there was
a discrepancy between scores, a third person acted as a moderator and assigned a moderated
score for the images. This scoring and moderation process was repeated after 4 weeks on the
same set of images presented in random order. In stage 1, the inter-rater reliability (ICC 25)
was 0.838 (95% CI: 0.700-0.922) and test/retest ICC 3,1 values ranged from 0.360 — 0.990. In
stage 2 (following further training), the inter-rater reliability for 2 evaluators improved to 0.978,
and the test/retest reliability of the moderated scoring method improved to 0.993.

Chapter 4 describes the clinical trial conducted to determine the effect of the optimised CAF
nano-cream formulation on cellulite appearance, thigh circumference, and skinfold thickness.
The clinical trial was approved by the Ethics Committee of Curtin University (HSE2019-0521)
and registered on the Australian New Zealand Clinical Trials Register
(ACTRN12619001547134). 24 healthy females were recruited, aged between 18 to 55 years,
with a BMI > 22 and the presence of at least mild cellulite. A double-blind, randomised placebo-
controlled paired trial was conducted where each volunteer applied active and placebo cream
to regions on each of the upper thighs, twice daily for 12 weeks. The effect of the cream on
skin appearance was monitored over 12 weeks. The primary outcome measures were reduced
cellulite scores from 3.96 (95% CI: 3.16-4.76) to 2.50 (95% CI: 1.70-3.30) (active) compared
with placebo from 3.88 (95% CI: 3.08-4.67) to 2.83 (95% CI: 2.03-3.63). The effect sizes (ES)
indicated a moderate effect for active CAF nano-cream formulation (ES = 0.475), whilst
placebo (ES = 0.286) had a small effect.

Chapter 5 describes the development of self nano-emulsifying drug delivery systems
(SNEDDS) for skin delivery of astaxanthin (ASX), a potent natural antioxidant. The
formulations were characterised for physical appearance, viscosity, refractive index, stability,
and antioxidant activity of ASX. SNEDDS-ASX skin penetration/permeation was determined
across porcine skin mounted by IVPT. ASX was quantified in the stratum corneum (SC), the

epidermis-dermis-follicle region (E+D+F) and the receptor compartment. Terpenes (D-



limonene, geraniol and farnesol) were included in the SNEDDS formulations to evaluate their
potential skin penetration enhancement. All SNEDDS formulations had droplets in the 20 nm
range with low polydispersity. SNEDDS-L1 (no terpene) significantly increased ASX
penetration to the SC and the (E+D+F) compared to an ASX in oil solution and a commercial
ASX facial serum product. The SNEDDS containing D-limonene gave the highest ASX
permeation enhancement with 3.34 and 3.79 times the amount in the SC and E+D+F,
respectively, compared to a similarly applied dose of ASX in oil. We concluded that SNEDDS
provide an effective formulation strategy for the enhanced skin penetration of a highly lipophilic
molecule. When applied to ASX, it can offer topical formulations for UV protection anti-ageing
and inflammatory conditions of the skin.

The doctoral research conducted in this thesis contributes to a better understanding of the
development of nanocosmeceuticals and their interaction with the skin. The formulation
development approach, materials used and low energy fabrication methodology offer

promising formulations for skin delivery applications in dermatological and cosmetics.
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Chapter 1.

Nanocosmeceuticals in the Skin: A Literature Review

1.1 Role, challenges, and market opportunities

Throughout human civilisation, there has been a desire to present beauty, an obsession with
eternal youth, and a need to revitalise skin wellness. These endeavors contribute to the high
demand for innovative cosmetic/cosmeceutical skincare products. Looking back in ancient
history, there are many examples of natural products in skincare. Around 4000 BC, Cleopatra,
the last Egyptian queen, bathed in sour donkey milk to improve her complexion and make her
skin softer and smoother.! Woman in ancient Rome rubbed fermented grape skins from the
bottom of wine barrels over their skin to exfoliate and improve their skin texture. Greek women
also used a combination of lime, sulphur, and mustard to rejuvenate their skin. It is interesting
to look at the basis of these natural products used in ancient times.2 Sour milk contains lactic
acid; grape skins contain tartaric acid; and the lemon extract contains citric acid, a naturally
occurring alpha-hydroxy acid (AHA).>¢ These acids and their derivatives are now common
ingredients of chemical peeling. Archaeologists found evidence that Egyptians used henna to
produce a dye that they applied to adorn the palms, soles, cheeks, nails, lips, and hair with art
design’”. Kohl was applied as a cosmetic, in the form of dark eyeliner, extending the eyebrows
(Ebers Papyrus; 1550 BCE), and as a medicinal collyrium (lotion or wash) to treat eye
diseases.?

Drs Albert Kligman and Raymond Reed first introduced cosmeceuticals in the late 1970s. They
described cosmeceuticals as products that blended cosmetics and active pharmaceutical
ingredients (API) to achieve medical effectiveness on personal human appearance, ranging
from the skin to body to hair.® The first cosmeceutical product contained AHA and was
introduced to the United States market in the 1990s.2° To date, cosmeceuticals are used to
treat a range of skin conditions, including photoageing, dark spots, hyperpigmentation,
wrinkles, and skin dryness.112 In Japan, cosmeceuticals are called quasi-drugs due to the

mixing of pharmacological and non-pharmacological active compounds.*3



1.1.1 Role of nanotechnology in cosmeceuticals

The European Commission defines nanotechnology as "those areas of science and
engineering where phenomena that take place at dimensions in the nanometre scale are
utilised in the design, characterisation, production and application of materials, structures,
devices and systems".1* There is evidence of the contributions of nanotechnology to almost
every field of science: including physics, biology, chemistry, engineering, computing, and
material science.® Historically, there is evidence that nanotechnology was used for skincare
by ancient Egyptians, Greeks, and Romans when they prepared hair colour formulations.
However, over the past 40 years, nanotechnology has become well established as a
formulation strategy for personal skincare and health care products in the cosmetic industry:
ranging from sunscreens to moisturising lotions and hair products.!

Nanocosmeceuticals are used to describe when cosmeceutical active ingredients are
incorporated with a nanotechnology delivery system.1?2 The goal of nanocosmeceuticals is to
develop elegant cosmeceutical products with enhanced active ingredient performance, usually
through the rapid penetration of active ingredients into the skin, resulting in improved
effectiveness.’? Nanocosmeceuticals offer several advantages to conventional
cosmeceuticals: the potential to enhance delivery to the target site, controlled drug release at
the target site, and the ability to improve stability by protecting sensitive active ingredients
within the formulation.’? As a result, nanotechnology-based products provide deeper skin
penetration, enhanced skin ageing effects, better UV protection, improved stability, longer-
lasting effects and good sensory properties.’! A variety of different novel nanocarrier
approaches have been applied within the cosmeceutical industry, including hanoemulsions
(NEs), liposomes, niosomes, solid lipid nanoparticles (SLNs), nanostructured lipid carriers
(NLCs), nanocrystals, dendrimers, nanospheres, and nanotubes. The properties of these
nanotechnology formulations are described later in the chapter (section 1.3.3). Some of these
approaches are well established in commercially available cosmeceutical products, whilst

others are in the research and development phase.

1.1.2 Challenges

Concerns have been raised over the safety of nanotechnology-based consumer and personal

care products, primarily nanoparticle-based sunscreen products that contain zinc oxide and



titanium dioxide.1’® However, extensive studies of the skin penetration of zinc oxide
nanoparticles following application to human volunteers, under a range of application
conditions (including massage, bathing and on damaged skin), have failed to show any toxic
effects.1720  Nevertheless, these concerns along with public perception, have forced the
cosmetic industry to consider how nanotechnology is used in cosmetics and ensure
comprehensive safety assessments are conducted before the product's launch to market.16
For consumer protection, all ingredients (including nanomaterials) must be disclosed on the
product label, thereby allowing the consumer to make informed decisions regarding product
use, taking into account any personal health and safety issues.1%21 Nanocosmeceutical-based
products should be regulated and evaluated for their efficacy and safety in clinical trials, which
is a critical step before the market launch.?2 It should be noted that a variety of nanocarriers
are utilised in nanocosmecuticals, ranging from solid forms (nanoparticles) to liquids
(nanoemulsions, nanovesicles), with the latter being far less controversial from a safety

perspective.

1.1.3 Global market and forecasts for nanocosmeceuticals

Two of the major global cosmetic companies, Lancome and Christian Dior, launched their first
nanocosmetics in 1986 (Niosomes® and Captures®), with L'Oréal (Revitalift®) following in
2005. The technology is now widely used for cosmeceutical products that target wrinkles,
hyperpigmentation, dark spots, photoageing, and skin dryness.112123The field of
nanocosmetics continues to draw considerable interest from many companies engaged in
research and development (R&D) in personal care products for the whole spectrum from baby
care to antiageing creams. In 2020, the worldwide beauty and personal care market was
valued at USD 483 billion and is predicted to increase to USD 784.6 billion by 2025 (Figure
1.1).24 This rapid rise in market value is driven by an increasingly ageing population (an
estimate that 2.09 billion people will be >60 years of age in 2050), increased affluence, and
growing markets in Asian countries (China, Japan, Korea and India), the Middle East, and

Africa (predicted annual growth rate (AGR) of 21%).23
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Figure 1.1 A comparative representation of revenue and estimated growth rate of
cosmetics (+32%), skincare (+24.3%) and personal care (+18.7%) between 2019 and
2025. Adapted from Roberts et al.?*

1.2 Skin

The skin is the largest organ in the human body, covering an area of approximately 1.6-1.9 m?
on an average adult, and accounting for about 10-16% of the total body mass.?>26 The skin
has many important roles including protection, regulation and sensation.2327-2° |t protects the
body from invasion of foreign substances and microorganisms, and prevents excessive water
loss from the body. The skin controls heat and moisture flow to and from the surrounding
environment (thermoregulation).3231 The distribution of nerves in the skin provides sensory
properties, including feeling touch, pain, itch, heat and cold temperatures. In addition, due to
its unique patterns, the skin on the fingers and palm has been used for human legal

identification and recognition using biometric technology.3?

1.2.1 Skin structure and functions

Epidermis (the outer layer), dermis (the inner layer), and hypodermis are the three main

anatomical layers of human skin (Figure 1.2).33
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Figure 1.2 Arepresentation of human skin structure in cross-section. The depth of skin
layers may vary depending on the body sites and degree of hydration. The figure is
reproduced from Roberts et al.®® with permission

1.2.1.1 Epidermis

The epidermis is a multiple-layered membrane of keratinocytes, with thickness ranging from
0.06 mm (eyelids) to about 0.8 mm (palms and soles).?> There are five histological layers: (i)
the stratum germinativum/basale (SB) at the dermal-epidermal junction, generating new
keratinocytes that differentiate through the (i) stratum spinosum (SS), (iii) stratum granulosum
(SG), (iv) stratum lucidum (SL) and (v) stratum corneum (SC) at the skin's outer surface.3437
As there are no blood vessels in the epidermis, cells must source nutrients and eliminate waste
products by diffusion across the dermo-epidermal layer. Thus cells decline, differentiate, and
die as they move further from the basal layer.38 It takes approximately 28 days for a daughter
cell from the SB to move through the various epidermal layers and be shed from the SC. The
term "viable epidermis" is often used for the epidermal layers below the stratum corneum, but

this terminology is questionable given the degradation within the epidermal layers.



Stratum basale (SB)

The SB, also referred to as the stratum germinativum or basal layer, contains melanocytes,
Langerhans cells, and Merkel cells.?> Melanocytes produce the pigment melanin from
tyrosine, which is responsible for hair, eyes, and skin pigmentation. The primary function of
melanin is to absorb ultraviolet (UV) radiation and are free radical scavengers in the basal
layer. People who have darker skin have more active and efficient melanocytes.® Langerhans
cells are bone marrow-derived and act as the outermost guard of the cutaneous immune
system. They play a role in allergic contact dermatitis.3® Merkel cells are associated with
sensory receptors and are also thought to have a neuroendocrine function.3°

Stratum spinosum (SS)

The SS, also known as the prickle cell layer, consists of two to six rows of keratinocytes located
directly above the basal layer.2> A combination of the basal and spinous layers is also referred
to as the Malpighian layer of the skin. Within this layer, cellular morphology changes from
columnar to polygonal cells as the keratinocytes start to differentiate and form keratin
tonofilaments interconnected by desmosomes. Desmosomes function as "molecular rivets",
adding structural integrity to the epidermis.4°

Stratum granulosum (SG)

Within the SG, the keratinocytes differentiate, with the polygonal cells starting to flatten in
appearance. The presence of hydrolytic enzymes, including stratum corneum chymotryptic
enzyme (SCCE), are associated with the desquamation process, whereby a layer of stratum
corneum cells are shed from the skin surface each day (on average). Overexpression of these
enzymes result in dermatological disorders such as psoriasis and dermatitis.41:42

Stratum lucidum (SL)

Within the SL, the cell nuclei and other organelles disintegrate and the cells contain relatively
higher levels of keratin protein, are more compact, and flattened in shape. The SL is also
considered as a part of the portion of SC, with both layers having a structure composed of an
intracellular protein matrix and surrounding lipid lamellae that substantially reduce skin barrier

permeability. 3940



Stratum corneum (SC)

The SC (10-15 layers; 10-20 pum thick) comprises keratin-rich corneocytes surrounded by
multiple lipid bi-layers.*® The SC has been described as a "brick and mortar system" in which
keratinised cells with a polygonal, elongated and flattened shape are embedded in a lipid
"mortar-like" matrix.** The lipid matrix comprises ceramides, cholesterol, cholesterol sulphate,
di-triglycerides, fatty acids and sterol/wax esters.?7:3445-47 |t is this combination of relatively
desiccated proteinaceous cells and highly ordered lipid bilayers that provide the main diffusion
barrier of the skin.

1.2.1.2 Dermis

The dermis (or corium) is a 3-5 mm layer between the epidermis and hypodermis
(subcutaneous fat layers).253 It acts as a source of nourishment and musculoskeletal support
to the epidermis.*® Since the dermis is hydrophilic, it offers little resistance for the permeation
of most hydrophilic drugs but may reduce the permeation to deeper tissues of highly lipophilic
drugs.?538 The dermis consists of collagenous fibre, elastic connective tissue (elastin), and
other extracellular components, including blood and lymphatic capillaries, nerve endings,
pilosebaceous units (sebaceous glands, hair follicles, and arrector pili muscle) and secretory
glands (sweat/eccrine and apocrine). The sebaceous glands secrete sebum composed of a
mixture of triglycerides, fatty acids, and waxes that lubricate the skin and maintain a pH of
around 5. Sweat glands produce sweat and assist in thermoregulation.39:40

1.2.1.3 Hypodermis

The subcutaneous fat layer or hypodermis comprises a network of fat (adipose) tissue, with
primary roles in thermal insulation, protection against physical shock and as an energy

reservoir.2®

1.2.2 Skin penetration/permeation

The SC is the main barrier to permeating externally applied substances, microorganisms, and
excessive water loss.394950 Externally applied substances permeate the skin by two main
pathways: the transepidermal pathway and the transappendageal (shunt) pathway (Figure
1.3).5! The transepidermal pathway is the main pathway for skin absorption, with molecules
having the potential to follow an intercellular route (between the cells) and/or a transcellular

route (through the cells). It is important to note that regardless of the route, substances must



cross intercellular SC lipids, and the tortuous and heterogeneous nature of the SC contributes
to its barrier properties.>> The shunt pathway via hair follicles and sebaceous ducts was first
identified by Scheuplein 52 as a pathway for providing drug transport in the early stages of skin
absorption before steady-state diffusion is established. Follicular transport has received
considerable attention that has provided a better understanding of the mechanism of
permeation. Applied substances enter the infundibulum, the open space where the hair
emerges, from which absorption can follow one of two routes. Small molecules tend to
penetrate the epithelium of the hair shaft into the viable epidermis and dermis in a process
termed transfollicular penetration.>* Large molecules and particles become trapped to form a
reservoir, termed the transfollicular pathway.5® The rich blood supply to the follicle can facilitate

absorption.
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Figure 1.3 A diagrammatic representation of penetration pathways to the skin showing
routes of penetration through the sweat duct, directly across the stratum corneum and
via follicular pathways. The figure is reproduced from Abd et al.>! with permission

1.3 Strategies to overcome the skin barrier function

Skin permeation is limited to small (molecular weight MW <~500 Da), soluble (generally low
melting point MP) and moderately lipophilic (octanol-water partition coefficient log P in range
0 to 5) compounds. Generating sufficient skin permeation of molecules that do not exhibit

these characteristics requires some form of skin penetration enhancement technology. Ideally,



skin penetration/permeation enhancers reduce the skin barrier only temporarily and reversibly
and are non-toxic and non-allergenic.56 Skin penetration/permeation techniques include
physical enhancement, non-invasive or minimally invasive technologies, and chemical or
formulation-based approaches. Figure 1.4 summarises the technologies that have been

applied as skin permeation enhancement techniques.
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1.3.1 Physical penetration/permeation enhancement

Physical enhancement techniques include energy-based, mechanical-based and velocity
based technologies. Energy-based technologies include iontophoresis,
sonophoresis/phonophoresis (ultrasound), magnetophoresis, electroporation and laser-
assisted delivery.57-%° Mechanical-based physical enhancement includes microneedles,
elongated microparticles (EMP), microdermabrasion and dermaroller.2® Many excellent
reviews of these technologies, their mechanisms of action and applications have been
published.5860-66 - As these techniques are not the focus of the current research, they have not

been reviewed in detail in this chapter.

1.3.2 Chemical penetration/permeation enhancement

In general, chemical penetration/permeation enhancers (CPE) improve the solubility of the
permeant molecules within the SC and/or increase the fluidity of the intercellular lipid
bilayers.56:67-69 Enhancement can also be achieved by increasing the thermodynamic activity
of the permeant in the formulation (for example, by limiting the solubility in the vehicle or
supersaturation).5870 A wide range of chemical enhancers have been identified, including
water, alcohols, amines, dimethylsulfoxide (DMSO), esters, glycols, pyrrolidones, sulphoxides
and surfactants.57.67.6871-73 CPE are commonly used components in dermal and transdermal
delivery for enhancing absorption of both hydrophilic and lipophilic molecules.®” There are
many excellent review articles,’#76 book chapters3®4? and indeed whole books’” devoted to
CPE, their mechanism of action and application to skin delivery. In this chapter, the focus is
on the CPE techniques that have been investigated in this thesis: propylene glycol (PG),
Transcutol®, lanolin (LAN) and terpenes.

1.3.2.1 Glycols

Propylene glycol (propane-1, 2-diol) (PG) is rapidly absorbed into the skin and is widely used
in topical formulations at a range of concentrations. It acts as a solvent, increasing solubility
within the SC. It has been shown to have multiple action mechanisms and act synergistically
with other solvents to enhance skin permeation. Differential scanning calorimetry (DSC)
studies have shown that PG interacts with a-keratin in the corneocytes and lipid bilayers’® to
increase diffusion within the SC. X-ray diffraction studies have shown that PG molecules

integrate into the hydrophilic regions of the lipid lamellae, increasing lipid fluidity by
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incorporating between the polar head groups of the bilayers, and orienting in a perpendicular
direction to the bilayer.”® PG has also demonstrated synergistic enhancement activity with
lipophilic enhancers including terpenes?® and isopropyl myristate.8!

1.3.2.2 Ether glycols

Transcutol® (TR) is a highly purified form of diethylene glycol monoethyl ether (DEGEE), with
similar properties to PG.718 It is a safe hydroalcoholic solubiliser and skin
penetration/permeation enhancer without comprising skin integrity.83-% Harrison et al.86
investigated the TR-induced changes in the diffusivity and solubility of a model compound (4-
cyanophenol) in human SC using attenuated total reflectance fourier transform infra-red (ATR-
FTIR) spectroscopy and measurement of compound flux using Franz diffusion cells. The latter
showed that TR enhanced flux by a factor of two. They concluded that the mechanism of PG
enhancement of TR was primarily by increased solubility of the penetrant in this SC barrier,
based on their ATR-FTIR data. We have previously demonstrated up to a three-times increase
in the flux of the antioxidant compound resveratrol by incorporation of TR in microemulsion
formulations.8”

1.3.2.3 Fatty acids

Lanolin (wool fat) is a lipid-rich substance secreted by the sebaceous glands of sheep and
used in cosmetic, dermatological and personal care products for its emollient properties. It is
composed of cholesterol, ceramides and free fatty acids®-°1 with anhydrous lanolin in
conformity with the U.S.P. specifications containing 0.56 % free fatty acid in the form of oleic
acid (OA).?2 Olive ail, which has also been used in topical products for its emollient properties,
also contains high levels of oleic acid. Oleic acid, a long-chain fatty acid with cis-9-
octadecenoic acid, is a potent permeation enhancer.67.7276 Early DSC studies® showed that
OA alters the phase transition temperature of the SC lipids with no effect on keratin. The skin
permeation enhancement of piroxicam was correlated to the uptake of the OA in the lipid
bilayers. Further investigations were carried out by Goodman et al.% to assess the
effectiveness of a range of enhancers (azone, decylmethyl sulphoxide (DCMS), OA and PG)
on permeation of 5-fluorouracil (5-FU) and oestradiol (ES) applied in PG vehicles and water
vehicles. Three enhancers (azone, DCMS and OA) had their mechanism of action previously

assessed by differential scanning calorimetry (DSC),*® and showed™ effectiveness at low
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concentrations. The findings reported a 100-fold increase in the permeation rate (flux) of
hydrophilic 5-FU applied in 2% of azone in PG vehicles. Five percent OA in PG enhanced 5-
FU permeation was the most effective pretreatment. Using PG alone was less effective than
a combination of two enhancers. Data showed that 5% OA in PG promoted ES permeation by
more than 10-fold through IVPT using human skin. The results suggested that enhancers
effectively enhanced the delivery of a polar drug (5-FU) compared to a non-polar drug (ES).
Combination of azone with PG demonstrated a synergetic effect in permeability, compared to
an aqueous vehicle; thus, PG itself may play a penetration-enhancing role. The 5-FU results
indicated that azone and OA remained in skin tissue. Abd et al.?697 investigated the
mechanism of action of OA incorporated into microemulsions, on the permeation of caffeine
and naproxen into human skin, using in vitro permeation testing (IVPT). They determined the
solubility of the active compound in the vehicles and the SC, active compound flux across
human epidermal membranes, and uptake of active and vehicle components into the SC. The
effect of vehicle pH on the permeation of caffeine and naproxen was also determined to assess
the effect of ionisation and hydrophilic nature. It was reported that OA significantly enhanced
the skin penetration of caffeine and naproxen, compared to agueous controls. The permeation
enhancement of naproxen increased as the amount of ionised naproxen increased. In addition,
the primary mechanism of permeation enhancement of the hydrophilic caffeine was
permeation enhancer-induced alteration in diffusivity, rather than effects on SC solubility. In
contrast, increased SC solubility drove the increases in the permeation flux of the lipophilic
molecule naproxen.96:97

1.3.2.4 Terpenes

Terpenes are the volatile constituents of essential oils, extracted from the leaves, fruits, and
flowers of a range of plants. Structurally, they consist of repeated isoprene (CsHsg) units, for
example, monoterpenes (Cio), sesquiterpenes (Cis), diterpenes (Czo), and triterpenes (Cao)
which contain 2, 3, 4 and 6 isoprene units. Terpenes are generally recognised as safe (GRAS),
potent chemical enhancers with high penetration enhancement and low systemic
toxicity.67.72.98 Monoterpenes are commonly used as penetration/permeation enhancers due to
act reversibly on the skin lipids and low skin irritation at a 1 to 5% concentration.?%% Much of

the early work on elucidating the mechanism of action of terpenes was undertaken in Brian
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Barry's group.190191 They showed that terpenes increased drug diffusivity through human
epidermal membranes and that the effect correlated empirically with their enhancer activities.
The principal mode of action of these accelerants may be described by the lipid-protein-
partitioning theory: the terpenes interact with intercellular SC lipids to increase diffusivity,
rather than partitioning into the SC or via interaction with keratin in the corneocytes. Abd et
al.% reported that the terpene eucalyptol (EU) enhanced the skin penetration of CAF and
naproxen via increased diffusivity rather than SC solubility.

There is a large body of research investigating the influence of the chemical structure of
terpernes and lipophilicity on permeation enhancement effects. Terpenes with a nonpolar
group, like limonene, are reported to be better enhancers for lipophilic drugs, while terpenes
containing polar groups provide better enhancement for hydrophilic drugs.56:102

El-Kattan et al.1% investigated the effect of 12 terpenes, selected for their range of lipophilicity
(log P 1.06-5.36), on the permeation of hydrocortisone (HC) through hairless mouse skin when
applied as an alcoholic hydrogel. Flux, cumulative receptor concentration, skin content, and
lag time of HC were measured over 24 h. The solubility of HC in the alcoholic hydrogel solvent
mixture was determined in the presence of each terpene and compared to the gel with no
terpene. The terpene with the highest lipophilicity (nerolidol: log P = 5.36 = 0.38) enhanced
HC flux (35.3-fold over control), compared with a 10.1-fold increase over control for fenchone
(log P = 2.13 + 0.30). There was a linear relationship between the log P of terpenes and the
cumulative amount of HC in the receptor after 24 h and lag time (cumulative amount increased
and lag time decreased with increasing lipophilicity), but no correlation between the log P of
enhancers and HC skin content. An increase in the log P of terpenes correlated with a
proportional increase in HC solubility in the formulation solvent mixture. Nastiti et al.8” showed
that there might be potential to target skin regions based on the choice of a terpene. A
nanoemulsion containing eugenol showed the highest RSV penetration into the SC and
combined epidermis-dermis-follicle skin region. In contrast, limonene-containing

nanoemulsion had the highest RSV permeation through the skin.

1.3.3 Nanoformulations for topical/transdermal skin delivery

Colloidal nanocarriers systems are classified into liquid colloidal systems (microemulsions and

nanoemulsions) and vesicular carriers (lipid-based nanocarriers): including solid lipid
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nanoparticles (SLNs), nanostructured lipid carriers (NLCs) and lipid vesicles with varying

degrees of flexibility or deformability in their

transfersomes®, ethosomes, SECosomes, niosomes,

structure  (for

invasomes).

example

A

liposomes,

schematic

representation of the various nano-delivery systems for topical/transdermal delivery is

presented in Figure 1.5.

<LK~ Covalently
Fluorophore —<223.¢< - Shell P L/attached drug
/ L2 Encapsulated
Drug 3 Core - o« Y ) g
283 9
Polymeric NPs Quantum dots Metal NPs Dendrimers
Oil Co-surfactant Surfactant
) / \l‘ / Solid lipid Blond of sald
Hydrophobic  ** \11 77 ) \ i w (i : ipid and oil
drug \\;) .S Q 2 Q 2
s "= = - ~ LR oy
~ - > [ e -
a = -
= = ~ "= m o=
Hydrophilic 2 . - = [ ] = -
drug — s ~Z 5 Z % Q
g i /011 o - J =] i D e

Oil in water
micro/nano-emulsions

099,
Cholesterol S
Aqueous core 2 <
W
Phospholipid _ = L

Water in oil
micro/nano-emulsions

Solid lipid nanoparticles

Edge activator

Ethanol surfactant
/

" 7 SNy

g -
» 2 C

bilayer = 2 o

/':" Laeer ‘ ¢
= A7 (7, 'fg" %
s S R o ~
3 " :! ‘3 ; ¥ e ‘3 &= i

{ 3

Membrane

NPATTPTR

:(::

Nanostructured lipid carriers

Cationic lipid

Non-ionic
surfactant

Process of
extrusion

Conventional liposomes Ethosomes Transferosomes® SEC

Flexible liposomes

Figure 1.5 Schematic representation of nano-delivery systems for topical/transdermal

delivery. Reproduced with permission from Roberts et al.®

In this chapter, the review is focused on microemulsions (MEs) and nanoemulsions (NEs) as

these are the most frequently utilised nanosystems in cosmetics, cosmeceuticals and personal

care products.

MEs are described as an oil and water phase colloidal dispersion system, stabilised by a

surfactant (S) /co-surfactant (CoS) mixture to form nanosize (10-100 nm) droplets. They are

transparent, monophasic (single-phase), optically isotropic and thermodynamically stable.

NEs are described as a colloidal dispersion system of an oil and water phase, stabilised by a

S/CoS mixture to form nanosize (<100 nm) droplets. They are transparent, monophasic

(single-phase), and optically isotropic. Phase separation is approximately independent by

time; NE is considered as kinetically stable or thermodynamically metastable.104-106
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Table 1.1. summarises the properties of the types of emulsions commonly used in skin
formulations.106-108

Table 1.1 Summary of definition, physical properties and method fabrication of
macroemulsion, microemulsion and nanoemulsion. Adapted from Nastiti et al.1%

Macroemulsion Microemulsion Nanoemulsion
Physical description Coase dispersion  Colloidal dispersion Colloidal dispersion
Particle size range >500 nm <100 nm <100 nm
Polydispersity High Low Low
Thermodynamic stability Unstable Stable Unstable
Preparation High energy Low energy Low/high energy
Composition: surfactant Low High Moderate
to oil ratio
Physical appearance Creamy Transparent Transparent
Viscosity Semi-solid Liquid Liquid

1.3.3.1 Components of topical micro/nanoformulations

Oil Phase

There are three parameters for selecting oil phase components that may influence releasing
drug from formulation, solubilising drug in the system leading to loading capacity, and drug
permeation through the skin.’% A wide range of oils can be used, including mineral and
vegetable-based oils. Oil substances are medium-chain triglycerides (MCT) such as Labrafac
CC® and Labrafac lipophile WL 1349®, containing (caprylic/capric triglyceride); Labrafil M
1944 CS® (mono-, di- and triglycerides and PEG-6 mono- and diesters of oleic (C18:1) acid
and viscous oil (a-tocopherol) can be utilised alone or in combination as the oil phase in
developing ME/NE. CPEs can be used as components of an oil phase in ME/NE
formulations1%, including fatty acids (oleic acid, lauric acid, linoleic acid, myristic acid, etc.);
fatty acid esters (isopropyl palmitate, isopropyl myristate, etc.); terpenes (limonene, cineole,
eugenol, eucalyptol, menthol, etc.) and short-chain alcohols.

Surfactants

Surfactants are required to generate a stable nano-sized ME/NE by lowering the interfacial
tension between the oil and agueous phases.1%® Surfactants are classified according to their
polar head group and classified as amphiphilic compounds; anionic, cationic, hon-ionic, and
zwitterionic.! Non-ionic surfactants are the most commonly used type in topical/transdermal
ME/NE due to their lower tendency to cause skin irritation. Surfactants can enhance

penetration/permeation into and through the skin by entering the intercellular route and
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fluidising, solubilising and extracting the SC lipids. The surfactant penetrates the intercellular
lipid matrix, interacting and reversibly binding with keratin filaments, resulting in the disruption
of corneocytes.112-114

Non-ionic surfactants that are commonly used in topical/transdermal ME/NE,1%115 include
Cetearyl alcohol (mixture of cetyl C16 and stearyl C18 of fatty alcohols), Ceteareth-20
(polyethylene glycol ether of Cetearyl alcohol), Kollipor® RH40 (polyoxyl-40 hydrogenated
castor oil), Kolliphor EL® (polyoxyl-35 hydrogenated castor oil), Labrasol® (mixture of mono-
, di- and tri-glycerides of C8 and C10 fatty acids, and mono- and di-esters of PEG), Plurol
Oleique® (polyglyceryl-3-oleate), Plurol Isostearique® (isostearic acid ester of poly-glycerols

and higher oligomers), Sucrose esters, Tween® (polysorbate), Transcutol® P (diethylene

glycol monoethyl ether).

Moreover, lecithin is an amphiphilic surfactant that has been widely used to prepare ME/NE
formulations by assuring low surface tension. Lecithin is derived from natural compounds
(eggs, soy and sunflower seeds); therefore, it is a good candidate for non-toxic and safe
ingredients.

Co-surfactants

Co-surfactants aid in reducing the interfacial tension to improve further the stability and
solubility of active molecules loaded into ME/NE systems. In addition, co-surfactants play the
role of increasing the flexibility and fluidity of the liquid-liquid interface. They decrease its
bending stress. Short and medium-chain alcohols and polyglycerol derivatives (for example,
ethanol, isopropanol, isopropyl myristate, propylene glycol and Transcutol® are widely used
in formulating ME/NEs.

A wide range of materials is used as surfactants and cosurfactants in topical
micro/nanoformulations, as shown in Chapter 2 (Table 2.2). In addition, an excellent review
focused on the composition and formulation characteristics that affect delivery for

topical/transdermal delivery is provided by Lopes.15
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1.3.3.2 Formulation

MEs and NEs are equilibrated systems that can be oil-in-water (O/W), water-in-oil (W/O), olil
in water in oil (O/W/O), water in oil in water (W/O/W) or bicontinuous. Bicontinuous MEs have
aqueous and oil phases intertwined and stabilised by flexible surfactant layers or sheets in the
areas between the phases.116 Bicontinuous structures are dynamic and characterised by a
higher amphiphilic character, greater fluctuation at the interface, lower interfacial tension, and
better solubilising properties than globular MEs.

A pseudo-ternary phase diagram is used as a tool to construct the most suitable ratios of oil,
water and the blend of surfactant/co-surfactant at 25°C for microemulsion stability.’” The
effect of various surfactant/co-surfactant weight ratios on the extent of a stable microemulsion
area can be easily observed with these diagrams. Based on the titration method, the mixtures
of oil, surfactant and co-surfactant is diluted with water phase under mild agitation until the
system shows turbidity-to-transparency by visual observation (naked eye).118120 For example,
Cavalcanti et al.’?! used pseudo-ternary phase diagrams to construct three regions (oil, S/CoS

and water) at room temperature. Caprylic/capric triglycerides were used as the oil phase, Brij

52® and Tween 80® as the surfactants, and deionised water as the aqueous phase. Three-
phase diagrams were prepared with different ratios of S/Co (Tween 80® and Brij 52®) at

7:3, 8:2 and 9:1 (w/w). The oil phase and the mixture of S/Co blend were carefully mixed
followed by water titration until formed a system. The grey area represents the ME systems.
In contrast, the white areas represent liquid crystal (LC), emulsion (EM), emollient gel (EG),

emollient cream (EC), and phase separation (PS) (Figure 1.6).
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Figure 1.6 Pseudo-ternary phase diagrams of mixed Tween 80® and Brij 52® at 7:3 (a),
8:2 (b) and 9:1 (c) formed together with oil phase and water. Reproduced with
permission from Cavalcanti et al.**

1.3.3.3 Preparation methods for ME/NE

MEs can be produced spontaneously at the optimal weight ratio of oil, S/CoS, and water with
low energy, continuous stirring and often involving temperature. Generally, MEs can convert
into NEs with extra energy input. Based on the energy power applied, the NE fabrication
method is divided into high-energy emulsification (HEE) and low-energy emulsification
(LEE).104.109 HEE methods use devices to break up the size of the inner phase droplet into
uniform nano-sized droplets and reproducible range. Examples of HEE methods include high-
pressure homogenisation, microfluidisation, and ultrasonication to break down the oil and
water phases, causing them to intersperse and form nanometer-sized droplets (Figure 1.7).
This method is not suitable for thermolabile active molecules such as retinoids, proteins and
enzymes. High-pressure homogenisation (HPH) is the most widespread method to formulate
NEs in the cosmetics, food and pharmaceutical industries.?2124 The homogeniser supplies

high energy (500 to 5000 psi) to the coarse emulsion through a small orifice and generates a
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continuous and homogenous flow with a nano-sized droplet. The HPH method offers several
advantages compared to microfluidisation and ultrasonication. HPH is easily scaled up with a
short fabrication time and free from using organic solvents. It is considered the most feasible
for industries in providing higher productivity of final products.

LEE methods involve gentle stirring, heating and phase inversion. In principle, a water-in-oil
macroemulsion can transform into an oil-in-water NE using lower energy, either by changing
components formulation or temperature (Figure 1.7). Dilution can be used to form a final ME
or NE product. Sole et al.*?5 reported that dilution of an O/W ME produced NE with a droplet
size of 20 nm regardless of the composition of the ME or dilution procedure (incremental or all
at once). Dilution can also be used as a LEE method.'?®> For example, dilution of an O/W ME
with water induces a proportion of the surfactants in the ME to dissolve into the aqueous
phase. The surfactant molecules remaining at the oil/water interface cannot maintain the low
interfacial tension required for thermodynamic stability, resulting in the ME droplets converting

to NE droplets.

Nanoemulsion fabrication

methods
High-Energy Emulsification Low-Energy Emulsification
(HEE) (LEE)
(laboratory and industrial preparation) (laboratory preparation)
High pressure Spontaneous Solvent Phase Inversion
homogenization Microfluidization Ultrasonication emulsification displacement/ Temperature /
diffusion Point
Aqueous phase Oil phase Heat stirring/ Rapid cooling of Dilution with
titration titration vortexing selected water

microemulsion state

Figure 1.7 Schematic representation of the method of NE preparation. Reproduced
with permission from Nastiti et al.>®

1.3.3.4 Assessment of physical characteristics in MEs and NEs

The characteristics tests performed for topical/transdermal guarantee the successful
formation of the ME/NE. The most common characterisation tests are required using

technologies:
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Particle analysis and morphology

Particle/droplet size, polydispersity index (PDI) and zeta potential (ZP) tests are determined
with rapid equipment analysis such as dynamic light scattering (DLS), also known as photon

correlation spectroscopy (PCS) or quasi-elastic light scattering (QELS). In principle, DLS

analyses the fluctuations in the intensity of scattered laser light when it passes through
particles or droplets and converts the signal into a measure of the average particle size and
distribution. A number of instruments are available, including the Zetasizer Nano™ ZSP
(Malvern, UK). Using a PCS method, the Zetasizer Nano™ ZSP can provide rapid analysis
of particle/droplet size (down to about 10,000 nm), the polydispersity (a measure of the
broadness of the particle size distribution that indicates the quality or homogeneity of the
dispersion) and zeta potential (surface charge). The latter is an important determinant of
stability as it indicates the degree of repulsion between the particles in the dispersion. Small-
angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) are useful tools for
determining particle size distribution.1?® Freeze fracture—transmission electron microscopy
(FF-TEM), scanning electron microscope (SEM), and cryo-TEM permit high-resolution
imaging of the system's nanostructure and morphology.1%’

Electrical conductivity

Electrical conductivity measurements provide information on the emulsion structure, with high
conductivity values indicating a continuous water phase whilst an oil continuous phase will
have low or no conductivity. They can also be used to detect and monitor a phase inversion.
Increases in conductivity may demonstrate the percolation transition caused by the attractive
interactions between water droplets, characteristic of a bicontinuous structure.?8 Electrical
conductivity measurements are simple and inexpensive, involving the insertion of
conductometer electrodes into the NE/ME formulation. High conductivity is obtained for a
continuous aqueous phase. Phase inversion in response to formulation or temperature change
can be monitored by the change in electrical conductivity. They can determine the emulsion
type, monitor a phase inversion process and changes in the formulation during preparation or

storage, or respond to the formulation or temperature changes.
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Viscosity

Viscosity is a crucial factor that influences physical stability and affects drug delivery from
ME/NEs.104129 | ow viscosity NEs have a faster release and rapid skin penetration than high
viscosity NEs, but when formulating topical products there is a necessity to ensure they flow
on the skin and have good sensory properties. Increasing the water concentration may lead
to a lowering of the viscosity, whereas decreasing the surfactant/co-surfactant concentration
may increase interfacial tension between the water and oil, causing increased viscosity.
Therefore, oil-in-water NEs are usually lower in viscosity than the water-in-oil NEs. The
rheological properties of liquid and semisolid NEs and MEs are generally determined using
cone and plate type rheometers.

1.3.3.5 Micro and nanoemulsions in topical/transdermal delivery

A recent literature review identified that a wide range of hydrophilic and lipophilic drugs had
been delivered into the skin using topical MEs and NEs for transdermal, dermatological and
cosmetic/cosmeceutical applications.’%® We reviewed the current literature to evaluate the
formulation components, physical characterisation assessments (size, ZP, PDI, viscosity), the
in vitro and in vivo skin penetration/permeation evaluations and clinical efficacy. In evaluating
the in vitro studies, we considered the experimental methodologies and the skin models used.
While human skin is the gold standard, pig and piglet skin is also reasonable. Still, animal skin
such as rats, mice, guinea pigs, and rabbits generally over-estimate skin permeation as the
skin structure is markedly different to humans. Overall, we showed in our review that NEs and
MEs of varied formulation components had demonstrated effective skin delivery for a wide
range of lipophilic and hydrophilic active compounds.10°

In Chapter 2, this literature review is extended to focus on the skin delivery of CAF. A summary
of the dosage forms, formula compositions, CAF concentration/amount applied, skin
penetration/permeation of topical MEs and NEs are presented.

1.3.3.6 Commercial nanocosmeceuticals

Estée Lauder launched their first innovative cosmetic product (Night Repair Cellular Recovery
Complex) in 1982. A decade later, Estée Lauder reformulated the product and launched the
cosmetic Advanced Night Repair Protective Recovery Complex. They used a liposome

delivery system to neutralise 90% of damaged skin due to external factors (UV exposure,
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pollution, etc.), resulting in natural repair of skin damage. Another antiageing product,
Perfectionist [CP+] with Poly-Collagen Peptides, peptides and BioSync Activating™ complex
to help lift deep wrinkles and correct age spots.'3° L'Oreal has invested USD 600 million on
patents for innovative formulas such as "nanosome particles" from total revenue of USD 17
billion.18 L'Oreal has employed nanotechnology in products such as Revitalift antiwrinkle
cream, which contains nanosomes of Pro-Retinol A, and claims that it instantly returns the skin
and reduces the appearance of wrinkles. Due to the high absorption rate to deeper skin, the
product shows an immediate lifting effect. Besides cosmetic antiwrinkle products, this French
company had patented an oil-in-water (O/W) emulsion containing filler in 2006. The emulsion
can be extensively incorporated to deliver drugs for cosmetic and dermatological applications.
In addition, Lancéme rolled out Rénergie Microlift, an antiageing moisturiser, microfilter
containing silica and protein nanoparticles for lifting and tightening skin surface.

There is now a broad range of nanocosmeceuticals-based products available in the market,

with examples presented in Table 1.2.
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Table 1.2 Summary of nanotechnology-based cosmeceutical products. Adapted from Dhapte-Pawar et al.?®

Products Company Use

A. Liposome

1 Capture Totale® Dior Antiwrinkle effect help in removing blemish and dark spots

2. Advanced Night Repair Protective Recovery Complex Estee Lauder As skin repairing agent

3. Clinicians Complex Liposome Face and Neck Lotion Clinicians Complex Prevent ageing and help to provide nutrient to the skin

4 Kerstin Florian Rehydrating Liposome day creme Kerstin Florian Rehydrate the skin and acts as moisturiser

5 Dermasome® Microfluidics Retaining and prevent loss of moisture from the skin

6 Decorte Moisture Liposome Eye Cream Decorte Whitening the black skin around the eyes and also help in
moisturising

B. Niosome

1 Niosome+ Lancome Whitening skin and increase facial look

2 Niosome+ Perfected Age Treatment Lancome Removing wrinkle and also help in skin cleansing

3. MayuNiosome Base Cream Laon Cosmetics Moisturising and whitening

4. Anti-Age Response Cream Simply Man Match Antiwrinkle agent

5 EusuNiosomeMakamPom Whitening Facial Cream Eusu Removing and decreasing wrinkle formation

6. Niosome+ Lancome Whitening skin and increase facial look

C. Solid Lipid Nanoparticles

1 Allure Body Cream Chanel Moisturising the skin and body

2. Soosion Facial Lifting Cream SLN technology Soosion Antiwrinkle agent and help in nourishing the skin

3 Phyto NLC Active Cell Repair SirechEmas Rejuvenating skin and help in nourishing with decrease in

pigmentation
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Products Company Use
D. Nanoemulsion
1. Vital Nanoemulsion A-VC Marie Louise Nourishing skin and miniaturisation
2. Precision-Solution  Destressante  Solution Nano Estee Lauder Moisturising the skin
Emulsion Peaux
3. Coni Hyaluronic Acid and Nanoemulsion Intensive Clinicians Complex Hydrating skin and moisture retention
Hydration
4. Phyto-Endophin Hand Cream Kerstin Florian Sooth and moisturise the skin
5. Vitacos Vita-Herb Nona-Vital Skin Toner Microfluidics Moisturizing the skin
E. Gold nanoparticles
1. ChantecailleNano Gold Energising Eye Serum Chantecalille Reducing the ageing process by increasing cell growth
2. AmeiziiNano Gold Foil Liquid Ameizil Repairing damaged skin and moisturszing it with increased
fairness
3. LR Nano Gold and Silk Day Cream LR Protect and prevent skin cancer by preventing harmful
radiation of sun
4, 03+ 24 K Gold Gel Cream 03+ Providing glowing skin and provide shine
5. Orogold 24K Nano Ultra Silk Serum Orogold Prevent moisture loss and keep a healthy skin
F. Nanosphere
1. Fresh As A Daisy Body Lotion Kara Vita Moisturising the skin and also preventing water loss
2. Hydralane Ultra Moisturizing Day Cream Hydralane Paris Moisturising agent and in retaining moisture inside the skin
3. Clear It! Complex Mist Kara Vita Help to reduce pimples and prevent acne formation
4. Cell Act DNA Filler Intense Cream Cell Act Switzerland Antiwrinkle agent
5. Nanosphere Plus Dermaswiss Potential antiageing agent

25



1.3.4 Focus applications for this research

The primary focus of this research is topical formulations for the management of skin ageing
and wrinkles and cellulite. Therefore, the following section of this chapter provides a brief
overview of these conditions, their causes, and potential treatments.

1.3.4.1 Skin ageing

Human skin undergoes physiological changes with advancing age. The main factors that
induce the skin ageing process can be intrinsic and extrinsic.13-133 However, it must be
recognised that no factor acts in isolation to contribute to the ageing process and the visible
effects, including loss of elasticity (seen as laxity), sagging and wrinkles, change in skin texture
and dryness, and localised pigmentation. These ageing processes are accompanied by
phenotypic changes in cutaneous cells and structural and functional changes in extracellular
matrix components: such as elastin, collagens, and proteoglycans, required to provide
elasticity, tensile strength, and hydration of the skin, respectively.

Intrinsic or chronological ageing occurs as a natural consequence of physiological changes
and is influenced by genetics. Effects are seen in the epidermis and dermis. There is a
reduction in proliferation of cells in the basal layer, resulting in a thinner epidermis and
decreased contact surface area between the epidermis and dermis, further reducing the ability
for cell proliferation.13* This decreased cell proliferation affects a range of epidermal cells,
including keratinocytes, fibroblasts, and melanocytes, called cellular senescence. Intrinsic
age-related changes in the dermis include fewer mast cells and fibroblasts, a reduction in
elastin and collagen fibres, '3 and degeneration of oligosaccharides which reduces the ability
of the skin to retain water.136

Typically symptoms of intrinsic ageing include excessive dry skin, itchy skin, and loss of elastic
fibres underlying eye sockets and cheeks.'3” However, there are significant variations in
intrinsic ageing due to ethnicity, anatomical site, and hormonal changes.31132 For example,
wrinkling patterns appears delayed in people of Asian race, compared to Caucasians.131.138
Black skin also contains larger lipid structures and produces higher melanin levels, thus
protecting from sun exposure, leading to photoageing.13° Ageing skin is more prone to develop
on those parts of the body where the skin is thinner. The skin surrounding the eyes (eyelids)

can show the earliest signs of premature ageing.'3® The process may be enhanced during
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menopause as low estrogen levels (hypoestrogenism) may influence collagen production,
promoting thinner skin and decreased hydration.*®! Intrinsic ageing occurs when endogenous
damage accumulates due to the increased reactive oxygen species (ROS) formation
generated by oxidative cellular metabolism. Telomeres (TTAGGG), short DNA sequences
present at the ends of eukaryotic chromosomes, are considered essential elements in the
intrinsic ageing process. The enzyme telomerase plays a vital role in longevity.132

Extrinsic ageing is related to environmental factors such as air pollution, smoking, poor
nutrition, drug and alcohol intake, and sun exposure.’¥1-133  Of these, smoking and sun
exposure are two of the most important extrinsic factors contributing to skin ageing. For
example, Kennedy et al.'*® demonstrated a relationship between smoking load and the
intensity in the formation of facial wrinkling, attributing smoking to the activation of matrix
metalloproteinases (MMPs), which cause a reduction of collagen and elastin in the dermis.
However, sun exposure is the most important extrinsic factor, accounting for about 80% of
facial ageing.’4! UVB (290-320nm) induces alteration primarily at the epidermal level, while
UVA (320-400 nm) penetrates deeply into the dermis and damages the connective tissue.
UVB causes DNA damage in melanocytes and keratinocytes and reduces the production of
the soluble epidermal factor (ESF) and proteolytic enzymes, leading to skin inflammation after
12 hours of exposure. Whilst epidermal thinning is a feature of intrinsic skin ageing, UV aged
skin exhibits epidermal thickening. Type VII collagen production in the keratinocytes is also
decreased and as this is important in achoring collagen fibrils at the dermal-epidermal junction,
this weakened connection results in wrinkle formation.'4?2 Exposure to UV radiation leads to
upregulation of matrix metalloproteinases (MMPs) production, altering collagen and other
extracellular matrix proteins. UVA plays a role in skin photoageing. Photoaged skin is
characterised by the formation of deepening wrinkles, uneven skin texture, dyspigmentation
(jaundiced skin), increased fragility, impaired wound healing, and the potential for skin cancer.
Wrinkles are the most obvious sign of skin ageing and for which cosmetic procedures and
topical products are most frequently sought. Both intrinsic and extrinsic ageing factors
decrease Laminine 5 in the dermal-epidermal membrane, essential for epidermal cell
attachment. Loss of collagen is considered a primary cause of skin ageing and wrinkle

formation. Collagen accounts for roughly 90% of the proteins in the human dermis. Laminin 5
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binds type VIl collagen, forming the anchoring fibrils embedded in the papillary dermis.143.144
Additionally, Laminin 5 forms a covalent complex that interacts with type IV collagen in the
basement membrane.145

Human ageing is a complex biological process with complicated mechanisms. A few theories
have associated factors with the human ageing process, characterised by a metabolic change
in ageing cells,146.147 gene expression patterns4® and elevated reactive oxygen species (ROS)
levels.1*® The widely accepted theory is the oxidative stress (OS) hypothesis.135150.151 QS s
considered an imbalance between production and accumulation of ROS, resulting in molecular
and cellular damage (cellular ageing).15°152 Additionally, high levels of ROS can damage DNA,
lipids and proteins in cells and tissues, causing activation of the p38 pathway. This pathway is
essential to control cell proliferation, differentiation, and cell death (apoptosis) in all
eukaryotes, from microorganisms to humans. Senescence is biological ageing when a cellular
responds to damage and stress.153 Cell senescence (CS) is a condition where cells irreversibly
stop dividing and enter a state of permanent growth arrest without undergoing cell death.154
Senescence can be induced by unrepaired DNA damage, and an accumulation of DNA
damage can trigger telomere shortening. Telomere plays a crucial role in preventing DNA
damage and protecting chromosome degradation.'>* When the telomere length reaches below
a critical limit and becomes short. As a result, cells undergo senescence and apoptosis,
resulting in intrinsic ageing and photoageing the skin.15%

Inflammation is a protective response in connective tissue when organisms injure tissues,
other causes of cell injury (microbes, trauma and toxins), or necrotic cells.’®6 Immediately,
leukocytes are sent to kill the microbes and minimise necrotic tissue. ROS and inflammation
play a role in the apoptosis of endothelial cells. ROS and inflammation are associated with the
prostaglandin (PG) biosynthetic pathway.1%0157 PGs are a group of lipid metabolites derived
from arachidonic acid produced at the tissue damage site.

Furthermore, PGs are involved in controlling blood flow, blood clot formation, and induction of
labour. ROS can also alter genes and protein function to dysregulate intracellular and
extracellular homeostasis, leading to allergic and inflammatory skin diseases.®® Davalli et
al.’® published their review on Novel Molecular Mechanisms, suggesting molecular

inflammation plays a crucial role during the process of ageing and ageing-related diseases.
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1.3.4.2 Treatment and prevention

There are three categories by which ageing skin is managed, based on the severity of wrinkles
(Table 1.3).

Table 1.3 Photoageing therapies. Adapted from Rabe et al.1®

Primary Secondary Tertiary

Photoprotection Photoprotection Chemical peelings
Retinoic acid Microdermabrasion/microcoblation
Antioxidants Laser
Estrogens Botulinum toxin

Growth factors/cytokines  Fillers

The increasing demand for antiageing products is directly proportional to the rapid growth of
the elderly population.1® Therefore, the cosmeceutical industry develops new materials for
functional cosmetics, including whitening, antioxidant and antiwrinkle products. Many
antiageing products are incorporated with the topical and oral form to treat skin ageing based
on active ingredients. The most common active compounds for antiageing cosmeceuticals
include AHA, retinoids and antioxidants, and even beyond modern antiageing cosmetics (anti-
enzymatic agents).

Photoprotection

Naturally, the skin has two photoprotective components: the melanin located in the epidermis
layer and urocanic acid (UCA) presented in SC.132161 They both reflect and absorb UVB
radiation.132 An alternative approach to skin protection is avoiding sun exposure in the middle
of the day, from 10 am and 4 pm,'9 and wearing sunglasses and hats. Photoprotective
clothing with a UV protection factor (UPF) has been designed for sun protection. In addition,
healthcare practitioners encourage the application of sunscreens onto the skin to minimise the
harmful effects of UV radiation. The efficacy of sunscreens is based on the sun protection
factor (SPF). Sunscreens prevent skin cancer and slow skin ageing due to UVA and UVB
protection (coverage dose 2 mg/cm?2),162

Retinoids

Tretinoin (all-trans-retinoic acid) is a nonselective agent that activates retinoic acid receptors
(RARSs) directly and the retinoid x receptor (RXR) indirectly.162 Retinoid receptors are nuclear
receptors that bind to retinoids. They are mediators for the actions of retinoids to repair UV-

induced skin damage, epidermal differentiation and renewal, and increased dermal
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collagen.’® When bound to a retinoid, they act as transcription factors by altering the
expression of genes with corresponding response elements. Previously, retinoids were used
for acne treatment. Remarkably, tretinoin is a potent active ingredient to treat the signs of
ageing in cosmetic form.133 Many previous topical tretinoins (retinoic acid) were focused on
photoageing and skin wrinkle appearance. Kligman et al.1%5 investigated the ability of topical
tretinoin to enhance the repair of UV damage. Hairless mice were irradiated with UVA and
UVB using FS20 sunlamps for 10 weeks. The mice were then treated topically with
concentrations of topical tretinoin for either 5 or 10 weeks. The findings found tretinoin
stimulated wound repair in UV-induced histology. Topical tretinoin increased fibroblast growth
and collagen production in the dermal structure. In addition, Weiss et al.1%6 assessed the
efficacy of 0.1% topical tretinoin in treating ageing skin. In an 8 to 12 month vehicle-controlled,
double-blind study, treatment with 0.1% cream resulted in significant improvement in clinical
assessments and histological. Whilst tretinoin improves damaged skin; its use may also
expose the skin to allergic reactions in the form of a burning sensation (stinging), peeling or
erythema.133.160

Antioxidants

Several antioxidants, such as vitamins (A, B3, C and E), a-lipoic acid (ALA), a-hydroxy acid
(AHA), coenzyme Q10 (CoQ1o0), and plant-derived molecules (carotenoids and polyphenols),
prevent photoageing secondary to ROS at the cellular level.133154160 Antioxidants inhibit
inflammation by reducing the production of transcription factors.'3® Moreover, antioxidants
indirectly affect the expression of inflammatory cytokines.133167 |n this section, we focus on
vitamin C (L-ascorbic acid; LAA) due to its potent antioxidant effect.’®® In dermatology, LAA
can be used topically to treat photoaged skin.'®® It can also treat hyperpigmentation by
inhibiting tyrosinase and stimulating collagen synthesis.1° Vitamin C is an unstable molecule,
having a short half-life. However, this problem is partially overcome by its conversion into its
derivatives, including LAA, fully penetrating the cutaneous skin. There is a need to examine
the efficacy of LAA when penetrating cutaneous tissues.'®® However, Humbert et al.1’!
reported topical vitamin C use led to significant reductions in wrinkle measurements, assessed

by optical profilometry in a 6-month double-blind, placebo-controlled, randomised trial.
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Life style

Consuming a healthy diet and regular exercise has been shown to play an important role in
the expected life span.1’2 A healthy lifestyle, in particular, maintaining physical activity reduces
comorbidity diseases (hypertension, DM type 2, stroke and cancers).172173 Furthermore,
nutrition like exercise is important to maintain biological ageing on telomeres health. As
previously described, telomere length plays a key role in cell senescence.'’ Sallam et al.1"®
reported a relationship between moderate to regular physical exercise and reduction of
oxidative stress level. Moreover, there was also an association between physical exercise and
longer telomere length.176.177 The findings revealed physical exercise contributed to protecting
the incidence of telomere attrition; however, the mechanisms remained unclear.78
Consuming a fibre-rich diet and unsaturated fats (liquid at room temperature) benefits telomere
health. For example, regularly eating whole grains and beans can extend longevity.1”® Thomas
et al.18% proved in a mouse experiment that consumed nutrients, such as vitamin C, vitamin E,
curcumin, polyphenols and omega-3 fatty acid, had antioxidant and anti-inflammatory effects
and were linked with telomere health. Unhealthy eating habits affect the inflammatory state
leading to shorter telomere length (telomere attrition), increasing chronic diseases and
decreasing lifespan.18!

1.3.4.3 Cellulite

Cellulite is the "orange peel” or "cottage cheese" appearance of the skin, typically found on
the thighs and buttocks. It is not harmful, but many people seek treatment for its unsightly
appearance. Fibrous connective tissue connects the skin to the underlying muscle. When fat
cells accumulate in this region, they push the skin upwards, but the connective tissue pulls the
skin downwards, creating an uneven surface that dimples the skin. The causes of cellulite are
not fully understood, but it is known that it is more common in women, is influenced by
hormonal and genetic factors182, and is associated with weight gain. Factors that predispose

to cellulite are summarised in Table 1.4.
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Table 1.4 Predisposing factors may trigger cellulite development. Adapted from Rao et
al.'® and Khan et al.’®

Predisposing factors

Gender Women are more likely to develop cellulite because of the
underlying structure of fat and connective tissue described
previously.

Age Normal anatomical and physiological changes occurring during the

postpubertal period result in women developing cellulite. With
increased age, atrophy of the epidermis results in increased
severity of cellulite.

Genetic Women often have a similar body habitus as other women in their

predisposition family, which theoretically supports the degree and presence of
cellulite.

Race Caucasian women commonly present with cellulite more than Asian
or African American women.

Increased The appearance of cellulite is enhanced on the skin's surface due

subcutaneous fat to increased adipose tissue in the subcutaneous layer.

Diet Diets rich in high carbohydrates can result in hyperinsulinemia and

stimulate lipogenesis, resulting in an overall increase of body fat
content, thus increasing the development of cellulite.

Sedentary lifestyle Sustained sitting and/or standing periods may hinder blood
circulation, resulting in stasis and microcirculation changes in
cellulite-prone areas.

Pregnancy A surge in certain hormones, such as prolactin and insulin, and an
increase in overall fluid volume can stimulate cellulite by
lipogenesis and fluid retention

Genetic background is known to play a role in the development of cellulite.’8 It is often found
that the presence and degree of cellulite in similar body habitus areas are associated with their
family tree. Women tend to develop cellulite because women have a different connective
tissue organisational structure to men. Connective tissues are built by collagen, the main
protein. The structure of connective tissue looks like a picket fence in women, whereas in men,
it looks like a cross-linked fence, holding stronger, evenly fats. Meanwhile, hormones
(estrogen and androgen) are more likely to contribute to cellulite formation. Estrogen is known
to stimulate lipogenesis, thus inhibiting lipolysis. This may explain why the onset of cellulite at
puberty in women is greater than in men. Moreover, a poor diet, including an excessive
carbohydrate and fat intake, provokes hyperinsulinemia and stimulates lipogenesis, thus
increasing subcutaneous adipose tissue.183

Varieties of treatment approaches are available to reduce the appearance of cellulite. These
include surgery, lipolysis including cryolipolysis, laser, radiofrequency and acoustic wave
therapies. There are also topical creams containing anti-cellulite medications. These

treatments will generally be used with recommended lifestyle (increased exercise) and dietary
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modification. The treatment of cellulite is described in detail in Chapter 4. The development
and clinical evaluation of a novel topical treatment for cellulite is the subject of Chapters 2 to

Chapter 4 of this thesis.
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Chapter 2. Skin delivery of Caffeine (CAF): Effect of

Chemical Penetration Enhancers on Porcine Skin

2.1 Introduction

Caffeine (1,3,7-trimethylpurine-2,6-dione: CAF) is a methylxanthine alkaloid (Figure 2.1),
naturally found in the seeds, leaves, and fruit of several plants such as Coffea arabica, L.,

Camellia sinensis, (L.) Kuntze, and llex paraguariensis (A.) St. Hil.

Figure 2.1 Structure of caffeine (CsH1oN4O2: Carbon—-grey, Hydrogen—white, Nitrogen—
blue, Oxygen—red) (ChemDraw 16.0)

CAF has attracted interest due to its reported range of therapeutic effects both for topical and
systemic drug delivery. This includes oral administration for the treatment of various types of
cancers,’®> and action as a neuroprotective agent in vascular dementia.® A large prospective
study was conducted to assess the relationship between coffee consumption (containing CAF)
and cognitive decline in a community population of elderly people. The psychostimulant
properties of CAF from a daily intake of coffee drinks appeared to reduce the decline in
cognitive function for both verbal retrieval and visuospatial memory.® A range of positive effects

on the skin and hair has been reported following oral administration of CAF, including skin
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cancer chemoprevention due to its antioxidant properties by slowing skin photoageing and
inhibiting UV-induced carcinogenesis.”?

Following topical administration, CAF is reported to have localised effects on the skin and
associated tissues. Topical CAF administration on hairless mouse skin enhanced the removal
of DNA-damaged cells in keratinocytes by inhibiting the ATR/Chk1 pathway,° that promotes
melanoma cancer.!! Green coffee oil (GCO: Coffea arabica, L.) affected the synthesis of
collagen, elastin, and glycosaminoglycans to improve the new formation of connective tissue
in cultured keratinocytes.? The authors suggested that GCO could be a useful carrier vehicle
in cosmetic formulations.

There is good evidence that CAF increases blood circulation to the scalp and stimulates hair
follicle growth by inhibiting the action of the 5-a-reductase enzyme that is responsible for
converting testosterone into dihydrotestosterone (DHT).713 DHT is found in the prostate, skin
and hair follicles. The actions of DHT, and the sensitivity of hair follicles to DHT, is what causes
hair loss. CAF inhibits 5-a-reductase activity, resulting in a renewed growth phase of the hair.
CAF also reduces muscle tension surrounding hair follicles to transfer nutrient supply via blood
flow underlying the dermal papillae layer. In addition, CAF increases the microcirculation of
blood vessels in the skin of the head, thereby contributing to nurturing hair bulbs. Thus, CAF
works by multiple mechanisms to reduce hair loss.

CAF has also been shown to improve cellulite!4, a common condition characteried by the
"cottage cheese" appearance of the skin and involving the microcirculatory and lymphatic
systems.'> For example, Lupi et al.16 evaluated the effectiveness of anti-cellulite containing

7% of CAF solution (Elancyl® Chrono Active). After one month of treatment, there was a

significant reduction of thigh circumference in more than 80% of treated participants and a
67.7% reduction in hip circumference.

Topical administration of CAF in anti-cellulite products acts to (i) prevent fatty cells
accumulation in the skin (lipolysis),'® (ii) facilitate lymphatic drainage, and also has other
beneficial skin effects to (iii) prevent photoageing and photodamage in skin.214.17 |t is thought
that the clinical efficacy of CAF in the management of cellulite is primarily through the actions
of stimulating adipocyte lipolysis, inhibiting phosphodiesterase (PDE) and augmenting cyclic

adenosine monophosphate (cCAMP).1” Herman and Herman’ reviewed the role of CAF in
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lipolysis and its potential cosmetic applications, as summarised below. Lipolysis is a
breakdown of triglycerides stored in fat cells (adipocytes) by the lipoprotein lipase (LPL)
enzyme, leading to fatty acids and glycerol. LPL is present on the fat cell membrane and is
responsible for fat storage. In addition, lipase activity is controlled by catecholamines
(adrenaline and noradrenaline) and hormones (insulin, adrenocorticotropin, glucagon). Insulin
inhibits LPL, whilst adrenocorticotropin, adrenalin, noradrenalin and glucagon stimulate LPL.
Decreasing cAMP levels further inhibits the lipolysis process, whereas increasing CAMP levels
stimulates protein kinase A. Protein kinase A is responsible for regulating phosphorylation
hormone-sensitive lipase (HSL). CAF stimulates lipolysis by inhibiting PDE activity and
increasing CAMP levels in adipocytes. Conversion of cAMP to 5’-AMP (noncyclic) is related to
PDE activity. The activation of HSL leads to triglycerides breaking down in the lipolysis
process. CAF also facilitates lymphatic drainage by removing excess fat and toxins during the
process of lipolysis.

CAF is frequently employed as a model hydrophilic active ingredient in skin
penetration/permeation experiments; 1822 therefore, there is a wealth of data on its skin
penetration and the effect of formulation and other topical application methodologies.

The physicochemical properties of CAF are shown in Table 2.1.23-25

Table 2.1 Physicochemical properties of caffeine

Molecular weight (MW) 194.19 g/mol

Log P o/w —-0.07

pKa 14.0 at 25°C, 10.4 at 40°C

Solubility 1in 46 of water, 1 in 1.5 of boiling water
Melting point 238°C

Solubility parameter 31 MPa*

Table 2.2 provides a summary of representative studies of the skin permeation of CAF, with
the inclusion criteria of restricting to the most appropriate skin models of human, pig, and piglet
skin. It shows the range of formulations that have been investigated and includes studies of
commercial products. Permeability parameters for evaluating CAF topical/transdermal delivery
in IVPT included in the table are flux (Jss), permeability coefficient (Kp), cumulative amount
(Q), and lag time.

Several approaches have been investigated in the development of topical CAF formulations.
2633 For example, CAF was incorporated into deformable liposomes (DL), which were

evaluated to determine the relative delivery into the skin appendages and the amount in
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deeper skin layers associated with cellulitis and androgenetic alopecia.3* The liposomes were
composed of soybean phosphatidylcholine with propylene glycol (PG) incorporated to provide
the flexibility required to allow the vesicles to squeeze between cells in the SC. CAF flux
through the human skin epidermis was 1.94-fold for the liposome formulation compared to the
CAF solution. Although this study provided a promising headline, liposomes can also bring
disadvantages like leaking the core content to the external medium, impacting encapsulation
efficiency. Drawbacks of this formulation approach were the relatively complicated fabrication
procedure and the large volume of phospholipid needed to obtain high encapsulation of the
hydrophilic CAF with a small proportion of unilamellar vesicles.

Micro-nanoemulsion formulations have properties that suggest they have the potential for
successful skin delivery of CAF.35-37 Micro-nanoemulsions made of oil, surfactant/co-
surfactant and water, in defined ratios, form an isotropic, clear or transparent/translucent,
single-phase system of nanosized droplets.363 These formulations also offer simplicity of
manufacturing and high stability. 3> Moreover, nanoemulsion fabrication is relatively
production scalable and therefore practical for industrial development.37:39

Bonina et al.®? investigated the effects of various penetration enhancers on testosterone (TST)
and caffeine (CAF) penetration through excised human skin. Four enhancers were
investigated, such as labrasol (LBS), labrafil (LBF), Transcutol (TSC) and propylene glycol
dipelargonate (DPPG); whilst propylene glycol (PG) and liquid petrolatum (LP) as reference
vehicles. The findings indicated that all enhancers significantly enhanced drug permeability.
DPPG and LBF enhanced CAF flux relative to PG, while LBS and TSC increased the stratum
corneum affinity for TST relative to LP. DPPG showed interaction with the lipid bilayers, and
PG promoted DPPG penetrating stratum corneum and creating interaction sites in such a
tissue.

In this current study, we selected nanoemulsions in the form of cream stabilised by emulsifiers
via the hot emulsification method. The cream form provides good skin penetration/permeation
of CAF within nano-sized. In addition, nano-cream formulations represent the most notable
customer preference for cosmetic applications. Moreover, we chose formulation ingredients
categorised as generally regarded as safe and effective (GRASE) to address the safety and

irritancy profile of the semisolid nano-cream formulations.
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Semisolid cream preparation was the most commonly chosen as common media, compared
to other systems, because it is versatile and easily absorbed in the skin due to its water content
and composition in fat. 4041 Therefore, there is a strong relationship between rheology and
sensory properties to meet customer acceptance. Skin feeling of a final cosmetic product, such
as physical appearances (colour, odour, texture and consistency), spreading of creams, or
leaving stickiness and greasiness upon application on the skin, plays an essential role in
understanding customer expectations. Ideally, creams can be applied for widespread
treatment areas. However, it will affect sensory parameters when creams are rubbed on the
skin when the flow changes.*243

The nano-creams were prepared in two different phases (oil and water) based on a blend of
two non-ionic surfactants with a range of HLB values of 15. Finally, LAN, PG and TR were
chosen due to their excellent solubilising capacity and skin penetration, enhancing the ability

for the hydrophilic active ingredient and as they are primarily used in cosmetic products.
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Table 2.2 Summary of in vitro penetration/permeation studies of topical/transdermal CAF formulations

Dosage Formula details Donor Skin permeation evaluation Ref
forms Method Results
Biocellulose BC-CAF incorporated with 12 mg BC-CAF; 400 Human abdominalskin Flux J (ug/cm?/h)in 10 h 30
(99%  water glycerol and ethanol mg of gel; 400 uL of R:PBS (pH 7.4) Gel: 4.41+£0.31
membrane) Gel-CAF incorporated with CAF agueous solution CAF aqueous solution: 7.53 £ 2.37
and gel carbopol 940 BC-CAF: 2.55 + 0.82
Q1o (Hg/cm?)
Gel: 65.78 + 8.95
CAF aqueous solution: 86 £ 23.85
BC-CAF: 33.52 + 5.02
Kp (cm/h)
Gel: 5.51 x 104 + 3.92 x 10
Aqueous solution: 9.42 x 10 £+ 2.96 X
104
BC-CAF: 3.19 x 104 + 1.02 x 10
Deformable Soybean phosphatidylcholine 160 pL of the liposome Human abdominal skin  Flux J (ug/cm?/h) in 24 h 34
liposome (DL) 1.5% formulations R: PBS (pH 7.4) DL-CAF: 1.68 + 0.52
Propylene glycol 0.3% CL-CAF: 0.55+£0.15
Phenoxyethanol 0.1% CS:1.08+£0.95
PBS 70mL
Q24 (Hg/cm?)
DL-CAF 1.68 + 0.52
SC: 28.06 £12.33
Skin: 32.30 £ 11.71
Receptor: 40.26 + 12.46
Total permeated: 100.62 + 28.49
Gel Three gel bases: 0.5-60 pg/cm? Dermatomed Kp=2.1-7.2 x 10* cm/h 44
Ethylene glycol, water, abdominal skin % absorbed (total)= 4.7-61.8
petrolatum, incorporated with (cadaver) (350 um
carbopol 940 thick)
R: normal  saline
(NaCl)
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Dosage Formula details Donor Skin permeation evaluation Ref
forms Method Results
Gel Ethanol 2.5 g of gel Full thickness flank Cumulative amount (ug) 26
Propylene glycol (PG) newborn pigskin PG 15% > PG 30% > PG 7.5%
Uniphen® P-23 (preservative) R: PBS (pH 7.4)
Gelling  agent: carbopol®
Ultrez-21
Gel Glycerin 300 mg of gel Dermatomed human Flux J (ug/cm?/h) in 6 h 27
Propylene glycol (PG) formulation abdominal skin (250- 1 mg/cm?:
Dimethylenecopolyol 400um thick) Gel 1% of CAF: 0.252 = 0.108
(Dow Corning 193) R: PBS (pH 7.4) Gel 3%: 0.306 + 0.21

Gelling agent: Carbopol® 934

Gel 5%: 0.552 + 0.03

Qs (Hg)

1 mg/cm?;

Gel 1% of CAF: 3.52 + 1.31
Gel 3%: 4.18 £ 1.35

Gel 5%: 6.88 £ 0.53

Amount CAF deposited (g ):
1 mg/cm?:

Gel 1% of CAF: 31.4

Gel 3%: 94.2

Gel 5%: 157

Lagtime (h)

Amount of gel deposited
Gel 1% of CAF: 2

Gel 3%: 1.97

Gel 5%: 2.07
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Dosage Formula details Donor Skin permeation evaluation Ref
forms Method Results
ME ME: lipids (PEG-8 caprylic/capric 1 g of formulation Dermatomed  pigskin Without hypodermis 45
Emulsion glycerides; polyglycerol-6 containing 8 mg CAF (400pm thick) Flux J (ug/cm?/h) in 24 h
Gel dioleate; isostearyl isostearate; R: PBS (pH 7.4) ME: 28.8 £ 0.2

diisopropyl adipate; S/Co and E: 156 +0.8

water Gel: 17.11 £ 0.6

E: lipids (PEG-6 stearate PEG- Control: 14.1 + 0.9

32 stearate; isostearyl Lag time (h)

isostearate; diisopropyl adipate); ME: 1.31£0.18

S/Co, xanthan gum, ultrez®10 E:2.78 £0.26

and water
Gel: lipids (hydroxypropyl guar);
S/Co, ultrez®10 and water

Gel: 2.36 £ 0.20
Control: 1.30 = 0.01
Kp (cm/h)

ME: 3.59 x 103
E:1.95x 103

Gel: 2.14 x 103
Control: 1.09 x 104
With hypodermis
Flux J (ug/cm?/h) in 24 h
ME: 509 + 10

E: 497 £+ 35

Gel: 437 £0.13
Lag time (h)

ME: 5.09 £ 0.10

E: 4.97 £ 0.35

Gel: 5.37 £ 0.13

Kp (cm/s)

ME: 2.62 x 103

E: 1.55x 103

Gel: 1.63 x 103
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Dosage Formula details Donor Skin permeation evaluation Ref
forms Method Results
ME Oil: Labrafil M 1944 CS (oleoyl 0.1 g formulation Full-thickness newborn Flux J (ug/cm?/h) in 24 h 46
polyoxyl-6 glycerides) containing 1 mg of CAF  pigskin ME4: 16.08 + 3.52
S: Cremophor EL (polyoxyl 35 R: PBS (pH 7.4) Q24 (ng/cm?)
castor oil) ME4: 374.18 £ 27.70
Co: Tetraglycol Skin retention (ug/g)
Water: PBS ME4: 177.28 + 14.24
ME W/O MEZ20: 0.5 g of formulation Full-thickness porcine Pig/frozen-thawed 9
Oil: Isopropyl palmitate ear skin Kp (cm/h) in12 h
S: Labrasol® ( PEG-8 R: PBS (pH 7.4) ME20= 3.7 £ 0.8
caprylic/capric triglycerine), ME20 gel=3.3+0.8
glyceryl oleate Q24 (Lg/cm?)
Co: propylene carbonate ME20=778.1 £ 141.8
Water MEZ20 gel = 706.1 + 144.9
ME20 gel:
Amorphous silica
ME Penetration enhancers 1 mL of formulation Full-thickness human Flux J (ug/cm?/h) in 24 h 32

Oil: Eucalyptol or oleic acid
(OA)

S: Volpo-N10®

Co: Ethanol

Water

abdominal skin
R: PBS (pH 7.4)

E1l:263.6+1.2
E2: 267.7 £ 24.0
01:118.8+57.3
02:136.4 +£95.2
Control (CAF)
C1:2.2+0.8
C2:25.61£3.1
C3:25+0.7

C4: not identified
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Dosage forms Formula details Donor Skin permeation evaluation Ref
Method Results
NE Qil: Caprylic/capric 150 pL Human abdominal Kp (cm/h) in 24 h 47
triglycerine skin F3: 0.00005016
S: Oleth-3, Oleth-20 R: PBS (pH 7.4) CAF sol: 0.0024
Water
NLC Lipids: Miglyol 812 (caprylic/ 300 uL of formulation  Porcine ear skin CAF permeation in 8 h: 48
Capric trig|yceride), Precifac® R: HEPES buffer NLC-CS: 2.5 x 107 ug/cm2
ATO (palmityl palmitate) (zwitterionic sulfonic CS extract: 2.0 x 107 pg/cm?
Surfactant: polysorbate 60 acid buffering agent)
Emulsion O: Vaseline oil, cetearyl 1.25%; 260 mg/cm? Human abdominal Kp (cm/h) in 24 h 49
octanoate skin O/W: 6.02 £ 0.16 x 104
S: cetyl dimethicone copolyol, R: PBS (pH 7.4) W/O/MW: 2.38 + 0.2 x 104
synperonic PE/F127®
(poloxamer 407) Lag time (h)
Water, MgS04.7H20 O/W: 16 £ 2
W/O/MW: 18 + 2
Q24 absorbed (%)
O/W: 3.21+0.18
W/O/W; 1.25 £ 0.17
Emulsion Pickering emulsion (PE): 1 g of emulsion Full thickness flank Flux J (ug/cm2/h) in 24 h 31

Hydrophobic silica
cyclomethicones
preservative, water

HDK H20,
DC®245,

Classical emulsion (CE):

Abil®

EM97

(cyclopentasiloxane), Abil®
Wax 9810 (alkyl methicone),

cyclomethicones
preservative, water

DC®245,

pigskin
R: 0.9%
agueous solution

NacCl

PE:25+4
CE:9.7+14

Kp (cm/h) in 24 h
PE: 0.0030 £ 0.0005
CE: 0.0010 £ 0.0002
Lag time (h)
PE:0.5%£0.1

CE: 0.92 £ 0.08

Q24 (Mg/cm?)

PE: 500 + 60

CE: 223+ 25
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Emulsion O/W: 100 mg of emulsion Human abdominal Flux J (ug/cm?/h) in 12 h 50
PEG-24 glyceryl stearate, skin CAF: 0.2-1.6
glyceryl stearate, octyl R: saline Kp (cm/h) in 12 h
stearate, kathon CG CAF: Kp=1.5-2.9 x 103
(preservative), Lag time (h)
cetylstearylic alcohol, CAF: 0.70-1.63
paramethyl, glycerine, water
ME O: Isopropyl myristate 150 pL of formulation ~ Dermatomed Flux J (ug/cm?2/h) in 24 h 51
S: Labrasol (PEG-8 abdominal porcine ME: 5.11-11.63
caprylic/capric triglycerine) skin (500 pm thick)
CoS: Cremophor EL (polyoxyl R: PBS (pH 7.4) Q24 (Hg/cm?)

35 castor oil)
Water

ME: 91.79-237.79
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Dosage Formula details Donor Skin permeation evaluation Ref
forms Method Results

O/W emulsion  O/W emulsion: water, silicon oil, 10mg/cm? Human abdominal skin  Skin penetration rates(J) (ng/cm?/h) 29
W/O emulsion  glycerin, almond oil, sorbitan (300-400um thick) in24 h

Hydrogel
Solution

tristearate, PEG-40 stearate,
carbomer 950, triethanolamine,
imidazolidinyl urea,
methylparaben

W/O emulsion: water, silicon oil,

glycerin, almond oil, methyl
glucose dioleate, cetyl
dimethicone copolyol,
imidazolidinyl urea

Solution: water, ethanol,

glycerine, almond oil, methyl
glucose dioleate, imidazolidinyl

urea
Hydrogel:  water, ethanol,
carbomer 950, triethanolamine,
imidazolidinyl urea,

methylparaben

R: PBS containing
0.25% Tween 80

O/W: 57x 10* £ 22 x 104

W/O: 84 x 10* + 26.5 x 104
Hydrogel: 76 x 10* £ 25.6 x 10*
Solution: 63.6 x 104 + 32.9 x 104

Cumulative amount (ug/cm?) in 24 h
SC:

O/W: 34 x 10 + 15 x 104

W/O: 61 x 10* + 30 x 104

Hydrogel: 54 x 10* + 47 x 104
Solution: 36 x 10%+ 14 x 104

Epidermis:

O/W: 107 x 104 + 28 x 104
W/O: 164 x 10* + 58 x 104
Hydrogel: 151 x 10* + 37 x 104
Solution: 106 x 10* + 21 x 10

Below epidermis:

O/W: 1384 x 104 + 519 x 104
W/O: 2033 x 10* + 638 x 104
Hydrogel: 1832 x 10* + 614 x 10*
Solution: 1549 x 10* + 796 x 104

Dermis/membrane:
O/W: 18 x 104+ 7 x 104
W/O: 24 x 104+ 9 x 104
Hydrogel: 15 £ 6 x 104
Solution: 22 + 9 x 104

% permeation: 15-20
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Dosage Formula details Donor Skin permeation evaluation Ref
forms Method Results
ME O/W: Tween®21, isononyl 1 g of formulation Full thickness pigskin Flux J (ug/cm?/h) in 24 h 52
isononanoate, water R: 0.9% NaCl aqueous O/W: 99 + 14
W/O: Tween®21, Span®20, solution W/O: 35+ 10

isononyl isononanoate, water
Bicontinuous: Tween®21,
Span®?20, isononyl
isononanoate, water

Bicontinuous: 43 + 5
Control: 32 + 10

Kp (cm/h) in 24 h

O/W: 0.012 £ 0.002

W/QO: 0.004 + 0.001
Bicontinuous: 0.0053 + 0.0006
Control: 0.004 + 0.001

Lag time (min)
O/W:35+8
W/O:52 + 12
Bicontinuous: 48 £+ 7
Control: 57+ 9

Q24 (Mg/cm?)

O/W: 1538

W/O: 717
Bicontinuous: 1096
Control: 717
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Dosage forms Formula details Donor Skin permeation evaluation Ref
Method Results
Ointment Four ointment bases [The 30 mg of ointment Human skin Qin 1.67h (ug/cm?) 53
new German Pharmacopoeia R: saltwater solution SC: 0.632-2.182
(DAB. 7)] Epidermis: 0.137-0.508
Vaseline, agueous woolwax Dermis: 0.056-0.667
alcohol, aqueous hydrophilic,
polyethylene glycol
Suspension Vehicles: 100 pL of formulation ~ Human breast skin Flux J (ug/cm?/h) in 24 h 33

Labrasol® (LBS) ( PEG-8
caprylic/capric triglycerine),
Labrafil® (LBF) (glycolysed
ethoxylated glycerides),
Transcutol® (TSC)
(diethylene glycol monoethyl
ether),

DPPG® (propylene glycol
dipelargonate), propylene
glycol (PG)

R: saline

PG: 0.698 + 0.099
Water: 0.724 + 0.041
TSC: 0.635 +£0.197

LBS: 0.277 + 0.057

LBF: 1.162 + 0.085
DPPG: 2.278 + 0.353
PG-DPPG: 2.193+£0.174

Kp (cm/h) in 24 h

PG: 0.059 + 0.033
Water: 0.048 + 0.033
TSC: 0.032 + 0.024

LBS: 0.034 + 0.024

LBF: 0.049 + 0.048
DPPG: 0.055 + 0.019
PG-DPPG: 0.062 + 0.024

Notes: R= receptor fluid; ME=microemulsion; NE=nanoemulsion; O= oil phase; S= surfactant; CoS= cosurfactant; PBS= phosphate buffer solution;
Q=cumulative amount; ER= enhancement ratio; O/W= oil in water; W/O= water in oil

55



We adopted a semi-practical Quality by Design (QbD) framework for designing our CAF
semisolid creams based nanoemulsion systems to understand the physicochemical properties
of topical formulation ingredients and their vehicles to optimise the physical, chemical and skin
delivery characteristics of the product. The formulation components, such as oils, surfactants,
cosurfactants and other vehicles, may act as penetration enhancers and affect skin
permeability. The International Conference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH) introduced Pharmaceutical QbD
guidelines to guide quality management during drug development and production.
Comprehensive implementation of Pharmaceutical QbD includes defining the quality target
product profile (QTPP) and critical quality attributes (CQAs) of a drug product. QbD also
encourages using tools such as the design of experiment (DOE), establishment of a control
strategy, continual improvement and innovation throughout the product life cycle and
accomplishment of risk assessment to identify critical material attributes (CMAs) and critical
process parameters (CPPs).545 Here, we defined a QTPP and identified several CQAs for
topical nano-cream formulations that included good safety and compatibility profile, low skin
irritancy, and adequate CAF solubility in water lipid-soluble, physically and chemically stable
during storage, pH skin and with desired globule size.

In this current study, we developed nanoemulsions in the form of creams stabilised by
emulsifiers via the hot emulsification method combined with energy input and evaluated their

properties including skin penetration/permeation of CAF within nano-sized.

2.1.1 Objectives of the study

The overall objective of the present study was to prepare a CAF-loaded nanoemulsion based
semisolid using the QbD approach and formulate them as a suitable cosmeceutical cream for
enhanced anticellulite and skin permeability in cellulite treatment. A desired future outcome
was to facilitate better skin rejuvenation, particularly improvement in cellulite appearance.
The specific objectives of the study were:

1. To develop and validate an HPLC assay for CAF determination and extraction from

skin tissues.
2. To develop semisolid nano-cream formulations fabricated with different chemical

penetration enhancers (CPEs) for skin delivery of CAF.
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3. To characterise the physical properties of the CAF nano-cream formulations.
4. To assess the effects of various CPEs on penetration/permeation of CAF into and

through the skin.

2.2 Experimental design

2.2.1 Materials

CAF of analytical grade (CAS# 58-08-2 (C0750) with 99% purity level), isopropyl myristate
(IPM;CAS# 110-27-0), and butylated hydroxytoluene (BHT;CAS# B-1378) were purchased
from Sigma-Aldrich (North Ryde, NSW, Australia). Cetearyl alcohol (stearyl alcohol and cetyl
alcohol) (stearyl alcohol: CAS# 112-92-5; cetyl alcohol: CAS# 36653-82-4), ceteareth-20
(CAS# 68439-49-6), and dimethicone 350 CST (CAS# 9006-65-9) were purchased from New
Directions Laboratory (Marrickville, NSW, Australia). Lanolin USP anhydrous (CAS# 8006-
54-0) was purchased from PCCA (Matraville, NSW, Australia). Extra virgin olive oil (CAS#
8001-25-0) and optiphen™ plus (phenoxyethanol, caprylyl glycol and sorbic acid)
(phenoxyethanol: CAS# 122-99-6; caprylyl glycol: CAS# 1117-86-8; sorbic acid: CAS# 110-
44-1) were purchased from Range Products (Welshpool, WA, Australia). DL-alpha-tocopheryl
acetate (CAS# 7695-91-2) was purchased from Australian wholesale oils (Rydalmere, NSW,
Australia). Triethanolamine (CAS# 102-71-6) and ethylene diamine tetra-acetic acid (EDTA)
(CAS# 139-33-3.) were purchased from BDH Laboratory Supplies (Poole, Dorset, UK)
distributed by Merck Pty Ltd. (Kilsyth, Victoria, Australia). Carbopol® 940 (CAS# 9003-01-4)
was a gift from Lubrizol International Inc. (Silverwater, NSW, Australia). Propylene glycol BP
(CAS# 57-55-6) was purchased from PharmAust Manufacturing (Malaga, WA, Australia).
Transcutol® P (diethylene glycol monoethyl ether-CAS# 111-90-0) were kind gifts from
Gattefossé (Saint-Priest, France). Veet™ hair removal cream (containing potassium
thioglycolate) was purchased from Reckitt Benckiser Pty Ltd. (Sydney, NSW, Australia)
Methanol HPLC grade and hexane was from Fisher Chemical (USA), deionised water-passed
through a Milli-Q RC apparatus (Millipore Corporation, Bedford, MA, USA). PBS (pH 7.4)
(phosphate-buffered saline solution) was prepared by dissolving 8.0 g NaCl, 0.2 g KCl, 1.44 g
Na2HPO4, and 0.24 g KH2PO4 into 1-liter deionised water and adjusting for pH 7.4 with 0.1
N potassium hydroxide. Potassium chloride and sodium chloride were purchased from Chem-

Supply Australia Pty Ltd. Potassium dihydrogen orthophosphate was purchased from Thermo

57



Fisher Scientific (Scoresby, Australia). Di-sodium hydrogen orthophosphate anhydrous was
purchased from Merck Pty Ltd. (Bayswater, VIC, Australia). Ultra cellulite cream (containing
CAF 2% with shea butter cream base) was purchased from Green Organics (LOT #C091633)

(Salt Lake City, UT, USA).

2.2.2 HPLC analysis method validation

An HPLC method was developed to analyse CAF in pharmaceutical formulations and
extraction of CAF from skin tissues.
The Agilent™ 1200 series HPLC system used consisted of:

1. Automated injection system/autosampler (Agilent™ G1329A, Serial No.

DE64765738)

2. Binary pump (Agilent™ G1312A, serial no. DE63058944)
3. Solvent degasser (Agilent™ G1379B, serial no.JP73107188)
4. Multi-wavelength (MWD) detector (Agilent™ G1365B, serial no. DE63055930)
5. Chemstation Rev B.04.03-SP1 software (Agilent Technologies Inc., Waldbronn,
Germany)
The HPLC system conditions were adapted from Naegele%¢, with some modifications as
outlined in Table 2.3

Table 2.3 HPLC instrument system set-up

System set up Description

Stationary phase Phenomenex® C18 5 um column, 150 mm x 4.6 mm
Security guard Phenomenex® C18, 4 x 3 mm

cartridge

Mobile phase Isocratic methanol: water = 30:70

Flow rate 1 mL/min

CAF detection Amax = 272 nm

Retention time 3.4+0.1 min

Total analysis time 6 min

2.2.2.1 Linearity

Linearity was assessed by a series of CAF concentrations (20, 10, 1, 0.5 and 0.025 pg/mL)
with serial dilution. A stock solution of 500 pg/mL was made by dissolving 25 mg of CAF in 50
mL of a mixture of methanol (MeOH) and PBS (pH 7.4) (50:50). Linearity was calculated by

the R-squared value.
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2.2.2.2 System suitability test

Precision

CAF solutions at three concentrations (20, 1, 0.025 pg/mL) were analysed in six replicates for
each concentration. Relative standard deviation (RSD) values were calculated for all
concentrations. The acceptable RSD was < 5%.57

Sensitivity

The blank solvent, a mixture of MeOH: PBS (50:50), was injected six times with an analysis
time of 6 min for each injection. The noise to peak ratio was calculated by dividing the standard
deviation of the blank with the slope of the peak height of the calibration curve. The limit of
detection (LOD) and limit of quantification (LOQ) was determined as three times and ten times
the baseline noise level in the assay, respectively. LOD and LOQ were estimated using the
following equations:

LOD = 3x average SD of noises 1)

slope of peak heights vs standard concentration

LOQ = 10x average SD of noises @)

slope of peak heights vs standard concentration

Accuracy

A mass balance study of CAF extraction from the piglet skin was carried out to assess the
assay's accuracy and validate the IVPT protocol. The purpose of this experiment was the
recovery of CAF skin extraction. Briefly, a pre-weighed section of skin tissue was soaked in 5
mL of 20,000 pg/mL CAF in PBS (pH 7.4) solution in a water bath (Clifton, NE2-22D, Nickel-
Electro Ltd., North Somerset, England), and stirred by magnetic stirring at 600 rpm/min at
35°C. After 8h immersion, the skin surface was touched dry with Kimwipes® (Kimtech Science,
Kimberly-Clark Professional, Milsons Point, Australia). The skin was then sectioned prior to
the CAF extraction using a solvent extractor (a mixture of PBS (pH 7.4) and MeOH). The
extraction was stirred for 2h at ambient temperature. The CAF in the remaining donor, wash,

and skin extraction was determined using the HPLC assay described above.
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2.2.3 CAF-loaded nano-cream formulations development

Eight CAF-loaded nano-cream formulations were prepared as per the compositions outlined
in Table 2.4. CAF nano-creams were prepared by a hot emulsification process based on
Wojciechowska et al.>8 with some modifications. The aqueous and oily phases were heated
separately until reaching 70°C. All oil-soluble ingredients (phase A) were melted at 70°C,
whereas all aqueous-soluble ingredients (phase B), including CAF 2% (w/w) concentration,
were dissolved in water at 70°C. Subsequently, phase A was added to phase B, stirred with a
homogeniser (Heildoph, DIAX 900, Germany) at 8000 rpm (speed no. 1) for 15 min to form an
emulsion, then continuously stirred until the temperature reduced to 50°C. Optiphen plus®
(preservative) and DL-alpha-tocopheryl acetate were then added with homogenisation at 8000
rpm for 15 min to obtain a smooth and uniform consistency. Finally, the drop-wise addition of
triethanolamine was adjusted to reach the pH suitable for skin application at ~5.0
(MColorpHast, Darmstadt, Germany). The emulsion was allowed to cool down to room
temperature. All processes were conducted at room temperature. All CAF creams were stored

at room temperature until time of further physical and chemical evaluations.
2.2.4 Physical evaluation of topical creams

As detailed below, CAF creams were physically characterised in appearance (visually
organoleptic), pH in cream and pH in the aqueous phase separation, globule size, and
rheological properties.

2.2.4.1 Organoleptic characteristics

After preparation, all CAF nano-cream formulations were tested for appearance, colour,
consistency, homogeneity, phase separation, and texture at room temperature. Homogeneity
and texture were tested by pressing a small quantity of the formulated cream between the
thumb and index finger. The consistency of the formulations and the presence of coarse
particles were used to evaluate the homogeneity and texture of the formulations. These
characteristics were assessed by visual observation.59.60

2.2.4.2 pH measurement

The pH of each cream was tested immediately after preparation with pH test strips at ~5.0

(McolorpHast, Darmstadt, Germany). The pH of the cream was further determined accurately
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using a calibrated benchtop pH meter (HI 8519 N; Hanna Instruments, Woonsocket, RI, USA).
Similarly, after cooling down, the creams were separated using high-speed centrifugation
(model: Optima XE-100; rotor type: 70.1 Ti; Beckman Coulter Inc., CA, USA) at 55,000 rpm

for 4h, then the separated aqueous phase was measured using a calibrated pH meter.
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Table 2.4 Composition and formula CAF topical creams (all as % w/w)

Formula
INCI Name
LAN PG5 PG10 TR5 TR10 CA CB CcC

Phase A
Cetearyl alcohol 3 3 3 3 3 3 3 3
IPM 1 1 1 1 1 1 1 1
Lanolin anhydrous 2 - - - - 2 2 2
Dimethicone 350 CST 1 1 1 1 1 1 1 1
BHT 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Extra virgin olive oil 3 3 3 3 3 3 3 3
Ceteareth-20 2 2 2 2 2 2 2 2

Phase B
Propylene glycol - 5 10 - - 5 - 5
Carbopol®-940 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
EDTA 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
CAF 2 2 2 2 2 2 2 2
Transcutol® P - - - 5 10 - 5 5

Others
Optiphen plus® 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
DL-alpha-tocopheryl acetate 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
TEA gs gs gs gs gs gs gs gs
Agueous ad 100 100 100 100 100 100 100 100

INCI Name= International Nomenclature of Cosmetic Ingredient; ad=up to; gs= quantum satis (quantum sufficit / as much as is sufficient); CST= centistokes;
IPM= isopropyl myristate; BHT= butylated hydroxytoluene; EDTA= ethylenediaminetetra-acetic acid; CAF= caffeine; TEA= triethanolamine; CPE= chemical
penetration enhancer.

Cream base containing CAF with the addition of CPE: LAN= lanolin; PG5= propylene glycol 5%; PG10= propylene glycol 10%; TR5= transcutol 5%; TR10=
transcutol 10%; CA= combination A-lanolin propylene glycol 5%; CB= combination B-lanolin transcutol 5%; CC= combination C-lanolin transcutol propylene
glycol 5%.
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2.2.4.3 Globule size

The globule size distribution of the CAF-loaded nano-cream formulation was determined by
photon correlation spectroscopy (PCS) using a Zetasizer Nano™ ZSP (Malvern, UK) following
100 times dilution with deionised water to avoid multiple scattering.6?

2.2.4.4 CAF in the agueous phase of the creams

The distribution of solubilised CAF in the agueous phase was determined by a phase
separation study using ultra-centrifugation (Optima XE-100, type 70.1 Ti rotor, Beckman
Coulter Inc., CA, USA) at 55,000 rpm for 4h. The saturation solubility of CAF was evaluated
by adding an excess amount of CAF to each of the separated aqueous phases, then
subsequently stirred at 1000 rpm/min for 24h at room temperature and then centrifuged at
15rcf (~ 12.7 rpm) for 10 min. The supernatant was diluted with PBS (pH 7.4) solution followed
by HPLC analysis. The amount of CAF in the separated aqueous phase was determined by
HPLC analysis.

2.2.4.5 Viscosity and rheological properties
All rheological tests were performed with an AR-G2 rheometer (TA Instruments®, New Castle,

DE, USA) equipped with a Peltier stage for controlling temperature and fitted with parallel plate
geometry (d= 40mm). A Peltier stage and geometry were covered with adhesive-backed 180
grit sandpaper to avoid wall slippage and prevent erroneous measurement with poor
reproducibility.? The sample volume of 1000 puL was loaded on the Peltier stage and the
geometry was set at 500 um height. Any excess amount of sample that protruded beyond the
geometry area was carefully removed. A pre-shear of the sample was performed at the shear
rate of 1 s for 1 min, followed by 2 min of equilibration without any shear. The fresh nano-
cream formulations were analysed by employing the steady-state flow sweep and oscillatory
amplitude sweep tests. Measurements were made in triplicate and at 32°C (physiological
condition).

Shear stress flow sweep

The flow sweep test was performed to measure the apparent viscosity as a function of shear
stress. The shear stress was set to increase logarithmically from 0.1 to 1000 Pa with

measurements made at 10 points per decade in log mode.
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Shear strain amplitude sweep

The amplitude sweep experiment was performed at 1 Hz, varying the strain amplitude from
0.01 to 1000%. An elastic or storage modulus (G') and a viscous or loss modulus (G") were

plotted on a logarithmic scale.

2.2.5 In vitro penetration/permeation test (IVPT)

2.2.5.1 Skin source and preparation

Piglet skin is a good model for human skin surrogates because of physiological and anatomical
similarities.63-65 Stillborn piglets were collected from routine vet visits to a local pig farm and
made available within 24h. No ethical approval was required. Full-thickness skin was obtained
from the piglet body and extraneous fat tissues were carefully removed by a surgical scalpel
blade (no. 21). Hairs were removed using Veet® depilatory cream (Reckitt Benckiser Pty Ltd.,
NSW, Australia) applied for 10 min, followed by gentle scraping with a curved spatula. This
method had been previously validated on pig skin by our group.®® The skin was then rinsed
thoroughly with PBS at pH 7.4 to remove any further cream, dried, wrapped in aluminium foil,
packed in a polyethylene bag, and stored at -20°C until use.

2.2.5.2 IVPT experimental design

Experimental setup

For each experiment, three different piglet skin donors were used to provide 6-9 replications.
Full-thickness excised skin was defrosted at room temperature immediately before each
experiment and cut into suitable sized circles for mounting in the Franz cells. Skin thickness
was measured by a digital vernier calliper (Model K11100, Kincrome Australia Pty Ltd.,
Scoreshy, Australia). The skin was mounted between the donor and receptor compartments
of a vertical Franz diffusion cell with the stratum corneum (SC) side facing the donor and
clamped (Figure 2.2). Skin barrier integrity testing was conducted by measuring the electrical
resistance using a digital multimeter (UNI-T®, UT58 series, Opava-Predmésti, Cesko). In brief,
PBS solution was placed in the donor and receptor compartments and allowed to equilibrate
in the water bath at 35°C for 20 min. One probe of the multimeter was inserted via the arm
into receptor fluid, and the other was applied to the donor solution. Skin was included that had
resistance between 1 MQ and 50 kQ.%® The PBS solutions in the donor compartment was

discarded and the skin surface was dried by delicately wiping with tissue (Kimtech Science
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Kimwipes®, Kimberly-Clark Professional, Milsons Point, Australia). A magnetic stirrer was
added to the receptor compartment and continuously stirred at 600 rpm/min. The cells were
maintained in a water bath system at 35°C to provide a skin surface temperature of 32°C.%"
Two hundred milligrams of nano-cream formulations, marketed CAF product or CAF in
aqueous solution (control) was applied to the donor compartment and sealed with parafiim

M® Laboratory Film (Greenwich, Connecticut, USA). Samples (total receptor fluid volume)

were withdrawn from the receptor compartment at six-time points (0.5, 1, 2, 4, 6, and 8h) and
immediately replaced by fresh pre-warmed receptor solution (total replacement). The
experimental protocol is summarised in Table 2.5. Receptor samples (500 uL) were placed in
an eppendorf vial, 500 pL MeOH added, vortex mixed at 600 rpm for 5 min, then centrifuged

at 15,000 rcf for 10 min at 25°C, prior to HPLC analysis for CAF content.
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Figure 2.2 Franz diffusion cell set up: (A) disassembled (B) assembled cell

Skin distribution study

After completing the 8h experiment, the remaining cream in the donor compartment was
transferred to a volumetric flask and made up to 20.0 mL with PBS. 0.5 mL taken from the first
volumetric flask was diluted to 20.0 mL with PBS in the second volumetric flask. At the final,
CAF was separated from the remaining oil phase by adding 1.0 mL hexane (HXN) with equal
volume. Glass Pasteur pipettes removed CAF from the bottom line of two immiscible liquids.
HPLC then determined the concentration of CAF in the remaining donor.

A tape stripping process was conducted to assess the amount of CAF on the SC. After
transferring the remaining cream from the donor, the skin was washed to remove any
remaining formulation (washing fluid retained and then combined with mass balance
calculation). The skin surface was gently dried with Kimwipes® and treated to separate the

SC and remaining skin tissue E+D+F (epidermis/dermis/follicle). To obtain the drug in SC, D-
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Squame® adhesive tapes with a diameter of 22 mm (CuDerm, Dallas, TX, USA) were applied
on the skin surface with a D-Squame disc® applicator based on the method of Davies et al.
with modification.68 A total of 10 tape strips were used; the first two strips were assumed to
include unabsorbed CAF, and the remaining 8 tapes absorbed into the SC. The tapes were
soaked in 2 mL of PBS: MeOH 50:50 mixture, vortex mixed for 5 min, and the soaking solution
then centrifuged at 15,000 rcf for 10 min at room temperature. The remaining skin was cut into
pieces and weighed. CAF was extracted by soaking in a solution mixture (PBS: MeOH = 50:50)
with the aid of magnetic stirring (600 rpm/min) for 2h at ambient temperature. The supernatant
fluid was collected, centrifuged to precipitate any fatty tissue and CAF content analysed by
HPLC.

Table 2.5 Experimental setup conditions of in vitro penetration/permeation study

System set up Description

Membrane type Full-thickness of newborn piglet skin

Skin surface diameter 1.2-1.3 cm?

Volume receptor 3-3.5mL

Receptor fluid PBS (pH 7.4) : MeOH = 50:50

Initial dose donor 200 mg cream base contained 4 mg of CAF or either 2% CAF
in aqgueous solution

Water-bath 35°C (equal to the body skin temperature of 32°C)

temperature

Stirring flow rate 600 rpm

Duration of incubation 8 hours
Sampling time-points 0.5,1,2,4,6, 8 hours
Sampling type Total volume replacement

2.2.6 Stability

The stability of CAF creams was determined over 4 months of storage at room temperature
(= 60% relative humidity) to indicate the stability of CAF in the nano-cream formulations.
Physical appearance and the CAF content were determined after storage at 22-25°C in cream

containers.
2.2.7 Data analysis

CAF in receptor solution was plotted as the cumulative amount of CAF permeated through the
skin (pg/cm?) versus time (h) for all applied formulations. This data was used to determine the

permeability parameters as outlined below:
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Steady-state flux

Flux is defined as the diffusion rate or transport of a substance across a permeable membrane.
After drug permeation has reached a steady-state, the steady-state flux (Jss) (ug/cm?/h) was
calculated using the following equation:

dQ _ DAKC
Jss =—=
dt h

©)

cumulative amount (pg/cm?)

diffusion coefficient of permeant in the skin
diffusional area

partition coefficient between SC and the vehicle
applied concentration of permeant

diffusional path length

SOX>»0O0

Permeability coefficient

The permeability coefficient through the membrane (Kp) (cm/h) was determined according to
the following equation:

Jss.H

Kp= Co

4

H thickness of membrane (cm)
Co initial drug concentration (ug)

Lag time
Lag time is the initial time of CAF permeated to the skin. Lag time (t) is calculated based on
the linear portion of graph of the cumulative amount/area vs time (y=0) as:

. —(intercept of the graph
Lag time = ( pt of the graph) (5)
slope

Enhancement ration (ER)

This factor was calculated to find the relative enhancement in the flux of formulations in respect
to the reference enhancement ratio. The enhancement ratio was estimated according to the
following equation:

__Jss formulation

ER

(6)

Jssreference

Total mass balance was the accumulation of CAF remaining in donor solution, CAF passed
through the receptor, CAF obtained from tapes stripping and CAF recovered from skin tissue

extraction.
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2.2.8 Statistical analysis

All experiments were carried out in triplicate. The data are expressed as mean * SD (non-
biological related measurements) and mean + SEM (biologically related measurements). All
data were analysed using GraphPad Prism™ 9 software (Graphpad Software Inc., CA, USA),
using two-way ANOVA with Tukey post hoc test. Data were considered to be statistically

significant if p < 0.05.

2.3 Results

2.3.1 HPLC analytical method

The HPLC method provided a single CAF peak for the stock solution and good separation
from any skin sample-related peaks. The CAF peak retention time was 3.4 £ 0.1 min in a total
analysis time of 6.0 min (Figure 2.3), with no interference from any other peaks regardless of

sample origin.
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Figure 2.3 HPLC chromatograms (peak area versus time) of (A) 1 ug/mL CAF solution
as prepared for the calibration curve; (B) LAN formulation matrix without CAF; (C) LAN
formulation matrix with CAF incorporated; (D) Skin extract following administration of
LAN formulation with CAF incorporated in IVPT experiment.

This analytical method validated linearity and range and system suitability testing (precision,

sensitivity and accuracy).
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Linearity

The analytical calibration curve constructed for CAF was linear in the range 0.025-20 pg/mL

(R2= 0.9999: Figure 2.4).
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Figure 2.4 Representative of CAF calibration curve

Sensitivity
The LOD and LOQ for determination of CAF, calculated by injecting samples and blank

solution six times, were 6.5 ng/mL and 21.6 ng/mL, respectively.

Assay precision

The coefficient of variation precision parameters calculated from the RSD (n = 6) is presented
in Table 2.6. The acceptability criterion of precision repeatability has been fulfilled with RSD.
< 5% in the high, medium, and low concentrations.

Table 2.6 Precision of CAF assay (mean + SD; n=6)

CAF concentration

Concentration (ug/mL) 0.025 1 20
RSD (%) 0.43 0.42 0.32

Table 2.7 Mass balance study of CAF skin extraction (mean + SD; n=3)

Distribution of CAF (ug) Total
Initial donor Recovery
Remaining Skin distribution
(M9) Wash (%)
donor extraction (ng)

103033.67 + 9495571+ 1746.91+ 100463.19 «
5.38 27876 ool eg | 376057097 oo’ 97.51 + 0.81

Accuracy

Results for CAF recovery from the skin tissue are shown in Table 2.7. The mass balance

recovery of CAF was the percentage of CAF recovered (adding the amount of CAF recovered
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in the remaining donor, wash liquid and skin extraction liquid) divided by CAF added in the

initial donor. The percent recovery of CAF was 97.51 £ 0.81 %.

2.3.2 CAF-loaded nano-cream formulations

All nano-cream formulations were successfully formulated based on the oily and aqueous
phases using a hot emulsification process and a combination of the homogenizer. CAF-loaded
nano-cream formulations showed stable systems with a suitable consistency for topical
application. All nano-cream formulations containing CAF that were fabricated were white pearl

opaque and their physical characteristics are described in section 2.3.3.

2.3.3 Physical characteristics of CAF nano-cream formulations

2.3.3.1 Organoleptic and other characterisations

Visually, all nano-cream formulations had a gleaming and lustrous tone of white pearl. In
comparison, the marketed 2% CAF cream was opaque ivory-goldish. At ambient temperature,
they were homogenous, smooth in texture, easily washable and did not form a greasy film on
the skin upon application. All creams were easily spreadable on the skin. There was no phase
separation in any nano-cream formulations when observed immediately after manufacturing
nor during long-term storage (4 months) at room temperature. The globule size ranged from
297.40 + 5.60 to 470.73 £ 48.29 nm (Table 2.8). The globule size of LAN was slightly larger
than that of TR5 (Table 2.8). The pH of all nano-cream formulations was less than 6, bringing
them close to the pH range of the skin. Whilst the aqueous phase pH was in the range of 5.55
to 5.98 (Table 2.8).

The physical appearance, pH, globule size of CAF nano-cream formulations measured prior
to IVPT is displayed in Table 2.8.

2.3.3.2 Solubility of CAF in nano-cream formulations

Table 2.9 shows the thermodynamic activity of CAF in the cream products. The initial degree
of saturation of CAF in the agueous phase was lowest for PG10 and highest was LAN. The
amount of CAF in the aqueous phase was similar across all the formulations, ranging from

18.59 + 0.03 to 20.54 + 0.02 (Table 2.9).
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Table 2.8 Physical characteristics of CAF creams (mean = SD; n = 3)

Formula Physicochemical evaluation

) ] Phase pH Globule size

Appearance Colour Consistency Homogeneity separation Texture aqueous (nm)
cream
phase

Marketed Opaque Ivory- Excellent Homogenous No Smooth  6.84 £ 0.02 6.81 +0.01 > 1000
CAF goldish
LAN Opaque White pearl Excellent Homogenous No Smooth  5.64 £ 0.01 5.55+0.01 425.00 +5.37
PG5 Opaque White pearl Excellent Homogenous No Smooth  5.36 £ 0.02 5.57£0.01 461.00+ 4.91
PG10 Opaque White pearl Excellent Homogenous No Smooth  5.59 + 0.01 5.75+£0.01 470.73 £ 48.29
TR5 Opaque White pearl Excellent Homogenous No Smooth  5.71 £ 0.02 5.65 £ 0.02 297.40 + 5.60
TR10 Opaque White pearl Excellent Homogenous No Smooth  5.85 + 0.03 5.79+0.01 380.10 +4.70
CA Opaque White pearl Excellent Homogenous No Smooth  5.66 + 0.01 5.59 £ 0.01 331.60 + 15.00
CB Opaque White pearl Excellent Homogenous No Smooth  5.61 + 0.02 5.67 £ 0.01 332.03 + 30.65
CC Opaque White pearl Excellent Homogenous No Smooth  5.91 + 0.01 5.98 £ 0.01 350.73 + 0.46

Marketed CAF: commercial topical containing the same amount (2%) of CAF
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Table 2.9 Solubility of CAF observed in eight nano-cream formulations (mean + SD; n = 3)

Parameter LAN PG5 PG10 TR5 TR10 CA cB cc
Amount of CAF in the

aqueous phase (mg/g) 2054 +0.37 20.25+0.07 18.75+0.04 18.96+0.02 1853+0.02 20.13+0.04 1859+0.03 18.65+0.03
Saturation solubility of

CAF in the aqueous 23.00+0.01 23.81+0.02 2547+0.04 21.99+004 21.15+0.07 23.87+0.12 23.22+0.03 24.82+0.03
phase (mg/g)

Initial degree of

saturation 0.89 0.85 0.74 0.86 0.88 0.84 0.80 0.75
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2.3.3.3 Viscosity and rheological properties

Shear stress flow sweep rheograms (Figure 2.5) show the viscosity profiles observed for the
CAF nano-cream formulations under controlled steady-state incremental shear stress mode
conditions at 32°C. All rheogram profiles exhibited low shear plateau, shear-thinning
behaviour (pseudoplastic flow above the yield stress) and high-shear viscosity regions. As the
shear stress approached zero, viscosity showed a plateau. The zero shear viscosity value was
determined by extrapolating the low-shear plateau to zero shear stress (Table 2.10). As the
stress increased toward critical stress (referred to as yield stress), the viscosity started to
reduce by several orders of magnitude, where shear-thinning arose from an irreversible
breakdown or an alteration of the semisolid microstructure. The observation was carried out
in triplicate. The semisolid started to flow above the critical stress. The marketed CAF curve
showed the highest zero shear viscosity (144601 + 17612 Pa.s), whilst TR5 formulation
showed the lowest (4997 + 760 Pa.s) (Table 2.10, Figure 2.5). Furthermore, the marketed
CAF also showed the highest yield stress (92.35 Pa), whereas TR5, CA and CC nano-cream
formulations showed comparable yield stress of 4 Pa (Table 2.10, Figure 2.5).

Figure 2.6 shows the dynamic modulus curves of all creams analysed through an oscillatory
rheological test. At low strain amplitudes, the elastic (G') and the viscous (G") modulus formed
a constant plateau region known as the linear viscoelastic (LVR) range. The LVR region
indicates the range in which the test can be carried out without destroying the structure of the
cream itself. The values of G' and G" in the LVR region indicated the viscoelastic character of
the creams. Practically, G’ values in the LVR region represent the stiffness of the product. For
all creams analysed, G' was higher than G" in the LVR, revealing a dominating elastic
character of the products at the low strain range; thus, the products have a solid structure. The
difference between the plateau G' and G" (crossover) for the marketed product was
substantially lower than one decade compared to the gap observed in the remaining creams
approximating less than one decade (less than ten times). The marketed product showed high
viscosity and elastic modulus (G'). These attributions showed the product was significantly
stiffer than other nano-cream formulations. The flow index value of the marketed product was
smaller (less than 1), indicating that the marketed product may exhibit brittle breakdown and

cohesive resistance to spreading onto the skin surface during application.
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As the controlled strain is continuously ramped, it deviates from the LVR region at a specific
strain or stress value, called the limiting value of LVR. The linearity limit, calculated using the
strain as a percentage, is also referred to as the yield point beyond which the structure
undergoes irreversible deformation. After that, the structure began to collapse drastically, and
a transition from G' > G" to G" > G’ occurred. The crossover point of G' and G" during this
transition process is called the flow point (G' = G"), beyond which the product behaved as a
viscoelastic liquid. In the region between the yield point and flow point, G' > G" (yield zone),
the initial structural strength of the LVR region decreased (Table 2.10). However, the sample

still predominantly displayed the properties of elastic solid matter (Figure 2.6).
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Figure 2.5 Viscosity flow sweep rheograms in CAF nano-cream formulations. (A) LAN; (B) Marketed; (C) PG5 and PG10; (D) TR5 and TR10; (E) CA,
CB and CC nano-cream formulations
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Figure 2.6 Elastic modulus (G') and the viscous modulus (G"”) curves with percent strain of CAF nano-cream formulations. (A) LAN; (B) Marketed;

(C) PG5 and PG10; (D) TR5 and TR10; (E) CA, CB and CC nano-cream formulations
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Table 2.10 Rheological properties of CAF creams derived through controlled shear stress flow sweep

Sample Rotational rheology parameters Oscillatory rheology parameters
Zero shear Yield stress Plateau G’ Yield stress Yield point Flow point Flow transition
viscosity strain strain index
no (Pa.s) Oo (Pa) (G'p) (Pa) Oo (Pa) % % n

Marketed 144601 + 17612 92.35+11.82 8057 + 664 52.69 + 1.68 0.16 + 0.00 6.17 + 0.40 39.78 + 2.61
LAN 8814 + 1050 4.84+0.10 138.82 + 9.90 7.03+0.48 0.49 +0.01 59.52 + 2.32 122.11 +6.34
PG5 17721 + 2401 7.06 + 0.68 95.77 £ 6.67 8.39 + 0.36 1.26 £0.29 74.73+4.84 62.10 + 18.10
PG10 13219 + 1633 6.81 + 0.25 93.08 £7.16 7.56 +0.51 0.59 + 0.07 76.60 = 0.00 131.78 + 16.01
TR5 4997 + 760 3.96 + 0.36 77.35+4.43 5.27 + 0.56 0.50+0.11 63.27 £ 4.35 131.20 + 38.80
TR10 12021 + 1289 5.50+0.81 68.05 + 8.08 5.30 + 0.86 0.58 + 0.08 62.13 +2.70 108.13+11.41
CA 6227 + 254 4.08 +0.43 66.68 + 7.26 4.80 + 0.26 0.63 + 0.00 73.10+1.75 116.03 + 2.78
CB 9026 + 1107 5.49 + 0.68 72.00 £ 8.81 4.61 +0.28 0.46 + 0.06 72.37 £ 3.06 159.00 + 20.20
CC 7311 + 480 4.06 + 0.62 61.51 +5.72 4.03 + 0.30 0.50 + 0.01 69.33+4.91 139.57 +9.13
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2.3.4 In vitro penetration/permeation study

CAF was detected in all skin regions (SC and E+D+F) and permeated through the skin to the
receptor fluid following topical administration of all nano-cream formulations, the CAF

marketed formulation, or CAF in aqueous solution (control).
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Figure 2.7 Skin penetration profile of nano-cream formulations compared to marketed
topical product and CAF in aqueous control: the distribution of CAF in the SC and
E+D+F; (mean + SEM; n = 8-9; *p < 0.01, **p < 0.0001). SC= stratum corneum; E+D+F =
epidermis, dermis and follicles

Figure 2.7 and Table 2.12 present the amount of CAF per area of each skin tissue at 8h
following administration of each CAF formulation. There was no statistically significant
difference in CAF penetration into the SC between the applied formulations, the marketed CAF
topical product, and the CAF aqueous control solution. However, there was a statistically
significant difference in the amount of CAF that penetrated to the deeper skin (E+D+F) regions
from the range of applied CAF formulations (28.18 + 3.39; 19.10 + 3.10; 11.90 + 1.43 pg/cm?
respectively; *p <0.01, **p < 0.0001) (Table 2.11 and 2.12). The marketed CAF cream product
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and CAF nano-cream formulations containing TR5 and PG5 showed the highest penetration
of CAF in the SC (3.78 + 0.64; 3.61 + 0.61 pg/cm? respectively), although the difference in the
SC was not statistically significant (Figure 2.7, Table 2.11 and Table 2.12). In the combined
area of epidermis, dermis and follicles (E+D+F), the CAF distribution of LAN and TR5 nano-
cream formulations were similar results (28.18 + 3.39; 31.91 + 3.49 pg/cm? respectively; Table
2.12). Both formulations showed significant differences in CAF in aqueous control (**p <
0.0001; Table 2.11). Overall, there were a 2.3-fold increase in CAF in both SC and (E+D+F)

regions for LAN compared to CAF in aqueous control.
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Table 2.11 Summary of statistical significance (p-values) in the distribution of CAF in the epidermis-dermis-follicle (E+D+F) region

P-value
Control:
Formula CAF in Macr:kAeFted PG5 PG10 TR5 TR10 CA CB cc
agueous
Control:
. 0.0936 0.3358 0.8439 <0.0001 >0.9999 0.1096 0.9128 >0.9999
CAF in X (ns) (ns) (ns) (ns) (ns) (ns) (ns)
aqgueous
Marketed X X 0.9999 0.9336 <0.0001 0.2353 >0.9999 0.8744 0.26
CAF (ns) (ns) (ns) (ns) (ns) (ns) (ns)
LAN 0.001 <0.0001 0.001 <0.0001 0.8726 <0.0001 0.0072 <0.0001 <0.0001
(ns)
PG5 X X X . <0.0001 0.6017 >0.9999 0.9942 0.6361
(ns)
(ns) (ns) (ns) (ns)
PG10 « « « « « « « >0.9999 0.9774
(ns) (ns)
TR5 X X X X X <0.0001 X <0.0001 <0.0001
TR10 X X X X X X X X X
CA X X X <0.0001 0.2664 X 0.8994 0.2931
X
(ns) (ns) (ns)
CB X X X X X 0.9891 X X 0.9923
(ns) (ns)
CcC X X X X X >0.9999 X X X
(ns)

Notes: ns= not statistically significant
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Table 2.12 Skin distribution of CAF from nano-cream formulations, marketed product
and aqueous solution control (mean + SEM; n = 8-9)

CAF distribution in the skin

Formula (Mg/cm?) ER
SC E+D+F
Control: CAF in aqueous 2.34 £ 0.55 11.90+1.43 1.00
Marketed CAF 4.81 + 0.90 19.10+£3.10 1.68
LAN 3.23+0.35 28.18 + 3.39 2.30
PG5 3.61+0.61 17.69+1.94 1.49
PG10 2.53+0.31 15.78 + 0.95 1.28
TR5 3.78 £ 0.64 31.91 +3.49 251
TR10 1.17 £0.22 12.86 + 1.30 0.98
CA 1.83+0.18 18.95+2.61 1.46
CB 2.15+0.47 15.38 £ 2.45 1.23
CC 1.38 £ 0.25 12.98 £1.21 1.01

ER = enhancement ratio, was a ratio of the mean total amount of CAF deposited in the skin
(SC and E+D+F) from formulated creams/CAF in aqueous control
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Figure 2.8 Cumulative amount of CAF penetrated in receptor solution over 8h from all
formulated topical creams (mean + SEM; n = 8-9, *p < 0.05, **p < 0.0001)

Figure 2.8 illustrates the permeation profile of CAF of all formulated nano-creams, marketed
CAF product, and CAF in agueous control. The addition of LAN in the CAF nano-cream
formulation showed the highest permeation of CAF through the skin (68.63 + 11.59 ug
respectively; p < 0.0001) followed by the TR10 and CC nano-cream formulations (43.80 +
7.89; 41.87 + 5.88 ug; p < 0.0001), respectively (Figure 2.8, Table 2.13 and Table 2.14). The
cumulative amount of CAF permeated over 8h (Figure 2.8) was significantly higher for the

PG5, TR5, CA and CB nano-cream formulations (38.08 + 7.66; 35.63 + 5.64; 40.20 + 6.54 and
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33.53 + 6.35 ug, respectively); (Table 2.13 and Table 2.14) than from CAF in aqueous control
(15.57 + 1.57 pg) (Table 2.13).

There was no significant difference in the cumulative amount of CAF permeated through the
skin over 8h (Figure 2.8 and Table 2.14) for the PG10 nano-cream formulation, compared to
CAF in aqueous control. However, there was a 1.28-fold increase in the amount of CAF in
both SC and epidermal-dermal-follicular regions from the PG10 formulation (Table 2.12).
The summary of experimental data of CAF skin permeation is presented in Table 2.13. The
LAN nano-cream formulation showed high CAF flux and had a short lag time than CAF in
aqueous control and marketed CAF topical product. Additionally, LAN in nano-cream
formulation enhanced the CAF skin permeation by approximately 3.49 fold.

Table 2.13 shows the steady-state flux of CAF was 8.829 + 1.472 ug/cm?/h from the LAN
nano-cream formulation, whilst the flux of control CAF solution was 2.533 + 0.480 ug/cm?/h.
CAF in the LAN nano-cream formulation permeated three and a half times faster than the
control CAF aqueous solution. CAF lag time from the LAN nano-cream formulation was three
times shorter than CAF in aqueous control lag time. The enhancement ratio was similar for
the PG5, CA, TR5, TR10 and CC nano-cream formulations, with the entire ratio being
approximately two. Lag time for the PG5, CA, TR5, TR10 and CC nano-cream formulations
was half the lag time of control CAF in aqueous solution (Table 2.13).

Overall, nanoformulations in the form of cream fabricated with different CPEs for skin delivery
of CAF had shown a significant difference in cumulative amount permeated through the skin
over 8h. The LAN nano-cream formulation appeared to be a promising topical formulation of
CAF with good skin penetration and permeation characteristics. LAN enhanced the
penetration and permeation of CAF acted as CPE was considered for further investigation in

the preclinical efficacy in vivo study.
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Table 2.13 Summary of experimental data for CAF skin penetration/permeation parameters in nano-cream formulations (mean + SEM; n = 8-9)

Formula Cumulative amount Steady-state flux Permeability Lag time ER
(1g) (Jss; pg/lcm?/h) coefficient (Kp; cm/h) (min)
Control: CAF in aqueous 15.57 £ 1.57 2.533 +£0.480 0.001 + 0.001 53.22 +3.42 1.00
Marketed CAF 22.88 £4.50 2.827 £ 0.555 0.001 + 0.001 44.88 + 5.46 1.12
LAN 68.63 £ 11.59 8.829+1.472 0.002 + 0.001 21.78 + 3.66 3.49
PG5 38.08 £ 7.66 4.960 + 0.004 0.001 + 0.001 28.14 £+ 5.22 1.96
PG10 22.06 £ 3.55 2.920 £ 0.465 0.001 + 0.001 45.84 + 3.78 1.15
TR5 35.63+5.64 4.556 + 0.659 1.650 + 0.292 34.50+6.24 1.80
TR10 43.80 + 7.89 5.191 £ 1.036 2.312 + 0.565 23.22 £4.32 2.05
CA 40.20 £+ 6.54 5.055 +0.870 0.001 + 0.001 21.78 £ 3.06 1.99
CB 33.53+6.35 5.539+0.715 2.348 £ 0.521 16.50 £ 2.52 2.19
CcC 41.87 +5.88 5.417 £ 0.748 2.146 + 0.488 21.90+5.46 2.14

ER= enhancement ratio was calculated based on the ratio of mean values of Jss of the formulations to CAF in an aqueous solution
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Table 2.14 Summary of p-value in the cumulative amount of CAF of all formulated creams after 8h permeation through the skin

P-value
Control:
Formula CAF in Ma(r:kAeFtEd LAN PG5 PG10 TR5 TR10 CA CB cc
agueous
Control:
CAF in X 0.9215 <0.0001 0.001 0.9621 0.0044 <0.0001 0.0003 0.0251 <0.0001
(ns) (ns)

agueous
Marketed « « <0.0001 0.047 >0.9999 0.1512 0.0003 0.0172 0.4299 0.0029
CAF (ns) (ns) (ns)
LAN X X X <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
PG5 X X X X 0.02575 >0.9999 0.9716 >0.9999 0.9942 0.6361

(ns) (ns) (ns) (ns) (ns)
PG10 X X X X X 0.0966 0.0001 0.0096 >0.9999 0.0015

(ns) (ns)
TR5 X X X X X X <0.0001 X <0.0001 <0.0001
TR10 X X X X X X X X X X
CA X X X X X 0.9955 0.2664 X 0.9493 >0.9999

(ns) (ns) (ns)
CB X X X X X X 0.485 X X 0.792
(ns) (ns)

CcC X X X X X X >0.9999 X X X

(ns)

Notes: ns= no significant
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Table 2.15 Mass balance of in vitro penetration/permeation study of CAF into and through the skin (mean £ SEM; n = 8-9)

CAF distribution (ug) Total of CAF

Formula IA (1) RA sC E+D+F R d|str(ngu)t|on Re%(;o\;ery
Control: CAF in aqueous  4450.05+ 13.26  4184.62+30.84 234+055 11.90+1.43 25.12 £ 4.69 4230.75+26.93 95.08 £ 0.76
Marketed CAF 4387.02 £22.04  4249.97+8851 4.81+0.90 19.10+3.10 30.52 + 7.66 4303.51+87.28 98.97+1.73
LAN 4192.48 £ 14.26  4180.89+40.75 3.23+0.35 28.18+3.39 82.47 £13.94 4294.77 £ 28.89  102.44 + 0.63
PG5 4409.64 £19.73  4169.12+34.02 3.61+0.61 17.69+1.94 49.00 £ 8.79 4235.15+ 26.98  96.05 * 0.57
PG10 4531.77 £19.88  4404.12+22.64 253+0.31 15.78+0.95 25.91 £ 4.00 4447.64 £23.31  98.14 £ 0.26
TR5 4424.93 £ 3.61 4235.63+35.49 3.78+0.64 31.91+349 43.18 £6.76 4312.58 £ 29.65 97.46 £ 0.67
TR10 4450.85 + 3.08 4331.63+27.73 1.17+0.22 12.86+1.30 48.80 = 10.26 4393.30 £ 29.65 98.71 £ 0.65
CA 4436.73 £ 4.00 4381.76 + 21.66 1.83+0.18 18.95+2.61 47.15+8.54 4448.69 £ 25.38  100.27 + 0.55
CB 4376.08 + 4.66 4246.90 +40.88 2.15+0.47 15.38+245 51.77 £ 6.89 431450+ 34.08 98.59+0.79
CC 4481.46 + 3.57 4380.43+1491 1.38+0.25 1298+1.21 51.23+7.88 4445.66 + 9.72 99.20 £ 0.24

IA= initial amount of CAF in the donor compartment; RA= remaining amount of CAF in the donor compartment; SC= amount of CAF in the stratum corneum;
E+D+F=amount of CAF in epidermis, dermis and follicles; R= amount of CAF in the receptor compartment
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Table 2.15 presents the mass balance of in vitro penetration/permeation of CAF into and
through the skin. The recovery results, based on CAF recovered from receptor solution, tape
stripping, donor solution and skin extraction at 8h. Mass balance recovery of CAF from all
nano-cream formulations and CAF in aqueous control was in the range of 95.08 + 0.76% to

102.44 + 0.63%.

2.3.5 Stability of CAF creams during storage

We observed that CAF nano-cream formulations showed adequate physical stability (globule
size and pH cream) over 4 months (Table 2.16). All developed nano-creams stored at 22-25°C
without protection from light were stable for the entire 4 months and showed excellent physical
characteristics for skin application without any alteration in colour. In addition, all 2% nano-
cream formulations remained stable with the CAF potency of 99.99-100.00% during 4-months

storage (Figure 2.9).
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Figure 2.9 Percentage of CAF remaining after 120 days (4 months) storage of nano-
cream formulations at room temperature and exposure to light
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Table 2.16 CAF nano-cream formulations physical stability during 4-months storage (mean * SD; n = 3) at 22-25°C

pH cream Globule size (nm)
Formula
M1 M2 M3 M4 M1 M2 M3 M4

LAN 551+0.01 5.50+0.01 5.57+0.01 550+£0.01 425.50+4.59 423.07+23.70 421.47+222 423.10+6.58
PG5 538+£0.01 541+0.01 5.46 £0.01 543+0.02 470.10+3.40 47553+12.11 466.67 +20.79 470.57 +24.98
PG10 558+0.01 5.56+0.01 5.59+0.01 558+0.01 467.37+35.77 47850+ 38.83 466.67+6.93 472.33+12.99
TR5 566 £0.01 5.66*0.06 5.68 + 0.02 567+0.01 296.40+10.35 292.00+ 8.28 290.37£8.72 290.20%+14.01
TR10 595+0.01 5.91+0.01 5.96 + 0.02 595+0.01 375.70+£4.09 381.37+5.77 377.27+6.01 380.83+13.16
CA 5.63+£0.02 5.67+0.02 570+ 0.01 559+0.01 350.57+11.64 341.73+12.31 350.33+7.44 350.33+7.93
CB 563+£0.01 5.64+0.01 5.63+0.03 562+0.01 340.60+4.16 331.80+1.77 333.93+12.04 340.87 £7.98
CcC 5.94+£0.02 5.97+0.02 5.98 + 0.02 592+0.01 356.23+5.42 34547 +9.91 344.23+1.79 344.93 + 8.66

Notes: M1= 1st month; M2= 2" month; M3= 3" month and M4= 4t month
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2.4 Discussion

Pharmaceutical QbD is a modern approach to ensure the quality of pharmaceutical products
and improve sensorial properties on the skin. Implementing the concept of QbD to topical
dermatological dosage forms is in the initial stages. QbD principles were applied and materials
were chosen based on their physicochemical properties and safety profile. The preparation
of CAF nano-cream formulations typically involved homogenisation of the oily phase and
aqueous phase along with the active ingredient to form oil-in-water (O/W) creams at 70°C.
Three process parameters, including the temperature of oil/water phases, homogenisation
speed and emulsification time, were identified as CPP.

A TPP was generated and set; simple fabrication produced nanoemulsion-based semisolid
systems containing CAF. All nano-cream formulations had good homogeneity and
spreadability, smooth texture, and excellent skin consistency (attractive appearance). The
CAF nano-cream formulations were stable (physically and chemically). When incorporated
with penetration-enhancing chemicals, they provided CAF effectively (reasonable amounts of
CAF penetrate/permeate into and through the skin). The nano-cream formulations met the
TPP regarding feasibility and scalability of fabrication, rheology properties and skin target for
anticellulite in the epidermis and dermis regions. In addition, a suitable HPLC assay method,
including skin extraction and quantification of CAF was developed and validated. The HPLC
analytical method for CAF provided a suitable system including linearity, sensitivity, precision
and accuracy for mass balance purposes (recovery > 95%) in all in vitro
penetration/permeation studies. These criteria were performed to meet the requirement of the
QTPP framework for assessing a successful formulation strategy.5*% The mechanism of
penetration enhancement of these systems included thermodynamic driving force, drug
solubility-partitioning in the SC, intercellular lipid fluidisation and SC hydration.

We examined the effect of these formulations on CQAs, including CAF solubility in nano-cream
formulations, pH in creams and in the aqueous phase separation, and desired globule size.
All systems generated globule sizes in the ~330-470 nm range (Table 2.8). It is noteworthy
that globule size plays an essential role in releasing the drug from the formulation.®7° Badran

et al.”* reported increasing the drug release of meloxicam from formulation due to smaller
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globule sizes offered a large surface area. Our group also demonstrated that a reduction in
globule size in vesicle formulations enhanced the penetration of deeper skin layers.”?

We noted that the pH of all CAF nano-cream formulations was in the range of 5.36-5.91 and
the aqueous phase pH separated from nano-cream formulations was in the range of 5.55 to
5.98 (Table 2.8). The aqueous phase pH indicates the ratio of the ionised and unionised
fraction of active ingredients and their behaviour in the vehicle.®®73 It is more likely that the
ionised and unionised active ingredient ratio in all the aqueous phases was comparable to all
nano-cream formulations. CAF is a hydrophilic active ingredient primarily dissolved in the
aqueous phase. Sharma et al.”® reported that unionised-to-ionised ratios of metronidazole in
all the aqueous phases were more likely to be similar to all topical creams. Caffeine and
metronidazole are water-soluble drugs. It was assumed that the amount of metronidazole in
the aqueous layer might influence drug permeation across the skin. Therefore, it was decided
to split the aqueous phase and quantify the amount of drug dissolved in the agueous.™

We also observed the rheological evaluation for all nano-creams. The shear sweep test
provides insights into the various rheological phases a semisolid product goes through, from
where the product is in a container (static state) to when applied to the skin (high-flow state).
It is accepted that increasing yield stress values shows solid-like behaviour; therefore, it is
required to apply high energy stress to deform a solid to liquid-like behaviour.” Table 2.10
shows that the marketed CAF had the highest yield stress (oo) of ~52.69 Pa. The CC
formulation had the lowest yield stress of ~4.03 Pa. The value of oo demonstrates the energy
needed to spread the product. Higher ao values represent that the materials can withstand
container movement during manufacturing, packaging and transportation. Too high may lead
to a significant, cohesive resistance during application on the skin.” Yao’s group described
three different body lotions (A-C).”® One of the tests, the applicability test, assessed the lotions
spread into the skin without feeling greasy and sticky. They found lotion C had a higher yield
stress value than lotion A and lotion B. At high stress, the highest viscosity was lotion C >
lotion B > lotion A. Lotion A was reported to have the best ease of applicability (lower yield
stress and lower viscosity at high shear).

Adapting from Yao’s study, it can be interpreted that our novel nano-cream formulations have

the best ease of applicability to the following rank order: TR5 > CC > CA > LAN > CB > TR10
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> PG 10 > PG5. The marketed CAF cream had the worse applicability because it had higher
yield stress and higher viscosity at high shear. Both yield stress and high-shear viscosity can
be correlated with the product applicability. Yield stress is indicative of the resistance the
product may exhibit at the initiation of product application, where the structure needs to deform
and flow. High-shear viscosity can indicate product film thickness and applicability when a
product has already been sheared and spread onto the skin site. The yield stress does not
affect the IVPT profile of CAF from the nano-cream formulations.”® However, viscosity also
plays a vital role in improving spreadability, easing the application, and prolonging product
retention in the skin. Yamamoto et al.”” also reported that rheological properties influence
human sensory feeling. Measuring rheological properties of semisolid preparations, typically
the “soft matter” of nanostructures and microstructures, helps provide valuable sensory
attributes and consumer evaluation information.””-78

G' represents the elastic response of the material.”® In the current study, G’ function curves of
all nano-cream formulations, except the marketed cream, dropped continuously after leaving
the LVR region, indicating a gradual breakdown of the superstructure. In contrast, the curve
of the marketed product showed a sharp downturn at the limit of the LVR region, exhibiting
brittle fracturing behaviour where the marketed sample was under shear did not break
homogeneously.”®

Our study observed the effect of the addition of penetration enhancers in semisolid systems
compared to CAF in aqueous control and marketed CAF topical product. Nano-cream
formulations containing various types of penetration enhancers significantly increased
penetration and retention of CAF for all formulated nano-creams (Figure 2.7 and Figure 2.8).
Penetration enhancers-containing fatty acids, esters, alcohols and ether alcohols incorporated
formulas were of interest in this study as they offer advantages in terms of excellent
penetrating capacity for passive skin transport.”-82

Previous studies had investigated the penetration/permeation of CAF with different dosage
forms for topical/transdermal delivery. For example, Abd et al.3* prepared CAF-loaded
deformable liposomes that showed topical liposomes enhanced the skin delivery of CAF.
Although liposomes give the advantage of providing bilayer fluidity, they are also prone to

leaking from the core content to the external medium; consequently, the encapsulated drugs
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are out of the vesicles and less flexible to enter SC.838 Accumulation of liposome and
adhesion on the SC should be taken into consideration due to the drawback of this
formulation.8

Another study was conducted by Bolzinger et al.?® to examine three different dosage forms
for CAF transport. The three dosages forms were oil-in-water (O/W) microemulsion with
alcohol-free, a conventional emulsion in O/W type, and an aqueous gel. The in vitro
experiments were carried out using hypodermis pig skins. The results showed 23% of CAF
from O/W microemulsion reached the hypodermis within 24h of diffusion. It was 1.3-fold larger
than conventional emulsion and gel forms. Furthermore, microemulsion forms stored 50% of
CAF in the hypodermis and the remaining amount of CAF passed through the receptor.

We designed our QTPP for cellulite treatment based on supporting evidence-based practice.
Eight nano-cream formulations (LAN, PG5, PG10, TR5, TR10, CA, CB, CC) were designed to
include a single or combination of CPEs (lanolin, propylene glycol, transcutol® P) with 2%
CAF. All nano-cream formulations were successfully fabricated using a low-energy method to
meet one of the critical attributes of our formulation method.

LAN, PG and TR have been widely applied as vehicles in formulations for topical and
transdermal delivery.21.27.86-89 Al| components are categorised as GRAS by the U.S. FDA 90-92
PG is a well-known penetration enhancer used in skin preparation as a “carrier-solvent”
(solvent/co-solvent) to enhance drug permeation topical transdermal formulations 939, We
observed the effects of the addition PG5 and PG10; the steady-state fluxes were 4.960 + 0.004
and 2.920 + 0.465 ug/cm?/h, indicating a higher concentration of penetration enhancers did
not give a higher flux (Table 2.13). Whilst, we also found that the concentration of PG was
higher, the chances of lagtime were longer (Table 2.13). Amnuaikit et al. 88 reported that PG
in different concentrations influenced CAF skin permeation. They found that the gel dosage
form contained PG 15% was the highest amount of CAF permeated through the skin, following
PG 30% and PG 7.5%.

Interestingly, our study also found that cream dosage forms incorporated with PG5 had a
higher amount of CAF permeating through the skin than PG10 (Table 2.13). A high
concentration of PG may interfere with the skin permeation of the active compound, resulting

in the fluxes result. This has been previously shown by Abd et al.®4, who investigated the
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influence of adding an edge activator, PG. They incorporated CAF with DL with or without the
addition of an edge activator. The findings found that DL-CAF flux was 1.94-folds higher than
the control solution.

Furthermore, the CAF flux from DL was 1.56- and 3.05-folds higher than control and
conventional liposome with CAF (CL-CAF), whilst the lowest flux was seen for CL-CAF. Thus,
the presence of PG facilitated liposomes to squeeze flexibly between corneocytes of the SC
to get through deeper layers of the skin. Obtaining small unilamellar vesicles with bilayer
fluidity gives the capacity to permeate fully through the SC. It could alter the thermodynamic
activity of drugs into the skin and disturb SC lipid bilayer structures.®6:%7

TR is high purity of diethylene glycol monoethyl ether (DEGEE), which was selected as a skin
permeation enhancer to aid in penetrating skin transport without compromising skin
integrity.”%98-100 TR has impressed as an excellent and safe hydroalcoholic solubiliser in the
cosmetic industry.”101 Haq et al. 1°2 examined the effect of 5% TR on thymoquinone flux
enhancement in human cadaver skin. Their findings revealed that TR provides adequate
thymoquinone flux and helps form a reservoir in the lipid-rich regions of the stratum corneum.
Our study investigated the effects of TR5 and TR10 nano-cream formulations on the diffusivity
of a hydrophilic model permeant (CAF) applied under infinite dose conditions to porcine skin.
Our results of CAF flux (ug/cm?/h) in TR5 (4.556 + 0.659) and TR10 nano-cream formulations
(5.191 + 1.036) showed that the concentration of TR did not relate to the flux achieved (Table
2.13).

The amount of CAF that penetrated in the SC at the end of the 8h experiment, from all diffusion
studies, is illustrated in Figure 2.7. It was observed that the addition of CPEs did not enhance
CAF diffusion significantly (p >0.05) for all nano-cream formulations compared to control CAF
aqueous solution and marketed CAF. However, the addition of CPEs (LAN and TR5)
incorporated into semisolid systems significantly enhanced CAF diffusion in E+D+F (Figure
2.7, p < 0.01, p < 0.0001, respectively). Although the myth of allergy from LAN has been
debated for decades, there is little concrete scientific evidence 103104 | AN contains
cholesterol, ceramides, free fatty acids, vital SC lipids.1%5197 |t has been proved that LAN in
combination with synthetic membranes can provide lipidic components similar to the lipidic

matrix of the SC.8 Comparison between LAN and other CPE (PG5, PG10, CA, CB, CC, TR10)
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formulations, alone or in combination, has shown a significant difference (p < 0.01, Figure 2.7)
in enhanced CAF diffusion in the epidermal-dermal-follicle region. LAN has shown high flux
and short lag time. Moreover, LAN formulation demonstrated approximately a 3.49-fold
enhanced CAF skin permeation (Table 2.13).

Figure 2.8 illustrates the permeation profile of CAF of all formulated nano-creams, marketed
CAF product and CAF in aqueous control. At the end of 8h, there was a significant difference
in the CAF cumulative amount of all nhano-cream formulations permeated through the skin,
except for PG10. Additionally, LAN in nano-cream formulation showed the highest permeation
of CAF through the skin (p < 0.0001). In contrast, Joshita et al. 198 showed the gel dosage form
had the highest CAF penetration followed by cream and ointment. LAN was selected as one
of the CPEs, consisting of 33 hydroxyl and polyhydroxy esters of sterols and 36 free fatty acids
109 |t has a water-holding capacity, 110 thus helping improve stability.1° LAN can also increase
the permeability of the active compound through the skin due to LAN chemical properties
similar to human sebum. 119 Flockhart et al. 111 reported that nanoemulsions derived from LAN

(Medilan®) were able to be potential drug delivery vehicles. LAN-containing nanoemulsions

were called lanosomes. It was composed of 5 parts Laneth 20; 25 parts lanolin (Medilan®);
70 parts water and produced globule size in 50-150 nm.

The marketed CAFcontaining shea butter base and other ingredients were more likely similar
to our developed nano-creams. The marketed product also contained the same concentration
of 2% of CAF. The flux result was 2.827 + 0.555 pg/cm?/h compared with CAF control solution
(2.533 £ 0.480 pg/cm?/h) (Table 2.13). The physical appearance of the marketed product was
very thick feeling and had higher consistency. It is presumed higher viscosity can affect the
permeation flux.

Inclusion of penetration enhancers increased CAF penetration to the deeper skin target site
(E+D+F) compared to CAF in agueous control (Table 2.12), with following order of penetration
TR5 > LAN > Marketed > CA-LPG5 > PG5 > PG10 > CB > CC > TR10 in the CAF nano-cream
formulations, although the TR5 and LAN nano-cream formulations had significantly greater
CAF penetration (p < 0.0001: Figure 2.7). LAN and TR5 nano-cream formulations enhanced
the CAF skin penetration by approximately 2.5-fold (Table 2.12). There was no significant

difference in CAF penetration to the SC across semisolid nano-cream formulations (Figure

93



2.7). Interestingly, penetration enhancers resulted in greater deep tissue penetration than SC
deposition in all cases. CPEs can facilitate CAF diffusion within skin tissues. We considered
how the nanoemulsions incorporated with penetration enhancers promoted skin penetration.
Many possible mechanisms of skin penetration enhancement give synergetic effects. First,
enhanced solubility of CAF in the applied vehicles, as seen in Table 2.9. In this case, we
measured the amount of CAF in the aqueous phase. Furthermore, combination surfactants,
oils and penetration enhancers may disrupt the intercellular SC lipids by fluidisation of the
SC.112.113 | astly; penetration enhancers may improve partitioning between the skin and the
formulation (TA < 1) (Table 2.9). Overall, the data suggest incorporating skin penetration
enhancers increased release from nano-cream formulations to SC and improved partitioning
from SC into epidermal tissues and diffusion within skin tissue.

In this chapter, we have successfully developed nanoemulsion-based semisolid systems for
skin delivery of CAF. We also demonstrated that all nano-cream formulations met the QTPP
criteria and fulfilled the CQA of a topical product. In this study, all nano-cream formulations
achieved sustained delivery of CAF into and through the skin over 8h. The greatest flux was
seen for the addition of LAN in CAF nano-cream formulation. The LAN nano-cream formulation
presented the best capability to enhance CAF permeation through the skin. To improve the
confidence level in the treatment of cellulite, in vitro results do not always guarantee in vivo
efficacy; therefore, the LAN nano-cream formulation was chosen to facilitate skin delivery of

CAF and potentially exert an anticellulite effect in the human preclinical study (see Chapter 4).
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Abstract

Background: Numerous products and minimally-invasive procedures are available to reduce
cellulite. However, there are a limited number of tools to evaluate the effects of these
interventions and some are relatively complex to implement. Objectives: This study evaluated
the reliability of a standardised grading system for scoring the overall severity of cellulite on
the posterior thigh. The study evaluated inter-rater and intra-rater (test/retest) reliability of the
method and engaged in an iterative process to develop a reliable method to evaluate changes
in the appearance of cellulite. Methods: There were two stages in the validation process. The
first stage was an open process without evaluator training. The second stage was a more
controlled process with training given and moderator involvement to review grade selections.
In the first stage, inter-rater reliability was examined across five evaluators who were asked to
evaluate 24 photographs (right thighs) based on a cellulite graded severity chart. During the
second stage, the same photographs were examined by paired evaluators who had received
additional training. Scores were independently moderated by a third person. The inter-rater
reliability and intra-rater reliability over a 4-week interval were evaluated using intraclass
correlation coefficients (ICCs). Results: 24 female participants (18-51 years, mean
31.6849.03 years) with a mean BMI of 29.04+6.52 participated in the trial. Five female
evaluators completed the initial evaluations. In stage 1, the inter-rater reliability (ICC 25) was
0.838 (95%CIl:0.700-0.922) and test/retest ICC 31 values ranged from 0.360—-0.990. In stage

2, the inter-rater reliability for 2 evaluators improved to 0.978 (95%CI: 0.948-0.991), and the
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test/retest reliability of the moderated scoring method improved to 0.993 (95%CI: 0.983—
0.997). Conclusions: The iterative process developed a simple and reliable method of rating
cellulite severity, with excellent inter-and intra-rater reliability, based on evaluating images of
cellulite against a standard set of graded severity images. A reliable method of assessing

cellulite severity is essential for undertaking future clinical trials to evaluate cellulite treatments.

3.1 Introduction

Cellulite is a common problem for women and affects 80—90% of postpubertal females.1-3
Cellulite mainly appears on the buttocks and the thighs.*# Ginoide Hydrolipodystrophy (GHLD)
is the medical term for cellulite, a metabolic disorder of the dermo-epidermal junction
associated with an increase in the size and number of adipocytes.® The adipose tissue bulges
into the dermis and leads to a skin appearance that is often described as "orange peel” or
"cottage-cheese like".6 Currently, there are numerous commercial topical anti-cellulite
treatments and minimally-invasive procedures that are used to reduce the appearance of
cellulite.378 To evaluate the clinical effectiveness of these treatments, a reliable assessment
tool is required.

In previous studies, Byun et al.® and de Godoy et al.® assessed cellulite treatment with different
techniques but they did not include detailed descriptions of their assessment methods or
provide information on the reliability of their measurement processes. Several assessment
systems, for example, the Hexsel cellulite severity scale (CSS)!° and the Nurnberger-Muller
scale! to measure cellulite have been developed. Although some of these standardised
photonumeric scales were reproducible,*? the methods have often been relatively complex
and difficult or time-consuming to implement practically.101213 Hexsel et al.1° assessed the
reliability of the CSS in evaluating cellulite of the buttock and thigh regions. They demonstrated
good to excellent inter-rater evaluation of different item scores and good to excellent test-retest
reliability for a single experienced assessor. De La Casa Almeida et al.l* assessed the
reliability of the CSS in evaluating cellulite of the entire buttock and thigh region and also
demonstrated excellent inter-rater and intra-rater reliability. Bielfeldt et al.’5> used standardised
images to assess cellulite on the anterior thigh but they did not provide information about the
reliability of their assessment process. The primary limitation of the CSS is that it requires

very experienced evaluators to rate several different aspects of the cellulite appearance rather
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than providing a simple overall score of severity. Other evaluation scales, such as the Global
Aesthetic Improvement Scale (GAIS) were not designed for assessing treatment of cellulite
but this tool has also been used to evaluate changes of cellulite in clinical trials.1216-18 There
is a need to develop a simple, easily implemented scoring system to specifically evaluate the
severity of cellulite. This would provide a single, clear outcome variable to assess in clinical
trials. When using any method to assess and grade visual images it is very important to
establish the reliability of the measurements obtained. Reliability can be defined as the extent
to which measurements can be replicated'® and it is important to ensure that assessment
processes are reliable before they can be used in longitudinal studies to evaluate treatments.
Assessment of reliability has been applied to other visual (photographic) assessment
processes. For example, Day et al.2% conducted a validation study on the Wrinkle Severity
Rating Scale (WSRS). Five evaluators were asked to rate 30 photographic images of
nasolabial folds using the 5-grade WSRS (1-5). The assessment was repeated two weeks
later. Inter-rater agreement ranged from 67.7% to 72.3% and intra-rater agreement ranged
from 68.7% to 72.7%, suggesting moderate to good levels of agreement.

Shoshani et al.?! evaluated the reliability of the Modified Fitzpatrick Wrinkle Scale (MFWS).
The validation process involved a two-stage process. In the first stage, nine trained assessors
(either dermatologists or plastic surgeons) used a set of 4 reference photographs to grade 40
volunteer's photographs in 2 hours following training. Following the second session, after 12
to 16 days, the 5 assessors who achieved the highest intra- and inter-rater reliability were
chosen to carry on with the second stage. In the second stage, each assessor rated a set of
100 photographs, using the MFWS. A follow-up assessment was also carried out after 12 to
16 days. Inter-rater reliability ranged from 0.65 to 0.74 and intra-rater agreement ranged from
0.71 to 0.79, again suggesting moderate to good levels of agreement.

Flynn et al.?? evaluated 50— upper face photographs from a total of 359 subjects both men and
women, using four, 5—point rating scales based on computerised photonumerical images.
Twelve evaluators rated the photographs in two separate rating cycles and their scores were
analysed to assess inter-and intra-rater reliability. Inter-rater reliability was substantial (>0.60)

and intra-rater was high (>0.70) for all wrinkles scales.
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Establishing the reliability of any visual assessment scale is important to confirm the utility of
that scale in the research or clinical setting. The aim of the present study was therefore to
evaluate the reliability of a simplified process to assess the global severity of cellulite on the

female posterior thigh, using reference photographs.

3.2 Experimental design

3.2.1 Materials and Methods

3.2.1.1 Participants

This two-stage reliability study recruited healthy females aged from 18 to 55 years, with a BMI
> 22 to encompass the normal, overweight and obese ranges, consecutively enrolled from
September 2019 to March 2020. All participants presented with at least mild cellulite. We
excluded participants who had used anti-cellulite treatment in the past 3 months or had major
surgery in the past year, including liposuction or had any scarring of the skin tissues in the
upper thigh area. This study was approved by the Ethics Committee of Curtin University
(HSE2019-0521). Informed consent was obtained from all participants.

3.2.1.2 Evaluators

Each image was evaluated by five evaluators. The evaluators were all female, held
postgraduate qualifications, and had a background in research. Participants expressed a
preference for their images to be reviewed by female evaluators. In the initial stage evaluators
received written instructions on the process to be followed. In stage 2 more detailed training
was carried out with a discussion of images that were more difficult to evaluate.

3.2.1.3 Photographic images

All assessments were carried out in our clinical trial laboratory (~ 4.0 x 4.0 m). The back wall
was covered by an adjustable background on a tripod stand and a black matte fabric backdrop,
mounted alongside the background. The floor was neutral grey. The participant was
illuminated with a high-quality LED light and ambient temperature was controlled in the range
of 22-25 °C.

The camera used was a Canon EOS 550D (Rebel T2i / Kiss X4 Digital) (serial no.
2432309240, made in Japan) with a 55-mm lens. The camera was set to AF (autofocus).

Essential settings included the aperture size set to F5.6, 1/35 (focal length), and the 1SO
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(sensitivity to light) set to 800. The shutter speed was set between 1/80 or 1/100 seconds for
participants depending on whether they had darker or lighter skin tones. The camera was
mounted on a tripod and was placed at a height of 80 cms, 60 cm away from the participant's
location.

We placed a 19-inch classic LED ring light (LUVO, Australia) emitting 4,800 lumens to
illuminate the participant's posterior thighs. The LED ring light has an adaptable pan head,
which can be used to personalise and customise lighting at different heights and angles. It
included interchangeable white and yellow filter/diffusers and provided a daylight level of
lighting by adjusting the brightness control, which helped to soften the light, reducing glare and
harsh shadows. The interval of illumination was adjusted based on the skin tone of each
participant and standardised for each photographic session for that participant. By adjusting
the interval of illumination it was possible to ensure that the images were not underexposed
or overexposed. For example, overexposed images may mask the appearance of cellulite so
it is important to ensure that all are appropriately illuminated.

Participants wore a standard black thong and stood on two medical footstools facing the back
wall of the laboratory with their arms crossed over their chest. The position of the footstools
was marked using tape to ensure that the participant's legs were evenly spread with their feet
55 cms apart.

Images were analysed using Adobe Photoshop Lightroom CC version 10.1 software (Adobe
Inc, San Jose, California, USA) and printed on A5 size (5 x 7 inches) glossy photographic
paper (Kodak®, Rochester, USA).

During each photography session, the participant's position and lighting conditions were
standardised and they were always photographed from the same position and by the same
investigator.

3.2.1.4 Cellulite grading

Nine standard photographs (score 0 to 8) were selected as representative of a range of cellulite
presentations and presented in order of severity to provide a grading scale chart (Figure 1).
Dupont et al.?® initially developed the scale chart. The standards were selected on their ability

to adequately portray a range of cellulite appearances and to be easily reprintable. Permission
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was obtained from the authors and we used the standard set of 9 images as the basis for

grading cellulite severity in our study participants.??

Grade 1

Grade 3 Grade 4 Grade 5

Grade 6 Grade 7 Grade 8
Figure 1. A representation of a grading scale chart for cellulite appearance. The grade
goes from 0 to 8 (no intensity and maximum intensity). The figure is reproduced from
Dupont et al.®® with permission

We established a standardised protocol (Table 1) for evaluators to follow to grade images of
the cellulite appearance of the posterior thigh relative to a chart based on the 9 standardised
images. Evaluators were asked to follow the steps outlined in this protocol and provide a score

for the cellulite appearance on the posterior thigh of each participant.
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Table 1. Guideline to grade the cellulite appearance

Instructions

1. Review the grading system before viewing the photographs. There are three rows of
images depicting cellulite on the upper thighs. The severity of the cellulite images
increases from left to right.

2. Turn over the first photograph and note the code of the photograph. Review the
photograph and focus on the most severe area of cellulite on the posterior thigh in the
assigned area.

3. Compare the cellulite appearance on the photograph to the images on the cellulite
grading chart. Based on the appearance of the most severe cellulite area decide which
row of images on the grading chart is closest.

4. Next, compare the photograph with the 3-graded images within the chosen row and
decide which is most comparable.

5. If there is any doubt between the two grades, select the higher grade.

6. Write down the chosen cellulite grade.

7. Repeat steps 1 — 6 for each photograph, viewing only one photograph at a time.

3.2.1.5 Evaluation of reliability stage 1

In order to evaluate the inherent reliability of the grading process outlined in Table 1 reliability
was assessed in an open process with untrained evaluators. The aim was to assess the
internal consistency amongst evaluators (inter-rater reliability) and consistency of evaluators
in repeated tests (intra-rater reliability). Evaluators were provided with the written instructions
outlined in Table 1 but no additional training was provided. The five evaluators were asked to
grade one set of photographs of the 24 participants using the severity grading scale chart.
Each photograph was evaluated by all evaluators on two occasions, 4 weeks apart. On all
occasions, the photographs were presented in a random order for each of the evaluators.
3.2.1.6 Evaluation of reliability stage 2

In this phase, the evaluation process was carried out in a more controlled manner. A pair of
evaluators received more detailed training and had additional practice with the scoring
process, including discussion of difficult to evaluate images. In addition, a third party acted as
a moderator when the 2 evaluators produced non-identical grades. The moderator was
required to follow the same steps in the evaluation process and was required to nominate a
specific grade rather than simply taking an average of the evaluator scores. Thus, the
moderator provided a corrected agreement in the grading process to establish a set of final
grades for all of the images. The scoring and moderation process was also repeated after 4

weeks on the same set of images, presented in random order.
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3.2.1.7 Statistical analysis

Data were analysed using SPSS® version 26.0 software (SPSS Inc, Chicago, lllinois, USA).
Inter-rater reliability and test/re-test reliability were determined by comparing photograph
grades amongst evaluators and repeated evaluations. Reliability was assessed using
Intraclass Correlation Coefficients (ICC) assessing absolute agreement, based on a two-way
random-effects model for inter-rater reliability and two-way mixed-effects model for intra-rater,
test/retest reliability. The level of agreement based on the ICC score was rated as poor (0.5),

moderate (20.50 to <0.75), good (=0.75to <0.90), or excellent (=0.90).1°

3.3 Results

Twenty-four female participants completed the trial from a recruitment cohort of 27. Three
participants withdrew due to study commitments and family issues. The age range was from
18-51 years (mean age 31.68 = 9.03) and the mean BMI was 29.04 (+ 6.52). The 5 female
evaluators had a mean age of 46 + 13.13 years.

In stage 1, the inter-rater reliability (ICCz;s) for the absolute agreement was 0.838 (95% CI:
0.700-0.922) (Table 2), indicating good reliability, and the intra-rater test/retest ICCs1 values
ranged from 0.360—-0.990 (Table 3) indicating that intra-rater reliability ranged from poor to
excellent depending on the evaluator.

Table 2 Inter-rater reliability analysis (Intraclass correlation coefficient-ICC) (n= 24)

Mean = SD Right
ICC value
Evaluator 1 2.92 + 2.586
Evaluator 2 2.12+1.262 0.838
Evaluator 3 3.83 £ 2.548 (95% CI: 0.700-0.922)
Evaluator 4 3.71+2.116 P value < 0.001
Evaluator 5 3.96 + 1.922

Statistical significance P-value < 0.05

Table 3 Test-retest reliability analysis (n= 24)

Right 95% CI

Evaluator 1 ICC 0.360 (-0.455-0.721)
P-value <0.1

Evaluator 2 ICC 0.818 (0.052-0.944)
P-value <0.001

Evaluator 3 ICC 0.986 (0.969-0.994)
P-value <0.001

Evaluator 4 ICC 0.990 (0.977-0.996)
P-value <0.001

Evaluator 5 ICC 0.931 (0.842-0.970)
P-value <0.001

Statistical significance P-value < 0.05
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In stage two (following further training), the inter-rater reliability for two evaluators improved to
ICC220.978 (95% CI: 0.948-0.991) (Table 4) indicating excellent consistency of assessment.
The intra-rater reliability of the first evaluator was ICC3z,10.992 (95% CI: 0.982—0.997) and for
the second evaluator it was ICCs1 0.962 (95% CI: 0.912-0.984). Inclusion of the moderator
resulted in test/retest reliability of ICCz1 0.993 (95% CI: 0.983-0.997) indicating excellent
reliability, clearly demonstrating that the reliability of the assessment method was further
improved by using the moderation approach.

Table 4. Results of the inter-rater reliability analysis (n= 24)

Right
Evaluator 1 (Mean + SD) ICC 0.978 Evaluator 2 (Mean = SD)
3.83 + 2.036 P-value < 0.001 4.04+2.116

Statistical significance P-value < 0.05

3.4 Discussion

This study describes a simple standardised process for assessing the severity of cellulite on
the posterior thigh. We evaluated the reliability of grading cellulite images against a set of
standardised, graded images using a standardised protocol. The reliability of the scores
obtained was evaluated in two stages. In stage 1 all of the evaluators were untrained and the
assessment was carried out in a fairly open process to determine the inherent reliability of the
assessment protocol. Under these conditions, there was considerable variation between
evaluators and although the overall inter-rater reliability was good there was considerable
variation in the intra-rater test/re-test reliability. In stage 2 the evaluators received further
training by evaluating additional images and by reviewing and discussing images that were
considered to be difficult to rate. In addition, a third reviewer acted as a moderator to assign a
final score for images in which the primary evaluators did not agree. Using this process, we
were able to demonstrate excellent inter-rater reliability and excellent intra-rater test/re-test
reliability, thereby improving the value of the grading system as a measure for use in clinical
trials. The protocol provides a single measure of overall cellulite severity and it was clear that
providing additional evaluator training and including a moderator in the process substantially
improved the reliability of the scoring system. It is important to note that ICC = 0.7 is considered

to indicate acceptable reliability.1?
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In a previous study, Longhitano et al.2* assessed cellulite and skin laxity in the area above the
knee on both anterior thighs. The knee cellulite severity score (KCSS) was adapted and then
modified from the Cellulite Severity Scale (CSS).1011 The KCSS evaluated three key cellulite
morphological features (number of depressions, depth of depressions, and presence of laxity)
and graded each feature from 0 to 3, producing a classification of no lesions (0), mild (1-3),
moderate (4-6) and severe (7-9). The classification-standardised cellulite images were
scored according to four grades (zero grade, first grade, second grade and third grade). The
data showed good to excellent intra-rater reliability results (ICC), 0.91-0.97 (left side) and
0.96-0.98 (right side) among three evaluators. The present study demonstrated similar levels
of intra-rater reliability with a further improvement in reliability (ICCsz1 0.993) when we
implemented the moderation method.

Cohen et al.12 also reported inter-rater and intra-rater reliability values when six clinicians
evaluated a change in cellulite severity on the buttocks of adult females. The inter-rater ICC
was 0.86 (95% CI: 0.78-0.88) and the range of intra-rater ICCs was 0.80 (95% CI: 0.63-0.89)
to 0.89 (95% CI: 0.83-0.93) for both buttocks. These values are comparable to the current
stage 1 study although the addition of training and moderation in our study resulted in a further
improvement in reliability.

The present study demonstrates that by using a simple rating of overall cellulite severity it is
possible to develop a reliable evaluation process. Providing training for the evaluators improve
the reliability of the image grading system, and that reliability can be further enhanced by
including a moderator to assign a final image grade when two evaluators have assigned
different grades for an image.

The present study has not assessed all of the measurement parameters that would be required
to establish the cellulite severity score as an outcome measure for future clinical trials. Further
research is required to assess the sensitivity of this procedure in assessing clinical change
and determining the minimal clinically important difference for this measure. An understanding

of these parameters will add to the utility of the cellulite severity measure.

3.5 Conclusion

A standardised method for scoring images of cellulite against a set of graded images of cellulite

severity demonstrated moderate inter-rater reliability using minimally trained evaluators. With
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the addition of further training inter-rater reliability improved, and with the addition of a
moderation process, intra-rater test/retest reliability was excellent. The process of providing a
singular grading of overall cellulite severity and using trained evaluators and a moderator to
evaluate severity provides a very reliable outcome measure for future clinical trials. The
inclusion of a moderator is a strategy that could be adapted for assessing visual changes in

other skin conditions.
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Chapter 4. Targeted Topical Delivery of Caffeine
(CAF) in the Management of Cellulite

4.1 Introduction

Chapter 2 reported the successful development of several novel nanoemulsion-based
semisolid systems (creams) for CAF skin delivery. In addition, we demonstrated that cream
formulations can enhance the penetration/permeation of CAF into and through the skin. Prior
to examining the efficacy of our CAF cream for cellulite reduction in healthy women, we
validated a simple and reliable tool for evaluating cellulite on the posterior thigh in clinical and
experimental settings (Cellulite Severity Scale - Chapter 3). The optimised 2% CAF nano-
cream formulation containing LAN was selected because it has shown good skin permeation

in our in vitro experiments.

4.1.1 Treatment of cellulite

In recent years, many topical products and minimally invasive procedures have been
developed to help treat and minimise the appearance of cellulite. Therefore, cellulite
treatments can be divided into two main therapeutic categories; minimally invasive procedures
and pharmacological agents.

4.1.1.1 Minimally-invasive procedures

Several non-surgical methods have been developed to overcome the dimpled or irregular skin
appearance known as cellulite. Most of the procedures use various devices to target the
fibrous septae, collagenous structures linking muscle to the overlying skin. Cellulite is an
abnormal condition in which the septae form a honeycomb structure, which allows fat layers
through to the region underlying the skin.12

There are several minimally—invasive procedures that have been employed to treat cellulite:
physical methods,3 energy-based devices,?5 and injectable biologic agents.>

Physical methods

Endermologie (lipomassage): An electrically powered handheld massage machine that uses
positive pressure from two revolving rollers and negative pressure from a vacuum chamber.*6.7

As the machine is moved over the affected area of skin, folds of skin (protected by a nylon
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cover) are sucked into the machine.® This is thought to stimulate the subcutaneous tissue
structure and improve lymphatic drainage.®® LPG® endermologie® (LPG Systems, Valence,
France) was introduced by French engineer Louis-Paul Guitay.® Previously, LPG® was used
to treat trauma and burn scars, but it has been approved by the U.S. Food and Drug
Administration (FDA) as a non-invasive method to reduce the appearance of cellulite.> There
is currently little published data to support the efficacy of lipomassage machines and the cost
of treatment is relatively high.10

Liposuction: Another mechanical method for removing subcutaneous adipose tissue
introduced in the 1970s.5!! Liposuction has become well established, and standard suction
lipoplasty has been claimed to improve body contouring.?? Although others have suggested
that liposuction may cause secondary cellulite (as a result of damage to the fibrous septae)
and lead to an increased dimpled appearance after the procedure.>13 It has also been
suggested that this procedure could be combined with ultrasonic stimulation, potentially
resulting in a less destructive procedure compared with conventional liposuction.'4 However,
liposuction is not recommended for diminishing the appearance of dimples due to a poor
cosmetic outcome and the potential for minor trauma to surrounding connective tissue.*
Subcision: A conventional procedure that can be performed manually by inserting a tri
bevelled 16— or 18-G needle (BD Nokor Needle, Bectron, Dickinson and Company, Franklin
Lakes, NJ) into the deep dermal layer to release the fibrous septae under a local anesthetic
agent (lidocaine).® A new approach using a tissue stabilised-guided subsicion (TS-GS) system
(Cellfina®; Ulthera/Merz, Meza, AZ), with a vacuum-assisted chamber and a microblade that
can extend to precisely 6mm or 10mm in depth to mechanically release the fibrous septae
through a forward and backward motion has been developed.*> The manual procedure and
vacuum-assisted subsicion have proven effective in smoothing the skin topography by
releasing the collagen-rich subdermal septae.> Although controlled, vacuum-assisted
subsicion has been approved by the U.S. FDA and reported positive lasting results > 3 years,
there are potential negative effects associated with the treatment.® These include pain,

bruising and bleeding under the skin (hematoma).*
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Energy-based devices

Energy-based devices utilise power from various sources, including radiofrequency (R.F.),
light amplification by stimulated emission of radiation (LASER) and light and acoustic wave
therapy, extensively used to treat subcutaneous fat lobules and skin laxity improvement.3
Radiofrequency (R.F.): Two types of R.F. technology have been used to treat cellulite, first-
generation (unipolar, monopolar and bipolar) systems and second-generation multipolar
devices.® Some R.F. devices also include other energy systems, such as infrared light,
vacuum suction and pulsed-electromagnetic fields.® Thermal energy is generated from the
impedance electrodes and then delivered through the skin tissue, with different depths of
penetration for monopolar (= 2cm) and multipolar (< 1 cm to > 4 cm) systems.316 A combination
R.F. technology had been approved by the U.S. FDA using bipolar and infrared light energy
concurrently to target cellulite, particularly reduction in thigh circumference (Velasmooth™;
Syneron Medical Ltd, Yokneam, Israel). The device creates heat when it penetrates adipose
tissue, increasing oxygen uptake and fat metabolism. In addition, the negative tissue massage
promotes lymphatic fluid drainage and stretches the fibrous septa network in connective
tissue. Therefore, it has been suggested that Velasmooth™ can improve skin dimpling.>7
LASER and other light sources: Another minimally invasive technology that has been used
to treat cellulite. Heat is produced from a 1440-nm Nd: YAG (neodymium-doped yttrium
aluminium garnet) LASER combined with a side-firing fibre to distribute light energy laterally
through the skin a thermal sensing cannula to avoid overheating. This system is thought to
stimulate collagen production and increase microcirculation, improving the skin surface
appearance.®® Although this device's impact is not very substantial, it has demonstrated
significant cellulite reduction.® Moreover, the benefits of LASER treatment requires only a
single treatment with minimal side effects and good patient satisfaction related to the clinical
outcome.® However, there are some limitations in terms of any quantitative changes in skin
characteristics and LASER may have unpredictable effects on connective tissue
characteristics.®

Acoustic wave therapy (AWT): An energy-based therapy consisting of two types, focused
extracorporeal shock waves therapy (ESWT) and radial shock wave therapy. Both have been

used to treat cellulite.’® ESWT uses high—electrical energy pulses to trigger pressure waves
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and create mechanical disruption without cytolysis (disruption of cells).2° The pressure waves
are transmitted into the tissues to penetrate the deeper skin layers (dermis, adipose and
fibrous septae). ESWT improves local blood flow, promotes lipolysis, and stimulates collagen
production.®® Radial shock therapy produces dispersed form energy that can diffuse up to 25
mm, reaching connective tissue and subcutaneous fat lobules.?! AWT requires several
sessions to demonstrate its effectiveness in reducing cellulite, although the advantage of AWT
is that each session does not require the application of a topical anesthetic.?? Side effects of
this treatment are minor pain, minor rashes, and minor bruising in the assigned area of
treatment.2223

Although the efficacy of these minimally—invasive procedures for cellulite reduction has been
documented in peer-reviewed literature, most of these treatments exhibit complications in
terms of pain,*2 erythema,23 bruising,*23-26 and thermal skin injury.2” Other limitations that
need to be considered include relatively high cost,1028 multiple treatment sessions
required,?”:2%30 some poor cosmetic outcomes,*?3! suitability for pregnant women,%2® and
monitoring and post-treatment follow—up requirements. 32-34

As a result, alternative therapeutic approaches have been developed over the years. This
chapter focuses on topical and transdermal treatment with minimal side effects.35 Topical and
transdermal delivery offers a comfortable route of administration for various types of clinical
indications.3® The other advantage is that it provides a safe, painless treatment for self-
administration by clients.37:28 Topical semisolid products, in this case, the cream products are
well-accepted by patients.3 Topical treatment may also show good results and require minimal
follow-up.23:38

4.1.1.2 Pharmacological agent

Topical agents can provide noninvasive treatments for cellulite. Many topical treatments have
been developed and evaluated over the years.?® Methylxanthine alkaloids are commonly used
as a natural topical treatment of cellulite.*° Methylxanthine alkaloids are derived from Coffea
arabica, L., Camellia sinensis, (L.) Kuntze, Paullinia cupana Kunth var. sorbilis (Mart.) Ducke
and llex paraguariensis (A.) St. Hill.38 Amongst other xanthine alkaloids, CAF is the safest,
either extracted from plants or synthesised as a chemical compound.®® CAF has also

demonstrated its efficacy for cellulite reduction in many clinical trials.?*4! The concentration

116



of CAF that is normally used to treat cellulite varies from 1-2 percent.“%42 However, some
marketed topical anticellulite products contain between 3% and 7% of CAF4345 CAF is used
as a treatment because it prevents excessive fat accumulation in cells.?® Topical CAF acts
directly on adipose cells,*? enhancing lipolysis,3>4? stimulating the peripheral microcirculatory
flow,*¢ and reducing edema (inflammation).#%47 The mechanism of action of CAF involves
inhibition of phosphodiesterase activity, stimulation of cyclic adenosine monophosphate
(cCAMP) activity, 3444648 and activation of hormone-sensitive lipase (HSL).3% This results in a
breakdown of adipose tissue during the lipolytic process and improved blood flow.42

A summary of studies evaluating the efficacy of topically applied anticellulite creams and

creams in combination with mechanical methods is presented in Table 4.1.
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Table 4.1 Studies evaluating the efficacy of anticellulite products in humans

Study design; Inclusion Type of Formulation Frequency of Target specific ~ Outcomes Ref
no of criteria (age; treatment type-active application and  of the body part
participant BMI; grade of ingredients duration
cellulite) treatment
D.B., = 18 years; Topical and Cream Twice/day — 3 Entire thighs with  Significant 49
randomised, 20-25 kg/m?; mechanical containing months circular massage reduction of the
placebo- moderate retinol, CAF, orange-peel
controlled study; alcohol and appearance
46 healthy ruscogenine
women extract
D.B., single 18-65 years; Topical Liposome Twice/day — 2 Tricep, hip, Significant 28
center, placebo-  slight to containing months abdomen, lateral reduction of
controlled study;  moderate safflower oil, and posterior subcutaneous
41 both men and cellulite PEG-40 thigh adipose tissue
women Stearate, for all areas
polysorbate 80, using calipers;
isopropyl no significant
myristate, reduction of
butylene glycol, subcutaneous
dimethicone, adipose tissue
cyclomethicone, for all areas
panthenol, using tape
imidazolidinyl measurement
urea, quaternium
15, tocopheryl
acetate, CAF
D.B., 26-74 years; Topical- Cream Once/day — 1 Lateral and Significant 50
randomised, moderate to bioceramic- containing month posterior thigh reduction of
placebo- severe cellulite coated neoprene botanical cellulite
controlled study;  (minimun score short extracts and appearance
40 women 1)) CAF
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Study design; Inclusion Type of Formulation Frequency of Target specific  Outcomes Ref

no of criteria (age; treatment type-active application and of the body part

participant BMI; grade of ingredients duration

cellulite) treatment

D.B., 21-49 years Topical Solution Twice/day — 2 Thigh with a Significant 51

randomised, containing sulfo-  months small circular reduction in thigh

placebo- carrabiose and movement circumference
controlled CAF and volume of

study;50 women thighs using a
combination of
CAF and sulfo-
carrabiose

DB, randomised, 18-60 years; 20- Topical Cream Twice/day — 3 Thigh, buttock, Significant 52

placebo- 26 kg/m?2 containing months hip, stomach reduction in

controlled study; retinol, carnitine, circumference of

78 women foskolin, waist, abdomen,

tetrahydroxy hip, buttock;

ethylenediamine significant

(THPE), CAF reduction of
orange-peel
appearance and
improvement of
skin tonicity

D.B., 18-45 years; 20-  Topical Cream Twice/day — 1 Thigh, hip Significant 53

randomised, 27 kg/m?2 containing a month reduction in

placebo- botanical extract circumference of

controlled study; and CAF upper thigh,

50 women volume of thigh;
significant
improvement in
skin tonicity
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Study design; Inclusion Type of Formulation Frequency of Target specific ~ Outcomes Ref
no of criteria (age; treatment type-active application and  of the body part
participant BMI; grade of ingredients duration
cellulite) treatment
D.B., 20-55 years; Topical Compress Twice/day — 2 Thigh Significant 54
randomised, grade = 2 containing 5 months reduction in
placebo- cellulite additional Nirnberger-
controlled study; herbals, CAF Muller cellulite
21 healthy from tea and score; significant
women coffee reduction of
thigh
circumference
and skinfold fat
thickness
DB, randomised, 25-55 years; Topical Gel containing Twice/day — 3 Thigh, hip and Significant 55
placebo- 24.5-24.8 kg/m?; CAF, retinol, months buttock and improvement in
controlled study;  slight to carnitine, escin stomach with skin tonicity
44 healthy moderate and a range of gently massage (thigh, hip and
women cellulite botanical buttock);
extracts significant
reduction of
orange-peel
appearance in
thigh, hip and
buttock;
significant

reduction of
stubborn cellulite
(thigh, hip and
buttock);
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Study design; Inclusion Type of Formulation Frequency of Target specific ~ Outcomes Ref
no of criteria (age; treatment type-active application and of the body part
participant BMI; grade of ingredients duration
cellulite) treatment
significant
reduction in
circumference of
thigh and
abdomen
D.B., 22-58 years; Topical Cream Twice/day — 2 Thigh and No significant 56
randomised, mild to moderate months buttock reduction of
placebo- cellulite cellulite score,
controlled study; thigh
12 healthy circumference,
women skinfold fat

thickness and
dermis density
thickness;
degree of
satisfaction to
the active
product
compared with
placebo

Notes: DB= double-blind
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A range of studies have evaluated the efficacy of topical products to improve the appearance
of cellulite.?84%-56 For example, a cream containing retinol, CAF and ruscogenine has been
proven effective to reduce the orange-peel appearance within 3 months, in combination with
several non-invasive methods.*® Rao et al.*° also demonstrated the efficacy of a herbal topical
cream, concurrently used with bioceramic-coated neoprene shorts that could reduce the
appearance of cellulite in a shorter period. The shorts were made from neoprene synthetic
rubber embedded with bioceramic technology. The shorts were worn immediately after
applying the cream and left overnight for a minimum of 6 hours, thus forming an occlusive
membrane and enhancing penetration of the cream. It appears that a combination of topical
application and mechanical stimulation may have synergistic activity in human clinical
studies.’

In combination with multiple active ingredients and a range of botanical extracts, CAF has also
been incorporated into a gel formulation, which was evaluated by Dupont et al. to reduce
cellulite.5> These multiple cosmetic active ingredients also cover skin biological ageing
mechanisms®® since cellulite impacts skin ageing.>® Dupont's study did not evaluate for
individual active ingredients. Although, many previous studies have supported that multiple
active ingredients can give synergetic action to improve cellulite appearance.*951-5357
Moreover, a mixture of CAF with retinol and carnitine was able to reduce the orange-peel
appearance and increase microcirculation.>2 Those ingredients improved the skin tonicity and
diminished orange-peel appearance in thigh, hip and buttock after 3-months. Although this
study provided a promising approach, it was difficult to distinguish either the performance of a
single ingredient or multi-active ingredients due to the complexity of cellulite. There is a clear
need for a simple method that can effectively deliver CAF to the skin in a formulation that could
be made commercially available.

We found most published human clinical trials carried out the same parameters to assess the
efficacy of anticellulite creams. Clinical assessments mainly determined the efficacy of the
topical products. Clinical parameters included assessing reduction in thigh circumference
measurements, in skinfold cutaneous thickness, and reduction of scoring the orange-peel

appearance.*6
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In this current study, our novel topical creams were specifically designed with a combination
of chemical penetration enhancers to increase CAF penetration and reduce cellulite. Prior to
examining the efficacy of CAF creams, skin permeation studies were carried out to determine
the fluxes through porcine skins. Roure et al.5? and Al-Bader et al.5” carried out the same
principle. The in vitro and ex vivo experiments showed that a combination of ingredients gave
synergistic effects on stimulating keratinocyte proliferation and pro-collagen | production. In
combination with LAN, we proved our CAF nano-cream formulation showed higher flux on
porcine skin (see Chapter 2).

Therefore, the current study was a proof of concept trial to determine the clinical effectiveness
of our CAF formulation, compared to a vehicle placebo, in human participants. The primary
objective was to investigate the effect of the optimised CAF cream relative to placebo cream
on cellulite appearance over 12 weeks. The secondary objective was to assess whether the
formulated CAF cream could reduce thigh circumference (T.C.) and skinfold thickness (S.T.)
over the 12 weeks. In addition, the study assessed participants' perception of the sensory

gualities of the cream products.

4.1.2 Research questions

Research questions addressed in this study included:

1. Does daily topical application of the CAF cream reduce the severity score for cellulite
on the posterior thigh of female participants in comparison to a placebo cream?

2. Does daily topical application of the CAF cream reduce T.C. of female participants in
comparison to a placebo cream?

3. Does daily topical application of the CAF cream can reduce S.T. on the posterior thigh
of female participants in comparison to a placebo cream?

4. Does daily topical application of the CAF cream improve participants' perception of
cellulite appearance?

5. Do the participants have positive perceptions of the products?
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4.2 Experimental design

4.2.1 Materials and Methods

4.2.1.1 Study design

This study was a randomised, double-blind, placebo-controlled proof of concept trial. Each
participant applied the CAF cream and the placebo to regions on their posterior thighs twice
daily based on a random allocation. The study utilised a repeated measures design to evaluate
the intervention over 12-weeks.

4.2.1.2 Participant' recruitment

24 healthy female participants aged between 18 to 55 years, with a BMI > 22, were recruited
via advertisements on noticeboards around the Bentley and Victoria Park areas, and online
advertising via Curtin weekly and the School of Pharmacy and Biomedical Sciences Facebook
pages (sample of the flyer attached in APPENDICES page 175). We referred to a previous
study,*%* in which power was calculated at 84% for a total sample size of 42 legs (21
participants) with an effect size (E.S.) of 0.33 between 2 treatments (6 measurements) over
6-time points.

Therefore, in our study, we calculated that an E.S. of 0.33 could be detected with a sample
size of 24 participants equal to 48 legs (80% power) and repeated measures of 2 treatments
(active vs placebo) over 4-time points (G*Power 3.1.9.4).

Participants were excluded if they had used anticellulite treatment in the past 3 months or had
major surgery in the past year, including liposuction, or had any scarring of the skin tissues in
the posterior thigh area. At the start of the study, a pre-screening process was carried out to
determine the eligibility of participants. Participants who met the selection criteria and decided
to participate then provided written consent. Participants received a gift card amount of A$20
for their participation in the study. The Ethics Committee of Curtin University (HSE2019-0521)
approved the study and the trial was also registered on Australia and New Zealand Clinical
Trials Registry (ANZCTR) (ACTRN12619001547134). The study also followed the Declaration

of Helsinki (DoH) version 7 (Brazil, 2013) guidelines for human subjects' medical research.
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4.2.1.3 Preparation of cream formulations

A batch of the optimised nano-cream formulation containing LAN (2% CAF) and placebo nano-
cream (cream base with no CAF) was prepared and packaged into cream jars in the Skin
Delivery laboratory, building 306 Room 102 at the Curtin Medical School, Curtin University.
The formula was stated in Chapter 2 (Table 2.4). Participants were provided with two jars of
cream (active and placebo) and with two spatulas for every 4 weeks application period. The
cream jars were marked as "A" and "B" by one member of the study team (A.W.), who prepared
the randomisation schedule (Figure 4.1). Participants were advised individually to apply cream
A and cream B to specific legs. Randomisation was carried out using computer-generated
random numbers based on the randomisation schedule. A.W. did not participate in any data
collection for the trials. All ingredients used in the creams were pharmaceutical grade and

were categorised as GRAS (Generally Regarded as Safe) by the U.S. FDA.

Figure 4.1 Topical cream formulations: (A) Caffeine (CAF) (B) placebo (vehicle only)
4.2.1.4 Study site

The study was conducted in the Curtin Health Innovation Research Institute (CHIRI) clinical
research facility in Building 305, Room 128, equipped with individual rooms with a treatment
plinth. The temperature and humidity of the facility were controlled, and the light was suitable
for photographic assessments. An example of the photography room set-up in the clinical trial
laboratory is shown in Figure 4.2.

4.2.1.5 Cream effect testing protocols

At day 0 (baseline) and 4, 8 and 12 weeks, a standardised group of testing procedures were

conducted:
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4.2.1.5.1 Standardised cellulite photographs and scoring

A standardised series of photographs were taken using a digital SLR camera (Canon type
EOS 550D (Rebel T2i/ Kiss X4 Digital) (serial no. 2432309240) made in Japan) and a high-
quality LED ring light (LUVO, QIld, Australia) placed on a tripod at a predetermined height and
distance from the treatment site. Participants wore a standardised black thong for all
photographic sessions for the measurement process. The participant then stood with their feet
placed in a marked position on the floor. Images were coded and used to evaluate cellulite
severity. Two evaluators and an independent moderator carried out cellulite severity scoring
to determine a severity score for each participant at each testing session. The reliability of the

cellulite severity scoring process has been described in Chapter 3.

Figure 4.2 Image of photography room set up in the clinical trial laboratory

4.2.1.5.2 Measurement of thigh circumference

The thigh circumference was measured in millimetres at a distance of 150 mm proximal to the
patella, which was a mid-way point in the treatment site, using a standard measuring tape

(Figure 4.3). Triplicate measurements were conducted by the study coordinator (TP).
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Figure 4.3 Image of the flexible measuring tape
4.2.1.5.3 Measurement of skinfold thickness
The skin-fold thickness was measured at a mid-way point within the treatment site (as
described in 4.2.1.5.2 above). Each skin-fold measurement was taken by gripping the skin
with the thumb and index finger, 1 cm away from the measurement point, then measuring the
skinfold thickness with a Harpenden body fat plicometer (calliper; Figure 4.4) (Baty
International, Sussex, UK). Triplicate measurements were conducted by the same evaluator

(TP).

Figure 4.4 Image of Harpenden body fat plicometer (calliper)

4.2.1.5.4 Participant self-assessment

At weeks 4, 8 and 12, participants completed a questionnaire to assess their perception of the
suitability of the cream products and the effects on their skin. Participants answered a five-
point Likert scale questionnaire concerning colour, smell, absorption, spreadability, stickiness

and skin feeling of the products. They also answered a five-point Likert scale questionnaire
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concerning the subjective change in dimpled appearance, degree of moisture, elasticity and
smoothness of the skin.

At week 12, participants also completed a seven-point global rating of change (GROC) scale
("since applying the creams, the cellulite on my thigh is: much worse, worse, somewhat worse,
the same, somewhat better, better, much better than before application") (sample
questionnaires attached in APPENDICES page 175).

4.2.1.6 Study procedure

At the start of the study, participants were screened to ensure they met the inclusion criteria.
An initial study data sheet was completed in conjunction with the study coordinator.
Participants were advised not to change their normal daily routine (diet, exercise, tea and
coffee consumption) during the 12-week study period. The daily cream application was
explained, and they were advised of the 4-weekly assessment protocols.

The participant was informed that the two cream formulations should be applied twice daily to
the posterior thigh areas, morning and night. They were supplied with two cream jars and two
separate spatulas and shown the amount of cream to be removed by the spatula and applied
to the treatment area. They were advised which cream should be applied to which leg. Each
application was applied for approximately 30 seconds rubbing into the assigned area until the
creams were wholly absorbed.

After taking baseline measurements (including height, weight, thigh circumference and skin
for thickness) and photographs for cellulite evaluation, a time was arranged for the 4—week
measurement and photo session. The study coordinator contacted the participant via social
media as a reminder prior to each session. This process was repeated at 8 and 12 weeks.

At each visit, participants were asked to return their cream jars and these were weighed to
determine the amount of cream usage. Additional jars of cream were provided for the

subsequent treatment period. A summary of the clinical trial activities is provided in Table 4.2.
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Table 4.2 Clinical trial timetable during the 12-week intervention

Activities WEEK

0 1 2 3 4 6 8 10 11 12
Recruitment and briefing B
Discussions D D
Treatments T T T T T T T T T
Measurements M M M M
Photo sessions P P P P
Patient satisfaction measure Q Q Q

Notes: B= briefing; D= discussions; T= treatments; M= measurements; P= photo sessions; Q= participant satisfaction questionnaire
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4.2.1.7 Management of skin reaction

Participants were asked if they had experienced any skin reaction at each visit. If they did
experience any skin reaction, the study coordinator advised them to discontinue the
application of the cream. They were then monitored over the following 2 days to resolve the
skin reaction. Once the skin reaction resolved, they continued to apply the cream.

4.2.1.8 Statistical analysis

The primary outcome measure was the cellulite severity score. The secondary outcome
measures included thigh circumference and skinfold thickness. The participants were included
in the analysis if the creams were applied during the 12—week study period and they completed
the photo sessions and assessment for each study period. Participants who withdrew and
failed to complete the trial were replaced and their data were excluded from the analysis.

For continuous outcomes, means + S.D. were calculated. Data were analysed using Linear
Mixed Models, comparing the effects of the placebo and CAF creams over time. Effect sizes
(Cohen's d) were calculated comparing CAF and placebo data at week 12.80 GROC was

assessed with an independent t-test. Stata® version 16.0 (StataCorp, College Station, TX,

USA) was used for the analyses.

4.3 Results

4.3.1 Participants

Of the 29 female participants initially screened, 24 participants completed the study (Figure
4.5). The age range was from 18-51 years (mean age 31.68 + 9.03) and the mean BMI was
29.04 + 6.52 kg/m?2. Seventeen participants were of Asian or South Asian descent, six were of
European descent and 1 was of African descent. Twenty-nine participants completed the pre-
screening requirements. Three participants withdrew due to study commitments; one
participant withdrew because of a family issue and another participant was excluded because

she had tattoos on her posterior thigh.
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Figure 4.5. CONSORT flow chart. This figure shows the flow of participants through the
trial
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In the pre-screening session, we found 87.5% of participants had consumed a balanced diet
of meat and vegetables. Half of the participants consumed 1 to 2 liters of water per day. The
most popular beverages consumed were coffee and tea. The majority of participants
consumed more than one beverage. Table 4.3 includes further information regarding the
participants' diet and exercise preferences.

Table 4.3 Pre-screening questions on daily diet and exercise

Pre-screening questions N (%)

1 Usual diet
Balanced-meat and vegetables 21 (87.5)
Vegetarian 2(8.3)
Vegan 1(4.2)

2 Water consumption
Less than a litre 7 (29.2)
1-2 litres 15 (62.5)
More than 2 litres 2 (8.3)

3 Drinking beverages
Coffee 18 (75)
Tea 18 (75)
Chocolate 13 (54.2)
Soda drinks 11 (45.8)
Energy drinks 4 (16.7)

4 Regular physical exercise
Yes 12 (50)
No 12 (50)

4.3.2 Primary outcome measure

The primary outcome measure of cellulite severity grade was significantly reduced for the CAF
cream relative to the placebo cream. After 12 weeks of twice-daily treatment, the CAF cream
significantly reduced cellulite severity grade relative to baseline (p < 0.05). Placebo treatment
resulted in a limited reduction of cellulite (Table 4.4). There was a significant formula*time
interaction effect for this measure from week 4 to week 12 (Table 4.4) (Figure 4.6). The Cohen
d effect size at 12-weeks was 0.475 (Table 4.5), indicating a moderate effect size for a

reduction in cellulite severity grade with the CAF cream relative to the placebo cream.
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Figure 4.6 Mean (95% CI) cellulite severity grade from the female posterior thighs at
baseline (week 0), with 12 weeks of treatment with active and placebo creams
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Table 4.4 Mean change of cellulite grading scale, thigh circumference and skinfold fat thickness at baseline, week 4, week 8 and week 12

CAF cream p-value Placebo cream p-value p-value
Measure Week baseline to baseline to (t:)reotsvse-;?f:tir%r;al
Mean (95%Cl) each time Mean (95%CI) each time group
. . treatments
point point ) :
each time point
Primary outcome measure
Cellulite grading scale 0 3.96 (3.16-4.76) - 3.88 (3.08-4.67) - 0.530
4 3.25 (2.45-4.05) <0.001 3.71 (2.91-4.51) <0.001 0.001
8 2.92 (2.12-3.72) <0.001 3.29 (2.49-4.09) <0.001 0.005
12 2.50 (1.70-3.30) <0.001 2.83 (2.03-3.63) <0.001 0.012
Secondary outcome measures
Thigh circumference (T.C.) 0 56.56 (59.45-54.05) - 56.21 (59.05-53.74) - 0.157
4 56.09 (58.89-53.64) 0.050 55.96 (58.76-53.53) 0.295 0.613
8 56.13 (58.96-53.68) 0.081 56.06 (58.86-53.61) 0.519 0.753
12 56.01 (58.81-53.57) 0.023 55.70 (58.45-53.30) 0.031 0.195
Skinfold thickness (S.T.) 0 13.43 (12.15-14.72) - 13.47 (12.19-14.76) - 0.418
4 13.33 (12.05-14.60) 0.041 13.49 (12.20-14.78) 0.714 <0.001
8 13.30 (12.03-14.57) 0.012 13.53 (12.24-14.82) 0.280 <0.001
12 13.25(11.99-14.52) < 0.001 13.54 (12.25-14.84) 0.168 <0.001
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Table 4.5 Effect size (Cohen's d) calculations for the CAF cream relative to the placebo
cream

Measure Cohen's d
Cellulite grading scale 0.475
Thigh circumference 0.068
Skinfold fat thickness 0.041

4.3.3 Secondary outcome measures

Of the secondary outcome measures related to reducing cellulite appearance, T.C. and S.T.
were assessed for the CAF cream compared to the placebo cream (Table 4.4).

Evaluation of T.C.

Table 4.4 summarises the mean circumference measurements for the CAF cream and placebo
at each time point at the posterior thighs. After 12 weeks of treatment with the CAF cream,
there was a significant reduction of thigh size relative to baseline (mean 56.01; 95%CI: 58.81-
53.57; p= 0.023). The placebo group however, also showed substantial thigh size reduction
(mean 55.70; 95%CI: 58.45-53.30; p= 0.031). There was no significant formula*time

interaction effect for this measure at week 12 (p = 0.195) (Figure 4.7).
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Figure 4.7 Mean (95% CI) of the evolution of thigh circumference (in cm) from the female
posterior thighs at baseline (week 0), with 12 weeks of treatment with CAF and placebo
creams
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Evaluation of S.T.

Table 4.4 shows the mean S.T. measures for the CAF cream and placebo cream at each time
point. Starting from week 4 with the anticellulite cream, the S.T. of the posterior thighs
significantly reduced in the CAF group relative to the placebo. That difference was maintained
until the end of treatment (p < 0.001). After 12 weeks of twice-daily application, the millimetric
decreases were significant over baseline (mean 13.25; 95%CI: 11.99-14.52; p < 0.001) (Table
4.4). The average mean measured reduction was —0.18 mm for posterior thighs (80% of
participants improved). The placebo group had no significant reduction on S.T. over baseline.
The comparison of the two groups showed a significant formula*time interaction effect for this

measure (p < 0.001) (Figure 4.8).

0
0
E = |
E Aol
-
[72]
e t
ﬁ .\FEI:U.UD'I P=<0.001 P=< 0,001I
£
T @4
N
£
Y
%)
~ | | 1
o~ L
T T T T
Baseline Week 4 Week 8 Week 12

—e— Active —@— Placebo

Figure 4.8 Mean (95% CI) of the evolution of skinfold thickness (in mm) from the female
posterior thighs at baseline (week 0), with 12 weeks of treatment with CAF and placebo
creams

4.3.4 Participant self-measures
Participants completed questionnaires regarding their satisfaction with treatment and the

nature of the products. Questionnaires were distributed and completed every 4 weeks.

About the treatment

Mean values for evaluation of hydration, elasticity, and smoothness and dimpled appearance

for both creams collected from self-evaluation questionnaires are presented in Table 4.6.
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After 4 weeks of using CAF cream, participants indicated that their skin was better hydrated
(mean 3.50; 95%CI: 3.17-3.83) than baseline (p < 0.001). They also indicated that the CAF
cream provided a smoother feeling on their skin (mean 3.71; 95%CI: 3.40-4.02) over baseline
(p < 0.001). Placebo treatment slightly improved skin hydration (mean 2.33; 95%CI: 2.00-2.66)
and provided a less smooth surface on the skin (mean 2.83; 95%Cl: 2.53-3.14). Both groups
showed a significant formula*time interaction in improving skin hydration (p=0.010; Table 4.6).
Conversely, there was no significant difference between the two groups in the perception of
improved skin texture (p= 0.809; Table 4.6).

At the end of the clinical trial, statistical analysis showed that the CAF cream (mean 3.83; 95%
Cl: 3.54-4.12) performed significantly better than the placebo (mean 3.08; 95%CI: 2.79-3.37)
in terms of participants’ perceptions of skin elasticity. The participants expressed that "orange
peel” dimpled appearance decreased on their posterior thighs following CAF cream use (mean
3.96; 95%CI: 3.67-4.25). The comparison of the two groups showed a significant formula*time
interaction effect for the elasticity measure and the dimpled appearance measure (p= 0.005;
p < 0.001; Table 4.6)

About the products

Table 4.7 summarises participants' perceptions of the products. Most participants agreed or
strongly agreed that the products had good colour for both creams. Half of the participants
neither agreed nor disagreed about the product having a very pleasant smell for CAF cream
and placebo. Thirteen participants agreed that the CAF cream was absorbed perfectly and
strongly agreed that the CAF cream spread quickly. The majority of participants agreed that
the products did not leave a sticky sensation on the skin. More than 90% of participants

commented that the products left a smooth feeling on the CAF cream or placebo skin.
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Table 4.6 Mean of evaluation

of hydration, elasticity, smoothness and dimpled appearance at baseline, week 4, week 8 and week 12

CAF cream P-value Placebo cream P-value P-value
Measure Week baseline to baseline to (t;ré()tsvse-gr??tL%Zal
Mean (95%Cl) each time Mean (95%CI) each time group
oint point trea'tments.
P each time point
Evaluation
Hydration 0 2.29 (1.96-2.62) - 2.08 (1.75-2.41) - 0.286
4 3.50 (3.17-3.83) <0.001 2.33 (2.00-2.66) 0.201 <0.001
8 3.75 (3.42-4.08) <0.001 3.25 (2.92-3.58) <0.001 0.010
12 4.08 (3.75-4.41) <0.001 3.58 (3.25-3.91) <0.001 0.010
Elasticity 0 2.50 (2.21-2.79) - 2.42 (2.13-2.71) - 0.621
4 3.33 (3.04-3.62) <0.001 2.67 (2.38-2.96) 0.138 <0.001
8 3.67 (3.38-3.96) <0.001 2.79 (2.50-3.08) 0.026 <0.001
12 3.83 (3.54-4.12) <0.001 3.08 (2.79-3.37) <0.001 <0.001
Smoothness 0 2.50 (2.19-2.81) - 2.38 (2.07-2.68) - 0.468
4 3.71 (3.40-4.02) <0.001 2.83 (2.53-3.14) 0.008 <0.001
8 3.88 (3.57-4.18) <0.001 3.42 (3.11-3.72) <0.001 0.008
12 4.00 (3.69-4.31) <0.001 3.96 (3.65-4.27) <0.001 0.809
Dimpled appearance 0 1.58 (1.29-1.87) - 1.63 (1.33-1.93) - 0.801
4 2.50 (2.21-2.79) <0.001 2.00 (1.71-2.29) 0.023 0.002
8 3.33 (3.04-3.62) <0.001 2.71 (2.42-3.00) <0.001 <0.001
12 3.96 (3.67-4.25) <0.001 3.17 (2.88-3.46) <0.001 <0.001

Notes: Responses to the questionnaires on the CAF cream and placebo cream. Close-ended questions using Likert scale 5-point scale. A nhumerical
value of 1 to 5, where 1= strongly disagree; 2= disagree; 3= neither agree/nor disagree; 4= agree; 5= strongly agree



Table 4.7 Summary of generalised perception from participants on the suitability of the CAF and placebo creams

Generalised perception

About CAF cream

About placebo cream

1 3 4 5 1 2 3 4 5
The product is a good colour 2 11 11 2 11 11
The product has a very pleasant smell 11 7 6 12 7 5
The product absorbs perfectly 3 13 7 2 2 11 9
The product spreads easily 1 8 14 3 9 12
The product leaves sticky on the skin 4 3 7 1 4 10 4 4 2
The product leaves the skin feeling smooth 2 10 12 3 10 11

Notes: Close-ended questions using Likert scale 5-point scale. A numerical value of 1 to 5, where 1= strongly disagree; 2= disagree; 3= neither

agree/nor disagree; 4= agree; 5= strongly agree
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4.3.5 Global rating of change

At the end of treatment (week 12), only one participant indicated that overall the cellulite on
their posterior thigh was about the same (no change), following the CAF cream application,
with four participants indicating that the cellulite on their posterior thigh was much better
following the placebo cream application (Table 4.8). There was a significant difference in
participants' rating of reduced cellulite appearance within 12 weeks of cream containing CAF
(mean 6.08; 95%CI: 5.72-6.45) relative to placebo (p= 0.035).

Table 4.8 Global rating of change (GROC) following either CAF cream or placebo cream
application

CAF cream Placebo cream
Much worse 0 0
Worse 0 0
Somewhat worse 0 1
About the same 1 2
Somewhat better 4 9
Better 11 8
Much better 8 4

Notes: close-ended questions using Likert scale 7-point GROC ("since applying the products,
the cellulite on my thigh was: much worse, worse, somewhat worse, the same, somewhat
better, better, much better than before application")

4.3.6 Skin irritation

There were no major side effects recorded during the study. The majority of participants
experienced no skin reactions to either active or placebo creams (79% — 19/24). Two
participants with the CAF creams reported itching and prickling sensation on their thigh skin
and three participants with the placebo creams (Table 4.9). Most of them experienced skin
reactions in the first 4 weeks. We advised stopping for the creams and applying them when
the skin reaction was resolved.

Table 4.9 Skin reaction to creams application

CAF cream Placebo cream
Itching 1 3
Prickling 1
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4.4 Discussion

Chapter 2 demonstrated that our CAF creams gave good penetration/permeation into and
through the skin. Therefore, this present study evaluated the potential beneficial effects of a
topical CAF formulation in reducing the appearance of cellulite, T.C. and thigh S.T. following
a 12-week intervention.

Compared with baseline (week 0), the cellulite severity scale score was significantly reduced
after 12 weeks (p < 0.001; Table 4.4) in the active group. Similarly, the placebo group also
showed a decrease in the cellulite grading score relative to baseline (p < 0.001; Table 4.4).
However, at week 12, there was a significant difference (p= 0.012) in cellulite severity scores
between the active and placebo creams (Figure 4.6). It indicates that the inclusion of CAF
resulted in a clinical improvement in terms of reducing visible signs of cellulite.

Saman et al. 56 investigated an anticellulite cream containing 1% caffeine, 5% L-carnitine and
0.015% coenzyme A. Their findings showed that placebo cream had the same effect as active
cream applied topically twice a day over a two month treatment period. However, 90% of
participants in the study had an overall satisfaction score of 5 for both creams, placebo and
active.

Throughout the 12-week treatment, the study also demonstrated that our novel cream
formulation combined with CAF significantly decreased skinfold thickness relative to baseline
(p < 0.001; Table 4.4). However, no statistically significant decrease was seen in the placebo
group. A significant (p < 0.001) treatment*time interaction effect favoured the active treatment.
Approximately 80% of participants showed a consistent reduction of skinfold thicknesses for
all treatment time points over baseline with a relatively small effect size (ES= 0.041). The
Ngamdokmai group developed a herbal compress that contained 6-gingerol, piperine and
caffeine from tea and coffee sources. The findings showed a similar result, with 85-90% of
participants demonstrating skinfold thickness reduction with a more substantial effect size
(ES= 1.72).5%* When considering differences in the studies, various factors need to be
considered, such as the number of participants involved, the total treatment time, and the
number of measurements. For example, the Ngamdokmai study was completed over 11

weeks with six-time points; two additional weeks were used to measure post-treatment
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efficacy. The differences can also be considered in the method, compliance, and intervals of
applying the topical herbal compress and the number of participants involved.

The effect of the CAF cream was also assessed through the measurement of T.C. By the end
of the treatment period (week 12), a significant reduction in T.C. was observed over baseline
for the active (mean -0.55) and placebo (mean -0.51) groups. There was no treatment*time
interaction effect indicating a similar improvement for both groups.

Reduction in thigh measurement is one of the parameters mainly used to measure the
effectiveness of anticellulite agents. In contrast, several studies using either CAF alone or
combined with botanical extracts have reported that T.C. measurements decreased
significantly relative to placebo groups. 28535561 QOnly Saman et al.% reported that the
reduction in the T.C. was not significant compared with the placebo.

The participants themselves evaluated treatment efficacy through survey questionnaires.
Participants indicated that the active and placebo creams showed significant improvement in
skin hydration, skin elasticity, smoothness of their thigh skin and visible reduction of cellulite
appearance after week 8 and week 12 of application (Table 4.6). However, there was a
significant difference in efficacy perception in terms of improvements in skin moisture and skin
elasticity and smoothness of the skin after using the CAF cream relative to placebo. The
participants also felt satisfied with a diminished skin dimpled appearance at the end of
treatment (Table 4.6). However, slight differences between the two groups started emerging
in weeks 8 and 12, with the same performance for both creams. It may be speculated that the
placebo treatment also contained the identical vehicle ingredients applied in the CAF cream
and presumably, those ingredients provided the same result for skin hydration and skin-
smoothing.

Byun et al.b! reported that although, participants expressed their satisfaction with the cellulite
treatment, the skin firmness improvement was similar for both active and placebo products.*®
Their cream contained 3.5% CAF and xanthenes. They suggested that the placebo had the
same effect on skin firmness as the active product due to the massage effect related to cream
application.49:55

The self-evaluation questionnaire was also designed to assess the overall performance of the

products (active and placebo). All participants agreed or strongly agreed that both products
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had good colour and a very pleasant cream smell. Most participants agreed that the active
cream containing CAF was very well absorbed. A similar number of participants expressed
that the products spread quickly upon application on the skin during the period of treatment.
More than 90% of the study participants were satisfied with the smoothing effect of the
products. Some participants enjoyed using both anticellulite cream and placebo and requested
additional containers of cream when cream application finished. Most of them reported both
creams had similar texture properties. This suggests that the participants could not distinguish
between the two creams due to the compounds' characteristics.5°

At the end of the study, the participants assessed GROC evaluating the overall anticellulite
effect. Participants rated a higher score at 6.08 (95%CI: 5.72-6.45) for the CAF cream over
the placebo at 5.50 (95%CI: 5.14-5.86). There was a statistically significant difference between
the active and placebo cream (p < 0.001) in the overall impression of the anticellulite effect.
Two participants developed minor side effects from the anticellulite cream and three from the
placebo. The prickling and itching sensations were familiar side effects for products applied
topically to the skin. However, no serious adverse events led to treatment interruption by
decreasing the cream usage.

Cellulite is a complex condition that does not tend to improve rapidly.>> No treatment is entirely
successful as none are more than mildly and temporarily effective.62 A number of topical
creams with an anticellulite effect are available on the market. Most of the products are from
the methylxanthine family. This study demonstrated that the initial evaluation of our novel CAF
cream in a clinical setting provided an indication that it could be an effective cellulite treatment.
There were a few limitations of our study, such as participants’' compliance since each
participant was responsible for daily applying the creams and applying the appropriate amount
of cream to the designated thigh site. Another contributory factor to error is that daily weight
fluctuation led to a perceived variability in thigh measurements. However, the reduction in T.C.
was not due to weight loss since no overall reduction in weight occurred.

The flexible tape measure was used to quantify changes in T.C. and there may have been
some limitations to the precision of this measure. Lesser et al.?® compared two devices to
measure subcutaneous adipose tissue. They found the calliper was a precise device that

showed a significant reduction in subcutaneous adipose tissue whilst the tape measure
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showed no significant change. This was similar to our findings. Overall, our anticellulite cream
proved effective and tolerable, both objectively (Table 4.4) and subjectively (Table 4.6).
There are a limited number of tools available to treat cellulite and some are complicated to
implement. The use of a reliable evaluation process plays a vital role in giving outcome
measures for assessing visual changes in clinical trials. Previous studies 53:55-57.61.63 gyaluated
the efficacy of an anticellulite topical cream containing CAF by using rating scores from a
couple of standard visual scales that had been validated.53:5557.63-67 Most of them did not
conduct inter-rater and intra-rater (test/re-test) reliability of the method when a standardised
grading system was used for scoring changes in the appearance of cellulite.53-57:61 To verify
the results that were produced, we generated an iterative process with a relatively simple and
reliable method for evaluating intervention effects during the clinical trial. This process can be
adapted to assess other skin conditions using visual images. To the best of our knowledge,
only the Roure group conducted a similar approach with our experiment, which started from
developing the formula creams, ex vivo testing and then testing the efficacy of the CAF creams
in an in vivo study.>? In addition, the Yoo group used the visual assessment grading scales
from DERMAPRO SOP and conducted reliability testing to validate the process.53

Various treatments, either topical alone or combinations between topical and mechanical, offer
advantages and disadvantages. Topical applications provide safe and relatively inexpensive
treatments and do not require follow-up post-treatment compared to other treatments, which
may involve significant costs and unfavourable risk profiles.50.61

We did not continue the measurement post-treatment. Therefore, we cannot guarantee the
CAF cream produces a permanent result. The use of creams may provide only minor short-
term improvements.!®> However, we demonstrated that our novel topical cream containing CAF
effectively reduced the visible appearance of cellulite and skinfold fat thickness when used
continuously for 12 weeks. We noted it was difficult to control for many factors involved, such
as age, weight, body density, and skin condition. Other external factors that may have
contributed to the result that we cannot control include diet and exercise for the participants
and human errors in each measurement session.

Further research is now needed to gather additional clinical data to evaluate this treatment

with a larger sample size, longer duration of treatment and follow-up post-treatment. The
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treatment could also be evaluated at different body sites (buttock and abdomen) and

comparisons could be made with other existing treatments.
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Abstract

Background: Astaxanthin (ASX) is a potent lipophilic antioxidant derived from the natural
pigment that gives marine animals their distinctive red-orange colour and confers protection
from ultraviolet radiation. Objectives: Self nano-emulsifying drug delivery systems (SNEDDS)
have been successfully developed and evaluated to increase the skin penetration of ASX and
target its antioxidant and anti-inflammatory potential to the epidermis and dermis. Methods:
SNEDDS were prepared using a low-temperature spontaneous emulsification method, and
their physical characteristics, stability, antioxidant activity, and skin penetration were
characterised. Terpenes (D-limonene, geraniol, and farnesol) were included in the SNEDDS
formulations to evaluate their potential skin penetration enhancement. An HPLC assay was
developed that allowed ASX recovery from skin tissues and quantification. Results: All
SNEDDS formulations had droplets in the 20 nm range, with low polydispersity. ASX stability
over 28 days storage in light and dark conditions was improved and antioxidant activity was
high. SNEDDS-L1 (no terpene) gave significantly increased ASX penetration to the stratum
corneum (SC) and the epidermis-dermis-follicle region (E + D + F) compared to an ASX in oil
solution and a commercial ASX facial serum product. The SNEDDS-containing D-limonene
gave the highest ASX permeation enhancement, with 3.34- and 3.79-fold the amount in the
SC and E + D + F, respectively, compared to a similar applied dose of ASX in oil.
Conclusions: We concluded that SNEDDS provide an effective formulation strategy for
enhanced skin penetration of a highly lipophilic molecule, and when applied to ASX, have the
potential to provide topical formulations for UV protection, anti-ageing, and inflammatory

conditions of the skin.
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Abstract: Astaxanthin (ASX) is a potent lipophilic antioxidant derived from the natural pigment
that gives marine animals their distinctive red-orange colour and confers protection from ultraviolet
radiation. Self nano-emulsifying drug delivery systems (SNEDDS) have been successfully developed
and evaluated to increase the skin penetration of ASX and target its antioxidant and anti-inflammatory
potential to the epidermis and dermis. SNEDDS were prepared using a low-temperature spontaneous
emulsification method, and their physical characteristics, stability, antioxidant activity, and skin
penetration were characterized. Terpenes (D-limonene, geraniol, and farnesol) were included in
the SNEDDS formulations to evaluate their potential skin penetration enhancement. An HPLC
assay was developed that allowed ASX recovery from skin tissues and quantification. All SNEDDS
formulations had droplets in the 20 nm range, with low polydispersity. ASX stability over 28 days
storage in light and dark conditions was improved and antioxidant activity was high. SNEDDS-L1
(no terpene) gave significantly increased ASX penetration to the stratum corneum (SC) and the
epidermis-dermis-follicle region (E + D + F) compared to an ASX in oil solution and a commercial
ASX facial serum product. The SNEDDS-containing D-limonene gave the highest ASX permeation
enhancement, with 3.34- and 3.79-fold the amount in the SC and E + D + E respectively, compared to
a similar applied dose of ASX in oil. We concluded that SNEDDS provide an effective formulation
strategy for enhanced skin penetration of a highly lipophilic molecule, and when applied to ASX,
have the potential to provide topical formulations for UV protection, anti-aging, and inflammatory
conditions of the skin.

Keywords: skin targeting; antioxidant; terpenes; penetration enhancement; SNEDDS; nano-delivery;
cosmeceutical; dermatological

1. Introduction

There is increasing consumer demand for effective, natural-based products to protect
the skin from environmental assault and treat dermatological conditions related to skin
aging, irritancy, and inflammation [1]. Astaxanthin (3,3 -dihydroxy—B,B-carotene—4,4’ -
dione; ASX: Figure 1) is a carotenoid from the xanthophylls family with potent antioxidant
activity [2]. ASX is commonly found in nature and is best known as the red-orange pigment
that contributes the distinctive colour to many marine animals such as salmon, shrimp,
and crayfish, and the flamingo birds that feast on them. It has many important biological
functions in marine animals including pigmentation, protection against ultraviolet (UV)
light effects, communication, immune response, reproductive capacity, stress tolerance, and
protection against oxidation of macromolecules [3]. This keto-carotenoid is synthesized
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by a variety of green microalgae/phytoplankton, and also red yeast, bacteria, and other
plants [4].

Figure 1. Structure of all-trans astaxanthin (CgHs,04: carbon—black, hydrogen—white, oxygen—red). By Jynto: this
image was created with Discovery Studio Visualizer, CCO, https:/ /commons.wikimedia.org/w /index.php?curid=16311511

(accessed on 9 February 2021).

ASX has attracted interest due to its reported therapeutic effects in a range of health
conditions [5]. This includes the prevention and treatment of cardiovascular diseases [2,6-8],
neurological diseases [9-11], ocular disorders [12,13], cancer [14] and improving dermal
health [15,16]. ASX derived from the green microalga Haematococcus pluvialis is the main
source for human applications including dietary supplements, cosmetics, and food. It
has shown antiaging potential in an experimental model of oxidative stress [17]. This
suggests its potential in protecting human skin from environmental-derived stress, such as
cigarette smoking and ultraviolet (UV) exposure, that contributes to and accelerates the
skin-aging effects.

Skin aging has both cosmetic and health implications. The molecular and morphologi-
cal changes that occur as the skin ages reduce its barrier function and protective role, and
contribute to a range of skin symptoms including the formation or deepening of wrinkles,
dyspigmentation, excessive dryness and pruritus, fragility, and difficulty in healing fol-
lowing skin injuries, skin sensitivity and irritation, and tumor incidence [15]. A range of
positive effects on human skin has been reported following dietary supplementation with
ASX [18-23]. In particular, ASX has shown to suppress hyperpigmentation and melanin
synthesis, improve skin elasticity, inhibit photoaging associated with UV light exposure,
and reduce wrinkle formation [18-23]. For example, in a double-blind, placebo-controlled
trial, Ito et al. [18] showed that dietary supplementation with ASX for 9 weeks reduced the
UV-induced changes in skin moisture and texture in 23 healthy volunteers. In another study
conducted in Japan on 65 healthy female participants, those in the placebo group showed
worsening wrinkle parameters, skin moisture decrease, and increase in the inflammatory
marker interleukin-le over a 16 week period from August to December [22]. Those receiv-
ing oral ASX showed no change in these skin parameters. The authors concluded that oral
ASX supplementation may inhibit age-related skin deterioration via its anti-inflammatory
effect. In most cases, these studies involve dietary supplementation rather than topical
administration of ASX directly to the skin.

ASX (MW: 596.84 g/mol; Figure 1) has a high log P (octanol/water) of 13.27 [24],
exhibiting low water solubility and limited bioavailability [25]. When applied to the skin,
the ASX may not be efficiently released from an oil-based formulation, or may form a
reservoir in the lipid-rich regions of the stratum corneum and not permeate further into
the viable skin tissues, thus limiting its accessibility to its site of therapeutic activity. ASX
is highly sensitive to light, heat, and oxygen due to its unsaturated molecular form [26].
Consequently, ASX presents significant challenges for the development of a successful
formulation that will optimize stability and bioavailability within the skin. Commercially
available topical formulations of ASX are primarily oil-based serums such as astaxanthin in
argan oil (Skin Actives Scientific L.L.C., Gilvert, AZ, USA), Astalift Essence Destiny (Fuji-
Film Healthcare Laboratory Co., Ltd., Minato-ku, Tokyo, Japan), and Astarism (AstaREAL
Co., Ltd., Minato-ku, Tokyo, Japan). A number of novel delivery systems have been inves-
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tigated to facilitate the formulation of ASX, improve stability and skin permeation. These
include micro/nanoemulsions [27,28], hydrogels/lipogels [29], liposomes [30], and nanos-
tructured lipid carriers (NLCs) [31]. Whilst some of these approaches appear promising,
there remains limited information based on robust in vitro permeation tests (IVPT) with
appropriate IVPT protocols and skin membranes, to properly assess ASX delivery into skin
target sites where it can exert its therapeutic activity. For example, in some studies, IVPT
was conducted using rat [27,28,31] or mouse skin [30], which are widely acknowledged to
be more permeable than human skin; and in one case, only an in vitro release test (IVRT)
was performed [29].

In the current study, we have formulated self-nano-emulsifying drug delivery systems
(SNEDDS) and evaluated the inclusion of terpene components on the skin permeation,
stability, and antioxidant activity of ASX. SNEDDS are isotropic mixtures of an active
compound in a combination of lipids, surfactants, and hydrophilic co-solvents/solubilizers
that produce spontaneous ultrafine emulsions upon gentle agitation in the water phase
(typically <50 nm in size) [32-34]. SNEDDS have a high solubilizing capacity for lipophilic
compounds, are thermodynamically stable, provide simplicity of fabrication, and have an
elegant appearance [35,36]. They have been shown to enhance skin delivery of lipophilic
solutes such as curcumin [37] and clofazimine [38]. When applied topically, a SNEDDS
may be diluted by an aqueous phase coming to the skin surface from the secretion of sweat
or trans epidermal water loss, and then form an occlusive topical system that has a high
thermodynamic driving force for skin delivery [34,39,40]. We suggest that the SNEDDS
approach is ideally suited to deliver the highly lipophilic ASX into the skin to target sites of
therapeutic action such as melanocytes located in the basal layer of the epidermis, collagen
and elastin synthesis by fibroblasts located in the dermis and UV induced inflammatory
processes in the epidermis and dermis [19,23,30]. SNEDDS also has potential advantages
for ASX stability, as the elimination of water during preparation and storage reduces the
potential for dissolved oxygen in the water phase of an emulsion to degrade ASX [28].

We have developed and characterized the physical characteristics, stability, skin
permeation, and distribution, and antioxidant activity of SNEDDS composed of oil, non-
ionic surfactants, and cosurfactants and incorporating ASX. We have also evaluated the
inclusion of terpenes as potential skin penetration enhancers. To facilitate this study, we
have developed a simple and accurate HPLC assay for ASX determination with suitable
extraction protocols for quantifying ASX in skin layers.

2. Material and Methods
2.1. Chemicals and Materials

Astaxanthin of analytical grade (CAS# 472-61-7) (SML0982) with a purity of 99.7%,
Kolliphor® EL (Polyoxyl 35 castor oil-CAS# 61791-12-6), D-limonene (CAS# 5989-27-5),
geraniol (CAS# 106-24-1), farnesol (CAS# 4602-84-0), L-ascorbic acid (CAS# 50-81-7), potas-
sium persulfate (CAS#7727-21-1), and ABTS (Roche-Diagnostics GmbH) (CAS# 30931-67-0)
were purchased from Sigma-Aldrich (North Ryde, Australia). Labrafil® M 1944 CS (Oleoyl
polyoxyl-6 glycerides-C AS# 69071-70-1) and Transcutol® P (Ethoxydiglycol-CAS# 111-90-
0) were kind gifts from Gattefossé (Saint-Priest, France). Astarism® facial serum was a gift
from AstaREAL Co. Ltd., Minato-ku, Tokyo, Japan. Veet™ hair removal cream (containing
potassium thioglycolate) was purchased from Reckitt Benckiser Pty Ltd. (Sydney, Aus-
tralia). HPLC-grade methanol and ethanol were from Thermo Fisher Scientific (Scoresby,
Australia). HPLC-grade solvents (including acetone (ACT) and dichloromethane (DCM)
were purchased from RCI Labscan Ltd. (Pathumwan, Bangkok, Thailand) distributed by
Chem-Supply Pty Ltd., Gillman, Australia. Potassium chloride and sodium chloride were
purchased from Chem-Supply Australia Pty Ltd. Potassium dihydrogen orthophosphate
was purchased from Thermo Fisher Scientific (Scoresby, Australia). Di-sodium hydrogen
orthophosphate anhydrous was purchased from Merck Pty Ltd (Bayswater, Australia).
Deionised water was produced using a Milli-Q RC apparatus (Millipore Corporation,
Bedford, MA, USA).

152



Pharmaceutics 2021, 13, 649

40f16

2.2. Standard Solution Preparation

A stock standard solution of astaxanthin was prepared by weighing exactly 3.75 mg of
astaxanthin into a 25 mL volumetric flask, dissolving the astaxanthin in a mixture (15 mL)
of acetone and dichloromethane (50:50), and adding a mobile-phase solution to 25 mL.
The solution was sonicated for 1 minute in a warm water bath at 60 °C, and allowed to
equilibrate to ambient temperature for 15 min. Working solutions of individual standards
were prepared by diluting the freshly prepared stock solution with the mobile phase to
required concentration.

2.3. HPLC Instrumentation and Conditions

Chromatographic separation was performed using an Agilent™ 1200 system (Agilent
Technologies, Waldbronn, Germany), using a Jupiter C18 5 um column, (150 mm x 4.6 mm)
protected by a Security Guard Cartridge (C18, 4 x 3 mm) both from Phenomenex (Lane Cove,
Australia), and isocratic flow of mobile phase (methanol:water:dichloromethane = 85:13:2) at
1 mL/min (chromatography adapted from Yuan et al. [41]. Samples were maintained at
10 °C within the autoinjector. Full assay conditions and protocols for extraction from skin
tissues are available in the Supplementary Materials.

2.4. Design of Self-Nanoemulsifying Drug Delivery Systems (SNEDDS)

SNEDDS were formulated with Labrafil® M 1944 CS (constituting oil phase) and
Kolliphor® EL (non-ionic surfactant), and Transcutol® P as a co-surfactant. Three terpenes
(D-limonene, geraniol, and farnesol) were added, as 5% w/w of the oil phase, to determine
their ASX skin permeation enhancement capability within the SNEDDS formulation. The
physical characteristics and ASX skin delivery of all formulations were characterized,
including the droplet size, polydispersity index (PDI), viscosity, ASX solubility, stability,
oxidative inhibition values, and amount of ASX retained in the skin (IVPT).

The ratio of Labrafil® M 1944 CS, Kolliphor® EL, and Transcutol® P was determined
from ASX solubility experiments. The SNEDDS were prepared based on the method
of Hong et al. [27], using a spontaneous emulsification method, and high energy input.
Briefly, ASX (3 mg) was dissolved in 4 g of surfactant, stirred with magnetic stirring
at 1000 rpm for 10 min. The mixture was then dissolved in 1 g of the oil phase, with
magnetic stirring at 1000 rpm for 10 min. This mixture was then combined with 1 g of co-
surfactant using magnetic stirring for 10 min, then sonicated in a water bath for 1 h at room
temperature. The formulation vehicle addition sequence was based on preliminary ASX
solubility determination in each vehicle component. A nanoemulsion formulation (L1-NE)
was made by the same method but with an initial 6 mg ASX and then a 50:50 dilution with
water as the final step to provide a nanoemulsion with the same ASX concentration as the
SNEDDS formulations.

The composition of the SNEDDS formulations is documented in Table 1 with the initial
SNEDDS formulation designated L1 and the terpene-containing formulation designated
T1 (D-limonene), T2 (geraniol), and T3 (farnesol). All ASX SNEDDS were protected from
light exposure at room temperature for further use.

Table 1. ASX-SNEDDS formulation compositions (all excipients as w/w).

Codes ASX I\Elall;l;laflCi Kolliphor® EL.  Transcutol ~D-Limonene Geraniol Famesol  Water
SNEDDS-L1 0.003 1.00 4.00 1.00
SNEDDS-T1 0.003 0.95 4.00 1.00 0.05
SNEDDS-T2 0.003 0.95 4.00 1.00 0.05
SNEDDS-T3 0.003 0.95 4.00 1.00 0.05
L1-NE 0.006 1.00 4.00 1.00 6.00

SNEDDS = self-nanoemulsifying drug delivery systems. L1 = initial formulation; T1 = addition D-limonene in oil phase; T2 = addition
geraniol in oil phase; T3 = addition farnesol in oil phase. NE = nanoemulsion (50% water added to the oil /surfactant-cosurfactant mixture
immediately before use). The final concentration of ASX in L1-NE was same concentration the SNEDDS.
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2.5. Physical Characterization, Stability, and Antioxidant Activity
The ASX SNEDDS were visually observed to describe the physical appearance (colour,

clarity, single phase), and viscosity (Bohlin Visco 88, Malvern Instruments, Malvern, Worces-
tershire, UK), and refractive index (Atago refractometer, Minato-ku, Tokyo, Japan) were
determined. The pH measurement was determined using a pH meter (Hanna Instruments,
Woonsocket, RI, USA) for all SNEDDS anhydrous formulations and after 100-fold dilution
with deionized water. The droplet size and polydispersity index (PDI) were examined
using a Zetasizer Nano™ ZSP (Malvern Instruments, Malvern, Worcestershire, UK) with
aqueous dilution 100-fold to avoid multiple scattering.

Robustness to dilution was assessed in different volumes (1 part to 50, 100, and 250)
using deionized water. This parameter provides a prediction of the potential for phase
separation of a system generated by spontaneous emulsification. After the dilution process,
the droplet size should remain uniform [33].

The stability of ASX SNEDDS was determined over 4 weeks of storage at room
temperature to provide a preliminary indication of the stability of ASX in the SNEDDS
formulations, when exposed to or protected from light. Physical appearance and the ASX
content were determined after storage at 22-25 °C in clear vials and protected from light in
amber vials. ASX in oil solution was used as a control.

2.6. In Vitro Skin Penetration (IVPT) Study

Due to the lack of availability of human skin, newborn pig skin was used as a pre-
viously validated human skin surrogate [42,43]. Full-thickness skin was obtained from
newborn Yorkshire piglets that had died at or within 24 h of birth, as supplied by a local
veterinary service. The skin was peeled from the body and extraneous tissue was removed
by surgical scalpel. Hair was removed using Veet™ hair removal cream applied for 10 min
and then thoroughly removed. This method has been previously validated on piglet skin
and shown no skin damage [43]. The skin surface was rinsed with phosphate-buffered
saline solution at pH 7.4 (PBS), wrapped in aluminum foil, and stored in a polyethylene bag
at —20 °C until use. Three different donors were used for each experiment (9 replications).

The skin was defrosted at ambient temperature immediately before each experiment.
Skin thickness was determined by digital vernier caliper (Kincrome Australia Pty Ltd.,
Scoresby, Australia) and was 400-600 um. The skin was mounted in Franz diffusion cells
with the stratum corneum (8C) side facing the donor. PBS solution was placed in the donor
and receptor compartments and allowed to equilibrate at 35 °C prior to determining the
electrical resistance (UNI-T®, UT58 series), as a measure of skin barrier integrity. Skin was
included that provided a maximum resistance of 1 M) and minimum value of 50 k() [44].
PBSwas removed and the skin surface touched dry (Kimtech Science Kimwipes®, Kimberly-
Clark Professional, Milsons Point, Australia). The receptor compartment was filled with a
mixture of PBS and ethanol (7:3 v/v) to facilitate ASX solubility [28,29], stirred by magnetic
stirring at 600 rpm/min, and maintained in a water bath system at 35 °C to provide skin
surface temperature of 32 °C. Parafilm M® (Sigma-Aldrich Pty Ltd, North Ryde, Australia)
was used to cover the donor and receptor cells to minimize evaporation and to facilitate
the process of total replacement sampling. 0.5 g of ASX SNEDDS formulation, marketed
ASX product or ASX in oil solution (control) was applied to the donor compartment as an
infinite dose. Samples (total receptor fluid volume) were withdrawn for HPLC analysis
and immediately replaced by pre-warmed receptor solution, over an 8 h period.

Skin Distribution Study

After 8 h, the skin was washed to remove any remaining formulation (washing fluid
retained), dried, and treated to separate SC and remaining skin tissue (epidermis/dermis).
To obtain SC samples, D—Squame® adhesive tapes with a diameter of 22 mm (CuDerm,
Dallas, TX, USA) were applied on the skin surface with a D-Squame disc® applicator
following the method of Davies et al. [45] with modification. The total of 10 tapes strips
comprised the first two tapes (assumed to include unabsorbed ASX) and remaining 8 tapes
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as absorbed into the SC. The remaining skin was cut into pieces and weighed. ASX was
extracted by soaking in acetone: dicloromethane 50:50 mixture prior to sonication in a
water bath for 1 h at room temperature. The supernatant fluid was collected and then
centrifuged to remove the precipitation of fat tissue. The tapes were soaked in methanol,
vortex mixed for 30 min, then removed and the soaking solution centrifuged for 10 min.
All samples were analyzed as soon as possible by HPLC.

2.7. Antioxidant Activity

The antioxidant activity of ASX was determined by the ABTS (2,2'-azino-bis(3-ethylben
zothiazoline-6-sulfonic acid)) radical scavenging assay according to Chintong et al. [46]
with minor modification. ABTS provides radicals that can be easily observed by a colour
change from almost colourless to deep bluish-green in the absorbance wavelength at
734 nm [47].

Briefly, 7 mM ABTS and 2 mM K35,0g, both in aqueous solution and equal quantities,
were allowed to stand in the dark at room temperature for 16 h. ABTS working solution
was then diluted with distilled water to obtain an absorbance of 0.70 + 0.03 units at 734 nm
using a UV-Vis spectrophotometer (UV-1280, Shimadzu, Nakagayo-ku, Kyoto, Japan).
Twenty microliters of different concentrations of the SNEDDS and ASX in ethanol 95%
solution (200-1000 ng/mL) was mixed with 200 uL of the working ABTS solution. The
absorbance of the mixture was measured after 6 min at wavelength 734 nm. Ascorbic acid
and the marketed ASX topical product were compared as positive controls. Water and
ethanol 95% were used as blanks. The scavenging rate of ABTS was calculated as:

%ABTS radical scavenging = [(Asample — Asample blank)/ Acontrol] *x 100

where Acontrols Asamples a0d Asample blank are the absorbance of the ABTS solution, ASX
solution with ABTS, and ASX solution without ABTS, respectively.

2.8. Data Analysis

For the in vitro skin permeation study, the amount of ASX in the skin tissues was
calculated from the HPLC analysis of extract solutions giving the amount of ASX retained
in the SC (tape strips 2-10) and the amount of ASX present in the skin tissue (epidermis,
dermis).

Mass balance of in vitro permeation experiments was determined by comparison of
the initial applied amount of ASX with the combination of ASX in the wash, tape strips
1/2 and 3-10 samples, the remaining skin tissue extracts, and the receptor compartment.

2.9. Statistical Analysis

All experiments were carried out in triplicate. The data are expressed as the mean + SD
(non-biologically related measurements) and the mean 4 SEM (biologically related mea-
surements). All data were analyzed using GraphPad Prism™ 9 software (GraphPad Soft-
ware Inc., San Diego, CA, USA), using two-way ANOVA with Tukey post hoc test. Data
were considered to be statistically significant if p < 0.05.

3. Results
3.1. HPLC Assay Method Development

The HPLC method provided a single ASX peak for the stock solution at 8.3 4= 0.1 min
and good separation from any skin sample-related peaks (see Figure S1). The details of the
assay development and outcomes are provided in the Supplementary Materials.

3.2. Preparation of ASX-Loaded SNEDDS

The initial SNEDDS formulation was developed based on solubility studies of ASX
with the three core excipients of Labrafil® M 1944 CS (constituting the oil phase), I(olliphor®
EL (non-ionic surfactant), and Transcutol® P as a co-surfactant. The optimal ratio was 1:4:1
(oil:surfactant:co-surfactant) providing the SNEDDS-L1 formulation. This ratio provided a
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transparent SNEDDS formulation that readily dispersed in water to produce a nanoemul-
sion with suitably small droplet size. The SNEDDS-L1 formulation was then adapted
to include a terpene in the oil phase, providing SNEDDS-T1 (D-limonene), T2 (geraniol),
and T3 (farnesol). The addition of 5% D-limonene, geraniol, and farnesol generated trans-
parent nanoformulations with excellent clarity and similar physical characteristics to the
SNEDDS-L1 formulation.

3.3. Physical Characteristics of ASX Nanoformulations

All SNEDDS formulations were a darkish red-orange colour that formed a pale orange
transparent nanoemulsion system when diluted 100-fold by deionized water (Figure 2A).
The colour is associated with the ASX. Addition of terpenes did not alter the physical
appearance of the SNEDDS. There was no sedimentation or phase separation in any
SNEDDS formulation when observed immediately after formulation or after up to 28 days
storage at room temperature.

Size Distribution by intensity

Intensity (Percent)

[F——_Record 337 AsxL1, 100x 1]

(A) (B)

Figure 2. (A) Photographic image of SNEDDS-L1 (left) and SNEDDS-L1 diluted 100-fold by water (right). (B) Size
distribution of SNEDDS-L1.

The droplet size and PDI were measured immediately after the preparation of each
SNEDDS. In all cases the SNEDDS exhibited a monomodal distribution reflecting uniform
size distribution, as shown for SNEDDS-L1 in Figure 2B. All SNEDDS formulations had
a droplet size below 20 nm and with a polydispersity index of less than 0.25, indicating
a narrow distribution pattern and homogeneity (Table 2). At ambient temperature, the
SNEDDS were viscous and spread easily and smoothly on the skin surface. The viscosity
ranged from 0.19 + 0.01 Pas to 0.23 = 0.01 Pas (Table 2). The pH for all SNEDDS was in the
range of 6.17-8.01 and reduced to 4.43-5.42 after dilution, bringing them close to the pH
range of the skin and similar to the marketed ASX product (Table 2).

Table 2. Physical characteristics of ASX self-nanoemulsifying formulations (mean + SD; »n = 3).

pH
Droplet Size Zeta Potential Viscosity Refractive
fodes (nm) L (mV) (Pas) Index B,“?“’ After Dilution
Dilution

SNEDDS-L1 18.79 + 0.54 0.24 + 0.02 —12.40 £+ 0.20 0.19 4 0.01 1.46 £+ 0.01 8.01+ 0.02 542 4 0.01
SNEDDS-T1 18.44 + 0.41 0.21 + 0.00 —12.67 £ 0.21 0.19 £ 0.01 1.46 + 0.01 8.01+0.03 497 + 0.04
SNEDDS-T2 18.95 + 1.48 0.25 + 0.02 —12.80 £+ 0.35 0.20 4 0.01 1.46 £+ 0.01 797 + 0.02 5.06 4 0.03
SNEDDS-T3 17.75 £ 0.21 0.26 + 0.02 —13.10 £ 0,52 0.23 4 0.01 1.46 +0.01 7.89 + 0.02 498 + 0.08

L1-NE 87.13 + 2.44 0.28 + 0.00 —12.53 £+ 0.55 0.22 4 0.01 1.40 4 0.01 6.17 £ 0.01 443 + 0.01

Marketed ASX 160.00 + 3.44 0.20 + 0.00 —41.57 £ 246 0.01 £ 0.01 1.34 £ 0.01 5.40 = 0.02 (no dilution)

The zeta potential of all SNEDDS formulations, determined after dilution with dis-
tilled water, were —13.10 + 0.52 to —12.40 + 0.20 mV, and results are summarised in
Table 2. The relatively low value of zeta potential in the prepared self-nanoemulsifying
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formulations may be due to the presence of a relatively higher amount of Kolliphor® EL
used in formulations so that the surface charge was contributed only by co-surfactant.

The robustness to dilution test showed minimal change in the droplet size and PDI of
the SNEDDS formulation upon dilution with 50-, 100-, and 250-fold deionised water with
the droplet size remaining approximately 20 nm for all formulations (Table 3).

Table 3. Robustness to dilution studies of ASX-loaded SNEDDS (mean + SD; n = 3).

Droplet Size (nm)

Codes
1:50 1:100 1:250
SNEDDS-L1 21.57 4+ 0.05 18.79 +0.54 19.70 + 0.27
SNEDDS-T1 19.30 +1.33 18.44 +0.41 18.47 £+ 0.32
SNEDDS-T2 19.53 +1.35 18.95 +£1.48 18.89 + 0.50
SNEDDS-T3 18.08 + 0.78 17.75 £0.21 19.03 £+ 0.99
L1-NE 88.00 +3.71 87.13 +£2.44 84.44 4+ 452

3.4. In Vitro Skin Penetration/Permeation Study

No detectible ASX permeated through the skin to the receptor fluid from any of the
SNEDDS, commercial formulation or ASX in oil (control) over the 8 h topical application
period. In contrast, ASX was present in the SC and remaining skin comprised of the
epidermis, dermis, and associated follicular regions (Table 4).

Table 4. Skin distribution of ASX from SNEDDS formulations, marketed product, and oil solution
control (mean + SEM; n = 9).

ASX Distribution in the Skin (ug/cm?, mean + SEM)

Codes sC E+D+F o
Control: ASX in oil 0.42 4+ 0.01 0.56 + 0.07 1.00
Marketed ASX product 0.67 £0.03 0.36 £0.03 1.05
SNEDDS-L1 1.48 +£0.31 1.28 +£0.29 2.82
SNEDDS-T1 1.40 £0.14 212+£0.19 3.59
SNEDDS-T2 1.09 4 0.14 1.75 +£0.10 2.90
SNEDDS-T3 0.82 £0.10 1.40 £ 0.06 2.27
L1-NE 0.50 £ 0.08 0.63 £0.24 1.15

ER = ratio of the mean total amount of ASX in skin (SC and E + D + F) from SNEDDS/ASX in oil solution.
SC = stratum corneum; E + D + F = epidermis, dermis and follicles.

Figure 3 shows a comparison of the skin distribution of ASX following administra-
tion of the SNEDDS formulations, commercial topical product, and ASX in oil solution
control. The SNEDDS-L1, comprised of Labrafil® M 1944 CS, Kolliphor® EL, Transcutol®
P, showed statistically significantly greater penetration of ASX into the SC compared to
the marketed commercial product and control ASX in oil solution (1.48 + 0.31; 0.67 & 0.03;
0.42 + 0.01 pg/cm?, respectively; p < 0.05). The SNEDDS also deposited statistically sig-
nificantly more ASX in the deeper skin (E + D + F) than the commercial product and the
oil solution control (1.28 £ 0.29; 0.36 + 0.03; 0.56 + 0.07 ug/cmz, respectively; p < 0.05).
Overall, there was a 2.2-fold increase in ASX in the SC and a 3.6-fold increase in the amount
of ASX in the (E + D + F) from SNEDDS-L1 compared to marketed ASX nanoformula-
tion product.
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Figure 3. Skin penetration profile of SNEDDS formulations compared to marketed topical product and ASX in oil control:
the distribution of ASX in the SC and E + D + F; (mean 4+ SEM; n = 9; * p < 0.05).

3.5. Effect of D-Limonene, Geraniol, and Farnesol Incorporated into SNEDDS on Skin Penetration

Three terpenes were added to the oil phase of the SNEDDS-L1 formulation to create
SNEDDS-T1 (D-limonene), SNEDDS-T2 (geraniol), and SNEDDS-T3 (farnesol), and their
effect on skin penetration determined (Table 4; Figure 3). No ASX was detected in the
receptor fluid after 8 h application of any of the SNEDDS-containing terpenes.

All SNEDDS-containing terpenes increased ASX permeation into the SC compared to
ASX in oil solution control and marketed topical product. However, the ASX penetration
was significantly greater only from the SNEDDS-T1 formulation. In comparison to the
SNEDDS-L1, only the SNEDDS-T1 provided similar ASX penetration into the SC, with
the SNEDDS-containing geraniol and farnesol showing lower but not significantly dif-
ferent ASX penetration. When considering ASX penetration into the deeper skin tissues
(E + D + F), the terpene-containing SNEDDS all showed statistically significantly greater
ASX penetration than the control and marketed topical product, with penetration in the
rank order of SNEDDS-T1 > T2 > T3. In addition, all terpene-containing SNEDDS showed
greater penetration than SNEDDS-L1, although the difference was significantly different
only for the D-limonene formulation.

The SNEDDS-L1 formulation was converted to an aqueous bearing nanoemulsion
(designated L1-NE) by the addition of 50% water whilst maintaining the ASX concentra-
tion of the final nanoemulsion formulation. Addition of water significantly reduced the
ASX penetration to the SC and (E + D + F) in comparison to the SNEDDS-L1 formula-
tion (Table 4). ASX penetration from the L1-NE was reduced compared to all SNEDDS
formulations (Figure 3).

3.6. Preliminary Stability Study of ASX SNEDDS during Storage

ASX stability was determined for all SNEDDS formulations and a control solution of
ASX in oil, over 1 month storage at 22-25 °C with light-protected (dark) and unprotected
light conditions. ASX% remaining after 30 days was in the range of 86.67-93.33% for both
dark and light conditions for the SNEDDS formulations (Figure 4A,B). The ASX in oil
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solution was relatively stable for 30 days at 22-25 °C when in the dark (80.74 4 11.55%)
but was reduced significantly when exposed to the light (58.75 + 9.55%).

A. Dark
- SNEDDS-L1
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Figure 4. % ASX remaining after 30 day storage of SNEDDS formulations and ASX in oil (control) at room temperature in
the dark (A) and light (B) conditions (mean + SD; n = 3).

3.7. Antioxidant Activity of ASX SNEDDS Formulations

The ABTS radical scavenging assay was performed to investigate the antioxidant
activity of all SNEDDS formulations and the SNEDDS-based nanoemulsion (L1-NE), and
compared to the marketed topical product and ascorbic acid (Figure 5). The ABTS radical
scavenging was stable across the concentration range of the formulations. At 1000 ug/mL,
% scavenging activity in all SNEDDS was from 68.13 + 0.44 ug/mL to 66.79 £ 0.08 ug/mL,
and the L1-NE was approximately 20% lower at 57.79 + 0.58 ug/mL. All SNEDDS-
containing ASX had significantly greater ABTS scavenging activity than the ascorbic acid
control (39.53 + 0.61 pg/mL) and marketed topical product (53.00 + 0.08 ug/mL; p < 0.05;
Figure 5).
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Figure 5. % ABTS-radical scavenging activity of 200-1000 g/ mL concentrations of SNEDDS formulations, SNEDDS-based
nanoemulsion (L1-NE), marketed ASX topical product and ascorbic acid solution as positive control (mean £ SD; 1 = 3).

4, Discussion

The therapeutic potential of ASX has been investigated for a wide range of conditions
and administration routes including oral and topical delivery [5]. Topical administration to
the skin has been primarily for cosmeceutical purposes such as anti-aging with a number of
facial serum products available. There is great potential to use the high antioxidant and anti-
inflammatory capability of ASX for dermatological conditions such as repair of UV damage,
dermatitis, and rashes. To fully utilise its potential, an effective delivery system is needed
that targets ASX to the skin in therapeutic quantities. Targeted delivery of ASX to the
epidermis and dermis, where it will exert its antioxidant and anti-inflammatory therapeutic
activity, requires facilitating drug entry to these skin tissues whilst minimising uptake
by the cutaneous circulation. The high lipophilicity of ASX is challenging as it requires
formulating to enhance the solubility and delivery to the SC whilst also facilitating parti-
tioning to the deeper more aqueous tissues of the epidermis and dermis. Previous reports
have demonstrated the ability of self-emulsifying and self nano-emulsifying drug delivery
systems (SEDDS and SNEDDS) to increase the solubility and bioavailability of lipophilic
drugs including sesamin [32], clofazimine [38], meloxicam [34], and curcumin [48]. We
proposed SNEDDS as a formulation approach to solubilize the highly lipophilic ASX and
provide a delivery system that is simple to produce, has an attractive appearance, good
spreadability on the skin, is stable (physically and chemically), and provides effective
delivery of ASX into the skin to target its antioxidant/anti-inflammatory activity to its site
of action in the epidermis and dermis. These criteria constituted the quality target product
profile (QTPP) for assessing a successful formulation strategy [49,50]. We also proposed
that the anhydrous SNEDDS formulations would perform better than a nanoemulsion
composed from the same components as a SNEDDS formulation. Overall, in this study,
the SNEDDS formulations containing ASX met the QTPP, with differences in the level of
performance based on the choice of formulation excipients. All SNEDDS formulations
performed better than the corresponding nanoemulsion, a marketed ASX facial serum
product, and a solution of ASX in oil.

SNEDDS formulations incorporating ASX composed of Labrafil® M 1944 CS (con-
stituting the oil phase), Kolliphor® EL (non-ionic surfactant), and Transcutol® P as a
co-surfactant (designated SNEDDS-L1) were successfully formulated and provided statis-
tically significant enhancement of skin permeation of ASX compared to a marketed ASX
facial serum formulation and ASX in oil solution (Figure 3).
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Labrafil® M 1944 CS consists of mono-, di- and triglycerides and PEG-6 mono- and
diesters of oleic (C18:1) acid. It is a nonionic water-dispersible surfactant for lipid-based
formulations that is commonly used as a co-emulsifier in topical formulations, and provides
the oil phase for the current SNEDDS formulations. The selected surfactant, Kolliphor®
EL (polyoxyl-35 hydrogenated castor oil), is a non-ionic solubilizer and emulsifying agent
with hydrophile-lipophile balance (HLB) of 12. Its hydrophobic moiety is a combination of
glycerol polyethylene glycol ricinoleate and fatty acid esters of polyethylene glycol, while
the hydrophilic moiety is a combination of polyethylene glycols and glycerol ethoxylate [51].
Transcutol® P, a high purity grade of diethylene glycol monoethyl ether (DEGEE), was
selected as the co-surfactant because of its properties as a hydroalcoholic solubilizer [51] and
skin permeation enhancer without compromising skin integrity [52,53]. All components
are categorised as Generally Recognised as Safe and Effective (GRASE) by the U.S. Food
and Drug Administration (FDA) [54].

The SNEDDS formulations provided excellent physical characteristics for skin appli-
cation. The SNEDDS-L1 formulation showed small droplet size in the order of 18 nm, a
negative zeta potential (12.40 + 0.20 mV), and a viscosity (0.19 £ 0.01 Pas) that provided
good spreadability and retention on the skin surface. Kaur and Ajitha reported that the
delivery of fluvastatin increased when the droplet size and zeta potential are reduced and
viscosity increased, suggesting that this was due to higher occlusivity on the skin [55].
The droplet size has also been shown to be an important parameter to enhance the release
of the drug from the formulation [34,56]. Smaller droplet size resulted in a large surface
area that provided high drug release of meloxicam from a SNEDDS for transdermal de-
livery [34]. In our preliminary studies, manufacturing without the high-energy ultrasonic
homogenization step provided slightly larger droplets of approximately 26 nm. As this is
still an acceptable size for skin delivery, it suggests that the SNEDDS formulations could
be manufactured by a lower energy method that could be beneficial for industrial scale-up.
The negative zeta potential (Table 2) increased electrostatic repulsion between droplets to
enhance physical stability.

All ASX-containing SNEDDS formulations showed good physical stability over 30
days and significantly improved the chemical stability of ASX in the formulation compared
to ASX in oil solution, particularly when exposed to light (Figure 4). Whilst this provides a
preliminary indication of the stability of ASX in the SNEDDS formulations, a full stability
study over a longer-term is required to assess the formulations for use as commercial
products. As ASX confers its therapeutic effects via its antioxidant activity this was
assessed in all SNEDDS formulations and a range of controls including ascorbic acid as
the antioxidant standard. The SNEDDS formulations all demonstrated higher antioxidant
activity than ASX in oil solution and an ascorbic acid standard (Figure 5), showing that
the SNEDDS formulations provided ASX inactive form more readily than when ASX was
dissolved in oil. The SNEDDS-based nanoemulsion showed lower antioxidant activity
than its corresponding anhydrous SNEDDS formulation. This suggests that the ASX is
more available from the SNEDDS formulation or that the ASX could have been partially
degraded by the presence of dissolved oxygen in that water phase of the nanoemulsion,
as has been suggested by Sun et al. [28]. In addition, it has been reported that ASX can
self-assemble in polar solvents to form tightly packed stacks of individual molecules [57],
potentially reducing its availability and activity.

The SNEDDS-L1 formulation enhanced the penetration of ASX in the skin, providing
a 2.2-fold increase and a 3.6-fold increase in the SC and (E + D + F), respectively compared
to marketed ASX product. As ASX is highly lipophilic, it is expected to penetrate the
lipid bilayer regions of the SC, but have poor partitioning to the more aqueous deeper
epidermal and dermal tissues that constitute the target site for the ASX antioxidant and
anti-inflammatory activity. When applied as the commercial formulation, the deposition
of ASX in the E + D + F was lowest, followed by the oil solution. The SNEDDS-L1
formulation significantly increased ASX penetration to the target tissues compared to
both the marketed topical product and a solution of ASX in oil. This demonstrates that
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the SNEDDS formulation components and their nanosystem structure has the ability to
enhance skin penetration by a number of mechanisms. First, the oil can solubilize the
lipophilic ASX thus presenting it to the skin in a form that can access the lipid domains
in the SC. However, that would not explain the significant improvement in comparison
to the ASX in oil solution. Second, the oil, surfactant, and co-surfactant components can
modify the SC lipid structure to facilitate permeation within the SC and entry to the viable
epidermal regions. Third, presenting the ASX as a nanosystem optimizes ASX presentation
to the skin, and facilitates diffusion and partitioning within the epidermal layers. Indeed,
it has been postulated that SNEDDS formulations act by taking up moisture from the skin
surface to form an occlusive topical system that has a high thermodynamic driving force
for skin delivery [34,39,40]. We investigated formation of a SNEDDS-based nanoemulsion
by addition of water to form L1-NE. However, when applied to the skin this nanoemulsion
formulation showed significantly lower ASX penetration to the SC and (E + D + F) than the
anhydrous SNEDDS-L1. This may be due to the increase in droplet size of the nanoemulsion
compared to the SNEDDS-L1 (87.13 & 2.44 and 18.79 4 0.54 nm, respectively), or possibly
a reduction in ASX degradation due to the presence of dissolved oxygen in the water phase.
We did prepare all formulations immediately before administration in the IVPT studies
so as to minimise any stability effects, but our antioxidant study did demonstrate a small
reduction in ASX activity in the hydrous nanoemulsion compared to its corresponding
anhydrous SNEDDS formulation (Figure 5).

Terpenes have demonstrated penetration enhancement activity by disruption of the
intercellular lipid structure in the SC [58,59] to increase permeant diffusivity. Here, we
investigated the addition of three terpenes into the oil phase to create three SNEDDS for-
mulations: SNEDDS-T1 (D-limonene), SNEDDS-T2 (geraniol), and SNEDDS-T3 (farnesol).
D-limonene (MW 1.36.23 g/mol; log Po/w 4.57) [60], geraniol (MW 154.25 g/mol; log
Po/w 3.56) [61], farnesol (227.37 g/mol; log Po/w 5.77) [62] provide a range of chemical
structures and properties that can influence their role in the formulation.

Incorporation of terpenes increased ASX penetration to the deeper skin target site
(E+D + F) compared to the SNEDDS-L1 formulation, with the following order of penetra-
tion SNEDDS-T1 > T2 > T3, although only the SNEDDS-T1 was significantly greater ASX
penetration (p < 0.05: Figure 3). There was no significant difference in ASX penetration
to the SC across the SNEDDS formulations, although again the order of ASX penetration
was SNEDDS-T1 > T2 > T3. It is interesting to note that the presence of terpenes resulted
in greater deep tissue penetration compared to SC deposition in all cases, suggesting
that the terpenes are facilitating ASX diffusion within the skin tissues. Overall, the data
suggest that inclusion of terpene does not increase release from the SNEDDS to the skin
surface or penetration into the SC, but can improve partitioning from the SC into the more
aqueous epidermal tissues and diffusion within the skin tissues. Previous studies have
demonstrated a correlation between drug permeation from nanoemulsions with partition
coefficient of the terpene in the formulation [63,64]. For example, El-Kattan et al. reported
a positive correlation between the lipophilicity of the terpenes and the cumulative amount
of hydrocortisone (log P 1.43) permeating through hairless mouse skin [63]. However,
we did not see a similar correlation for the highly lipophilic ASX. El-Kattan et al. also
examined the effect of terpene enhancers on solutes with a range of lipophilicities (—1 to 8
approximately) showing that terpenes-based skin permeation enhancement (range 135-fold
to 2-fold) was inversely correlated with log P [65].

We have demonstrated that SNEDDS are an effective formulation for enhanced skin
delivery of the highly lipophilic ASX to the deeper skin tissues that constitute the target
site for therapeutic antioxidant and anti-inflammatory activity. We have also shown that
they provide the ASX in active form with high antioxidant activity (Figure 5) and help to
preserve stability of this active ingredient that is prone to degradation (Figure 4). As has
been previously stated [38], the simplicity and ease of preparation of SEDDS and SNEDDS,
compared to the manufacture of liposomes and nanoemulsions, provides advantages for
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topical/transdermal delivery systems of lipophilic molecules and has potential for poorly
stable drugs and biologics.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
3390/ pharmaceutics13050649 /s1, Figure S1: HPLC chromatograms (peak area versus time) of: (A)
0.75 ug/mL ASX solution as prepared for the calibration curve; (B) SNEDDS-L1 formulation matrix
without ASX; (C) SNEDDS-L1 formulation matrix with ASX incorporated; (D) Skin extract following
administration of SNEDDS L1-NE in IVPT experiment.
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Supplementary Materials: Novel Self-Nano-Emulsifying Drug
Delivery Systems Containing Astaxanthin for Topical Skin De-
livery

Thellie Ponto, Gemma Latter, Giuseppe Luna, Vania R. Leite-Silva, Anthony Wright and Heather A. E. Benson

Methods
HPLC instrumentation and conditions

Chromatographic separation was performed using an Agilent™ 1200 system (Ag-
ilent Technologies, Waldbronn, Germany), equipped with a degasser, binary pump, au-
tosampler, multiple wavelength detector (at 476 nm UV detection), and Chemstation Rev
B.04.03-SP1 software. A Jupiter C18 5 um column, (150 mm x 4.6 mm) protected by a Se-
curity Guard Cartridge (C18, 4 x 3 mm) both from Phenomenex (Lane Cove, NSW, Aus-
tralia), was used with isocratic flow of mobile phase (methanol: water: dichloromethane
(DCM) = 85:13:2) at a flow rate of 1 mL/min (chromatography adapted from Yuan et al.
[1]. The autosampler temperature was under a controlled temperature of 10 °C with an
illuminator setting.

HPLC analysis method development

The HPLC method was developed for analysis of ASX in pharmaceutical formula-
tions and extraction of ASX from skin tissues.

Linearity—Two series of ASX concentrations. System X (0.75-15 pg/mL) represented
samples for determination of the solubility and stability of ASX, and the higher concen-
tration tissue extract samples from skin permeation experiments with SNEDDS formula-
tions. System Y (0.105-1.05 pg/mL) was for analysis of tissue sample extracts from com-
mercial topical product administration in skin experiments.

Precision—ASX solutions at four concentrations (15, 3.75, 0.75 and 0.105 pg/mL) were
analyzed in six replicates for each concentration. This provided concentrations from the
two calibration curves used across the experimental samples. The acceptable relative
standard deviation (RSD) <5% [2].

Sensitivity—The blank solvent, a mixture of 15 mL of acetone and dichloromethane
(50:50) and 10 mL mobile phase, was injected 6 times. The limit of detection (LOD) and
LOQ (limit of quantification) were determined as three times and ten times the baseline
noise level in the assay, respectively.

Accuracy —A mass balance study of ASX extracts from skin tissue samples that had
been exposed to a SNEDDS formulation was carried out to assess the accuracy of the as-
say. The solvent extraction system was 50:50 ACT: DCM. The extraction procedure devel-
oped for the study involved soaking a pre-weighed section of skin tissue in 5 mL of an
aqueous solution containing the SNEDDS-L1 formulation at a concentration of 0.0758 mg
ASX/mL (equivalent to the theoretical concentration that would be present in an IVPT
experiment) at 35 °C for 4h, then removing it, blotting dry and sectioning. The ASX was
extracted from the skin sections (as per extraction protocol described in Section 2.6) and
quantified by HPLC assay.

Results
HPLC assay method development

The HPLC method provided a single ASX peak for stock solution and good separa-
tion from any skin sample related peaks. ASX retention time was 8.3 + 0.1 minutes with a

Pharmaceutics 2021, 13, 649. https://doi.org/10.3390/pharmaceutics13050649 www.mdpi.com/journal/pharmaceutics
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total analysis time of 13 minutes (Figure 1S). Two calibration curves were generated to
allow for the larger volume injections in the lower concentration range calibration curve.
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Figure S1. HPLC chromatograms (peak arca versus time) of: (A) 0.75 pg/mL ASX solution as pre-
pared for the calibration curve; (B) SNEDDS-L1 formulation matrix without ASX; (C) SNEDDS-L1
formulation matrix with ASX incorporated; (D) Skin extract following administration of SNEDDS

L1-NE in IVPT experiment.
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Reference

Linearity
The assay showed good linearity (regression coefficient of 0.99) for both concentra-
tion series.

Assay precision

The coefficient of variation precision parameters calculated from the relative stand-
ard deviation (n = 6) were 1.57% for 15 pg/mL, 4.18% for 0.105 pg/mL, 1.09% for 0.75
ug/mL, and 1.00% for 3.75 ug/mL. The acceptability criterion of precision repeatability
has been fulfilled with R.S.D. < 5% in the high, medium, and low concentrations.

Sensitivity
The minimum LOD and LOQ for determination of ASX, calculated by injecting sam-
ples and blank solution six times were 41.7 ng/mL and 72.2 ng/mL respectively.

Accuracy

Figure 51 shows representative chromatograms for ASX analysis and control samples
from the formulation development and IVPT experiments. This includes samples of the
SNEDDS-L1 formulation without and with incorporation of ASX (B and C respectively),
showing that there was no peak in the ASX region for the formulation matrix. The extrac-
tion fluid from skin that had been processed as per IVPT skin samples did not provide a
peak in the ASX region (chromatogram not shown). The accuracy of the assay was deter-
mined from the recovery of ASX in the extraction from the skin permeation samples fol-
lowing administration of one SNEDDS formulation type. The amount of ASX recovered
from the donor including washings, SC and skin extractions and receptor fluid samples
was subtracted from the initial donor ASX applied gave a mass balance recovery of 88.87
+0.48% ASX compared to the amount of ASX applied.

1. Yuan, J.-P.; Chen, F. Chromatographic separation and purification of trans-astaxanthin from the extracts of Haematococcus
pluvialis. J. Agric. Food Chem. 1998, 46, 3371-3375.

2. Namjoshi, S.; Caccetta, R.; Edwards, |.; Benson, H.A.E. Liquid chromatography assay for 5-aminolevulinic acid: application to
in vitro assessment of skin penetration via Dermaportation. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2007, 852, 49-55.
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Chapter 6. Conclusions

6.1 General discussion

The QbD approach is a systematic process to pharmaceutical product development
that identifies the desired qualities in the final product and establishes a formulation program
to achieve a defined QTPP.12 In this thesis, the principles of the QbD approach were applied
to the development of topical semisolid products to optimise drug delivery, product sensory
gualities, and stability. The thesis describes the formulation process for developing two
nanocosmeceuticals products, achieving optimised clinical outcomes in the case of CAF for
management of cellulite and enhanced in vitro skin delivery of CAF and ASX, an antioxidant
with applications in antiageing and skin health. Simply, the aims of the project were to develop
and optimise novel nanocosmeceutical products, develop tools for clinical assessment and
evaluate the efficacy of the novel CAF product in the clinical setting.

Chapters 2 and 4 focus on applying QbD principles to develop, characterise, and clinical test
a novel nano-cream incorporating CAF as an anticellulite topical product. The process,

summarised in Figure 6, included the selection of formulation ingredients and the

manufacturing process to optimise the final product's physical, chemical, and skin delivery
characteristics. We successfully developed nano-cream formulations containing CAF that met
the QTPP criteria and fulfilled the CQA of a topical product. This was accomplished by the
incorporation of one or more chemical penetration enhancers. We employed piglet skin
mounted on Franz-type diffusion cells to determine CAF penetration/permeation through and
into the skin. CAF was quantified in the SC, in the epidermal-dermal-follicle region and the
cumulative amount in the receptor compartment after 8h. All CPEs significantly enhanced CAF
penetration/permeation through and into the skin compared to control (hanoemulsion with no
additional permeation enhancers) and a topical CAF product that is marketed for cellulite
reduction. Nano-cream formulations containing LAN and TR showed maximum deposition of
CAF in the deeper skin, with 2.30-fold and 2.51-fold permeation enhancement, respectively,

compared to the control nanoformulation with no chemical permeation enhancer.
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Figure 6. Flowchart summarising the current research project, modified from Namjoshi et al.*
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Indeed, the LAN-based nano cream provided a 3.49-fold higher CAF delivery than a currently
marketed anticellulite cream containing the same concentration of CAF. All nano-cream
formulations were physically and chemically stable after 4 months of storage. Our findings
confirm that the inclusion of LAN enhanced the skin delivery of CAF compared to the marketed
product. This enhancement may be due to the chemical structure of LAN mimicking the human
lipidic matrix of SC.56 Therefore, the influence of LAN can potentially be used as a skin
penetration enhancer for cosmetic products.”

The optimised nano-cream was evaluated for its anticellulite efficacy and sensory qualities in
a clinical study of 24 female volunteers. To facilitate the clinical assessment of cellulite
efficacy, we developed and validated an improved assessment methodology (described in
Chapter 3). The validation process plays a pivotal role to develop a reliable, protocol to assess
changes in the appearance of cellulite. The importance of the validation phase is to ensure
the standardised measurement in a clinical setting, ensuring the results are accurate, precise
and reproducible when used with different people from time to time. The result is trusted to
compare for critical evaluation. Two stages were involved in the validation process. The first
stage was a non-training involvement. The second stage was a more controlled process with
training and moderator involvement to review grade selections. The participation of evaluators
in training proved that inter-rater reliability improved from 0.838 to 0.978 and the moderation
process test/retest reliability was excellent. The iterative process was used to evaluate the
effects of these interventions. Using a simple rating of overall cellulite severity 8 provided a
reliable outcome measure. This validation protocol could be implemented for assessing
cellulite treatment in future clinical trials. It also could be applied to other visual analysis
methods to evaluate drug or physical treatments on skin conditions.

In Chapter 4, human in vivo efficacy studies of the optimised nano-cream formulation was
evaluated for targeted skin delivery of CAF.° The effect of the creams on skin appearance was
monitored over 12 weeks. Participants completed a satisfaction questionnaire regarding the
treatment and the nature of the products. The primary outcome measure was reduced cellulite
scores from 3.96 to 2.50 (active) compared with placebo from 3.88 to 2.83. The secondary
outcome measures were reduced thigh size relative to baseline (p= 0.023) for the CAF cream

compared to the placebo cream. The study also demonstrated that our novel nano-cream
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formulations combined with CAF significantly decreased skinfold thickness relative to baseline
(p < 0.001). At the end of the clinical trial, participants expressed that "orange peel" dimpled
appearance decreased on their posterior thighs following CAF cream use. Participants
indicated that the active and placebo creams showed significant improvement in skin
hydration, skin elasticity, smoothness of their thigh skin and visible reduction of cellulite
appearance after week 8 and week 12 of application. Overall, participants rated reducing
cellulite appearance within 12 weeks of cream containing CAF relative to placebo (p= 0.035).
This project proved that applying CQA

SNEDDS for skin delivery of the potent lipophilic natural pigment ASX were developed and
evaluated in Chapter 5.19 ASX has potential as a topical antiageing in the experimental
oxidative stress model.}* This suggests its possibility in protecting human skin from
environmental-derived stress, such as cigarette smoking and UV exposure that contributes to
and accelerates the skin ageing effects. We used the QbD approach principles? to develop
nanoformulations containing biocompatible components, including Labrafil and Kolliphor as
surfactants and Transcutol 12 as cosurfactants, to enhance the solubility and incorporate
materials to enhance the skin delivery of ASX. SNEDDS were prepared using a low-
temperature spontaneous emulsification method and their physical characteristics, viscosity,

refractive index, stability and antioxidant activity. ASX skin penetration/permeation studies

were determined across porcine skin mounted Franz-type diffusion cells. Terpenes (D-
limonene, geraniol and farnesol) were included in the SNEDDS formulations to evaluate their
potential skin penetration enhancement. All SNEDDS were successfully formulated within
nano-sized (~ 20nm). ASX was quantified in the SC and the area of the epidermis-dermis-
follicle region (E+D+F). The ASX SNEDDS was visually observed to describe natural red-
orange colour, excellent clarity and single-phase. ASX permeation was higher for SNEDDS
containing terpenes and no correlation between lipophilicity of the terpenes and the cumulative
amount of ASX permeating through porcine skin. The SNEDDS-L1 showed maximum
deposition in the skin (2.76 + 0.60 pg/cm?) with 2.82-fold enhancement compared to the
control. The SNEDDS containing D-limonene gave the highest ASX permeation enhancement
with 3.34 and 3.79 times the amount in the SC and E+D+F, respectively, compared to a

similarly applied dose of ASX in oil. We have demonstrated our SNEDDS development with
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less oil and S/CoS enhanced the skin delivery of a potent lipophilic like ASX. We also showed
that SNEDDS form can preserve ASX stability. These findings can implement to other active

compound that also possess with high lipophilicity.

6.2 Future outlook

The development of nanoformulations based on a semisolid nano-cream and a liquid
nanoemulsion appeared to be a promising topical formulation. Further investigation is needed
to repeat human clinical trials with large sample sizes, longer treatment duration, other body
areas with cellulite and post-treatment follow-up. Providing sufficient clinical data can be used

to undertake research commercialisation.

6.3 Conclusions

The research in this thesis has highlighted the importance of implementing a pharmaceutical
QbD approach to formulate suitable nanocosmeceuticals as high-quality final products for
enhanced anticellulite and antiageing. The QbD framework drives the rational choice of
formulation ingredients to focus on the effects of a range of S/CoS and oils, including
ingredients with the potential to act as topical penetration/permeation enhancers. We defined
a QTPP and identified several CQAs for nanoformulations-based topical products that
included optimal globule sizes, solubility, viscosity, good physical and chemical stability, and
good safety profile with low irritancy, and have an excellent skin delivery. In addition, human
in vivo studies demonstrated the efficacy of topical anticellulite agents, which is a part of post-

manufacturing control.
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Abstract: Nanosystems such as microemulsions (ME) and nanoemulsions (NE) offer considerable
opportunities for targeted drug delivery to and via the skin. ME and NE are stable colloidal systems
composed of oil and water, stabilised by a mixture of surfactants and cosurfactants, that have received
particular interest as topical skin delivery systems. There is considerable scope to manipulate the
formulation components and characteristics to achieve optimal bioavailability and minimal skin
irritancy. This includes the incorporation of established chemical penetration enhancers to fluidize
the stratum corneum lipid bilayers, thus reducing the primary skin barrier and increasing permeation.
This review discusses nanosystems with utility in skin delivery and focuses on the composition and
characterization of ME and NE for topical and transdermal delivery. The mechanism of skin delivery
across the stratum corneum and via hair follicles is reviewed with particular focus on the influence
of formulation.

Keywords: microemulsion; nanoemulsion; transdermal; skin penetration; penetration
enhancer; nanosystem

1. Introduction

The skin provides an effective barrier to protect the body from the penetration of molecules and
micro-organisms in the external environment, and from excessive loss of water to maintain homeostasis.
The main skin barrier resides in the stratum corneum (Figure 1) due to its unique structure of layers of
flattened corneocytes surrounded by lipid bilayers composed primarily of ceramides [1]. Penetration
of most topically applied compounds follows the tortuous route of the stratum corneum lipid bilayers
(intercellular) [2], although the transcellular route through the corneocytes may contribute in some
circumstances [3]. Although hair follicles (and associated sebaceous glands) and sweat glands account
for only about 0.1% of the total skin surface area [4], these appendages are potential routes of access
into the skin, and may be important for nanosystems.

Compounds that successfully diffuse across the stratum corneum are typically relatively small
(up to about 500 Da), lipophilic (logP 1-3) and water soluble, thus excluding many potentially useful
therapeutic compounds with properties that do not fit these criteria. A range of micro- and nanosystems
has been investigated as potential delivery vehicles that could enhance the skin penetration of both
small and macromolecules that do not otherwise permeate the stratum corneum in sufficient quantities
to provide a therapeutic outcome. Here, we review micro and nanosystems that have been applied to
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skin delivery and focus particularly on micro- and nanoemulsions, as these present an extension of
the most commonly applied topical formulations used in pharmaceutical, cosmeceutical and personal
care products.

Nanosystem determinants for skin delivery:
- Size (1° and 2°): Tsize — {penetration
- Aggregation — \penetration

- Shape

Lipid and/or surfactant based-nanosystems
(e.g. liposomes, microemulsions)

- Surface charge/zeta potential 65 " : . .

- Surface polarity %7 Solid nanoparticles (NP; e.g. polymeric, metal, QDs)

- Vesicle deformability
Drug release  Fusion with Intact penetration  Follicular targeting Drug release Furrow deposition  Intact NP penetration:
(vesicles) SC lipids (flexible vesicles) e.g. after massaging  (NP) & release damaged skin

Stratum
corneum

Viable
epidermis

Dermis

Eccrine sweat
gland

Hair follicle

Subcutaneous

Figure 1. Properties of nanosystems determining skin absorption and potential routes of penetration
(skin layer thicknesses not drawn to scale). Reproduced with permission from [5].

2. Classification of Nano and Microsystems Used for Skin Delivery

Nanosystems that have been investigated for enhanced skin permeation include microemulsions
(ME), nanoemulsions (NE), nanoparticles of various compositions including solid lipid nanoparticles
(SLN), nanostructured lipid carriers (NLC), liposomes and vesicles [5]. These nanosystems can offer
significant advantages in the formulation of hydrophobic molecules, enhancing their solubility and
thus bioavailability. This approach has been used to formulate hydrophobic actives for a range of routes
of administration, including topical application to the skin. An example is Estrasorb® (Novavax Inc.,
Malvern, PA, USA), which contains oestradiol hemihydrate (logP 3.3) in a nanoemulsion composed of
soybean oil, water, polysorbate 80 and ethanol, packed in single dose foil pouches for application to
the legs in the management of vasomotor symptoms associated with menopause. Topicaine® (ESBA
Laboratories Inc., Jupiter, FL, USA) is a microemulsion-based gel product (composed of jojoba oil,
aloe vera oil, ethanol, benzyl alcohol, glycerine and water emulsified by glyceryl monostearate, and
gelled with carbomer 940) containing lidocaine for localised pain relief. There are also examples
of nanosystems designed to enhance delivery of hydrophilic compounds. Ameluz® topical gel
(Biofrontera Pharma GmbH, Leverkusen, Germany) containing aminolevulinic acid (logP 1.5) in
a nanoemulsion composed of soybean phosphatidylcholine, water, polysorbate, propylene glycol
and isopropyl alcohol for the treatment of actinic keratosis and basal cell carcinoma. The range of
nanosystems used for skin delivery is classified below. Figure 1 summarises the suggested and/or
established mechanisms of skin permeation of nanosystems. While some routes are well described
in the literature, the extent to which other routes, such as the eccrine sweat glands and via skin
furrows (designated as ? in Figure 1), contribute to skin permeation is less well established. We have
demonstrated that topically applied zinc oxide nanoparticles deposit in the skin furrows, but this does
not contribute to permeation to deeper skin tissues [6,7].



Pharmaceutics 2017, 9, 37 30f 25

Microemulsions (ME): transparent, monophasic, optically isotropic and thermodynamically stable
colloidal dispersions composed of oil, water, surfactant and cosurfactant with droplet sizes in the
range 10-100 nm [8].

Nanoemulsions (NE): transparent, monophasic, optically isotropic and kinetically stable colloidal
dispersions composed of oil, water, surfactant and cosurfactant with droplet sizes less than 100 nm.

Solid Nanoparticles: Discrete particles in the size range up to 1000 nm composed of inorganic
materials such as metal oxides (e.g., zinc oxide, titanium dioxide) or polymers. There is a considerable
body of evidence to show that these nanoparticles do not permeate human skin under a range of
administration conditions [6,7]. Their primary application is as sunscreen products.

Solid Lipid Nanoparticles (SLN): composed of lipids that are solid at room temperature with a
surface covering of surfactant to stabilise them as a nano-dispersion [9]. SLN enhance skin permeation
by prolonging contact with the skin surface, providing an occlusive barrier that hydrates the skin, and
interacting with the lipids in the stratum corneum bilayers. They are particularly useful for formulation
of hydrophobic actives such as vitamin A, E and coenzyme Q in cosmetically elegant products, and
maintaining the stability of compounds such as retinol that are prone to decomposition by light and
oxygen [9].

Nanostructured lipid carriers (NLC): colloid systems composed of a fluid lipid phase embedded
into a solid lipid matrix or localized at the surface of solid platelets and the surfactant layer [9,10]. The
spatial structure of the lipids allows greater drug loading and better stability compared to SLN.

Liposomes:  spherical vesicles composed of amphiphilic phospholipids and cholesterol,
self-associated into multilamellar, large unilamellar and small unilamellar vesicles.

Flexible vesicles: composed of materials that will associate into bilayer structures but incorporate
components that confer flexibility, thereby allowing the vesicles to deform in shape. Compositions that
associate into flexible vesicles include ethosomes (phospholipids with a high proportion of ethanol) [11],
niosomes (non-ionic surfactants) [12], invasomes (phospholipids, ethanol and a mixture of terpene
penetration enhancers) [13], SECosomes (surfactant, ethanol and cholesterol) [14] and PEV (penetration
enhancer vesicles, for which a range of penetration enhancers have been investigated including oleic
acid, limonene, propylene glycol, Transcutol®) [15,16]. Multiple mechanisms are likely to contribute
to enhanced skin permeation including the effect of the vesicle components on the stratum corneum
lipids and the potential, as proposed by Cevc, that the vesicles have sufficient flexibility to squeeze
through the stratum corneum intact [17,18].

Polymeric micelles and dendrimers: nanosized, colloidal carriers with a hydrophilic exterior shell and
a hydrophobic interior core, comprised of two main categories of hydrophobically assembled micelles
and polyion-complex micelles [19]. Dendrimers are highly branched polymer structures incorporating
drug and potentially, penetration enhancer molecules [20].

3. Formulation of Micro and Nanoemulsions

The focus of this review is the application of ME and NE in dermal and transdermal drug delivery.
In comparison to many of the nanosystems outlined above, ME and NE offer advantages in terms of
simplicity and stability. Coarse emulsions are composed of oil and water phases, with one dispersed as
droplets in the other, and stabilised by a surfactant. In addition to their obvious droplet size difference,
ME are clear/transparent, form spontaneously, have low interfacial energy and are thermodynamically
stable, unlike emulsions that are cloudy, require energy in preparation, have high interfacial energy
and are kinetically stable [21]. While the terminology suggests that NE would have a smaller particle
size than ME, based on nano and micro referring to 10~ and 10° respectively, this is a quirk of
the history of the development of colloidal dispersions, and the size range of NE and ME is similar.
Essentially, the terms ME and NE entered widespread usage before they were properly defined or
distinguished from each other [22]. Both NE and ME typically have low polydispersity (up to about
10%) compared to the much higher polydispersity exhibited by emulsions (>40%).
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NE are thermodynamically unstable but kinetically stable, and can be prepared by both low and
high energy methods. Given sufficient time, an NE will phase separate. Destabilization mechanisms
include flocculation, coalescence, Ostwald ripening and creaming, with Ostwald ripening being the
dominant mechanism of destabilization for NE [22-24]. The systems also differ when exposed to
dilution and temperature fluctuations. ME are affected and potentially broken by temperature changes
and/or dilution, whereas NE droplets will remain stable under these physical stresses [23]. Thus, the
primary difference between NE and ME is their thermodynamic stability [22], which also results in the
higher energy input required to form NE compared to ME. Detailed examination of the terminology,
differences and similarities of NE and ME, with particular focus on their physical chemistry, is provided
by McClements [22], Anton and Vandamme [23] and Gupta et al. [24]. The similarities and differences
between emulsions, ME and NE are summarized in Table 1.

Table 1. Comparison of the properties of emulsions, microemulsions and nanoemulsions.

Emulsion Microemulsion Nanoemulsion
Physical description Coarse dispersion Colloidal dispersion Colloidal dispersion
Particle size range >500 nm <100 nm <100 nm
Polydispersity High Low Low
Thermodynamic stability Unstable Stable Unstable
Preparation High energy Low energy Low /high energy
Composition: surfactant to oil ratio Low High Moderate
Physical appearance Creamy Transparent Transparent
Texture Semi-solid Fluid Fluid

The low interfacial tension and small particle size in ME and NE is due to their composition;
in particular, the presence of cosurfactants such as short or medium chain alcohols or polyglyceryl
derivatives working in combination with the primary surfactant [25]. The surfactant to oil ratio is
much higher in ME (see examples in Table 2) than in coarse emulsions (typically 2-10%). While coarse
emulsions are creamy in appearance and tend to adhere well to the skin, NE and ME are more fluid.
To achieve an appropriate consistency of ME or NE on the skin, a viscosity enhancing polymer is
added to form a gel.

In general, non-ionic surfactants are favoured as they are less irritating to human skin. A wide
range of non-ionic surfactants and the amphiphilic surfactant lecithin have been investigated, together
with a variety of oils and cosurfactants (Table 2). The development of NE and ME formulations is
based on ternary diagrams to determine the optimal component ratios.

4. Formulation Parameters: Composition and Preparation Methods

ME can be formed spontaneously at optimal component ratios and temperature, although in
practice, low energy such as heat or stirring is generally applied to facilitate formation. ME and NE are
classified as water in oil (w/0) or oil in water (o/w), each designating the dispersed phase within the
continuous phase. Some more complex systems also exist such as o/w/o and w/o/w. Bicontinuous
ME in which the aqueous and oil phases are intertwined and stabilized by sheet-like surfactant areas
in the areas between the phases [26] can also exist. Lindman et al. [27] demonstrated that continuous
pathways can exist between interconnected-sphere structures, lamellar-like structures, tubule structures
and other structures in ME systems. Bicontinuous structures are dynamic and are characterized by a
higher amphiphilic character, greater fluctuation at the interface, lower interfacial tension and better
solubilizing properties compared to globular w/o or o/w ME [28,29]. Naoui et al. [29] compared
the penetration of the hydrophilic drug caffeine across excised pig skin, when applied in o/w, w/o0
and bicontinuous ME having the same ingredients. Transdermal flux of caffeine was in the order
w/o < bicontinuous < o/w ME, with the o/w ME providing permeation of 50% of the applied
dose within 24 h. In contrast, Bhatia et al. [28] reported that, for the lipophilic drug adapalene, the
penetration in hair follicles increased by almost three times as the microstructure of the applied
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ME shifted from o/w to bicontinuous, with an increase in water content of the ME. In both cases,
presentation of the drug in the continuous phase of the ME provided the greatest drug delivery, with
the bicontinuous system acting as an intermediate system.

4.1. Preparation Methods

NE formation is generally a two-step process with the initial preparation of a macroemulsion that
is then converted to a NE. This requires external energy applied by high-energy (HEE) or low-energy
(LEE) methods (Figure 2). HEE methods such as high-pressure homogenizers, microfluidizers and
ultrasonicators generate highly disruptive forces that break down the oil and water phases, causing
them to intersperse and form nanometer-sized droplets. LEE methods include heat, stirring and
phase inversion. Control of NE droplet size is related to both the preparation method and the
formulation components.

Nanoemulsion fabrication

methods
High-Energy Emulsification Low-Energy Emulsification
(HEE) (LEE)
(laboratory and industrial preparation) (laboratory preparation)
High pressure Spontaneous Solvent Phase Inversion
homogenization Microfluidization Ultrasonication emulsification displacement/ Temperature /

diffusion Point

Aqueous phase Oil phase Heat stirring/ Rapid cooling of Dilution with
titration titration vortexing selected water
microemulsion state

Figure 2. Schematic representation of nanoemulsion preparation methods adapted from [30,31].

Dilution can be used as a method of forming a final ME or NE product. NE can be prepared by
diluting o/w microemulsions, bicontinuous microemulsions, or w/o ME with water [32]. Dilution of
an o/w ME with water induces a proportion of the surfactants to dissolve into the aqueous phase. The
surfactant molecules remaining at the oil/water interface cannot maintain the low interfacial tension
required for thermodynamic stability and the ME droplets give rise to nanoemulsion droplets [33].

When diluting bicontinuous ME, the homogeneous nucleation that occurs during the spontaneous
emulsification process leads to the formation of NE [34] Despite this mechanism, NE may be formed
by the migration of surfactants or cosurfactants through the oil-water interface due to the “ouzo effect”
when diluting bicontinuous ME or w/o ME [35]. When diluting w /o ME, the oil may act as nuclei,
leading to heterogeneous nucleation, resulting in droplets with larger sizes and polydispersity [36].
NE formed by diluting o/w ME or bicontinuous ME are more stable and have smaller droplets [37].

Sole et al. [32] reported that NE with droplet diameters of 20 nm were obtained when diluting o/w
ME regardless of the ME composition or dilution procedure (incremental or all at once). In contrast,
when the starting emulsion was a w/o ME, NE were only obtained if the emulsification conditions
allowed the establishment of an equilibrium in an o/w ME domain during the process. These
conditions required the stepwise addition of water and w/o ME with specific oil to surfactant ratios.
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4.2. Composition

The choice of emulsion components and ratios of these components is critical in generating stable
emulsion systems with appropriate particle sizes. A wide range of components and combinations has
been investigated (Table 2).

Oil phase components include fatty acids (e.g., oleic acid), esters of fatty acids and alcohols
(e.g., isopropyl myristate, isopropyl palmitate, ethyl oleate), medium chain triglycerides, triacetin,
terpenes (e.g., limonene, menthol, cineole) and other penetration enhancers. These may be used
alone or in combination to form the oil phase. The aqueous phase may include sodium chloride and
buffer salts, preservatives and penetration enhancers. Viscosity enhancing agents (e.g., Carbopol®,
Aerosil®, gelatin) are incorporated to reduce the fluidity and generate the desired final consistency of
the product.

A wide range of materials has been used as surfactants and cosurfactants (see examples in
Table 2). Consideration must be given to combinations that effectively reduce interfacial tension
and produce stable emulsions with appropriate particle size, but which also ensure minimal skin
irritancy; thus, the preference for non-ionic surfactants. Commonly used surfactants include Tween®
(polysorbates), Cremophor® (mixture of macrogol glycerol hydroxystearate, PEG-40 castor oil,
polyoxyl 40 hydrogenated castor oil), Transcutol® P (diethylene glycol monoethyl ether), Plurol
Oleique® (polyglyceryl-3-oleate), Plurol Isostearique® (isostearic acid ester of poly-glycerols and higher
oligomers) and Labrasol® (mixture of mono-, di- and tri-glycerides of C8 and C10 fatty acids, and
mono- and di-esters of PEG) [38]. Lecithin, an amphiphilic compound, has been widely investigated as
the “ideal” surfactant because it is a natural compound with a low skin irritancy profile. Organogels are
w /o0 ME based on lecithin and an apolar organic solvent, that form gel-like reverse micellar systems
with high viscosity, solubilisation capacity and thermodynamic stability, and are transparent and
biocompatible [39]. Cosurfactants are generally short and medium chain alcohols and polyglyceryl
derivatives, including ethanol, isopropanol, isopropyl myristate and propylene glycol (PG). Nonionic
surfactants have also been used to provide low irritancy cosurfactants [38,40]. Table 2 shows examples
of the range of NE and ME compositions and their skin delivery. Lopes provides an excellent review
focused on the formulation and physical characterisation of ME [41].

5. Physical Characterisation of Nano- and Microemulsions

5.1. Pseudo Ternary Phase Diagrams

NE and ME are characterised by a range of physical properties that are important determinants
of their structure, drug release and stability. Pseudo ternary phase diagrams are often constructed
to indicate the boundaries of the different phases as a function of the composition of the aqueous,
oil and surfactant/cosurfactant components [21,42]. Mixtures of the oil, surfactant and cosurfactant
at certain weight ratios at ambient temperature (25 °C) are diluted with the aqueous solution under
moderate agitation. After equilibrium, the combinations of the three components that give rise to
clear emulsions, shown by visual inspection or polarised light microscopy, are mapped on the phase
diagram. Examples of pseudo-ternary phase diagrams showing regions of various phases for mixtures
of oil and water and different ratios of surfactant and cosurfactant (Tween 80 and Brij 52) are shown in
Figure 3 [43].

5.2. Particle Size, Polydispersity and Zeta Potential

Particle/droplet size and polydispersity index can be determined by microscopic and scattering
techniques. Dynamic light scattering, also called photon correlation spectroscopy (PCS), is used to
analyse the fluctuations in intensity of incident laser light as it passes through droplets or particles
that are subject to Brownian motion. A number of instruments are available that can provide rapid
analysis of the particle/droplet size (down to about 1 nm), polydispersity (a measure of the broadness
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of the size distribution derived from the cumulative analysis of dynamic light scattering: indicates the
quality or homogeneity of the dispersion) and zeta potential (surface charge).

Freeze fracture transmission electron microscopy (TEM) and cryo-TEM allow the direct imaging
of nanostructures at high resolution [44]. Laser light scattering, photon correlation spectroscopy (PCS),
small angle X-ray scattering (SAXS), small angle neutron scattering (SANS) are useful for determining
particle size distribution [45]. Consideration of particle interactions within the emulsion systems, and
understanding the limitations of these techniques, is critical to ensure accurate measurements [21].

a) 0.1

0.0 0.0

/ 7 7 7 7 7 7 7 7 7 7
00 01 02 03 04 05 06 07 08 09 1.0
OolL OIL

7 7 7 7 7 7 7 7
00 01 02 03 04 05 06 07 08 09 10

<)

00 04 05 05 04 05 05 07 05 05 10

oIlL
Figure 3. Pseudo-ternary phase diagrams formed by a mixture of caprylic/capric triglycerides as the
oil phase, Tween 80: Brij 52 at 7:3 (a), 8:2 (b) and 9:1 (c) surfactant mix-ratio and water. Gray area
represents the microemulsion systems (ME). Liquid crystal (LC), emulsion (EM), emollient gel (EG),
emollient cream (EC), phase separation (PS). Reproduced with permission from [43].

5.3. Viscosity and Electrical Conductivity

Viscosity and conductivity measurements provide information on the emulsion structure and
can be used to detect phase inversion phenomena [45]. High conductivity values demonstrate a
water continuous phase, whilst an oil continuous phase will have low or no conductivity. Where the
conductivity increases this may demonstrate the percolation effect caused by the attractive interactions
between water droplets, that is characteristic of a bicontinuous structure [46,47]. These measurements
can also be useful in predicting drug release from the NE or ME.

Electrical conductivity meaurements are simple and inexpensive, involving the insertion of
conductometer electodes into the NE/ME formulation. High conductivity is obtained for an aqueous
continuous phase, and phase inversion in response to formulation or temperature change can be
monitored by the change in electrical conductivity. The technique is therefore useful for determining
emulsion type, and monitoring changes during preparation or storage [48].
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Viscosity is an important property that influences the stability and drug release of NE and ME
formulations. The viscosity of an emulsion is a function of the surfactant, water and oil components
and their concentrations. An increase in the water content will lead to a lowering of the viscosity, while
decreasing the surfactant and co surfactant content increases interfacial tension between the water and
oil, causing increased viscosity. Monitoring of viscosity changes is a method of assessing the stability
of liquid and semi-solid preparations, including nanoemulsion formulations [49]. In general, cone and
plate type rheometers are used for rheological evaluation of NE and ME [50].

Podlogar et al. [45] provide an excellent example of how the data from a range of these techniques
can be collectively interpreted to provide the structural characterisation of ME. They found good
agreement in their measurements of density and surface tension, and by viscometry, conductivity,
DSC and SAXS techniques, for their ME (composed of IPM and water with Tween 40® and Imwitor
308® [glyceryl caprylate] surfactant/cosurfactant mix). The SAXS data showed a monodisperse w /o
ME with strong attractive interactions. The type of ME was confirmed by DSC by demonstrating
the degree of interaction between water and surfactants. Conductivity, viscosity, density and surface
tension measurements confirmed a percolation transition to a bicontinuous structure. The authors
concluded that these techniques could be applied to determine the type and structure of more complex
systems, and could enable partitioning and release rates of drugs from ME to be predicted.

6. Skin Delivery from Nano and Microemulsions

NE and ME systems have been developed for the delivery of a wide range of compounds to the
skin for dermatological, cosmetic/cosmeceutical and transdermal outcomes. Enhanced skin delivery
has been demonstrated in comparison to conventional emulsions and gels. This has been attributed
both to the action of their components on the skin and their phase structure and particle size. We have
evaluated the literature on in vitro and in vivo studies of skin permeation of compounds applied as
NE and ME systems, with particular focus on the formulation composition and properties, and skin
permeation experimental design. The choice of appropriate models for skin permeation evaluation
is critical to the accurate assessment of the potential of these systems as future therapeutic products.
Ideally, studies are conducted on human excised skin or volunteers, although pig and piglet skin
does provide a reasonable surrogate. In studies of follicular penetration, Lademann has suggested
that pig ear skin is a superior in vitro model, as it does not contract and close the follicle openings, as
excised human skin does [51]. Animal models such as rat, mouse and rabbit have a weaker barrier
than human skin and their use tends to over-estimate skin permeation relative to humans. In addition,
experimental parameters such as the appropriate choice of receptor solutions that do not damage
skin membranes, while providing sufficient receptor phase solubility to achieve sink conditions and
suitable hydrodynamics to limit the formation of aqueous diffusion layers [52] need to be scrutinized,
along with validated analytical methods and application protocols. In some cases high proportions of
alcohols [53-57] or other known penetration enhancers such as DMSO [58] have been used to provide
sink conditions in the receptor phase, with the potential to compromise the skin barrier and lead to
over-estimation of drug flux. Our work has also shown that even when non-sink conditions are used
in in vitro permeation experiments, the results can be corrected to derive the equivalent sink condition
data, provided the effects of aqueous diffusion layers are minimised [52].

Given the presence of sebum in hair follicles it is likely that oil, surfactant and alcohol based
vehicles such as NE/ME could facilitate transfollicular transport of both hydrophilic and lipophilic
compounds. Bhatia et al. [28] indicated that ME not only increased the permeation of adapalene
in the stratum corneum, but also demonstrated optimal penetration into the hair follicles. The
permeation of adapalene in the stratum corneum increased from 1.40 to 3.37 pg and penetration in
the hair follicles increased significantly from 0.017 to 0.292 pg in ME treated skin compared with the
control. This represents a 17-fold increase in penetration in the hair follicles compared with the control.
Teichmann et al. [59] compared the skin penetration of the lipophilic dye curcumin incorporated in
an o/w ME and a coarse emulsion/cream applied to human volunteers. Using the method of tape
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stripping to remove the stratum corneum (SC), the depth profiles of the dye within the horny layer
were compared. The depth of penetration, determined both by tape stripping and laser scanning
microscopy, was greater with the ME than the cream. In addition, when applied in the ME, curcumin
penetrated into the complete follicular infundibula, whereas with the cream a fluorescence signal was
only received from the follicular orifices.

While some hair follicles are open, others are plugged with shed corneocytes and dry sebum [60],
which can particularly restrict the permeation of hydrophilic compounds. Hair follicles can be opened
by a mechanical peeling technique applied prior to the administration of a topical formulation [61].
We investigated the follicular delivery of the hydrophilic compound caffeine from NE composed of
penetration enhancer chemicals (unpublished data). We found that when we open the hair follicles,
the increase in caffeine permeation relative to control (aqueous solution) was greater for oleic acid and
eucalyptol NE. The cumulative amount and flux of caffeine increased by 27- and 23-fold with oleic
acid NE relative to control. Eucalyptol NE increased the cumulative amount of caffeine penetrated by
43-fold and flux by 31-fold compared to control.

In the following section, we discuss representative literature on a range of formulations, focused
on the anti-inflammatory drug class. Examples of NE formulations evaluated for a broad range of
therapeutic classes relevant to topical and transdermal delivery are also summarised in Table 2.

Anti-Inflammatory Drugs

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used in the management of
musculoskeletal and arthritic pain. These drugs often create gastro-intestinal side effects when taken
orally, thus application to the skin over the painful site is an attractive alternative. A number of NSAIDs
have been available as gel and cream formulations for many years. There is extensive literature focused
on the development and evaluation of ME and NE systems for topical delivery of a number of NSAIDs
including diclofenac [62,63], aceclofenac [57,64,65], piroxicam [66], indomethacin [67-69], ibuprofen,
celecoxib [70,71], etoricoxib [72], naproxen [73], flufenamic acid [50,74,75], ketoprofen [39,76,77],
flurbiprofen [78], lornoxicam [79], and meloxicam [80]. Consequently, we have focused our discussion
on this drug class to illustrate the development and potential of ME/NE formulations for topical and
transdermal delivery.

ME composed of oleic acid as the internal phase, Labrasol®/Cremophor® RH as the cosolvent
mixture and water were shown to enhance skin permeation of the lipophilic NSAID ketoprofen [76].
Increasing the water content (from 5 to 64%) and reducing the surfactant content (from 80 to 30%)
increased ketoprofen skin permeation. This increased permeation is achieved by reducing the solubility
of the drug and hence increasing its thermodynamic activity in the external phase, and has been
reported for other lipophilic compounds [74,81]. Hoppel et al. [74] evaluated a lecithin related, naturally
derived monoacyl phosphatidycholine (MAPL) surfactant, with the aim of reducing the irritancy
associated with many conventional ionic surfactants. The in vitro skin permeation of flufenamic acid
across dermatomed porcine skin was evaluated from ME composed of oleic acid, water, MAPL and
isopropanol as co-surfactant. Attenuated total reflectance—fourier transform infrared spectrometry
(ATR-FTIR) analysis and tape stripping of the stratum corneum demonstrated that the MAPL itself
did not penetrate beyond the superficial layers of the stratum corneum. This superficial penetration is
likely to minimise irritancy. NSAID skin permeation was significantly greater for the water-rich ME
than other ME compositions and a commercial flufenamic acid product. When applied to the skin the
isopropanol evaporated, leaving crystal-like structures of MAPL on the skin surface and forming a
barrier to skin permeation. However, the ME with high water content prevented the formation of these
MAPL structures. In a subsequent study exploring the influence of MAPL content it was confirmed
that higher MAPL content resulted in lower skin permeation of flufenamic acid, most likely due to the
MAPL acting as a hydrophilic barrier to the permeation of the lipophilic drug [50].

Duangjit et al. [82] applied a simple lattice statistical design approach to provide a more
rational choice of ME composition. The physical properties (size, charge, conductivity, pH, viscosity,
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drug content and loading capacity) and skin permeation were determined for ketoprofen-loaded
ME composed of oleic acid, Cremophor® RH, ethanol and water. The authors reported that
the experimentally determined skin permeation correlated well with their predictions using
Design—EXpert® software (Stat-ease, Minneapolis, MN, USA), and allowed optimisation of skin delivery
via rational design.

Oleic acid-based ME have also been investigated for skin delivery of flufenamic acid [74,75,83].
Mahrhauser et al. [75] combined a fluorosurfactant (Hexafor™670 or Chemguard S-550-100) with
isopropyl alcohol as cosurfactant (total S + CoS 65% w/w) to form an anisotropic ME with oleic
acid (10% w/w) and water (25% w/w), loaded with flurbiprofen. Physical characterisation using
conductivity, SAXS and NMR showed that the ME was oil in water with spherical or rod-shaped
microstructures. In vitro porcine skin penetration demonstrated enhanced permeation for the ME with
elongated rather than spherical microstructures, suggesting that the shape of the ME particles is an
important determinant in skin delivery. In a parallel study incorporating diclofenac sodium in the
ME, increased deposition into the stratum corneum of porcine ear skin was demonstrated by tape
stripping [83]. ATR-FTIR studies showed significant shifts of the CH, stretching absorbance when the
ME was applied to the skin, demonstrating increased disorder of the stratum corneum lipids that was
indicative of reduced barrier function. Similar shifts were not seen when pure fluorosurfactant was
applied, suggesting that the permeation enhancement was a feature of the ME and not simply the
surfactant constituent.

Sugar-based esters have been investigated as another source of low irritancy surfactants [84].
Sucrose esters [laurate (SL) or myristate (SM)] were shown to be superior surfactants to Tween® 80
(T80) for the delivery of aceclofenac from ME composed of isopropyl myristate, water and co-surfactant
of isopropyl alcohol or Transcutol®P. Aceclofenac release from the ME was determined across cellulose
membranes and in vivo tape stripping (12 strips) was performed on human volunteers. An in vivo
pharmacokinetic study was conducted in rats and skin irritancy of blank ME determined on human
volunteers by measuring trans epidermal water loss (TEWL), erythema and hydration. The ME
incorporating sugar esters released significantly more aceclofenac over 6h than Tween 80-based ME
(87.28 4= 4.89 and 70.66 =+ 4.46 compared to 53.65 £ 5.62% for SL, SM and T80 respectively). Aceclofenac
penetration into the stratum corneum (by tape stripping) from the sugar ester ME was approximately
two times that of the T80 ME (60.81 + 5.97, 60.86 + 3.67, 27.00 + 5.09 mg/cm? for SL, SM, T80
respectively), and this was reflected in the maximum plasma concentrations and lag times measured in
the rats (275.57 £ 109.49, 281.32 4 6.76, 150.23 4 69.74 ng/mL and 0.44 4 0.19,0.74 + 0.32,2.41 £2.70 h
for SL, SM, T80 respectively). Not only were the sugar ester-based ME effective in the transdermal
delivery of aceclofenac, but they also showed better skin tolerability [84].

Kriwet and Miiller-Goyman [85] explored the mechanism of lecithin-based permeation
enhancement by altering the ratio of diclofenac diethylamine, lecithin (soybean phosphatidylcholine)
and water to develop a range of colloidal structures including ME, liposomes and lamellar liquid
crystals. As diclofenac diethylamine is an amphiphilic molecule it interacts with the colloidal
microstructure. At lecithin concentrations below 6% low viscosity ME were formed which gave rapid
release of diclofenac diethylamine across a silicone impregnated dialysis membrane. Increasing the
lecithin concentration led to phase transition into isotropic gels containing droplets with few lamellar
layers surrounding the droplets. The increased viscosity of these systems resulted in decreased drug
release. ME also gave higher permeation of diclofenac across human stratum corneum membranes
than the other formulations tested, including a simple aqueous solution. The authors suggested that
the increased permeation resulted from interaction between the lecithin phospholipids and the stratum
corneum lipid bilayers, but this occurred only when presented as a ME and not as gel or liposomal
formulations. In the liposomal formulations, the drug and phospholipids are too tightly held within
the colloidal microstructure to effectively interact with the stratum corneum [85]. Further investigation
of the interaction of lecithin-based ME and the stratum corneum was undertaken using FTIR and
differential scanning calorimetry (DSC) [86]. In this case they used isopropyl palmitate as the oil phase
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(alone and in the lecithin-based ME) and investigated the in vitro permeation of indomethacin and
diclofenac across full-thickness human skin and the interactions on isolated stratum corneum sheets.
ME formulations provided much higher permeation compared to isopropyl palmitate solutions, for
both drugs. ME and isopropyl palmitate alone gave similar temperature shifts of the stratum corneum
lipid transitions so they could not distinguish the penetration enhancement role of lecithin.

Viscosity enhancing agents are often added to convert the ME into a gel consistency suitable
for retention on the skin surface. Naeem et al. [87] compared gels composed of Carbopol® 934P
and Xanthan gum bases containing ME (5% w/w oleic acid, 46% w/w Tween®20:ethanol 2:1, 44%
w/w water) or hydroalcoholic solution (ethanol/water) incorporating 5% w/w flurbiprofen. The
transdermal flux of flurbiprofen across excised rabbit skin was 18.75 &£ 0.08, 15.72 +£ 0.05, 9.80 +£ 0.09,
4.76 £ 0.07 and 2.70 + 0.05 pig/cm? /h over 24 h for the un-gelled ME, ME gelled with Carbopol and
Xanthan, and hydroalcoholic solution gelled with Carbopol and Xanthan respectively. This clearly
demonstrates that the ME delivers more NSAID than the hydroalcoholic solutions and that addition of
a gelling agent reduces transdermal delivery. Similar findings were reported for lornoxicam [79] and
aceclofenac [57], although it is interesting to note that this group have reported identical transdermal
flux values for the two NSAIDs in these separately published manuscripts, despite the different
drugs, compositions and experimental models. Shakeel et al. [67] also reported lower transdermal
flux of indomethacin across rat skin from ME composed of 5% Labraﬁl®, 50% water and 45% of
a 3:1 ratio of Tween® 80 and Transcutol®, when gelled with 1% Carbopol® 940 (73.96 + 2.89 and
61.64 + 2.38 g /cm? /h). It should be noted that there are other reports in which the addition of gelling
agent did not significantly change the skin delivery (e.g., diclofenac diethylamine [63]) or indeed
resulted in an increase in transdermal flux (e.g., amphotericin [58]).

The incorporation of additional chemical penetration enhancers [dimethyl sulfoxide (DMSO) and
propylene glycol (PG)] in w/o ME compositions has been shown to further increase skin permeation
across excised rabbit skin [88]. The relative effects of DMSO and PG were shown to be dependent on
the cosurfactant in the ME formulation. PG gave better skin permeation of diclofenac sodium than
DMSO when incorporated into isopropyl alcohol ME, whereas DMSO was superior to PG in propanol
ME. Overall the ME containing isopropyl alcohol and PG gave greatest enhancement, although all ME
formulations provided higher skin permeation of diclofenac than the commercial products tested.

We examined the skin permeation enhancement of the lipophilic NSAID naproxen and the
hydrophilic drug caffeine applied in NE incorporating skin penetration enhancers oleic acid or
eucalyptol as oil phases, with Volpo-N10 (an ethoxylated fatty alcohol) and ethanol as the surfactant
and cosurfactant in a 1:1 ratio [73]. Caffeine and naproxen fluxes across human epidermal membranes
were determined over 8 h. All NE formulations significantly enhanced the skin penetration of both
caffeine and naproxen, compared to aqueous control solutions. Caffeine maximum flux enhancement
was associated with a synergistic increase in both caffeine stratum corneum solubility and skin
diffusivity, whereas a formulation-increased solubility in the stratum corneum was the dominant
mechanism for increased naproxen fluxes. Enhancements in stratum corneum solubility were related
to the uptake into the stratum corneum of the formulation excipients containing the active compounds.
We concluded that enhanced skin penetration from NE is primarily due to uptake of formulation
excipients containing the active compounds into the stratum corneum with consequent impacts on
stratum corneum solubility and diffusivity.

A number of in vivo pharmacokinetic studies have supported the enhanced skin delivery effects
of ME demonstrated in vitro. For example, an eight-fold higher permeation of diclofenac from ME
(w/o0; 2:3 PEG-40 stearate/glyceryl oleate as surfactant mix, tetraglycol as cosurfactant, S/CoS ratio
8:1, isopropyl myristate as oil phase and water than Voltaren® Emulgel (commercial coarse emulsion
gel product) was demonstrated in a rat pharmacokinetic study [89]. Constant plasma diclofenac
levels of 0.7-0.9 ug/mL were maintained for at least 8 h following ME administration. In contrast, a
subcutaneous injection of diclofenac solution (3.5 mg/kg) resulted in a peak plasma level of 0.94 pg/mL
at 1 h, which decreased rapidly to 0.19 ug/mL by 6 h.
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Ensuring that any novel formulation maintains the stability and therapeutic activity of the
drug is essential. The anti-inflammatory activity of NSAIDs applied in ME formulations has been
demonstrated in a number of studies. For example, ME [0o/w: composed of isopropyl myristate, water,
Capmul MCM® (mixture of medium chain glycerides), Tween 80], gel (added Carbopol® 934), and
cream (anionic emulsifying ointment and water) formulations containing celecoxib were compared for
permeation across excised full-thickness rat skin [70]. Selected formulations were evaluated using the
arachidonic acid induced ear edema model in Swiss albino mice. The skin permeation of celecoxib
from the ME formulations was 3 to 5-fold greater than ME gels, and 7 to 11-fold greater than the
cream. Increasing the concentration of Capmul MCM® in the ME resulted in an increase of droplet
size and viscosity and decrease in celecoxib diffusion coefficient. Administration of selected ME
formulations reduced ear edema by up to 55% demonstrating that the celecoxib ME was an effective
anti-inflammatory formulation.

7. Conclusions and Future Directions

ME and NE have a clear place in the delivery of active compounds to and through the skin for a
range of therapeutic purposes. They are elegant, relatively simple and inexpensive to manufacture
and offer significant delivery advantages over coarse emulsions. Over the past few decades, there has
been extensive research demonstrating the effectiveness of these delivery technologies. In addition,
the development of new excipients with potential utility in NE and ME formulations continues to
offer new opportunities for formulations with high delivery capacity coupled with low irritancy and
toxicity. Although it has been explored, the precise mechanism of delivery of these formulations
remains controversial, but it is likely to be a combination of the effect of the formulation components
on stratum corneum diffusivity of the active compounds. The increase in transfollicular penetration
from NE and ME is well established and is again likely due to both the formulation components
facilitating penetration through the sebum and within the follicle. Given the advantages of these
systems and the continued development of low toxicity excipients, it is likely that we will continue to
see new NE and ME products for topical and transdermal delivery into the future.
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Abstract: Astaxanthin (ASX) is a potent lipophilic antioxidant derived from the natural pigment
that gives marine animals their distinctive red-orange colour and confers protection from ultraviolet
radiation. Self nano-emulsifying drug delivery systems (SNEDDS) have been successfully developed
and evaluated to increase the skin penetration of ASX and target its antioxidant and anti-inflammatory
potential to the epidermis and dermis. SNEDDS were prepared using a low-temperature spontaneous
emulsification method, and their physical characteristics, stability, antioxidant activity, and skin
penetration were characterized. Terpenes (D-limonene, geraniol, and farnesol) were included in
the SNEDDS formulations to evaluate their potential skin penetration enhancement. An HPLC
assay was developed that allowed ASX recovery from skin tissues and quantification. All SNEDDS
formulations had droplets in the 20 nm range, with low polydispersity. ASX stability over 28 days
storage in light and dark conditions was improved and antioxidant activity was high. SNEDDS-L1
(no terpene) gave significantly increased ASX penetration to the stratum corneum (SC) and the
epidermis-dermis-follicle region (E + D + F) compared to an ASX in oil solution and a commercial
ASX facial serum product. The SNEDDS-containing D-limonene gave the highest ASX permeation
enhancement, with 3.34- and 3.79-fold the amount in the SC and E + D + E respectively, compared to
a similar applied dose of ASX in oil. We concluded that SNEDDS provide an effective formulation
strategy for enhanced skin penetration of a highly lipophilic molecule, and when applied to ASX,
have the potential to provide topical formulations for UV protection, anti-aging, and inflammatory
conditions of the skin.

Keywords: skin targeting; antioxidant; terpenes; penetration enhancement; SNEDDS; nano-delivery;
cosmeceutical; dermatological

1. Introduction

There is increasing consumer demand for effective, natural-based products to protect
the skin from environmental assault and treat dermatological conditions related to skin
aging, irritancy, and inflammation [1]. Astaxanthin (3,3'-dihydroxy-B,B-carotene-4,4'-
dione; ASX: Figure 1) is a carotenoid from the xanthophylls family with potent antioxidant
activity [2]. ASXis commonly found in nature and is best known as the red-orange pigment
that contributes the distinctive colour to many marine animals such as salmon, shrimp,
and crayfish, and the flamingo birds that feast on them. It has many important biological
functions in marine animals including pigmentation, protection against ultraviolet (UV)
light effects, communication, immune response, reproductive capacity, stress tolerance, and
protection against oxidation of macromolecules [3]. This keto-carotenoid is synthesized
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Methods
HPLC instrumentation and conditions

Chromatographic separation was performed using an Agilent™ 1200 system (Ag-
ilent Technologies, Waldbronn, Germany), equipped with a degasser, binary pump, au-
tosampler, multiple wavelength detector (at 476 nm UV detection), and Chemstation Rev
B.04.03-SP1 software. A Jupiter C18 5 um column, (150 mm x 4.6 mm) protected by a Se-
curity Guard Cartridge (C18, 4 x 3 mm) both from Phenomenex (Lane Cove, NSW, Aus-
tralia), was used with isocratic flow of mobile phase (methanol: water: dichloromethane
(DCM) = 85:13:2) at a flow rate of T mL/min (chromatography adapted from Yuan et al.
[1]. The autosampler temperature was under a controlled temperature of 10 °C with an
illuminator setting.

HPLC analysis method development

The HPLC method was developed for analysis of ASX in pharmaceutical formula-
tions and extraction of ASX from skin tissues.

Linearity—Two series of ASX concentrations. System X (0.75-15 pg/mL) represented
samples for determination of the solubility and stability of ASX, and the higher concen-
tration tissue extract samples from skin permeation experiments with SNEDDS formula-
tions. System Y (0.105-1.05 pg/mL) was for analysis of tissue sample extracts from com-
mercial topical product administration in skin experiments.

Precision — ASX solutions at four concentrations (15, 3.75, 0.75 and 0.105 pug/mL) were
analyzed in six replicates for each concentration. This provided concentrations from the
two calibration curves used across the experimental samples. The acceptable relative
standard deviation (RSD) < 5% [2].

Sensitivity —The blank solvent, a mixture of 15 mL of acetone and dichloromethane
(50:50) and 10 mL mobile phase, was injected 6 times. The limit of detection (LOD) and
LOQ (limit of quantification) were determined as three times and ten times the baseline
noise level in the assay, respectively.

Accuracy —A mass balance study of ASX extracts from skin tissue samples that had
been exposed to a SNEDDS formulation was carried out to assess the accuracy of the as-
say. The solvent extraction system was 50:50 ACT: DCM. The extraction procedure devel-
oped for the study involved soaking a pre-weighed section of skin tissue in 5 mL of an
aqueous solution containing the SNEDDS-L1 formulation at a concentration of 0.0758 mg
ASX/mL (equivalent to the theoretical concentration that would be present in an IVPT
experiment) at 35 °C for 4h, then removing it, blotting dry and sectioning. The ASX was
extracted from the skin sections (as per extraction protocol described in Section 2.6) and
quantified by HPLC assay.

Results
HPLC assay method development

The HPLC method provided a single ASX peak for stock solution and good separa-
tion from any skin sample related peaks. ASX retention time was 8.3 + 0.1 minutes with a
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Appendix 6. Clinical study advertising flyer for recruitment (Chapter 4)

Curtin University

Can we melt away your cellulite?

. & , I/

We are conducting a research study to test if a new cream can improve skin
circulation and appearance, particularly the presence of cellulite on the upper
thighs area.

We need healthy women, between 18 to 55 years old. The study involves
applying the formulation on your upper thigh areas twice a day, and attending
4 assessment sessions, that will each last about 30 mins. A gift voucher will
be provided to thank you for assisting in the study.

For further information please contact Thellie Ponto on 0422018311 or
thellie.ponto@postgrad.curtin.edu.au or Heather Benson on 92662338 or
h.benson@curtin.edu.au.

This study has been approved by Curtin University Human Research Ethics
Committee (HRE2019 - 0521).
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Appendix 7. Patient information form (Chapter 4)

Curtin University

Investigation of a new caffeine cream on cellulite appearance

Principal Investigators: Thellie Ponto, Dr. Heather Benson and Prof. Anthony Wright

Location: CHIRI Clinical Research Facility Building 305, Curtin University (Bentley campus)

You are invited to participate in a research study to assess the effect of an anti-cellulite topical
cream applied twice daily to both upper thighs. The project is being conducted by Thellie Ponto
and is supervised by Dr. Heather Benson. Please read this information carefully and ask
questions about anything that you do not understand.

1. Whatis the purpose of this research project?

Topical products containing coffee/caffeine are used to improve skin circulation and
appearance. We have developed a cream that may improve caffeine permeation to its site of
action in the skin and therefore its effectiveness. We will monitor its effect on the appearance
of the skin that is most easily seen with the cellulite present on the upper thighs area. We also
want to assess your perception of the skin as a routine cosmetic application.

2. Why have | been asked to participate in this research project?

You have been asked to participate in this research because you are a healthy adult aged
between 18 and 55 with no history of anti-cellulite treatment in the past 3 months or major
surgery within the past year including liposuction; and no appearance of scarring on the thigh
area.

3.  What will I have to do if | decide to participate?

If you decide to take part, you will be asked to sign a participant consent form and will be
provided with a copy of this information sheet to keep. You will be asked to attend four research
sessions that will last for approximately 30 minutes per session on four separate days (Day O,
Week 4, 8 and 12). You will be advised to discontinue any topical products you normally use
on the skin at the treatment site for the duration of the 12 weeks study. On each day you will
apply the assigned creams on the left and right upper thighs, twice daily, in the morning and
at night before bedtime. We will take some baseline measurements and photos before you
apply the products. Then another 3 sets of measurements and photos will be taken every four
weeks (week 4, week 8 and week 12). These measurements will include your weight, thigh
circumference and skin fat fold thickness. During each session your upper thighs will also be
photographed.

You will be given a diary to monitor the cream applications and you will be asked to evaluate
the products and the treatment through questionnaires on week 4, 8 and 12. The diary will be
collected on the completion of the study. We will give you a gift voucher to thank you for
participating in the study. The cream used in the study will not be available after completion of
the study.

4. What are the benefits of participation?

There are no direct benefits for you in participating in the study. The results of the study will
assist us in developing a new formulation that could be more effective in reducing cellulite and
improving skin circulation. The test product will not be available after the study period is
completed.



5.  What are the risks of participation?

There are minimal risks involved in this study. The active cream contains caffeine, which is
most commonly taken in caffeinated drinks such as coffee, tea and cola, but also available in
topical creams and scrubs to improve the skin.

6. Do I have to take part in this research project? What happens if | withdraw?

You are not obliged to take part in this research and your decision to participate is entirely
voluntary. You will be asked to sign a consent form prior to research commencement and you
do not have to take part if you do not wish to. Please take your time and ask any questions.
You can withdraw at any time during the study without prejudice.

7.  Will my participation be kept confidential?

You will be given a unique identification number which will be linked to the data collected from
you to keep your information confidential. Soft copies of data will be stored on a spreadsheet
that will be saved on a password protected Curtin server while hard copies of data will be
stored at the Curtin School of Pharmacy and Biomedical Sciences, in a locked cupboard. All
data will only be used for research purposes and will only be accessible to the research team.
Once the study is completed, the hard copies of data will be stored securely in a locked
cupboard for 7 years before being destroyed.

8. What will happen to the results from the research project?

Results from this study will be published in a research journal and/or presented at a
conference. Your individual data will not be identifiable and only overall results will be
presented.

9. How is this study being paid for?
This study is being funded by Curtin University.

10. Further information and who to contact?

Curtin University’s School of Pharmacy and Biomedical Sciences is responsible for the
research project. Approval for this study will be sought from the Human Research Ethics
Committee (HREC) at Curtin University. If you have any questions or would like further
clarification on aspects of this research project you are more than welcome to contact Thellie
Ponto or Dr. Heather Benson. We would be more than happy to discuss any issues you have
regarding this project.

Contact details

Name Thellie Ponto Dr. Heather Prof. Tony Wright
Benson
Position PhD student Supervisor Investigator
Telephone | 08-92661357 9266 2833 9266 3675
Email thellie.ponto@postgr | H.Benson@curtin.e | t.wright@curtin.edu.au
ad.curtin.edu.au du.au

Ethics review and complaints

Curtin University Human Research Ethics Committee (HREC) has approved this study
(HRE2019 - 0521). Should you wish to discuss the study with someone not directly involved,
in particular, any matters concerning the conduct of the study or your rights as a participant,
or you wish to make a confidential complaint, you may contact the Ethics Officer on (08) 9266
9223 or the Manager, Research Integrity on (08) 9266 7093 or email hrec@curtin.edu.au.

Thank you for considering participation in this study. If you wish to participate please
complete the attached consent form



Appendix 8. Patient consent form (Chapter 4)

=1 Curtin University

Contact details

CONSENT FORM

HRE2019-0521

Name Thellie Ponto Dr. Heather Benson Prof. Anthony Wright

Position PhD student Supervisor Investigator

Telephone | 08-92661357 9266 2833 9266 3675

Email thellie.ponto@postgrad. | H.Benson@curtin.edu.au | t.wright@curtin.edu.au
curtin.edu.au

¢ | have read the participant information sheet and | understand its contents.
e | believe | understand the purpose, extent and possible risks of my involvement in this

project.

¢ | voluntarily consent to take part in this research project and | can withdraw at any time of
the study without consequences.
e | have had an opportunity to ask questions and | am satisfied with the answers | have

received.

¢ | understand that my data will be de-identified at all times to ensure my privacy.

e | understand that this project has been approved by Curtin University Human Research
Ethics Committee and will be carried out in line with the National Statement on Ethical
Conduct in Human Research (2007).

¢ | understand | will receive a copy of this Information Sheet and Consent Form.

¢ | do consent to the storage and use of my information in future ethically-approved research
projects related to this study.

Participant Name

Participant Signature

Date

Declaration by researcher: | have supplied an Information Sheet and Consent Form to the

participant who has signed above, and believe that they understand the purpose, extent and
possible risks of their involvement in this project.

Researcher Name

Thellie Ponto

Researcher
Signature

Date

2019




Appendix 9. Study questionnaire used for collection of participant responses
(Chapter 4)

Curtin University

Principal Investigators: Thellie Ponto, Dr. Heather Benson and Prof Anthony Wright
Location: CHIRI Clinical Research Facility Building 305, Curtin University (Bentley

campus)

Each questionnaire will take about 10 minutes.
Questionnaire for WEEK 0

A. Participant information

Instructions:
For section (A), please fill out your personal information.

Name : Mobile number
Date of birth
Race/skin type : Caucasian / Asian / African / Other — please specify

Height : cms
Weight : kgs
BMI

B. DIET AND EXERCISE

Instructions:
This section, for each question that contains the box ( 0), please only tick (v') ONE
BOX for each question.

1. Please indicate your usual diet:
[ balanced — meat and vegetable
(0 vegetarian
[l vegan

O other — please specify

2. How much water do you drink per day?

00 less than a litre 0 1-2 litres [0 more than 2 litres

3. Which caffeinated drinks do you have? (Please tick all that apply)
O coffee O tea O chocolate O soda drinks O energy drinks

4. Do you do regular physical exercise? OVYes O No
If "Yes”, please describe:



Have you used anti-cellulite treatment in the past 3 months?
O Yes 0 No

Have you had a major surgery in the past year including liposuction or skincare
treatment?

O Yes 0 No

Have you any scarring of the skin tissues in the upper thigh area?
UYes 0 No

Have you any scarring of the skin tissues in the buttock?
UYes 0 No

Thank you for completing these questions



o o kM w0 N

10.

Curtin University

Investigation of a new caffeine cream on cellulite appearance

Name: Weight: kgs Code: Date:
Week: 4 [ 8 [ 12

Leftleg / Rightleg (Please circle as appropriate)
Instructions:

This section, for each question that contains the box ([), please only tick (v)) ONE BOX for each
guestion how much you agree or disagree with it.

c The suitability of the products
' Section C is to determine your perceptions of the product.
Neither
agree/
Strongly nor Strongl
disagree  Disagree disagree Agree vy agree
1 2 3 4 5
The product is a good colour 01 02 03 04 05
The product has a very pleasant smell 01 02 03 04 05
The product absorbs perfectly 01 02 03 04 05
The product spreads easily 01 02 03 04 05
The product leaves sticky on the skin 01 02 03 04 05
The product leaves the skin feeling smooth 01 02 03 04 05
Instructions:

This section, for each question that contains the box ([), please only tick (v') ONE BOX that best
describes your answer.

D Customer’s perception on effect of the products
' This part is to assess if the product you used had an effect on your skin.
Very
Poor Fair Good good Excellent
1 2 3 4 5
The hydration (moisture) of my skin is 01 2 3 4 5
The smoothness of my skin is 01 02 03 4 05
The elasticity of my skin is 01 2 03 04 05
The dimpled appearance ("orange peel’) on 1 o 3 4 5

my thigh skin is

Thank you for completing these questions



Curtin University

Investigation of a new caffeine cream on cellulite appearance

Name: Weight: kgs Code:

Date:

Week: 4 / 8 / 12

Leftleg / Rightleg (Please circle as appropriate)
Instructions:

This section, for each question that contains the box (), please only tick (v') ONE BOX that best
describes your answer.

D Customer’s perception on effect of the products
' This part is to assess if the product you used had an effect on your skin.
Very
Poor Fair Good good Excellent
1 2 3 4 5
11. The hydration (moisture) of my skin is 01 02 03 04 05
12. The smoothness of my skin is 01 02 03 04 05
13. The elasticity of my skin is 01 02 3 04 05
14. The dimpled appearance ("orange peel”’) on
my thigh skin is o 02 13 14 05
E. Overall impression of the products
Much Somewh Aboutthe Somewh Much
worse Worse  atworse same at better Better better
1 2 3 4 5 6 7
The cellulite on
my thigh is 01 (12 13 (14 [15 [16 7
F Additional feedback (Please describe if you have comments on the products
’ during your treatment)




Appendix 10. Instructions provided to evaluators to grade degree of cellulite
from photographs (Chapter 3 - validation phase)

Grading of photos: Instructions for validation phase

Thank you for assisting our study by providing independent validation of our cellulite grading
process.

You have been provided a cellulite grading scale chart showing images of the upper thigh, 24
photos of the upper thigh area of study participants, and a table for recording of cellulite grades
for each photo against the grading scale chart. The cellulite grading scale chart shows 9
images, grouped in 3 lines, that have been scored on a scale of 0 “no intensity” to 8 “maximum
intensity” based on the “orange peel”’ appearance of cellulite.

Please follow the protocol below to grade the cellulite appearance of each of the 24 photos
independently.

1. Review the grading system prior to viewing the first photo. Note that there are 3 rows
of images depicting cellulite on upper thighs. The severity of the cellulite images
increases from left to right.

2. Turn over the first photo and note the code. Review the photo and focus on the most
severe area of cellulite on the posterior upper thigh in between the area of the black
marker to the back of the knee.

3. Compare the cellulite appearance on the photo to the images on the cellulite grading
chart. Based on appearance of the most severe cellulite area decide which row of
images on the grading chart is closest.

4. Next compare the photo with the 3 grade images within the chosen row and decide

which is most comparable.

If you are in doubt between two grades, select the higher grade.

Write the chosen cellulite grade next to the photo code on the table.

7. Repeat the steps 2 — 6 for each photo, viewing only one photo at a time.

o 0



Appendix 11. Example of reporting sheets (0,4,8 and 12 weeks for evaluation of
cellulite grading by evaluators (Chapter 3)

Curtin University

Example of cellulite grading table at baseline

Assessor: Date:
Table of celululite grading
Photo code Cellulite Grade Photo code Cellulite Grade
S01_RL_WKO S15_RL_WKO
S02_RL_WKO S16_RL_WKO
S03_RL_WKO S18 RL_WKO
S04 _RL_WKO S19 RL_WKO
S05_RL_WKO S20_RL_WKO
S06_RL_WKO S21_RL_WKO
S07R_RL_WKO S22 _RL_WKO
S08_RL_WKO S23_RL_WKO
S09 RL_WKO S24 RL_WKO
S10_RL_WKO S19R_RL_WKO
S12_RL_WKO S20R_RL_WKO
S13_RL_WKO
S14_RL_WKO

Notes: S= subject; R= replacement code when the participant was replaced




Example of cellulite grading table at WK8

Assessor: Date:
Table of celululite grading
Photo code Cellulite Grade Photo code Cellulite Grade
S01_LL_WK8 S15_LL_WK8
S02_LL_WK8 S16_LL_WK8
SO3_LL_WK8 S18_LL_WK8
S04_LL_WK8 S19 LL_WK8
S05_LL_WK8 S20_LL_WK8
S06_LL_WK8 S21_LL_WK8
SO7R_LL_WKS8 S22 LL_WK8
S08_LL_WK8 S23_LL_WK8
S09 LL_WK8 S24 LL_WK8
S10_LL_WK8 S19R_LL_WKS8
S12_LL_WK8 S20R_LL_WKS8
S13_LL_WK8
S14 LL_WK8

Notes: cellulite grading table form is based on the right leg (RL) and left leg (LL) at WKO0O=
baseline; WK4= week 4; WK8= week 8; WK12= week 12
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