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ABSTRACT

Background: Needle-free immunization is a novel vaccination approach and
provides many advantages over traditional vaccination. The present study focused on
transcutaneous immunization (TCI) which is a promising approach due to the
abundance of antigen presenting cells (APCs), residing in the skin. However the main
obstacle for TCI is the delivery of the vaccine through the stratum corneum (SC) to the
APCs in the deeper skin layers. Many approaches have been used to enhance skin
penetration and in this study lipid colloidal systems and microneedles (MCNs) were
utilized as a synergistic approach for vaccine delivery through the skin. A preliminary
study investigated the ability of various lipid carriers including liposomes,
transfersomes, ethosomes and cubosomes to enhance TCI. Subsequently, the effect of
an optimal lipid colloidal formulation in combination with MCNs on TCI was examined
in vitro and in vivo.

Methods: Liposomes and transfersomes were prepared by the film-hydration method
and ethosomes prepared by the modified reverse phase method. These vesicle systems
were made of L-α-phosphatidylcholine. Cubosomes were made of phytantriol and
prepared using the lipid precursor method. All formulations were loaded with a
constant amount of peptide antigen and the adjuvants monophosphoryl lipid A (MPL)
and Quil A (QA) and were characterized in terms of size, zeta potential, deformability,
morphology, entrapment efficiency, interfacial behavior and immune reactivity in vitro.
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Permeation of the vaccines formulations (with or without MCN pretreatment) through
stillborn piglet skin was investigated in vitro under occlusive conditions using Franz
diffusion cells. Permeation and skin retention of peptide was visualized using confocal
laser scanning microscopy (CLSM), optical coherence tomography (OCT) and two
photon microscopy (2PM). The immune response to topically delivered peptides in vivo
was investigated in C57BL/6 mice by measuring the expansion of antigen-specific CD4+
and CD8+ T cells, antigen-specific recall responses and the production of IFN-γ.

Results: All formulations contained negatively charged particles of similar size (134–
200 nm). Incorporation of peptide antigen into the formulations was variable ranging
from 20 to 80%. Addition of QA to the formulations destabilised the monolayers,
reduced peptide loading and increased particle deformability. The most deformable
system was cubosomes and they were also an effective vaccine delivery system to
BMDCs in vitro. Although there was no detectable permeation of the peptide through
the intact skin, cubosomes and ethosomes showed superior skin retention compared
with liposomes and transfersomes. Imaging studies revealed greater peptide
penetration into skin via the intercellular pathway when vaccine was formulated in
cubosomes. With the other systems peptide was mostly located in the vicinity of the
hair follicles and within the hair shaft. From the preliminary results, cubosomes were
identified as a potential candidate formulation to be used in combination with MCNs to
improve TCI. The utilization of MCNs significantly improved vaccine permeation and
penetration. A combined approach using cubosomes with MCNs increased skin
retention but not skin permeation. This was likely due to partitioning between the
hydrophilic epidermis and lipid particles. Vaccine antigen appeared to be preferentially
taken up by a subpopulation of skin APC known as dermal dendritic cells. Interestingly
delivery of vaccine using MCNs in conjunction with cubosomes appeared to stimulate a
CD8+ T cell biased immune response.
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Conclusion: A combined approach of using cubosomes and MCNs improved vaccine
uptake into skin. It appears that by transiently disrupting the SC with MCN, vaccine was
targeted to a different subset of APCs than that it would have encountered had the
vaccine been applied to intact skin and that a qualitatively different immune response
is produced.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 The immune system and vaccination
The immune response mechanism can be divided into two main parts: the innate and
the adaptive immune responses. Innate immunity is a nonspecific process by which
pathogens are detected by germline-encoded receptors (such as the toll-like receptors,
TLRs) and are destroyed by effector mechanisms; such as, phagocytosis and
complement mediated lysis(1-3). These responses take place within minutes to hours(4).
The adaptive immune response has a prolonged duration of response and exhibits
antigen and pathogen specificity(5). Memory responses to the infectious agent can also
be generated, resulting in protection against reinfection by the same pathogen. These
two key elements of the adaptive immune system, specificity and memory, are crucial
for the purpose of vaccination(6).
Adaptive immune responses can be stimulated by exogenous and endogenous antigens.
Endogenous antigens; such as, viral proteins in virus infected cells and tumor antigens
in cancer cells, are processed by the proteasome and transported to the rough
endoplasmic reticulum (RER) via the adenosine triphosphate-dependent transporters
associated with antigen processing (TAP). The fragmented endogenous antigens bind
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to major histocompatibility complex (MHC) class I molecules in the RER and they are
exported to the cell surface, where they associate specifically with the T cell receptor
(TCR) and CD8 on the surface of CD8+ T cell that differentiate to antigen-specific
cytotoxic T lymphocytes (CTLs)(7, 8) (Left side of Figure 1-1). Extracellular antigens are
phagocytized by APCs and degraded in phagosomes by proteases. Peptide fragments
broken down within phagosomes directly associate with MHC class II molecules inside
the phagosome and then traffic to the cell surface, where they stimulate a subset of
helper T cells (Th)(11) (Right side of Figure 1-1).

Figure 1-1 Schematic representation of two distinct pathways for processing of antigens. The
endogenous (left side) and exogenous (right side) pathways present degraded intracellular and
extracellular pathogens on major histocompatibility complex (MHC) class I and class II to CD8+ T
cells that differentiate into cytotoxic T lymphocytes (CTLs) and helper T cells (Th), respectively.
Adopted from Roy(9).

The peptide-class II MHC complex is recognized and engaged by the TCR on CD4+ Th
cell, which then become activated, upregulating activation molecules and secreting
lymphokines. Cytokine induced specific transcription factors play an important role
during differentiation of naïve CD4+ T cells to distinct lineages of effector Th cells
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including Th1, Th2, T regulatory (Treg), follicular helper cells (TFH) and Th17 cells(10)
(Figure 1-2). Recently, two novel lineages of Th cell Th9(11) and Th22(12) have been
described.
In the presence of interleukin (IL)-12, IL-18, and IL-17 naïve CD4+ T cells express T-box
expressed in T cells (T-bet) resulting in differentiation into a Th1 lineage. Th1 cells
secrete IL-2, IL-3, and interferon (IFN)-γ. Th1 cells participate in cellular immune
responses and protect against intracellular pathogens(13). Naive CD4+ T cells expressing
the transcription factor GATA binding protein-3 (GATA-3) differentiate to Th2 cells.
Th2 cells produce the cytokines IL-4, IL-5 and IL-13 which can induce humoral
immunity, eosinophil and B cell activation. Activated B cells clonally expanded and
differentiate into antibody-secreting plasma cells and memory cells. Recently it has
been established that the addition of transforming growth factor-β (TGF-β) and IL-4 to
T cell cultures causes the development of naive CD4+ T cells into Th9 cells(14). TGF-β is a
cytokine that inhibits both Th1(15) and Th2(16) immune responses. Th9 cells secrete IL-9
and IL-10 and induce tissue inflammation in autoimmune diseases(17). The presence of
TGF-β, IL-6 and IL-21 (in mice) or IL-1 and IL-23 (in humans) induces naive CD4+ T
cells to express the retinoic acid-related orphan (ROR) α and γt receptors leading to
differentiation into Th17 cells which secrete IL-17(18). Activation of Th17 cells induces
the destruction of extracellular pathogens and causes tissue inflammation(19) and even,
autoimmune disease(20). The presence of IL-21, IL-6 and STAT3 functions to induce
naïve CD4+ T cells to express transcription factor B cell lymphoma 6 (Bcl-6) leading to
differentiate into T follicular helper (TFH) cells. TFH cells secrete IL-21 which directly
regulate B cell immunity in the germinal center(21)
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Figure 1-2 Differentiated helper T cells (Th) can be separated into a number of distinct
subtypes according to their different cellular functions and cytokine production (22). Adapted
from O'Shea and Paul(23).

IL-2, TGF-β and all-trans retinoic acid (ATRA) lead to expression of forkhead box P3
(FOXP3) and differentiation of naïve CD4+ T cells into the Treg cell. Treg cells are
identified by their IL-10 and TGF-β secretion. They can inhibit DC maturation and
down-modulate the expression of CD80/CD86 on the surface of DCs. A novel Th cell
subtype, Th22 cells, were first defined by Eyerich et al.(12). Tumour necrosis factoralpha (TNF-α) and IL-6 are essential in Th22 cell development. Th22 cells produce IL22 and IL-10. Th22 cells play a role in skin homeostasis and inflammatory skin
disorders(12).
The segregation of exogenous and endogenous antigen presentation and activation of
either a humoral or a cellular immune response is not absolute as it was found that
exogenous-antigens are able to be cross-presented onto MHC I molecules APC (Figure
1-1)(24). There are several proposed mechanisms by which this cross presentation can
occur. Possible mechanisms include the escape of exogenous proteins from
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phagosomes into the cytoplasm where they can access the endogenous pathway(25). An
alternative mechanism is the fusion of RER and phagosome during early pathogen
engulfment(26).
Vaccination is one of the most cost-effective public health tools for preventing
infectious diseases; such as, tuberculosis, influenza, and hepatitis A. Annually, vaccines
prevent up to 3 million deaths and more than 750,000 children are protected from
serious disability(27). Vaccines have been continuously evolving and improving in terms
of efficacy and safety since their inception in the late 18th century when the first vaccine
was utilized by Edward Jenner. Jenner inoculated an 8-year-old boy with the fluid from
a cowpox pustule from a dairymaid’s hand. Subsequently, he exposed the boy to
smallpox and the boy did not develop any symptoms. It was the first attempt to prevent
human smallpox. However, Jenner knew nothing of how infectious disease occurred
and it was Robert Koch who proved that infectious disease was caused by
microorganisms: viruses, bacteria, fungi and parasites. In the 1880s, Louis Pasteur
developed a vaccine against cholera in chickens and a rabies vaccine, which was the
first successful treatment of human rabies. These practical victories precipitated
research for the mechanism and modus operandi of protection. In the 1980s, the
discovery of T and B lymphocytes and Burnet’s clonal selection theory allowed greater
understanding of the immune system which resulted in the design of targeted vaccines.
Currently most vaccines are delivered by injection, either into the intramuscular,
subcutaneous or intradermal space. There are many drawbacks regarding the
parenteral route; for example, local soreness or redness at the injection site,
vaccinators require injection training and there is a risk of needle-borne diseases
associated with re-use and improper disposal of needles(28). As a consequence,
alternative routes of vaccination are being investigated; such as, administration via
mucosal surfaces which includes the nasal, vaginal and oral routes. Recently, the skin
has been extensively investigated as a route for non-invasive vaccination(29-32).

5

Chapter 1
1.2 Transcutaneous immunization
Transcutaneous immunization (TCI) is a relatively new and promising needle-free
technique for vaccination. It involves topical delivery of vaccines to immune cells
residing in the skin(33). The skin is the largest immune organ (total surface area of 1.8
m2) and contains a diverse array of immune cells including Langerhans cells (LCs) and
dermal dendritic cells (DDCs). This creates the potential for TCI to be an excellent
alternative to traditional vaccination methods.

1.2.1

The skin

The skin provides the first barrier of protection against the invasion of pathogens into
the body. The skin is composed of two main layers, the dermis and the epidermis,
which are separated by the epidermal-dermal junction (Figure 1-3). The dermis is
made up of connective tissue, collagen, glycosaminoglycans and elastin. The dermis is a
highly vascular layer and provides the avascular upper layer, the epidermis, with
nutrients. The epidermis is the most superficial layer of the skin consisting of
keratinocytes and has a thickness of approximately 50 to 200 um depending on the
body region(34).
The epidermis is divided into four different layers (Figure 1-4). The stratum basale is a
single layer of columnar basal cells which remain attached to the basement membrane.
The cells begin to flatten and elongate in the stratum spinosum and the cells have lost
their nuclei in the stratum granulosum. The stratum granulosum produces and
organises keratin proteins and water-proofing lipids. The stratum corneum (SC) is
primarily composed of corneocytes (~90%), which are flattened, dead, keratin filled
cells. These cells are surrounded by a cell envelope consisting of an inner layer of crosslinked proteins (corniﬁed envelope proteins) and an outer layer of covalently bound
lipid envelope(35-37) (Figure 1-5).
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Figure 1-3 Cross-sectional micrograph of hematoxylin and eosin stained porcine skin
comprising of the epidermis (A) and the dermis (B) with the basement membrane (C) situated
at the epidermal-dermal junction. The outermost layer is the stratum cornuem (D). Scale bar is
10 mm. Figure adopted from Lawson et al.(38).

Figure 1-4 The structure of human skin. The epidermis and dermis are separated by the
basement membrane. The epidermis (inset) is composed of the stratum basale, the stratum
spinosum, the stratum granulosum and the stratum corneum. Figure adapted and modified from
Fuchs et al.(39).
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The SC resembles a brick wall. The corneocytes serve as the bricks and extracellular
lipids as the mortar(40). The densely packed and highly conformationally ordered
arrangement of the SC results in low diffusion of drugs into skin. Thus, diffusion into
the SC can be described as the rate limiting step and the main obstacle to transdermal
delivery(41, 42).

Figure 1-5 The corniﬁed proteins and lipid envelope of the corneocytes were assumed to be a
main part to protect pathogens entering to body. The lamellar bodies secrete the polar lipid into
the intercellular spaces and subsequently transformed to non-polar lipid (by enzymatic
hydrolysis) which formed densely packed structure of the SC. Adopted from Proksch et al.(37).

1.2.2

Immune surveillances in the skin

Different skin layers contain different types of immune cell. CD8+ T cells and
Langerhans cells are found in the epidermis(43). While the dermis contains various
immune cell phenotypes including macrophages, mast cells, DDCs, CD4+ T cells, γδ T
cells and natural killer T (NKT) cells(44). The two key APC subsets in the skin are the LCs
and the DDCs (Figure 1-6). These skin APCs possess the ability to take up and process
antigen, migrate to draining lymph nodes and to present processed antigen to naïve T
cells(45).
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Figure 1-6 The location of DC populations in the skin under homeostatic conditions.
Langerhans cells (LCs) reside in the epidermis and dermal dendritic cells (DDCs) in the dermis.
Figure adopted and modified from Randolph et al.(46).

1.2.2.1 Langerhans cells
LCs were first discovered by Paul Langerhans in 1868. LCs reside in the epidermis
(Figure 1-6), where there are ~1000 LCs per mm2(47) of skin, equating to about 3-5% of
the total epidermal cells(48). LCs are surrounded by keratinocytes and the dendrites
branching out from the LC extend between individual keratinocytes (49) (as shown in the
inset of Figure 1-7). Once activated, LCs disengage from the surrounding keratinocytes
and migrate across the epidermal/dermal junction to the local draining lymph node(50).
LCs are a subset of tissue DCs identified by their unique physical characteristics (starshaped), their location, the presence of Birbeck granules and high levels of expression
of the C-type lectin langerin (CD207)(51).
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Figure 1-7 Epi-fluorescence micrograph of mouse skin with epidermal LCs immunostained with
anti-MHC-II antibodies (green). The inset figure shows a merged image of MHC-II (green)
staining, langerin (red) staining and nuclei counterstained blue with 4',6-diamidino-2phenylindole (DAPI). Figure adopted from Romani et al.(52).

LCs have been speculated to be the first APC involved in capturing antigens delivered
by TCI due to their location in the epidermis. Kubo and colleagues(53) found LCs can
extend their dendrites through tight junctions (TJ) and take up antigens via the
dendrite tip. Romani et al.(54) have postulated that the role of LCs in TCI will be
dependent on several factors; such as, the vaccination area, the amount of vaccine
applied and the type of antigen and adjuvant used. For example, LCs were found to
express TLR2, TLR4, and TLR9 but lack TLR7(55). Hence, the type of adjuvant used in
TCI should be taken into consideration when designing vaccine formulations to activate
LCs. In addition, the site of vaccination has been shown to impact on LC activation.
Wang et al.(56) found LC activation was observed at the flank area but was absent in the
ear. They suggested this was due to the SC in the flank area being much thicker than in
the ear resulting in the vaccine accumulating in the upper skin layer leading to more
opportunities for LCs to take up vaccine. More recently there have been conflicting
reports on the role of LCs in stimulating effector immune responses and they have been
reported to have an immunoregulatory function. In mice specifically depleted of LCs,
contact hypersensitivity (CHS) responses were significantly augmented(57). However in
mice deficient in CD207+ DDCs there was no difference in the CHS response(58). It can
thus be concluded that LCs suppressed Ag-specific CHS responses(57).
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1.2.2.2 Dermal dendritic cells
The role of DDCs in TCI has been less studied due to their location in the dermis and the
idea that therefore antigen uptake by DDCs would occur only rarely. However, recent
evidence suggests that DDCs play a vital role in antigen-specific immune responses in
the skin. Bursch et al.(59) found that LCs were not activated after epicutaneous
immunization with a combination of peptide vaccine and adjuvant whereas DDCs
migrated and accumulated in the dermis beneath the immunized area. In addition,
surface expression of maturation makers was increased and DDCs migrated to draining
lymph nodes stimulating T cell proliferation.
DDCs reside in the dermis and are mostly found adjacent to the epidermal-dermis
junction. Some DDCs cluster around hair follicles which has been suggested to facilitate
contact with antigens that penetrate via hair follicles(60). Skin DDCs can be categorized
into two subsets based on the expression of CD207. The main population of DCs in the
dermis is CD207- DDCs (82.1%)(61). Although LC and CD207+ DDC both express CD207
and are possibly derived from the same monocyte precursor, they do not have the same
function(62). Several studies have shown that efficient cross-presentation(63) and
activation of CD8+ T cells requires priming by CD207+ DDC(61, 64, 65). Stoecklinger et al.(65)
reported that following gene gun immunization with plasmid DNA CD207+ DDC were
critical for the activation and functional differentiation of CD8+ T cells, but not for CD4+
T cell activation. In addition, the function of CD207+ DDC was specifically influenced by
the nature of the antigen with protein vaccines being unable to stimulate protective
immune responses. In the same study, they also reported that CD207- DDCs biased
towards CD4+ T cell stimulation.
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1.2.3

Immune modulators for transcutaneous immunization

Most transcutaneous vaccines use proteins or peptide antigens and an issue with these
are that they are either poorly immunogenic or non-immunogenic. Therefore, potent
substances known as adjuvants are required to be delivered with the antigens to
improve the immune response. Adjuvants enhance the immune response to vaccine
antigens by several different means. For example, adjuvants are capable of increasing
the immunogenicity of weak antigens and also of improving the speed and duration of
the resulting immune response(66). Additionally, the utilization of adjuvants can lead to
a decrease in the amount of antigen required to induce immunity, thus reducing costs
and helping to overcome antigen competition in combination vaccines(67).
Adjuvants play a critical role in TCI. The most common adjuvants used for TCI are
cholera toxin (CT) and heat-labile enterotoxin (LT)(67,

68).

Numerous studies have

demonstrated that these mucosal adjuvants can enhance immune responses without
toxicity after topical application(69-72). Recently, bacterial lipopolysaccharide (LPS) has
become an attractive adjuvant for TCI. According to Kahlon et al.(73), LPS and its
derivatives can activate TLR4 expressed by LCs and DCs. Additionally, Quil A (QA) has
been incorporated into TCI formulations to enhance skin penetration and immune
responses(74). Combining adjuvants that act through different pathways can be used to
further optimise immune responses(75).

1.2.3.1 Monophosphoryl lipid A
Monophosphoryl lipid A (MPL, Figure 1-8) is a derivative of LPS and is presently
approved for adding to human vaccines (Cervarix® for human papilloma virus and
Fendrix® for hepatitis B virus, both produced by GlaxoSmithKline)(76). LPS is a
constituent of the outer cell wall membrane of Gram-negative bacteria and exhibits
strong endotoxic activity. The (R)-3-hydroxytetradecanoyl group and the 1-phosphate
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located in the lipid A portion of Salmonella minnesota LPS induce caspase-1 activation
and the IL-1β secretion(77). MPL is a nontoxic derivative of LPS that is recognized by
TLR4 found on the surface of APCs(78). Furthermore, it has been reported that MPL can
act directly on T cells, as a Th1 inducing adjuvant, in a TLR-dependent manner(79).

Figure 1-8 The chemical structure of monophosphoryl Lipid A (MPL, C110H206N2O23P).

Clinical and pre-clinical evidence has shown that MPL is safe and effective with
excellent immunological adjuvant activity(80, 81). Broeck et al.(82) investigated the safety
of MPL in animal trials. They found that MPL had no cardiovascular/respiratory
toxicity, reproductive toxicity or genotoxicity.

Di Paolo et al.(83) investigated the

efficacy of an MPL-adjuvanted HBV vaccine human as compared to a standard nonadjuvanted HBSAg vaccine. After long term monitoring (15 months), they reported that
the MPL-adjuvanted HBV vaccine induced superior anti-HBsAg titers with no side
effects.
Due to its lipophilic characteristics, MPL is often incorporated into lipid vesicles. The
phase transition temperature, membrane packing and charge of lipid layers can be
altered by MPL loading(84). However, the incorporation of MPL into liposomes did not
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impact on adjuvant activity with antigen-specific T-cell and humoral responses still
being stimulated(84-86). In successful phase I studies in humans, MPL-containing
liposomes induced high levels of specific antibody production. The liposomes were
essentially nonpyrogenic and nontoxic, even though multiple injections of extremely
high doses (up to 2.2 mg) of liposomal MPL were administered(81).

1.2.3.2 Quil A
Quil A (QA) saponins are highly active adjuvants extracted from the bark of the South
American tree Quillaja saponaria Molina(87). QA stimulates CTL and Th1 type immune
responses in a TLR independent manner(88). Recent publications have suggested that at
least some of its adjuvant activity may result from activation of the NALP3
inflammasome(89). QA saponins are glycosides containing one or more sugar chains on a
triterpene aglycone backbone (Figure 1-9). QA possesses surfactant properties as a
result of the presence of a lipophilic port (aglycone triterpene) and hydrophilic groups
(sugar moieties) in their structure(90). Due to this property, QA can act as a skin
penetration enhancer(74,

91).

The critical micellar concentration (CMC) of QA is 0.3

mg/mL in water(92). The toxicity of QA is a concern and is related at least in part due to
its surfactant property which can result in red blood cell lysis. However, QA toxicity is
significantly reduced through incorporation into colloidal particles such as immunestimulating complexes (ISCOMs)(93, 94). The molecular interaction between QA and eggphosphatidylcholine (PC) was investigated using diffuse reflectance infrared Fouriertransform spectroscopy(95). QA interacted with the hydrophilic head group of PC due to
an electrostatic interaction between the negatively charged glucuronic acid moiety of
QA and the positively charged choline group of PC. Additionally, hydrogen bonds were
formed between the sugar head groups of QA molecules with the carbonyl group of PC.
The carbon chain region of PC was not altered by QA. White et al.(96) examined the
immunogenicity of liposomes containing lipid core peptides and small quantities of QA
(2%w/w). They found that while liposome structure was not altered by adding small
14
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amounts of QA if 10% w/w of QA was added ISCOMs would be formed.

The

peptide/QA-loaded liposomes strongly stimulated T cell proliferation in vitro and
antigen-specific cytotoxicity in vivo.

Figure 1-9 The chemical structures of Quil A.

Recently, a combination of MPL and QS21 (a highly purified fraction of QA with low
toxicity) were utilized to synergistically induce potent immune responses in both
animal models and a clinical trial(75, 97). It has been suggested that the combination of
MPL and QS21 switched the cytokine secretion pattern in HIV infection from Th2 to
Th1 with secretion of IL-2 and IFN-γ(98). In a herpes simplex virus infection study, CD8specific cytotoxicity was significantly enhanced in mononuclear cells pulsed with the
combination of MPL/QS21 whereas this did not occur following mononuclear cells
treatment with MPL or QS21 alone(99).
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1.3 Transdermal delivery strategies

1.3.1

Penetration route into the skin

There are three possible pathways for compounds penetrating into skin; the
intracellular, intercellular and appendageal route (Figure 1-10). The intracellular
pathway is where the compound penetrates through the cells deeper into skin. The
compounds that preferentially take this route are small hydrophilic molecules(100). The
intercellular pathway is where the compounds can penetrate into the skin through the
extracellular lipids, fatty acids and cellular fluids, located between cells. Most of the
compounds that preferentially use this pathway are lipophilic. The last pathway is the
appendageal pathway which utilizes the sweat glands and hair follicles(101,

102).

This

route is of interest for nanoparticle delivery into the skin and the appendages can also
act as a depot for particles from which drug can be slowly released(103-105). Despite drug
delivery via hair follicles being an effective delivery route, it cannot be a major route
due to the fact that the number of pores in skin is only 0.1% of the entire surface (106).
For larger molecules such as peptides and proteins, transcutaneous delivery is a
challenge as even if minimal CD4 and CD8 peptides are used they are still in excess of
500 Da and will therefore not be able to penetrate into the skin according to the ‘500
Dalton rule’ which remarked that molecules with a molecular weight above 500
Daltons cannot cross the skin barrier(107). Moreover, peptides and proteins are mostly
hydrophilic compounds and according to Fick’s law of diffusion (equation shown
below) penetration of these large hydrophilic molecules without utilization of a skin
penetration enhancer is not possible

Where J is the flux per unit area and per unit time, D is the diffusion coefficient, K is the
skin-vehicle partition coefficient,

is the concentration difference across the skin and

h is the length of the diffusion path.
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Figure 1-10 Schematic of the intracellular, intercellular and appendageal penetration pathways.
Figure adopted from Bolzinger et al.(101)

1.3.2

Chemical penetration enhancers

The main mechanism for enhanced penetration by chemical enhancers is through the
removal of the barrier provided by the SC. This occurs through a disordering of the
intercellular lipid structure of the SC and through interactions with keratin. In addition,
chemical enhancers increase the partitioning of drugs resulting in an increased
diffusion rate(108, 109). The most commonly used penetration enhancers are alcohols(110),
propylene glycol(111) and surfactants such as polysorbate(112).
Ethanol is widely used as a solvent because it can increase the solubility of active
ingredients in formulations. Ethanol is also well-known as a potent skin penetration
enhancer. Many studies have shown that ethanol can significantly increase drug
permeation through the skin(110,

113, 114).

Ethanol enhances skin permeation and

penetration by decreasing skin polarity(114) and solubilizing the lipid components of the
SC(115). Due to the concentration-dependent effect of ethanol on skin permeation

17

Chapter 1
enhancement, ethanol has been described by Heard et al.(116) as having a so-called 'pull'
or 'drag' effect.
Propylene glycol (PG) is regularly used in the cosmetics industry as a penetration
enhancer. The skin penetration enhancement is due to hydrogen bonding

with

keratin(117) and interactions with the polar head groups of the lipid bilayers(118).
Consequently, the structure of the SC is disordered and drug penetration into the skin
is increased. Díez-Sales et al.(111) reported the enhancing effect of PG on acyclovir
penetration through human epidermis. Adding 50% PG to a carbopol gel formulation
increased drug permeation as compared to the unmodified gel(111).
Surfactants can be anionic, cationic or non-ionic. Cationic surfactants have the most
potential to enhance skin penetration due to electrostatic interactions with negatively
charged fatty acids in the SC(119-121). However, the efficiency of the surfactant action is
directly proportional to the amount of skin irritation induced. Thus, non-ionic
surfactants are extensively incorporated into topical formulations due to their nontoxic properties. A mechanism for skin penetration enhancement by non-ionic
surfactants proposed by Nokhodchi et al.(122) was that the surfactant molecules may
fluidised SC intercellular lipids and also bind to the keratin, leading to disordering of
the densely packed SC. Tween 80 is a commonly used non-ionic surfactant in topical
formulations. The structure of tween 80 with its ethylene oxide and long hydrocarbon
chain is relevant to the surfactant role. The lipophilic part modifies the intercellular
lipid lamellae in the SC and the hydrophilic part disrupts protein domains of the
corneocyte(123). Akhtar et al.(112) reported that tween 80 increased the permeation of
ascorbic acid through a hairless rabbit skin with an enhancement ratio of 5.07 in
relation to the control formulation.
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1.3.3

Lipid-based colloidal systems

One of the most controversial methods for enhancing drug penetration into skin is the
utilization of lipid vesicles. Around 30 years ago, vesicles were introduced for topical
drug delivery by Mezei and Gulasekharam(124). These authors suggested that intact
liposomes were able to penetrate into skin. This investigation brought about numerous
studies on vesicles for skin delivery(125-128).

1.3.3.1 Liposomes
Liposomes are spherical phospholipid vesicles. They associate spontaneously into
bilayered structures containing an inner aqueous cavity(129). Liposomes can be
classified into three categories according to vesicle size and the number of lipid
bilayers(130). Vesicles with sizes in the range of 500 to 5000 nm with several lipid
bilayers are categorized as “multilamellar liposomes” (Figure 1-11 A).

“Large

unilamellar liposomes” are vesicles with a single lipid bilayer with sizes in the range of
200 to 800 nm. Vesicles with a size of about 100 nm and a single lipid bilayer are
referred to as “small unilamellar liposomes” (Figure 1-11 B). Multilamellar liposomes
can be reduced to large or small unilamellar liposomes by extrusion through stacks of
filters.
Phospholipids are biocompatible and biodegradable and these properties make
liposomes a safe system, able to be used in the pharmaceutical field(131). Liposomes can
prevent the degradation of antigens resulting in prolonged primary activation of T cells
in vivo(132). Many studies have investigated the ability of liposomes to act as an
immunological adjuvant and delivery system for subunit vaccines(133-135). Ludewig et
al.(136) reported the immune-enhancing effects of liposomes on protective antiviral and
anti-tumor immunity after the peptide vaccine was incorporated into vesicles.
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Figure 1-11 Freeze–fracture micrograph of (A) multilamellar liposomes prepared from PC. The
multiple bilayers are indicated by the arrow, (B) unilamellar liposomes obtained by extrusion of
PC multilamellar vesicles through 100 nm pore-size filters. Scale bar is 150 nm. Figure adopted
and modified from Mui et al.(137)

The ability of liposomes to increase transdermal drug delivery (as compared with nonvesicle formulations such as aqueous solutions, hydro-gels and creams) has been
proposed to be due to the ability of vesicular systems to enhance drug penetration(138),
improve pharmacological properties(139), control drug release(140) and serve as a
photoprotection system for drugs(141). The penetration enhancement mechanism of
liposomes is thought to be through disruption of the stratum corneum. Liposomes
remain on the exterior of the skin, mixing with and fluidizing skin lipids thus
disordering and loosening the SC resulting in improved drug penetration(142). Because
of their rigid membranes liposomes do not appear to be able to utilize the intercellular
mechanism of penetration leading to the development of elastic vesicles such as
transfersomes and ethosomes to improve skin penetration.

1.3.3.2 Transfersomes
Transfersomes, a novel class of modified liposomes, was first reported by Cevc(143) and
are variously described as deformable, highly deformable, elastic or ultra-flexible
liposomes or vesicles(144). They are claimed to improve in vitro transdermal delivery of
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a variety of drugs. The deformability possessed by transfersomes is the outcome of
incorporation of an edge activator within the phospholipid bilayers and this improves
elasticity by means of lipid bilayer destabilisation(145). Edge activators commonly used
are single chain surfactants such as sodium cholate(146) and tween 80(112).
Transfersomes are able to squeeze through conduits one-tenth the diameter of the
vesicles, allowing them to spontaneous penetrate the stratum corneum(147) (Figure 112).

Figure 1-12 Transfersomes are ultradeformable (up to 105 times that of conventional
liposomes) squeezing through small pores in the SC. Figure adapted from Maheshwari et al.(148)

Moreover, Cevc et al.(143) reported that the driving force for penetration into the skin
was the osmotic gradient. The osmotic gradient is caused by the difference in water
content between the relatively dehydrated skin surface (varying from 15 to 20% water
in the SC) and the hydrated viable epidermis (approximately 70% water). Aqueous
lipid colloidal dispersions applied to the skin are subject to evaporation and this
provides the impetus for the lipid system to follow the natural water gradient across
the epidermis. Therefore, assuming this proposed mechanism is correct, transfersomes
should not be applied under occluded conditions since this would decrease the osmotic
effect(149). Interestingly, transfersomes have been found to enhance skin permeation
under occlusive condition in vitro whereas the opposite trend was observed when
transfersomes were applied in vivo. It was suggested that the difference between in
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vitro and in vivo occurred because simple diffusion of free drug was a major pathway
for permeation in vitro while the osmotic effect of vesicles was the major pathway in
vivo(150).
Topical delivery of peptides and proteins by transfersomes has been extensively
investigated(151). Transfersomes have been reported to improve vaccine entrapment
efficiency, skin retention and penetration across the SC as compared to traditional
vesicles(152). More robust immune responses were induced by antigen-loaded
transfersomes compared with those induced by antigen-loaded liposomes and vaccine
solutions(153). Mishra et al.(154) reported that hepatitis B surface antigen (HBsAg)-loaded
transfersomes triggered improved antigen-specific systemic and mucosal responses
against HBsAg in vivo as compared to other formulations including a physical mixture
of transfersomes and HBsAg, HBsAg solution and intramuscularly administered alumadsorbed HBsAg.

1.3.3.3 Ethosomes
Ethosomes have also shown potential for TCI. The efficacy and safety of ethosomal
formulations

has

been

convincingly

demonstrated

as

compared

to

other

transcutaneous carriers such as gels(155), patches(156) and conventional liposomes(157).
Ethosomes were first developed by Touitou and colleagues(158). They are vesicles
composed of phospholipid hydrated in water with a high ethanol concentration (up to
45%). Some of the physical characteristics of ethosomes are their softness, flexibility
and deformablity. An additional characteristic of ethosomes is their multilayered
structure (Figure 1-13), which is expected to increase drug entrapment, resulting in
improved therapeutic efficacy. Furthermore, ethosomes have a negatively charged
surface, due to the presence of high amounts of ethanol, which is one factor implicated
in their ability to increase the permeation of drugs through the skin(159). According to

22

Chapter 1
Ogisot et al.(160), the penetration rate of melatonin entrapped in negatively charged
liposomes across the skin was higher than that of positively charged liposomes.

Figure 1-13 Electron micrograph of a characteristic multilamellar ethosome. Figure adapted
from Touitou et al.(158)

The hypothetical model proposed by Touitou et al.(158) for the mechanism by which
ethosomes facilitate penetration is depicted in Figure 1-14. The first mechanism is the
action of free ethanol. Free ethanol disrupts the SC by interacting with the polar head
group region of lipid molecules. This interaction with free ethanol causes the structure
of the SC to become loosely disordered, increasing fluidity and membrane permeability.
Then ethosomal vesicles, which are flexible and deformable, easily penetrate through
the disordered SC into deeper layers of the skin. Free drug in the ethosomal system can
also penetrate into the skin via the loosened SC. An additional proposed mechanism is
the fusion of ethosomes with skin lipids, resulting in drug release from the vesicles.
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Figure 1-14 The theoretical model of the ethosomal penetration enhancing mechanism.
Figure adapted and modified from Morrow et al.(161)

The efficiency of ethosomes for topical delivery has been investigated. For example,
Dayan et al. reported(162) that ethosomes significantly increased the depth of
penetration of a fluorescent probe (D-289) into skin as compared to classic liposomes.
Moreover, the transcutaneous delivery of ammonium glycyrrhizinate in ethosomes was
able to improve the anti-inflammatory effect of this drug as compared to an ethanolic
or aqueous solutions(163). The immune enhancing abilities of ethosomes have also been
reported. Mishra et al.(164) reported enhanced antigen uptake by human DCs incubated
with HBsAg-loaded ethosomes and the subsequent triggering of an efficient Th1-type
immune response. However, it must be noted that the presence of ethanol as a
component of ethosomes increased cell apoptosis. As regards safety, organic solvents
are not necessary for the production of ethosomes whereas liposomes or tranfersomes
require organic solvents for dissolving the lipid phase which may be a problem if these
formulations are improperly prepared.
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1.3.3.4 Cubosomes
Cubosomes are colloidal dispersions of the bicontinuous cubic liquid crystalline phase
and possess the same microstructure as the parent cubic phase(165). Cubosomes have a
significantly larger surface area and a lower viscosity than the bulk cubic phase. The
low aqueous solubility of cubic phase-forming lipids allows cubosomes to exist at
almost any dilution level, as opposed to most liquid crystalline systems that convert
into micelles at higher dilutions. Thus, cubosomes can be easily incorporated into
product formulations.

Figure 1-15 Cryo-FESEM micrographs of cubosomes particles prepared from phytantriol by
homogenization. Figure adopted and modified from Rizwan et al.(166)

Variable entrapment and release of actives from cubosomes has been reported and it
has been suggested this is due to the size of the active and any interactions occurring
between the active and cubosome. Boyd(167) reported that release from bulk cubic
phases was driven by simple diffusion resulting in the burst release of a small lipophilic
drug. However, drug release from cubosomes is possibly influenced by the molecular
weight of the drug. Rizwan et al.(168) reported high entrapment and retarded release of
the model protein ovalbumin (MW ~45000 Da) from cubosomes. These particles have
also been reported to act as an effective vaccine delivery system with increased IFN-γ
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production in animals vaccinated subcutaneously with cubosomes containing
ovalbumin and QA as compared to control groups(169).
Cubosomes have been utilized as transdermal drug carriers. The penetration of
hinokitiol, a hair growth promotion agent, was increased upon formulation into
cubosomes(170). It has been reported that the penetration enhancing effect of
cubosomes is due to the lipids of the particles forming a mixture with the lipids of the
SC, which is facilitated by their similar cubic phase structure(171, 172). Bender et al.(173)
visualized skin penetration of a fluorescence hydrophilic model drug formulated in
cubic phase monoolein using two-photon microscopy and found high fluorescence
intensity in micro-fissures and in a three-dimensional network of thin threads in the
skin.

1.3.4

Microneedle arrays

Microneedle arrays are a novel drug delivery device for percutaneous administration
of bioactives developed in the 1970s by Gerstel and Place(174). Microneedles are
breakthrough systems facilitating transdermal delivery by transiently physically
disrupting the stratum corneum and creating micron-sized pores without pain.
Microneedles are attractive delivery devices because they allow painless drug delivery.
Although, the length of needle can be up to 1000 µm and is likely to penetrate into the
superficial dermis where pain receptors are located, the micron-sizes of needles
reduces the chances of encountering and stimulating nerves(175). MCNs have great
market potential due to their low manufacturing and product distribution costs and the
fact that they are easy to use do not require vaccine-administration expertise(318,319).
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1.3.4.1 Designs and modes of action
MCNs disrupt the SC and allow drug to pass through the skin. MCNs generally have a
pyramidal shape with a sharp or dull tip and can be manufactured in different ways
from a variety of materials. They are divided into four general categories depending on
their mode of action (Figure 1-16).

Solid
MCNs

C

Coated
MCNs

D

Dissolving Hollow
MCNs
MCNs

E

F

G

Figure 1-16 Types of microneedles used for transdermal drug delivery (A) and modes of action
of microneedles (B). Adapted from Kim et al.(176) SEM micrographs of (C) solid MCNs(177), (D)
groove-embedded coated MCNs(178), (E) dissolving MCNs before and (F) after insertion(179) and
(G) hollow MCNs(180).

1.3.4.1.1 Solid MCNs – ‘Poke and Patch’
The ‘poke and patch’ approach is to utilize MCNs to create micro-channels and then
apply vaccine patches or formulation to the skin. Drug penetrates into the skin using
simple diffusion(181). Solid MCNs were first used to enhance calcein permeation(182).
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Multiple studies have since reported the use of MCNs to enhance skin permeability,
including studies using solid MCNs to transport recombinant virus
(185, 186)

(183, 184)

and protein

vaccines into the skin. Needles can be prepared using a variety of materials.

Silicon has been commonly used to prepare MCN arrays. However, the fabrication of
microneedles from silicon requires expensive microfabrication procedures and silicon
needles may break off in the skin due to the brittle nature of silicon. Nowadays solid
MCNs are usually made from polymers such as polyvinyl acetate(187) and
polyetherimide(188). Their mechanical strength reduces the risk of needle breakage in
the skin(189).

1.3.4.1.2 Solid MCNs – ‘Coat and Poke’
The ‘coat and poke’ approach is similar to the first approach except that the drug is not
applied to the skin but is instead coated onto the needle surface. The solid-state vaccine
on the surface of needle dissolves off in the skin following MCN insertion. Coated MCNs
are an attractive approach as solid-state formulations are stable for longer periods of
time as compared to liquid formulations(190). However, the amount of vaccine that can
be coated onto the needles is limited. As a result, newer vaccine-coating processes have
been developed in order to achieve increased vaccine coating. An example of this is ,an
embossing process that fabricates groove-embedded MCNs (Figure 1-16 D)(178). An
issue encountered with coated MCNs is loss of vaccine immunogenicity(191) and the use
of stabilisers such as trehalose is essential to prevent this occurring(192).

1.3.4.1.3 Dissolving MCNs
Dissolving MCNs (Figure 1-16 E and F) were developed due to

environmental

contamination issues arising upon improper disposal of used solid MCNs(193).
Dissolving MCNs are made from biodegradable materials such as polymers

(194, 195)

and
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sugars (196, 197) which dissolve upon exposure to intracellular fluids in the skin. Vaccines
entrapped in the polymer matrix release into the skin after matrix degradation.
Additionally, dissolving MCNs containing entrapped nanoparticles have been
developed as complex controlled-release drug delivery devices(198).

1.3.4.1.4 Hollow MCNs
Hollow MCNs (Figure 1-16 G) utilize the same mechanism of action as that used for
traditional needle injection. Liquid vaccine formulations are transferred into the skin
by active fluid flow or pressure-driven flow. Hollow MCNs are generally used with
syringes and existing vaccine formulations but the injection rate through hollow MCNs
is faster than subcutaneous injection(199). BD Soluvia™ and the MicronJet Needle
(NanoPass) are examples of commercial hollow MCNs in the market.

1.3.4.2 Vaccination and microneedles
The key features of the MCN approach are painless vaccination and a dose sparing
effect whereby MCNs can induce the same immune response as other vaccination
routes with a smaller dose of vaccine(200-202). Matriano and colleagues(203) reported the
dose sparing effects of MCNs on antibody production. Mice immunized with 1 and 5 µg
OVA using MCNs and intradermal injection induced an identical immune response
which was 50-fold higher than those stimulated in mice immunized using subcutaneous
and intramuscular (IM) injection. Similarly enhanced recall responses were observed
in mice immunized using MCNs as compared to those immunized with the same
influenza dose via the IM route(204). Interestingly, the immune response was
independent of the sequence of MCNs and vaccine application as applying vaccine prior
to MCNs or MCNs prior to vaccine induced similar immune responses. The question
arose as to whether the insertion of MCNs that injured the skin might generate pro-
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inflammatory cytokines to enhance the induction of immunity. This issue was
investigated by Ding et al.(205) who found that the MCNs did not trigger inflammatory
responses. MCNs by themselves are not able to induce robust immune responses and it
is still essential to incorporate adjuvants in the vaccine formulation. The combination of
CT and QA as adjuvants administered with diptheria toxin significantly increased
immune responses compared to diphtheria toxin on its own. Additionally, the resulting
immune response was found to be dose dependent(200, 203). The length and density of
MCNs have been found not to influence immune responses (200).

1.4 Thesis aims
Transcutaneous immunization is a promising alternative to conventional vaccine
delivery and has several advantages over traditional vaccination; for example,
improving compliance by decreasing or eliminating injection site pain. However, the
stratum corneum provides a barrier which prevents entry of external substances,
including drugs, into the body. Thus, in order to achieve the delivery of drugs into the
skin, the barrier provided by the SC must be overcome. Many approaches have been
investigated for enhancing drug penetration into the skin, such as MCNs and lipid
particle enhancement.
The aim of this study was to utilize lipid particles and MCNs as a synergistic approach
for delivery of vaccines through the skin. A preliminary study was carried out to
compare lipid carrier systems including liposomes, transfersomes, ethosomes and
cubosomes for TCI in vitro and in vivo. Then, the optimal lipid carrier was used in
combination with MCNs. Penetration of vaccine antigens into skin in vitro and in vivo
and the ability of the formulations to stimulate immune responses in mice was
investigated.
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MATERIALS AND METHODS

2.1 Materials
L-α-phosphatidylcholine from egg yolk (PC) dissolved in chloroform (100 mg/mL,
purity approximately 99%) and Monophosphoryl Lipid A from Salmonella Minnesota
RE 595 (MPL) were purchased from Sigma-Aldrich (Missouri, USA). Phytantriol was
purchased from A & E Connock (Hampshire, England). Polysorbate 80 (Crillet 4HP) was
from J.T. Baker (Auckland, New Zealand). Poloxamer 407 (Lutrol® F127) was obtained
from BASF (Ludwigshafen, Germany) and 1,2-propandiol (Propylene Glycol,
purity≥99.5%) from Merck (Darmstadt, Germany). Ovalbumin peptides (SIINFEKL,
ISQAVHAAHAEINEAGR and 5(6)TMR-SIINFEKL-OH) were purchased from Mimotopes
(Clayton, Australia). Purified saponin (Quil-A®) was purchased from Brenntag
Biosector (Frederikssund, Denmark). PBS was prepared according to the formula in the
British pharmacopeia. Polycarbonate membranes 800, 400 and 200 nm pore-size was
purchased from Nuclepore (Whatman, USA). The 10-mL extruder was obtained from
Lipex Biomembranes Inc (Vancouver, Canada). Antibodies for flow cytometry and
propidium iodide were purchased from BD Pharmingen (Franklin Lakes, USA). Highpurify water (ion exchanged, distilled and passed through a Milli-Q water purification
system, Millipore, Bedford, MA) was used throughout the study. All other chemicals
were of analytical grade.
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2.1.1

Antibodies for flow cytometry

The fluorochrome-labeled mouse antibodies are listed in Table 2-1 Antibodies and
propidium iodide were purchased from BD Biosciences Pharmingen (Califonia, USA).

Table 2-1 Fluorochrome-labeled mouse-antibodies used in flow cytometry analysis
Experimental
study
Testing of
OT-I and OTII mice

In vivo T cell
proliferation

Antibody

Fluorochrome

Clone

CD8

FITC

53-6.7

Material
Number
553030

CD4

FITC

GK1.5

553729

Vα2

PE

B20.1

553289

Vβ5.1-biotin

-

MR9-4

553188

PerCP

Streptavidin

554064

Biotinylated
primary
antibodies

V500

RM4-5

560782

CD8

PE-Cy7

53-6.7

552877

Vα2

PE

B20.1

553289

Vβ5.1-biotin

-

MR9-4

553188

CD4 (L3T4)
differentiation
antigen
38 kDa α and
34 kDa α'
chains of CD8
differentiation
antigen
Vα2 T-cell
Receptor
Vβ 5.1 and Vβ
5.2 T-cell
Receptors

APC-Cy™7

Streptavidin

554063

Secondary staining
StreptavidinPeridinin
Chlorophyll-a
Protein
CD4

Secondary staining
StreptavidinAllophycocyaninCy7

Specificity
38 kDa α and
34 kDa α'
chains of CD8
differentiation
antigen (Ly-2
or Lyt-2) of
CD4 (L3T4)
differentiation
antigen
Vα2 T-cell
Receptor
Vβ 5.1 and Vβ
5.2 T-cell
Receptors

Biotinylated
primary
antibodies
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2.2 METHODS

2.2.1

Preparation of lipid-based colloidal systems

The composition of liposomes, transfersomes and ethosomes is presented in Table 2-2
and cubosomes in Table 2-3. For in vitro and in vivo imaging studies lipid colloidal
carrier were loaded with 1 mg/mL of the dye-labeled CD8 OVA peptide (5(6)TMRSIINFEKL-OH) and for the in vivo immunological response studies they were loaded
with 1 mg/mL of CD8 OVA peptide (SIINFEKL) and 1 mg/mL of CD4 OVA peptide
(ISQAVHAAHAEINEAGR).

Table 2-2 Composition of lipid-based vesicles prepared from PC including liposomes,
transfersomes and ethosomes. They were loaded with constant amount of peptide antigen and
adjuvants (indicated by shading).
Formulations
Liposomes
Transfersomes
Ethosomes
Liposomes-MPL-QA
Transfersomes-MPL-QA
Ethosomes-MPL-QA

Peptide
(mg/mL)
1.0
1.0
1.0
1.0
1.0
1.0

Quil A
(mg/mL)
0.4
0.4
0.4

MPL
(mg/mL)
0.2
0.2
0.2

PC
(mg/mL)
20.0
20.0
20.0
20.0
20.0
20.0

Tween 80
(mg/mL)
20.0
20.0
-

Ethanol
(% v/v)
30.0
30.0

Table 2-3 Composition of cubosomes that were made of phytantriol. The composition of
antigen/adjuvants-loaded cubosomes is indicated by shading.
Formulations
Cubosomes
Cubosomes-MPL-QA

Peptide
(mg/mL)
1.0
1.0

Quil A
(mg/mL)
0.4

MPL
(mg/mL)
0.2

Phytantriol
(mg/mL)
20.0
20.0

Poloxamer
(mg/mL)
3.0
3.0

PG
(mg/mL)
53.7
53.7
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2.2.1.1 Liposomes and transfersomes
Liposomes and transfersomes were prepared by the film-hydration method(206). Egg PC,
tween80 (for transfersomes) +/- MPL were dissolved in chloroform in a round bottom
flask. Chloroform was evaporated under a stream of nitrogen at 45 °C for 15 min
(Rotavapor R110, Büchi, Switzerland). The film was hydrated with a solution of peptide
+/- QA. Glass beads were added to facilitate mixing and lipids were allowed to swell for
at least 2 hr under constant shaking (57 rpm, platform mixer, Ratex, Australia) at
ambient temperature. The resulting vesicles were extruded five times through 800400-200 nm pore-size polycarbonate membrane by using a 10-mL extruder.

2.2.1.2 Ethosomes
The preparation method for ethosomes was a modified reverse phase method. Egg PC
+/- MPL were dissolved in chloroform in a 20-mL scintillation vial. A thin lipid film was
created by evaporating the chloroform under a stream of nitrogen at 45 °C using a
Rotavapor evaporator. Ethanol was then added into the scintillation vial, which was
then tightly capped. The solution was mixed (800 rpm) at 45 °C for 10 min before the
gradual addition of a peptide +/- QA solution. The solution was then mixed for a further
30 min.

2.2.1.3 Cubosomes
Cubosomes were prepared using the lipid precursor method(207). Phytantriol,
poloxamer 407, propylene glycol and +/- MPL were weighed into a 20-mL scintillation
vial and dissolved in 5 mL chloroform. Chloroform was evaporated under a stream of
nitrogen at 45 °C. The concentrated actives solution (0.8 mg/20 µL QA and 2 mg/20 µL
peptide) and glass beads were added and mixed by shaking until visually homogenous.
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The rest of Milli-Q water (45 °C) was gradually added into the scintillation vial while
vortexing for 10 min.

2.2.2

Determination of vesicle size, size distribution and zeta potential

The mean size and size distribution of colloidal particles was determined using
dynamic light scattering (DLS) (Malvern Zetasizer Nano Series, Malvern Instruments).
Prior to conducting each measurement 20 μL of formulation was diluted with 1 mL
Milli-Q water. The size (z-average), polydispersity index (PDI) and zeta potential were
measured in triplicate at 25 °C. Formulation stability was determined in appearance,
size, PDI at 0, 3, 7 and 14 days following formulation preparation.

2.2.3

Determination of peptide entrapment efficiency

The formulations (200 µL) were spun at 20,800 x g for 30 min. The supernatant was
removed and the amount of TMR-SIINFEKL quantified by fluorescence spectroscopy
(POLARstar Omega, BMG Labtech, USA) with excitation at 544 nm and emission at 590
nm. Fluorescent intensity values obtained were analyzed against standard curves (Mars
data analysis, BMG lab tech). The entrapment (% of the mass of TMR-SIINFEKL used)
was determined as follows:

 m( TMR - SIINFEK L)used - m( TMR - SIINFEK L)supernatan t 

  100
m( TMR - SIINFEK L)used
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2.2.4

In vitro skin penetration studies

2.2.4.1 Skin preparation
Stillborn piglet skin was used as a model membrane in a manual vertical diffusion cell.
Stillborn piglets were cleaned under running tap water and dried. Skin from both sides
of the piglets was shaved and then excised by scalpel (shoulder to hip), washed with
PBS and dried with paper towels. The pieces of skin were wrapped in tinfoil and kept in
a freezer at -20 °C for up to 1 month after preparation. The day before the experiment,
the skin was removed from the freezer to defrost and soaked in PBS overnight at 4 °C.
All experiments were approved by the Animal Ethics Committee, University of Otago.

2.2.4.2 Skin permeation studies
A manual vertical diffusion cell system was used in the skin permeation experiments
(Figure 2-1). Subcutaneous fat and connective tissue were carefully detached from the
rehydrated skin. A 4 x 4 cm piece was mounted on a manual vertical diffusion cell
(Figure 2-2, 1.77 cm2, 7-mL receptor compartment Hanson research, USA) and
equilibrated for an hour. The receptor compartment contained degassed 37 ± 0.5 °C
PBS which was mixed at 100 rpm throughout the period of the experiment. The
diffusion cells were maintained at 37 °C in order to maintain the temperature of the
skin surface at 32 °C(208). Skin integrity was assessed by measuring electrical resistant
using Ag/AgCl electrodes(209). Skin with a resistivity of less than 10 kΩ x cm2 was
discarded. Formulations (0.1 mL containing 100 µg of TMR-SIINFEKL, 2 mg of lipid, 40
µg of QA and 20 µg of MPL) were applied onto the skin and the cells were covered with
tinfoil and parafilm to achieve occlusive conditions. For the MCNs experiments, the
MCNs were applied to the skin before application of the formulations. Samples of 0.8
mL were withdrawn through the sampling port at 1, 2, 4, 6, 8, 18, 20 and 24 hr and an
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equal volume of PBS was immediately replaced into the receptor compartment.
Samples were stored at 4 °C and the amount of peptide in the supernatant fraction was
determined by fluorescence spectroscopy as described above (Section 2.2.3).

Figure 2-1 Manual vertical diffusion cell system. Image taken and modified from Hanson
Research website. http://www.hansonresearch.com

Figure 2-2 Diffusion cell components in a manual vertical diffusion cell system. Image taken and
recreated Hanson Research website. http://www.hansonresearch.com

After 24 hr the skin was removed from the cell and rinsed under running tap water to
ensure all formulation was washed off. The circle of skin which had been exposed to the
formulation was macerated, put into a 50 mL tube containing 5 mL methanol/PBS
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(50% v/v) and homogenized using a DIAX 900 homogenizer (Heidolph, Germany). The
skin homogenate was incubated at 4 °C for at least 12 hr. Before analysis the
homogenate was centrifuged at 1,600 x g for 15 min and the amount of peptide in the
supernatant fraction was determined by fluorescence spectroscopy as described above
(Section 2.2.3). The stability of TMR-SIINFEKL under in vivo conditions was previously
evaluated by our group. Appropriate controls were used and standard curves were
prepared for each experiment. In some experiments penetration of the peptide at 24 hr
was examined by confocal scanning laser microscopy (CSLM). Skin samples were
washed and then immediately examined using an LSM 510 Upright Confocal
Microscope (Carl Zeiss, Jena, Germany). An excitation wavelength of 488 nm and
emission wavelengths between 505 and 530 nm were utilized to detect skin
autofluorescence. To image TMR-SIINFEKL, an excitation wavelength of 543 nm and
emission wavelength of above 560 nm was used.

2.2.5

In vivo immunological studies

2.2.5.1 Mice
Male and female OT-I and OT-II transgenic mice and male C57Bl/6 mice (6-8 weeks
old) were bred and maintained under specific pathogen-free condition at the HTRU,
Dunedin, New Zealand. OT-I and OT-II transgenic mice are genetically engineered to
express a high frequency of T cell receptors specific for the CD8 peptide OVA257–264
epitope of ovalbumin (OT-I), and the CD4 peptide epitope OVA323-339 of ovalbumin (OTII)(210). All animal experiments were approved by the Animal Ethics Committee,
University of Otago (AEC 03/08 and 61/10).
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2.2.5.2 Testing of OT-I and OT-II transgenic mice
OT-I and OT-II mice were tested to ensure their transgenic status. Blood samples (4 - 5
drops) were collected from the tail veins of mice into tubes containing 1 mL of
Alseviers solution (Appendix A). Samples were then centrifuged at 1,400 x g for 5 min
in a Heraeus Multifuge® centrifuge (Kendro Laboratory Products, Germany). The
supernatant was discarded and the red blood cells in the cell pellets were lysed with 1
mL of sterile Lysis buffer (Appendix A) for 10 min at room temperature. Lysis was
stopped by adding FACS buffer (Appendix A) to samples, which were then washed and
stained for flow cytometric analysis. Antibodies used to stain cells (1:200 dilution) are
shown in Table 2-1. OT-I positive mice possessed high numbers of CD8-FITC+, Vα2-PE+
and Vβ5.1-biotin-SA-PerCP+ cells. OT-II positive mice possessed high numbers of CD4FITC+, Vα2-PE+ and Vβ5.1-biotin-SA-PerCP+ cells.

2.2.5.3 Adoptive transfer of OT-I and OT-II transgenic cells
Adoptive transfer of transgenic cells into experimental mice was carried out to produce
a tracer population of cells to facilitate the determination of antigen-specific CD4+ and
CD8+ T cell expansion following TCI with peptide vaccines in vivo.
Adoptive transfer was performed as described previously(211). Briefly, the lymphoid
organs (spleen and axillary, brachial, cervical, inguinal and mesenteric lymph nodes)
were harvested from OT-I and OT-II transgenic mice into ice-cold complete Iscove’s
Modified Dulbecco’s Medium (cIMDM) (Appendix A). Single cell suspensions were
centrifuged at 1,400 x g for 8 min and the supernatants discarded. Spleen cell pellets
were resuspended in 10 mL Lysis buffer for 10 min at room temperature. Lysis was
stopped by adding 40 mL cIMDM. All samples were washed twice before being
resuspended in sterile cIMDM. Cells were diluted with trypan blue dye and counted.
OT-I and OT-II transgenic cell numbers were calculated and samples diluted with PBS
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to achieve a final total cell concentration of 8 x 106 cells per mL. Filtration through cell a
strainer was carried out if cell aggregation was observed. The pooled cells (4 x 106)
were injected into the tail vein of the C57BL/6 mouse a day prior to transcutaneous
immunization using syringes with 26-gauge needles.

2.2.5.4 Transcutaneous vaccination
At day 1 the C57BL/6 mice were anaesthetized by subcutaneous injection with
ketamine (100 mg/kg), xylazine (3 mg/kg) and atropine (0.05 mg/kg). Mice were close
clipped using electric clippers. The remaining hair was removed using hair removal
cream (Veet™, Reckitt Benckiser). After 5 min, the cream was removed using cotton
wool. The skin was rinsed with warm water to remove residual cream. A self-adhering
foam base (Reston™, 3M) was attached on the dry mouse skin to form a 1.1 x 1.6 cm
reservoir (Figure 2.3). Lipid colloidal formulations (0.1 mL containing 100 µg of CD4+
peptide, 100 µg of CD8+ peptide, 2 mg of lipid, 40 µg of QA and 20 µg of MPL) were
applied on the skin inside the reservoir, which was then covered with an occlusive
dressing (Opsite-Flexifix™, Smith & Nephew Medical Limited and Blenderm™, 3M).
After 24h the reservoir was removed and mice were returned to group housing. The
immunization procedure was repeated at day 14.

A.

B.

Figure 2.3 A. Schematic of the reservoir formation on the skin of C57BL/6 mouse by a selfadhering foam base and covered with Opsite-Flexifix and Blenderm™ dressing to achieve
occlusive condition. B. An anaesthetized C57BL/6 mouse was transcutaneously immunized with
formulation. The site of immunization was located on the upper mouse back, close to axillary
and brachial lymph nodes.
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2.2.5.5 Collection of blood and harvesting of transgenic T cells
At day 18 after the first vaccination the mice were sacrificed. Mice were euthanized by
IP injection with a lethal dose of ketamine (500 mg/kg) and xylazine (15 mg/kg). Blood
was collected from the inferior vena cava and transferred into a 1.7 mL tube. The
lymphoid organs (spleen, axillary and brachial lymph nodes) were harvested into a 24well plate containing ice-cold cIMDM. Single cell suspensions were washed by
centrifugation at 1,400 x g for 8 min and the supernatants removed. Spleen cell pellets
were resuspended in 10 mL sterile Lysis buffer for 10 min at room temperature. Lysis
was stopped by adding 40 mL cIMDM. All samples were washed twice before being
resuspended in sterile cIMDM. Cells were diluted with trypan blue dye, counted and
resuspended at 2 x 106 cells/mL with cIMDM.

2.2.5.6 Staining of transgenic T cells from immunized mice and analysis by FACS
Aliquots of single cell suspensions of lymphocytes and splenocytes were washed by
centrifugation (1,600 x g for 4 min) and the supernatant discarded. Single cell
suspensions were incubated with 2.4G2 (1:400) for 10 min on ice in to block nonspecific antibody binding. The blocking process was terminated by adding 1 mL of FACS
buffer and washing the cells. The cell pellet was resuspended and incubated with 100
µL of the primary cocktail of the specific cell surface marker antibodies (1:200 dilution)
(Table 2-1) including anti-CD4-V500, anti-CD8-PE-Cy7, anti-Vα2-PE and anti-Vβ5biotin and incubated for 10 min on ice in the dark after which time the cells were
washed. The cells pellet was then resuspended in 100 µL of the secondary staining
solution containing SA-Percp-Cy5.5 (1:200 dilution) and incubated for 10 min on ice in
the dark. The cells were then washed, resuspended in 100 µL FACS buffer and stored on
ice in the dark until analysis on the flow cytometer.
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2.2.5.7 In vitro activation and proliferation of transgenic T cells
For each sample, triplicate wells in a 96-well round bottom plates were coated with
100 µL/well of 10 ug/mL anti-CD3 antibody in coating buffer (Appendix A) and
incubated overnight at 4 °C. The wells containing anti-CD3 were washed three times
with cIMDM (200 µL/well) before adding 100 µL of cIMDM containing 2 ng/mL IL-2.
Wells were also plated in triplicate with 100 µL of Ova (20 µg/mL) and IL-2 (2 ng/mL)
in cIMDM and 100 µL of 2 ng/mL in cIMDM (negative control).
100 µL aliquots of a single cell suspension of 2 x 106/mL lymph node or spleen cells
were added to the anti-CD3, OVA plus IL-2 and IL-2 wells in triplicate. The plates were
then incubated for 3 days in a CO2 incubator (5% CO2 at 37 °C) (HERAcell incubator,
Heraeus, Hanau, Germany).
On day 4, 100 µL of the cell culture supernatant was removed and replaced with100 µL
of [methyl 3H] thymidine (6.7 Ci/mmol) (PerkinElmer, Boston, MA, USA) at a 1 in 20
dilution. The plates were incubated for a further 8 hr in a CO2 incubator (5% CO2 at
37 °C) before being stored at -20 °C for analysis of proliferation. The supernatants
removed from the wells were transferred to a 96-well round bottom plate which was
then stored at -20 °C for cytokine (IFN-γ) analysis.

2.2.5.8 Proliferation
The plates were thawed and the cells harvested onto glass fibre filters (printed
filtermat A for use with 1450 Micro Beta 90 x 120mm, Wallac, Turku, Finland) using an
automated cell harvester (Harvester 96® Mach II M automatic cell harvester, Tomtec,
CT, USA). The filters were then dried in a microwave oven for 2 min and put into
sample bags. Beta plate scintillation fluid (Wallac, Turku, Finland) was added,
distributed evenly and the bags sealed using a heat sealer (Wallac 1295-012 heat
sealer). Radioactivity was measured in counts per minute (c.p.m) using a 1450 Micro
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beta machine (Wallac, Turku, Finland). T cell proliferation was expressed as a
stimulation index calculated by dividing the c.p.m in the stimulated wells (pulsed with
OVA) by the c.p.m from control wells (IL-2 alone).

2.2.5.9 Interferon-γ
IFN-γ was measured using a BD™ Cytometric Bead Array (CBA) Mouse Cytokine Kit
according to the manufacturer’s instructions. Briefly, the samples were diluted with
assay diluent (1 in 5 dilution) in a 5-mL tube. 50 µL of cytokine capture beads were
mixed with each sample and standard tube (2500, 1250, 625, 312.5, 156, 80, 40, 20, 0
pg/mL) and incubated at room temperature in the dark for 1 hr. Subsequently, a 50 µL
of PE detection reagent was added to each sample and standard and incubated at room
temperature in the dark for 1 hr. Excess detection reagent was removed by washing
and the samples and standards were resuspended with 300 µL wash buffer and stored
in the dark until analysis on the flow cytometer.

2.2.6

In vivo optical coherence tomography imaging

Optical coherence tomography (OCT) imaging was carried out as described by Kamali
et al.(212). The OCS1300S Swept Source OCT Imaging System, including the OCS Swept
Source Software, (OCM1300SS, Thorlabs Inc. Newton, NJ, USA) had a swept source laser
(SL1325-P16) with a 1325 nm central wavelength and 6 mm coherence length. A
distance objective (LSM03, Thorlabs Inc.) incorporated into a hand-held probe was
used to focus the laser light on the skin giving a lateral resolution of 25 μm. With this
system the maximum image dimension (L x W x D) is 10 x 10 x 3 mm with an image
resolution (L x W x D) of up to 1024 x 1024 x 512 pixels. Formulations were applied to
the skin of anesthetized mice in the similar manner as described in Section 2.7.4.
However, for these experiments the drug reservoir could not covered by occlusive film.
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The mice were kept on a heating plate up to 60 min. The skin was imaged every minute
in the first 10 minutes and afterward every five minute up to 60 min. The raw data was
manipulated using Adobe Photoshop CS6.

2.2.7

Statistical data analysis

Data analysis was carried out using Microsoft Excel, Version 2010. The standard curves
were constructed and assessed using regression analysis. The results are expressed as
mean ± SD and mean ± SEM. GraphPad Prism Version 5.0 was used to examine the
statistically significant differences using the two-tailed unpaired Student's t-test or the
one-way analysis of variance (ANOVA) followed by Tukey’s pairwise comparison
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TRANSCUTANEOUS IMMUNIZATION OF SUBUNIT
PEPTIDE VACCINES USING LIPID-BASED
COLLOIDAL SYSTEMS

3.1 INTRODUCTION
Vaccination is regarded as the most cost-effective approach for controlling infectious
disease(213). Currently, the main routes of delivery for vaccines are via either the oral or
parenteral routes. Delivery by injection has many drawbacks; for example, vaccinators
require injection training and there is a risk of needle-borne diseases associated with
improper disposal of needles(28, 214). As a consequence, needle-free immunization has
been investigated and developed for the safety of the vaccinator, patient and
community. Additionally, it is likely that compliance will be improved by decreasing or
eliminating injection site pain(215). The non-invasive vaccination routes presently being
studied are the oral(216-218), nasal(219-221), vaginal(222-224) and topical routes(225-227). In this
study, we focused on transcutaneous immunization (TCI) in which vaccine antigens and
adjuvants are applied to the skin. The skin is the largest immune organ and as such
consists of the epidermal and dermal immunocompetent cells and draining lymph
nodes(228). The major antigen presenting cells (APCs) in the skin are the Langerhans
cells (LCs) and the dermal dendritic cells (DDCs). LCs are localized in the epidermis,
forming approximately 25% of the entire epidermis area, whereas DDC preferentially
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resided in the dermis(46, 229, 230).The major obstacle to TCI is penetration of the vaccine
through the upper most layer of the skin, the stratum corneum (SC), which consists of
densely packed and highly conformationally ordered corneocytes. As a result, diffusion
through the SC can be described as the rate limiting step for TCI(39,40). Several
approaches have been investigated to enhance skin penetration. Physical methods such
as iontophoresis employ an electrical gradient to provide a driving force(231-233) and
electroporation supplies short high voltage pulses to make the SC more permeable(234,
235).

Chemical penetration enhancers temporarily reduce the skin barrier by either

disrupting or hydrating the SC, commonly through the use of alcohols (236,
surfactants(238,

239)

237),

or lipids (including lipid vesicles)(240-243). Also, there are several

innovative lipid carriers for enhancing transdermal drug delivery such as
liposomes(133), tranfersomes(244), ethosomes(163) and cubosomes(170). Lipid vesicles have
the additional advantage in that they can be loaded with the vaccine antigen and
adjuvant thereby creating a particulate delivery system with all the associated benefits
in terms of uptake by and activation of APCs(245, 246).

3.1.1

Lipid based delivery systems

A number of different types of lipid vesicles have been investigated for topical drug
delivery. Several studies have investigated the penetration enhancement ability of
liposomes(206,

247)

however, it has been proposed that the success of liposomes may

have been limited because of their rigid structure that may hinder penetration into the
skin. To develop flexible carriers, edge activators (such as tween and span) were added
to liposomes creating transfersomes. Transfersomes are deformable and able to pass
through pores much smaller than their size(248). Transfersomes have demonstrated
superior skin penetration over liposomes both in vitro and in vivo(249-252). Ethosomes,
another flexible lipid carrier, are composed of phospholipid and water with a high
ethanol concentration of up to 45%(253). Some of the physical characteristics of
ethosomes are their softness, flexibility and deformability which is due to the
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ethanol(254). Cubosomes are a novel particulate system for vaccine delivery. Cubosomes
are a dispersion of the cubic liquid crystalline phase however they retain the same
unique nanostructure of the parent cubic phase, a highly twisted, continuous lipid
bilayer and two congruent, non-intersecting water channels(168,

255).

Additionally,

cubosomes have a much larger surface area and much lower viscosity than the bulk
cubic phase(256). To date, cubosomes have not been investigated as a topical drug
delivery system for peptide vaccines.

3.1.2

Adjuvants

Adjuvants play a critical role in TCI(68) as they improve the immune response to subunit
antigens such as peptides, that are either poorly immunogenic or non-immunogenic
when administered by themselves, and may lead to a decrease in the dose of antigen
required to stimulate protective immunity(67). In this study the adjuvants
monophosphoryl lipid A (MPL) and Quil A (QA) were co-encapsulated in the lipid
carriers. MPL is a non-toxic derivative of lipopolysaccharide (LPS) that is primarily
recognized by TLR-4 on the surface of APCs(257). Incorporation of adjuvant in
particulate carriers is a key feature for maximising immune stimulation. Kazzaz et
al.(258) found MPL-loaded microparticles induced significantly greater (P<0.05) immune
response as compared to control formulations. QA is an aqueous extract of bark of the
tree Quillaja saponaria and is a potent adjuvant that stimulates CTL and Th1 type
immune responses in a toll-like receptor (TLR) independent manner(88). Recent
publications have suggested that at least some of its adjuvant activity may result from
the activation of the NALP3 inflammasome(89). The amphipathic chemical structure of
QA also means it has surfactant properties and therefore can also act as a penetration
enhancer(74, 91). Entrapment of MPL and QA in the various lipid-based colloidal systems
was determined using high-performance liquid chromatography with an evaporation
light scattering detector (HPLC-ELSD).
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3.1.3

Evaporation light scattering detector

The evaporation light scattering detector (ELSD) is an alternative detector for either
chromophoric or non-chromophoric substances that are less volatile than the mobile
phase. An ELSD is a universal detector used mostly in the detection and quantification
of lipids(259-261) and carbohydrates(262-264). The process consists of three fundamental
stages (Figure 3-1). The first stage is nebulisation in which the column eluent is
combined with a stream of air or nitrogen gas to produce droplets with uniform size.
The second stage is evaporation where the aerosol droplets are directed through the
heated drift tube in which the mobile phase is evaporated and the compound of interest
forms a solid particle. Lastly, at the detection stage, the particle is introduced into the
optical cell and passes through the laser beam. Light is scattered by the particle and
measured by a photomultiplier or photo diode at a fixed angle, which provides the
output signal. The degree of light scattering is directly proportional to the quantity of
solute traveling through the laser beam(265-268).

Figure 3-1 Schematic of mechanisms of evaporation light scattering detector including (1)
nebulization, (2) evaporation and (3) detection. Adopted and modified from Young et al.(266).
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3.1.4

Imaging technique for transcutaneous immunization

Currently, confocal laser scanning microscopy (CLSM) is the most commonly used
imaging technique for the visualization of vaccine penetration into skin. Staining of the
skin is not required due to its autofluorescence which enables detection of anatomical
structures of the skin(269). Using CLSM, Alvarez-Román et al.(270) successfully
investigated the distribution of nanoparticles using a dual fluorescence technique to
obtain two individual excitation/emission wavelengths from the skin autofluorescence
and the fluorescently-labeled formulation. In the present study, CLSM was used to
examine the distribution of various formulations on and in the skin as a function of
depth. However, the utility of CLSM is limited as the maximum depth of skin able to be
imaged is around 150 µm, while the thickness of skin is more than 500 µm. This
limitation occurs because CLSM utilizes a laser wavelength in the spectral range of
350–630 nm which is easily absorbed by living tissues resulting in signal loss and light
scattering(271). Thus, an alternative in vivo imaging technique, optical coherence
tomography (OCT), was performed to acquire information regarding penetration of
vaccine into deep tissue.
OCT was developed in 1991 for non-invasive, cross-sectional visualization of the
retina(272). More recently OCT has been utilized as a non-invasive high resolution
imaging technique to visualize human(273-275) and animal(276-278) skin. OCT allows
visualization of the skin up to the depth of 2 mm with high resolution (<20 µm). Welzel
and colleagues(279) reported that OCT allows anatomical structures of human skin such
as the SC, the epidermis, and the dermis to be distinguished due to the difference
between the highly refractive cells and low refractive index of interstitial fluid.
Additionally, OCT is able to noninvasively distinguish the epidermis and the dermis of
mouse skin in vivo. The thickness of those layers was quantified using averaged one
dimensional axial scans of OCT images and was correlated with histological
evaluations(276).
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OCT has been steadily improving to provide more rapid data acquisition rates and
higher resolution. Recently, the swept source mode of Fourier-domain OCT was
established. The principle of this (Figure 3-2) is to use a tuneable laser source (near
infrared light) rapidly generating continuous tuning wavelength with narrow
linewidth(280). The light is split into two beams by a beam splitter; one beam is directed
to and back-reflected from the microstructures in tissue at different depths (signal
beam, a blue dash line) while the other beam is directed to and back-reflected from a
fixed reference mirror (reference beam, a red dash line). The two back-reflected light
beams are recombined and the difference of the path length between the signal and
reference beams is correlated with the depth of the tissue microstructure.

Figure 3-2 Schematic of the swept source mode of Fourier-domain OCT. Adopted from
Greenbaum et al.(281).

The amplitude of the resultant backscattered light from different depths is interpreted
by the OCT software resulting in a one dimensional axial scan (A-scan). Two
dimensions (2D) images are acquired by scanning sample at different transverse
positions. Three dimension images (3D) are generated from a series of 2D image. 2D
and 3D images are presented as grey scale or false colour images (Figure 3-3).
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Figure 3-3 OCT scanning image Left: A-scan (1D acquisition). Middle: 2D imaging. A-scans (red
arrow) are acquired while the laser beam is scanned in a transverse direction. Right: 3D
imaging. Adopted from Greenbaum et al.(281).

3.2 CHAPTER AIMS
The overall purpose of this study was to investigate the ability of liposomes,
transfersomes, ethosomes and cubosomes to as act as transcutaneous carriers and to
enhance immune responses to a topically delivered model peptide antigen both in vitro
using stillborn piglet skin and in vivo using C57Bl/6 mice.
The specific aims were;
 To investigate an optimal dispersant for all lipid-based colloidal formulations.
 To prepare, characterize and evaluate antigen/adjuvant-loaded lipid-based
colloidal formulations for TCI.
 To detect and quantify MPL and QA in lipid-based colloidal systems using HPLCELSD.
 To examine the effect of the lipid carriers on BMDCs uptake and activation in vitro.
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 To assess the ability of lipid carriers to enhance vaccine skin penetration using
stillborn piglet skin as a membrane in vitro.
 To visualize and examine skin following TCI with lipid-based colloidal system in
vivo using OCT.
 To investigate the immunogenicity of transcutaneously applied antigens/adjuvantloaded lipid-based colloidal formulations in vivo.

3.3 MATERIALS AND METHODS

3.3.1

Antibodies for flow cytometry

The fluorochrome-labeled mouse antibodies used for in vitro BMDCs uptake and
activation are listed in Table 3-1. Other antibodies used in this study were shown in
Table 2-1 Chapter 2. All mouse antibodies were purchased from BD Biosciences
Pharmingen (California, USA).

Table 3-1 Fluorochrome-labeled mouse-antibodies used in flow cytometry analysis
Experimental
study
In vitro DC
stimulation

Antibody

Fluorochrome

Clone

CD86

PE

GL1

Material
Number
553692

CD11c

APC

HL3

550261

Specificity
B7-2 (CD86)
costimulatory
molecule
integrin αx
chain of
gp150, 95
(CD11c/CD18)
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3.3.2

Preparation of lipid-based colloidal systems

Antigens/adjuvants-loaded lipid carriers were prepared as described in Chapter 2. The
dye-labeled model peptide (TMR-SIINFEKL) was included in formulations used for the
in vitro BMDCs uptake and activation studies and the skin permeation and penetration
studies. Both the CD8+ and CD4+ peptide epitopes (described in Chapter 2) were
included in the formulations for the in vivo immunological study.

3.3.3

Determination of physical characteristics and entrapment efficiency

The size, PDI and zeta potential were determined using dynamic light scattering (DLS)
as described in Chapter 2 Section 2.2.2. The entrapment efficiency of TMR-SIINFEKL
was determined using an indirect method in accordance with Chapter 2 Section 2.2.3.

3.3.4

Vesicular shape and surface morphology

Vesicular shape and surface morphology was assessed by cryo-field emission scanning
electron microscopy (cryo-FESEM). Samples were loaded into brass tubes and
immersed in liquid propane. The samples were transferred into the cryo-chamber
(−140 °C) (Alto 2500; Gatan, Abingdon, UK) of the microscope (JEOL JSM-6700F; Jeol,
Tokyo, Japan), fractured at −90 °C and then coated with platinum. The coated samples
were observed at −140 °C, at an acceleration voltage of 3 kV and a working distance of
6 mm.
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3.3.5

Deformability index

Prior to determine the deformability of lipid colloidal systems, the formulation of 500
µL was diluted with 1 mL MillQ-water. Formulations were extruded through a
polycarbonate membrane with a 20-nm pore size under constant pressure at 1.0 MPa
(Lipex Biomembranes Inc, Vancouver, Canada). The elasticity of lipid carriers was
expressed in term of elasticity index, calculated using the following equation(282):

(

) (

|

)
|

Where J is the rate of sample extrusion through the membrane, d0 and d1 are the zaverage size of particle before and after extrusion, respectively. p is the pore size of the
membrane.

3.3.6

Determination of QA and MPL entrapment efficiency

Samples were prepared for analysis by HPLC-ELSD using a solvent extraction method
where the samples were centrifuged at 20,800 x g for 30 min, the supernatants
discarded and the lipid pellet dissolved in chloroform/methanol/water (50 : 5 : 45%
v/v). The mixture was then mixed by vortexing for 2 min. Phase separation occurred
following centrifugation of the mixture at 20,800 x g for 30 min resulting in QA
partitioning to the upper aqueous phase and MPL partitioning to the lower organic
phase. The aqueous and organic phases were transferred to screw-capped 1.5-mL HPLC
vials (Agilent Technologies, Boeblingen, Germany) and the vials were stored at -20 °C
until analysis. Mean recovery values for spiked samples were calculated to determine
extraction efficiencies and these were in the range of 98-102% for QA and 96-101% for
MPL. A HPLC 1200 Series ELSD system from Agilent Technologies (Santa Clara, CA) was
utilized in this assay. Chromatographic separations were carried out with a ZORBAX
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Eclipse XDB-C8 column (particle size, 3.5 μm; 2.1 × 50 mm; Agilent, Palo Alto, CA). The
HPLC column was maintained at 25 °C and the detector settings were nebulizing
temperatures: 30 °C (QA) and 75 °C (MPL), nitrogen gas pressure: 3.5 bar, Gain: 10. The
injection

volume

was

5

μL.

For

MPL,

the

mobile

phase

consisted

of

methanol/water/chloroform (60 : 35 : 5% v/v) in an isocratic mode at a rate of 0.1 mL
per min and water/acetonitrile (65 : 35% v/v) containing 0.01 %v/v formic acid at a
rate of 0.25 mL per min for QA.
MPL was detected as a single peak in the organic phase with retention time of 1.07 min
(Figure 3-4), however as QA is a mixture of saponins a number of peaks were present.
Peaks from the aqueous phase with retention times of 2.1, 2.7 and 3.4 min were used
for the quantification (Figure 3-5).

Figure 3-4 HPLC-ELSD Chromatograms of MPL, PC, phytantriol, propylene glycol and
poloxamer 407.
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Figure 3-5 HPLC-ELSD Chromatograms of QA, peptide, propylene glycol, ethanol, poloxamer
407 and water. QA peaks with retention times of (1) 2.1, (2) 2.7 and (3) 3.4 min were used for
the quantification.

Standard curves were prepared for QA and MPL using standards at seven different
concentrations. Each solution was injected three times. The ELSD response is
logarithmic rather than linear(265) and a standard curve was prepared by plotting
log(peak area) against log (concentration) using 10 to 200 µg/mL for MPL (Figure 3-6
A) and 50 to 900 µg/mL for QA (Figure 3-6 B). Peak area values obtained from
samples were analyzed against the standard curves. The entrapment (% of the mass of
adjuvant used) was determined as follows:
(

)
(

)

100
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Figure 3-6 Standard curve for MPL (A) and Quil A (B) using HPLC-ELSD system. Data are mean
± SD of three independent experiments.

3.3.7

Langmuir Monolayer Studies

Investigation of the interfacial behaviour of adjuvant and lipid monolayers was
conducted using a Langmuir−Blodgett trough (Nima Technology Ltd., Coventry,
England) with an area (A) of 100 cm2 and a volume of 50 mL at ambient temperature. A
Wilhelmy paper plate (Whatman’s No.1 chromatography paper) was connected to the
pressure sensor to determine the surface pressure (π). Prior to conducting each
measurement the Teflon trough and the barriers were thoroughly cleaned with
dichloromethane and Milli-Q water. The subphase was Milli-Q water. A 10 μL volume of
pure (30.25 nmol phytantriol and 12.98 nmol egg PC) and mixed components in a
solution of chloroform with 5% v/v propylene glycol were spread on the subphase
using a Hamilton syringe. The solvent was evaporated for 10 min, the compression rate
was 5 cm2/min and the π−A isotherms were recorded by the instrument software
(Nima516, Nima Technology Ltd., Coventry, England).
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3.3.8

In vitro immunogenicity of formulations

3.3.8.1 Preparation of BMDCs
After sacrificing C57BL/6 mice by cervical dislocation, both femurs and tibias were
dissected carefully. The muscle was removed and the bones were placed into complete
Iscove’s Modified Dulbecco’s Medium (cIMDM, Appendix A) in 6-well plate on ice. The
end of the bone was removed with scissors and the bone marrow flushed out using 2-3
mL cIMDM (5-mL syringe attached to a 26-gauge needle). The bone marrow suspension
was filtered through a cell strainer into a 50-mL sterile tube. The bone marrow
suspension was diluted with cIMDM to 15 mL, centrifuged at 1,400 x g for 8 min and
then the supernatant was discarded. To lyse the red blood cells, the cell pellet was
incubated with sterile lysis buffer (Appendix A) for 10 min at room temperature. The
cells were washed twice and resuspened at a concentration of 1 x 106 cells/mL in
cIMDM containing 20 ng/mL granulocyte macrophage-colony stimulating factor (GMCSF). The cell suspension was placed into 6-well plate (5 mL each well) and incubated
in a CO2 incubator (5% CO2 at 37 °C) (HERAcell incubator, Heraeus, Hanau, Germany).
On day 4 of culture, the supernatant was carefully removed and replaced with fresh
cIMDM containing 10 ng/mL GM-CSF. On day 6 of culture, BMDCs clusters were
harvested by removing supernatant and gently pipeting with cIMDM. The cells
suspension was washed twice with cIMDM. This protocol was proven to be an optimal
for in vitro BMDC studies by our group(96).

3.3.8.2 Staining of BMDCs analysis by FACS
500 µL aliquots of BMDCs (prepared as in Section 3.3.8.1) at 5 x 105 cells/mL were
pulsed with 500 µL of the various formulations (10 µg/mL) diluted in cIMDM and
incubated in a CO2 incubator (5% CO2 at 37 °C). MPL (10 µg/mL) and media served as
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controls. After 48 hr of incubation with the various formulations, the cells were
harvested, washed (2 mL FACS buffer, Appendix A), pelleted (1,600 x g for 4 min) and
the supernatant discarded. The cell pellet was re-suspended and incubated with 2.5
µg/mL 2.4G2 diluted in FACS buffer to block Fc receptors on the cell surface for 10 min
on ice in the dark. The blocking process was terminated by adding 2 mL of FACS buffer
and washing the cells. The cell pellets was re-suspended in 100 µL of the cocktail of the
specific cell surface marker antibodies (Table 3-1), 1 µg/mL anti-CD11c-APC (1:200)
and 1 µg/mL anti-CD86-PE (1:200) and incubated 10 min on ice in the dark. The cells
were then washed and the cell pellets re-suspended in 100 µL of propidium iodide
(1:100) and stored on ice in the dark until analysis on the flow cytometer. Cells were
analyzed on a FACSCanto™ II flow cytometry (BD Biosciences, San Jose, CA) and data
was analyzed using FlowJo 7.6 analysis software (Tree Star, Inc., Oregon, USA)

3.3.9

In vivo immunological studies

General vaccinations protocols for in vivo immunological response study were
described in Chapter 2 Section 2.2.5.

3.3.10 Optical Coherence Tomography
The OCT system was described in Chapter 2 Section 2.2.6. The OCT experiments were
performed under non-occlusive conditions and conducted using anaesthetized mice,
which were kept on a heating plate for up to 60 min.
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3.3.11 Data and statistical analysis
Data analysis was carried out using Microsoft Excel, Version 2010. The standard curves
were constructed and assessed using regression analysis. The results are expressed as
mean ± standard error. GraphPad Prism Version 5.0 was employed to examine the
statistically significant differences using a two-tailed unpaired Student's t-test or oneway analysis of variance (ANOVA) followed by Tukey’s pairwise comparison.

Other materials and methods performed in this study were described in Chapter 2.

3.4 RESULTS

3.4.1

Optimisation of dispersant used for lipid-based colloidal preparation

In order to directly compare the ability of the various lipid-based colloidal systems to
deliver a peptide antigen transcutaneously, it was preferable that the formulations be
as similar as possible particularly as regards the quantity of lipid used and the
dispersant. Liposomes and transfersomes were made as described by Ferderber(283)
and were prepared using 20 mg/mL L-α-phosphatidylcholine (PC) with PBS as the
diluent whereas, cubosomes were prepared as described by Rizwan(207) using 20
mg/mL phytantriol with Milli-Q water as the diluent. Therefore, while the quantity of
lipid use was similar the dispersant used was different. The dispersant is one of several
factors affecting skin penetration. Michael-Baruch et al.(284) suggested that the
permeation of neostigmine (hydrophilic molecule) through human skin was enhanced
by low concentrations of Na+ and Cl- ions (<0.5 M) in the formulation whereas, the flux
of drug from pure water was undetectable. Therefore the aim was for all colloidal
systems to be formulated with an identical dispersant in this study.
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Initially, cubosomes were prepared with Milli-Q water and PBS.

Physical

characterisation and stability were investigated by visual inspection and DLS.
Cubosomes dispersed in either Milli-Q water or PBS formed a milky homogenous
mixture after preparation (Figure 3-7 A). Particle size, PDI and zeta potential were
measured (Table 3-2) and cubosomes in Milli-Q water were found to have a more
negative charge than those made in PBS. Additionally, the particle size of formulations
made in PBS was greater (200.2 ± 22.5 nm) as compared to those made in Milli-Q water
(150.9 ± 12.6 nm) but PDI was not affected. The cubosomes prepared in Milli-Q water
appeared to be stable during a period of 14 days storage at 4 °C. However, aggregation
was observed in the cubosomes prepared with PBS after overnight storage at 4 °C
(Figure 3-7 B). Thus, of the two dispersants examined, MilliQ-water appeared to be the
optimal dispersant for cubosomes. Subsequently, PC-based vesicles prepared with
Milli-Q water were examined (Table 3-3). The size and PDI of liposomes and
transfersomes prepared in water were similar to those found in the previous study(283)
but the particle charge was significantly increased from approximately -1 mV(283) to
above -25 mV. Ethosomes were successfully prepared in Milli-Q water with a vesicle
size of 211.5 ± 4 nm and a high negative charge (-38.1 ± 2.6 mV). All PC-based vesicles
were stable at 4 °C for a period of 14 days after preparation.

Figure 3-7 Visual appearance of cubosomes dispersed in (A) Milli-Q water and (B) PBS after
overnight storing at 4 °C.
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Table 3-2 Physical characteristics of cubosome formulations prepared in Milli-Q water or PBS.

Milli-Q water

PBS

Size
PDI
Zeta potential
Size
PDI
Zeta potential

Day 0
150.9 ± 12.6

Day 3
146.8 ± 10.4

Day 7
164.9 ± 17.6

Day 14
179.7 ± 17.4

0.16 ± 0.02
-32.3 ± 2.3
200.2 ± 22.5
0.19 ± 0.04
-7.7 ± 0.9

0.13 ± 0.04
-36.2 ± 1.42

0.09 ± 0.05
-35.1 ± 0.4

0.05 ± 0.04
-30.6 ± 2.2

NP

NP

NP

Data represent the mean of independent three experiments ± SD.
NP: Not performed as aggregation observed.

Table 3-3 Physical characteristics of PC-based vesicles prepared using Milli-Q water.

Liposomes

Transfersomes

Ethosomes

Size
PDI
Zeta potential
Size
PDI
Zeta potential
Size
PDI
Zeta potential

Day 0
170 ± 1.8
0.15 ± 0.02
-37.8 ± 1.9
158.1 ± 2
0.1 ± 0.04
-26.0 ± 0.7
211.5 ± 4
0.26 ± 0.01
-38.1 ± 2.6

Day 3
167 ± 2.7
0.1 ± 0.01
-36.4 ± 1.9
138.4 ± 6.7
0.11 ± 0.01
-29.2 ± 1.6
222 ± 6.4
0.25 ± 0.06
-40.2 ± 2.9

Day 7
172.1 ± 2.1
0.06 ± 0.05
-37.4 ± 3.8
136.9 ± 2.5
0.14 ± 0.03
-27.6 ± 0.8
227.1 ± 4.1
0.16 ± 0.07
-39.9 ± 1.9

Day 14
168.7 ± 1.5
0.13 ± 0.02
-36.0 ± 0.5
131.8 ± 5.5
0.22 ± 0.01
-24.3 ± 2.2
237.4 ± 7.9
0.34 ± 0.04
-36.1 ± 0.8

Data represent the mean of independent three experiments ± SD.

3.4.2

Physical characterisation of antigen/adjuvant-loaded colloidal systems

3.4.2.1 Morphology by cryo-FESEM
Vesicular shape and surface morphology were examined by cryo-FESEM. Liposomes
(Figure 3-8 A), transfersomes (Figure 3-8 B) and ethosomes (Figure 3-8 C) had a
spherical structure with a smooth surface. In the cryo-FESEM micrograph of the
cubosome formulation, small (<100 nm) aggregates of poloxamer 407 and large
cubosome aggregates (~5 µm, Figure 3-8 D) could be visualized. Few discrete
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cubosomes could be seen likely due to the preparation technique and the presence of
propylene glycol in the formulation. The rough surface texture of cubosomes was
visible in the larger particles (Figure 3-8 D) as reported by Rizwan et al.(166).

Figure 3-8 Morphology of the lipid colloidal systems used in this study as determined by cryoFESEM: (A) liposomes, (B) transfersomes, (C) ethosomes and (D) cubosomes. All samples were
examined one day after preparation. Scale bar is 100 nm.

3.4.2.2 Size, PDI and zeta potential
Next, dye-labeled peptide (TMR-SIINFEKL, 1 mg/mL) loaded-lipid colloidal systems
were prepared and characterised by measuring z-average size, PDI and zeta potential.
Liposomes and transfersomes prepared by the extrusion method exhibited smaller
vesicle size and lower PDI than ethosomes which were not extruded. The addition of an
edge activator (2% w/v Polysorbate 80) to the liposome formulation led to slightly
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decreased vesicle size. Cubosomes had a similar particle size to the other formulations
in the desired range below 200 nm. The size of antigen-loaded particles was similar to
the empty particles (Table 3.4) but the zeta potential was significant lower compared
to the empty particles (P<0.05). The particle size tended to increase slightly upon the
addition of QA (0.4 mg/mL) and MPL (0.2 mg/mL) but a homogeneous size distribution
was maintained (PDI<0.22). The zeta potential of peptide–loaded liposomes,
transfersomes and ethosomes became significantly more negative (P<0.05) upon
incorporation of QA and MPL.

Table 3-4 Characteristics of peptide-loaded lipid-based colloidal formulations in the presence
and absence of the adjuvants QA and MPL.
Formulations
Liposomes
Transfersomes
Ethosomes
Cubosomes
Liposomes-MPL-QA
Transfersomes-MPL-QA
Ethosomes-MPL-QA
Cubosomes-MPL-QA

z-average size
(d.nm)
158.6 ± 4.6
134.8 ± 2.0
156.2 ± 1.60
160.7 ± 4.50
164.9 ± 14.0
135.9 ±14.0
200.5 ±32.0
183.7 ± 6.0

PDI
0.19 ± 0.05
0.13 ± 0.01
0.41 ± 0.01
0.25 ± 0.02
0.22 ± 0.07
0.17 ± 0.06
0.21 ± 0.04
0.17 ± 0.03

Zeta potential
(mV)
-10.4 ± 1.0
-10.3 ± 0.4
-9.7 ± 0.7
-24.7 ± 0.3
-21.1 ± 7.0
-21.3 ± 2.0
-14.2 ± 4.0
-27.5 ± 1.0

Data presented are the mean of at least three independent experiments ± SD.

3.4.2.3 Entrapment efficiency of peptide antigen and adjuvants
High peptide entrapment efficiency (>80% of initial loading amount) was observed in
liposome, transfersome and ethosome formulations (Figure 3-9). Surprisingly, the
loading of peptide into liposomes and transfersomes was increased 30-fold in
comparison to previous studies where PBS was used as the diluent(283). The entrapment
of peptide into cubosomes was significantly lower when compared to the vesicular
systems (P<0.001). Entrapment of dye-labeled peptide was reduced in all formulations
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upon the inclusion of the adjuvants MPL and QA into the formulations. This was a
significant decrease for cubosomes (P<0.001) and transfersomes (P<0.01).

***

***

Figure 3-9 Entrapment efficiency of TMR-SIINFEKL in various lipid-based colloidal systems is
expressed in term of percentage of initial amount loaded. Data represented are the mean ± SD of
three independence experiments. ***P<0.001 compared to liposomes (two-tailed unpaired
Student's t-test).

The incorporation of MPL and QA into the formulations was determined by HPLC-ELSD.
High levels of incorporation of MPL and QA (>70% of initial loading amount) were
observed in ethosome and cubosome formulations (Figure 3-10). However, the
incorporation of MPL and QA into liposomes and transfersomes was significantly lower
than for the other two formulations (P<0.001).
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Figure 3-10 Incorporation efficiency of MPL and Quil A into various lipid-based colloidal
systems is expressed in term of percentage of initial amount loaded. Data represented are the
mean + SD of three independent experiments. ***P<0.001 compared to liposomes (two-tailed
unpaired Student's t-test).

3.4.2.4 Interfacial behaviour of adjuvant and lipid monolayers
It was hypothesised that the incorporation of the saponin QA could result in a leakage
of the entrapped peptide due to destabilisation of the colloidal systems. Consequently,
the effect of the incorporation of adjuvants on lipid packing was investigated using a
Langmuir−Blodgett trough as shown in Figure 3-11.
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Figure 3-11 Surface pressure−area isotherms of monolayers of 100% L-α-phosphatidylcholine
(PC), Phytantriol (PHY), Quil A (QA), and MPL (inset graph) and of mixed monolayers of PC, QA
and MPL (100: 1: 2) and PHY, QA and MPL (100: 1: 2). Data presented are the mean of three
independent experiments ± SD.

PC, phytantriol and MPL formed stable monolayers with calculated collapse pressures
of 44.5 ± 1.4, 42.4 ± 1.4 and 56.1 ± 2.4 mN/m and molecular areas of 82.7 ± 2.8, 38.5 ±
2.5 and 115.4 ± 5.8 Å2/molecule, respectively. QA did not form a monolayer and
showed surfactant like behaviour in that no collapse pressure was reached. The
addition of the adjuvants to PC and phytantriol monolayers significantly reduced the
collapse pressures (39.1 ± 3.6 for PC : QA : MPL and 27.0 ± 1.0 mN/m for phytantriol :
QA : MPL, P<0.05) and increased the molecular areas (87.6 ± 5.3 for PC : QA : MPL and
47.1 ± 2.8 mN/m for phytantriol : QA : MPL). This was predominantly due to QA as
binary mixtures of QA with the lipids were similar to the ternary mixtures and MPL had
little effect on the integrity of the monolayers (Appendix B-1). The stability of
phytantriol monolayers was affected to a much greater extent as compared to the PC
monolayers, likely explaining the decrease in peptide entrapment from 60% to 19%.
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3.4.2.5 Deformability
Table 3-5 shows the elasticity indices of various antigen-loaded colloidal systems in
the presence or the absence of adjuvants calculated using the equation shown in
Section 3.3.5. All formulations were able to be extruded through 20-nm pore size
filters with no lipid residue being seen on the membrane after extrusion. Cubosomes
were the most flexible formulation (P<0.001) with transfersomes and ethosomes also
exhibiting significant increases in vesicle elasticity as compared to liposomes
(P<0.001). The elasticity indices were significantly increased in all formulations upon
the inclusion of the adjuvants.

Table 3-5 Elasticity of the lipid-based colloidal formulations in the presence and absence of
MPL and QA as adjuvants.
Formulations
Liposomes
Transfersomes
Ethosomes
Cubosomes
Liposomes-MPL-QA
Transfersomes-MPL-QA
Ethosomes-MPL-QA
Cubosomes-MPL-QA

Particle size (nm)
Before extrude
After extrude
158.6 ± 4.6
146.8 ± 1.7
134.8 ± 2.0
130.2 ± 1.5
156.2 ± 1.6
134.7 ± 1.2
160.7 ± 4.5
213.8 ± 1.2
178.0 ± 0.9
143.7 ± 3.7
148.9 ± 1.1
139.0 ± 1.3
229.5 ± 1.4
187.2 ± 3.2
188.3 ± 3.2
197.5 ± 1.2

Extruding rate
(µL/sec)
56 ± 21
122 ± 21
79 ± 14
146 ± 26
98 ± 12
195 ± 15
79 ± 5
173 ± 11

Elasticity
index
1261 ± 284
2283 ± 294***
1730 ± 81***
6520 ± 106***
2250 ± 239
4182 ± 254***
3059 ± 169***
7488 ± 394***

Data presented are the mean of three independent experiments ± SD. ***P<0.001 compared to
liposomes (two-tailed unpaired Student's t-test).

3.4.3

In vitro immunogenicity of lipid-based colloidal systems

3.4.3.1 Cell viability
Cell viability was examined after incubation of BMDCs with liposomes, transfersomes,
ethosomes and cubosomes in the presence and the absence of adjuvants for 48 hr.
BMDCs pulsed with MPL (10 µg/ml) and cIMDM served as controls. The number of live
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cells (PI-ve) were determined by flow cytometry. Cell viability data (Figure 3-12)
shows that pulsing BMDCs with various lipid-based colloidal systems in either the
presence or absence of adjuvants did not have any effect on cell viability, indicating the
biocompatibility and safety of the lipid-based colloidal formulations.

Liposomes
Transfersomes
Ethosomes
Cubosomes
Liposomes-MPL-QA
Transfersomes-MPL-QA
Ethosomes-MPL-QA
Cubosomes-MPL-QA
Milli-Q water-MPL-QA
MPL
Media
0

20

40

60

80

100

% Live cell
Figure 3-12 Viability of BMDCs after incubation with controls and various lipid-base colloidal
systems in the presence of the absence of adjuvants for 48 hr. Cell viability was evaluated by
counting living (PI-ve) cells by flow cytometry. Data presented are the mean of three
independent experiments + SD.

3.4.3.2 Uptake of lipid-based colloidal systems by BMDCs
The uptake of TMR-SIINFEKL-loaded lipid carriers by BMDCs was examined and the
results expressed in term of fold increase over the background level obtained from
BMDCs incubated with media and peptide (Figure 3-13). The incorporation of peptide
into cubosomes significantly increased uptake. Inclusion of adjuvants into ethosomes,
cubosomes or admixture with aqueous peptide enhanced uptake of peptide by BMDCs.
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Figure 3-13 Uptake of TMR-SIINFEKL by BMDCs after incubation with controls and various
lipid-base colloidal systems in the presence of the absence of adjuvants for 48 hr. Data
presented are the mean of three independent experiments + SD. *P<0.05, **P<0.01 and
***P<0.001 over the background level (dash line). Data was analysed using ANOVA followed by
Tukey's post hoc test.

3.4.3.3 Activation of BMDC by lipid-based colloidal systems
The up-regulation of CD86 on BMDCs was examined after incubation for 48 hr with
TMR-SIINFEKL-loaded liposomes, transfersomes, ethosomes and cubosomes in the
presence and absence of adjuvants (Figure 3-14). The highest level of CD86 upregulation was observed on BMDC incubated with adjuvant-loaded cubosomes
(P<0.05). The inclusion of the adjuvants into PC-based vesicles did not enhance CD86
up-regulation on BMDCs.

70

Chapter 3

Liposomes
Transfersomes
Ethosomes
Cubosomes
Liposomes-MPL-QA
Transfersomes-MPL-QA
Ethosomes-MPL-QA

**

Cubosomes-MPL-QA
Milli-Q water-MPL-QA

0

1

2

3

4

5

Fold increase over background
(CD86high,CD11Chigh,PIlow)

Figure 3-14 Up-regulation of CD86 activation surface marker of BMDCs after incubation with
controls and various lipid-base colloidal systems in the presence of the absence of adjuvants for
48 hr. Data presented are the mean of three independent experiments + SD. **P<0.01 over the
background level (dash line). Data was analysed using ANOVA followed by Tukey’s post hoc test.

3.4.4

In vitro skin permeability and skin retention using stillborn piglet skin

The penetration of the TMR-SIINFEKL-loaded lipid colloidal formulations, in the
presence or absence of QA and MPL as adjuvants, was investigated in vitro using
stillborn piglet skin. At 24 hr after application under occluded conditions, although
there was no detectable permeation of the peptide through the skin into the receptor
media, there was peptide penetration into the skin (Figure 3-15). Compared with the
control formulation (Milli-Q water), all lipid colloidal formulations significantly
increased the skin penetration of peptide (P<0.05). A clear effect of the addition of the
adjuvants was observed with significantly enhanced peptide penetration with
cubosomes and ethosomes (P<0.001). In both the presence and absence of adjuvants,
formulation of peptide into cubosomes and ethosomes significantly increased peptide
permeation into the skin as compared with liposomes (P<0.05). The addition of the
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edge activator (2% w/v polysorbate 80) to the liposome formulation, creating the
reportedly highly flexible transfersomes, did not significantly increase penetration
compared with that resulting from the application of the liposome formulation under
the conditions of the assay used here.

Skin retention
(% of initial peptide amount applied)

14

**

12

**

10
8

**

6

*

4
2

**

*

*

*

0
No adjuvant

Adjuvants incorporated

Figure 3-15 The amount of peptide penetrating into the skin 24 hr after application of
liposomes ( ), transfersomes ( ), ethosomes ( ), cubosomes ( ) or an aqueous peptide
mixture ( ). *P<0.05 versus aqueous peptide mixture and **P<0.05 versus liposome
formulation (ANOVA followed by Tukey’s post hoc test). Data presented are the mean of three
independent experiments + SD.

Next, we examined the localization of the peptide in stillborn piglet skin using CLSM 24
hr after application of the adjuvant-containing formulations or a physical mixture of
peptide and adjuvant in Milli-Q water. The skin's autofluorescence (green) allowed
determination of surface morphology including the hairs and the island-like structures
created by the corneocyte clusters (Figure 3-16). When peptide and adjuvant were
applied in water, peptide was only detected in the hair shafts. Whereas when lipid
colloidal formulations were applied to the skin the fluorescent peptide was also located
in the stratum corneum and in the vicinity of the hair follicles. Furthermore, increased
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fluorescence distribution was observed following the application of ethosomes and
cubosomes (Figure 3-16 D and E). This is in agreement with the skin retention data
presented in Figure 3-15. Interestingly, peptide appeared to accumulate in the furrows
between the corneocyte clusters in the skin treated with cubosomes, suggesting the
possibility of the intercellular penetration of peptides. To further examine peptide
penetration, the images of the skin samples were re-examined by taking optical crosssections through the xy plane. These cross-sectional (xz) images (Figure 3-17)
confirmed that the transappendageal pathway was an option for peptide penetration.
At non-follicular areas of the skin, there was no evidence for penetration of the peptide
in the water control and little evidence of penetration after application of liposomes
and transfersomes. Application of cubosomes and ethosomes to stillborn piglet skin
resulted in deeper penetration of peptide in the z-direction to a depth of ∼35 µm,
although peptide is unlikely to have penetrated through the stratum corneum as the
thickness of hydrated stratum corneum has been calculated to be approximately 40 µm.
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Figure 3-16 XY-direction confocal micrographs (5×) of the skin exposed to the formulations for
24 hr. (A) aqueous peptide mixture, (B) liposomes, (C) transfersomes, (D) ethosomes and (E)
cubosomes. Green and red colour corresponds to the skin and TMR-SIINFEKL, respectively.
Scale bar is 200 nm.
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Hair follicle

Figure 3-17 XZ-cross-sectional confocal micrographs (5×) of the skin exposed to the
formulations for 24 hr. (A) aqueous peptide mixture, (B) liposomes, (C) transfersomes, (D)
ethosomes and (E) cubosomes. Green and red colour corresponds to the skin and TMRSIINFEKL, respectively. The dash line corresponds to the outer skin surface. Scale bar is 100 nm.
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3.4.5

In vivo real-time imaging of vaccine penetration

OCT is a simple non-invasive imaging technique that has only relatively recently been
adapted for imaging biological processes in living tissue(285-287). Therefore, we
investigated if this technique could be used to image penetration of aqueous peptide or
lipid formulated peptide into the skin. Cubosomes were used as the lipid formulation
due to the promising results seen in the stillborn piglet skin model. Mice were
anesthetized, close clipped and hair was removed using a depilatory cream before
application of the formulations and imaging under non-occluded conditions. Upon
application of cubosomes (which exhibit high light intensity scattering) the SC can no
longer be visualized (Figure 3-18, 0 min). After 10 min water from the formulation has
gone (evaporated and/or penetrated into skin) and a high intensity layer can be seen
on the skin surface (Figure 3-18, 10 min, indicated by arrow) likely due to
concentrated lipid particles associating with the SC. This layer was not observed in the
skin treated with an aqueous peptide mixture (Figure 3-19)

Figure 3-18 Time-series image of XZ cross-sectional OCT tomography of the skin treated with
cubosomes (C) from 0 to 60 min after vaccine application. The high light intensity scattering
outermost layer is the stratum cornuem (SC). The epidermis (E) is located under the SC and the
layer below the epidermis is the dermis (D). The dashed line corresponds to the epidermaldermal junction. Scale bar is 100 µm.
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Figure 3-19 Time-series image of XZ cross-sectional OCT tomography of the skin treated with
an aqueous peptide mixture from 0-60 min after vaccine application. The high light intensity
scattering outermost layer is the stratum cornuem (SC). The epidermis (E) is located under the
SC and the layer below the epidermis is the dermis (D). The dashed line corresponds to the
epidermal-dermal junction. Scale bar is 100 µm.

The 2D images of skin following the application of cubosomes were analyzed to
produce an intensity map as shown in Figure 3-20. OCT provides the ability to
distinguish skin layers without fluorescent staining. In intact skin the epidermaldermal junction (indicated by arrow in Figure 3-20) can be clearly seen where the high
scattering epidermis and the low scattering dermis meet. The thickness of the
epidermis of the intact skin was approximately 45 µm, which is consistent with
previously published studies(276,

288).

The epidermis and upper dermis were

considerably modified immediately following vaccine application as can be seen from
the reduced backscattering intensity at a depth of 0 – 100 μm.
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EDJ

Figure 3-20 Intensity map of two dimensional OCT tomography of the skin treated with
cubosomes mixture from 0-60 min after vaccine application. The epidermal-dermis junction
(EDJ) positioned at the depth of approximately 45 µm is indicated by the arrow.

One dimensional OCT (A-scan) can be used to detect penetration of the formulation
into the skin. Penetration of the formulation produces optical clearing which causes a
change in the refractive index of the skin(289, 290). The refractive index was derived from
the slope of the A-scan intensities. The slope of the change in refractive index between
0 – 100 μm over time reflects penetration of the formulations (Figure 3-21). The
pattern of penetration was the same after application of either cubosomes or an
aqueous peptide mixture with the relative slope reduced to a minimum in
approximately 10 min and returning back to baseline by 20 min. The minimum relative
slope corresponded to the maximum decrease of light scattering due to the optical
clearing by formulations. Consequently, the enhancement of cubosomes application on
skin penetration was not detected in a 1-hr observation period.
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Figure 3-21 Relative slope of OCT A-scan of the depth of 0-100 µm from -1 (intact) to 60 min
after application of cubosomes (red line) and an aqueous peptide mixture (black line).

3.4.6

In vivo immunological studies in mice

The ability of the formulations to stimulate immune responses in mice was then
examined. Mice were close clipped before hair removal using a depilatory cream.
Formulations (0.1 mL containing 100 µg of CD4+ peptide, 100 µg of CD8+ peptide, 2 mg
of lipid, 40 µg of QA and 20 µg of MPL) were applied twice (14 days apart) and then
covered with an occlusive dressing or left uncovered (transfersome group) for 24 hr.
All groups showed a slight expansion of antigen specific CD8+ T cells as compared to the
control mice given cubosomes without any antigen, however, this was not significant
(Figure 3-22 A). In contrast there was little antigen specific CD4+ T cells expansion in
mice given peptide and adjuvants in formulations as compared to those given empty
cubosomes (Figure 3-22 B).
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A.

B.

Figure 3-22 Expansion of V2hiV5hi transgenic (A) CD8+ and (B) CD4+ T cells in the lymph
nodes of C57Bl/6 mice transcutaneously immunized with various colloidal formulations or
empty cubosomes as a control. Each symbol represents an individual animal; horizontal lines
indicate the median of three independent experiments, n = 2-4 mice/experiment.
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The effect of the different formulations on the cellular immunity was studied further by
measuring IFN-γ production by restimulated splenocytes from immunized mice
(Figure 3-23). The production of IFN-γ in mice vaccinated transcutaneously with
cubosomes was higher than other treatments however statistical significance was not
observed.

Figure 3-23 IFN-γ production by splenocytes restimulated with OVA or media. Data is
expressed in terms of fold increase over background (media). Each symbol represents data from
an individual animal; horizontal lines indicate the median of three independent experiments, n =
2-4 mice/experiment.

3.4.7

Optimization of in vivo TCI conditions in mice

Formulation of the peptide vaccines, while having significant effects on skin
permeation in vitro did not result in any difference in immune responses in mice. Two
factors were identified which may have been responsible for this. The first was the
method of hair removal as the depilatory cream used to remove hair is itself a
penetration enhancer. Therefore, a pilot experiment was carried out to assess different
hair removing techniques including plucking hair out with tweezers, close-cutting hair
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with clippers and using the depliatory cream (Appendix B-2). Close-cutting hair with
clippers resulted in low within-group variability in immune responses and the lowest
background level of stimulation at 24 hr.
The other experimental variable that may have influenced the results was the length of
time the formulations were occluded. In particular this may have contributed to the
variability in the data as it was difficult to keep the dressing providing the occlusion on
the mice for 24 hr. Therefore, different occlusion times (2, 6, 24 hr) were investigated
in a pilot experiment using close-clipped mice (Appendix B-3). The 2 hr occlusion time
did not appear sufficient for lipid formulations to stimulate the immune system and as
from the previous study the problems with maintaining occlusion for 24 hr were
known, 6 hr was considered to be an optimal time period for occlusion. This is due to
the low variability within group data inherent in in vivo immunological studies.

3.5 DISCUSSION
In this study, we directly compared the ability of various formulations to deliver
peptide antigen into the skin. The composition of liposomes and transfersomes was
adopted from a study by Ferderber(283). The main component of both of these vesicles
was PC (20 mg/mL) with the addition of an edge activator (polysorbate 80) at a 1 : 1
polysorbate80 : lipid weight ratio resulting in the production of deformable
transfersomes. This ratio had been optimised by Ferderber so that the resulting
vesicles possessed uniform vesicle size and high elasticity

(283).

The concentration of

30% v/v ethanol in the ethosome formulation was chosen in order to optimise skin
penetration while maintaining peptide stability(291). Additionally, the utilization of 30%
v/v ethanol in ethosomes had been shown to enhance drug entrapment and the fluidity
of lipid bilayers(292). The final delivery system used in this study was cubosomes (207),
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which were different from the vesicular systems in that cubosomes were prepared
using phytantriol, as PC does not have a cubic phase. The dispersant for cubosomes was
Milli-Q water whereas the vesicle systems had previously been made in PBS. Thus, a
preliminary experiment was carried out to optimise a dispersant for use with all the
lipid colloidal formulations.
The cubosomes prepared using Milli-Q water had a particle size of 150.9 ± 12.6 nm
with a negative charge of 32.3 ± 2.3 mV which was relatively consistent with previously
published results(207). Cubosomes have a negative zeta potential due to the presence of
the stabilizer, poloxamer 407, which is adsorbed on the surface of cubosomes acting as
a coating layer to prevent aggregation. Poloxamer 407 is a triblock polymer composed
of a central hydrophobic block (polyoxypropylene, PPO) which likley inserts into the
lipid bilayers of cubosomes while the hydrophilic polyoxyethylene (PEO) chains
protrude into the aqueous environments. The hydrogen-bonding interactions between
the ether-oxygens of the PEO chain and the hydroxyl ion of water molecules results in
particles have a negative zeta potential(293). Cubosomes made in PBS were larger (200.2
± 22.5 nm), the zeta potential was significantly reduced to -7.7 ± 0.9 mV and the
formulation aggregated upon storage. The decreased particle charge was probably due
to aggregation of poloxamer 407 caused by the salting-out effect(294). Poloxamer
dissolves in water by forming hydrogen bonds with water molecules however, in PBS
the salts form alkali metal cations (Na+ and K+) and anions (Cl- and

) that interact

strongly with water molecules preventing poloxamer 407 forming hydrogen bonds,
resulting in the aggregation of poloxamer and reducing the stabilising function. Thus,
cubosomes prepared with Milli-Q water were more stable and Milli-Q water was
chosen as dispersant used for further studies.
The PC-based vesicles prepared with Milli-Q water were small (<200 nm) and had a net
negative charge. Particle charge is important as Kohli(29) reported that only negatively
charged particles could permeate through the skin via channels created by the
repulsive forces between negatively charged skin lipids and particles. The negative
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charge on the phospholipid vesicles (liposomes, transfersomes and ethosomes) can be
explained by the conformation of the lipid head group whereby in solutions with low
ionic strength the phosphatidyl groups (negatively charged) are oriented to the outside
and the choline groups (positive charged) are oriented to the inside of the bilayers(295).
The relatively high peptide entrapment efficiency observed in all formulations could be
attributed to electrostatic interactions between the model peptide (positively charged
at pH 4.5) and the negatively charged particles. In addition, the multilamellarity of
ethosomes(296) would contribute to high loading. The entrapment of the model peptide
(MW 1376 Da) into cubosomes was significantly lower than that of the vesicular
systems (P<0.05). The ability of cubosomes to entrap and retain bioactive molecules
has been investigated by a number of researchers with Boyd(167) reporting burst release
of small lypophilic molecules from cubosomes within minutes, while Rizwan et al.(168)
reported high entrapment and retarded release of the model protein ovalbumin (MW
~45000 Da). The entrapment and release of actives from cubosomes will be influenced
by the size of the active and any interactions occurring between the active and the
cubosomes. Entrapment was reduced in all formulations upon the inclusion of the
adjuvants MPL and QA into the formulations. QA is likely to have inserted into the lipid
bilayers reducing their integrity, as shown in the monolayer studies. MPL had little
effect on the integrity of the monolayers. The stability of the phytantriol particles was
affected to a much greater extent than that of the PC vesicles.
MPL and QA were expected to be highly entrapped in lipid carriers due to their
physiochemical properties and their ability to insert into lipid bilayers, as illustrated in
the monolayer studies. High MPL and QA entrapment efficiencies were observed in
ethosomes and cubosomes while liposomes and transfersomes had lower values. This
can be explained by the distribution of the adjuvants in the lipid carriers. The
multilamellar nature of ethosomes provides more possibilities for entrapment into the
bilayers and also QA may be entrapped in the aqueous spaces in the core and between
the layers(162). Similarly, the highly twisted lipid bilayer and high surface area of
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cubosomes results in higher adjuvant incorporation. Conversely, with liposomes and
transfersomes the adjuvants can only insert into the bilayer membrane or be entrapped
in the core.
All colloidal formulations in both the presence and the absence of adjuvants were
nontoxic, well-tolerated and biocompatible in vitro. This is in agreement with
previously published data(96,

297)

and is a least in part due to the fact that anionic

particles have the advantage of reduced toxicity as compared to cationic particles (298).
However, the repulsive electrostatic interaction between negatively charged particles
and cell membranes may have negatively affected

particle internalisation by

BMDCs(299). As can be seen in Figure 3-13, of all the lipid carriers, only cubosomes
enhanced antigen uptake by BMDCs. However, it must be acknowledged that a
limitation of this type of in vitro culture system is that the cells are ‘trapped’ in the well
with the formulation, it cannot diffuse away as it perhaps would in vivo, and therefore
the levels of uptake of unformulated antigen may be artificially high. Subsequently, it
was found that high antigen-uptake of adjuvant-containing cubosomes resulted in
significant CD86 up-regulation on BMDCs (P<0.05). The major differences between
cubosomes and the vesicular formulations are they are made from different lipids and
they have a much rougher surface, either or both of these may have contributed to the
increased uptake of cubosomes by BMDCs.
From the skin retention results, it was found that all colloidal formulations enhanced
penetration of peptide into the skin as compared with the peptide-in-water control.
Liposomes, which are the most rigid of the vesicular formulations examined, showed
the lowest penetration into the skin. Transfersomes, which have been reported to be
ultra-deformable, did not have increased penetration as compared to liposomes. The in
vitro stillborn piglet skin permeation/penetration assay used for this study was
conducted under occlusive condition for all formulations including transfersomes. It
has been previously reported that the delivery of actives into skin by transfersomes is
via a transdermal hydration gradient created by the difference between the water
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content of the skin surface and the epidermis (approximately 20%) under nonocclusive conditions(300). However, previous work comparing the penetration of
propranolol hydrochloride formulated in transfersomes under non-occlusive and
occlusive conditions showed that the amount of drug that permeated through and was
retained in, skin was higher under occlusive conditions than under non-occlusive
conditions(206). Limitations always exist when animal skin is used to model human skin,
although the thickness of the stratum corneum of pig skin is relatively similar to that of
human skin (26 and 17 µm respectively) and the number of hair follicles present is also
similar(301). Preparative techniques can also potentially damage skin and introduce
artefacts, which is why the electrical resistance of all skin samples was tested to
confirm the skin was undamaged.
Ethosomes significantly improved penetration of the peptide into the skin as compared
to liposomes, transfersomes and the Milli-Q water control (P<0.05). Ethanol is known
to cause the structure of the SC to become disordered, increasing fluidity and
permeability(302) and ethosomes have shown some promise for skin delivery(303,
304).

Cubosomes also significantly enhanced skin penetration compared to liposomes,

transfersomes and the control (P<0.05). To our knowledge this is the first study
investigating the ability of cubosomes to deliver actives into skin. However, hexosomes,
which are dispersions of the hexagonal liquid crystalline phase, enhanced the
penetration and delivery of progesterone through rabbit buccal mucosa(305). The
cubosomes used in this study are a mixture of phytantriol, which has penetration
enhancing properties(306) and propylene glycol, which is a skin penetration enhancer as
well as a humectant. Humectants improve hydration of the SC by attracting
transdermal water to the polar head group region of SC lipids, especially intercellular
lipids such as ceremides and free fatty acids(302). As a consequence, the intercellular SC
lipid structure may be disrupted. The inclusion of adjuvants increased peptide
penetration (P<0.05), likely as a result of the penetration-enhancing properties of QA
which is a surfactant and can disrupt the stratum corneum lipids(91).
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All the formulations used in the skin penetration studies had the same total amount of
lipid and peptide but, as discussed earlier, the amount of peptide entrapped in the
formulations varied. Interestingly, the adjuvants-cubosome formulation while
promoting the most peptide penetration had only low peptide entrapment suggesting
that a high level of incorporation of peptide into the formulation is not necessary.
Indeed it has been reported previously that skin penetration can be enhanced using a
combination of entrapped and non-entrapped drug(307).
The confocal images provided information on potential penetration pathways for the
peptide antigen. Peptide was commonly observed in the vicinity of the hair follicles and
hair shafts. These results support earlier findings that the transappendageal pathway is
a possible route for the penetration of colloidal delivery systems into the skin(308, 309).
However, this mechanism is considered to be only of minor overall importance as
appendages comprise only 0.1% of the inner side of the human forearm(106) and
penetration through hair follicles is dependent on whether the hair follicles are in
anagen or resting state. For cubosome formulations, the intercellular penetration may
be possible as peptide appeared to accumulate in the furrows between the corneocyte
clusters. A similar close association of active on and around corneocyte clusters was
found by Bender et al.(310) upon utilization of the bulk liquid crystalline cubic phase for
topical drug delivery. They suggested this was due to the high viscosity and stability of
the cubic phase in excess water. In the 24 hr time period examined here peptide did not
penetrate through the stratum corneum into the epidermis where antigen-presenting
cells such as LCs are located. However, recent publications suggested the LCs are able
to extend dendrites through keratinocyte tight junctions to sample antigen from the
SC(53).
OCT is a potentially very useful technique for noninvasively imaging processes
occurring in living skin in real-time. An advantage of this technique is that, unlike
CLSM and two-photon imaging, no sample preparation is required and imaging can
begin immediately. The OCT revealed that the SC, the epidermis and the dermis could
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be easily distinguished with high scattering in the epidermis and less in the dermis.
This occurs because of the difference between the highly refractive cells and low
refractive index of interstitial fluid. The skin was modified by the application of both
cubosomes and an aqueous peptide mixture. The formulation appeared to penetrate
into skin over 10-15 min (minimum relative slope) and then the optical appearance of
the skin gradually returned to initial levels within 20 min. Diffusion of an aqueous
solution into skin causes hydration(311) resulting in refractive index matching and a
decrease in backscattering.
The immunological responses generated following TCI were examined in mice and no
difference in responses generated by lipid colloidal formulations as compared to
antigen and adjuvant delivered in water were found. No obvious expansion of either
CD4+ or CD8+ T cells was because vaccines did not penetrate through the stratum
corneum into the epidermis and dermis where antigen-presenting cells are located.
Also, the lack of any impact of delivery of the antigens in lipid particles may be
associated with the animal model utilized. While mice are a reasonably widely used
model for examining immune response to TCI(312-314), there are some drawbacks which
may limit the ability of this model to determine changes in immune responses induced
by different formulations of relatively small (<1000 Dalton) peptides. For example,
mouse skin is thinner than human or pig skin. While the SC is approximately 9 µm in
mice, in humans and pigs it is approximately 20 and 17 µm, respectively(315). The
number of hair follicles also differs greatly between species being approximately
660/cm2 in mice and around 11/cm2 in humans and pigs(301). The process of hair
removal is also an issue as trioglycolate, the active agent in depilatory cream, is itself a
penetration enhancer(316). Other options were examined for removing hair. Shaving and
plucking were both investigated even though these both have their own issues, for
example shaving can possibly affect skin delivery by creating small nicks and abrasions
and plucking causes local cutaneous inflammation and epidermal hyperplasia. Also,
plucking can enhance skin penetration as this method induces hair-follicle opening
which allows actives to permeate through hair follicles into the skin(238). Results of the
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study comparing the three techniques indicated that close clipping produced the least
amount of background activation and variability.Variability in data was also created
due to difficulties associated with maintaining occlusive conditions on conscious mice
for 24 hr therefore a study was carried out to examine if the time for which
formulations were occluded could be reduced to 6 hr.

3.6 CONCLUSION
It is noteworthy that all lipid carriers dispersed in Milli-Q water were found to be stable
over a period of two weeks and were non-toxic for BMDCs. Only cubosomes were found
to be an effective vaccine delivery system to BMDCs. From the skin retention results, it
is apparent that all colloidal formulations enhanced peptide penetration into the skin as
compared with the water control. The cubosome and ethosome formulations showed
the highest penetration. In addition, adjuvants, particularly QA, included in the
formulation can enhance skin penetration of peptides. Mouse studies demonstrated no
advantage to using lipid vesicles to deliver antigen demonstrating limitations of this
model for TCI studies and the importance of appropriate controls. The conditions used
for the investigation of TCI immune activation were modified to use close-clipped mice
with 6 hr occlusion time. Overall, these results suggested that cubosomes were
promising vaccine carriers as a potential candidate for further TCI investigations using
a combining approach of lipid carrier and microneedles.
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TRANSCUTANEOUS IMMUNIZATION WITH
SUBUNIT PEPTIDE VACCINES USING
A COMBINED APPROACH OF
CUBOSOMES AND MICRONEEDLES

4.1 INTRODUCTION
Transcutaneous immunization (TCI) is a novel approach to deliver subunit vaccines
either peptides, proteins or virus particles and adjuvants through the skin to the
abundance of potent antigen presenting cells (APCs) such as Langerhans’s cells (LCs) in
the epidermis and dermal dendritic cells (DDCs) in the dermis(33). These skin APCs
possess the ability to take up and process antigen, migrate to lymph nodes and to
present digested antigen to

naïve T cell(45). LCs are distributed throughout the

epidermis and make up approximately 3 - 5% of the total cells present in the
epidermis(317). LCs have been reported to be regulators of both tolerance and
immunity(54). DDCs reside in the dermis and are assumed to be key regulators of
cutaneous adaptive immune response(318). LCs have traditionally been discriminated
from DDCs by their location, the presence of birbeck granules and their high langerin
(CD207+) expression(51). Lately, the use of CD207 as an unique maker for LCs has been
called into question as CD207+ expression has also been observed on DDC
populations(319). It has been reported that these CD207+ DDCs are involved in cross-
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presentation of cellular antigens and

can potentially stimulate antigen-specific

cytotoxic T lymphocyte (CTL) and T helper 1 cell (Th1) immune response(61,

63, 64).

Conventional CD207- DDCs were found to induce a primarily CD4+ T cell response(65).
The major barrier for transcutaneous delivery of vaccines is the stratum corneum (SC).
One of the most common methods for enhancing vaccine permeation is the utilization
of lipid vesicles(36). In Chapter 3, various lipid colloidal systems including liposomes,
transfersomes, ethosomes and cubosomes were comparatively investigated for TCI. It
was found that cubosomes exhibited potential as a lipid-based system for TCI.
Cubosomes are a dispersion of the cubic liquid crystalline phase however, they retain
the unique nanostructure of the parent cubic phase; a highly twisted, continuous lipid
bilayer and two congruent non-intersecting water channels(168). It has been reported
that the pentration enhancing effect of cubosomes is due to the lipids of the particles
forming a mixture with the lipids of the SC due to their similar cubic phase structure
and thereby fluidizing the SC

(171, 172).

Cubosomes have been used successfully for the

transdermal delivery for several drugs including indomethacin(172) and hydrophilic
plant extracts from Berberis koreana(320).
Another approach to overcoming the barrier provided by the SC is to utilize
microneedles (MCNs). MCNs are an attractive option for enhancing vaccines delivery
across the skin. The short (less than 1 mm) needles disrupt the SC, forming microchannels and delivering drug to the deeper tissue. MCNs possess great potential to
revolutionise the field of vaccine delivery due to low manufacturing and product
distribution costs(321), the fact they do not require vaccine-administration expertise,
and are easy and painless to use(322). Additionally, MCNs can be used to develop
combination vaccines to protect against a number of different diseases. Morefield et
al.(323) proposed a novel strategy to deliver a combination vaccine for anthrax, botulism,
plague and staphylococcal toxic shock using custom-made MCNs. Numerous studies
have investigated the ability of MCNs to deliver vaccines into the skin(200,

324, 325)

demonstrating the effectiveness of this approach as compared to subcutaneous (201, 202)
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or intramuscular vaccination(200, 326). In Chapter 3, it was found that cubosomes were
not able to penetrate into deep skin layers. Thus, MCNs were utilized to enhance
vaccine penetration into the epidermis and the dermis where the skin DCs reside in
order to improve immune responses.
While MCNs have been utilized for vaccine delivery by a number of different research
groups, no studies have been carried out investigating the dynamics of vaccine
penetration in real-time and in living animals.

This is due to the limitations of

traditional techniques such as fluorescence microscopy and confocal laser scanning
microscopy (CLSM) which have a reduced ability to visualize into deep turbid tissue (327,
328).

However, by using two-photon microscopy and pioneering fluorescent labelling

techniques it is now possible to visualize deep tissue and to capture real-time images in
three dimensions(329-331).

4.1.1

Two-photon microscopy

A combined approach utilizing advanced fluorescent labelling techniques and twophoton microscope (2PM) has been widely used in structural and functional studies of
deep tissue(329). The capability of 2PM in tissue visualization has been shown in many
studies, investigating tissues such as the mouse neocortex(332), skin(333) and thymus(334)
at depths of up to 1000 µm .
2PM is a non-linear optical technique which initiates fluorescence by employing two
low-energy photons to efficiently deliver energy to fluorophores (Figure 4-1 middle)
whereas the fluorescence in CLSM occurs when fluorophores are excited by one highenergy photon (Figure 4-1 left). Additionally, second harmonic generation (SHG)
occurs concurrently with 2PM(335) (Figure 4-1 right). SHG is not generated from
absorption but from hyper-Rayleigh scattering by the two low energy photons(336). SGH
occurs when light interacts with asymmetric macromolecular arrangements such as
collagen fibres(337).
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Figure 4-1 Jablonski energy diagram, showing one-photon absorption in confocal laser
scanning microscopy (CLSM) two-photon absorption in two-photon microscopy (2PM) and
second-harmonic generation (SHG). In SHG, coupled photons are transformed to a sole photon
without losing energy to the environment. Adapted from Helmchen et al.(329).

In order for the sum energy from two photons to be nearly equal to that from one
photon (as used in CLSM), the excitation wavelength in 2PM must be twice as long as in
CLSM. Near infrared long-wavelength light in the range of 670–1070 nm is utilized(338).
The use of infrared light eliminates many of the limitations of traditional light
techniques as visible light (350-450 nm) is easily absorbed by living tissues resulting
in signal loss and light scattering(271). With long-wavelength light there is much less
scattering as according to Rayleigh's scattering law, the quantity of scattering is
inversely proportional to the fourth power of the wavelength. This means that with
2PM deep tissue can be visualized with increased contrast and higher quality images
are produced. Another key advantage of 2PM over CLSM is reduced photo-breaching at
out-of-focal plane regions(339).
As shown in Figure 4-2, while laser illumination occurs throughout the sample,
excitation only occurs at the focal plane in 2PM whereas the excitation (green arrows)
in CLSM occurs not only at the focal plane but occurs above and below the focal plane
(the pinhole is required to eliminate the out-of-plane emission).
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Figure 4-2 Schematic of fluorescent emission in single-photon (CLSM) versus two-photon
microscopy (2PM). (A) CLSM excitation (blue arrow) stimulates fluorescent emission (green
arrow) all along beam path. (B) 2PM excitation (red arrow) stimulates fluorescent emission
(green arrow) only at the focal point. Adapted from Hadjantonakis et al.(339).

In 2PM, fluorescence cannot occur unless two photons are absorbed simultaneously
within a time window of an attosecond (10-18 s). The potential for the simultaneously
absorption of two photons is considerably higher when a high photon flux density is
delivered to the focal plane region. Thus, a pulse infrared laser source is required that
will generate high photon flux at low average power producing picoseconds to ~100
femtosecond pulses of high peak power with a low repetition rate (~100 MHz) and
with a pulse width of 10 ns(329, 330).
The set-up of 2PM (Figure 4-3) is similar to CLSM. The excitation light from the light
source passes through a scanning mirror stage. The microscope objective concentrates
the light to a focal volume. The two-photon signal produced is collected back through
the same objective and discriminated from the excitation light using a dichroic mirror
and filter. The fluorescent signals are separated using band-pass filters.
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Figure 4-3 The schematic diagram of two-photon microscope set-up used in this study. SHG
signals from collagen (CH1 - 440/25 blue) and fluorescent signals from LCs and DDCs (CH2 500/25 green) and formulations (CH3 - 561/25 red) were collected.

4.2 CHAPTER AIMS
In Chapter 3, the cubosome formulation was identified as the optimal lipid-based
system for TCI in terms of physical characteristics, stability, skin retention and in vitro
BMDC uptake and activation. These characteristics make this formulation an attractive
candidate for further study. However, a deficiency in the penetration of cubosomes
across the SC into the epidermis and dermis, where the LCs and DDCs reside, was
found. We therefore employed MCNs, a physical skin disruption approach, to overcome
the barrier imposed by the SC and enhance vaccine delivery into the skin.
Consequently, the overall purpose of this chapter was to determine the efficacy of the
combined approach of cubosomes and MCNs for TCI in vitro and in vivo.
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The specific aims were;
 To examine the ability of different MCN arrays to disrupt the SC, form microchannels and to successfully deliver formulations into the skin in vitro and in vivo
 To visualize TCI in real-time with particular emphasis on interactions with DCs in
the skin
 To examine the ability of a combined approach of cubosomes and MCNs to induce
immune responses in mice.

4.3 MATERIALS AND METHODS

4.3.1

Microneedle arrays (MCNs)

We gratefully acknowledge Dr James Birchall (Cardiff School of Pharmacy and
Pharmaceutical Sciences, Cardiff University) for providing the MCNs utilized in these
studies. The two MCNs designs (referred as MCNs-A and B) were fabricated from
biocompatible polycarbonate polymer using an injection moulding process. The
needles were arranged in concentric circles. The specific dimensions of each MCN are
provided in (Table 4-1). The conduit volume created by needle was calculated using
the formula of a circular cone (

π

)

and the total conduit volume is the sum of the volume of each conduit.
Table 4-1 The characteristics of two MCNs design structures including varying needle
dimension, needle number and total conduit capacity.
Number of MCN

Total number of MCN

Total conduit volumes
(nL)

670 µm

520 µm

335 µm

MCN-A

6

6

1

13

116.8

MCN-B

1

6

6

13

69.4
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4.3.2

Antibodies for identification of skin APCs by flow cytometry

The fluorochrome-labeled mouse antibodies for identification of the skin DCs are listed
in Table 4-2. Anti-CD207 was purchased from eBioscience (San Diego, CA). Anti-CD11c
and anti-CD11b were purchased from BD PharMingen (San Diego, CA). Anti-F4/80 was
obtained from Biolegend (San Diego, CA).
Table 4-2 Fluorochrome-labeled mouse-antibodies for the skin DCs experiment
Antibody

Fluorochrome

Clone

Specificity

CD11c

APC

HL3

Integrin αx chain of gp150, 95

CD11b

PE-Cy7

M1/70

170-kDa α[M] chain of Mac-1

CD207

Alexa Flour 488

eBioRMUL.2

Langerin

F4/80

Brilliant Violet 421

BM8

EGF-TM7 protein

4.3.3

Preparation of formulations

Antigen/adjuvant-loaded cubosomes were formulated using the lipid precursor
method(207) as described in Chapter 2. TMR-SIINFEKL peptide (Mimotopes, Clayton,
Australia) was used as a model antigen for the skin permeation and penetration studies
in vitro and in the 2PM in vivo studies. Octadecyl rhodamine B chloride (R-18,
Invitrogen Molecular Probes, OR, USA), a hydrophobic fluorescent dye, was used to
label cubosome particles for the 2PM studies. Rhodamine lipid dye-labeled cubosomes
were prepared by adding 10 µg of rhodamine dye into the scintillation vial prior to
preparation of the cubosomes. The ratio of dye to lipid (1:2000) was optimised to
achieve less than 5% free-dye in formulation. The control water formulation contained
TMR-SIINFEKL, QA and MPL in the same amounts as contained in the cubosome
formulation (Chapter 2). CD8+ and CD4+ OVA peptide model antigens (described in
Chapter 2) and the adjuvants QA and MPL were formulated in cubosomes or Milli-Q
water for the immunological in vivo studies.
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4.3.4

Determination of physical characteristics and entrapment efficiency

The size, PDI and zeta potential were determined using DLS as described in Section 2.4
Chapter 2. The entrapment efficiency of TMR-SIINFEKL was determined using an
indirect method in accordance with Section 2.5 Chapter 2. The rhodamine-labeled
cubosomes were also examined in the same manner as TMR-SIINFEKL-loaded
cubosomes.

4.3.5

Mice

For the 2PM experiments, 6-10 week old male and female B6.Cg-Tg (Itgax- Enhanced
Yellow Fluorescent Protein (EYFP)) 1Mnz/J mice originally purchased from The
Jackson Laboratory (Maine, USA) were maintained under specific pathogen-free
conditions at the Osaka University animal facility. Animal care and experiments were
conducted according to the institutional animal experimental guidelines under an
approved protocol from the Animal Experimental Committee of Osaka University.
For other studies, male and female C57BL/6, 6-8 weeks old were utilized, bred and
maintained under specific pathogen-free condition at the HTRU, Dunedin, New Zealand.
All experiments were approved by the Animal Ethics Committee, University of Otago
(AEC 61/10).
In this chapter, a depilatory cream was not used in the in vivo immunological studies.
However, a depilatory cream was necessarily used to remove hair in OCT and 2PM
imaging studies so that the quality of image was improved by eliminating the scattered
light from hair.
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4.3.6

Optical Coherence Tomography

The optical Coherence Tomography (OCT) experiments were carried out as described
in Section 2.12 Chapter 2. For the MCNs experiments, the MCNs were applied to the
skin before application of the formulations. The OCT experiments were carried out
under non-occlusive condition and conducted on anaesthetised mice kept on a
warming plate up to 60 min.

4.3.7

Two-photon microscopy

Prior to performing the two-photon microscopy (2PM) experiments, the hair on the
lower back of mice was removed with an electronic hair clipper and hair removing
cream (Nair®, Carter Products, NY). The skin was wiped with moist cotton to remove all
the depilatory cream. The formulation (diluted 1:20 in sterile MilliQ-water) was
applied onto the skin and was allowed to penetrate into the skin for 2 min before any
remaining formulation was removed by capillary action using a tissue. For experiments
utilizing MCNs, the MCNs were applied to the prepared skin before application of
formulations. A glass slide was attached to the skin using tissue glue (Vetbond Tissue
Adhesive, 3M Animal Care Products, MN, USA). Mice were then placed on a customdesigned stage. Mice were anesthetized with isoflurane (Escain; 2% vaporized in 100%
oxygen) throughout the experimental period.
The microscope system was enclosed in an environmental compartment in which
anesthetized mice were warmed by heated air. The imaging system was an A1RMP
multiphoton microscope (Nikon, Japan) driven by a Mai Tai HP DeepSee laser tuned to
920 nm with an inverted microscope equipped with a 40× oil immersion objective.
Laser power at the acquisition area was 25 mW. Fluorescent probes were detected
through a bandpass emission filter at the non-descanned detection. CD11c+ cells were
visualized by the expression of EYFP dye (detected using a 500/25 nm filter).
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Formulations were detected using a 561/25 nm filter and collagen using a 440/25 nm
filter. Images were acquired from 20 to 45 z-planes, spaced 5 μm apart every 5 min for
up to 240 min. Snapshot images were acquired using scanning averages of 2 scans. Raw
imaging data was processed with Imaris software (Bitplane AG, Zürich, Switzerland).
The series of images were converted to movies using Adobe After Effects CS3 (Adobe
Systems Incorporated, San Jose, California). The Pearson’s coefficient was calculated by
the “coloc” function in IMARIS to express the quantitation of the DC-antigen
colocalization. The Pearson’s coefficient was quantified from three randomised images
containing 1 to 3 cells/mouse with xyz dimensions of 150 x 150 x 100 µm. Each
formulation, in the presence or absence of MCNs was examined in triplicate and
representative images are shown. For each experiment, the unimmunized intact skin
(control) was initially imaged before application of the formulation.

4.3.8

In vivo uptake of formulation by skin LCs and DDCs

The immunization procedures were similar to those described in Section 4.3.7.
However, the testing area was protected by 1.0 cm2 of transparent paper and then
covered with occlusive dressing. After euthanasia, a 1 cm2 section of the immunized
skin was rinsed with PBS to remove residual formulation and then harvested. The skin
was macerated and incubated at 37 °C for 1 hr in a collagenase type IA (C9891, SigmaAldrich, St. Louis, MO) digestion buffer (Appendix A). A single cell suspension was
obtained and cells were washed twice with PBS and fixed in 8% paraformaldehyde
(Appendix A) at room temperature for 10 min. Cells were then washed twice with
FACS buffer and permeabilized using 2 mL of saponin (S-7900, Sigma-Aldrich, St. Louis,
Mo) buffer (Appendix A) and 1 uL of anti-CD207 was added directly to cells which
were then incubated for 30 min on ice in the dark. Cells were washed twice with
saponin buffer and twice with FACS buffer. Nonspecific binding of cell surface
antibodies was blocked by adding 1 uL of 2.4G2 directly to cells and incubating for 10
min on ice in the dark. Cells were washed and then stained with 1 uL of the antibodies
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described in (Table 4-2) on ice for 30 min. Cells were washed with FACS buffer and
analysed using a FACSCanto™ II flow cytometry (BD Biosciences, San Jose, CA). Data
was analysed using FlowJo 7.6 analysis software (Tree Star, Inc., Oregon, USA)

4.3.9

In vivo immunological studies

C57Bl/6 mice were anaesthetised and close clipped. Mice were transcutaneously
immunized with 100 µL of formulations containing 100 µg of CD4+ peptide, 100 µg of
CD8+ peptide, 0.04 mg of QA and 0.02 mg of MPL formulated in cubosomes or in Milli-Q
water. If MCNs were required, they were applied immediately before the formulations.
Occlusive condition was achieved using a reservoir covered with occlusive film as
described in Chapter 2. The reservoirs were removed after for 6 hr. MCN-pretreated
mice immunized with empty cubosomes served as negative controls. Control mice were
vaccinated subcutaneously with 200 µL of cubosomes suspended in PBS containing 10
µg of CD4+ peptide, 10 µg of CD8+ peptide, 0.2 mg of lipid, 0.004 mg of QA and 0.002 mg
of MPL.

4.3.10 Data and statistical analysis
Data analysis was carried out using Microsoft Excel, Version 2010. The standard curves
were constructed and assessed using regression analysis. The results are expressed as
mean ± SD and mean ± SEM. GraphPad Prism Version 5.0 was employed to examine the
statistically significant differences using the two-tailed unpaired Student's t-test and
the one-way analysis of variance (ANOVA) followed by Tukey’s pairwise comparison

Other materials and methods used in this study were described in Chapter 2.
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4.4 RESULTS

4.4.1

Physical characterization of cubosomes

Cubosomes containing MPL and QA and either TMR-SIINFEKL, rhodamine or the
CD4+/CD8+ peptide mixture could be prepared in a reproducible manner (Table 4-3).
All formulations possessed a negative charge (21 - 25 mV) and a homogenous particle
distribution (PDI<0.3) with a z-average size in the range of 158 to 182 nm. The
entrapment efficiency of TMR-SIINFEKL peptide and rhodamine in cubosomes was
22.96 ± 1.20% and 96.23 ± 5.62%, respectively.

Table 4-3 Physical characterisation of cubosome formulations
z-average size
(d.nm)

PDI

TMR-SIINFEKL

158.6 ± 4.6

0.19 ± 0.05

-21.1 ± 7.0

22.96 ± 1.20

Rhodamine

166.8 ± 4.8

0.18 ± 0.02

-25.4 ± 0.6

96.23 ± 5.62

CD4/CD8 peptide

182.1 ± 0.2

0.23 ± 0.02

-22.4 ± 4.2

-

Formulations

Zeta potential
(mV)

Entrapment efficiency
(% of initial)

- : Not measured

4.4.2

Visualization of MCN penetration, micro-channel formation and delivery
of formulations into micro-channels

The channels formed by the MCN arrays were visible on mouse skin but were not able
to be seen by eye on piglet skin. To examine micro-channel formation in detail, cryoSEM, OCT and 2PM imaging techniques were performed. The cryo-SEM micrograph of
stillborn piglet skin after treatment with the MCN-B array (Figure 4-4 B) demonstrates
that there was no tissue injury from the base of MCN arrays and that two concentric
circles of punctures reflecting the arrangement of the needles on MCN-B array (Figure
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4-4 A) were produced. A close-up of a micro-channel (Figure 4-4 C) shows that the
MCNs fully disrupted the upper skin layer and created a micro-channel with the
diameter of ~60 µm.

Figure 4-4 (A) Light micrograph of MCNs-B. (B) cryo-SEM micrograph of stillborn piglet skin
after application of MCN-B and (C) magnified view of the micro-channel created by a 400 µmlength needle from MCN-B.

OCT was employed to examine the micro-channel morphology immediately after MCN
insertion. The skin structure was able to be imaged up to a depth of 2 mm (Figure 4-5
A). The densely lipid packed SC was distinguished from other skin layers by its high
intensity signal. The hair follicles were observed as dark channels in the skin (indicated
by white arrows in Figure 4-5 D). The epidermis and the dermis could not be
separated clearly in this study. It was possibly due to a homogeneous signal intensity
being obtained from those skin layers. After insertion of the MCN-A array, the high
intensity SC layer was disrupted and a micro-channel created (Figure 4-5 B and E).
The pattern of conduits on the skin surface reflected the arrangement and dimension of
the MCN-A array (Figure 4-5 C). In Figure 4-5 F, a cubosome formulation was applied
to the MCN-A array treated skin. The delivery of cubosomes into the micro-channel
could be observed by OCT. Cubosomes have reflective properties as a result of their
lipid-based colloidal characteristics. A decrease in the observed SC thickness after
formulation application was due to a decrease in the intensity of backscattering from
the SC due to the reflective properties of the cubosomes. Small air-bubbles in micro-
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channels after application of formulations were found twice throughout the study
(indicated by red arrow in Figure 4-5 G). The presence of the air-bubble in the microchannel is quite obvious when compared to the ordinary micro-channel filled with
formulation (Figure 4.5 F).

Figure 4-5 OCT tomography of (A) the skin surface and (B) the skin surface after MCN-A
insertion. (C) SEM image of MCNs type-B. Adopted from Coulman(340). XZ OCT cross-section of
(D) the intact skin, (E) the micro-channel created by a 400-µm needle, (F) cubosomes delivered
into the micro-channel and (G) air-bubbles formed in the micro-channel indicated by red arrow.
White arrows in (D) indicate hair follicles.

Three-dimension (3D) images of intact (Figure 4-6 A) and MCN pretreated (Figure 4-6
B) skin were captured using 2PM. LCs and DDCs can be distinguished by their location
and morphology (this is shown more clearly in Figure 4-13). After MCNs insertion, the
epidermis and the dermis was disrupted (indicated by white arrow in Figure 4-6 B).
Figure 4-6 C shows an XZ cross-sectional 2PM image of MCN pretreated skin 40 min
after application of cubosomes. Formulation was observed in the micro-channel region
and DDC were found in close proximity to the micro-channel (circled by yellow dash in
Figure 4-6 C).
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Figure 4-6 2PM 3D images of (A) intact skin and (B) skin 20 min following MCN application
(tissue injury indicated by white arrow). (C) XZ cross-section of the skin 40 min after
application of MCN and cubosomes. Collagen is shown as blue fluorescence and green
fluorescence represents EYFP-CD11c+ cells (LCs indicated by red arrow and DDCs circled in
yellow). TMR-SIINFEKL is shown as red fluorescence and yellow regions represent the
overlapping of green and red fluorescent. Areas of high autofluorescence (eg hair follicles) also
fluoresce green. Scale bar is 100 µm. Images are representative of those from 3 mice per group.
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4.4.3

Kinetic of micro-channel closure

Channels formed by microneedles are transient in nature with closure being reported
to occur after several hours(341). OCT and 2PM were performed to investigate the
kinetics of micro-channel closure in real-time under non-occlusive and occlusive
conditions. Figure 4-7 is a XZ cross-section time-series of a micro-channel in stillborn
piglet skin from 2 to 65 min after MCNs insertion under non-occlusive condition. The
width and the depth of micro-channel at 2 min was approximately 400 x 240 µm. The
micro-channel became more shallow with time with the skin restored nearly to its
original state within 20 min. However, a slight discontinuity of the skin surface could
still be visualized at the end of the experiment. At 4-15 min after cubosomes
application, an area of high intensity scattering was observed (indicated by white
arrow in Figure 4-7) likely corresponding to a lipid film formed by evaporation of
water from the formulation and was suggested through analysis of the OCT 2D scan
signals(212). After 20 min, the lipid residue possibly formed a mixture with the SC(171, 172)
that was indistinguishable from the SC.
Figure 4-8 and Supplementary Movie 4-1 illustrate a XZ cross-section 2PM timeseries of a micro-channel in mouse skin under occlusive condition. At 20 min after
application of the MCNs a depression in the skin can be clearly visualized. A limitation
with this technique is that it can take 20-40 minutes to set up the microscope and begin
imaging after application of the vaccine. Therefore, the correlation between the
dimensions of the micro-channel and a needle used was unable to be determined. The
SC appeared to be disrupted (indicated by white arrows) and the channels appear to
extend down through the epidermis into the dermis. The width of the micro-channel 20
min after MCN application was 278 m and the depth of the channel was 97 m. The
skin had returned to normal within 200 min. The dimensions of micro-channels was
variable likely due to the manual application of the MCN array(342).
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Figure 4-7 Time-series image of XZ cross-sectional OCT tomography of a micro-channel in
stillborn piglet skin treated with cubosomes from 2-65 min after MCNs insertion. A lipid film
formed by evaporation of water from the formulation is indicated by white arrows. Images are
representative of those from 3 mice per group. Scale bar is 200 µm.
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Figure 4-8 Time-series image of XZ cross-sectional two-photon micrograph of mouse skin after
MCNs insertion 20 to 105 min. The green and blue fluorescence correspond to the autofluorescent of the epidermis and collagen in the dermis respectively. Tissue disruption is
indicated by white arrows. Images are representative of those from 3 mice per group. Scale bar
is 100 µm.
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4.4.4

Skin permeation profile of TMR-SIINFEKL peptide

The ability of both MCNs arrays to facilitate permeation of a peptide vaccine through
the skin and into the receptor media was investigated using stillborn piglet skin as a
model membrane. The effect of using a cubosome formulation in combination with
MCNs, as compared to an aqueous peptide mixture, was also examined. All vaccines
contained an equal amount of antigen and adjuvant (100 µg of TMR-SIINFEKL, 2 mg of
lipid, 40 µg of QA and 20 µg of MPL per 100 µL).
No detectable peptide permeation occurred across intact skin over 24 hr after
application of either the cubosome formulation or an aqueous peptide mixture (Figure
4-9). MCN pretreatment significantly increased peptide permeation into the skin
(P<0.001). Pretreatment of skin with MCNs-A before application of an aqueous peptide
resulted in significantly enhanced peptide permeation compared to MCNs-B (P<0.05),
but not when cubosomes were used (P>0.05). Interestingly, for both MCN arrays
permeation was higher for an aqueous peptide mixture as compared to peptide
formulated in cubosomes. This was significant when MCNs-A were used (P<0.01).
Peptide could be detected in receptor buffer approximately 2 hr following vaccine
application and reached a plateau at 18 hr for MCN pretreated skin. The steady-state
permeation flux was calculated using the data from the linear part of the permeation
profiles (r2 = 0.97-0.99). The aqueous peptide mixtures had higher permeation flux
rates and higher cumulative peptide permeation compared to cubosome formulations
for both types of MCNs (Table 4-4). Similarly, MCNs-A pretreatment resulted in a
higher permeation flux rates and increased cumulative peptide permeations as
compared to MCNs-B for both formulations. Peptide permeation following MCN
pretreatment was variable, most likely due to inconsistent MCN insertion pressure
resulting from the manual application method(31) and bubble formation in conduits.
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Figure 4-9 The permeation profile of TMR-SIINFEKL applied to stillborn piglet skin in water
(circles) or in a cubosome formulation (diamonds). Peptide was applied to intact skin (open
symbols) or following pretreatment with MCNs-A (solid lines, closed symbols) or MCNs-B
(dashed lines, closed symbols). Data are mean + SD of three independent experiments. *P<0.05
and **P<0.01 (two-tailed unpaired Student's t-test).

Table 4-4 Effect of MCN design and formulations on skin permeation of TMR-SIINFEKL.

MCNs A
MCNs B
Intact skin

Formulation

Permeation rate
(μg/cm2/hr)

Lag time
(hr)

Cubosomes
Water
Cubosomes
Water
Cubosomes
Water

0.22 ± 0.09***
0.33 ± 0.01***
0.18 ± 0.05***
0.27 ± 0.09***
NA
NA

2.0 ± 1.0
2.0 ± 0.9
2.4 ± 1.3
2.2 ± 0.3
NA
NA

Cumulative amount
permeated for 24 hr
(μg/cm2)
4.93 ± 1.87***
7.20 ± 0.15***
3.92 ± 1.04***
5.52 ± 1.85***
0
0

Data are mean ± SD of three independent experiments (n=3).
***P<0.001 compared to the intact skin (two-tailed unpaired Student's t-test).
NA : Not applicable.

110

Chapter 4
4.4.5

Skin retention of TMR-SIINFEKL peptide

As previously discussed, with vaccines it is not necessary for the vaccine to permeate
through skin, as immune cells are located in both the epidermis and the dermis.
Therefore, the amount of peptide retained in the skin after 24 hr was determined using
fluorospectroscopy (Figure 4-10). In this situation, the use of the cubosome
formulation, as compared to the aqueous peptide mixture, significantly increased
peptide retention in the skin (P<0.01).

Figure 4-10 Skin retention of TMR-SIINFEKL in stillborn piglet skin untreated or treated with
various MCNs design and formulations under occlusive condition after 24 hr. Data are mean ±
SD of three independent experiments. **P<0.01 and ***P<0.001 (two-tailed unpaired Student's
t-test).
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Pretreatment with MCNs afforded no advantage in terms retention of peptide in the
skin when used in combination with the aqueous peptide mixture (P>0.05). However,
when used in combination with cubosomes the MCNs significantly enhanced peptide
retention in the skin, as compared to intact skin (P<0.01).
After analysis of the results of Section 4.4.4 and 4.4.5, MCNs-A were chosen for use in
all further experiments.

4.4.6

Imaging of formulation penetration using 2PM

2PM was employed to better understand the process of formulation penetration into
the intact skin and MCNs pretreated skin in a living animal. 2PM allows real-time skin
imaging to the depth of 1000 µm in a living animal(343, 344). Bundles of collagen fibrils
distributed in the dermis layer could be visualized in all samples by SHG. Typically, a
circular gap (dark area) in the collagen bundles (Left panel of Figure 4-11) indicates
the presence of a hair follicle while the lines are caused by wrinkles or damage, as can
be seen in Figure 4-11 F after MCN pretreatment. The length of time required for
preparing the mice for imaging often resulted in a failure to image the micro-channels
(Figure 4-11 D and E) as they had already disappeared. When peptide was applied as
an aqueous mixture it accumulated at low levels predominantly in the vicinity of the
hair follicles and in the creases between cell sheets (Figure 4-11 A). Interestingly,
when peptide was applied to skin formulated in cubosomes, a spider-web pattern of
skin penetration covering the entire skin surface was visible (Figure 4-11 C). This
pattern corresponded with the arrangement of the SC intercellular lipid. Entrapment of
peptide into this formulation was low (around 20%) therefore the fluorescence is likely
due to both free and entrapped peptide. Little is known definitively about how lipidbased formulations mediate the penetration of a peptide antigen into skin, for example
do intact vesicles penetrate or do they fuse with the SC lipids? Therefore, in addition to
imaging peptide penetration, the penetration of dye-labeled cubosomes was examined.
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Figure 4-11 B-E illustrates that cubosomes can be visualized in the dermis
predominantly around hair follicles and in creases between corneocyte clusters. The
skin penetration patterns of formulations in the MCN pretreated skin were consistent
with those from intact skin.
To assess vaccine penetration more closely, 2PM images were captured in the XZ-plane
using the “ortho slicer” function in the IMARIS software. The XZ cross-sectional images
of the intact skin confirmed that hair follicles and creases were the dominant
penetration pathway (Figure 4-12). Cubosomes were observed to distribute on the
skin surface (Figure 4-12 B and E) whereas peptide was found only in follicular areas
when applied as an aqueous peptide mixture (Figure 4-12 A).
XZ cross-sectional image of the MCN pretreated skin (Figure 4-12 D-F) shows the
formulations were able to penetrate into the dermal layer via the MCN channels. When
an aqueous peptide mixture was applied to MCN pretreated skin, the depth antigen
penetrated increased by 20 µm during the period analysed (40 to 240 min, Figure 4-12
D). Dye labelled-cubosomes accumulated on the skin surface and in the micro-channels
but little further penetration of the lipid -formulation was observed (Figure 4-12 E).
Interestingly, for the peptide formulated in cubosomes, the penetration depth
increased by 42 µm during the period analysed in the MCN pretreated skin (Figure 412 F) suggesting that while the cubosomes themselves do not move out of the MCN
channel the peptide can penetrate into deeper layers of the skin. When MCN were not
used (Figure 4-12 A-C), no substantial increase in penetration could be observed in the
time period examined.
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Figure 4-11 Two-photon micrographs (xy) of: (left panel) collagen in the dermis (blue channel);
(middle panel) formulation (red channel) and (right panel) the merged images. Images obtained
following application of (A, D) an aqueous TMR-SIINFEKL mixture, (B,E) rhodamine-labeled
cubosomes and (C, F) TMR-SIINFEKL-loaded cubosomes to intact skin (A-C) or MCN pretreated
skin (D-F). Images are representative of those from 3 mice/group. Scale bar is 100 µm.
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Figure 4-12 XZ cross-sectional two-photon micrograph obtained following application of (A, D)
an aqueous TMR-SIINFEKL mixture (B, E) rhodamine-labeled cubosomes and (C, F) TMRSIINFEKL-loaded cubosomes to intact skin (A-C) or MCN pretreated skin (D-F). Shown are
merged images of collagen (blue) and the formulation (red) 40, 60, 120, 180 and 240 min
following application of the formulations. Images are representative of those from 3
mice/group. Scale bar is 50 µm.
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4.4.7

Examination of Langerhans cells and dermal dendritic cells in skin
following transcutaneous immunization

The two main populations of skin APCs, the LCs and DDCs, reside in distinct locations.
Two criteria were used to distinguish LCs from DDCs; location within the skin and
physical morphology. LCs are widespread in the epidermis(345) which could be clearly
identified by the absence of collagen fibres (Figure 4-13 A). Figure 4-13 B, C and D are
xy sections taken at the skin surface, through the epidermis and through the dermis,
respectively. The unique morphology of LCs with their dendrites extending from the
cell body are clearly visible in Figure 4-13 C, whereas DDCs have no dendrites and are
found in the dermis (Figure 4-13 D).

Figure 4-13 Two-photon microscopy (2PM) visualization of EYFP-CD11c+ in mouse skin. (A) XZ
cross-sectional image of the intact skin of C57Bl/6 mouse, (B) skin surface autofluorescent (C)
Langerhans cells (LCs) localized in the epidermis and (D) dermal dendritic cells (DDCs) in the
dermal layer. Scale bar is 50 µm.
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4.4.7.1 Langerhans cells
We examined the impact of TCI on LC recruitment and LC-antigen colocalization from
40 to 240 min following vaccine application. Figure 4-14 A shows the physical
morphology of the LCs in the intact skin in the absence of vaccine. The cells were nonmotile, were on average 10 µm in diameter and had 4-5 dendrites with a length of 3-5
µm projecting from the body of the cell. LC density in untreated skin was determined to
be approximately 980 cells/mm2. Upon application of the vaccine to the skin, no change
in LCs morphology or density could be seen (Figure 4-14 and Figure 4-15,
respectively). By 240 min, fluorescence of the LCs in the skin was reduced in all
samples (Figure 4-14 B and D), likely due to photobleaching.

Figure 4-14 Two-photon microscopy (2PM) visualization of the Langerhans cells (LCs, green)
and formulation (red) distribution in the epidermis 40 min (A, C) and 240 min (B, D) in
unimmunized mice (A, B) or following application of (C, D) TMR-SIINFEKL-loaded cubosomes.
Images are representative of groups of 3 mice. Scale bar is 100 µm.
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Figure 4-15 The number of LC/mm2 in the epidermis 40 and 240 min in untreated controls or
following the application of aqueous TMR-SIINFEKL (peptide), rhodamine-labeled cubosomes
(rhodamine) and TMR-SIINFEKL-loaded cubosomes (cubosomes) in the presence and absence
of MCNs. Cells were quantified from three randomised images from one mouse per group in
three independent experiments. Data presented are the mean + SD.

Subsequently, the ability of LCs to capture formulation was examined. Detailed analysis
of the images taken from 40-240 min did not show uptake up of any formulation
(Figure 4-14 C and D). As it was possible that low quantities of formulation in the cells
were undetectable by eye, statistical analysis was carried out to assess LCs-antigen
colocalization. Pearson’s coefficient was used to describe the correlation of the
intensity distribution of the green fluorescence of the LC and the red fluorescence from
the formulations. A Pearson’s coefficient of 1 indicates a significant positive correlation;
0 indicates no significant correlation and −1 indicates complete negative correlation.
Values between 0.5 and 1 would indicate formulation-cell colocalization(346). The
calculated Pearson’s coefficient of LCs from all vaccine experiments was zero
throughout the experimental period. It was therefore established that no detectable
formulation-LCs colocalization occurred.
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4.4.7.2 Dermal dendritic cells
DDCs were easily distinguishable in the dermis of CD11c+-EYFP transgenic mice. The
size of DDCs could not be precisely measured in these highly motile cells as they were
constantly changing shape. The direction of movement was unpredictable with DDC
moving both horizontally and vertically through the skin and squeezing between other
cells (Supplement Movie 4-2). DDC could also be visualized making contact with other
DDC (Supplement Movie 4-3).
An increase in DDCs numbers was noticed in the skin of all mice treated with
formulations when compared to unimmunized skin (control) at 40 min and 240 min
following TCI (Figure 4-16). However this was significant only for mice immunized
using TMR-peptide in cubosomes 240 min following immunization (P<0.001). MCN
pretreatment resulted in a significant increase in DDCs numbers at both 40 and 240
min post-application of TMR-peptide in cubosomes (P<0.001).

Figure 4-16 The number of dermal dendritic cell/mm2 was calculated from the dermis layers at
40 and 240 min in untreated controls or following the application of aqueous TMR-SIINFEKL
(peptide), rhodamine-labeled cubosomes (rhodamine) and TMR-SIINFEKL-loaded cubosomes
(cubosomes) in the presence and absence of MCNs. Cells were quantified from three
randomised images from one mouse per group in three independent experiments. Data
presented are the mean + SD. ***P<0.001 compared to the control group (two-tailed unpaired
Student's t-test).
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Although formulations were not seen to penetrate into the dermal layer in intact skin
(Section 4.4.6), formulation-DDC colocalization was detected 40 min after TMRpeptide in cubosomes were applied to intact skin (Figure 4-17 D). Antigen-DDC
colocalization was also detected in MCN pretreated skin following application of TMRpeptide in cubosomes (Figure 4-18 C). Little DDC-formulation colocalization was
observed for the other formulations (Figure 4-17 and 4.18).
Quantitative analysis of the DDC-formulation colocalization was performed and
expressed in terms of a Pearson’s correlation coefficient. Figure 4-19 is a plot of
Pearson’s coefficients against time (40-240 min). Only the TMR-peptide in cubosome
formulation could achieve a Pearson’s coefficient above 0.5.
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Figure 4-17 Two-photom microscopy (2PM) visualization in (left panel) of the dermis layer (between dash line) of the 3D
fluorescence distribution of (second left panel) the SHG collagen (blue channel); (third left panel) the dermal dendritic cells
(DDCs, green channel); (third right panel) the model antigen fluorescence intensity (red channel); and (second right panel)
the merge image of all channels. Images obtained at 40 min following treatment with (A) intact skin (B) an aqueous TMRSIINFEKL mixture (C) rhodamine-labelled cubosomes and (D) TMR-SIINFEKL-loaded cubosomes. Scatter 2D plots of voxel
intensities in red and green channels observed for the respective DDCs are represented in the right panel. Scale bar is 100
µm.
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Figure 4-18 Two-photo microscopy (2PM) visualization in (left panel) of the dermis layer (between dash line) of the 3D
fluorescence distribution of (second left panel) the SHG collagen (blue channel); (third left panel) the EYFP-DDCs (green
channel); (third right panel) the model antigen fluorescence intensity (red channel); and (second right panel) the merge
image of all channels. Images obtained at 40 min following treatment with (A) an aqueous TMR-SIINFEKL mixture (B)
rhodamine-labelled cubosomes and (C) TMR-SIINFEKL-loaded cubosomes on the MCN pretreated skin. Scatter 2D plots of
voxel intensities in red and green channels observed for the respective DDCs are represented in the right panel. Scale bar is
100 µm.
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Figure 4-19 Pearson’s correlation coefficient calculated from skin treated with: an aqueous
peptide mixture (), rhodamine-labeled cubosomes () and TMR peptide-loaded cubosomes
(). The black and red colour represents the intact skin and the MCNs pretreatment skin,
respectively. The unimmunized intact skin served as control (). Cells were quantified from
three randomised images from one mouse in three independent experiments. Data presented
are the mean ± SEM (n=9).

Interestingly, DDCs could also be found extending into the epidermis in XZ crosssectional images (Figure 4-20) capturing and taking up formulations from the upper
layers of the skin.
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Figure 4-20 Two-photo microscopy (2PM) visualization of MCN pretreated skin after
application of TMR-SIINFEKL-loaded cubosomes. (A) Orthogonal views (XY, XZ, YZ) through a
DDC illustrating colocalization of DDC (green), TMR-SIINFEKL (red) and collagen (blue).
Colocalization is visible as a yellow colour and orange represents the leakage of intense red
fluorescence into the green channel. (B-C) 3D images of the DDC from (A). All channels are
shown in (B), blue has been dropped out in (C) and both blue and green in (D). TMR-SIINFEKL
uptake by the DDC is shown in (D) indicated by arrow. Scale bar is 20 µm.
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4.4.8

Examination of antigen uptake by flow cytometry

Data from the 2PM indicated that DDCs were the predominant cell taking up
formulation when peptide-loaded cubosomes were delivered by TCI. However as only a
small part of the skin can be observed by 2PM, vaccine internalisation by other cells
may have been missed. Additionally, 2PM cannot be used to distinguish between DDC
subsets. Flow cytometry was therefore used to determine APC cell phenotype, cell
frequency and to examine antigen uptake in skin following TCI.
DCs were isolated from skin immunized transcutaneously in the presence and absence
of MCN pretreatment or from unimmunized control mice. Analytical gates were
established based on the control group profiles (Figure 4-21). Firstly, skin DCs were
identified based on CD11c expression. CD207 and CD11b were used to distinguish
between subsets of CD11C+ DCs in the skin. LCs were separated from DDCs based on
CD207 and CD11b expression, with LCs being CD207 and CD11b positive whereas
langerin+ DDCs also express high levels of CD207 but lack CD11b expression(317).
Conversely, Langerin- DDCs expressed high and low levels of CD11b but lack CD207
expression(61, 347). As shown in Figure 4-21 A, LCs comprised approximately 8-10% of
the isolated skin DCs. A small population of langerin+ DDCs was also found in the fullthickness skin (3-4% of total DCs in the skin) in accordance with previously published
studies(348). The largest population of DCs in the skin were the Langerin- DDCs
population (~70%). Following formulation application, while there was no significant
change in the number of any of the DC subsets, there was a trend for increased
numbers of langerin- and langerin+ DDCs in mice treated with MCNs and peptide-loaded
cubosomes. Uptake of fluorescent peptide by skin DCs is shown in Figure 4-21 C. Again
while there was no significant antigen uptake any of the DC subsets, there was a trend
for increased antigen uptake by the minor langerin+ DDC subset in mice treated with
MCNs and peptide-loaded cubosomes. Consistent with the 2PM antigen-DCs
colocalization studies, no uptake by LCs was detected.
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Figure 4-21 (A) Representative dot plots showing gating for flow cytometric analysis. Skin
dendritic cells were also gated on CD11chi cells and this cell quadrant used for all further
analysis. Langerhans cell (LC) expresses CD207hi and CD11bhi. Langerin+ dermal dendritic cell
(DDC) expresses CD207hi and CD11blow. Langerin- DDCs were CD207low CD11bhi/low. At 4 hr
following TCI, the number of LC, Langerin+ DDCs and Langerin- DDCs (B) and the ability of
formulations and MCNs to induce antigen uptake by the skin DCs (C) was investigated. The
results of the antigen uptake are given as median of fluorescence intensity. Data are mean + SD
and representative of three independent experiments with one mouse per group.
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4.4.9

Immunogenicity of a combined TCI approach in vivo

The effectiveness of a combined TCI approach using MCNs to physically disrupt the SC
and a lipid carrier to facilitate antigen and adjuvant delivery was examined in mice. In
an attempt to reduce artefacts no depilatory creams were used in these experiments,
instead the immunization site was closely clipped with every effort being made not to
damage the skin. Antigen specific T cell expansion was examined as it is recognised to
be dependent on uptake of antigen by DCs, migration of the DCs to secondary LNs and
the presentation of antigen to antigen-specific naive T cells.
The ability of TCI using cubosomes with or without MCN pretreatment to induce the
immune responses in vivo was assessed in the draining lymph nodes 1 week after the
booster immunization (Figure 4-22 and Figure 4-23). The level of CD4+ T cell
expansion (both percentage and total number of cells) was low and comparable for all
groups (P>0.05). Mice immunized transcutaneously with peptide in water or peptide
formulated in cubosomes had a measureable antigen specific CD8+ T cell expansion as
compared to the no-antigen controls and the subcutaneous vaccine controls. This was
significant as regards the percent CD8+ T cell but not when the total number of CD8+ T
cells was calculated.
When MCN were used in combination with the peptide formulated in cubosomes, there
was increased CD8+ T cell expansion as compared to the control formulation without
peptide. This was significant as regards the percentage of CD8+ T cell but not when the
total number of CD8+ T cells was calculated. However the combination of pretreatment
with MCN before the application of the formulation did not no significantly enhance the
antigen specific expansion of CD8+ T cells as compared to formulation applied to intact
skin. Subcutaneous injection with peptide antigens and adjuvant (at one tenth the dose
given by TCI) used did not stimulate significant CD8+ T cell expansion.
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Figure 4-22 The percentage of transgenic Vα2hiVβ5hi CD8+ (A) and Vα2hiVβ5hi CD4+ (B) T cells
in lymph nodes of mice vaccinated with various formulation in the presence and absence of
MCNs. Data are the mean + SEM from three independent experiments with 3-4 mice per group.
*P<0.05, **P<0.01 and ***P<0.001 (two-tailed unpaired Student's t-test).
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Figure 4-23 The expansion of transgenic Vα2hiVβ5hi CD8+ (A) and Vα2hiVβ5hi CD4+ (B) T cells in
lymph nodes of mice vaccinated with various formulation in the presence and absence of MCNs.
Data are the mean + SEM from three independent experiments with 3-4 mice per group.
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Langerin+ DDCs, which were shown to potentially be involved in antigen uptake in this
model, have been reported to be involved preferentially with stimulation of CTL
immune responses(63) therefore the bias towards such a response was examined by
calculating the CD8:CD4 expansion ratio for each vaccine using the total cell number
data (Figure 4-24). Interestingly the use of MCNs in combination with cubosomes
significantly biased the response towards a CD8 response (P<0.01).

Figure 4-24 Ratio of antigen specific CD8+ to CD4+ T cells in lymph nodes of mice vaccinated
with the various formulation in the presence and absence of MCNs. Data are the mean + SEM
from three independent experiments with 3-4 mice per group. **P<0.01 compared to controls
(two-tailed unpaired Student's t-test).

4.4.10 OVA-specific recall responses in vitro
The ability of T cells harvested from immunized mice to respond to a further OVA
challenge in vitro was also assessed. Antigen-specific proliferation (Figure 4-25) by
these cells as well as production of the Th1 cytokine IFN-γ (Figure 4-26) was
measured. Although there were high backgrounds in the unimmunized controls, the
trend in proliferation in vitro were consistent with the T cell expansion seen in vivo,
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with significant proliferation by lymphocytes from mice immunized with MCNs in
combination with cubosomes (P<0.05).

Figure 4-25 Proliferation of T cells isolated from lymph nodes of vaccinated mice. T cells were
re-stimulated in vitro with OVA or media (as a negative control) for 72 hr. Data are express as
the mean + SEM of the stimulation index (= OVA/media) and representative of three
independent experiments with 3-4 mice per group. *P<0.05 and ***P<0.001 (two-tailed
unpaired Student's t-test).

The pattern of IFN-γ secretion supported the in vitro T cell expansion and in vivo OVAspecific T cell expansion previously seen. Cubosome formulations applied to either the
intact or the MCN pretreated skin induced significant antigen specific IFN-γ secretion
by cells from these mice as compared to those from mice immunized with control
(antigen-free) vaccines or the subcutaneous injection vaccine control. Lymphocytes
from mice immunized with cubosomes in the absence of MCN pretreatment exhibited
significantly greater IFN-γ production than those from mice immunized with an
aqueous peptide mixture (P<0.05). But a non-significant difference was observed
between cubosomes and an aqueous peptide mixture in the case of MCNs pretreated
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skin. Predictably, there was no IFN-γ secretion observed in the subcutaneous
vaccination group due to the absence of OVA-specific T cell proliferation.

Figure 4-26 Production of interferon-γ (IFN-γ) by T cells isolated from lymph nodes of
vaccinated mice. Cells were re-stimulated in vitro with OVA or media (as a negative control).
After 72 hr, the supernatants were collected and analysed for IFN-γ by cytometric bead array
(CBA). Each point represents a value of an individual mouse expressed as fold increase over
background (= OVA/media). Horizontal bars indicate the median for each group. Data are
representative of three independent experiments with 3-4 mice per group. *P<0.05 and
***P<0.001 (two-tailed unpaired Student's t-test).

4.5 DISCUSSION
To accomplish the transcutaneous delivery of a peptide vaccine a combined approach
utlising cubosomes and MCNs was performed. Cubosomes were chosen as the carrier
due to their physical characteristics including stability, the ability to stimulate DCs in
vitro and to promote penetration of vaccine into the skin in vitro, as reported in
Chapter 3. MCNs were used to temporarily disrupt the skin barrier and improve
vaccine delivery to the epidermis and the dermis where LCs and DDCs reside. The
synergistic effect of combining lipid particles and MCNs on immunological responses
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was reported by Hirschberg et al.(184). They indicated that the induction of antibody
responses occurred only when mice were immunized with a combined approach of
vesicles and MCNs.
Cubosomes used in this study had a homogeneous particle size (PDI 0.19 - 0.23) with a
z-average size in the range of 158 - 182 nm and a negative charge, consistent with the
formulation used in Chapter 3. The entrapment efficiency of TMR-SIINFEKL in
cubosomes was again consistent with previous studies (Section 3.3.2 Chapter 3) with
~20% of initial peptide loaded. Rhodamine-cubosomes formulated for the 2PM studies
had an entrapment efficiency of 96.2%. The high entrapment was likely due to the
hydrophobic nature of rhodamine and low amount used ratio of (lipid to dye ratio of 1:
3000). This was optimized to ensure little free rhodamine remained in the formulation.
The skin is highly flexible, pressing MCNs against the skin initially indents the skin and
only after a minimum insertion force is achieved will MCN insertion occur (349, 350). The
MCN used in this study had a blunt tip that required a higher input of energy to achieve
penetration than would a sharp tip due to having a larger surface in contact with the
skin(350). Imaging using cryo-SEM, OCT and 2PM were employed to visualize skin
disruption and micro-channel formation. After insertion of the MCN arrays (consisting
of 100, 400 and 600-µm long needles), micro-channels were clearly seen on C57Bl/6
mouse skin. There was no bleeding, indicating that the needles did not reach the dermis
vasculature. This is in accordance with the study by Gill et al.(351), that reported that
while 1450-μm long needle caused bleeding, 400 and 750-μm long needles did not. The
micro-channels were not clearly visible on stillborn piglet skin. This is possibly due to
the thicker epidermis and higher collagen density present in the dermis of stillborn
piglet skin as compared to mouse skin, increasing skin strength and flexibility(352, 353).
MCN-pretreated stillborn piglet skin was imaged using cryo-SEM to determine if microchannels were created. Micro-channels were observed on the skin arranged in a
pattern corresponding to that of the array (Figure 4-4 B). When a channel created by a
400 µm long needle was examined at higher magnification, it could be clearly seen that
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the skin surface was disrupted and the conduit created in the skin had a width of about
60μm (Figure 4-4 C). The depth of the conduit could not be measured by cryo-SEM.
Additionally, the actual dimensions of the conduit were not able to be measured due to
the complicating process of channel closure with time(354). OCT was therefore used to
determine conduit size directly after MCNs insertion. Advantages of this techniques are
that micro-channels dimensions can be determined in real-time, without the
requirement for any skin preparation steps (meaning analysis can start immediately
after needle insertion and formulation application) and finally OCT can be used to
quickly image large areas (XYZ, 2 x 2 x 2 mm). The SC was distinguished from other
layers by its high intensity signal (Figure 4-5 D). After MCN insertion, this high
intensity layer was disrupted and a micro-channel with the width of ~400 μm and
depth of ~240 μm created (Figure 4-5 E). The arrangement of micro-channels on the
skin reflected the arrangement of needles on the array (Figure 4-5 B) which was
consistent with a previously published study(340). Cubosomes were successfully
delivered into the conduit as seen in Figure 4-5 F, however small air-bubbles were
occasionally found in micro-channels after application of formulations. These bubbles
could potentially block the channel and stop the formulation penetrating into the skin
(Figure 4-5 G) and contribute to assay variability.

Another factor that could

contribute to variability is how the MCN arrays were applied to the skin. In this study
the needles were applied manually to the skin however, Verbaan et al.(342) showed that
an electrically driven applicator created conduits more reproducibly than did manual
application.
Another technique used to examine micro-channel formation was 2PM. After MCN
insertion, channels penetrating down through the SC, the epidermis and the dermis
were visible (Figure 4-6 B). The width of the micro-channel was ~280 µm and the
depth ~100 µm (Figure 4-6 C). The width and depth of the channels observed using
2PM was decreased as compared to OCT as 2PM requires sample preparation steps
which took approximately 20 - 40 min to complete before imaging could occur. During
this time the micro-channels were closing, explaining the smaller observed dimensions.
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Interestingly, the residual SC displaced by the MCN could be observed at the bottom of
the micro-channel (Figure 4-6 B and supplement Movie 4-1), suggesting that the
MCN causes a conduit to form by compressing the skin until part of the outer skin
layers were detached.
The duration of micro-channel persistence is one factor that can directly influence drug
permeation(355), with slow closure of the channel positively affecting drug
permeation(356). In this study micro-channels closure occurred over 20 min under nonocclusive conditions and over 200 min under occlusive condition. This is consistent
with a study by Gupta et al.(341) who found that occlusive conditions were able to extend
the life time of the conduit. The kinetics of skin recovery could be observed by 2PM. As
can be seen in Figure 4-8 and supplement Movie 4-1, the channel closed due to
elastic force recoil(357). Once pressure is removed, the skin rapidly returns to its original
configuration. However, the skin recoil force is always lower than the applied external
force(358) meaning a slight induration remains at the skin surface.
The effect of MCN array design on the permeation of different vaccine formulations
through stillborn piglet skin was examined (Figure 4-9). Consistent with the results
from Chapter 3, no peptide permeated across intact skin over 24 hr. However, peptide
permeation through the skin and into the receptor media was obtained in the MCN
pretreatment groups demonstrating that the MCNs successfully created transport
pathways through the skin. Detectable levels of peptide were not detected in the
receptor media until 2 hr following microneedle insertion, likely due to the low skin
permeation rate of macromolecules and lipid nanoparticles(181). Peptide permeation
reached a plateau in 18 hr with the cumulative amount of peptide permeating through
skin in the range between 4.5-10.6% of total peptide applied. The amount of peptide
permeating through skin was affected by the type of MCNs used and the type of
formulation applied. As expected, peptide permeation increased proportionally with
the total volume of channels formed based on MCN array geometry. MCNs-A had a
calculated total channel volume of 116.8 nL and the amount of permeated peptide in 24
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hr was 7.20 ± 0.15 μg/cm2 for water and 4.93 ± 1.87 μg/cm2 for cubosomes. MSN-B had
a lower channel volume (69.4 nL) and the cumulative permeated peptide over 24 hr
was 5.52 ± 1.85 μg/cm2 for water and 3.92 ± 1.04 μg/cm2 for cubosomes. MCNs-A
significantly increased peptide permeation compared to MCNs-B when the peptide was
formulated as an aqueous mixture (P<0.05). However, there was no significant
difference between MCNs-A and MCNs-B (P>0.05) in the case of cubosomes, likely due
to the small amounts of peptide being detected and the previously discussed variability
introduced by manual application of the MCNs. Interestingly, pretreating skin with
MCNs removed the benefit of formulating peptide into a lipid carrier and the amount of
peptide permeating across the skin treated with cubosomes following MCNs insertion
was approximately equivalent to the amount of free peptide present in the formulation.
These results suggest that the SC is the rate limiting barrier for permeation of
hydrophilic substances, but that once the SC is disrupted soluble antigen can permeate
through skin along hydrophilic conduits through the epidermal and the dermal
layers(354). In the case of cubosomes, both entrapped-peptide in particles and nonentrapped-peptide are transported to the micro-channels but only the free peptide can
permeate through the skin while cubosome particles remained in the micro-channels.
Permeation of cubosomes was likely effected by the high water content of the
epidermis and the dermis (reported to be approximately 70%(359,

360))

which would

limit the permeation of hydrophobic substances or lipid particles(361). Because of this, a
significantly higher level of peptide retention in skin was detected following application
of peptide in cubosomes as compared to after application of an aqueous peptide
(Figure 4-10), both in the presence and absence of MCN pretreatment.
To investigate in more detail the process of TCI, 2PM was performed. Analysis of the
pattern of formulation distribution was in agreement with the confocal imaging
detailed in Chapter 3. Application of an aqueous peptide mixture to intact skin resulted
in peptide accumulation in the vicinity of hair follicles and in the creases between
sheets of cells (Figure 4-11 A). Rhodamine-cubosomes showed a similar pattern of
accumulation in the vicinity of the hair follicles and creases but at a higher level than
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for the peptide mixture (Figure 4-11 B). Interestingly, application of the peptide in
cubosomes resulted in a spider-web pattern of accumulation with a network covering
the entire skin surface (Figure 4-11 C). This pattern corresponded to the arrangement
of SC intercellular lipid. This phenomenon may be attributable to the multiple
components of the formulation including the high propylene glycol content, which
fluidize the SC(362) and the semi-occlusive effect of the phytantriol particles themselves
that could enhance peptide penetration into the intercellular area of the epidermis(363).
The combination of an aqueous peptide with MCN pretreatment resulted in the
accumulation of peptide in the micro-channels and peptide penetration into skin could
be observed increasing over time (Figure 4-12 D). When combined with MCNs,
rhodamine-cubosomes were similarly concentrated into the conduits however there
appeared to be no further penetration after 40 min of TCI (Figure 4-12 E). The
penetration of peptide from cubosomes applied after MCN pretreatment at the initial
stages appeared similar to that seen with rhodamine-cubosomes. But at later time
points, peptide penetration increased with time in a similar manner to the aqueous
peptide mixture (Figure 4-12 F). This again suggests that that only free-peptide can
permeate across the skin and cubosome particles accumulate in the micro-channels.
Next, the interface between TCI and the immune system were examined using 2PM and
flow cytometry. LCs present in the epidermis are the first APCs transcutaneously
applied vaccine antigens should encounter. However, LCs were not found to be motile
and the number of LCs was not altered after applying formulations and no antigen-LCs
colocalization could be detected either by 2PM or flow cytometery at the time points
investigated here. This is in agreement with the published study by Sen et al.(364). They
found that LCs were completely immotile until 48 hr after the injection of adjuvants
such as CpG and LPS. However, LC motility was very low with a velocity of >1 µm/min.
The role of LC in the initiation of immune responses is conflicting and incompletely
understood. While LCs have been shown to be able to extend their dendrites into the SC
layer to capture antigen(53) and to be able to efficiently take up soluble antigen(365) other
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studies have shown they are not involved in priming immune responses in skin but are
perhaps involved in tolerance.
TCI was however found to have an impact on DDC recruitment and this occurred
earlier if MCN pretreatment was employed. Two adjuvants were included in the
formulation. QA is a TLR-independent adjuvant that has recently been reported to
activate the NLRP3-inflammasome(366) while MPL is a

TLR-4 ligand(257,

367, 368).

Activation of the NALP3-inflammasome leads to release of IL-1β, a potent
proinflammatory cytokine, which would result in the recruitment of immature DCs (369,
370).

TLR-4 agonists activate NF-κB, a pro-inflammatory gene transcription regulator,

which results in the up-regulation of the co-stimulatory molecules CD80 and CD86(371)
and the production of IP-10/CXCL10 chemokines responsible for Th1 recruitment(372).
DCs were found to recruited rapidly following topical application of measles virus
nucleoprotein onto mucosal tissue with the response peaking at 2 hr, while DC
migration to the draining LN took place in the over 24 hr(373). In this study, we
observed DC recruitment occurring 40 min after immunization with TMR-peptide in
cubosomes (when MCNs were utilized) and within 4 hr when the vaccine was applied
to the intact skin.
Antigen-DDC colocalization could be visualized by 2PM and confirmed by calculation of
Pearson’s correlation coefficient, in skin treated with TMR-peptide in cubosomes in the
presence and absence of MCNs. Current dogma suggests that DDC are unable to
penetrate into the epidermis because of the barrier provided by the epidermis-dermis
tight junction(374), although it has been reported that DDC cluster around hair follicles
and that dendrites can penetrate the basement membrane to sample antigen present in
the epidermis(59). Flow cytometry suggested that it was the langerin+ DDC subset that
was taking up antigen. This population of cells has been reported to trigger Th1
immune responses and induce predominantly cellular immunity, including antigenspecific CD8+ T cell(63). Interestingly, analysis of T cell expansion induced by TCI in mice
revealed that the combined MCN cubosome vaccine formulation stimulated a CD8+ T
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cell biased expansion, whereas cubosomes applied to intact skin did not. It is possible
that by utilizing MCN the vaccine is targeted to a different subset of APC than it would
be if applied to intact skin and that a qualitatively different immune response is
produced. In vitro recall responses, in particular cytokine production, support the
finding from Chapter 3 that the cubosome formulations stimulate stronger immune
responses than an aqueous peptide.
Of note the immune response induced by subcutaneous vaccination was, in some cases,
less than that induced by the transcutaneous vaccines. The trancutaneous vaccines had
10-fold more antigen than did the subcutaneous vaccines as from the in vitro studies it
was thought only low amounts of antigen would penetrate into the skin.

Those

responses were induced by TCI is likely due to the previously mentioned limitations of
the mouse model.

4.6 CONCLUSIONS
We have demonstrated in the present study that MCNs enhance skin permeation and
penetration by creating the micro-channels in the skin. The life span of the microchannels was affected by the conditions under which the vaccine was applied to skin.
Immune responses in the skin, including the recruitment of APC, antigeninternalisation, and antigen-specific CD8+ T cell proliferation was successfully
stimulated by a TCI approach combining microneedles and cubosomes.
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DISCUSSION & FUTURE DIRECTIONS

Methods to enhance skin penetration are essential for successful TCI. Microneedle
arrays (MCNs) transiently disrupt the SC and create micron-sized pores thereby
facilitating penetration of vaccine antigens and adjuvants into deeper skin layers where
APC reside(175). However, on its own this approach will not stimulate strong immune
responses due to the inherently weak immunogenicity of peptide subunit antigens(66).
Consequently, the addition of adjuvants to the formulation is required. Therefore MPL
and QA were added to the vaccine leading to significantly enhanced immune responses.
Additionally, the subunit antigen and adjuvants was incorporated into lipid carriers to
improve TCI by further increasing adjuvanticity and skin penetration(133, 163, 170, 244).
TCI was successfully accomplished by using a combination of MCNs and cubosomes
containing a model peptide, MPL and Quil A. The model peptides used here were the
minimal CD4 and CD8 epitopes from ovalbumin. Peptides were used rather than
proteins due to their size making them a much more attractive option for TCI. However,
a limitation of using minimal peptides is that unless multiple repeated B cell epitopes
are also included, antibody responses will not be generated(375). This needs to be taken
into account as traditonally many vaccines act through an antibody dependent
pathway. Immune responses to peptide and proteins are much weaker than those
generated by live or attenuated pathogens therefore populations of antigen specific
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CD4 and CD8 cells were injected into mice to allow for identification of antigen-specific
immune responses. While this system allows for differences in vaccine formulation to
be examined challenge experiments using relevant disease models should be carried
out in the next stage of testing.
A number of further modifications could be made to enhance the effectiveness of this
approach. The cubosomes used had a net negative surface charge (due to the use of
poloxamer 407 to stabilise the particles and prevent aggregation). While it has been
reported that negatively charged particles may be of benefit for facilitating penetration
into skin(376), uptake of anionic particles by DCs is reduced as compared to positively
charged particles(299). Thus it would be of interest to investigate the effectiveness of a
cationic delivery system for TCI, particularly in the situation where MCNs or another
physical disruption method has already been used to facilitate penetration of the
vaccine, as in this situation the effect on uptake and activation may be more important
than any effect on penetration. Indeed Kumar et al.(377) investigated the effect of total
surface charge of DNA-coated PLGA nanoparticles on MCN based transcutaneous
immunization. It was found that a combination approach of MCNs and cationic DNAcoated PLGA nanoparticle strongly stimulated immune responses. The cationic
particles efficiently promoted DC maturation, strongly up-regulating CD86 expression
levels. In order to produce cubosomes with a positive charge, the cubosome
formulation would need to be prepared with the addition of a positively charged
surfactant, such as cetyl trimethylammonium bromide at a surfactant-to-lipid mass
ratio of 1:91(378). In addition formulating cubosomes with a net positive surface charge
may also increase antigen loading.
To increase vaccine uptake by APCs, the entrapment efficiency of antigen into particles
would need to be increased(379). However, results from this thesis suggest that
entrapment of antigen into a lipid-based delivery system is not necessary for immune
stimulation and may even have been detrimental for penetration. Thus, to clarify this
point, a physical mixture of peptide and cubosomes needs to be investigated and
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compared with peptide-loaded cubosomes. Following on from this, if antigen
encapsulation is not essential for TCI, is it necessary that the lipid based delivery
system is particulate? Do the particles need to penetrate into skin or would the
application of bulk cubic phase lipid to the surface of the skin have a penetration
enhancing effect through interactions with the SC lipids? The bulk cubic phase has been
used for enhance drug delivery to the skin due to its ability to disrupt the intercellular
lipid of the SC(380,

381).

Moreover, if an interaction between drug and cubic phase

occurred, it could result in increased skin retention while decreasing drug permeation
across the skin(382). The question arises whether the antigen should be entrapped in
cubic phase or should be released from the cubic phase into the skin to achieve an
optimal TCI effect.
Furthermore, to better understand the skin penetration behaviour of cubosomes or
bulk cubic phase formulations containing both entrapped and free peptide, as well as
the mechanism of the vaccine uptake by APCs, fluorescent probes for multicolour
labeling of complex systems need to be developed and optimized for 2PM. An ideal dye
combination for multicolour labeling would exhibit well-separated narrow emission
spectral bandwidths. In recent years, a series of narrow emission bandwidth dyes,
BODIPY, have emerged as a promising fluorophores for multicolour labeling
experiments(383-385). BODIPY dyes have been used to label DNA(386, 387), proteins(388-390)
and lipids(391-393). Consequently, it would be possible to visualize a complex system by
labeling cubosomes or the bulk cubic phase with hydrophobic BODIPY rhodamine 6G
(emission maximum ~547 nm) and antigen with red-emitting BODIPY(394) (emission
maximum ~700). The emissions spectral of these two fluorophores do not overlap with
the emission spectra of collagen (having a maximum at ~440) and EYFP-CD11c+
(having a maximum at ~500).
In the 2PM studies carried out here, a small part of the skin was in focus for a maximum
5-hr continuous monitoring period. One result that was initially surprising was the lack
of motility observed for the LCs. However this is in agreement with other published
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studies that found LCs were sessile and their motility was very low (<2 µm/min), while
another study reported that LCs were completely immotile until 48 hr after the
injection of adjuvants such as CpG and LPS. After 48 hours LC motility was observed
with a velocity of >1 µm/min(364). Thus, to investigate LC dynamics in the skin (antigen
uptake, appearance and disappearance) in greater detail it would be necessary to begin
monitoring at later time points following vaccination.
Vaccine internalization by DDCs was observed by 2PM in the timeframe investigated.
Also, it was noticed that some DDCs were located very close to the epidermal-dermal
junction and it appeared as if dendrites were extending up into the epidermis to
capture vaccine. Thus it would be desirable to carry out further studies to determine
the location of DDC subtypes in the skin. Two different DDC populations (CD207 + and
CD207-DDC) have been identified in skin and these two subsets have been reported to
stimulate immune responses differently. CD207+ DDC potentially stimulate CTL
whereas CD207- DDC induce CD4+ T cell responses(65). There are a number of mouse
models available for distinguishing CD207+ DDC from CD207- DDC including the LangEGFP and Lang-EGFP x hLang-DTA Tg mice. Lang-EGFP mice have been genetically
modified by inserting the gene encoding the fluorescent protein EGFP into the Langerin
locus(395). Therefore using these mice in 2PM LCs and CD207+ DDCs could be visualized
based on florescence, location in the skin (epridemis versus dermis) and cell
morphology. Lang-EGFP x hLang-DTA Tg mice were produced by backcrossing hLangDTA mice (LC deficient(396)) to Lang-EGFP mice(60). These mice therfore lack LC but have
normal number of CD207+ DDC, the function of which could again be visualized by 2PM.
After the role of CD207+ and CD207- DDCs is examined conclusively, vaccination
techniques could be optimised to achieve the desired immune response, whether it is
CD8+ or CD4+ T cell proliferation, by directly delivering the vaccine to particular
subtype of DDCs.
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While mice can provide great opportunities for studying in detail vaccine penetration
into skin and the immunological interactions occurring in skin, when it comes to
examining the overall responses induced by TCI there are some limitations. Mice have
many more hairs which must be removed. Although there are hairless SKH1-Elite mice
which have similar density of the hair follicles on the skin to human available, their skin
is still thinner than human skin(397). In addition if the effect of occlusion on TCI is to be
addressed this can be difficult in mice. Therefore mice must be used but with
appropriate controls. However, alternate non-rodent models that more closely
correlated to humans have been explored. Miniature pigs are animal models which
have the most similarity in skin structure to humans(398, 399). They were brought into
use as animal model for transdermal studies in vitro(400,

401)

and in vivo(402,

403).

But

miniature pigs are not an ideal animal model. Their size leads them to be less
appropriate for handling and caring in animal laboratory facilities than mice and their
immune system is not fully mature until approximately 6 months-old(404) resulting in
more expensive maintenance. Also, the most important limitation to the use of
miniature pigs is the lack of immunological reagents.
Lastly, the MCNs used in this study were of the ‘poke and patch’ variety and these were
applied to the skin manually. This method was very convenient in that the formulation
could be easily changed and no expensive technologies were required for applying the
arrays, however there were some issues. These included air-bubble formation in
micro-conduits, formulation wastage (only a small quantity travelled through the skin)
and large variations between treatments due to the inconstant input pressure (342). Of
the number of systems available perhaps one of the most attractive is the dissolving
MCNs. This system is a one-step application process thus the issue of air bubbles
forming and reducing vaccine penetration would not arise. Vaccine can be loaded onto
dissolvable MCNs through either a coating process on through incorporation into the
needles during production leading to the delivery of precise quantities of vaccine into
the skin(195, 405, 406).
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In conclusion, this present study provides a possible approach for successful TCI. The
combined approach of MCNs and cubosomes is an efficient system for the delivery of
vaccine to APCs in the skin. Future research should investigate the optimisation of this
system in appropriate animal models.
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APPENDIX

APPENDIX A

Alseviers solution
Dextrose (D-Glucose) 20.5 g
Sodium chloride 4.2 g
Sodium citrate 8 g
Milli-Q water (HPLC quality) qs to 1000 mL

Coating buffer - Carbonate-bicarbonate buffer (0.1 M)
Sodium carbonate 0.318 g
Sodium hydrogen carbonate 0.586 g
Milli-Q water qs to 200 mL
Adjust pH to 9.6

Collagenase type IA digestion buffer
Collagenase type IA 5 mg
Hank's Balanced Salt Solution qs to 10 mL
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complete Iscove’s Modified Dulbecco’s Medium (cIMDM)
Penicillin/Streptomycin solution 10 mL
2-mercaptoethanol 1 mL
Foetal calf serum (FCS) 50 mL
Glutamax 10 mL
IMDM qs to 1000 mL

FACS buffer
Sodium azide 0.1 g
Bovine serum albumin 10 g
PBS qs to 1000 mL

Hank's Balanced Salt Solution
Calcium Chloride 0.14 g
Magnesium Chloride 0.1 g
Magnesium Sulfate 0.1 g
Potassium Chloride 0.4 g
Potassium Phosphate monobasic 0.06 g
Sodium Bicarbonate 0.35 g
Sodium Chloride 8 g
Sodium Phosphate dibasic anhydrous 0.048 g
Dextrose (D-Glucose) 1 g
Phenol Red 0.01 g
Milli-Q water qs to 1000 mL
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Lysis buffer
Solution A: 0.16 M Ammonium chloride solution
Ammonium chloride 8.29 g
Distilled water qs to 1000 mL
Solution B: 0.17 M Tris hydrochloride solution
Tris HCl 20.6 g
Distilled water qs to 1000 mL
Mix 9 parts solution A with 1 part solution B and adjust pH to 7.65, filter sterilize
through a 0.22 μm filter prior to use.

Phosphate buffered saline (PBS) pH 7.4
Sodium chloride 8 g
Potassium dihydrogen orthophosphate 0.2 g
Di-sodium hydrogen orthophosphate (anhydrous) 1.15 g
Potassium chloride 0.2 g
Milli-Q water qs to 1000 mL
Adjust pH to 7.4

Saponin permeabilization buffer
Saponin 10 g
Sodium azide 0.1 g
Bovine serum albumin 10 g
PBS qs to 1000 mL
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APPENDIX B

Interfacial behaviour of adjuvant and lipid monolayers
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Figure B-1 Surface pressure−area isotherms of monolayers of 100% L-α-phosphatidylcholine
(PC), Phytantriol (PHY) and mixed monolayers of PC and MPL (100 : 2) and PHY and MPL (100 :
2). The addition of MPL to PC and PHY monolayers hardly affected on the integrity of the
monolayers (P>0.05) with calculated collapse pressures of 41.0 ± 2.8 and 40.5 ± 0.7 mN/m and
with molecular areas of 85.8 ± 0.5 and 41.6 ± 2.0 Å2/molecule, respectively. Data presented are
the mean of three independent experiments ± SD.

173

Optimization of in vivo TCI conditions in mice (Hair removing technique)

A.

B.

Figure B-2 Expansion of V2hiV5hi transgenic (A) CD8+ T cells and (B) CD4+ T cells in the lymph
nodes of C57Bl/6 mice which those removed hair with various techniques and transcutaneously
immunized with various colloidal formulations or empty cubosomes as a control. Each symbol
represents an individual replicate; horizontal lines indicate the median of an experiment, n = 2.
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Optimization of in vivo TCI conditions in mice (The length of incubation time)

A.

B.

Figure B-3 Expansion of V2hiV5hi transgenic (A) CD8+ T cells and (B) CD4+ T cells in the pool
spleen of C57Bl/6 mice (n=2) which those removed hair with close-cutting techniques and
transcutaneously immunized with cubosomes (), an aqueous peptide mixture () and empty
cubosomes () as a control.
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