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ABSTRACT

Lipid nanocarriers (LN) for transdermal drug delivery, have gained more interest in recent years,
due to their rapid penetration into the skin. Liposomes were investigated in the past with the goal
of transdermal drug delivery, yet studies confirmed they were not able to achieve transdermal
delivery, and should rather be considered for topical delivery. Focus moved to the
ultradeformable lipid carriers due to their ability to penetrate the skin barrier without compromising
the skin structure. Transferosomes are ultradeformable vesicles (UDV), which consist of a lipid
and edge activator, and are the first generation of the elastic LN. Ethosomes are UDVs consisting
of a lipid and ethanol, which acts as a membrane modulator, whereas transethosomes consist of
a lipid and both an edge activator and ethanol.

LN resemble cell organelles due to their dimensions and content, therefore, a risk of potential
cytotoxicity occurs. The first step in determining the biocompatibility of these UDVs was to
prepare and optimize LN formulations, including the UDVs (transferosomes, ethosomes and
transethosomes) and liposomes as a control. After preparation of these vesicles, each system
was characterized utilizing the standardized method of dynamic light scattering (DLS), measuring
vesicle diameter, PDI and zeta potential. Quantitative image analysis, utilizing specific shape and
size parameters have not been established for LN, due to being mainly used to characterize
powder particles in the past. The size and shape parameters of each LN were established by
means of image analysis with the Malvern Morphologi G3, including intensity mean, diameter of
an equivalent circle (CE diameter), solidity, elongation, convexity, circularity and aspect ratio. The
LN were fairly solid, and low levels of elongation were observed, as well as high levels of
convexity. The circularity of the LN, however, were varied. It was concluded that elongation,
convexity and circularity were parameters that could be utilized for characterization,

complementary to DLS. The stability of each system was also observed for 90 days.

The next step in determining the in vitro biocompatibility of the UDVs was to observe the effects
they had on cells, by means of Thiazolyl blue tetrazolium bromide (MTT) and Trypan Blue dye
exclusion assays, utilizing human malignant melanoma cells (A375) and primary epidermal
keratinocytes (HaCat). Previous studies have suggested interference of the lipid content in
liposomes with absorbance values as determined by the MTT assay, and it was investigated in

this study whether this problem also occurred with UDVs.

The effects of vesicle concentration on cell viability was investigated by means of MTT assay. A
correlation between lipid content and high absorbance values was observed, therefore,
confirming the interference of lipid content of the UDV with accurate cell viability results. The
effects of treatment time on cell viability was also investigated, this time utilizing MTT, as well as

Trypan Blue dye exclusion assay. No toxicity was observed for the A375 cells, even after the



48 h treatment period, however, cytotoxicity was observed when the HaCat cells were treated for
periods longer than 48 h. Both the MTT and Trypan Blue method showed accurate results when
determining cell viability, despite having different mechanisms through which they determine
viability. The in vitro biocompatibility was therefore confirmed for the UDVs, although longer
treatment periods may lead to cytotoxicity.

Keywords: Lipid nanocarrier; characterization; Image analysis, Malvern Morphologi G3,
Elongation, Convexity, Circularity; Liposomes, Ultradeformable vesicles, Cell viability; MTT;
Trypan Blue, Skin toxicity, Biocompatibility
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CHAPTER 1 - INTRODUCTION

1.1. Introduction

The skin as an application route for cosmetics and pharmaceuticals remains at the forefront of
research. Transdermal delivery is defined as “the entire process of transport of a substance that
is applied to the skin surface,” therefore this process includes absorption through the skin, as well
as uptake through microcirculation with the goal of reaching systemic circulation [1, 2]. Topical
delivery is defined as “the application of a formulation to the skin, to create a localized effect in
the specific area of the skin” [3-6]. Transdermal, as well as topical delivery were developed in
ancient times by the Chinese, Egyptians, as well as the Romans. More recently, in the 1970s,
large scale development commenced for use of drug-delivery vehicles [1-3]. Both these routes
are utilized in cosmetic and pharmaceutical applications [7, 8].

Successful novel formulations and alternatives to simple lotions and creams have been
developed, yet there are still some concerns regarding toxicity in cosmetics and pharmaceutics
[9, 10]. For a great part in history, human risk assessment has been tested in animal models.
This resulted in an enormous amount of animals needed in laboratories. The great numbers of
animals, as well as distress caused by the tests caused a great deal of debate on the ethical,
scientific and financial feasibility of these testing procedures [11-13]. Another issue concerning
animal studies is the fact that there is always a degree of uncertainty when testing on animals,
for humans and animals differ vastly in terms of kinetic and dynamics of drugs [14, 15]. Due to
this, the EU Cosmetics Regulation (EC 1223/2009) foresaw a ban on the use of animals for testing
of cosmetic ingredients in 2013, requiring the use of alternative in vitro methods for toxicology
analysis [16-18].

Colloidal carriers have proven successful in nanotechnology in recent years. Colloidal carriers
are defined as “particulate or vesicular dosage forms that serve as superficial drug reservoirs”
[19, 20]. They are divided into micro colloidal carriers and nanopatrticles, the nanoparticles are in
a nano size range, while the micro colloidal carriers are in the micro size range [1, 21].
Investigations of nanoparticles have been performed on the delivery of drugs to specific sites,
focusing on lipid nanocarriers (LN) [22]. These LN include solid lipid nanoparticles (SLN), and
polymeric nanoparticles (NP) [22]. Lipid nanocarriers are colloidal systems that could readily
deliver drugs in effective concentrations [23-25]. These nanocarriers are lipid droplets filled with
an aqueous phase enclosed in a lipid membrane and can be as small as the nano range [23-28].
LN are divided into liposomes, ultra-deformable vesicles (UDV) and SLN. However, when LN is

mentioned in this study, there will only be referred to liposomes and UDV.

Initially, development of lipid nanocarriers focused primarily on parenteral and oral use, however,
the use of LN in the skin has acquired increased attention in the field of drug-delivery research,
9



because they have the capacity for controlled release by creating a localized depot in the skin
[24, 25]. Several LN have been developed as an alternative to improve skin delivery, for use in
pharmaceutics, as well as cosmetics, to ensure controlled and reliable release [21, 29]. These

systems include liposomes, transferosomes, ethosomes and niosomes [29].

Bangham et al. [30] discovered and investigated liposomes as vesicular LN to improve delivery
of therapeutic ingredients at specific sites in 1970; and reports were published more often in the
1980’s [1, 29, 31]. Liposomes are self-assembled hollow lipid colloidal particles consisting of a
phospholipid bilayer surrounding an aqueous core that encapsulates the active ingredient, on a
microscopic level [23, 32-39]. The drug is encapsulated either in the core or in the bilayer
depending on the solubility of the drug, as well as the process used to encapsulate it [35, 39].
The drug will be found in the bilayer if it is lipid soluble and in the aqueous core if it is water
soluble. Encapsulation of drugs or other active ingredients help to provide a controlled release
from the liposomes [37]. They aid localized effects when they are applied to the skin, by
depositing the encapsulated active component in the subcutaneous tissue and acting as a drug
reservoir [1, 40]. However, liposomes are unstable and it causes increased degradation and
aggregation during storage [41]. When degradation of liposomes occurs, oxidation transpires
additional to the hydrolysis process of degradation [42]. This indicates that the degradation of
liposomes causes it to have redox-active properties. Since this carrier is so unstable, with poor

permeability through the skin, it is mostly used for topical drug delivery [40].

Due to above mentioned challenges with liposomes, research has moved towards other types of
colloidal carriers, such as transferosomes, ethosomes and transethosomes. In the early 1990s,
researchers developed new novel LN, ultra-deformable vesicles (UDV) that demonstrated more
deformability than liposomes to enhance their ability to deliver drugs transdermally, as well as

easier manufacturing processes to upscale [40, 43-45].

Transferosomes, which were introduced in the 1990s by Cevc and Blume [44], are also known as
ultra-deformable liposomes. They are the first generation of elastic LN that were hypothesized to
penetrate intact skin spontaneously and can mediate site-specific drug delivery by design [43, 44,
46, 47]. These results could be compared to subcutaneous administration of the same drug [48-
51]; fundamentally, it consists of phospholipids and surfactants [40, 52]. A positive feedback
mechanism allows transferosomes to attain ultra-high deformability so that the vesicle can change

its shape easily and reversibly [47].

There are currently three means by which transferosomes attain drug delivery, i.e., by creating
drug depots in the skin, transportation of the drug into the systemic circulation, or by delivering
the drug deep beneath the skin [28, 46-48, 53-57]. Various applications in the topical and

transdermal field are demonstrated by transferosomes, which are mostly used for transporting

10



extremely small molecular drugs through the stratum corneum, to target specific peripheral tissue
[29]. Although transferosomes show promise in the world of transdermal and topical delivery,
there are still disadvantages that can create limitations with this carrier, i.e., chemical instability
of the carrier can cause it to be prone to oxidative degradation, difficulty loading hydrophilic drugs
into the carrier system, costly preparation, and occasional fluctuation in skin permeation,
especially when concerning certain hydrophilic drugs, such as 5-fluorouracil [28, 40, 58, 59].
Presently, toxicology studies have shown that transferosomes show a relative lack of toxicity [27,
28].

Ethosomes are also ultra-deformable vesicles that consist of high quantities of ethanol, as well
as phospholipids and water [51, 60]. Ethosomes were developed by Touitou et al. [60], and are
mainly used for transdermal delivery of drugs [29, 40, 51, 61-63]. These vesicles are known to

comprise of a very small size relative to liposomes, without taking size reducing steps [51, 62].

The use of ethanol in the preparation of ethosomes confers a negative surface net charge, which
is the reason for the decrease in size of the vesicles; for this reason ethanol is able to enhance
topical delivery [51, 60, 64-66]. The cell membrane’s lipid malleability is influenced by ethanol,
causing it to be more fluid, and therefore triggering enhanced permeation [60, 61, 63, 67-69].
However, an increase above 45% in ethanol, may cause the vesicle’s membrane to become
leaky, which will subsequently lead to lower entrapment efficiency [70, 71]. Drugs incorporated
into ethosomes are not limited by their hydrophilicity or lipophilicity, both types can be
incorporated into ethosomes [29, 60]. Challenges concerning ethosomes include problems with
purity, as well as costly production costs [45, 72]. Extensive toxicological studies have shown

that ethosomes are safe to cultured cells [70, 71, 73-75].

Transethosomes, conversely, are lipid vesicles that contain components of both ethosomes and
transferosomes which Song et al. [76] introduced in 2012. They consist of phospholipids, ethanol,
water and surfactants or permeation enhancers [40, 76, 77]. Transethosomes are more
deformable than both ethosomes and transferosomes because they contain ethanol, as well as a
surfactant [40, 76]. Transethosomes have shown improved skin permeation compared to both
ethosomes and transferosomes, due to their irregular spherical shape and high vesicle elasticity,
as well as their smaller particle size [40, 76, 77]. They contain components of both ethosomes
and transferosomes; therefore challenges affecting transethosomes may be similar to challenges
affecting them. Little information, since their discovery in 2012, is available concerning the
disadvantages of transethosomes, and there is not much information on their toxicological profile,

as toxicology studies are currently being performed [77].

Although LN possess numerous advantages, they are bound to have some disadvantages as

well. The most general limitations occur during the design and characterization of LN [19, 78].

11



The ability to reproduce a specific shape of the carrier has proven to be a limiting factor in the
design of these carriers [78, 79]. Other difficulties during design include loss of function, when
applied to skin, due to enzymatic function, and changes in isothermal phases causing segregation
from a vesicle [19, 78, 80]. These problems are all a consequence of the biological and physical
instability of LN, especially liposomes [23], high manufacturing costs and impure phospholipid
content may also affect the use of LN [23, 29, 81].

The relationship between the lipid nanocarriers’ physiochemical properties and the interaction the
carriers have on biological environments, is complex [82]. LNs resemble cell organelles
considering their dimensions [82, 83], and mainly consist of lipids and surfactants [82, 83]. Thus,
the resemblance in size can cause the carriers to interfere with the cell’s vital functions, which in
turn can result in potential cytotoxicity [82, 83]. Additionally, LN are formulated using excipients
that are generally recognized as safe (GRAS), however the effects of nanotoxicity have not yet
been researched satisfactory and nanotoxicity is not yet predictable when utilizing current
toxicological methods. This area of research is nonetheless a rapidly developing and emerging
subject in the nanomedicine research field [82]. Different parameters of LN may affect their
toxicity, such as their shape, size, surface area and ability to create reactive oxygen species
(ROS), therefore toxicity studies, such as oxidative stress, should be performed to establish
whether these parameters are causing toxicity [82, 84]. Using novel pharmaceutical
nanotechnology, these grey areas can be investigated and the desired outcomes can be
achieved, because highly adaptable complex LN requires impartiality during testing and
application design [19, 23].

According to Kohane and Langer [85] biocompatibility is defined as “an expression of the benignity
of the relation between a substance and its biological environment.” A substance can be
inappropriate, even if it has a mostly benign reaction with biological tissue. The cell’s ability to
endure in the presence of substances can roughly be determined by in vitro studies [85]. The
evaluation of safety and biocompatibility is a prerequisite when new substances or carriers are
introduced onto the market [13]. Toxic effects are usually related to the concentration of drug in
vitro, in this case the concentration of the colloidal carrier [14]. There are three ways by which
the free concentration of colloidal carrier can affect the cell in a toxicological manner, namely: a
concentration dependent impairment of mitochondrial function; cell membrane integrity is affected
by LN, especially liposomes, which induce the release of lactate dehydrogenase (LDH); by
affecting oxidative stress markers in cells [36]. Therefore, toxicological risk assessment or

biocompatibility, has become a key aspect during development of novel treatments.

In skin toxicity assays, the measurement of necrosis is classified as in vitro skin corrosion potential
[86]. In vitro models with specific endpoints, based on clinical or histopathological endpoints, can

determine general mechanisms of toxicity from drug delivery systems [14, 36, 87, 88].
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Mitochondrial activity is one of these endpoints, because nanoparticles have a pronounced
influence on it [36, 89, 90].

There are different guidelines published to aid in biocompatibility testing. These include the
International Standard — Biological evaluation of medical devices [91], OECD guidelines for the
testing of chemicals [92], FDA Clinical Trials Guidance Documents and ECVAM Guidelines
(European Union Reference Laboratory for alternatives to animal testing). The first step in
toxicological risk assessment is the selection of the cellular system. The cellular system should
be chosen according to what needs to be evaluated. In the case of mitochondrial damage
evaluation, cell types that naturally endowed a high number of mitochondria should be selected.
Secondly, the types of cytotoxic assays should be selected. The viability assay most commonly
used is the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay that
measures mitochondrial activity. The MTT is taken up by live cells and converted by the
mitochondrial dehydrogenase enzymes to the product, formazan that can be quantified

spectrophotometrically [13, 93].

The mitochondria play an important role in apoptosis and necrosis of cells, and interference into
their function can lead to impaired cellular energy as well as lipid metabolism that can lead to
release of cell death mediators [94, 95]. The role of the mitochondria in cell death is depicted in
Fig. 1.1. One of the main key events in necrosis or apoptosis of cells is the mitochondrial
membrane permeability, which triggers most forms of cell death [95, 96]. Low mitochondrial
membrane potential can signal mitochondrial dysfunction, which can ultimately lead to necrosis

or apoptosis [36].

Chemical insult

(Contact with
toxic substance)

l Direct Cell

Narcosis mitochondrial structure
impairment destabilized

Initial injury

.| Mitochondrial ‘] MitochonHrial permeability transition
dysfunction

} Cell death

Apoptosis Necrosis

Figure 1.1: Outcome pathway from chemical insult to cell death. Initial injury because of
contact with potential toxic substances can cause narcosis (damage to the cell’s plasma

membrane induced by chemicals), direct inhibition of the mitochondria or destabilization of the
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cell’s structure. This causes a mitochondrial permeability transition, which will finally lead to

apoptosis or, in the case of this study, necrosis
(Figure adapted from Vinken and Blaauboer [13])

A study by Angius and Floris [97] indicated that liposomes interfere with the MTT assay. They
attributed this interference to the high affinity of lipid droplets to the MTT reagent, averting the
MTT forming formazan intracellularly. The MTT-formazan continues to aggregate within the cells
due to its highly lipophilic nature [97]. It was also suggested that the redox processes that are
induced by liposomal formulations could affect this assay [97]. The most commonly utilized vital
dye exclusion method is the Trypan Blue dye exclusion assay [98, 99]. Trypan blue is a dye that
would not be taken up by viable cells, therefore, these would not be stained. Non-viable cells, on
the other hand, would be stained due to their membranes that are not in tact [98]. The authors
concluded that the use of vital dye exclusion as an additional method to the MTT is highly
recommended. No studies up to date have investigated whether UDV, which also contain lipids

also interferes with the MTT assay.
1.1.1. Research problem

Lipid nanocarriers (LN) other than liposomes are becoming more popular and effective for topical
and transdermal delivery, but it is necessary to determine the biocompatibility, as well as the
characterization of these systems before they can be used clinically. These LN have been
characterized in the past using dynamic light scattering (DLS) characterization, including the
vesicle diameter, polydispersity index (PDI) and zeta potential. However, novel means of
characterization, such as the use of image analysis with the Malvern Morphologi G3 (Malvern

Instruments Ltd, Malvern, Worcestershire, UK), have not yet been investigated.

Image analysis makes use of static images to quantify size and shape parameters in addition to
particle morphology [100]. This study characterized liposomes, transferosomes, ethosomes and
transethosomes using standardized characterization methods, utilizing DLS. In addition, the LN
were characterized using the Malvern Morphologi G3 system (Malvern Instruments Ltd., Malvern,
Worcestershire, UK), and determined whether this method could be utilized as a supplementary
method for characterization. Characterization of the vesicles is of particular importance in
biocompatibility studies, as certain parameters including size and shape of LN have been found

to have effects on cytotoxicity [101-103].

These carriers are formulated with excipients generally regarded as safe (GRAS) [104, 105],
however, they contain high amounts of surfactants and ethanol [106]. The skin’s biocompatibility
of these systems is poorly characterized. The first step in biocompatibility testing is determining

the cytotoxicity of these carriers. The golden standard for testing cytotoxicity is the 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Due to its lipophilic nature,
the MTT-formazan accumulates in the lipid droplets of the carrier systems, as well as the plasma
membranes, and this could lead to unreliable results [97, 107]. The MTT-formazan is also
influenced by other nanoparticles, pyruvate analogues, polyphenols, acidic pH and processes
such as reduction [108].

Due to liposomes’ instability, cytotoxic effects can often be exerted by the liposomes themselves,
and should therefore be tested by the MTT assay. The MTT assays are, however, often affected
by the reactive oxygen species released by degenerating liposomes which may lead to unreliable
results. Interactions from liposomes in the MTT assays have been scrutinized, because cell
viability experiments are normally comparing liposomes containing active ingredients and “empty”

liposomes, not to cell viability in untreated cells [97].

There is uncertainty whether transferosomes, ethosomes and transethosomes will also cause this
problem with the MTT assay due to the presence of the ethanol and surfactants in the lipid-based
formulations, and this must therefore be established. If the same problem occurs, alternative
assays must be investigated. These assays will focus on in vitro skin toxicity parameters, where

necrosis is linked to skin corrosion.

1.2. Aim and objectives of study
1.2.1. Aims of this study

The aim of this study was to determine the in vitro biocompatibility of transferosomes, ethosomes
and transethosomes. Particular emphasis was placed on the possible interference the LN might

have with the standardized MTT assay.

In addition, the secondary aim of this study was to investigate whether quantitative image analysis

could be used complementary to standardized DLS characterization of LN.
1.2.2. Objectives of this study

The specific objectives of this study were to:

e Formulate and optimize LN, including liposomes as a control, and the UDVs:
transferosomes, ethosomes and transethosomes.

e Characterize the LN systems with DLS using the parameters: particle size, PDI and zeta-
potential.

e Characterize the LN systems with image analysis using the parameters: CE diameter,

intensity mean, solidity, elongation, convexity, circularity and aspect ratio.
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e Cultivate human malignant melanoma cells (A375) and primary epidermal keratinocytes
cells (HaCat) as the in vitro model for the skin biocompatibility evaluation.

¢ Investigate the effect of different concentrations of the UDVs on cell viability with the MTT
assay, to establish half maximal inhibition concentrations (ICso) as a measure of
biocompatibility.

o Investigate the possible interference of the UDVs with the MTT assay by comparing it to
a vital dye exclusion assay (Trypan Blue)

A literature study is provided in Chapter 2. Chapter 3 contains the article on the characterization
study of the LN by means of DLS and image analysis. Chapter 4 contains the article on the study
of the biocompatibility of the LN, as well as the possible interference of these LN on the accuracy
of the MTT assay in comparison with the Trypan Blue dye exclusion assay, and finally, Chapter
5 provides an overreaching discussion and conclusion of the study. A discussion on the

limitations of the study and recommendations for future studies are made.
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CHAPTER 2 - LITERATURE REVIEW

2.1. Lipid nanocarriers promising novel formulations for transdermal

and topical route

Transdermal delivery is defined as “the entire process of transport of a substance that is applied
to the skin surface.” Absorption through every layer of the skin, as well as the uptake through
microcirculation and distribution through the systemic circulation are all part of the transdermal
delivery process [1, 2]. Topical delivery is defined as “the application of a formulation to the skin,
to create a localized effect in a specific area of the skin” [3-6]. Transdermal, as well as topical
delivery were first modelled by the ancient Chinese, Egyptians and Romans [1-3]. Another report
on how the transdermal or topical route of delivery were used, was the use of a mercury ointment
to treat syphilis from the 1910’s to the 1950’s, where after development of transdermal and topical
delivery systems commenced actively in the mid-1970’s when many advances were made
concerning transdermal delivery vehicles [1-3, 7-9]. The topical and transdermal routes are both

used in cosmetic and pharmaceutical applications [10, 11].

The skin is an exceptional site for delivery of drugs, because it is easily accessible, along with
avoiding degradation of molecules through the gastrointestinal tract (GI) [12]. Traditional
formulations used for transdermal delivery, include ointments, gels, creams and medical plasters
that may contain natural compounds, as they are considered reasonably safe [13, 14]. These
traditional formulations, however, did not effectively overcome the skin barrier to ensure systemic
effects [13]. In 1981, Azla developed the first transdermal patch, Transderm-Scop, which is still
on the market [2, 15].

The transdermal route became more relevant during the early 1980’s because it displayed a wide
range of advantages [2]. Since then, many other advantages have been established, including:
avoidance of the Gl tract; averting hepatic first-pass effects. improvement of patient compliance
by lowering the dosing schedule, provision of a steady plasma profile by providing sustained
delivery of drugs and therefore side effects as well as toxicity will be minimized, rapid termination
of drug effects, extension of the half-lives of drugs that have short half-lives, and many more [2,
12, 14, 16-21]. Due to the aforementioned advantages, the administration of peptides and
proteins plays a significant role in the relevance of the transdermal route, for it is easily degraded

inside the Gl tract, and low uptake into the systemic circulation from the Gl tract [22].

During the early 1920’s Rein hypothesized that the layer of cells, that connect the stratum
corneum to the epidermis, were the principle resistance that faced transdermal transport [23, 24],
however through Scheuplein’s research, it was determined that the stratum corneum itself limits
transdermal transport [23, 25, 26]. Other challenges regarding the transdermal route are

interpatient variation in penetration, effectiveness of the skin’s barrier system, hydrolysis of drugs,
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formulation issues and stability challenges [14, 17, 19, 27]. Only a small number of drug
molecules have been successfully delivered transdermally because of the limitations of transport
through the stratum corneum [21, 23]. The topical route’s challenges are similar to those of the
transdermal route, especially when the structure of the skin is involved, where the major challenge
is permeability to the targeted sites on the skin [6].

Successful novel formulations and alternatives to simple lotions and creams have been
developed, yet there are still some concerns regarding toxicity in cosmetics and pharmaceutics.
Throughout history, human risk assessment has been tested in animal models, which resulted in
an enormous amount of animals needed in laboratories. This high numbers of animals, as well
as the distress caused by these experiments, initiated a great deal of debate on the ethical,
scientific and financial feasibility of these testing procedures [28-30]. Another issue concerning
animal studies is the fact there is always a degree of uncertainty when testing, for humans and
animals differ vastly in terms of kinetic and dynamics of drugs [31, 32]. Due to these reasons, the
European Cosmetics Regulation (EC 1223/ 2009) foresaw a ban on the use of animals for testing
of cosmetic ingredients in 2013, and requires the use of alternative methods for toxicology
analysis [33, 35, 36].

2.2. Lipid colloidal carrier systems

Novel formulations that have proven successful over the past ten years in nanotechnology, are
colloidal carriers. Colloidal carriers are defined as “particulate or vesicular dosage forms that
serve as superficial drug reservoirs” [37, 38]. These carrier systems can be divided into micro
colloidal carriers and nanoparticles. The size range of nanoparticles is smaller than 1 um,
whereas micro colloidal carriers are larger than 1 um [1, 39]. Nanoparticles have been
investigated for delivery of drugs to specific sites, especially lipid nanocarriers, such as solid lipid
nanoparticles (SLN), and polymeric nanopatrticles [40]. Lipid nanocarriers are colloidal systems
that have a particle or droplet size as small as 500 nm, with the ability to deliver drugs in effective
concentrations [41-43]. They are water filled vesicles with a lipid membrane [44-46], and are
divided into liposomes, ultra-deformable vesicles (UDV) and SLN. However, when lipid

nanocarriers are mentioned in this chapter, they will only be referred to as liposomes and UDVs.

Initially, development of lipid nanocarriers focused primarily on parenteral and oral use, however,
the use of thereof in the skin acquired increased attention in the field of drug-delivery research,
because they have the capacity for controlled release by creating a localized depot in the skin
[42, 43]. Several lipid nanocarriers have been developed as an alternative to improve skin
delivery; for use in pharmaceutics, as well as cosmetics, to ensure controlled and reliable release

[39, 47]. These systems include liposomes, transferosomes, ethosomes and niosomes [47].
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2.2.1. Lipid nanocarrier advantages

Reports have shown that lipid nanocarriers have a promising future in the topical and transdermal
delivery of various drugs; they will deliver drugs more effectively and in vivo drug release will be
more easily attained [47, 48]. The use of liposome-based products for clinical application was
promoted by the encouraging results obtained during research on experimental animals [49].
Econazole was the first drug that used colloidal carriers on the skin, and was introduced
commercially shortly before 1990, but several patents of lipid nanocarriers were submitted, one

of which included a liposomal lidocaine product [37].

Most lipid nanocarriers can penetrate rapidly into the skin, especially through pilosebaceous units
and wounds [37, 50-54]. Bilayer vesicles are highly adaptable because they achieve bilayer
elasticity, causing them to be more deformable [37]. Ultradeformable lipid nanocarriers can
achieve penetration without compromising the skin barrier due to their extreme versatility [37, 55-
60]. Other advantages for lipid nanocarriers are the transport of drugs of various molecular size
and weight, as well as structure and polarity, across the skin; the controlled release of drug from
the carrier through the skin, albeit a localized depot in the skin can also be achieved; targeted
delivery through the skin; non-toxicity of these carriers; relative thermodynamic stability and
incorporation of both hydrophilic and hydrophobic drugs into these carriers [37, 61-63].

2.2.2. Liposomes

Overcoming the skin barrier, as well as obtaining controlled release using liposomes provoked
great interest in the scientific community for a few decades after their discovery [64]. Liposomes
were first identified by Alec Bangham, in 1964, who described them as closed vesicles, consisting
of phospholipids, formed in an excess of a watery phase [65]. This description was improved
later on, defining liposomes as colloidal particles capable of encapsulating drugs, which are
formed as concentric bio-molecular layers [56, 63, 66-72]. Only during the 1980’s did Mezei and
Gulasekharam [72] report the potential of skin delivery through the use of liposomes [66, 67, 72-
76]. At first, conventional liposomes were investigated because of their drug permeation
enhancing properties across the skin, as well as drug retention capability within the skin [74, 77,
78].

2.2.2.1. Structure of liposomes

Liposomes consist of one or more concentric amphiphilic lipid bilayers that enclose an aqueous
compartment within, without surface tension [10, 39, 47, 49, 53, 55, 79-85]. These bilayers
resemble biological membranes [71]. Liposomes form spontaneously when a lipid is brought into
contact with an aqueous phase and becomes hydrated [47, 62, 71, 86]. With conventional

liposomes, these bilayers are usually stiff, preventing undesirable leakage of drugs from the
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vesicles [39]. These artificial vesicles are microscopic and usually nearly spherical [10, 39, 41,
47, 84, 87, 88].

Liposomes are typically prepared from phospholipids, which are natural components of the cell
membrane [37, 70, 74, 82, 83, 87, 89-92]. The use of other amphiphilic components is also
possible [82, 91]. Electrolytes may also be added, and will enhance lipid bilayer formation, as
well as provide isotonicity [86]. The most common phospholipid used in formulating liposomes is
phosphatidylcholine (PC), obtained from egg yolk or soya bean, although phospholipids such as
phosphatidylethanolamines (PE) and phosphatidylserines (PS) can also be used [66, 83].
Phospholipids are employed because of their ability to form bilayers, which is due to their
amphiphilic nature [10, 71, 83, 86]. Therefore, the vesicles show lipophilic behavior within the
bilayer, whereas a hydrophilic environment is maintained within the vesicles, as well as the
suspension [83, 86, 93]. The use of cholesterol in addition to PC is for its stabilizing effects on
the structure of the vesicles, thus for its improvement of bilayer characteristics [67, 92, 94]. The
materials used in forming liposomes are relatively biocompatible, biodegradable and non-toxic
[49, 95].

The size of liposomes may vary notably depending on the ingredients and methods employed
during formulation, with a relatively large average size of 75 nm in diameter, but can reach sizes
as small as 20 nm and as large as a few micrometers in diameter [37, 39, 41, 47, 67, 85-87, 95].
The types of lipids used during formulation, along with the preparation method, may also influence
other characteristics of liposomes, such as liposome charge, membrane fluidity, particle size
distribution, charge surface hydration, and clearance of the drug-carrier system [86, 94].
Liposomes are considered a favorable carrier system for hydrophilic, as well as lipophilic drugs,

due to their size and amphiphilic character [87].

Liposomes can be categorized, on the basis of lamellae, size, as well as composition [70, 83, 95].
When a liposome consists of a single bilayer surrounding the aqueous compartment, it is referred
to as a unilamellar lipid vesicle, where after it is further classified according to its size, i.e. small
unilamellar vesicles (SUV), or large unilamellar vesicles (LUV) [86]. SUV have an average size
of 0.1 pum, whereas the LUV have a size of >0.1 um [93, 95]. Liposomes consisting of multiple
bilayers enclosing the aqueous compartments, are referred to as a multilamellar vesicles (MLV)
[71, 86, 95], which have an average size of >0.1 um [95]. A summary of the characteristics of
SUVs, LUVs and MLVs are listed in Table 2.1.
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Table 2.1: Characteristics of liposomes classified by size and number of lamellae

Type Characteristics
SUV e Single bilayer
(Small ¢ Thermodynamically unstable, therefore, less suitable for drug delivery
_ e Susceptible to aggregation or fusion
unilamellar e Long circulation half-life
vesicles) ¢ Low aqueous volume to lipid ratio (0.2:1.5 mole lipid)
[83, 93, 95]
LUV e Single bilayer
(Large o Useful for hydrophilic drugs

_ e High aqueous volume to lipid ratio (7:1 mole lipid)
unilamellar [83, 95]

vesicles)
MLV e Multiple bilayers
(Multilamellar ® Improved encapsulation of lipophilic drugs
_ ¢ Moderate aqueous volume to lipid ratio (4:1 mole lipid)
vesicles) e Mechanically stable during long-term storage
[83, 95]

Liposomes may also be classified based on their composition and method of drug delivery as:
conventional liposomes, pH-sensitive liposomes, cationic liposomes, long circulating liposomes,
immuno-liposomes, heat sensitive liposomes and magnetic liposomes [83, 95]. The

characteristics of these liposomes are listed in Table 2.2.
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Table 2.2: Characteristics of liposomes classified based on composition and method of drug

delivery

Type Characteristics

Conventional liposomes e Composed of neutral or negatively charged phospholipids
and cholesterol
e Short circulation half-life
e Dose dependent pharmacokinetics
[83, 95]

pH-sensitive liposomes e Composed of phospholipid such as
phosphatidylethanolamine (PE)
e Subject to coated pit endocytosis at low pH
e Suitable for intracellular delivery of macromolecules and

weak bases
¢ Pharmacokinetics are similar to those of conventional
liposomes
[83, 95]
Cationic liposomes e Composed of cationic lipids

¢ May fuse with cells or endosome membranes

e Suitable for negatively charged macromolecules, such as
DNA and RNA

e Mainly used for local administration

e Structurally unstable

e Toxic at high doses

[83, 95]
Long circulating e Also known as stealth liposomes
liposomes e Composed of neutral high transition temperature lipids and
cholesterol
e Long circulation half-life
e Dose independent pharmacokinetics
e Surface have hydrophilic coating
[83, 95]
Immuno-liposomes e Conventional or long circulating liposomes with attached

antibody or recognition sequence
e Subject to receptor mediated endocytosis
e Cell-specific binding
[83, 95]

Heat sensitive liposomes e Composed of dipalmitoyl phosphatidylcholine
e Maximum release will be obtained at 41°C, which is the
phase transition temperature of the lipids
(83]

Magnetic liposomes e Composed of phosphatidylcholine, cholesterol and a small
amount of colloidal particles of magnetic iron oxide
[83]

Liposomes can encapsulate hydrophilic compounds within their aqueous core, or intercalate
lipophilic drugs within the lipid bilayer [49, 68, 86, 93, 95-97]. They are unique in their ability to

accommodate a wide variety of drugs, with different physiochemical properties [79].
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2.2.2.2. Efficacy of liposomes

As stated previously, liposomes have the potential to be drug carriers for a variety of drugs,
encapsulating small molecular weight drugs, as well as diagnostic agents and therapeutic
proteins, with seemingly superior delivery in certain fields [41, 71, 93]. Liposomal systems have
shown pronounced systemic efficacy; they have the ability to enhance capillary permeability of
hydrophilic drugs, therefore, localizing these drugs to their different target areas [94, 98].

It has been claimed that liposomes have the ability to enhance delivery of encapsulated drugs
into the skin, suggesting they would be useful as carriers for both dermal and transdermal drug
delivery [97, 99, 100]. Reportedly, they improve drug deposition into the epidermis, when
compared to a saturated aqueous control [93]. There have been mixed reports regarding the
efficacy of transdermal delivery of liposomes, causing a controversy on liposomes acting as

dermal and transdermal drug carriers [101].

Mezei and Gulasekharam [72] reported that liposomes could be effectively used for transdermal
delivery of triamcinolone acetonide [76, 102]. There are reports that liposomes could deliver
drugs transdermally through the hair follicles of the skin, causing the drugs to move deeper into
the skin layers [86, 103, 104]. Additional reports suggest that transdermal delivery could have
been reached, not only by hair follicles, but also by sebaceous glands [86].

Contradictory to Mezei’s reports, there have been studies that show once the liposomes are
applied to the skin, they will remain confined within the upper layers of the skin, and act as a drug
reservoir, suggesting they are only suitable for topical delivery [63, 67, 87, 105-109]. Although
liposomes may enhance skin deposition, minimal penetration to deeper tissues occurs [67, 68,
92, 108, 109]. A possible reason for this is due to the large size of liposomes; they will not fit
within the intercellular lipid domains of the stratum corneum, and will therefore, not deliver the
drug within the deeper skin layers [62, 67, 92, 108]. Therefore, liposomes have little value as
transdermal carriers, but have great potential as localizers of topically applied drugs, thereby

improving the therapeutic index, and minimizing toxicity [10, 67, 87, 97, 101, 110].
2.2.2.2.1. Mechanism through which liposomes are transported into the skin

Bangham et al. [85] investigated and discovered liposomes as vesicular lipid nanocarriers to
improve delivery of therapeutic ingredients at specific sites; and reports were published in the
1980’s as liposomes gained more popularity [1, 47, 49]. The drug is either encapsulated in the
core or in the bilayer depending on the solubility of the drug, as well as the process used to
encapsulate it [96, 111]; or it will be found in the bilayer if it is lipid soluble and in the aqueous
core if it is water soluble. Encapsulation of drugs or other active ingredients support the provision

of a controlled release from the liposomes [112]. They aid localized effects when they are applied
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to the skin, by depositing the encapsulated active component in the subcutaneous tissue and

acting as a drug reservoir [1, 63].

An advantage of delivery through or into the skin, is that the onset of toxic effects are much slower
than that of other delivery methods [113]. A possible site of toxicity in the skin as suggested by
Park et al. [114], is the keratinocytes within the epidermis, as they are sensitive to nanoparticles
(as shown in Fig. 1.1). Other forms of toxicity are skin corrosion and skin irritation, which occurs
in the stratum corneum, the epidermis or within the dermis and is usually caused by most
inorganic acids and bases, as well as strong organic bases and acids [115]. After topical
application, liposomes can have diverse mechanisms in terms of drug delivery [62, 116]. They
may enhance deposition of drug within the skin, without causing systemic absorption [116]. They
can also cause targeted delivery to skin appendages [116]. Although there has been much
speculation, there are a few potential mechanisms identified by which liposome deposition within
the skin is reached (as depicted in Figure 2.1) [82, 92, 93, 104, 117, 118]:

e afree drug process
e permeation enhancement due to interaction with skin lipids

e penetration of the stratum corneum by intact liposomes, via pilosebaceous units and by
fusing to the skin, releasing the drug into the skin
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Figure 2.1: The mechanisms through which liposomes penetrate into the skin. (a) A free drug
delivery process, (b) Permeation enhancement due to interaction with skin lipids, (c) Penetration
of stratum corneum by intact liposomes, (d) Fusion of liposomes to the skin, causing release of

drug into the skin. The possible areas of toxicity within the skin are shown (%)
Figure adapted from El Maghraby et al. [62], [116].
2.2.2.2.1.1. Afree drug process

With the free drug process mechanism, liposomes adhere onto the skin, after which the vesicles
rupture and the drug is released from the vesicles, permeating through the skin independently
from the vesicles, as depicted in Fig. 2.1 (a) [10, 62, 82, 119]. The free drug penetrates within
the skin via the transcellular or intercellular pathway [10]. Liposomes that deliver drugs via this

mechanism can be considered only as carriers that control drug release [62].
2.2.2.2.1.2. Permeation enhancement due to interaction with skin lipids

Enhancement of drug permeation can be caused by the release of lipids from the vesicles, which
in turn have an interaction with skin lipids [10, 82, 120]. This interaction may possibly cause
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alteration of the skin’s barrier function, by inducing structural rearrangement, through loosening,
of the top layer of skin, i.e. the stratum corneum, because of the lipids’ similarity to the lipids of
the skin [93, 101, 120, 121]. This mechanism needs the liposomes to fuse with the skin surface,
for the lipids to be released into the skin, mix with the stratum corneum lipid matrix and enhance
drug partitioning into the skin [47]. The effects of skin lipid interaction were first observed in 1987,
where it was reported that lecithin lowered the permeability barrier of the skin, causing enhanced
transdermal delivery [116, 122]. This mechanism is also known as the molecular mixing
mechanism and is illustrated in Fig. 2.1 (b) [104].

2.2.2.2.1.3. Penetration of the stratum corneum by intact liposomes

Small unilamellar liposomes may penetrate the stratum corneum into the intercorneocyte lipid rich
regions, leading them to act as microreservoirs for controlled localization and release when they
start to degrade within the skin, as depicted by Fig. 2.1 (c) [10, 72, 76, 116]. According to De
Leeuw et al. [93], liposomes can be ‘sucked’ into the epidermis, through a trans-epidermal osmotic
gradient accompanied by hydration force. Optimal conditions can only be obtained by
administering the liposomes under occlusion, such as dry skin surface [93, 118, 123], however,

this mechanism was disproved by Du Plessis et al. [104] for larger liposomes.
2.2.2.2.1.4. Fusion of liposomes to the skin, causing release of drug into the skin

Liposomes are able to fuse to the skin surface, forming an occlusive film and leading to increased
skin hydration, in addition to De Leeuw’s [93] mechanism [92, 124]. The liposomes “lose” their
bilayer membrane by fusing to the skin during this penetration process, before the drug enclosed
within is released into the skin, as shown in Fig. 2.1 (d) [47, 121]. The lipid film formed on the
skin when the liposomes fuse, lyophilizes the skin surface [125]. Therefore, different sites of
possible toxicity exists, but issues with liposome biocompatibility mostly occurs in the upper layer

in the stratum corneum.

2.2.2.3. Clinical applications of liposomes

Liposomes are used in a variety of applications in the pharmaceutical, as well as cosmetic fields,
because of their flexibility and in the case of the pharmaceutical field, for their clinical efficacy [68,
89, 126]. In the cosmetic arena, liposomes are mostly utilized due to their moisturizing and

restorative characteristics [86, 127].

The first liposomal formulation marketed was Pevaryl Lipogel, by the Swiss company Cilag A.G.
in 1988, and contained 1% econazole [86, 89, 128]. Liposomes have similarly been used in
vaccine delivery, gene therapeutics and oral drug delivery [68, 98]. In the treatment of cancer,
liposomes have been used intravenously to carry cytotoxic drugs, with the reduction of toxic

effects in mind, as well as increased stability of the drug [65, 86, 129].
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Although liposomes do not deliver drugs transdermally, they have been widely employed for drug
delivery into the skin [130]. They have additionally been used as a topical carrier for lignocaine
as an anesthetic, as well as corticosteroids as treatment for atopic eczema, with restricted
systemic absorption of these drugs [37, 89, 130-133]. In the treatment of acne, liposomes have
been employed to deliver tretinoin [89]. They are also used in the dermal delivery of heparin and
diclofenac [91]. Other examples of drugs delivered topically by liposomes include progesterone,
doxorubicin and amphotericin B [72, 86, 95].

2.2.2.4. Advantages of liposomes

Liposomes have a wide range of advantages that add to the rationale to develop this drug carrier
system even further. They act as drug containing reservoirs, protecting the drug, causing
improved stability and applying controlled release, as well as targeted delivery [47, 69, 70, 83, 86,
134-136]. Encapsulation of certain drugs within liposomes, assist in overcoming difficulties linked
to these drugs, such as toxicity, solubility, bioavailability, as well as immunogenicity [86, 137].
Side-effects related to toxicity are limited, since a lower concentration of drug is needed when a
local effect is required [47, 83, 86, 93, 116, 138-140]. Due to their amphiphilic nature, liposomes
can encapsulate both hydrophilic and lipophilic drugs, rendering it possible to deliver a larger
variety of drugs [47, 83, 84, 86, 93, 97, 136]. The pharmacokinetics and pharmacodynamics of
drugs are furthermore altered when encapsulated in liposomes [83, 135, 141]. These vesicles
have shown enhanced entrapment ability, biocompatibility and biodegradability with a non-toxic
nature [47, 49, 83, 84, 86, 93].

2.2.2.5. Challenges concerning liposomes

Apart from the above mentioned advantages, liposomes also have limitations. Formulation of
liposomes are costly and the purity of ingredients are variable, therefore, drug leakage from the
vesicles can sometimes occur [10, 47, 69, 70, 83]. Liposomes are unstable, causing increased
degradation, aggregation, sedimentation and crystallization during storage [37, 70, 142, 143].
When degradation of liposomes occurs, oxidation follows in addition to the hydrolysis process of
degradation [47, 70, 83, 144-146]. This indicates that the degradation of liposomes causes it to
have redox-active properties. Liposomes are thermodynamically unstable [71] and due to this
reason, along with poor permeability through the skin, it is mostly used for topical drug delivery
[47, 63, 69, 147, 148]. Other motives behind using liposomes mainly as transdermal and topical
delivery vehicles, is the conflicting results that have been attained concerning their efficacy to
deliver drugs systemically [101, 149]. Skin deposition of liposomes are significantly affected by
lipid concentration, technique of preparation and thermodynamic state of the bilayers and are
usually confined to the surface layers of the stratum corneum, there they dehydrate and fuse with
skin lipids, forming a depot [22, 56, 62, 69, 82, 101, 123, 149, 150].
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Although mostly used topically, it has been observed that liposomes have increased skin
penetration when penetration enhancers are added to the formula [151]. They have likewise been
shown to be very valuable in skin delivery, mostly because lipophilic compounds have been

shown to possess enhanced skin deposition characteristics in the skin’s layers [152].
2.2.3. Ultradeformable vesicles

Due to the above mentioned challenges with liposomes, research has moved towards other types
of colloidal carriers, such as transferosomes, ethosomes and transethosomes. In the early 1990’s
researchers developed new novel lipid nanocarriers, ultra-deformable vesicles (UDV), which
demonstrated more deformability than liposomes to enhance their ability to deliver drugs

transdermally, as well as easier manufacturing processes to upscale [63, 69, 123, 153].
2.2.4. Transferosomes

Transferosomes, which were introduced in 1992 by Cevc and Blume [123], are also known as
ultra-deformable liposomes. They are trademarked by IDEA AG in Munich, Germany, and are
most commonly used in drug delivery technology as the first generation of elastic lipid
nanocarriers [46, 63, 69, 154, 155]. The name “transferosome” is derived from the Latin word
“transferre,” which translates to “to carry across”, and the Greek word “soma,” which translates to
“body,” providing it the name of “carrying body” [46]. Transferosomes are artificial phospholipid-
based elastic nanovesicles that also contain an edge activator such as sodium cholate [46, 63,
65, 69, 155, 156].

2.2.4.1. Structure of transferosomes

Transferosomes, especially the first generation, fundamentally consist of phospholipids, such as
phosphatidylcholine (PC), and surfactants, that act as edge activators (EA) [46, 63, 69, 87]. The
phospholipids form a bilayer and the EA provides high deformability, to assist the vesicle in
changing its shape easily and reversibly [13, 65, 101, 148, 154, 157, 158]. This is attained through
a positive feedback mechanism and the elasticity is increased due to redistribution of the lipid
bilayer [13, 66, 90, 101].

Second generation transferosomes, introduced in 1998, consist of a basic bilayer builder, such
as PC, and no less than two polar lipophilic substances, for example non-ionic surfactants or

surfactant mimicking drugs [65, 158-160].

Edge activators are often surfactants consisting of a single chain, that destabilises the lipid
bilayers in transferosomes vesicles, hence the extreme deformability of these vesicles, and

improved delivery of encapsulated drugs through the skin barrier are easily accomplished [56,
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158, 161]. A high deformability allows the vesicles to squeeze through channels and pores,

smaller than a tenth of the transferosome’s size, in the stratum corneum [66, 155, 162].

The malleability of transferosomes causes it to cross the skin barrier, and requires minimum
energy to do so [63, 65, 81]. Therefore, transferosomes resemble liposomes in morphology but
not in function [163].

2.2.4.2. Efficacy of transferosomes

The efficacy of transferosomes can be attributed to its high vesicle deformability, which results in
less energy needed to deform, causing it to react in a self-adapting manner to mechanical stress
from its surroundings [46, 58, 164]. They are the first generation of deformable liposomes
reported to penetrate intact skin, and hypothesized to cross the skin barrier spontaneously; they
can mediate site-specific drug delivery by design [10, 13, 22, 46, 65, 69, 90, 101, 123, 153, 155,
165, 166]. These results are comparable to subcutaneous administration of the same drug,
therefore, it is well established that transferosomes are more effectively transported through the
skin than conventional rigid liposomes [60, 87, 101, 148, 158, 167-171].

2.2.4.2.1. Mechanism through which transferosomes are transported across the skin

There are multiple mechanisms proposed through which transferosomes attain drug delivery
across the skin, depending on their composition [63, 172]. This permeation may be as result of
a synergic mechanism between the transferosome’s carrier capabilities and its permeation

enhancement ability [63].

First, transferosomes may enhance penetration by entering the stratum corneum, after which they
modify the intercellular lipid lamellae in the skin cells, and therefore, facilitate free drug penetration
across the stratum corneum [64, 166, 172, 173]. They undertake stress-dependent modifications
in their own composition to minimize the resistance of the stratum corneum [166]. An example of
this mechanism is the enhanced deposition of 5-fluorouracil as investigated by El Maghraby et al.
[64].

Secondly, transferosomes may act as the drug carriers themselves, entering the stratum corneum
while transporting the drugs inside [172]. Transferosomes may squeeze through channels
between the intracellular sealing lipids of the stratum corneum that are one-tenth the diameter of
the vesicle’s size [13, 46, 63, 164, 174]. The means by which the transferosomes achieve this is
the drive caused by an osmotic transdermal gradient, but this gradient can only be reached by
applying the transferosomes under non-occlusive conditions [13, 63, 65, 101, 174-176].
Occlusion eliminates the hydration gradient and would therefore result in lower amount of the
drugs being delivered through the skin [67, 123, 158, 177]. In the delivery of transferosomes, the

osmotic gradient can be attained by the evaporation of excess water from the transferosome
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formulation, causing the vesicles to “search” for more hydrated spaces, in this case in the stratum
corneum [60, 63, 123, 162]. These transferosomes cross into the skin in a non-diffusive way,
suggesting that the concentration of the drug in the vesicles, as well as the vesicles themselves,
will not affect the transport across the skin [56, 63, 65, 167].

Thirdly, it has been hypothesized that transferosomes create a drug depot within the skin [13, 57,
58]. The small drug molecules have a habit of dissociating from the carrier and moving into the
blood stream by means of diffusion, while the larger drug molecules will be dispersed within the
skin tissue by interstitial flow [13].

Several studies have been performed confirming that transferosomes improve the in vitro delivery
of several drugs into the skin [64, 173, 176, 178, 179]. The efficacy of this drug carrier opened

new possibilities in research to target drugs into peripheral tissues [37, 57, 64].

2.2.4.3. Clinical applications of transferosomes

Various applications in the topical and transdermal field are demonstrated by transferosomes,
because of their superiority, concerning drug permeation, to the conventional gel- and liquid- state
vesicles, as well as conventional liposomes [63, 180]. It was demonstrated by Elsayed et al. [176]
that cumulative drug permeation and deposition into the skin, showed pronounced improvement
in comparison to a drug formulated in an aqueous solution. Transferosomes may act as a carrier
for both high, as well as low molecular weight drug molecules, but they are mostly used for
transporting extremely small molecular drugs through the stratum corneum to target specific
peripheral tissue and in some cases, the systemic circulation [46, 47, 89]. Examples of drugs,
that utilize transferosomes as carriers are analgesics, anesthetics, corticosteroids [58, 164, 168],
sex hormones such as oestradiol [178], anticancer drugs [163, 181], insulin [13, 22, 182] and
other proteins [55, 162] [22, 46, 89, 123, 155].

Transfersomal formulations containing corticosteroid can be applied in lower concentrations,
delivering the same effect as conventional topical corticosteroids [167]. They also deliver the
corticosteroids to the target site, a deep layer of the skin, providing sustained release [123, 164,
183].

Development of transferosomes is under way for the delivery of tamoxifen as an anticancer drug,
as a means to limit the side-effects to a minimum by delivering the drug through the skin, and not
through the oral route [164].

Transferosomes can furthermore be used in the development of transcutaneous immunization, to
provide a novel needle-free method for immunization and vaccines [69, 164, 176, 184]. They
provide a means of spontaneous transport for topically administered antigen solutions and carrier-

associated antibodies across the intact skin, with targeted delivery to the lymphatic system [162].
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Studies have reported the use of transferosomes for delivery of interleukin-2 and interferon-a, as
well as Cyclosporine-A [162, 164, 185].

Clinical studies have furthermore confirmed the success of transfersomal formulations containing
non-steroidal anti-inflammatory drugs (NSAIDs) [37, 60, 186]. These drugs are delivered deeper
into the skin compared to conventional gel formulations, and the concentration of drug within the
skin is at least ten times higher than that of the gel formulation [164].

Proteins can be difficult to deliver into the human body, mostly because of degradation, as well
as problematic uptake in the Gl tract [164, 182]. Studies have shown that certain proteins, for
example insulin, can be delivered within the skin by transferosomes [164, 182]. Insulin deliveries
with transferosomes as carriers have already been successfully verified under human clinical
studies [37, 57].

The abovementioned examples are but a few of the applications for which transferosomes are
used. Therefore, transferosomes offer an opportunity for the transdermal delivery of a wide range

of drugs, notwithstanding the size of these drug molecules [22, 164].

2.2.4.4. Advantages of transferosomes

Transferosomes are suitable for easy skin penetration, along the hydration gradient due to their
ultra-elasticity [46, 55, 123, 164, 177, 187]. This minimizes the risk of vesicle rupture, therefore
not compromising the structure of the skin, resulting in being safe for use on the skin [13, 37, 46,
156]. Transferosomes promote drug retention within the layers of the skin by protecting the drug
molecules against clearance to dermal blood vessels [46, 63, 164, 188]. Their ability to create a
slow or sustained release is due to the transferosomes acting as a depot in the skin [46, 164].
Reports show that transferosomes’ delivery and bioavailability are similar to that of a

subcutaneous injection [13, 189-191].

Transferosomes have a high drug entrapment efficiency of drugs, especially with lipophilic drugs
[46, 164]. They can accommodate both hydrophilic and lipophilic compounds due to their
composition, which consists of hydrophobic, as well as hydrophilic components [164]. An
assortment of drugs can be incorporated into transferosomes, independent of molecule size,
molecular weight or polarity [13]. They have low toxicity due to their biocompatibility and

biodegradability, because they consist of natural lipids [46, 164].

The production of transferosomes is easy to execute on larger scale, because it is a simple
process carried out with pharmaceutically acceptable ingredients [37, 46, 164]. Presently,

toxicology studies have shown that transferosomes show a relative lack of toxicity [45, 46].
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2.2.4.5. Challenges concerning transferosomes

Although transferosomes show such promise in the world of transdermal and topical delivery,
there are still disadvantages that can create limitations with this carrier. Difficulty ensues after
loading of these vesicles with hydrophobic drugs, because their deformability and elastic
properties can be compromised [63]. When formulating transferosomes, the purity of the natural
phospholipids used is a continuous problem [46]. These vesicles must be formulated according
to the needs and characteristics of each individual drug; therefore, formulation is a costly process
[13, 46, 47, 174].

Oxidative degradation of the lipids in the vesicles can furthermore cause transferosomes to be
chemically unstable [46, 47]. During application, occasional fluctuation in skin permeation may

transpire, especially when concerning certain hydrophilic drugs, such as 5-fluorouracil [192, 193].
2.2.5. Ethosomes

Ethosomes are elastic lipid vesicles first introduced by Touitou et al. [194], and tailored especially
for transdermal delivery of drugs, mostly because they facilitate non-invasive delivery of drugs
deep within the skin layers [47, 63, 101, 195-201]. Development of ethosomes for transdermal
delivery was largely focused on improving the transdermal transport of drugs with different
physiochemical makeup [199, 202-204]. These vesicles are known to be soft and malleable, as
well as comprising a very small size relative to liposomes, without taking size reducing steps [89,
101, 205, 206].

2.2.5.1. Structure of ethosomes

Ethosomes are also ultra-deformable vesicles that consist of high quantities of ethanol (20%-
45%), well-known for serving as a penetration enhancer, as well as phospholipids (2-5%) and
water [63, 69, 101, 194, 196, 206, 207]. The phospholipids used can range from
phosphatidylcholine (PC), phosphatidylserine (PE), phosphatidylethanolamine and phosphatic
acid [39, 63, 200, 206]. Ethosomes may be unilamellar or multilamellar through the core [198,
208-210].

Ethosomes differ from liposomes, because of their ethanol content, along with a notably smaller
vesicle size, ranging from as small as 150 nm to a few microns in diameter, without size-reducing
methods [63, 70, 101, 143, 194, 198, 200]. They possess a higher entrapment efficiency and
stability when compared to liposomes [194, 198]. The smaller size of ethosomes, as well as their
flexibility, can be attributed to the ethanol in their composition, causing an improved fluidity of the
cell membrane lipids [68, 77, 86, 211]. It has been reported that the ethanol concentration is
inversely proportional to vesicle size within the concentration range of 20 to 45% [70, 101, 194,

210]. However, an increase above 45% in ethanol concentration, may cause the vesicle’s
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membrane to become leaky, which will subsequently lead to lower entrapment efficiency [106,
198].

There are numerous mechanisms through which ethanol may enhance delivery of ethosomes.
First, ethanol may interact with the polar head groups of the lipid molecules in the stratum
corneum. This may influence the melting point of these lipids, fluidizing them, and reducing the
density of lipids in the cell membrane [63, 69, 101, 157, 194, 196, 198, 206, 211, 212]. This

mechanism is commonly known as the ‘pull effect’ of ethanol [213-215].

Secondly, ethanol confers a negative surface net charge, causing the reduced size of ethosomes
[3, 101, 151, 194, 201, 210, 213, 216]. This negative charge is proportional to the ethanol
concentration [90, 194, 205]. The negative net charge also causes the vesicle system to have an

increased degree of stability against agglomeration [198, 210, 213].

Lastly, an increase of thermodynamic activity is caused by the evaporation of ethanol [213-215].
This is commonly known as the ‘push effect’ of ethanol [213-215]. Therefore, ethanol provides
ethosomes with the needed characteristics to penetrate the skin more easily, reaching the deeper

layers underneath the stratum corneum [101, 196, 216].

2.2.5.2. Efficacy of ethosomes

As stated, ethosomes deliver substances much deeper into the skin and in higher quantities,
making it much more efficient than conventional liposomes [69, 137, 194, 196, 206]. Unlike the
conventional liposomes, ethosomes retain a higher transdermal flux, therefore, they can be used
more widely [106, 137, 194, 197, 200, 211]. Several studies reported that these vesicles improved
skin delivery of several drugs in vivo and in vitro, such as minoxidil and testosterone, whether
these drugs are hydrophilic or lipophilic of nature [86, 92, 101, 137, 157, 176, 194, 199, 204, 205,
216-219]. Ethosomes correspondingly have the ability to deliver drugs under occlusive and non-
occlusive conditions, unlike transferosomes that can only obtain delivery under non-occlusive
conditions [101, 199, 204, 205, 210, 216, 217, 220].

2.2.5.2.1. Mechanism through which ethosomes are transported across the skin

The mechanisms, by which ethosomes obtain penetration, as well as permeation, are not yet fully
understood. As mentioned above, ethanol’s synergistic relationship with the phospholipids in the
vesicles, as well as the skin, plays a significant role in the penetration of these vesicles through
the skin [63, 106, 196, 221]. This is also known as the interdigitating effect of ethanol on the lipid
bilayer of the skin, as well as the vesicles [101, 148, 198]. Due to this effect, ethosomes tend to
penetrate much deeper into the skin, before the drugs contained in these vesicles, are released
[211].
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Owing to ethosomes’ ability to carry such a diverse group of substances, with different
physicochemical characteristics, as well as lipophilicities, a wide range of applications have been
developed in various fields, such as biotechnology, pharmaceutics, veterinarian and the cosmetic
field [198, 206].

2.2.5.3. Clinical applications of ethosomes

Ethosomal systems are mainly developed for acquiring topical or transdermal delivery [211, 221].
In 2000 commercialization of the ethosome technology commenced and this field is still rapidly
evolving [196]. Several in vivo and in vitro trials have been conducted through which promising
results were reported for a large group of drugs, i.e. acyclovir, bacitracin, testosterone, insulin,
indinavir, naloxone, methotrexate, minoxidil, erythromycin, ammonium glycyrrhizinate, azelaic
acid, antioxidants, trinexyphenidyl hydrochloride and buspirone hydrochloride [67, 196-199, 204,
210, 222-225]. These drugs have shown enhanced flux into the skin compared to conventional
liposomes [198, 199, 204, 222-224]. An improved skin deposition profile was moreover observed
for some of these drugs [198, 204, 210, 222]. Other clinical applications for ethosomes include

transcutaneous immunization against hepatitis and anti-cellulite therapy [196, 198, 206, 226].

2.2.5.4. Advantages of ethosomes

Ethosomes have several advantages. Drugs incorporated into this type of lipid nanocarrier are
not limited by their hydrophilicity or lipophilicity; both types can be incorporated into ethosomes
[47, 194]. Using ethosomes render delivery of larger molecules, such as proteins possible [196,
197, 206]. Extensive toxicological studies have shown that ethosomes are safe to cultured cells,
because the raw materials used to formulate are non-toxic and deemed safe for pharmaceutical
use [70, 106, 137, 196, 198, 199, 206]. The manufacturing process of ethosomes is relatively
simple, and does not require complicated machinery [101, 196-198, 206, 227].

Enhanced dermal, as well as transdermal delivery are observed when ethosomes are used as
carriers [184, 194, 196-198, 206, 227]. Ethosomal systems are usually administered in a
semisolid form, such as a cream or gel, causing it to have a relatively high patient compliance,
mostly because it is a non-invasive, simple way to deliver drugs through the skin [196-198, 202,
206, 227].

2.2.5.5. Challenges concerning ethosomes

Albeit ethosomes have so many advantages, challenges concerning this delivery system are also
bound to occur. The largest concern of ethosomes is the varying purity of the phospholipids that
are used during formulation of these vesicles, leading to high costs of high quality phospholipids
[69, 134, 198, 228]. According to Romero and Morilla [65] ethosomes are not apropos to entrap

hydrophilic solutes [75]. They are also sensitive to light, causing them to undergo oxidative
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degradation, therefore, antioxidants such as a-tocopherol are added to reduce oxidation [198,
229].

2.2.6. Transethosomes

Unlike the previously discussed UDV, transethosomes were only introduced more recently, in
2012, by Song et al. [148], in attempt to combine the advantageous characteristics of
transferosomes and ethosomes [202]. Transethosomes are UDV, comprising of both the
components of transferosomes and ethosomes [63, 211, 230, 231]. Transethosomes are more
deformable than both ethosomes and transferosomes because they contain ethanol, as well as a
surfactant [63, 148].

2.2.6.1. Structure of transethosomes

Transethosomes, as mentioned previously, are comprised of the components of transferosomes
and ethosomes, therefore containing a phospholipid such as phosphatidylcholine, an edge
activator such as Span 80 ® or a permeation enhancer such as oleic acid and ethanol [63, 77, 87,
143, 148, 211, 230, 231]. The ethanol percentage of the vesicles can reach up to 30% [63, 148,
230, 232]. The combination of these components causes transethosomes to mimic some of the
properties of both transferosomes and ethosomes [148, 233, 234].

2.2.6.2. Efficacy of transethosomes

Transethosomes have shown improved skin permeation compared to both ethosomes and
transferosomes, due to their irregular spherical shape and high vesicle elasticity, as well as their
smaller particle size [63, 148, 235]. Due to the presence of both an edge activator, as well as
ethanol, transethosomes are more deformable that the counterparts they are combined from; this
causes higher skin permeability [63, 77, 148, 202]. Areason for the higher skin permeability could
be because the edge activator and ethanol may cause a rearrangement of the lipid bilayer of
these vesicles, leading to better vesicle malleability [63, 77, 148, 202, 230, 234]. Transethosomes
can entrap a wide range of molecules, depending on their weights, and retention of drug within
the skin was reported to be more effective when compared to the vesicles discussed previously
[63, 202, 230, 233, 234, 236, 237].

2.2.6.2.1. Mechanism through which transethosomes are transported into the skin

Due to the combination of the structures of transferosomes and ethosomes, it is suggested that
the mechanism of skin penetration is a fusion of both [63, 148, 230]. Bagde et al. [230]
investigated the mechanism of skin permeation of transethosomes and suggested that, although
the mechanism through which ethosomes penetrate the skin is still unclear, the mechanism of
penetration of transferosomes used by transethosomes is the generating of an osmotic gradient
due to evaporation of water from the skin surface, causing a greater concentration of vesicle on

42



the skin [45]. In light of transethosomes’ efficacy and mechanism of transportation, it is possible

that these lipid nanocarriers possess excellent drug delivery potential [143].

2.2.6.3. Clinical applications of transethosomes

It is suggested that transethosomes possess high biocompatibility and superior delivery into the
skin, therefore, it could be successfully applied as topical drug carrier, as done by Garg et al.
[233] in the form of a gel [143].

2.2.6.4. Advantages of transethosomes
Although little information is available on transethosomes, since they are still a relatively new
subject, the composition of transethosomes suggests they possess advantages of both

transferosomes and ethosomes, as previously discussed in this chapter [63, 232, 234, 237].

2.2.6.5. Challenges concerning transethosomes

Since transethosomes contain components of both ethosomes and transferosomes, they may be
similar to challenges affecting them. Since their discovery in 2012, little information is available
concerning the disadvantages of transethosomes. There is not much information on the
toxicological profile of transethosomes, for toxicology studies are currently being performed [235].

2.2.7. Challenges concerning lipid nanocarriers

Although lipid nanocarriers possess numerous advantages, they are bound to have some
disadvantages as well. The most general limitations occur during the design and characterization
of lipid nanocarriers [37, 238]. The ability to reproduce a specific shape of the carrier has proven
to be a limiting factor in the design of these carriers [238, 239]. Other difficulties during design
include loss of function, when applied to skin, due to enzymatic activity and changes in isothermal
phases causing segregation from a vesicle [37, 238, 240]. These problems are all as a
consequence of the biological and physical instability of lipid nanocarriers, especially liposomes
[41]. High manufacturing costs and impure phospholipid content may also affect the use of lipid
nanocarriers [41, 47, 241].

2.3. Stability of lipid nanocarriers

Stability may play a large role in the use of drug carrier systems. According to Verma and Utreja
[242] liposomes showed improved stability and would therefore be an ideal topical carrier [243].
Ethosomes, however, have a tendency to leak hydrophilic or ionized drugs when compared to
liposomes, which may lead to problems when a formulation had to be stored for an extensive
period of time [242]. Transferosomes and transethosomes have shown better stability when
compared to ethosomes [242, 244]. It is, however, suggested that stability of lipid vesicles is

improved when the membrane is more rigid [245, 246].
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Stability of lipid nanocarriers can be determined by evaluating the size, as well as the structures
thereof over time, which are the most common methods [87, 197, 205, 247]. It was determined
that storage at lower temperatures causes the lipid nanocarriers to be stable for longer periods of
time [247]. Another method for determining stability for lipid nanocarriers, is the assessment of
entrapment efficiency [181]. Entrapment efficiency is not applicable in this study, due to the study
focusing on the biocompatibility of lipid nanocarriers in the skin, but it is still an important aspect
of stability.

A significant physical parameter for predicting a vesicles’ stability, is the use of Zeta potential [63,
143]. A high negative charge of the surface of vesicles is an indicator of better stability of these

lipid nanocarriers, by preventing agglomeration [87, 143].

When a formulation is unstable, it may have an effect on the pH of said formulation, after which a
change in pH may cause even further degradation of the sample. Therefore, pH buffering can be
used to keep a steady pH, even when the formulation becomes unstable, to halt further
degradation because of pH changes [248]. Some lipid nanocarriers show instability at a low pH,

or even after long term storage in a buffer, therefore having an effect on the biocompatibility [249].
2.4. Biocompatibility

According to Kohane and Langer [250] biocompatibility is defined as “an expression of the
benignity of the relation between a substance and its biological environment.” A substance can
be inappropriate, even if it has a mostly benign reaction with biological tissue. The cell’s ability

to endure in the presence of substances can roughly be determined by in vitro studies [250].
2.4.1. Development of biocompatibility testing

There are different guidelines published to aid in biocompatibility testing. These include the
International Standard — Biological Evaluation of Medical Devices [251], OECD (Organization for
Economic Co-operation and Development) Guidelines for the Testing of Chemicals [132], FDA
(US Food and Drug Administration) Clinical Trials Guidance Documents and ECVAM (European
Centre for the Validation of Alternative Methods) Guidelines (European Union Reference

Laboratory for alternatives to animal testing).

The relationship between the lipid nanocarriers’ physiochemical properties and the interaction the
carriers have on biological environments, is complex [252]. Lipid nanocarriers resemble cell
organelles considering their dimensions [252, 253]. They mainly consist of lipids and surfactants
[252, 253]. Thus, the resemblance in size can cause the carriers to interfere with the cell’s vital
functions, which in turn can result in potential cytotoxicity [252, 253]. Lipid nanocarriers are

furthermore formulated using excipients that are generally recognized as safe (GRAS), however
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the effects of nanotoxicity have not yet been researched satisfactorily and nanotoxicity is not yet
predictable when utilizing current toxicological methods. This area of research is nonetheless a
rapidly developing and emerging subject in the nanomedicine research field [252]. Different
factors of lipid nanocarriers may affect their toxicity, such as their shape, size, surface area and
ability to create reactive oxygen species (ROS); toxicity studies, such as oxidative stress, should
be performed to establish whether these factors are causing toxicity [252, 254]. Using novel
pharmaceutical nanotechnology, these grey areas can be investigated and the desired outcomes
can be achieved, because highly adaptable complex lipid nanocarriers require impartiality during
testing and application design [37, 41].

2.4.2. In vitro skin toxicity

The field of molecular biology has experienced the expansion of new technology in determining
mechanisms for cellular toxicity [255]. Together with this technological breakthroughs, predictive
toxicology has become much more prevalent and popular in determining the safety of drugs and
drug development [256]. Novel tools used in toxicology and human risk assessment are adverse
outcome pathways (AOPSs) [256, 257]. AOPs use existing knowledge and provide a mechanistic
representation of toxicological effects in cells, by linking molecular initiation events (MIE) with key
events [256-259]

2.4.2.1. End points

The evaluation of safety is a prerequisite when new substances or carriers are introduced into the
market [30]. Toxic effects are usually related to the concentration of drug in vitro; in this case the
concentration of the colloidal carrier [31]. There are three ways by which the free concentration
of colloidal carriers can affect the cell in a toxicological manner, namely: a concentration
dependent impairment of mitochondrial function; cell membrane integrity is affected by lipid
nanocarriers, especially liposomes, which induce the release of LDH (lactate dehydrogenase); by
affecting oxidative stress markers in cells [260]. Therefore, toxicological risk assessment or

biocompatibility has become a key aspect during development of novel treatments.

Research is focusing on alternative methods, instead of animal testing. Emphasis is given to skin
corrosion as a result of necrosis, because accurate data cannot be obtained from animal testing
alone [31, 261]. In skin toxicity assays, the measurement of necrosis is classified as in vitro skin
corrosion potential [115]. In vitro models with specific endpoints, based on clinical or
histopathological endpoints, can determine general mechanisms of toxicity from drug delivery
systems [31, 260, 262, 263]. Mitochondrial activity is one of these endpoints, because

nanoparticles have a pronounced influence on these organelles [260, 264, 265].

The mitochondria plays an important role in apoptosis and necrosis of cells, and interference into

their function can lead to impaired cellular energy as well as lipid metabolism that can lead to the
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release of cell death mediators [266, 267]. The role of the mitochondria in cell death is depicted
in Fig. 1.1. One of the main key events in necrosis or apoptosis of cells is the mitochondrial
membrane permeability, which triggers most forms of cell death [267, 268]. Low mitochondrial
membrane potential can signal mitochondrial dysfunction, which can ultimately lead to necrosis
or apoptosis [260].

Chemical insult

(Contact with
toxic substance)

l Direct Cell

Narcosis mitochondrial structure
impairment destabilized

Initial injury

.| Mitochondrial ‘] Mitochonfrial permeability transition
. [
dysfunction

Apoptosis Necrosis } Cell death

Figure 1.1: Outcome pathway from chemical insult to cell death. Initial injury because of
contact with potential toxic substances can cause narcosis (damage to the cell’s plasma
membrane induced by chemicals [30, 269]), direct inhibition of the mitochondria or
destabilization of the cell’s structure. This causes a mitochondrial permeability transition, which

will finally lead to apoptosis or, in the case of this study, necrosis.
(Figure adapted from Vinken and Blaauboer [30])

2.4.2.2. Risk assessment

Predictive toxicology forms a significant part in the risk assessment of novel drugs, because the
outcome of these predictions in preclinical studies will determine whether clinical development
should or should not be pursued [257, 270-272]. The existing practice in toxicological risk
assessment is based on the clinical and histopathological endpoints in animal studies. In the
case of skin studies, skin sensitization potential of allergens, as well as skin corrosion potential,

are assessed [28, 273].

The norm for human risk assessment testing was on animals for a great part in history. As
described previously this resulted in an enormous amount of animals needed in laboratories. The
high numbers of animals, as well as distress caused by the experiments caused immense debate
on the ethical, scientific and financial feasibility of these testing procedures [28-30]. Another issue
concerning animal studies is the fact that there is always a degree of uncertainty when testing,

for humans and animals differ vastly in terms of kinetic and dynamics of drugs [31, 32]. In light
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of these problems and uncertainties concerning animal testing, the three R’s principle was
introduced in 1959 by Russel and Burch, stating that the use of animals in laboratory testing
should be reduced, refined and preferably replaced [28, 271, 273].

The first step in toxicological risk assessment is the selection of the cellular system. The cellular
system should be carefully chosen according to what needs to be evaluated. In the case of
mitochondrial damage evaluation, cell types that naturally endowed a high number of
mitochondria should be selected. Secondly, the types of cytotoxic assays should be selected.
The viability assay most commonly used is the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, but there are a range of alternative assays that can be
utilized, such as bioluminescent measurement of ATP (adenosine triphosphate) content, and

accumulation of the neutral red dye [30, 274].

2.4.2.3. Invitro tests as alternative for animal testing

Successful novel formulations and alternatives to simple lotions and creams have been
developed, yet there are still some concerns regarding toxicity in cosmetics and pharmaceutics.
For a great part in history, human risk assessment has been tested in animal models. This
resulted in an enormous amount of animals needed in laboratories. The great numbers of
animals, as well as distress caused by the tests resulted in a great deal of debate on the ethical,
scientific and financial feasibility of these testing procedures [28-30]. Another issue concerning
animal studies is the fact that there is always a degree of uncertainty when testing, for humans
and animals differ vastly in terms of kinetic and dynamics of drugs [31, 32]. Due to these reasons,
the EU Cosmetics Regulation (EC 1223 / 2009) foresaw a ban on the use of animals for testing
of cosmetic ingredients in 2013, and requires the use of alternative methods for toxicology
analysis [33, 35, 36].

Since the introduction of the three R’s (reduce, refine, replace) principle in 1959 by Russel and
Burch, many countries have introduced legislation to aid in the reduction of utilizing laboratory
animals [28, 271, 273]. Substantial efforts have been made to develop alternative methods for
toxicity testing on animals, such as human cell-based in vitro assays [29, 275, 276]. Therefore,
in vitro studies are being used for preclinical investigations, instead of using laboratory animals
[36, 276]. In vitro models mostly rely on cell viability assays, and these models promise to attain
mechanism derived information to assess risk [277-282]. This tactic reduced the number of

animals used in preclinical toxicity testing [276, 283].

The alternatives to animal testing in this study are the following eukaryotic cells: the human
malignant melanoma cell line, A375 (ATCC® CRL1619™), and normal human keratinocytes,
HaCat (ATCC® number CRI-1619™). These cell lines are different cells that are part of the skin’s

epidermis and are of human origin. One cell type models need to have a high rate of
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reproducibility to assess risks concerning drugs [284]. Keratinocytes form part of the epidermis,
on its apical side, forming part of the main barrier for transdermal delivery [284, 285]. It forms a
stratified epithelium under optimal conditions, and is therefore widely accepted and validated for
use as skin models [284, 286]. Melanoma is a cancer type that develops from melanocytes,
which produce the pigments of the skin [287]. It is important to add melanocytes into a full

thickness skin model to increase the model’'s physiology properties [284, 288].
2.4.3. Challenges concerning in vitro toxicity screening of lipid nanocarriers

In vitro studies depict higher effect levels than animal studies, regarding mitochondrial dysfunction
during toxicological responses, causing it to magnify the relevance of cell studies in preclinical
testing, as well as predictive toxicological screenings [260]. A challenge of in vitro cytotoxicity
studies is the accurate conversion of the test results into the correct perspective for risk

assessment [30].

Other challenges of in vitro cytotoxicity studies include the deviation of data between in vivo and
in vitro studies, which is caused by the limited amount of target sites of single cell cultures, as
well as functionality; variability of assay setup and chemicals may interfere with target
concentrations of carriers in the systems; differences in metabolic processes between in vivo and
in vitro systems may cause problems due to the variability of clearance and metabolite formation
[29, 31, 289-298]. Research has been focused more on the cellular mechanisms and what
causes possible cytotoxic interactions with them [273]. The data obtained by these investigations
will assist in developing the future research that aims to optimize in vitro biocompatibility studies,

as well as enable its use in quantitative studies [273, 299].
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Chapter 3 — Image analysis of particle shape for
characterizing of lipid colloidal carriers
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Abstract

Liposomes, transferosomes, ethosomes and transethosomes are lipid nanocarriers (LN) that
have been developed as alternatives to traditional transdermal products. Characterization of
these systems is an important first step in dosage form development. One of the standardized
ways to characterize the LN is with dynamic light scattering (vesicle diameter, PDI and zeta
potential), Quantitative image analyses, using specific size and shape variables have not been
established for LN. In this study, the Malvern Morphologi G3 was used to establish size and
shape parameters for the characterization of LN. The intensity mean of the LN was grayscale,
indicative of the fluid filled vesicles. The LN were fairly solid, showed low elongation and high
convexity, with varying levels of circularity. It was concluded that elongation, convexity and

circularity were parameters that could be used complementary to dynamic light scattering.
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1. Introduction

Over the past ten years, novel colloidal carriers in the nanometer range have been proven
successful in various fields utilizing nanotechnology. Colloidal carriers are defined as
“particulate or vesicular dosage forms that serve as superficial drug reservoirs”. Lipid colloidal
carriers are colloidal carriers that have a particle or droplet size as small as 500 nm, and have
the ability to deliver various drugs in effective concentrations [1-5]. They are water filled
vesicles with a lipid membrane [6-8], and are divided into the following categories: liposomes,
ultra-deformable vesicles (UDV) and solid lipid nanoparticles (SLN). The use of lipid
nanocarriers (LN) in the skin has received increased attention in the field of drug-delivery
research, since these LN have the capacity for controlled release by creating a localized depot
in the skin [2, 3]. To ensure that drugs have controlled and reliable release for improved
delivery into the skin, several lipid nanocarriers have been developed as an alternative to the
traditional transdermal products [9, 10]. These systems include liposomes, transferosomes,

ethosomes and transethosomes [9].

In 1964 Alec Bangham first described liposomes as “closed” vesicles, consisting of
phospholipids, formed in an excess of a watery phase” [11]. This description was adjusted in
later years, improving the definition of liposomes as “colloidal particles capable of
encapsulating drugs, which are formed as concentric bio-molecular layers” [12-20].
Liposomes proved to be limited in being thermodynamically unstable, with poor permeability
through the skin, and are mostly engaged for topical drug delivery, therefore improved
formulations were developed [9, 15, 16, 19, 21, 22]. UDVs can be described as new novel
lipid nanocarriers that demonstrate more deformability, which enhances their ability to deliver
drugs transdermally compared to liposomes [15, 16, 23, 24]. They have the advantage over
liposomes by minimizing the risk of vesicle rupture during skin penetration, as well as not

compromising the structure of the skin [4, 8, 25, 26].

Transferosomes were introduced by Cevc and Blume [24] as the first generation of elastic lipid
nanocarriers and are trademarked by IDEA AG in Munich, Germany. These ultradeformable
vesicles, are artificial phospholipid-based elastic nanovesicles that contain edge activators
such as sodium cholate, and are most commonly used in drug delivery technology [8, 11, 15,

16, 25, 27, 28]. Touitou et al. [21] introduced elastic lipid vesicles called ethosomes. Due to
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facilitating non-invasive delivery of drugs within the skin’s layers, these carriers were
developed especially for transdermal delivery [9, 15, 29-36]. Only more recently, in 2012, did
Song et al. [22] introduce the UDV, transethosomes, which comprised of the components of
both transferosomes and ethosomes [15, 37-39]. This was an attempt to combine the
advantageous characteristics of both transferosomes and ethosomes [40], causing them to

be more deformable, due to their ethanol and surfactant content [15, 22].

Characterization of LN improves the understanding of synthesis and application of these
nanoparticles, and could in turn be used for regulatory purposes [41]. In the design of UDV,
similar to liposomes, the size and morphology of the particles remains essential as it may
influence the stability, kinetics of drug release and drug distribution in the blood [42-44]. In
addition, more emphasis has been placed on the shape of nanoparticles as it influences the
drug release rate, cell uptake rate, stability, pharmacokinetic profiles, biodistribution,
cytotoxicity, as well as therapeutic efficacy [42, 43, 45]. Particle surface properties is another
important factor, as it has been linked to uptake mechanisms, the drug release rate, stability,
pharmacokinetic profiles, and biodistribution [42, 43, 45].

One of the preferred methods for analysis of particle size is dynamic light scattering (DLS).
DLS determines the size of dispersed particles by the intensity of the light scattered from the
particles [46, 47]. Particle size is used as a means to compare different particles with each
other, whether they be liquid, solid or gas. Particles larger than 600 nm in diameter are not
able to cross the skin barrier, but will be able to deliver drugs topically [48]. Polydispersity
index (PDI), also known as dispersity, is defined as a means to characterize the distribution of
sizes of particles in a mixture [48, 49]. PDI is a dimensionless index where a higher index,
such as 0.7, is indicative of a broad particle size distribution and a lower index, such as 0.05,
is indicative of a significantly narrow particle size distribution [48]. Currently a PDI of 0.3 and
lower is accepted for use as lipid-based carriers [48]. Conversely, zeta potential also known
as electrokinetic potential, is defined as a charge that develops at the border between a solid
surface and a liguid medium, therefore acting as a natural parameter to describe
electrochemical properties [50]. It has been suggested that zeta potential is indicative of
physical stability of emulsions, and is measured using laser Doppler micro-electrophoresis
[47, 51]. Morphology of the particles are usually measured by SEM/TEM, however drying of
the sample during analysis may change the properties of the vesicular systems [43, 52].
Stability may play a large role in the use of drug carrier systems, especially the stability of lipid
nanocarriers. The most common methods for determining stability of lipid nanocarriers are by
evaluating the size and the structure of the vesicles over time [32, 53-55]. A significant

physical parameter for predicting a vesicles’ stability, is the use of zeta potential, where a high
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negative surface charge will be an indication that the vesicles would be stable for longer and
would not agglomerate [15, 53, 56]. An unstable formulation might have an effect on the

formulation’s pH, which can lead to further degradation.

In addition to surface characteristics and size offered by SEM/TEM, image analysis software
has enabled the additional measurement of various particle shape properties. These
properties are measured in two dimensional (2D) projections of three dimensional (3D)
images, contrasting the one dimensional (1D) offered by TEM/SEM. The Malvern Morphologi
G3 (Malvern Instruments Ltd., Malvern, UK) is a particle characterization instrument for the
measurement of particle size and shape by employing image analysis in segments to
determine the exact shape of particles [57]. Particle size is given by the length, width and CE
diameter. The particle form is provided by the aspect ratio and elongation, whereas the mean
intensity (measure of transparency) and solidity provide an indication of the surface
morphology and the internal microstructure of the particle. The shape of particles is measured
by means of circularity, convexity and elongation and solidity can additionally be utilized to
establish subtle differences between particles [57]. Figure 3.1 illustrates the parameters of

image analysis.
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Figure 3.1: lllustration of the parameters of image analysis
(lllustration adapted from Duffy [58])

To date, little to no studies have been performed to determine lipid nanocarrier stability using
the Malvern Morphologi G3. In this study we demonstrated a systematic approach to
characterize ultradeformable vesicles with optimization of the UDV formulas. We have
compared our results to those obtained for liposomes, which we have included as a control,
as numerous studies have been conducted on liposomes to characterize these vesicles.
Liposomes could be perceived as the ‘father-vesicle. We aimed to quantify the

characterization of the morphology, utilizing image analysis, of UDVs as a complementary
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technique to DLS, comparing the image analysis results to results obtained from previous
studies on powder particles. We have attempted to determine the image analysis parameters
that best fit these lipid nanocarriers to improve characterization of similar carriers in the future.
We included stability experiments to determine the effects of storage time on the image

analysis parameters, as well as DLS parameters of the UDV with liposomes as the control.
2. Materials and methods

2.1. Materials

Chloroform (biotech grade, 299.8%), ethyl alcohol (pure, for molecular biology), L-a-
phosphatidylcholine (from egg yolk, PC), methanol (suitable for protein sequencing),
phosphate buffered saline (for cell cultures, PBS) and Span 80® were purchased from Sigma-
Aldrich®, Merck (Pty) Ltd. (Darmstadt, Germany).

2.2. Formulation of lipid nanocarriers

The optimal composition for the liposomes, transferosomes, ethosomes and transethosomes
was determined beforehand to enable vesicles suitable for standardization of morphological
parameters (Supplementary Material). Formulation was performed at room temperature that
was controlled at 25°C at all times. It was established that only a 1000 pg/ml concentration of

LN would be prepared each time, after which it would be diluted to the desired concentration.

The method for formulation of liposomes and UDV was adapted from Ascenso et al. [15] and
the composition of the different LN is summarized in Table 3.1. PC was dissolved in a 2:1
chloroform:methanol mixture, after which the solution was heated to 40°C. The beaker was
rotated constantly until a film was visible on the bottom of the beaker. The aqueous phase
(PBS for cell cultures) was subsequently added and the mixture homogenized at 6000 rpm for
1 min using the IKA ULTRA-TURRAX® tube disperser workstation system (IKA®-Werke GmbH
& Co. KG, Staufen, Germany). When UDV was prepared, the Span 80® and ethanol was
added to the PC before heating of the samples commenced. The vesicle suspension was

cooled to 4°C for a minimum of 2 h prior to characterization.
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Table 3.1: Final composition of the different LN

Vesicle type Ingredient Concentration needed
(%)
Liposomes L-a-phosphatidylcholine 100
Transferosomes L-a-phosphatidylcholine 85
Span 80° 15
Ethosomes L-a-phosphatidylcholine 13.79
Ethanol 86.21
Transethosomes L-a-phosphatidylcholine 11.72
Span 80° 2.07
Ethanol 86.21

L-a-phosphatidylcholine from egg yolk is a phospholipid that has excellent biocompatibility and
amphiphilicity, and was included as the lipid for the LN due to these characteristics [59]. Span
80® is a surfactant utilized for its edge activating properties, causing destabilization of the lipid
bilayer and lowering the interfacial tension, and therefore leading to higher elasticity [60].
Ethanol, also known as ethyl alcohol, is a modulator of the lipid bilayer, causing it to be more
elastic [60].

2.3. Particle size and zeta potential

Post system formulation and storage at 2-4°C, the samples were prepared for analysis.
Liposomes were used as a control to which the UDV were compared. A wet dispersion was
created by dropping a single drop of prepared LN suspension in 5 ml PBS, after which the
dispersion was transferred to a disposable Zetasizer cell. Analysis commenced on the
Malvern Zetasizer at 25°C (Malvern Instruments Ltd, Malvern, Worcestershire, UK), which
utilizes DLS and the Doppler micro-electrophoresis. To determine the size distribution the
data was analyzed by the Malvern Zetasizer software (Malvern Instruments Ltd, Malvern,
Worcestershire, UK) that yields the LN size in two parameters, i.e. the intensity (z-average) or
the number average. For the purpose of this study the z-average was used. Results were
presented in percentile parameter including the D10, D50 and D90, where D50 is an indication
that 50% of the particles were smaller than this value. PDI was also determined employing
the same software, and utilizing the D50 values of the number-based data, providing an

indication of the particle size distribution.
2.4. pHatroom temperature

A Mettler Toledo pH meter (Mettler Toledo, Columbus, OH, USA) was implemented to

determine the pH of the LN at a specific temperature of 25 °C.
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2.5. Morphology

After the samples had been formulated and stored in the fridge, they were prepared for
analysis. The Malvern Morphologi G3 (Malvern Instruments Ltd., Malvern, UK) with its
associated software was employed to analyze all the vesicle samples. Each sample was
injected into the wet dispersion cell composed of two sheets of glass, which are separated by
a spacer that holds the sample in between the glass sheets. After the injection into the wet
cell, the sample plate was placed onto the sample carrier where the images of individual
vesicles were captured and analyzed by automated scanning. All samples were analyzed in
triplicate. A 5x objective with a depth of field (DOF) of 24.44 um, and a size range of 6.5 um
to 420 um were selected to conduct the vesicle imaging and light intensity calibration was
automatically done before each sample was analyzed [61] (Supplementary material). This
objective was selected due to the optimization study’s results concerning the vesicles’
diameters (between * 60 d.nm and =500 d.nm). The bottom light (diascopic light) was
selected to illuminate the samples, according to the SOP for wet samples. All the samples
were photographed, after which the individual vesicles could be viewed with the software
program. Span was additionally calculated using the following equation, where a higher span

value is indicative of a wider particle distribution:

D90 - D10

Span = D50

[1]

The span of the DLS and image analysis was compared, as well as vesicle diameter. The
D50 values of the image analysis were used, however, as stated values were recorded for
D10, D50 and D90 of the different parameters. These values were analyzed with the aim of
creating quantifiable parameters. In addition the influence of storage time on the UDV as a
measure of stability was also studied, with the aim to determine whether the parameters

changed during storage.

Usually where small sizes of particles need to be detected, a number-based resolution system
is implemented, whereas larger particles can be detected using a volume-based system,
rendering it more time efficient [57]. When utilizing number-based resolution, each patrticle
contributes to the results to the same extent, whereas the particles in volume-based resolution
will contribute only according to their volume [57]. Therefore, based on the small size of the

vesicles, number-based resolution was employed.

CE diameter (diameter of an equivalent circle) is defined as the particle diameter of a sphere

of equivalent volume [57, 62]. Number distribution, conversely, is the number of particles
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within each size class of the total population. According to the Malvern Morphologi G3 user
manual [57], the intensity mean is “the average of the pixel greyscale levels in the object.”
Number distribution is the number proportion of particles in each size class. The Malvern
Morphologi G3 user manual furthermore describes solidity as “the object area divided by the
area enclosed by the convex hull” [57]. Elongation levels of zero indicate no elongation is
present, whereas levels closer to 1 are indicative of elongated particles [57]. Convexity is
used as a measure of the surface roughness of a particle [57], with a value of 1 depicting
smoothness and a value closer to O depicting an irregular object. According to the Malvern
Morphologi G3 user manual, circularity quantifies how close a particle is shaped to a perfect
circle or sphere, therefore circularity is a measure to describe deviation from a perfect circle
[57]. Lastly, aspect ratio is defined as the ratio of the width to length of the patrticle, and in the
range of O to 1, where a more circular particle would have a larger aspect ratio [57].

3. Results

Characterization of LN / UDV with DLS

A summary of the characterization data of the various LN is described in Table 3.2. The D50
values were used during the characterization through the Malvern Zetasizer. The mean
vesicle diameter of the liposomes and ethosomes was measured as 930.64 £ 163.50 d.nm
and 1002.56 + 122.70 d.nm respectively. The transferosomes and transethosomes, however,
are smaller than 600 nm in diameter, as these mean vesicle diameters were measured as
557.97 £51.10 d.nm and 530.33 + 64.67 d.nm respectively. Larger vesicle sizes were
preferred in this study in order to be able to observe the morphology of these vesicles better.

Table 3.2: Summary of the characterization data (Mean + SD) of the different lipid
nanocarriers, (n=3)

Zeta potential

Vesicle type Diameter (d.nm) PDI pH
(mV)
Liposomes 930.64+163.50 0.69+0.07 -13.76+4.12 7.52+0.04
Transferosomes 557.97+51.11 0.66+0.16 -10.15+3.15 7.51+8.882-16
Ethosomes 1002.56+122.70 0.72+0.07 -11.89+1.96 7.52+0.03
Transethosomes 530.33+64.67 0.55%0.06 -14.00+1.86 7.52+0.01

The mean PDI of all of the lipid nanocarriers was larger than 0.3, where transethosomes
presented with the lowest mean PDI (0.55 + 0.06) and the ethosomes showed the highest
mean value (0.72 + 0.07). Due to the PDI values being higher than 0.3, it was indicative that

all the LN showed a wide patrticle size distribution, which is undesired. Furthermore, all the
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vesicles displayed a negative charge, where liposomes and transethosomes depicted a larger
negative charge. Additionally, pH was determined as it may have an influence on zeta
potential. The entire LN had portrayed a relatively neutral pH due to the use of PBS as the

agueous phase.

Figure 3.2 illustrates the effects of storage time on the DLS parameters. From Figure 3.2.A
(effects of storage on vesicle diameter) it is clear that the size of the liposomes and ethosomes
increased over 90 days, whereas the vesicle size of the transferosomes and transethosomes
did not change over the course of time. Performing One-way ANOVA analysis, using the
Dunnett multiple comparison test, established that the transferosomes and transethosomes
differed statistically significantly in vesicle size, when compared to both liposomes and
ethosomes (p<0.05). Conversely, the PDI of the UDV, as well as the liposomes remained
relatively stable over the course of 90 days, as shown in Figure 3.2.B. Again, One-way
ANOVA analysis, utilizing Dunnett’s multiple comparison test, indicated that statistically
significant differences in PDI could be observed when the transferosomes and
transethosomes were compared to the liposomes, as well as when the PDI of the

transethosomes was compared to that of the ethosomes.
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Figure 3.2: Stability of the different LN over 90 days by means of comparison of the DLS
parameters; A. Diameter (d.nm £ SD), B. Polydispersity index (PDI + SD), C. Zeta potential
(mV = SD), D. pH + SD; using the Malvern Zetasizer and Mettler Toledo pH meter; n=3
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Considering the zeta potential of the LN (Figure 3.2.C), it is clear that the zeta potential of the
liposomes did not vary notably and remained stable. Only a slight increase over time could
be observed. In contrast, the zeta potential of the transferosomes decreased over the course
of 60 days, indicating that they became more stable during that time. However, post 60 days,
the zeta potential began to increase once more, signifying the vesicles were no longer stable.
The zeta potential of the ethosomes and transethosomes followed the same trend as that of
the liposomes, where the transethosomes depicted a more desirable zeta potential at the end
of the experiment (after 90 days). No statistically significant results were obtained.

In view of pH determination at 25°C, over 90 days (Figure 3.2.D), it was expected that the pH
values would remain stable at approximately 7.5 as the LN were buffered using PBS, so that
the LN would not be irritating to the skin. The pH of liposomes remained stable for the first 30
days, after which a steady decrease occurred. However, it never decreased below a value of
7.0, indicating that the PBS buffer was able to maintain a pH in the physiological pH range.
All the UDVs portrayed the same trend as the liposomes concerning the pH. The lowest pH
value recorded for the UDV, was that of the transferosomes at pH 6.98. No statistically

significant differences between the pH values of the LN could be established.
Characterization and stability study using the Malvern Morphologi G3

3.1. Visual examination

Through visual examination of the LN as shown in Figure 3.3, it is clear that all the vesicles
had been formed correctly, as they were spherical in shape and contained the aqueous phase
(PBS). Results obtained are similar to that of Ascenso et al. [15], whom concluded that their
transferosomes, ethosomes and transethosomes were fairly similar in terms of size and form.
All the vesicles displayed a greyish color, in contrast to the study conducted by Ulusoy and
Kursun [63] who observed talc particles. Additionally, during the 90 day study the vesicles
remained visually stable, not differing from Figures 3.6, 3.7 and 3.8. (See Supplementary
Material). No agglomeration of the vesicles was observed, throughout the course of the study,

and no contaminant particles could be detected.
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Figure 3.3: Visual inspection of formulated lipid nanocarriers using the Malvern Morphologi
G3 for investigation of morphology during characterization, portraying that spherical vesicles
were formed, where: A. Liposomes, B. Transferosomes, C. Ethosomes, D. Transethosomes,
n=3

3.2. Image analysis parameters

As listed in Table 3.3, the CE diameters of the UDVs compared to the CE diameter of the
liposomes are relatively similar, excluding the CE diameter of the ethosomes, as this value is
slightly higher, indicating a marginally higher size distribution. However, no statistically
significant differences could be concluded. Comparing the CE diameter (number distribution)
to the particle diameter as determined by the Zetasizer, it is clear that the vesicles were
significantly larger than determined by the Zetasizer. Regarding the span of the LN, it was
determined that the liposomes, transferosomes, ethosomes and transethosomes depicted
span-values of 1.49, 1.01, 2.06 and 1.15 respectively, when analyzed with image analysis,
indicating a noteworthy wide particle size distribution. The span of the transferosomes and
transethosomes decreased over time, suggesting that the vesicles’ size distribution was more
favorable, due to the size of the vesicle suspension being more conformed. Over the course
of 90 days the vesicles remained stable with no statistical significant increases in CE diameter.
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The entire LN had mean intensity values of below the greyscale level, demonstrating that a
light grey color could be observed. The liposomes depicted a slightly higher intensity mean,
signifying slightly higher transparency. From Table 3.3, it could be established that the UDVs
overall showed a slightly lower intensity mean compared to the liposomes. Moreover, the
UDVs exhibited extremely similar distribution, and no statistically significant differences could
be concluded. All the vesicles had similar intensity means, towards a grey color. The intensity
mean of the vesicles remained the same over the course of 90 days, which corresponds with
the visual inspection (Supplementary material).

As depicted in Table 3.3, the distribution of solidity among these vesicles was narrow, at a
high solidity value. These vesicles are filled with a liquid phase, therefore causing them to be
more ‘solid’ as they are not just empty vesicles. Statistical analysis of these datasets showed
no significant differences between the individual distributions of solidity vales, even after the
course of the 90 day stability study. Low levels of elongation are observed throughout all the
vesicles (£0.51°+ 0.04) as depicted in Table 3.3, which denotes that a higher level of convexity
should be present. Elongation of the vesicles decreased over the testing period. Additionally,
high levels of convexity were observed (20.76 + 0.07), which is consistent with the lower
elongation levels as mentioned previously. High convexity levels also suggest that circularity
levels should be high, signifying the vesicles are close to a perfect circular shape. The
convexity of the vesicles remained stable over 90 days. Conversely, circularity of the vesicles
was varied, with liposomes presenting the lowest circularity number distribution. The
ethosomes compare the closest to the liposomes with lower circularity levels, whereas the
transferosomes and transethosomes were closely related to each other with higher circularity
levels, suggesting they were close to a circular shape. Over the course of 90 days the
circularity of the vesicles increased, indicating they became more spherical as time passed.
The liposomes and ethosomes revealed the lowest aspect ratio, signifying that these vesicles
showed a more elongated shape, whereas the transferosomes and transethosomes exhibited
higher aspect ratio, indicating these vesicles were more spherical. The aspect ratio of the LN

all remained relatively stable over the course of 90 days (see supplementary material).
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Table 3.3: Comparing the different parameters of image analysis for the different lipid
nanocarriers during characterization; Intensity mean, Greyscale: black = 0; mid-grey = 128;
white = 255; CE diameter (um); Solidity, solid = 1; Elongation, elongated = 1; Convexity,

perfectly smooth = 1; Circularity, perfect circle = 1, using the Malvern Morphologi G3, =3

Liposomes Transferosomes Ethosomes Transethosomes

CE Diameter 3 5740.59 3.17+0.21 4.04+0.96 3.41+0.48
D(n, 0.5) (um)

Mea[;‘[r']”gegs'ty 102.33+0.47 101.33+1.63  101.33:0.47  101.33:0.47
Solidity 0.87+0.05 0.92+0.00 0.880.01 0.910.01
D[n, 0.5]

Elongation 0.32+0.04 0.25£0.01 0.3240.02 0.27+0.01
D[n, 0.5]

Convexity 0.92+0.03 0.960.01 0.93£0.02 0.95£0.01
D[n, 0.5]

Circularity 0.51+0.14 0.73+0.03 0.57+0.04 0.68+0.05
D[n, 0.5]

ASS[iCtOrS“O 0.68+0.04 0.74+0.01 0.59+0.04 0.72+0.01

4. Discussion

Liposomes and the selected UDVs were firstly prepared and optimized, after which the
physical and morphological characteristics of the transferosomes, ethosomes and
transethosomes were compared to the liposomes. Characterization of the different LN was
conducted by means of DLS. The liposomes were found to be within the literature described
range of between 20 nm to as large as a few micrometers [53, 64-66]. Additionally, the
transferosomes and ethosomes presented with mean diameter values of 1002.56 nm
(x122.70) and 557.97 nm (£51.11), respectively, which indicated these LN results were in
concurrence with literature [15, 18, 21, 33, 67]. However, the transethosomes (530.33 nm
+64.67) obtained during this study may be considered relatively larger when related to
previous studies, as literature indicated the size of transethosomes to vary between 40 and
200 nm [68]. Particles larger than 600 nm in diameter are normally not able to cross the skin
barrier, therefore signifying that the prepared ethosomes and liposomes were more likely in
the micro range, and would probably not be functional for transdermal drug delivery [48].
Nonetheless, the transferosomes and transethosomes will probably be able to penetrate the
skin for transdermal drug delivery. In addition, the PDI range for the all the vesicles was
measured as between 0.55 + 0.06 and 0.72 £ 0.07, with transferosomes portraying a PDI-
value closest to that of liposomes. This PDI-range suggests that all the vesicles possess a

relatively wide size distribution, declaring the LN vesicles as having non-uniform vesicle sizes.

81



During stability testing it became evident the liposomes varied in size and were thus regarded
as unstable over the course of the testing period as an increase in the PDI could be observed.
Overall, although the PDI of the transferosomes indicated a wide size distribution, these
vesicles could be considered stable as no statistical significant differences could be seen for
both PDI and vesicle size over time. The ethosomes displayed relative stability up until 60
days whereafter the PDI and diameter values increased notably. Transethosomes which
depicted the smallest mean diameter post preparation, proved the most stable overall during
stability testing as no significant change in size occurred and the PDI remained within the
same starting range. In general, when comparing the results derived from this study to other
research where different DLS methods, such as the NanoBrook 90 plus PALS (Brookhaven
Instruments Corporation, Long Island, NY, USA) and Malvern Nano-S (Malvern Instruments,
Malvern, UK), were utilized to measure vesicle size and PDI, it is clear the liposomes,
transferosomes and ethosomes from this study portrayed remarkably larger vesicle sizes and
PDlI-values [36, 69-71]. Conversely, transethosomes exhibited a similar vesicle diameter, but
a slightly elevated PDI when compared to a study conducted by Rady et al. [72] in 2018.

When the zeta potential of the liposomes was determined, it remained stable, with only a slight
increase over the 90 day timeframe, suggesting that liposomes are a suitable choice when a
topical product needs a longer shelf life. In comparison to liposomes, transferosomes were
initially unstable, with regard to zeta potential, but they stabilized more over time. Only after
60 days did the small increase in zeta potential show that the transferosomes become more
unstable over time. The ethosomes, as well as the transethosomes, behaved most like the
liposomes over the 90 day study, whereas the transethosomes exhibited a more desirable
zeta potential than both the liposomes and the ethosomes. A varied range of the zeta potential
of liposomes was observed when compared to other studies, depending on the exact
composition of the liposomes, however, when compared to PC only liposomes, they tended
to have a more unfavorable zeta potential [73-76]. The zeta potential of the UDV also showed
more favorable in other studies with instruments such as the Malvern Nano-S and Malvern
Nano ZS (Malvern Instruments, Malvern, UK) [36, 70-72]. The pH of the LN systems was
buffered with PBS, thus ensuring a stable neutral pH throughout the study, due to the use of

these carriers on the human skin.

Following characterization by means of DLS, image analysis utilizing the Malvern Morphologi
G3 instrument, was subsequently employed to characterize the LN further. The general use
of the Morphologi G3 has previously been focused more on powder particle shape and
characterization, than suspensions and emulsions. The Malvern Morphologi G3 previously

focused more on powder particles such as cement [77] or talc [63] which are irregular in shape,
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with high intensity mean values, varied elongation, circularity and convexity. In contrast, this
study focused more on the different parameters in characterizing lipid nanocarriers, which are

a nanoemulsion, more than a suspension.

Through visual inspection, it was concluded that all of the lipid nanocarriers formed spherical
vesicles that contained an aqueous phase (PBS). Throughout the study it was observed that
the vesicles still had the spherical form and that it did not degrade after the 90 days stability
testing period. No agglomeration occurred throughout the study. Visual inspection by means
of the micrograph images, however, only proved successful in determining whether the
vesicles were formed, and whether agglomeration transpired. A possible reason for this could
be that the focus of the study was more on the parameters rather than the visual imaging.

After visual inspection, the lipid nanocarriers were inspected to determine their intensity mean,
CE diameter, solidity, elongation, convexity and circularity throughout the 90 days. The
intensity mean of the liposomes showed a slight decrease over time, indicating the liposomes
had darkened slightly. Moreover, the intensity mean of the UDVs could be related to that of
the liposomes, over the course of the 90 day study, where the transethosomes displayed the

lowest intensity mean, which is an indication of them being the darkest in color.

The CE diameter of the liposomes and UDVs remained stable over the course of the study,
and the span-values obtained for all the LN indicated a wide particle size distribution for the
liposomes, as well as the UDVs, although the transferosomes and transethosomes showed a

size distribution that was narrower compared to the liposomes and ethosomes.

Overall, the liposomes and UDVs portrayed high solidity values, due to the vesicles being filled
with the liquid phase. Over the course of the stability study, these values remained fairly
stable, only showing a slight increase. When compared to powder particles, the UDVs and
liposomes showed lower solidity, whereas the powder particles showed extremely high solidity

values, due to them being solid [78].

Regarding the elongation values attained, it was clear that both the liposomes and UDVs
displayed relatively low levels. Over the course of 90 days, the elongation levels fluctuated
only slightly, which could be due to the membranes of the vesicles that are malleable and
elastic. Comparing these values to previous powder characterization studies, it was
established that the lipid nanocarrier values were lower than the values obtained for powder
particles as studied previously by Ulusoy and Kursun [63] and Di Pretoro et al. [79]. Due to
the low elongation levels, it is suggested that the vesicles should, therefore, show higher

convexity levels. This was confirmed by observing high convexity for all the LN, and these
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values remained relatively unchanged over the course of the study. Powder characterization
by Ulusoy and Kursun [63] and Di Pretoro et al. [79] showed lower convexity levels than those
of the LN.

Although it is suggested that, if the convexity of the vesicles are high, the circularity levels of
the vesicles should also be high, this was not observed during the study. The liposomes and
ethosomes compared similar to one another, as did the transferosomes and transethosomes,
with the latter showing higher circularity than the first. Over the course of the 90 day study,
the circularity of the vesicles remained stable. Powder characterization studies indicated
varied results, depending on the material the powder consisted of [45, 63, 79]. The vesicles

were observed to be more circular and less irregularly shaped than the powder particles.

The aspect ratio of the liposomes remained stable over the course of the study, and the UDV
compared similar to the liposomes, with only slightly more elevated aspect ratio values. When
compared to powder characterization studies, the powders showed lower aspect ratio values
[63, 79].

Due to the Malvern Morphologi G3 using image analysis to characterize the lipid nanocarriers
guantitatively, the data was compared to other methods of image analysis. Li et al. [80] used
cryo-transmission electron microscopy (cryo-TEM) to analyze liposomes qualitatively. Li et
al.'s study mainly focused on the drug within the vesicle and not the vesicle itself. A study
conducted by Azzi et al. [81] used atomic force microscopy in order to analyze the rigidity of
blank liposomes; they also observed the liposomes’ shape and size remained stable after UV
exposure. Caddeo et al. [70] performed a study in 2018 on anti-oxidant activity of
transferosomes and similarly used cryo-TEM analysis to determine the shape and size of the
transferosomes. In this study, it could be concluded that the transferosomes prepared were
also spherical in shape, but the size of the vesicles differed remarkably. In this study, we
focused on characterizing these vesicles by observing the shape through image analysis, and
not on the vesicle size. Image analysis of the ethosomes, as well as transethosomes, were
compared to other studies, by Xie et al. [82] and Chen et al. [56], respectively. Both research
entities used transmission electron microscopy (TEM) to determine basic vesicle shape, size
and dispersion. All the vesicles produced in both studies, were a spherical shape, and the
vesicle sizes were larger than expected, although Xie et al.’s ethosomes were smaller than in

our study.

It can therefore be concluded that the different UDVs depicted relative stability over the course
of 90 days, when compared to liposomes; with ethosomes having the most similar results
compared to the liposomes. The transferosomes and transethosomes, however, showed

more pronounced stability over time.
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Neither DLS nor image analysis provides a perfect solution for the characterization of UDVs,
however, a combination of both resulted in greater comprehensive characterization. The use
of the Malvern Morphologi G3 to characterize and determine the stability of vesicles is still a
new field; it could, however, be used as a complementary means of stability and
characterization determination, when parameters such as elongation, convexity and circularity
are taken into account. These parameters offer a better understanding on the spherical shape
of the vesicles, as well as the ‘smoothness’ of the surface of the vesicles. Conversely, intensity
mean, CE diameter, and solidity do not contribute enough information to the characterization
of the vesicles that the DLS methods do not already determine.
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Supplementary material

In this study, the formulation of the lipid nanocarriers (LN) was adapted and optimized, to enable
a systematic approach for characterization of the carriers. A combined approach of dynamic light
scattering (DLS) and image analysis was implemented. The aim was to obtain LN that complied
with criteria for topical or transdermal delivery of drugs.

1.1. Optimization of lipid nanocarriers

Figure 3.4 shows an experimental outline explaining the formulation and characterization of the
LN.

Liposomes

Transferosomes

4 Types —
— Ethosomes
[ \
Formulation Transethosomes
of lipid M
nanocarriers J Particle size distribution
2
\ (e pH
——  Characterisation ~ —
Zeta potential
Morphology

Figure 3.4: Experimental outline of formulation and characterization of LN
1.1.1. Preparation of liposomes for initial characterization

Formulation was done at room temperature that was controlled at 25°C at all times. The method
for formulation of liposomes was adapted from Ascenso et al. [1]. L-a-phosphatidylcholine (PC)
from egg yolk was used to create the vesicles with cholesterol from sheeps-wool that served as
an edge activator for the liposomes. The PC and cholesterol was dissolved in a 2:1
chloroform:methanol mixture, after which the solution was heated to 40 °C, using a heat plate.
The beaker was rotated constantly until a film was left on the bottom of the beaker. The aqueous
phase, distilled water, was then added. Glass beads were introduced to the beaker and the
mixture was placed into an ultrasonic bath (Camlab Transsonic Bath TS540, Camlab, Cambridge,
UK), where after the mixture was sonicated using the Hielscher UP200st Ultrasonic Processor ®
(Hielscher, Teltow, Germany). The beaker was covered with Parafilm ® and placed in a fridge at

4 °C for two hours.
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The vesicles were formulated and characterized using DLS to determine particle size,
polydispersity index and zeta potential using a Malvern Zetasizer (Malvern Instruments Ltd,
Malvern, Worcestershire, UK). In addition, pH was determined as it could play an important role
in the zeta potential of the LN. The basic characterization comprised of visual inspection of the
vesicles under a light microscope (Zeiss Axiovert 25m, Carl Zeiss AG, Oberkochen, Germany),
using the 10x objective, to determine whether emulsion formation had occurred.

1.1.2. Preparation of ultradeformable vesicles for initial characterization

The method described above was followed identically to formulate 20 ml the ultra-deformable
vesicles, using Table 3.3 below for the composition of each lipid nhanocarrier Other than the PC
used, Span 80® and ethanol were used to prepare the UDV. Span 80® is a surfactant used for its
edge activating properties, causing destabilization of the lipid bilayer and lowering the interfacial
tension, and therefore leading to a higher elasticity [2]. Ethanol, also known as ethyl alcohol, is a
modulator of the lipid bilayer, causing it to be more elastic. The Span 80® and ethanol required
in the UDV, were added to the PC before it was heated

Statistical analysis was performed with GraphPad Prism 5 (GraphPad Software, La Jolla, CA,
USA) to determine whether statistically significant results were obtained.

1.1.3. Results

The vesicles were all inspected visually to assess whether the formation of vesicles occurred.
The liposomes did not show vesicle formation, they showed clusters of crystals; it was speculated
that the cholesterol was the cause of these crystals. It was hypothesized upon further inspection,
that the liposomes would show undesirable results, therefore, the liposome formula should be

adapted. Upon visual inspection of the UDV, it was determined that were formed successfully.

As shown in Figure 3.5.A the lipid nanocarriers were all smaller than 600 nm in diameter,
indicating that they would be well suited for drug delivery into the skin. However, the much larger
particle size of the liposomes could be attributed to the presence of the crystals in the formulation.
The use of Span 80® and ethanol caused the UDV membranes to become more malleable. The

ethosomes were statistically significantly smaller when compared to liposomes (p<0.05, n=3).

The liposomes had the largest polydispersity index of 0.73 £ 0.15 as shown in Figure 3.5.B,
indicating it had a wide particle size distribution. A reason for this could be the crystallization of
some of the cholesterol in the formulation. It was therefore recommended that the formulation for
liposomes be adjusted to prevent crystallization from occurring during the study. The

transferosomes, ethosomes and transethosomes had PDIs of 0.254 + 0.01, 0.278 + 0.01 and
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0.229 + 0.01 respectively, lower than the limit set. The UDV differed statistically significant from
the liposomes (p<0.05, n=3).

The desired Zeta potential for emulsions for optimal stability is < -25 mV. The mean Zeta potential
for the liposomes, transferosomes, ethosomes and transethosomes  were
-69.53 £ 7.40 mV, -52.97 + 9.56 mV, -22.80 £ 5.71 mV, -29.17 + 5.06 mV respectively, as shown
in Figure 3.5.C. This indicates that the liposomes, transferosomes and transethosomes had
acceptable stability. The ethosomes were less stable, but were in the acceptable range. The
UDV differed statistically significantly from the liposomes (p<0.05, n=3).

When optimization was conducted, the vesicles were prepared using distilled water as the
agueous phase. This caused the pH of the ethosomes to be lower than the desired physiological
pH, as shown in Figure 3.5.D. The pH of the liposomes, ethosomes and transethosomes had a
neutral pH. Asthese LN were formulated as transdermal carriers, a neutral pH was very important
not to harm the skin cells, and phosphate buffered saline (PBS) was opted as the new aqueous
phase, with a pH of 7.4. The pH of the ethosomes had statistically significant differences to the

pH of the liposomes.
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Figure 3.5: DLS parameters of the different LN during formulation optimization, A. Particle size
(d.nm), B. Polydispersity index (PDI); C. Zeta potential (mV); D. pH at room temperature (25°C)
of the formulations characterized with Mettler Toledo pH meter, Results are presented as
Mean £ SD (n=3)

* Indicates a statistical significant difference from liposomes (p<0.05)

In conclusion, the liposomes were not acceptable (large PDI) and the formula needed
improvement. In order to accurately determine the morphology and shape of the vesicles with

image analysis, it was deemed important to have significantly larger particles.
1.2. Stability of the lipid nanocarriers by image analysis

1.2.1. Image analysis using the Malvern Morphologi G3

The Malvern Morphologi G3 has five objectives through which images could be acquired. As
mentioned in the article, each objective has a depth of field (DOF), which is the depth at which
the vesicles observed appeared sharp. Table 3.4 provides a guide through which the correct

objective could be selected, depending on the particle size.

Table 3.4: Size ranges of each objective of the Malvern Morphologi G3 (Malvern Instruments

Limited [3])
Objective Size range(um)
50x 0.5-40
20x 1.8-100
10x 3.5-210
5x 6.5-420
2.5x 13-1000

1.2.1.1. Visual inspection

As mentioned in the article, the visual observation of the lipid nanocarriers remained mainly the
same, suggesting that degradation had not occurred. As shown in Figure 3.6, the liposomes
remained mainly the same, in terms of size range, on Day 30. The transferosomes, ethosomes
and transethosomes also remained the same, indicating a relatively narrow size range with the

transferosomes showing small sized vesicles.
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A 200 ym C 200 pm

B 200 pm D 200 pm
Figure 3.6: Visual inspection of formulated lipid nanocarriers for investigation of morphology on
Day 30 of stability, A. Liposomes, B. Transferosomes, C. Ethosomes, D. Transethosomes, n=3,

using image analysis

Liposomes remained stable in size and appearance by Day 60, as shown in Figure 3.7. The
transferosomes seemed to have reduced in size, but no breakage of vesicles were observed.

The ethosomes and transethosomes remained stable in size and appearance.
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A 200 pm C 200 pm

B 200 pm D 200 pm
Figure 3.7: Visual inspection of formulated lipid nanocarriers for investigation of morphology
on Day 60 of stability, A. Liposomes, B. Transferosomes, C. Ethosomes, D. Transethosomes,

n=3, using image analysis

As depicted in Figure 3.8, the liposomes, transferosomes, ethosomes and transethosomes still
seemed stable in size and appearance on Day 90.

A 200 pm C 200 pm

B 200 pm D 200 pm

Figure 3.8: Visual inspection of formulated lipid nanocarriers for investigation of morphology
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on Day 90 of stability, A. Liposomes, B. Transferosomes, C. Ethosomes, D. Transethosomes,

n=3, using image analysis

The span of the particle size distribution was also determined, as shown in Table 3.5. It was
observed that the particle size distribution was wide for the different LN, with liposomes and
ethosomes portraying the widest particle size distribution. The transferosomes and
transethosomes, however, showed statistically significant results when compared to the

liposomes.

Table 3.5: The span of the particle size distribution, as calculated from the D10, D50 and D90
values, p=0.0002, n=3

CE D[n, 0.1] D[0.5] D[n, 0.9] Span

Diameter
Liposomes Day 30 2.36 3.68 7.27 1.33
Day 60 2.44 4.39 9.80 1.68
Day 90 2.38 3.92 8.04 1.44
Transferosomes Day 30 2.27 3.11 5.38 1.00
Day 60 2.27 3.08 5.39 1.01
Day 90 2.27 3.06 5.12 0.93
Ethosomes Day 30 2.39 4.02 8.43 1.50
Day 60 2.37 3.93 7.94 1.42
Day 90 2.38 3.95 8.19 1.47
Transethosomes Day 30 2.27 3.06 5.17 0.95
Day 60 2.30 3.32 5.8 1.05
Day 90 2.26 3.13 5.36 0.99

1.2.1.2. CE diameter

Table 3.6: The CE diameter (number distribution) of the different lipid nanocarriers after 90
days, D[n, 0.5], Malvern Morphologi G3, n=3

Day Liposomes Transferosomes Ethosomes Transethosomes

30 3.68+0.25 3.11+0.26 4.02+0.405 3.06+0.15
60 4.39+0.46 3.08+0.19 3.93+0.495 3.32+0.19
90 3.92+0.21 3.06+0.38 3.95+0.14 3.13+0.05

After 30 days the CE diameter (number distribution), exhibited an overall decrease when
compared to Day 0. After 60 days, the liposomes and transethosomes showed an overall
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increase in CE diameter (number distribution), while the transferosomes and ethosomes showed
a decrease, as shown in Table 3.6. After 90 days, the liposomes, transferosomes and
transethosomes indicated a decrease, while the ethosomes increased slightly. After statistical
analysis was performed, the comparison of the data showed no statistical significant differences.

1.2.1.3. Intensity mean
Table 3.7: Comparison of the intensity mean — number distribution (D[n, 0.5]) of the different
lipid nanocarriers after 90 days, Greyscale: black = 0; mid-grey = 128; white = 255, using image

analysis, n=3

Day Liposomes  Transferosomes Ethosomes Transethosomes
30 102+0 101+1.633 102+0.00 100+0.00
60 101.333+0.471 102+0.00 101.33+0.47 101.67+0.47
90 102+0.00 102+0.00 101.67+0.47 101.33+0.47

After 30 days, the liposomes’ intensity mean distribution showed a slight decrease overall, while
the transferosomes and ethosomes displayed a slight increase, as shown in Table 3.7. The
transethosomes showed a slight decrease in intensity mean distribution. The vesicles seemed
to have darkened, although they still showed a grey color, over the course of 30 days. After
statistical analysis was performed, the comparison of the data showed no statistical significant

differences.

After 60 days, the liposomes and ethosomes displayed a decrease and the transferosomes and
transethosomes a slight increase. The vesicles showed an overall darkening, except the
transferosomes that showed slight lightening. The vesicles all still appeared as a grey color. After
statistical analysis was performed, the comparison of the data indicated no statistical significant

differences.

The intensity mean after 90 days, as depicted in Table 3.7, was as follows: The liposomes and
ethosomes showed an increase, transferosomes remained stable, whereas the transethosomes
indicated a slight decrease. The liposomes and ethosomes appeared to have lightened and the
transferosomes and transethosomes appeared to have stayed mainly the same over the 90 day
period; they all still portrayed a grey color. After statistical analysis, there was no statistical

significant differences observed when the data of the different vesicles were compared.
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1.2.1.4. Solidity

Table 3.8: Comparison of solidity — number distribution (D[n, 0.5]) of the different lipid
nanocarriers after 90 days, solid = 1, using the image analysis, n=3

Day Liposomes Transferosomes Ethosomes Transethosomes

30 0.90+0.00 0.92+0.00 0.90+0.01 0.92+0.01
60 0.90+0.01 0.92+0.00 0.91+0.01 0.92+0.00
90 0.90+0.00 0.91+0.01 0.90+0.00 0.92+0.01

When compared to Day 0, liposomes, ethosomes and transethosomes showed an overall
increase in solidity, while transferosomes indicated an overall decrease, as shown in Table 3.8.
Statistical analysis determined that comparison of these datasets showed no statistically
significant differences. After 30 days, the solidity of the liposomes decreased overall, while
ethosomes and transethosomes displayed an overall increase; the transferosomes also displayed
an increase. When compared to Day 60, the liposomes showed an overall increase in solidity
(number distribution), after 90 days as seen in Table 3.8. The transferosomes, ethosomes and
transethosomes all showed an overall decrease in solidity when compared to Day 60. Statistical

analysis determined that comparison of these datasets indicated no statistically significant
differences.

1.2.1.5. Elongation

Table 3.9: The elongation (number distribution) of the different lipid nanocarriers after 90 days,

using image analysis, n=3, p=0.9990

Day Liposomes Transferosomes Ethosomes Transethosomes

30 0.29+0.00 0.26+0.01 0.29+0.00 0.27+0.02
60 0.30+0.00 0.26+0.01 0.28+0.01 0.25+0.00
90 0.29+0.00 0.28+0.03 0.28+0.00 0.26+0.02

When compared to Day 0, the elongation of the liposomes and ethosomes showed an overall
decrease, suggesting they became more convex as time passed, as seen in Table 3.9, whereas
the elongation of the transferosomes showed an overall increase, suggesting the decrease of
convexity; the transethosomes displayed a slight decrease. The elongation of the liposomes
increased overall after 60 days, while the transethosomes showed an overall decrease in
elongation; the transferosomes remained stable, and decreased for ethosomes. After the total
90 days, liposomes yet again exhibited an overall decrease in elongation, therefore, suggesting

they became more convex as time passed. The UDV showed an increase in elongation. After
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statistical analysis was performed, the comparison of the data indicated no statistical significant
differences.

1.2.1.6. Convexity

Table 3.10: The convexity (number distribution) of the different lipid nanocarriers after 90 days,
D[n, 0.5], using image analysis, n=3, p=0.9787

Day Liposomes Transferosomes Ethosomes Transethosomes

30 0.95+0.01 0.96+0.00 0.94+0.01 0.96+0.00
60 0.93+0.01 0.96+0.01 0.95+0.01 0.96+0.01
90 0.94+0.00 0.96+0.00 0.94+0.00 0.96+0.01

The convexity (number distribution) of the lipid nanocarriers increased overall when compared to
Day 0, as shown in Table 3.10. An overall decrease in convexity was observed for liposomes (as
compared to Day 30), while the transethosomes showed an overall increase in convexity. The
convexity of the transferosomes decreased, while the convexity of the ethosomes remained
stable. After 90 days, the convexity of the liposomes, transferosomes and transethosomes
exhibited an overall increase when compared to Day 60; the ethosomes, however, showed a
decrease in convexity. After statistical analysis was performed, the comparison of the data
indicated no statistical significant differences.

1.2.1.7. Circularity

Table 3.11: Circularity (number distribution) of the different lipid nanocarriers after 90 days, D[n,
0.5], using image analysis G3, n=3, p=0.9858

Day Liposomes Transferosomes Ethosomes Transethosomes

30 0.64+0.01 0.71+0.01 0.63+0.03 0.72+0.02
60 0.60+0.03 0.70+0.03 0.65+0.02 0.72+0.01
90 0.63+0.01 0.70+0.02 0.65+0.00 0.72+0.05

After 30 days, the circularity of the liposomes, ethosomes and transethosomes increased overall,
when compared to Day O, as shown in Table 3.11. However, the transferosomes showed an
overall decrease in circularity over time, when compared to Day 0. The circularity of the
liposomes decreased overall when compared to Day 30; the transferosomes exhibited a
decrease, the ethosomes and transethosomes an increase. After 90 days, the circularity of the
liposomes showed an overall increase, when compared to Day 60. The UDV showed a decrease
in circularity. After statistical analysis was performed, the comparison of the data indicated no

statistical significant differences.
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1.2.1.8. Aspect ratio

Table 3.12: The aspect ratio (number distribution) of the different lipid nanocarriers after 90
days, D[n, 0.5], using image analysis, n=3, p= 0.9983

Day Liposomes Transferosomes Ethosomes Transethosomes

30 0.71+0.00 0.73+0.01 0.71+0.01 0.73+0.02
60 0.70+0.00 0.73+0.01 0.68+0.05 0.74+0.01
90 0.70+0.0 0.71+0.03 0.71+0.00 0.74+0.02

After 30 days, the aspect ratio of the ethosomes increased, while the other vesicles remained
stable, as depicted in Table 3.12. The vesicles all remained stable concerning aspect ratio
throughout the remainder of the 90 days. After statistical analysis was performed, the comparison

of the data indicated no statistical significant differences.

In conclusion, degradation due to stability could not be observed through visual inspection or
the parameters of the image analysis, due to the liposomes and UDV being more stable.
However, the parameters of image analysis of the Malvern Morphologi G3 could be used as a
complementary means to have a comprehensive characterization study of the UDV.
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Abstract

Ultradeformable vesicles (UDV) are an alternative to liposomes containing lipid surfactant
combinations that are highly favorable for skin penetration. Liposomes, transferosomes,
ethosomes and transethosomes are lipid nanocarriers (LN) that have been investigated as an
alternative to traditional transdermal products, and therefore, should not be toxic to the skin
cells. Previous studies have suggested that lipids within liposomes cause inaccurate results
when cell viability is determined by the Thiazolyl blue tetrazolium bromide (MTT) assay. The
aim of this study was to verify whether the interference with the MTT assay could also be
observed with ultradeformable vesicles. The effects of vesicle concentration, as well as
treatment time on viability of human keratinocytes (HaCat) and human melanoma cells (A375)
were investigated by means of the MTT and Trypan Blue dye exclusion assays. It was
observed that the UDVs were non-toxic to the HaCat and A375 cells for short treatment
periods, but low levels of toxicity were observed for HaCat cells treated for longer than 48 h.
The MTT and Trypan Blue dye exclusion assay could be used to determine accurate cell

viability, even though they utilize different mechanisms to determine cell viability.
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1. Introduction

Successful transdermal formulations have been developed, yet concern still arise regarding
toxicity in cosmetics and pharmaceutics. Colloidal carriers are defined as “particulate or
vesicular dosage forms that serve as superficial drug reservoirs” [1, 2], and are novel
formulations that have proven successful over the past 10 years in nanotechnology. Lipid
nanocarriers, such as solid lipid nanoparticles (SLN) and polymeric nanoparticles, are
nanoparticles that have been investigated for delivery of drugs to specific sites [3]. Lipid
nanocarriers are colloidal systems that have a particle size as small as 500 nm, that also have
the ability to deliver drugs in effective concentrations [4-6]. They are liquid filled vesicles with
a lipid membrane [7-9], and are divided into liposomes, ultra-deformable vesicles (UDV) and
SLN.

Liposomes spontaneously form concentric amphiphilic lipid bilayers that enclose a watery
compartment when a lipid is brought into contact with an aqueous phase and become hydrated
[10-25]. Liposomes are usually prepared from natural components of the cell membrane
namely phospholipids [1, 21, 22, 26-32]. These phospholipids are relatively biocompatible,
biodegradable and non-toxic [20, 33]. Ultradeformable vesicles are lipid nanocarriers which
demonstrate more deformability than liposomes, thus penetrating skin more effectively for
improved drug delivery [34-37]. They include transferosomes, ethosomes and

transethosomes.

Transferosomes were introduced in 1992 by Cevc and Blume [36]. They are trademarked by
IDEA AG in Munich, Germany, and are also known as ultra-deformable liposomes, and are
mostly used in drug delivery technology as elastic lipid nanocarriers [9, 35, 37-39].
Transferosomes consist of phospholipids, as well as an edge activator, such as sodium
cholate, to reach its high elasticity [9, 35, 37, 39-41]. Currently, toxicology studies of
transferosomes have shown a lack of toxicity, which can be attributed to the natural lipids they

consist of [8, 42, 43]. They also show good biocompatibility and biodegradability [9, 43].

Ethosomes, first introduced by Touitou et al. [44], are elastic lipid vesicles developed

especially for non-invasive transdermal delivery of drugs, deep within the skin layers [11, 35,
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45-52]. Ethosomes are known for their malleability, as well as their small size relative to
liposomes [27, 46, 53, 54]. Extensive toxicological studies on the raw materials used to
formulate ethosomes, have shown non-toxicity, and was safe to use in cell cultures, as well
as pharmaceutical use [32, 47, 49, 50, 54-56].

Transethosomes were only introduced in 2012 by Song et al. [57]. It was attempted to
combine the advantageous characteristics of transferosomes and ethosomes [58].
Transethosomes consist of the components of both ethosomes and transferosomes, causing
them to be more deformable than both transferosomes and ethosomes [35, 59-61]. This is
due to the vesicles containing ethanol, as well as a surfactant [35, 57]. Little information is
available on transethosomes, it is suggested that, due to their composition, transethosomes
possess advantages of both transferosomes and ethosomes [35, 62-64].

Biocompatibility is defined as “an expression of the benignity of the relation between a
substance and its biological environment” [65]. A complex relationship exists between the
lipid nanocarriers’ physiochemical properties and the interaction the carriers have on biological
environments [66]. Lipid nanocarriers mainly consist of lipids and surfactants, and may
resemble cell organelles with regard to their dimensions [66, 67]. This can cause interference

with the cell’s vital functions, leading to potential cytotoxicity [66, 67].

Forms of toxicity in the skin are skin corrosion and skin irritation, which may occur in all layers
of the skin, which is mostly caused by inorganic, as well as strong organic bases and acids
[68]. Skin pigmentation is mainly regulated by two cell types, i.e. melanocytes and
keratinocytes [69]. Melanocytes produce melanosomes, which in turn contain melanin, which
is then received and distributed to the keratinocytes [69]. The keratinocytes within the
epidermis are a possible site of toxicity in the skin, as they are sensitive to nanoparticles [70].
In skin toxicity assays, the measurement of necrosis is classified as in vitro skin corrosion
potential [68]. In vitro models with specific endpoints can determine general mechanisms of
toxicity from drug delivery systems [71-74], these endpoints are based on clinical or
histopathological endpoints [71-74]. The mitochondria plays an important role in apoptosis
and necrosis of cells [75, 76]. Due to the influence nanoparticles have on mitochondrial
function, which can lead to impaired cellular energy as well as lipid metabolism that can lead
to the release of cell death mediators, mitochondrial activity is considered one of these
endpoints [74-78]. The colorimetric tetrazolium dye (MTT) assay measures cytotoxicity,
proliferation or activation by detecting the living cells. The degree of activation of the cells is
determined by the signal generated during this process [79, 80]. The MTT formazan is taken
up by the cells, by means of endocytosis and is deposited into needle-like crystals, which will

after time, dissolve again [81]. The MTT formazan undergoes reduction in the presence of
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succinate, NADH (nicotinamide adenine dinucleotide) or NADPH (nicotinamide adenine
dinucleotide phosphate) within mitochondria into a purple substance which accumulates in
cytoplasmic granules [81, 82]. This process is frequently used to evaluate cytotoxicity

potential of drugs that will be incorporated into liposomes [79].

The MTT assay is considered the standard assay for in vitro cytotoxicity [83]. However,
various studies have proved interference of lipid and liposomes with the MTT assay related to
colocalization of the formazan within lipid droplets [79, 82, 84]. Another study has suggested
that the amount of MTT formazan, which is reduced by cells, is dependent on physiochemical
mechanisms, such as electrostatic forces, rather than cytological processes [82]. In this study
we demonstrate a systematic approach to determining the biocompatibility of the UDV in
different concentrations and with different treatment times, in comparison with liposomes, as
well as the influence of the different LN on the accuracy of the colorimetric Thiazolyl blue
tetrazolium bromide (MTT) assay, which compares the cell response of the entire well of cells,
in comparison to the Trypan Blue dye exclusion assay, where individual live cells are counted,
as suggested by Angius and Floris [79] in 2015.

2. Materials and methods

2.1. Materials

The Thiazolyl blue tetrazolium bromide (MTT), chloroform (biotech grade, 299.8%), dimethyl
sulphoxide (DMSOQ), ethyl alcohol (pure, for molecular biology), L-a-phosphatidylcholine (from
egg yolk, PC), methanol (suitable for protein sequencing), phosphate buffered saline (for cell
cultures, PBS), Triton X (for molecular biology), Trypan blue solution and Span 80® were
purchased from Sigma-Aldrich®, Merck (Pty) Ltd. (Darmstadt, Germany). The A375 cell line
(Catalogue no. CRI-1619), and the HaCat cell line (Catalogue no. PCS-200-011) were
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Dulbecco’s Modification of Eagle’s Medium (DMEM) / High glucose medium was purchased
from Separations (Thermo Fisher Scientific, Waltham, MA, US). Fetal bovine serum (FBS), L-
glutamine, non-essential amino acids (NEAA), trypsin-EDTA solution and 1% penicillin-

streptomycin solution was purchased from Lonza (Basel, Switzerland).
2.2. Formulation of lipid nanocarriers

Formulas for the liposomes, transferosomes, ethosomes and transethosomes were
determined by an optimization study to ensure that they would be suitable for use in cell

cultures (see Supplementary Material). Formulation of the lipid nanocarriers was carried out
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at a controlled temperature of 25°C at all times, as well as under sterile conditions, in order to
be used to treat cell lines, as adapted from Ascenso et al. [35]. The vesicles were prepared
at a concentration of 1000 pug/ml and would be diluted according to the experimental design.
The composition of the lipid nanocarriers are depicted in Table 4.1. L-a-phosphatidylcholine
(PC) was dissolved in a 2:1 chloroform:methanol mixture (3 ml), and then heated to 40°C. A
film was created by constantly rotating the beaker while heating occurred, causing the
methanol and chloroform to evaporate. The aqueous phase (PBS for cell cultures) was added
and then homogenized using the IKA ULTRA-TURRAX® tube disperser workstation system
(Sigma-Aldrich Pty. Ltd., Johannesburg, South Africa). The vesicle suspension was placed in
a fridge at 4°C for two hours before use in experiments.

It was determined that only a 1000 pg/ml concentration of LN would be prepared each time,
after which it would be diluted to the desired concentration (Supplementary material). The
composition of the LN is showed in Table 4.1.

Table 4.1: The composition of the different lipid nanocarriers

_ . : Concentration
Lipid nanocarrier Ingredient (% wiv)
Liposomes L-a-phosphatidylcholine (PC) 100%

L-a-phosphatidylcholine 85%
Transferosomes

Span 80® 15%

L-a-phosphatidylcholine 13.79%
Ethosomes

Ethanol 86.21%

L-a-phosphatidylcholine 11.72%
Transethosomes Span 80° 2.07%

Ethanol 86.21%

2.3. Cell cultures

The eukaryotic cells, A375 skin cells (ATCC® number CRI-1619™) and HaCat cells (ATCC®
number PCS-200-011TM) were maintained in a sterile environment. The cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose that contained 4500 mg/L
glucose and 1 mM sodium pyruvate, supplemented with 10% fetal bovine serum (FBS), 1%

penicillin/streptomycin, 1% of a 4 mM L-glutamine and 1% non-essential amino acids (NEAA).

Cell cultures were initially incubated in a 25 cm? cell culture flask, at 37°C, 5% CO. and >90%
humidity, in a Thermo Scientific™ BBD 6220 CO. incubator (Thermo Fisher Scientific,

Waltham, MA, USA). The growth media was renewed twice per week. When the cultures
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reached 80 to 90% confluency within the 25 cm? flask, they were sub-cultured to 75 cm2

flasks, utilizing 0.25% trypsin-EDTA to detach the cells from the flask surface.
2.4. Vesicle concentration study

Before the vesicle concentration study commenced, a cell optimization study was performed
to determine the optimal cell density to which the study will be performed (see supplementary
material). The method used for the MTT assay was adapted from Angius and Floris [79] and
1ISO10993 [83], after which it was concluded that a cell density of 100 000 cells/ml would be
used during the study. A375 and HaCat cells were seeded in 96-well plates and incubated at
37°C (5% CO,, >90% humidity) for 24 h (illustrated in detail in supplementary material). This
allowed the cells to adhere to the walls of the plate. The cells were treated with the liposomes
and UDV at concentrations of 0.1 pg/ml, 1 pg/ml, 10 pg/ml, 100 pg/ml and 1000 pg/ml, after
which the treated cells were incubated at 37°C (5% CO., >90% humidity) for a further 24 h.
Following treatment the MTT assay was performed as follows: Cell medium was removed and
cells were rinsed twice with PBS. An MTT solution was prepared beforehand with serum free
media (5 mg/ml). The MTT solution was added to each well and diluted to 100 pul by means
of serum free media to a MTT concentration of 0.5mg/ml. The cells were incubated for 3 h,
after which the MTT was extracted and 100 pl DMSO was added into each well. The cells
were incubated once more at 37°C (5% CO., >90% humidity) for another hour to ensure that
all MTT crystals were dissolved. The plate was analyzed in-house in a SpectraMax
Paradigm® microplate reader (Molecular Devices, Sunnyvale, CA, USA), equipped with
SoftMax® Pro Microplate Data Acquisition and Analysis software (Molecular Devices,
Sunnyvale, CA, USA), at a wavelength of 560 nm, while background absorption was
measured at 620 nm. These two values were subtracted and cell viability was expressed as
a percentage relative to the control (set at 100% viable). This method was followed for both

HaCat and A375 cell lines. This study was done in triplicate on three separate occasions.
2.5. Treatment time study

A375 and HaCat cells were again seeded in 96-well plates at a density of 100 000 cells/ml
and incubated at 37°C (5% CO, >90% humidity) for 24 h according to the needs of the assay
that would be carried out (as illustrated in the supplementary material). As supported by
Angius and Floris [79], a vesicle concentration of 100 pg/ml was used to treat the cells for
treatment periods of O h, 24 h and 48 h, after which a MTT study as well as a Trypan Blue dye

exclusion assay were carried out to determine a comparative cell viability.
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Following treatment the Trypan Blue marked plates were rinsed twice with PBS, after which
40 ul trypsin-EDTA was added to each well and incubated (5 min for A375 cell line and 12 min
for HaCat cell line). The trypsin-EDTA was then neutralized with 160 pl DMEM, and 10 pl of
the cell suspension was taken and added into 2 ml disposable vials, each containing 10 pl of
0.4% Trypan Blue. The suspension and Trypan Blue were mixed thoroughly and 10 ul was
placed on each side of a Reichert Bright-Line hemocytometer (Merck, Kenilworth, New Jersey,
United States) and covered with a cover glass. The cells for each well were then
photographed and the Trypan Blue stained (dead) cells counted, after which the following
formula was used to determine the cell concentration (cells/ml), after which percentage cell
viability was calculated relative to the control:
Total cells counted X Dilution factor

Cells/ml = x 10000
ells/m No.of sqaures counted

[1]
This study was performed in triplicate on three separate occasions
2.6. Statistical analysis

The data collected was analyzed statistically with GraphPad Prism 5 (GraphPad Software, La
Jolla, CA, USA). Data was analyzed by means of three-way ANOVA with Dunnet’s post-hoc

comparison.
3. Results

3.1. Preparation of the liposomes and UDV

A formula optimization study was performed previously to determine the optimal formulations
for the liposomes and UDV. After the optimization study, a comprehensive characterization
study was carried out utilizing both dynamic light scattering (DLS) and image analysis. A
detailed description of the preparation and characterization of the LN can be found in chapter
3. The average diameter of the liposomes was 930.64 + 163.50 nm, with a wide vesicle size
distribution, as confirmed by a PDI value of 0.69+0.07. The transferosomes and
transethosomes proved fairly similar in diameter, 557.97 £ 51.11 nm and 530.33 £ 64.67 nm
respectively. However, the vesicle size distribution was not as wide for the transethosomes,
supported by the PDI value of 0.55 + 0.06, whereas the transferosomes had a wider size
distribution, as supported by a PDI value of 0.66 + 0.16. The ethosomes showed the greatest

vesicle diameter and PDI values of the UDV, with an average diameter of 1002.56 + 122.70
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and PDl value of 0.72 £ 0.07. Therefore, it could be suggested that, of the UDV the ethosomes

would behave most like the liposomes concerning size and PDI.
3.2. Vesicle concentration study

The linearity range of the MTT assay was established for both the A375 and the HaCat cells
(Supplementary material). The MTT absorbance proved linear for up to 200 000 cells/ml.
Figure 4.1 illustrates the MTT absorbance as a function of the lipid nanocarrier concentration
(Mean = SD) of both cell lines seeded at a cell density of 100 000 cells/ml, and incubated for
24 h. None of the LN caused significant decrease in the absorbance values when compared
to the control for the A375 cells (Fig 4.1.A). The HaCat cells showed lower absorbance values
when treated with 10 pg/ml and 10 pg/ml of the different vesicles, however, the viability was
increased and relatively constant throughout the higher vesicle concentrations, as shown in
Figure 4.1.B. Both treated cell lines showed higher absorbance values than the control cells,
which confirms the findings of Angius and Floris [79], where they stated that a higher reduction
of MTT to formazan takes place when cells are treated with lipids, such as liposomes, leading

to absorbance values higher than the control values.

A correlation could be observed between the lipid content of the LN and the absorbance values
for both cell lines, although the excipients of the UDV could also influence the absorbance
values. At the vesicle concentration of 100 ug/ml, which is the LN concentration to be utilized
for the next part of the study, the results obtained were varied. The ethosomes, which had
the second lowest PC content of 13.79%, portrayed the highest absorbance value at
0.45 £ 0.03 nm. The transethosomes, containing the lowest PC percentage at 11.72%, had
the second highest absorbance at 0.41 £ 0.01 nm, whereas the transferosomes, which had
the second highest PC content of 85%, portrayed the second highest absorbance value at
0.41+0.00 nm. The liposomes, which consist of only PC, however, had the lowest
absorbance value at 0.37 + 0.04 nm. The results obtained for the HaCat cell line differed from
those obtained from the A375 cell line, where the liposomes, which have the highest PC,
portrayed the highest absorbance values at 0.37 + 0.07 nm. The ethosomes had the second
highest absorbance at 0.37 + 0.06 nm. The transferosomes had the third highest absorbance
values at the same vesicle concentration, at 0.36 + 0.06 nm, whereas, the transethosomes,

containing the lowest percentage of PC, had the lowest absorbance at 0.33 £ 0.06 nm.
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Figure 4.1: (MTT) absorbance as a function of the lipid nanocarrier concentration
(Mean = SD) of A. A375 cells and B. HaCat cells seeded at a cell density of
100 000 cells/ml, incubated for 24 h, (n=3)

3.3. Treatment time study

Figure 4.2 illustrates the cell viability (%) of A375 cells treated with liposomes and the UDV for
different treatment times (h), as determined by MTT and Trypan Blue dye exclusion assay.
With microscopic observation of the Trypan Blue stained cells the control cells increased 2.8
fold after the first 24 h and after 48 h increased 4.1 fold compared to O h treatment time,
indicating normal proliferation. A similar trend was observed with the MTT assay, although
the cells only increased 0.9 fold after the first 24 h, with an overall increase after 48 h of 1.25
fold.

The cell viability of the A375 cells treated by liposomes, as determined via the Trypan Blue
dye exclusion assay, increased at 24 h, and increased once again at 48 h treatment time,
indicating a linear proliferation. The same linear proliferation could, however, not be observed
for the MTT assay, where the cell viability seemed to create a plateau over the treatment
period. The cell viability of all the LN treatments were higher than the control cells with both
the MTT and Trypan Blue methods, where the cells treated with UDVs behaved comparatively

to liposomes.
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With microscopic observation of the HaCat Trypan Blue stained cells the control cells doubled
after the first 24 h and then doubled once again after 48 h, indicating normal proliferation. A
similar trend was observed with the MTT assay, although the cells only increased 1.15 fold

after the first 24 h, with an overall increase after 48 h of 1.5 fold.

The cell viability, as determined via the MTT assay, of the HaCat cells treated by liposomes
increased at 24 h and decreased at 48 h treatment time, as shown in Figure 4.3.A. A similar
trend was observed when the cells were observed microscopically with Trypan Blue exclusion.
At 48 h, cell viability determined with the MTT assay decreased 1.5 times and with Trypan
Blue exclusion 1.2 times. A similar trend was observed with the ethosomes and the
transethosomes with both assays (Figure 4.3.C and 13.D). The transferosomes proved the
least cytotoxic to HaCat cells as determined with the Trypan Blue method (Figure 4.3.B). The
cell viability of the MTT HaCat cells decreased after 48 h of treatment with transferosomes, as
depicted in Figure 4.3.B. The MTT cells showed a slightly higher viability after 24 h of

treatment period, when compared to the control cells.
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4. Discussion

During the vesicle concentration study, it was clear that the PC within the liposomes, as well
as the UDV, had an influence on the absorbance values during the MTT study in comparison
with the control cells, therefore, confirming the study Angius and Floris [79]. This was
observed for both the A375 and HaCat cell lines. Due to the absorbance values being higher
than the control cells, it could be speculated that proliferation of cells had occurred after
treatment with the vesicles, yet could not be definitively proven due to the formazan, which

could concentrate within the lipid vesicles.

Previous toxicological studies have shown that liposomes, transferosomes and ethosomes
are not toxic to cultured cells, but little information is available on the toxicity of transethosomes
to cultured cells [8, 9, 32, 47, 49, 50, 54-56, 85, 86]. Both ethosomes and transethosomes

showed extremely similar effects on both the A375 and HaCat cells, concluding that the
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transethosomes may indeed possess the advantages of both transferosomes and ethosomes
[35, 62-64]. All four lipid nanocarrier systems proved to be non-toxic to both the A375 and
HaCat cells for shorter treatment periods, therefore confirming the biocompatibility of these

carriers.

During the treatment time study, it was observed that proliferation of the A375 cells had
occurred, even after the 48 h treatment period. For the Trypan Blue counted cells, exponential
growth was observed, even more than that of the control cells, indicating that the LN could
have caused higher proliferation than normal. A possible reason for this is, that the A375 cells
are cancerous and their proliferation rate is higher than that of healthy cells. The same,
however, could not be observed for the MTT cells, where a plateau was observed after which
the cell viability started to decrease after 48 h treatment time.

Observation of the Trypan Blue counted HaCat cells showed that the cell viability decreased
after 24 h, suggesting that proliferation was inhibited. Toxicity of MTT cells treated by
transferosomes and transethosomes were observed after 48 h treatment time, due to the cell
viability of these cells dropping below 100% (90.7 £ 11.1% and 97.4 +13.2% respectively).

It was therefore concluded that the UDV affects the absorbance levels of the MTT study due
to the MTT formazan, which concentrates within their lipid content, similarly to liposomes, as
previously suggested by Angius and Floris [79]. It was also concluded that possible toxicity of
the HaCat cells would occur when treatment time exceeds 48 h. The observation of the
absorbance values of the LN only in comparison to that of the cells treated with the different
systems is a recommendation for future studies, as well as the observation of the 48 h
treatment study with different concentrations of vesicles. Another recommendation is to
compare viability assays that utilizes the same mechanism to determine cell viability, due to
the Trypan Blue dye exclusion assay and the MTT assay which utilize different mechanisms

to deliver even more accurate results.
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Supplementary material

In the previous study (Chapter 3) the formulation of the lipid nanocarriers (LN) was adapted and

optimized and these formulas were utilized in the cell viability study.
1.1. Preparation of liposomes and ultradeformable carriers

The LN that were prepared were diluted to the desired concentrations as listed in Table 4.2.

Table 4.2: Dilution guide for the dilution of LN

Concentration Stock Volume of stock  Volume of PBS
needed suspension needed (ul) needed to make
up to 20 ml (ml)
100 pg/ml 1000 pg/mi 2000 18
100 pg/ml 1000 pg/mi 200 19.8
10 pg/ml 100 pg/mi 2000 18
1 pg/ml 100 pg/mi 200 19.8
0.1 pg/ml 10 pg/ml 200 19.8

1.2. Cell optimization study

Before biocompatibility of the different vesicles could be determined, an optimal cell density was
obtained to ensure that the cells would show a constant growth pattern. Therefore, in this section,

the cell optimization study using MTT will be discussed.
1.2.1. Methodology

A375 and HaCat cells were seeded in a 96-well plate at a density of 1.6x10° cells/ml, 8.0x10°
cells/ml, 4.0.x10° cells/ml, 2.0x10° cells/ml and 1.0x10° cells/ml (as shown in Figure 4.4) and will
be incubated at 37°C (5% CO2, >90% humidity) for 24 h. This allowed the cells to adhere to the

walls of the plate. The MTT method followed is described in the article.

1 2 3 4 5 6 7 8 9 10 11 12 DMSO
1.6x108 cells/ml

M 5.0x105 cells/ml
B 4.0x10° cells/ml

B 20105 cells/ml

B 1.0x105 cells/ml
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000000000000
0000000000060
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Figure 4.4: Seeding of cells in 96-well plate for cell concentration optimization study
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1.2.2. Results and discussion

Exponential growth was observed for both the A375 and HaCat cell lines, as depicted in
Figure 4.5, although a plateau was reached at a cell density of 500 000 cells/ml and higher. A
reason for this could be because the cells are at a much higher confluency, causing the cells to
grow at a slower pace, due to the cells not having enough space to grow, whereas Angius and
Floris [1] obtained more linear growth due to the use of 12-well plates instead of 96-well plates.
The cell viability (absorbance in nm) of both cell lines were extremely similar, with minor
differences at the different cell densities. This conformity suggests that the method for seeding
the cells, as well as determining their viability is valid. A linear regression was performed on the
cell viability graphs to determine the point of best linearity, which would then be used to determine
the optimal cell density (cells/ml) in which the cells would be seeded for the further
experimentation. It was determined that an r2-value of 0.0.0079 was obtained from linear
regression of the A375 cell line (as shown in Fig.4.5. A and Fig. 4.5.C) and an r?-value of 0.0.8580
was obtained from the HaCat cell line (as shown in Fig. 4.5.B and Fig. 4.5.D). These values
suggested that a cell density of 100 000 cells/ml would be the optimal density for both cell lines
for the further experiments that needed to be performed, as it suggests that constant growth can

be expected from these cells.
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Figure 4.5: A. Absorbance in nm (mean + SD) of A375 cells seeded in different cell densities
(cells/ml) incubated for 24 h and determined using MTT assay, n=3, Linear regression was
performed, p=0.0079, therefore, data is statistically significant; B. Absorbance in nm
(mean + SD) of HaCat cells seeded in different cell densities (cells/ml) incubated for 24 h and

determined using MTT assay, n=3, Linear regression was performed, p=0.0164, therefore, data
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is scientifically significant; C. Absorbance in nm (mean + SD) of the A375 cells seeded in
different cell densities (cells/ml) to indicate linearity of cell growth; D. Absorbance in nm
(mean = SD) of the HaCat cells seeded in different cell densities (cells/ml) to indicate linearity of
cell growth

This study was designed to determine the optimal cell densities by which the next studies would
be performed. It was confirmed that the methods used for the growth of cell cultures, the seeding
of the 96-well plates, as well as the MTT study are acceptable for further use. An optimal cell
density of 100 000 cells/ml was determined for both the A375 and HaCat cell lines. This cell
density will be used throughout the vesicle concentration, as well as the treatment time study.

1.3. Vesicle concentration biocompatibility study

1.3.1. Methods

A375 and HaCat cells were seeded in a 96-well plate at a density of 1.6x106 cells/ml, 8.0x10°
cells/ml, 4.0.x10° cells/ml, 2.0x10° cells/ml and 1.0x10° cells/ml (as shown in Figure 4.6) and was
incubated at 37°C (5% CO, >90% humidity) for 24 h. This allowed the cells to adhere to the walls
of the plate.

1 2 3 4 5 6 7 8 9 10 11 12 DMSO
1.6x10° cells/ml

M 5.0x105 cells/ml
B 4.0x105 cells/ml

B 2.0x105 cells/ml

B 1.0x105 cells/ml

LA XX
00000000000
00000000000

IOTMMOOWm>

Figure 4.6: Vesicle concentration time study

The cells were treated with the UDV after the incubation period. Treatment duration was 24 h.
Following treatment the MTT assay was performed as described in the article. This study was

performed in triplicate on separate occasions
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1.4. Treatment time study

1.4.1. Methods

1.41.1. MTT assay

A375 and HaCat cells were seeded in a 96-well plate at a density of 1.0x10° cells/ml (as shown
in Figure 4.7) and will be incubated at 37°C (5% CO2, >90% humidity) for 24 h. This allowed the
cells to adhere to the walls of the plate.
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Figure 4.7: Seeding and treatment of the MTT 96-well plate for treatment time study

Clean cells

The cells were treated with the UDV after the incubation period. Treatment duration was between
0,24 and 48 h. Following treatment the MTT assay was performed on the MTT marked plates as

described in the article. This study was performed in triplicate on separate occasions.

1.4.1.2. Trypan Blue dye exclusion assay

Figure 4.8 illustrates how the 96-well plates were seeded during the treatment time study.

éé 3 4 éé 7 .Liposomes

A OO B Transferosomes
OOQOOO I Ethosomes

B Transethosomes

Clean cells

1000000000000

Figure 4.8: Seeding and treatment of the Trypan Blue 96-well plate for treatment time

study

Table 4.3 and Table 4.4 show examples of how the cells were photographed and counted before
cell viability was calculated, during the Trypan Blue dye exclusion assay.
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Table 4.3: Example of counting HaCat cells after 48 h using Trypan Blue (Liposomes)
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Table 4.4: Example of counting A375 cells after treatment of 48 h using Trypan Blue
(Liposomes)

1.5. References

1. Angius, F. and A. Floris, Liposomes and MTT cell viability assay: An incompatible affair.
Toxicology in vitro, 2015. 29(2): p. 314-319.
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CHAPTER 5 - Conclusion

5.1. Concluding discussion

The use of transdermal and topical products have gained much attention throughout history, more
so during recent years with development of novel formulations as lipid nanocarriers (LN) to
enhance skin penetration [1, 2]. Accompanying these new formulations, is the concern for skin
toxicity, which could be related to a wide range of parameters, such as shape and size surface
area [3-6]. Toxicity would in turn have a great effect on biocompatibility, which is defined as “an
expression of the benignity of the relation between a substance and its biological environment”
[7]. Comprehensive characterization is the first step in determining biocompatibility of novel LN,
and the next step is utilizing various cell viability assays to establish the viability of cell lines treated
with the specific LN. This study focused on the ultradeformable vesicles (UDV), transferosomes,
ethosomes and transethosomes, comparing them to their well-known predecessor, liposomes.
The aim of this study was to determine the in vitro biocompatibility of the UDVs, focusing on the
possible interference the lipid content of the LN could have with the standardized MTT assay.
Additional to this aim, a secondary aim was to investigate whether quantitative analysis could be
used as complementary means to characterize LN, in addition to the standardized DLS.

During this study the different LN were formulated and optimized, including the UDVs
(transferosomes, ethosomes and transethosomes), and liposomes as a control. The LN
underwent characterization by means of dynamic light scattering (DLS) utilizing the Malvern
Zetasizer (Malvern Instruments Ltd., Malvern, Worcestershire, UK), measuring diameter, PDI and
zeta potential, as well as image analysis by means of the Malvern Morphologi G3 (Malvern
Instruments Ltd., Malvern, Worcestershire, UK), measuring parameters concerning vesicle shape
and size. These parameters include CE diameter, intensity mean, solidity, elongation, convexity,
circularity and aspect ratio. The effects of storage were also determined by means of a stability
study over 90 days. Due to the focus of Morphologi G3 characterization on powder particle shape

up to date, little information was known about its use in lipid vesicle characterization.

The LN were successfully characterized with DLS and image analysis. The diameter of the
vesicles was mostly within the micro range, but the transferosomes and transethosomes showed
the smallest, and therefore the most likely to penetrate the skin for transdermal delivery. The
larger size of the liposomes were similar to findings of Esposito et al. [8]. This smaller range was
similar to Ascenso et al. [9] and Song et al. [10], who found these vesicles, especially the
transethosomes were small enough to penetrate the skin, although the results obtained were
much smaller vesicles than in this study, as were the findings of Bragagni et al. [11] who observed
the size of transferosomes when loaded with the drug celecoxib. The LN proved stable over the

90-day study; the PDI of the vesicles were never below 0.6, which was an indicator that the size
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distribution of the LN would be more unstable. The transferosomes and transethosomes,
however, showed a stable PDI over the course of 90 days, whereas the liposomes and ethosomes
were more unstable. These results were consistent with findings from Bragagni et al. [11], Habib
et al. [12], Shumilov and Touitou [13] and Verma and Pathak [14].

The zeta potential of the LN were not as favorable as desired for maximum stability [9, 15, 16],
due to the buffering to a neutral pH for a non-irritant application to the skin. The zeta potential of
the LN remained fairly stable over the course of this study, with the transferosomes and
ethosomes showing the most promise of stability over time. The use of PBS to buffer the LN
systems, caused the pH to remain stable over the course of the study. Similar findings were
obtained by Chen et al. [15], Shumilov and Touitou [13] and Vanic et al. [17].

Visual inspection, by means of the Malvern Morphologi G3, throughout the course of the study,
concluded that the LN formed spherical vesicles, containing an aqueous phase, confirming
stability over 90 days. No agglomeration of LN was observed throughout the study. After
characterization by the Malvern Morphologi G3, it was concluded that elongation, convexity and
circularity were the parameters that would best describe the LN. The LN showed low levels of
elongation throughout the study, only varying slightly because of the elasticity of the vesicles.
The vesicles showed high convexity throughout the course of 90 days, but the circularity of the
vesicle only increased slightly over time. After the study was performed, it was concluded that
the use of the Malvern Morphologi G3 would be best suited as a complementary means, and that
the LN were relatively stable over the course of 90 days. The LN portrayed lower intensity mean
values, lower elongation [18, 19] and higher circularity [18-20] when compared to previous studies
analyzing powder particles, such as cement or talc [18, 21]. The convexity values observed for
the LN were varied, but were lower than that observed in powder particles [18, 19]. The solidity
of the LN were lower when compared to the high solidity of volcanic ash powder particles [22].

The following step investigating biocompatibility of the UDV in comparison with liposomes, was
the cell viability of different cell lines when treated with the LN, utilizing human malignant
melanoma cells (A375) and primary epidermal keratinocytes cells (HaCat), as well as determining
whether the lipid content of these vesicles would have an effect on the absorbance of the MTT
assay. Initially, a cell optimization study was performed to determine optimal seeding cell density,
after which it was concluded that a cell density of 100 000 cells/ml would be seeded in each well
for the following studies. One study performed was to observe the effects of different vesicle
concentrations on the cell viability of the two cell lines, by means of MTT assay absorbance
values. Another study observed the effect of treatment time over 48 h on the cell viability, as
determined by the MTT assay, as well as the Trypan Blue dye exclusion assay, to pertain the

possible interference of the UDV with the MTT assay.
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It was concluded that the PC content of both the liposomes, as well as the UDVs, had a definite
effect on the absorbance values of both the A375 and HaCat cells, when the MTT assay was
performed during the vesicle concentration study. The absorbance values of the treated cells
were considerably higher than those of their untreated counterparts (control), which confirmed
the findings of Angius and Floris [23], as well as confirming that the UDV had similar interference.

During the treatment time study, a high rate of proliferation was observed for both the treated and
untreated A375 cells, as determined by both the MTT and the Trypan Blue dye exclusion assay;
therefore, suggesting that the liposomes, and the UDVs, did not inhibit the proliferation rate of the
cells, nor were they toxic over the 48 h treatment period. The same, however, was not observed
for the HaCat cell line, where cell viability started to decrease when treatment periods exceeded
24 h, suggesting that the liposomes, and the UDVs inhibited proliferation. After 48 h of treatment,
signs of toxicity were observed for the cell viability, as determined by the MTT assay, although it
could be speculated that a decrease in cell viability would also be observed for the Trypan Blue
cells if treatment persisted longer than 48 h. Due to the excipients the LN’s consisted of, low
cytotoxicity should be observed, although the small size of nanocarriers portrayed a risk, due to
the possibility of these vesicles interacting completely different to the cells in the body, in
comparison to larger particles [24]. A previous study by Smith [25] in 1986 had already
determined that smaller particles of a known non-toxic material could show cytotoxicity. Even
though the excipients of which the LN consisted were generally regarded as safe (GRAS), a
possible reason for the increase in cytotoxic levels over time could be due to the LN adhering to
the membrane of the HaCat cells, where it would undergo degradation over time, thus releasing

possible cytotoxic waste products [24].

It was, therefore, concluded that the UDVs were non-toxic to the A375 cells, as well as the HaCat
cells to a certain extent, for shorter treatment periods, confirming that the UDVs were

biocompatible for use as drug carriers for transdermal or topical products.

5.2. Limitations and recommendations

This study described the biocompatibility of transferosomes, ethosomes and transethosomes, by
means of characterization through DLS and image analysis, as well as through cell viability
studies utilizing MTT and Trypan Blue dye exclusion assays. The effect of the lipid content of

these carriers on the cell viability results were also described utilizing liposomes as a control.

Firstly, this study investigated UDVs by means of comprehensive characterization, utilizing DLS
and image analysis. In this study, images of the different vesicles were photographed under the
5x magnification objective, however, to ensure a clear image of the different vesicles, it is
suggested that a larger magnification objective be used in future studies, as well as utilizing the

Malvern Morphologi G3's feature to observe individual vesicles; this would, therefore, ensure that
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images obtained of the LN, were more accurate. The use of laser diffraction could also be utilized
to create a clearer characterization of the UDV. Laser diffraction is a laser beam that is passed
through a dispersed sample, after which the angular variation in light intensity of the scattered
light is measured [26], based on the Mie scattering theory, which could provide another
perspective on the characteristics of these vesicles [27]. The characterization of the UDV could
in turn be compared to other lipid carriers, such as SLN, to determine whether any similarities in
structure could be present.

Lastly, the effects of the UDVs on the two skin cell lines, A375 and HaCat, were investigated. To
obtain a better understanding on the effects of these drug carriers, the effect of UDVs on other
skin cell lines could also be investigated. Cell lines, such as human primary epidermal
melanocytes (HEMa, ATCC® PCS-200-013™), could be utilized to compare the effect of UDVs on
healthy melanocytes versus the cancerous A375 line. Other cell lines include primary dermal
microvascular endothelial cells (HDMVECn, ATCC® PCS-110-010™), primary dermal fibroblasts
(HDFa, ATCC® PCS-201-012™) and primary epidermal keratinocytes (HEKa, ATCC® PCS-200-
011™). The effects of another LN control, such as SLN, could also be used to compare their
effects on the viability of the cells, to that of the UDV.

Another approach to ensure accuracy of the cell viability assays, is to select assays that utilize
the same relative mechanism to determine cell viability. MTT assay measures cell viability by the
uptake of MTT formazan by cells into the mitochondria, after which the dye undergoes reduction,
creating a purple substance of which the wavelength is determined [28, 29]. The mechanism
through which Trypan Blue dye exclusion assay works, is due to live cells that would not be taken
up, however, dead cells would be stained blue, after which the live cells could be counted and
viability calculated [30]. Alternatives for these assays could be the lactate dehydrogenase (LDH)
cytotoxicity assay, which utilizes mitochondrial activity, and the live/dead cell assay by flow

cytometry, which utilizes the exclusion technique.

UDVs were developed due to the inability of liposomes to cross the skin barrier to reach
transdermal delivery [9, 31-33]. The use of transdermal delivery had been limited to a small
number of drugs, due to difficulty of breaching the stratum corneum. Examples of these
transdermal drugs are estrogen, testosterone, fentanyl, lidocaine and oxybutynin. Considering
that these UDV are biocompatible with skin cells, as well as the small size of these vesicles
suggesting that transdermal delivery could be possible, it is recommended that similar studies be

performed, investigating the characterization, as well as the biocompatibility of drug-filled UDVs.
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