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    Chapter 18   
 Transcutaneous Immunization 

             Teerawan     Rattanapak     ,     Camilla     Foged     , and     Sarah     Hook    

18.1            Introduction 

 Vaccination is regarded as the most cost-effective approach for controlling 
 infectious disease (Coudeville et al.  2005 ). 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 (Miller and 
Pisani  1999 ; Aylward et al.  1995 ). As a consequence, needle-free immunization has 
been investigated and developed for the safety of the vaccinator, patient and com-
munity. Additionally, it is likely that compliance will be improved by decreasing or 
eliminating injection site pain (Brown et al.  2006 ). The non-invasive vaccination 
routes include oral, buccal, nasal, pulmonary, vaginal and topical routes. In this 
chapter vaccination via the skin, transcutaneous immunization will be reviewed.  

18.2     The Skin 

 The skin provides the fi rst barrier of protection against the invasion of pathogens 
into the body. The skin is composed of two main layers, the dermis and the epider-
mis, which are separated by the epidermal-dermal junction (Fig.  18.1 ). The dermis 
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is made up of connective tissue, collagen, glycosaminoglycans and elastin. 
The  dermis is a highly vascularized layer and provides the avascular upper layer, the 
epidermis, with nutrients. The epidermis is the most superfi cial layer of the skin 
consisting of keratinocytes and has a thickness of approximately 50–200 μm 
depending on the body region (Lambert and Laurent  2008 ).  

 The epidermis is divided into four different layers (Fig.  18.1 ). The stratum basale 
is a single layer of columnar basal cells which remain attached to the basement 
membrane. The cells begin to fl atten and elongate in the stratum spinosum and the 
cells have lost their nuclei in the stratum granulosum. The stratum granulosum pro-
duces and organizes keratin proteins and water-proofi ng lipids. The stratum cor-
neum (SC) is primarily composed of corneocytes (~90 %), which are fl attened, 
dead, keratin-fi lled cells. These cells are surrounded by a cell envelope consisting of 
an inner layer of cross-linked proteins (cornifi ed envelope proteins) and an outer 
layer of covalently bound lipid envelope (Menon  2002 ; Bouwstra et al.  2003 ; 
Proksch and Jensen  2008 ). 

 The SC resembles a brick wall. The corneocytes serve as the bricks and extracel-
lular lipids as the mortar (Michaels et al.  1975 ). 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 (Barry  2001 ).  
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  Fig. 18.1    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 taken with permission from Fuchs and 
Raghavan ( 2002 )       
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18.3     Immune Surveillance in the Skin 

 Different skin layers contain different types of immune cell. CD8 +  T-cells and 
Langerhans cells (LCs) are found in the epidermis (Krueger and Stingl  1989 ), while 
the dermis contains various immune cells including macrophages, mast cells, der-
mal dendritic cells (DDCs), CD4 +  T-cells, γδ T-cells and natural killer T (NK T) 
cells (Nestle et al.  2009 ). The two key antigen-presenting cell (APC) subsets in the 
skin are the LCs and DDCs. 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 (Glenn et al.  2003 ). 

18.3.1     Langerhans Cells 

 LCs were fi rst discovered by Paul Langerhans in 1868. LCs reside in the epidermis, 
where approximately 1,000 LCs are present per mm 2  (Flacher et al.  2010 ) of skin, 
equating to about 3–5 % of the total epidermal cells (Merad et al.  2008 ). LCs are 
surrounded by keratinocytes and the dendrites branching out from the LCs extend 
between individual keratinocytes (Pearton et al.  2010 ). Once activated, LCs disen-
gage from the surrounding keratinocytes and migrate across the epidermal/dermal 
junction to the local draining lymph node (Dearman et al.  2004 ). LCs can be identi-
fi ed by their unique physical characteristics (presence of many dendrites), their 
location, the presence of Birbeck granules and high levels of expression of the 
C-type lectin langerin (CD207) (Valladeau et al.  2000 ). 

 LCs have been speculated to be the fi rst APCs involved in capturing antigens 
delivered by transcutaneous immunization (TCI) due to their location in the epider-
mis. Kubo and colleagues ( 2009 ) found that LCs can extend their dendrites through 
tight junctions (TJ) and take up antigens via the dendrite tip. Romani et al. ( 2010 ) 
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 toll-like receptor (TLR) 2, 
TLR4, and TLR9 but lack TLR7 (Mitsui et al.  2004 ). 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. ( 2008 ) found LC activation was observed at the fl ank area but 
was absent in the ear. They suggested this was due to the SC in the fl ank 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 confl icting reports on the role of LCs in stimulating effector immune 
responses and they have been reported to have an immunoregulatory function. In 
mice specifi cally depleted of LCs, contact hypersensitivity (CHS) responses were 
signifi cantly augmented (Bobr et al.  2010 ). However in mice defi cient in CD207 +  
DDCs there was no difference in the CHS response (Honda et al.  2010 ). It can thus be 
concluded that LCs suppressed antigen-specifi c CHS responses (Bobr et al.  2010 ).  
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18.3.2     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-specifi c 
immune responses in the skin. Bursch et al. ( 2007b ) found that LCs were not acti-
vated after epicutaneous immunization with a combination of peptide vaccine and 
adjuvant whereas DDCs migrated and accumulated in the dermis beneath the immu-
nized 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 (Bursch et al. 
 2007a ). Skin DDCs can be categorized into two subsets based on the expression of 
CD207. The main population of DCs in the dermis are the CD207 -  DDCs (82.1 %) 
(Henri et al.  2010 ). Although LCs and CD207 +  DDCs both express CD207 and are 
possibly derived from the same monocyte precursor, they do not have the same 
function (Ginhoux et al.  2006 ). Several studies have shown that effi cient cross- 
presentation (Igyártó Botond et al.  2011 ) and activation of CD8 +  T-cells requires 
priming by CD207 +  DDCs (Elnekave et al.  2010 ; Henri et al.  2010 ; Stoecklinger 
et al.  2011 ). Stoecklinger et al. ( 2011 ) reported that following gene gun immuniza-
tion with plasmid DNA CD207 +  DDCs were critical for the activation and func-
tional differentiation of CD8 +  T-cells, but not for CD4 +  T-cell activation. In addition, 
the function of CD207 +  DDCs was specifi cally infl uenced by the nature of the anti-
gen 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.   

18.4     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 vac-
cine 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 (Singh and O’Hagan  2003 ). 
Additionally, the utilization of adjuvants might decrease in the amount of antigen 
required to induce immunity, thus reducing costs and helping to overcome antigen 
competition in combination vaccines (O’Hagan et al.  2001 ). 

 Adjuvants play a critical role in TCI. The most common adjuvants used for TCI 
are cholera toxin (CT) and heat-labile enterotoxin (LT) (O’Hagan et al.  2001 ; Glenn 
et al.  1999 ). Numerous studies have demonstrated that these mucosal adjuvants can 
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enhance immune responses without toxicity after topical application (Scharton- 
Kersten et al.  1999 ; Chen et al.  2002 ; Eyles et al.  2004 ; Skountzou et al.  2006 ). 
Recently, bacterial lipopolysaccharide (LPS) has become an attractive adjuvant for 
TCI. According to Kahlon and Dutz ( 2003 ), 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 (Madsen 
et al.  2009 ). Combining adjuvants that act through different pathways can be used 
to further optimize immune responses (Garçon et al.  2007 ).  

18.5     Transcutaneous Delivery Strategies 

 There are three possible pathways for compounds to penetrate into skin; the intra-
cellular, the intercellular and the appendageal routes. 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 (Sznitowska et al. 
 1998 ). The intercellular pathway is where the compounds can penetrate into the 
skin through the extracellular lipids, fatty acids and cellular fl uids, 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 (Bolzinger et al.  2012 ). This route is of interest for nanoparticle delivery 
into the skin as the appendages can also act as a depot for particles from which drug 
can be slowly released (Liu et al.  2011 ; Morgen et al.  2011 ; Patzelt et al.  2011 ). 
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 (Otberg et al.  2004 ). For larger molecules such as peptide and pro-
teins, transcutaneous delivery is a challenge as even if minimal CD4 and CD8 pep-
tides 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 states that mole-
cules with a molecular weight above 500 Da cannot cross the skin barrier (Bos and 
Meinardi  2000 ). Moreover, peptides and proteins are mostly hydrophilic com-
pounds 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.

  
J

DK c

h
=
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where  J  is the fl ux per unit area and per unit time,  D  is the diffusion coeffi cient,  K  
is the skin-vehicle partition coeffi cient,  Δc  is the concentration difference across the 
skin and  h  is the length of the diffusion path. 

 The major obstacle for TCI is therefore penetration of the vaccine antigen 
 (peptide, protein and DNA) through the densely packed and highly conformation-
ally ordered corneocytes of the SC. As a result, diffusion through the SC can be 
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described as the rate limiting step for TCI (Michaels et al.  1975 ). Several approaches 
have been investigated to enhance skin penetration. These include both chemical 
and physical methods that, in general, work by temporarily reducing or disrupting 
the skin barrier and/or by providing a mechanism for actively driving the vaccine 
into the skin. These methods do not need to be utilized in isolation and there may be 
advantages or synergies to using combined approaches, for example Rattanapak 
et al. reported that using a physical penetration enhancer (microneedles) in combi-
nation with a lipid-based colloidal system (cubosomes) improved vaccine retention 
in the skin (Rattanapak et al.  2013 ). 

18.5.1     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 addi-
tion, chemical enhancers increase the partitioning of drugs resulting in an increased 
diffusion rate (Hadgraft and Walters  1992 ; Parhi et al.  2012 ). The most commonly 
used penetration enhancers are alcohols (Morimoto et al.  2002 ), propylene glycol 
(Díez-Sales et al.  2005 ) and surfactants such as polysorbate (Akhtar  2011 ). 

 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 signifi cantly increase drug 
permeation through the skin (Obata et al.  1993 ; Morimoto et al.  2002 ; Kobayashi 
et al.  1994 ). Ethanol enhances skin permeation and penetration by decreasing skin 
polarity (Kobayashi et al.  1994 ) and solubilizing the lipid components of the SC 
(Kai et al.  1990 ). Due to the concentration-dependent effect of ethanol on skin per-
meation enhancement, ethanol has been described by Heard et al. ( 2006 ) as having 
a so-called “pull” or “drag” effect. 

 Propylene glycol (PG) is regularly used in the cosmetics industry as a penetra-
tion enhancer. The skin penetration enhancement is due to hydrogen bonding with 
keratin (Takeuchi et al.  1992 ) and interactions with the polar head groups of the 
lipid bilayers (Bouwstra et al.  1991 ). Consequently, the structure of the SC is disor-
dered and drug penetration into the skin is increased. Díez-Sales et al. ( 2005 ) 
reported the enhancing effect of PG on acyclovir penetration through human epider-
mis. Adding 50 % PG to a carbopol gel formulation increased drug permeation as 
compared to the unmodifi ed gel (Díez-Sales et al.  2005 ). 

 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 (Lampe et al.  1983 ). However, the effi -
ciency of the surfactant action is directly proportional to the amount of skin irrita-
tion induced. Thus, non-ionic surfactants are extensively incorporated into topical 
formulations due to their non-toxic properties. A mechanism for skin penetration 
enhancement by non-ionic surfactants proposed by Nokhodchi et al. ( 2003 ) is that 
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the surfactant molecules may fl uidize 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 modifi es the intercellular lipid lamellae in the SC and the hydro-
philic part disrupts protein domains of the corneocytes (Shokri et al.  2001 ). Akhtar 
( 2011 ) 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.  

18.5.2     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 ( 1980 ). These authors suggested 
that intact liposomes were able to penetrate into skin. This investigation brought 
about numerous studies on vesicles for skin delivery (Fang et al.  2008a ; Deshmukh 
et al.  2008 ; Lopes et al.  2007 ). 

18.5.2.1     Liposomes 

 Liposomes are spherical phospholipid vesicles (see Chap.   5    ). They self-assemble 
spontaneously into bilayered structures containing an inner aqueous cavity (Castro 
and Ferreira  2008 ). Liposomes can be classifi ed into three categories according to 
vesicle size and the number of lipid bilayers (Torchilin  1996 ). Vesicles with sizes in 
the range of 500–5,000 nm with several lipid bilayers are categorized as multilamel-
lar vesicles (MLVs). Large unilamellar vesicles (LUVs) are liposomes 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 
(SUVs). Multilamellar liposomes can be reduced to LUVs or SUVs by extrusion 
through stacks of fi lters. 

 Phospholipids are biocompatible and biodegradable and these properties make 
liposomes a safe system, able to be used in the pharmaceutical fi eld (Cosco et al. 
 2008 ). Liposomes can prevent the degradation of antigens resulting in prolonged 
primary activation of T-cells in vivo (Combadiere and Mahe  2008 ). Many studies 
have investigated the ability of liposomes to act as an immunological adjuvant and 
delivery system for subunit vaccines (Davidsen et al.  2005 ; Brunel et al.  1999 ; 
Holten-Andersen et al.  2004 ). 

 The ability of liposomes to increase transdermal drug delivery (as compared with 
non-vesicle formulations such as aqueous solutions, hydro-gels and creams) has 
been proposed to be due to the ability of vesicular systems to enhance drug penetra-
tion (Betz et al.  2005 ), improve pharmacological properties (Sharma et al.  1994 ), 
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control drug release (Fang et al.  2004 ) and serve as a photoprotection system for 
drugs (Arsic and Vuleta  1999 ). The penetration enhancement mechanism of lipo-
somes is thought to be through disruption of the stratum corneum. Liposomes 
remain on the exterior of the skin, mixing with and fl uidizing skin lipids thus disor-
dering and loosening the SC resulting in improved drug penetration (El Maghraby 
et al.  2008 ). 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.  

18.5.2.2     Transfersomes 

 Transfersomes, a more recent class of modifi ed liposomes, was fi rst reported by 
Cevc and Blume ( 1992 ) and are variously described as deformable, highly deform-
able, elastic or ultra-fl exible liposomes or vesicles (Benson  2006 ). They are claimed 
to improve in vitro transdermal delivery of 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 destabilization (Dubey et al.  2007 ). Edge activators commonly used are 
single chain surfactants such as sodium cholate (Boinpally et al.  2003 ) and tween 80 
(Akhtar  2011 ). Transfersomes are claimed to be able to squeeze through conduits 
one-tenth the diameter of the vesicles, allowing them to spontaneously penetrate the 
stratum corneum (Cevc  1996 ). Moreover, Cevc and Blume ( 1992 ) 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 dehy-
drated 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 (Cevc et al. 
 2002 ). 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 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 (Cevc et al.  2008 ). 

 Topical delivery of peptides and proteins by transfersomes has been extensively 
investigated (Mishra et al.  2006 ). Transfersomes have been reported to improve 
 vaccine entrapment effi ciency, skin retention and penetration across the SC as com-
pared to traditional vesicles (Paul et al.  1998 ). More robust immune responses were 
induced by antigen-loaded transfersomes compared with those induced by antigen- 
loaded liposomes and vaccine solutions (Li et al.  2011 ). Mishra ( 2010 ) reported that 
hepatitis B surface antigen (HBsAg)-loaded transfersomes triggered improved 
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antigen- specifi c systemic and mucosal responses against HBsAg in vivo as com-
pared to other formulations including a physical mixture of transfersomes and 
HBsAg, HBsAg solution and intramuscularly administered alum-adsorbed HBsAg.  

18.5.2.3     Ethosomes 

 Ethosomes have also shown potential for TCI. The effi cacy and safety of ethosomal 
formulations has been convincingly demonstrated as compared to other transcuta-
neous carriers such as gels (Ainbinder and Touitou  2005 ), patches (Touitou et al. 
 2001 ) and conventional liposomes (Fang et al.  2008b ). Ethosomes were fi rst devel-
oped by Touitou and colleagues ( 2000 ). They are vesicles composed of phospho-
lipid hydrated in water with a high ethanol concentration (up to 45 %). Some of the 
physical characteristics of ethosomes are their softness, fl exibility and deformabil-
ity. An additional characteristic of ethosomes is their multilayered structure, which 
is expected to increase drug entrapment, resulting in improved therapeutic effi cacy. 
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 (Verma and Pathak  2010 ). According to 
Ogiso et al. ( 2001 ), the penetration rate of melatonin entrapped in negatively 
charged liposomes across the skin was higher than that of positively charged 
liposomes. 

 Touitou et al. ( 2000 ) developed a model to describe how ethosomes facilitate 
penetration. They proposed that 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 fl uidity 
and membrane permeability. Then ethosomal vesicles, which are fl exible 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. Dayan and Touitou ( 2000 ) 
reported that ethosomes signifi cantly increased the depth of penetration of a fl uo-
rescent 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- infl ammatory effect of this drug as compared to ethanolic or 
aqueous solutions (Paolino et al.  2005 ). The immune enhancing abilities of etho-
somes have also been reported. Mishra et al. ( 2010 ) reported enhanced antigen 
uptake by human DCs incubated with HBsAg-loaded ethosomes and the subse-
quent triggering of an effi cient 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 transfersomes require organic solvents for 
 dissolving the lipid phase, which may be a problem if these formulations contain 
residual solvents.  
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18.5.2.4     Cubosomes 

 Cubosomes are colloidal dispersions of the bicontinuous cubic liquid crystalline 
phase (see Chap.   7    ) and they possess the same microstructure as the parent cubic 
phase. Cubosomes have a signifi cantly 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. 

 Variable entrapment and release of active pharmaceutical ingredient (API) from 
cubosomes has been reported and it has been suggested that this is due to the size of 
the API and any interactions occurring between the API and the cubosomes. Boyd 
(Boyd  2003 ) reported that release from bulk cubic phases was driven by simple dif-
fusion resulting in the burst release of a small lipophilic drug. However, drug release 
from cubosomes is possibly infl uenced by the molecular weight of the drug. Rizwan 
et al. ( 2009 ) reported high entrapment and retarded release of the model protein 
ovalbumin (MW ~45,000 Da) from cubosomes. These particles have also been 
reported to act as an effective vaccine delivery system with increased interferon 
(IFN)-γ production in animals vaccinated subcutaneously with cubosomes contain-
ing ovalbumin and QA as compared to control groups (Gordon et al.  2012 ). 

 Cubosomes have been utilized as transdermal drug carriers. The penetration of 
hinokitiol, a hair growth promotion agent, was increased upon formulation into 
cubosomes (Kwon and Kim  2010 ). It has been reported that the penetration enhanc-
ing 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 
(Norlen and Al-Amoudi  2004 ; Esposito et al.  2005 ). Bender et al. ( 2008 ) visualized 
skin penetration of a fl uorescence hydrophilic model drug formulated in cubic phase 
monoolein using two-photon microscopy and found high fl uorescence intensity in 
micro-fi ssures and in a three-dimensional network of thin threads in the skin.   

18.5.3     Other Delivery Systems 

 In addition to the lipid-based delivery systems, polymer-based delivery systems and 
virus-like particles (VLPs) have been investigated for transdermal delivery, although 
with variable success. Encapsulation of antigen in negatively charged poly(lactic 
acid) (PLA) nanoparticles did not enhance antigen delivery when applied on intact 
skin (Mattheolabakis et al.  2010 ). The nanoparticles were detected in the duct of the 
hair follicles indicating that the nanoparticles can penetrate the skin barrier through 
the hair follicles. However, when combining the microneedle approach (see below) 
with antigen-loaded PLGA nanoparticles, Zaric et al. observed effi cient antitumour 
and antiviral immune responses upon transcutaneous vaccination (Zaric et al.  2013 ). 
In contrast, smaller VLPs (40 nm) adjuvanted with CpG were able to induce antigen- 
specifi c immune responses in mice characterized by high levels of IFN-ɣ and IgG1 
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(Young et al.  2006 ). Mittal et al. delivered ovalbumin-containing negatively charged 
poly(lactide-co-glycolide) (PLGA) or positively charged chitosan-coated PLGA 
nanoparticles to APCs in hair follicles, without any disruption of the skin (Mittal 
et al.  2013 ). Both formulations improved the delivery effi ciency of ovalbumin into 
the hair follicles on excised pig ears by a factor of 2–3 compared to an ovalbumin 
solution, but it remains to be investigated if this improved delivery results in 
enhanced immune responses. 

 Slutter et al. compared different vaccine delivery systems for intradermal admin-
istration and found that N-trimethyl chitosan (TMC) nanoparticles were more effec-
tive carriers than PLGA nanoparticles (Slutter et al.  2010 ), positively charged 
liposomes (Slütter et al.  2011 ) and chitosan nanoparticles (Slütter et al.  2009 ). Bal 
et al. applied TMC nanoparticles loaded with diphtheria toxoid on skin pre-treated 
with microneedles to overcome the skin barrier (Bal et al.  2010a ). After 1 hour of 
application of the nanoparticles, there was no enhancement of the immune response 
compared to a diphtheria toxoid solution. However, the authors suggest that TMC 
nanoparticle diffusion might be an important limiting factor for potency in TCI 
since the nanoparticles were more effi cient in potentiating the immune response 
than a diphtheria toxoid solution when utilizing longer application times (Bal et al. 
 2010b ). 

 Co-encapsulation of additional immunopotentiators with the ovalbumin antigen 
into TMC nanoparticles further improved the immunogenicity of the vaccine, since 
after intradermal vaccination, ovalbumin-loaded TMC nanoparticles modifi ed with 
CpG and LPS provoked higher IgG titres than plain ovalbumin-loaded TMC 
nanoparticles (Bal et al.  2012 ). The potential of TMC as adjuvant was further 
increased by conjugating the antigen to the polymer, thereby creating a smaller unit 
(Slütter et al.  2010 ). Bal et al. found that TMC-ovalbumin conjugates were more 
immunogenic than physical mixtures of TMC and ovalbumin and ovalbumin-loaded 
nanoparticles after transcutaneous administration, likely because they penetrate the 
skin more easily than nanoparticles and consequently are better delivered to DCs 
(Bal et al.  2011 ). Size, choice of immunopotentiator and the use of combination 
approaches incorporating physical disruption of the SC thus play an important role 
for transcutaneous immunization.  

18.5.4     Microneedle Arrays 

 Microneedle (MCN) arrays are novel drug delivery devices for percutaneous admin-
istration of bioactives developed in the 1970s by Gerstel and Place ( 1976 ). MCNs 
are breakthrough systems facilitating transdermal delivery by transiently and physi-
cally disrupting the SC and creating micron-sized pores. MCNs are attractive deliv-
ery devices because they allow painless drug delivery (Kaushik et al.  2001 ). 
Although, the length of the needles can be up to 1,000 μm and are likely to penetrate 
into the superfi cial dermis where pain receptors are located, the micron-sizes of 
needles reduce the chances of encountering and stimulating nerves (Prausnitz  2004 ). 
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MCNs have great market potential due to their low manufacturing and product dis-
tribution costs and the fact that they are easy to use do not require vaccine- 
administration expertize (Birchall et al.  2011 ). 

18.5.4.1     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 (Fig.  18.2 ).  

   Solid MCNs: “Poke and Patch” 

 The “poke and patch” approach is to utilize MCNs to create micro-channels and 
then apply vaccine patches or formulations to the skin. Drugs penetrate into the skin 
via simple diffusion (McAllister et al.  2003 ). Solid MCNs were fi rst used to enhance 
calcein permeation (Henry et al.  1999 ). Multiple studies have since reported the use 
of MCNs to enhance skin permeability, including studies using solid MCNs to 
transport recombinant virus (Carey et al.  2011 ; Hirschberg et al.  2012 ) and protein 
(Kumar et al.  2011 ; Ding et al.  2011 ) vaccines into the skin. Needles can be pre-
pared 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 (Donnelly et al.  2011 ) and polyetherimide (You et al. 
 2010 ). Their mechanical strength reduces the risk of needle breakage in the skin 
(Park et al.  2005 ).  

  Fig. 18.2    Types of MCNs used for transdermal drug delivery. Adapted from Kim et al. ( 2012b )       
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   Solid MCNs: “Coat and Poke” 

 The “coat and poke” approach is similar to the fi rst 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 (Kim et al.  2010 ). 
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 fabri-
cates groove-embedded MCNs (Han et al.  2009 ). An issue encountered with coated 
MCNs is loss of vaccine immunogenicity (Kim et al.  2011 ) and the use of stabilizers 
such as trehalose is essential to prevent this occurring (Kim et al.  2010 ).  

   Dissolving MCNs 

 Dissolving MCNs were developed due to environmental contamination issues aris-
ing upon improper disposal of used solid MCNs (Kim et al.  2012a ). Dissolving 
MCNs are made from biodegradable materials such as polymers (Sullivan et al. 
 2008 ; Lee et al.  2008 ) and sugars (Lee et al.  2011 ; Martin et al.  2012 ) which dis-
solve upon exposure to intracellular fl uids in the skin. Vaccines entrapped in the 
polymer matrix release into the skin after matrix degradation. Additionally, dissolv-
ing MCNs containing entrapped nanoparticles have been developed as complex 
controlled-release drug delivery devices (Kang et al.  2006 ).  

   Hollow MCNs 

 Hollow MCNs utilize the same mechanism of action as that used for traditional 
needle injection. Liquid vaccine formulations are transferred into the skin by active 
fl uid fl ow or pressure-driven fl ow. Hollow MCNs are generally used with syringes 
and existing vaccine formulations but the injection rate through hollow MCNs is 
faster than subcutaneous injection (Burton et al.  2011 ). BD Soluvia™ and the 
MicronJet Needle (NanoPass) are examples of commercial hollow MCNs in the 
market.    

18.5.5     Laserporation 

 Lasers have been used in medicine since the 1980s to remove or destroy tissue. 
Much work has focused on developing technologies that can be accurately targeted 
and have reduced heating and damage of surrounding tissue (Scheiblhofer et al. 
 2013 ). Ablative fractional laser (AFL) technologies are now available which can 
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generate a predefi ned pattern of micropores. A proposed advantage of AFL over 
other penetration enhancing technologies includes the degree of precision possible 
with laser technologies in the creation of the size and depth of microchannels which 
heal quickly to maintain skin integrity. Re-epithelialization of channels 71 μm wide 
and 40 μm deep was reported to occur within 24 h (Chen et al.  2012 ). The 
P.L.E.A.S.E. ®  (Precise Laser Epidermal System) technology uses a diode-pumped 
Er:YAG laser to painlessly create several hundred micropores with a typical diam-
eter of 100–150 μm at a targeted depth sequentially in only a few seconds in an area 
with a diameter of approximately 3 cm (Yu et al.  2011 ). Studies using this technol-
ogy have demonstrated the induction of both T- and B-cell responses that appear to 
be dependent upon antigen presentation by langerin negative DCs (Weiss et al. 
 2012 ). Interestingly laserporation has been reported to bias responses towards a Th2 
phenotype; however this appears to be at least partially dependent upon the layer of 
skin targeted and could be modifi ed through the inclusion of adjuvants into the vac-
cine (Weiss et al.  2012 ). As well as being used for TCI, laserporation can also be 
used to improve immune responses to vaccines delivered intramuscularly (Zeira 
et al.  2003 ) and intradermally (Zeira et al.  2007 ).  

18.5.6     Other Emerging Technologies 

 Many different technologies are being investigated for the delivery of drugs into and 
through the skin. This includes the use of technologies such as electroporation, 
iontophoresis, sonoporation and jet injection (reviewed in Gratieri et al.  2013 ). Less 
work has been done utilizing these systems for vaccine delivery. However electro-
poration has been utilized for the delivery of DNA vaccines in to a variety of animal 
species including non-human primates. Laddy et al. compared immune responses to 
vaccination with an avian infl uenza DNA vaccine delivered either intramuscularly 
(i.m.) or intradermally (i.d.) using electroporation to macaques (Laddy et al.  2009 ). 
They found that while i.m. immunization induced superior antibody responses i.d. 
immunization provided better protection, suggesting the importance of cellular 
immunity in protection against this infection. Electroporation has also been used in 
combination with intradermal jet injection (whereby a CO 2 -propelled needle-free 
device injects vaccine as a liquid stream into skin) in mice to deliver high doses of 
plasmid DNA (Hallengard et al.  2012 ).   

18.6     Conclusions 

 The importance of being able to deliver vaccines without needles in a simple 
 manner that does not require medical personnel or expensive or technical equip-
ment should not be underestimated. While much of the research here is still in the 
early stages it is easy to imagine such vaccines being available in the future. 
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However research still needs to be done to develop formulations that effi ciently 
activate the most relevant populations of APCs and induce the appropriate immune 
response. Such research will require multidisciplinary research teams including 
immunologists and pharmaceutical scientists.     
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