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Summary 

In order to exploit the transdermal route for systemic delivery of a wide range of 

drug molecules, including peptide/protein molecules, a means of overcoming the 

excellent barrier properties of the uppermost layer of the skin, the stratum corneum 

must be sought. It has recently been suggested that a combination of microneedle 

(MN) and iontophoresis (ITP) technologies may broaden the range of 

macromolecules that may be successfully delivered across the skin, with the added 

benefit of precise electronic control over the rate of transdermal drug delivery. MNs 

are micron scale devices, up to 1.5 mm in length, that physically disrupt the stratum 

corneum and thus may be used to create aqueous pathways for the electrically 

facilitated transport of a variety of molecules across the skin. 

The present study was designed to identify the most suitable polymeric MN 

array design for use as an electrically responsive device capable of providing both 

sustained and on-demand percutaneous drug delivery both in vitro and in vivo. 

Soluble MN arrays loaded with a range of small to large molecules were 

fabricated from aqueous blends of 20% w/w poly(methyl vinyl ether co maleic acid) 

(PMVE/MA). Novel hydrogel forming MN arrays were fabricated from aqueous 

blends containing 15% w/w PMVEIMA and 7.5% w/w poly(ethyleneglycol) (PEG, 

Mw = 10 kDa). MN arrays were fabricated in a laser-engineered micro-moulding 

process. Hydrogel MN arrays were integrated with drug loaded reservoir patches. 

Whilst the combination of ITP with both polymeric MN systems led to 

enhanced transdermal delivery of all drug molecules investigated in vitro, the 

electro-responsive nature of the hydrogel forming MN arrays enabled the sustained 

passive delivery and the electrically stimulated bolus delivery of the proteins insulin 

and bovine serum albumin in vivo. As such, this system may have great potential for 

the pulsatile transdermal delivery of therapeutic peptide/protein agents. 
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Chapter 1: Introduction 

l.Introduction 

The skin is an appealing site for systemic delivery of active pharmaceutical 

ingredients (APl's) (Banga., 2006; Gupta and Sharma, 2009). The transdermal route 

offers certain advantages among other non-invasive routes of drug delivery, such as, 

avoidance of first pass-hepatic metabolism and potential for continuous drug 

administration. Despite this, to date, there are only around 35 transdermal products 

that have been currently approved (Tanner and Marks, 2008). In particular, all of the 

active substances delivered via these transdermal products share the common 

characteristics of being potent, small « 500 Da), moderately lipophilic molecules 

and requiring relatively low doses (typically < 10mg per day) (Coulman et al., 2006). 

This is due to the excellent barrier properties of the uppermost layer of the skin, the 

stratum corneum (SC), which is the principal barrier to drug penetration (Wiechers., 

1989). In order to exploit the transdermal route for systemic delivery of a wider 

range of drug molecules, including peptide/protein molecules and genetic material, a 

means of disrupting the barrier properties of the skin must be sought. Therefore, a 

number of approaches have been proposed to overcome the se barrier and to 

enhance the transdermal transport of macromolecular therapeutics. Conventional 

transdermal delivery strategies, well established for small molecules, are focused on 

optimisation of drug formulation. As far as peptide/protein drugs are concerned, 

synthesis of more lipophilic analogues, inclusion of penetration enhancers and 

proteolytic enzymes inhibitors or encapsulation of macromolecules in vesicles, falls 

into the formulation optimisation category. However, as this approach does not 

significantly disrupt the skin barrier, its application might be limited to only small 

peptides. Other transdermal enhancement technologies rely on circumventIng the 

skin barrier by means of application of physical energy, such as an electrical current 

or ultrasound, or by physical penetration of the se and, finally, by controlled 

removal of the se so that permeation of drug molecules could be increased (Figure 

1.1). 
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Figure 1.1 Approaches aiming at facilitation of drug transport across the skin. Adapted from Arora et 
al. (2008). 

1.1 Genesis of Transdermal Drug Delivery 

The administration of chemical agents to the skin surface has long been practised, 

whether for healing, protective or cosmetic reasons. Historically, the skin was 

thought to be totally impervious to exogenous chemicals (Scheuplein and Blank, 

1971). Thus, topical drug therapy typically involved the localised administration of 

medicinal formulations to the skin, generally when the skin surface was breached by 

disease or infection and a route of drug absorption into the deeper cutaneous layers 

was consequently open. However, once it was understood that the skin was a semi

permeable membrane rather than a totally impermeable barrier, new possibilities 

arose for the use of this route as a portal for systemic drug absorption. 

In the early twentieth century it was recognised that more lipophilic agents 

had increased skin permeability. The barrier properties of the skin were attributed 

specifically to the outermost layers in 1919 (Smith et al., 1919). Scheuplein and co

workers thoroughly investigated skin permeability to a wide range of substances in 

vitro (Scheuplein, 1967). They modelled skin as a 3-layer laminate of stratum 

2 



Chapter 1: Introduction 

corneum, epidennis and dennis, with drug penneation driven by Fickian diffusion. 

By digesting the epidennallayer, the stratum corneum was separated from the lower 

layers of the skin and was detennined to be the principal barrier to drug absorption. 

Transdennal drug delivery refers to the delivery of the drug across intact, healthy 

skin and into the systemic circulation. The diffusive process by which this is 

achieved is known as percutaneous absorption. Thus, classical topical fonnulations 

can be distinguished from those intended for transdennal drug delivery in that, whilst 

the fonner are generally applied to a broken, diseased or damaged integument, the 

latter are used exclusively on healthy skin where the barrier function is intact. 

It is, indeed, fortuitous for all of us that the skin is a self-repairing organ. This 

ability, together with the barrier protective properties associated with the integument, 

is a direct function of skin anatomy. Therefore, in order to develop an effective 

approach to transdennal drug delivery, it is necessary to be aware of how skin 

anatomy restricts the percutaneous absorption of exogenously applied chemicals. So 

effective is the skin as a barrier to the external environment that, even now, the 

majority of licensed preparations applied to the skin are aimed at delivering the drug 

for a local, rather than a systemic, action. 

1.2 Skin Anatomy 

As the largest, and one of the most complex organs in the human body, the skin is 

designed to carry out a wide range of functions (Chuong et al., 2002). Thus, the skin 

fonns a complex membrane with a non-homogenous structure (Figure 1.2). It 

cont~ins and protects the internal body organs and fluids, and exercises 

environmental control over the body in respect of temperature and, to some extent, 

humidity. In addition, the sk~n is a communicating organ, relaying the sensations of 

heat, cold, touch, pressure and pain to the central nervous system. 

3 
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Figure 1.2 Diagrammatic representation of the major features of the skin anatomy. 

1.2.1 The epidermis 

The multilayered nature of human skin can be resolved into three distinct layers. 

These are the outermost layer, the epidermis, beneath which lies the much larger 

dermis and, finally, the deepest layer, the subcutis. The epidermis (Figure 1.3), 

which is essentially a stratified epithelium, lies directly above the dermo-epidermal 

junction. This provides mechanical support for the epidermis and anchors it to the 

underlying dermis. The junction itself is a complex glycoprotein structure about 50 

nm thick (Claudy., 1986). 
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Figure 1.3 (A) Layers of the epidermis (1: stratum germinativum, 2: stratum spinosum, 3: stratum 
granulosum, 4: stratum lucidum, 5: stratum corneum). Hematoxylin and eosin stain, x 100 
magnification. (Adapted from: http://www.sci.u-szeged.hulzoolcelllhisto/hamlham4.htrnl) (B) 
Diagrammatical representation of the epidermis (Williams, 2003). 

Directly above the undulating ridges of the dermo-epidermal junction lies the 

basal layer of the epidermis, the stratum germinativum. This layer is single-cell in 

thickness with colwnnar-to-oval shaped cells, which are actively undergoing mitosis. 

As the name implies, the stratum germinativum generates replacement cells to 

counterbalance the constant shedding of dead cells from the skin surface. In certain 

disease states, such as psoriasis, the rate of mitosis in this layer is substantially raised 

in order to compensate for a diminished epidermal barrier, the epidermal turnover 

time being as fast as four days. As the cells of the basal layer gradually move 

upwards through the epidermis, they undergo rapid differentiation, becoming 

flattened and granular. The ability to divide by mitosis is lost. Directly above the 

stratum germinativum is a layer, several cells in thickness, in which the cells are 

irregular and polyhedral in shape. This layer is the stratum spinosum, and each cell 

has distinct spines or prickles protruding from the surface in all directions. Although 

they do not undergo mitosis, the cells of this layer are metabolically active. The 

prickles of adjacent cells interconnect via desmosomes or intercellular bridges. The 

increased structural rigidity produced by this arrangement increases the resistance of 

the skin to abrasion. 

As the epidermal cells migrate upwards towards the skin surface they become 

flatter and more granular in appearance, forming the next epidermal layer the stratum 
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granulosum, consisting of a few layers of granular cells. Their appearance is due to 

the actively metabolising cells producing granular protein aggregates of keratohyalin, 

a precursor of keratin (Reaven and Cox, 1965). As cells migrate through the stratum 

granulosum, cell organelles undergo intracellular digestion and disappear. The cells 

of the stratum granulosum die due to degeneration of the cell nuclei and metabolic 

activity ceases towards the top of this layer. A further differentiation of cells above 

the stratum granulosum can be seen in sections taken from thick skin, such as on the 

palm of the hand or the sole of the foot. This distinct layer of cells, which is now 

substantially removed from nutrients supplied via the dermal circulation, is the 

stratum lucidum. The cells of this layer are elongated, translucent and anuclear. 

1.2.2 The stratum corneum 

The stratum corneum, or horny layer, is the outermost layer of the epidermis, and 

thus the skin. It has now well accepted that this layer constitutes the principal barrier 

for penetration of most drugs (Wiechers, 1989). The horny layer represents the final 

stage of epidermal cell differentiation. The thickness of this layer is typically 10 /lm, 

but a number of factors, including the degree of hydration and skin location, 

influence this. For example, the stratum corneum on the palms and soles can be, on 

average, 400-600 /lm thick (Wiechers, 1989) whilst hydration can result in a 4-fold 

increase in thickness (Michaels, 1975). 

The stratum corneum consists of 10-25 rows of dead keratinocytes, now 

called corneocytes, embedded in the secreted lipids from lamellar bodies (Wiechers, 

1989) The corneocytes are flattened, elongated, dead cells, lacking nuclei and other 

organelles (Benson, 2005). The cells' are joined together by desmosomes, 

maintaining the cohesiveness of this layer (Menon, 2002). The heterogeneous 

structure of the stratum corneum is composed of approximately 75-80% protein, 

5-15% lipid and 5-10% other substances on a dry weight basis (Williams and Barry, 

2004). 

The majority of protein present in the stratum corneum is keratin and is 

located within the corneocytes (Williams and Barry, 2004). The keratins are a family 

of a-helical polypeptides. Individual molecules aggregate to form filaments (7-10 
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run diameter and many microns in length) that are stabilised by insoluble disulphide 

bridges. These filaments are thought to be responsible for the hexagonal shape of the 

corneocyte and provide mechanical strength for the stratum corneum (J ensen and 

Proksch, 2009). Corneocytes possess a protein rich envelope around the periphery of 

the cell, formed from precursors, such as involucrin, loricrin and cornifin. 

Transglutaminases catalyse the formation of y-glutamyl cross-links between the 

envelope proteins that render the envelope resistant and highly insoluble. The 

protein envelope links the corneocyte to the surrounding lipid enriched matrix 

(Menon, 2002). 

The main lipids located in the stratum corneum are ceramides, fatty acids, 

cholesterol, cholesterol SUlphate and sterol/wax esters (Williams and Barry, 2004; 

Jensen and Proksch, 2009). These lipids are arranged in multiple bilayers called 

lamellae (Figure lA). Phospholipids are largely absent, a unique feature for a 

mammalian membrane. The ceramides are the largest group of lipids in the stratum 

corneum, accounting for approximately half of the total lipid mass (Asbill et al., 

2000), and are crucial to the lipid organisation of the stratum corneum (Menon, 

2002). 

mu. 'l4)mellar ordred 
lipid domains 

si «} of ction for lipld fluidising agents 
(chomical penetration enhancors) 

Figure 1.4 Arrangement of 1ipids in the stratum corneum. Adapted from Williams and Barry, 2004. 
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The bricks and mortar model of the stratum corneum (Figure 1.S) is a common 

representation of this layer (Michaels, 1975). The bricks correspond to parallel 

plates of dead keratinised corneocytes, and the mortar represents the continuous 

interstitial lipid matrix. It is important to note that the comeocytes are not actually 

brick shaped, but rather are polygonal, elongated and flat (0.2 - 1.S )lm thick and 

34.0 - 46.0 )lm in diameter) (Benson, 200S). The 'mortar' is not a homogenous 

matrix. Rather, lipids are arranged in the lamellar phase (alternating layers of water 

and lipid bilayers), with some of the lipid bilayers in the gel or crystalline state 

(Bouwstra et aI., 1991). The extracellular matrix is further complicated by the 

presence of intrinsic and extrinsic proteins, such as enzymes. The barrier properties 

of the stratum corneum have been assigned to the multiple lipid bilayers residing in 

the intercellular space. These bilayers prevent desiccation of the underlying tissues 

by inhibiting water loss and limit the penetration of substances from the external 

environment (Bouwstra et al., 1991). 

'bricks and 
mortar' of the 

stratum lipid matrix 

desmosome 

Figure 1.5 The 'bricks and mortar'representation of the stratum corneum with alternating lipid 
bilayers surrounding proteinaceous corneocytes (Williams, 2003). 

1.2.3 The Dermis 

This region, also known as the corium, underlies the dermo-epidermal junction and 

varies in thickness from 2 to 4 mm. Collagen, a fibrous protein, is the main 

component of the dermis and is responsible for the tensile strength of this layer. 

Elastin, also a fibrous protein, forms a network between the collagen bundles and is 

responsible for the elasticity of the skin and its resistance to external deforming 
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forces. These protein components are embedded in a gel composed largely of 

mucopolysaccharides. The skin appendages such as the sebaceous and sweat glands, 

together with hair follicles, penetrate this region. Since these open to the external 

environment they present a possible entry point into the skin. 

The dermis has a rich blood supply extending to within 0.2 mm of the skin surface 

and derived from the arterial and venous systems in the subcutaneous tissue. This 

blood supply consists of microscopic vessels and does not extend into the epidermis. 

Thus, a drug reaching the dermis through the epidermal barrier will be rapidly 

absorbed into the systemic circulation. 

1.2.4 Skin appendages 

The skin appendages comprise the hair follicles and associated sebaceous glands, 

together with the eccrine and apocrine glands. Hairs are formed from compacted 

plates of keratinocytes, with the hair shaft housed in a hair follicle formed as an 

epidermal invagination. Associated flask-like sebaceous glands are formed as 

epidermal outgrowths. The sebaceous gland secretes an oily material (sebum), which 

plays a role in lubricating the skin surface and maintaining skin pH around 5 (Singh 

and Singh, 1993). This mixture oflipids acts as a plasticiser for the stratum corneum 

and maintains an acid mantle of about pH 5 on the skin surface. Hairs can be 

pigmented or non-pigmented and can extend more than 3 mm into the hypodermis 

(Meidan, 2010). In humans, the skin density of these units varies with body region. 

For example, on the face, follicular openings can account for up to 10% of the 

surface area, whilst on other parts of the body, these orifices make up only 0.1 % of 

the surface area (Median, 2010). Thus, a transfollicular route may be important for 

certain veterinary transdermal drug delivery applications, where the hair folli~le 

density is much higher, but not in humans. 

The eccrine glands respond to increased temperature and stress by exuding a 

dilute salt solution (sweat), where its evaporation plays an important 

thermoregulatory role. The coiled and tubular eccrine gland is located in the dermal 

tissue, and is connected to a duct that ascends towards the surface. They are 

distributed throughout the body surface, with the hands and feet particularly 

concentrated (Singh and Singh, 1993). Humans have approximately 3-4 million 

eccrine glands on their skin, which produce as much as 3 litres of sweat per hour 
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(Tobin, 2006). The apocnne glands are found closer to the epidennal-dennal 

boundary and are associated with the axillae, and ano-genital regions (Singh and 

Singh, 1993). Apocrine ducts exit to the skin surface via the hair follicle (Tobin, 

2006). 

1.3 Routes to percutaneous drug absorption 

It is now well established that the stratum corneum is the principle barrier to the 

percutaneous absorption of exogenous substances, including drugs seeking to use the 

skin as a portal via transdennal drug delivery. There are three routes by which a 

drug can, in theory, breach the stratum corneum barrier, thus reaching viable tissue 

and, ultimately, the skin microcirculation (Figure 1.6). From here, entry is made into 

the systemic circulation to complete the drug absorption process. The available 

routes are trans-appendageal, via the hair follicles and sweat glands (sometimes 

referred to as the shunt route); transcellular, by diffusion through and across the 

corneocytes; intercellular, by diffusion through the ordered domains of intercellular 

skin lipids. The relative contributions of the pathways to the overall drug flux are 

governed by the physicochemical properties of the penneating molecule, the 

fractional area of the route and whether drug penneation is facilitated in any way by 

disruption of the skin barrier. 

10 
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Figure 1.6 Drug penetration pathways across skin. Image adapted from http://www.scf-
online.comlenglishl37 _ e/skinpenetration37 _ e.htrn. 

An elegant model for the percutaneous absorption of a topically applied drug has 

been proposed (Flynn, 1979) based on an analogy between the flow of electrons in an 

electrical circuit through series and parallel resistors, and the passive diffusional flow 

of a drug through the resistances offered by the various skin components. The 

current flow is driven by an electrical potential gradient whereas the diffusional drug 

flow, in contrast, is driven by a concentration gradient across the skin (Figure 1.7). 

11 



R2 

Chapter 1: Introduction 
--------_._--_._--

R3 

R1 veh icle resistance 
R2 append ageal resis1ance 
R3 stratum corneum resistance 
R4viable tiSsue resistance 

ooncen ttati:on 
gJ'adienl 

Figure 1.7 Series and parallel resistances to percutaneous penetration, Adapted from Flynn, 1979, 

Skin diffusional resistances can be thought of as the transepiderrnal and 

transappendageal routes, in parallel. The transepiderrnal resistance is essentially that 

offered by the stratum corneum. As with the ohmic magnitude of an electrical 

resistance, the chemical magnitude (R) of a membrane resistor with respect to drug 

diffusion through that membrane can be expressed as 

R = h/FDK (1.1) 

where h is the thickness of the resistor membrane, F is the fractional area of the route 

(where there is more than one pathway involved), D is the diffusion coefficient of the 

drug through that resistor (the ease of movement of the drug through the tissue) and 

K represents the capacity of a particular tissue for the drug (in effect, the partition 
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K represents the capacity of a particular tissue for the drug (in effect, the partition 

coefficient of the drug between one tissue phase and that immediately preceding it). 

It follows that the rate of skin penetration of a given drug is inversely proportional to 

the total diffusional resistance due to the various skin layers and components. 

The transepidermal route has a fractional area approaching unity. In the 

percutaneous absorption process the total diffusional resistance offered by this route 

would consist of the sum of resistances due to the stratum corneum, viable epidermis 

and dermis. However, any diffusional resistance due to the dermis is minimal 

compared to that of the stratum corneum and can be neglected. 

The stratum corneum is a narrow layer; hence the value ofh in (1.1) is small, thus 

tending to reduce the diffusional resistance of this layer. However, the main factor to 

consider is the densely packed, organised anatomical characteristics of this layer, 

ensuring that its overall resistance to chemical penetration is substantial, 

notwithstanding the reduced thickness of the homy layer compared to that of the 

viable epidermis. 

The transappendageal route has a very low fractional area (Scheuplein, 1979). 

Shunt diffusion of penetrants through the skin appendages appears to be of 

significance only during the initial phase following application of the drug. The 

higher diffusion coefficients through the appendages compared to the stratum 

corneum (Scheuplein, 1979) leads to an excess initial penetration via this route, with 

an exponential relationship to time compared to the linear time dependency of drug 

penetration that characterises the establishment of steady state diffusion. Thus, 

although the transappendageal route may be important initially, its small fractional 

area suggests that it is of no great significance in the overall percutaneous penetration 

of most topically applied drugs (Scheuplein, 1976). Given the tortuous nature of the, 

skin ducts and glands, and the upwards flow of material towards the skin surface 

opposing the downwards diffusion of an applied drug, it is not surprising that the 

shunt route is unimportant in steady state drug diffusion through the skin (Blank, 

1965). However, the initial build-up of drug achieved by rapid diffusion along the 

appendageal route, probably the hair follicles, prior to the establishment of steady 

state transepidermal diffusion, may explain the appearance of vasoactive phenomena 

associated with nicotinates (erythema) and steroids (skin blanching), both effects 

rapidly seen following topical administration of these agents (Stoughton, 1972). 
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Since the transappendageal route can be neglected as a major contributor to the 

overall penetration of non-electrolytes, the overall resistance to the drug reaching its 

target site of action can be seen as analogous to the flow of current through electrical 

resistors in series. Thus, the total resistance (R) of the skin to the percutaneous 

absorption of a diffusing molecule can be described by 

R= 
h 

Fsc Dsc Ksc 

h +---
Fe De Ke 

(1.2) 

where the denominator subscripts refer to the stratum corneum and viable epidermis 

respectively. 

The stratum corneum has been shown to have approximately 103 times greater 

resistance to water penetration than the dermis, and is thus even more resistant to the 

passage of polar solutes (Scheuplein, 1972). For non-polar lipophilic solutes the 

stratum corneum has a lower resistance than to the passage of water. Although the 

viable epidermis and the dermis are more resistant to the passage of non-polar 

compared to polar materials, as might reasonably be expected, this effect is relative 

and minimal, with only 4% of the total skin resistance being ascribed to these viable 

layers (Scheuplein, 1972). It is clear, therefore, that the passage of the drug through 

the stratum corneum is the rate-limiting step for the percutaneous absorption of both 

polar and non-polar molecules. The decreased resistance of the homy layer to 

lipophilic drugs dictates the use of lipophilic molecules for conventional transdermal 

delivery, i.e. where diffusion is driven by the drug concentration gradient across the 

barrier. 

Although numerous mathematical models are available to describe the process of 

percutaneous absorption, that proposed by Flynn and co-workers (Flynn et al., 1974) 

provides a good description of the overall process involved in the percutaneous 

absorption of a drug. Where that drug is a relatively low molecular weight, 

lipophilic molecule, the model can be considerably simplified. Thus, the resistance 

to drug penetration of the dermis can be neglected since it is minimal compared to 

that of the stratum corneum. The transappendageal route is largely insignificant, and 
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the resistance due to the viable epidermis is so small compared to that due to the 

stratum corneum that it approaches zero. Thus, the stratum corneum fractional area 

can, in this case, be taken as unity. When steady state diffusion of the drug across 

the stratum corneum barrier has been established, the amount of material passing 

through the barrier per unit area of vehicle coverage per unit time, i.e. the drug flux, 

J, is given by 

J = (DSCKSC/W) i1C 
hsc 

(1.3) 

where Ksc/w represents the partition coefficient between the stratum corneum and 

the formulation vehicle and DC is the drug concentration gradient across the stratum 

corneum, which, assuming sink conditions is the effective drug concentration in the 

vehicle. This equation, which is essentially Fick's first law for steady state (Brown 

and Langer, 1988) can be simplified to 

J = P (DC) (1.4) 

where P is the permeability coefficient of the drug through the skin. P is described 

by the term in brackets in (1.3). 

Equation (1.3) provides a guide to those factors that can be acted upon to maximise 

the efficiency of the percutaneous absorption of a drug through the stratum corneum 

barrier. Clearly, little can be done to reduce the value of h, the barrier thickness, 

unless an adhesive tape stripping technique was employed (Blank, 1965). The , 
barrier thickness may be reduced in the event of an existing clinical disease state but 

otherwise it may be regarded as a constant. 

The drug diffusivity in the stratum corneum, as measured by Dsc, is a 

physicochemical parameter of the chosen drug or drug combination. Although the 

barrier characteristics may be altered by the use of a chemical penetration enhancer 

(Wiechers and DeZeeuw, 1990), the relative values of Dsc for different drug 

molecules will retain their same comparative ranking. An increase in the value of 

Ksc/w, the vehicle/stratum corneum partition coefficient, therefore represents the 
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best available means to ensure that an adequate concentration of drug can penetrate 

through the stratum corneum barrier. In practice, therefore, a conventional approach 

to transdennal drug delivery via drug diffusion through the stratum corneum along a 

concentration gradient is highly dependent on the physicochemical properties of the 

drug, with some limited influence exerted by fonnulation factors. Hence, for water

soluble or large, particularly macromolecular, actives, other approaches are needed if 

the transdennal route is to be used to its full potential. 

1.4 Facilitated transdermal drug delivery 

Transdennal drug delivery has many advantages, including: 

controlled delivery, achieving a steady-state profile, thus reducing the 

likelihood of peak-associated side effects and ensuring that drug levels are 

above the minimal therapeutic concentration 

reduced dosing frequency, with one transdennal patch delivering drug from 

typically 24 to 72 hours 

avoidance of first pass metabolism 

non-invasive means of drug delivery, putting the patient in control (dosage 

fonn can be easily removed in the event of an adverse reaction) 

less susceptible to bioavailability issues compared to the oral route 

provides an alternative route when the patient is unable to take drugs orally 

However, the use of the route is severely limited by the restrictions imposed by the 

lipophilic stratum corneum barrier, such that only lipophilic drugs of relatively low 

molecular weight and reasonable potency (low dose) are suitable candidates for 

conventional transdennal delivery. Modulation of fonnulation excipients and 

addition of chemical enhancers can increase drug flux but not sufficiently to ensure 

delivery of pharmacologically effective concentration of drug. Therefore, several 

new active rate-controlled transdennal drug delivery technologies (electrically-based, 

structure-based, velocity-based, etc.) have been developed for the transdennal 

delivery of 'difficult' drugs (Kumar and Phi lip, 2007). This is particularly so, given 

the high economic value of the transdennal delivery market despite the relatively 

small number of actives (currently around 20) that can be delivered by the route 
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(Subedi et al., 2010). Broadly, facilitated delivery falls into two categories: 

technological (Aggarwal et al., 2009), of which microneedles and iontophoresis are 

good examples, and fonnulation approaches, most notably the focus on nanoscale 

delivery systems (Baroli, 2010). The following are some of the technologies 

presently being considered as aids to transdennal drug delivery. 

1.4.1 Cryopneumatic and photopneumatic technologies 

Novel approaches to facilitated transdennal delivery have recently been reported 

(Sun et al., 2010) using cryopneumatic technology and photopneumatic technology 

to enhance the penneation of the stratum corneum. Cryopneumatic technology 

produces micro-cracks at the skin surface by successively freezing and stretching the 

skin with vacuum suction. Photopneumatic technology combines stretching of the 

skin by vacuum suction with intense pulsed light. The enhancing effects of both 

methods were studied on ex vivo porcine skin and in vivo human skin models using 

fluorescent hydrophilic macromolecules as drug surrogates. This showed that the 

enhancing effect of cryopneumatic technology is due to drug penneation through the 

micro-cracks produced by freezing-stretching cycles, while photopneumatic 

technology could promote drug penneation through sweat glands. 

1.4.2 Sonophoresis (low-frequency ultrasound) 

The use of low-frequency ultrasound (Smith, 2008) for the transdennal delivery of 

drugs, referred to as low-frequency sonophoresis, has been shown to increase skin 

penneability to a wide range of therapeutic compounds, including both hydrophilic 

molecules and macromolecules (Polat et al., 2010). Recent research has 

demonstrated the feasibility of delivering proteins, honnones, vaccines, liposomes 

and other nanoparticles through treated skin. In vivo studies have also established 

that low-frequency sonophoresis can act as a physical immunisation adjuvant. 

Low-frequency ultrasound (frequencies below 100 KHz) has been used to 

enhance delivery of a range of low and high molecular weight drugs across the skin 

(Merino et al., 2003; Lavon and Kost, 2004). In vitro studies using human stratum 

corneum demonstrate enhanced transport (by several orders of magnitude) of the 

macromolecules insulin, interferon-y, and erythropoietin using low frequency 

ultrasound (Mitragotri et al., 1995). Park and collaborators (Park et al., 2007) 
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reported the use of a compact, lightweight low frequency transducer to enhance 

transdermal insulin delivery. The ultrasound-treated group showed a significant 

reduction in blood glucose, compared to control. The authors proposed that the 

device was capable of safely reducing blood glucose to within a normal range. 

In vitro and in vivo studies have demonstrated the efficacy of sonophoresis, 

with some studies reporting up to WOO-fold better penetration compared to simple 

topical application. However, challenges remain in terms of gaining a full 

understanding of how the technology operates and to fully evaluate its safety profile 

(Mitragotri, 2005). Singer et al. (1998) demonstrated that low-intensity ultrasound 

induced only minor skin reactions in dogs, but high-intensity ultrasound was capable 

of causing second-degree bums. 

1.4.3 Jet injection 

Jet (needless) injectors, either powder or liquid, are typically powered by a spring or 

by compressed gas. Transdermal powder delivery is where the therapeutic compound 

is formulated as a fine powder (20-100 Ilm diameter) and is accelerated III a 

supersonic flow of helium gas to penetrate the skin (Burkoth et al., 1999). The 

PMED@ (Pfizer) device, formerly known as PowderJect@, has been reported to 

successfully deliver, for example, vaccines (Roberts et aI., 2005; Dean and Chen, 

2004) and lidocaine (Wolf et al., 2002). Dry powder formulations are generally 

more stable than solutions and may negate the need for the 'cold chain' to be 

maintained when using vaccines, for example. This would be particularly 

advantageous for large-scale immunisation in developing countries with hot climates. 

Liquid jet injectors (Arora et al., 2007) consist of a power source , 
(compressed gas or spring), piston, drug-loaded compartment and a nozzle with 

orifice size typically ranging between 150 and 300 Ilm. Upon triggering the actuation 

mechanism, the power source pushes the piston that impacts the drug-loaded 

compartment, thereby leading to a quick increase in pressure (Mitragotri, 2006). This 

forces the drug solution through the nozzle orifice as a liquid jet with velocity 

ranging between 100 and 200 mls. 

It is claimed that needle-free injection has several potential benefits. The fear 

of needles can be avoided (Benedek et aI., 2005), specific skin strata can be targeted 
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and needle stick injuries avoided. However, dosing accuracy may vary due to skin 

variability between patients. The long-term side effects effects of high-speed 

particles or liquids on the skin are not known and some jet injection technologies 

have resulted in reports of adverse reactions (Houtzagers et al., 1988). 

1.4.4 Electroporation 

In contrast to iontophoresis, which uses small voltages «10 V), electroporation 

employs relatively high voltage pulses (10 -- 1000 V) for brief periods of time « a 

few hundred milliseconds). When applied to stratum corneum, pulses are thought to 

induce formation of aqueous pores in the lipid bilayers. The aqueous pores may 

facilitate drug transport by passive diffusion, electroosmosis or electromigration 

during the pulse. Transdermal delivery of charged molecules may be further 

enhanced by iontophoretic transport through the transfollicular pathway during 

pulsation (Sung et al., 2003). Most recently, a laser microporation technology has 

been described and successfully demonstrated ex vivo (Bachhav et al., 2010). 

1.4.5 Iontophoresis 

Perhaps the oldest method in use for facilitated transdermal delivery, this technique 

employs of a power source, terminating with a positive electrode (anode), and a 

negative electrode (cathode). Drug transport across the skin is facilitated by two 

primary mechanisms, electrorepulsion and electroosmosis. Using electrorepulsion, 

whereby, like charges repel each other, delivery of a positively charged drug can be 

achieved by dissolving the drug in a suitable vehicle in contact with an electrode of 

similar polarity (anode). Application of a small direct current (typically ~ 0.5 mA 

cm-2
), causes a positively charged drug to be repelled from the anode, and it is 

attracted towards to the oppositely charged electrode (cathode) (Barry, 2001). This 

process is termed anodal iontophoresis (Figure 1.8). Conversely, cathodal 

iontophoresis occurs when anions are repelled from the cathode towards the anode. 

Importantly, iontophoresis (ITP) is not only reserved for charged drugs. Delivery of 

neutral molecules, ranging from small molecules to large peptide/protein species, 

may also be enhanced through electroosmosis. At pH values above 4, the skin is 

negatively charged, due to ionisation of carboxylic acid groups within the membrane. 

It is known that the application of an electric potential across a "porous" (ion 
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exchange) membrane containing fixed charges results in bulk fluid movement in the 

direction of counter-ion migration (Delgado-Charro and Guy, 2001). In the case of 

skin, positively charged ions, such as Na+, are more easily transported, as they 

attempt to neutralise the charge in the skin, hence there is a flow of Na+ to the 

cathode (Barry, 2001). The net build up of NaCl at the cathodal compartment thus 

contributes to the inducement of a bulk volume flow of water, which is directly 

linked to the charge of the skin and proceeds in the anode to cathode direction. This 

stream of solvent carries along with it dissolved solutes, thereby facilitating the 

enhanced transport of neutral, and especially polar molecules. The solvent flow is 

principally electro-osmotic in nature, and depends on the net charge of the skin 

(Delgado-Charro and Guy, 2001). 

Current Source 

anionic 
ANODE CATHODE cationic 

drug 

c:::====> 

skin • 4i1 • 
Na'and water Electroosmosis 

= 
Figure 1.8 Schematic representation of iontophoresis. 

For a compound to reach the systemic circulation there three routes by which it can 

traverse the stratum corneum (Figure 1.9): (1) Transappendageal (shunt); (2) 

intracellular (transcellular); and (3) intercellular. The relative importance of each 

pathway may depend on many factors including the chemical characteristics of the 

penetrant such as solubility, partition coefficient, pKa, and molecular weight (Riviere 
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and Heit, 1997). In addition, the composition, thickness and source of the limiting 

membrane, including density of hair follicles and sweat glands, as well as the 

membranes hydration status play an important role (Riviere and Heit, 1997). 

It has been known for some time that sweat glands play a role for transport 

during iontophoresis (Banga et al., 1999). The hair follicles and sweat glands have 

been postulated to provide a shunt pathway by which compounds can cross the skin 

without being exposed to the lipid environment of the stratum corneum (Cull and er, 

1992). Early evidence using dyes suggested iontophoretic current travelled primarily 

through sweat glands and skin pores (Abramson and Gorin, 1940; Burnette and 

Ongpipattanakul, 1988). During iontophoresis, the greatest concentration of ionized 

species is expected to move into some regions of the skin where there is damage, or 

along sweat glands and hair follicles, as the diffusional resistance of the skin to 

permeation is lowest in the regions (Banga et al., 1999). Thus a pore pathway is 

generally assumed for iontophoretic delivery, however it should be noted that the 

pore pathway does not necessarily imply the skin appendages only. 

Even though transappendageal transport has been shown to be important, 

nonfollicular transport through the stratum corneum has also been reported. Electron 

micrographs for the iontophoretic in vivo transport of mercuric chloride in pig skin 

revealed that the primary pathway is via an intercellular route (Monteiro-Riviere et 

al., 1994). Additionally, it has been shown that in the presence of an applied electric 

field, the stratum corneum lipid lamellae become more accessible to water and ions. 

This suggests that ion and water transport during iontophoresis is at least partly 

associated with stratum corneum lipid lamellae (Pechtold et al., 1996). The path of 

lowest electrical resistance may correspond to anatomical (e.g. hair follicles, sweat 

ducts) or low resistance intercellular (through polar regions of the lipid lamella) 

pathways. As such, the literature is not in agreement on the definitive route by which 

drugs are able to cross the skin during iontophoresis, and indeed the pathway of drug 

penetration during ITP is an area that has been extensively investigated (Scott et al., 

1993; Scott et al. , 1995; Turner and Guy, 1997; Turner and Guy, 1998; Bath et al., 

2000). 
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Figure 1.9 A schematic diagram showing the pathways of topical and transdennal delivery, including 

electrically assisted delivery (Banga et aI., 1999). 

Although iontophoresis has been investigated for several decades, its 

potential is recently being rediscovered for transdennal systemic delivery of ionic 

drugs, including peptides and oligonucleotides, which are nonnally difficult to 

administer except by the parenteral route (Banga et ai, 1999). Apart from the typical 

advantages of transdennal drug delivery, iontophoresis presents a unique opportunity 

to provide programmable drug delivery. This is because the drug is delivered in 

proportion to the current, which can be readily adjusted. In addition, this fact could 

mean that the drug delivery is less dependent upon biological variables, with patient 

specific needs easily achieved via simple adjustment of the applied electrical current. 

As such, this makes the use of iontophoresis particulafly favourable for the delivery 

of peptide molecules, e.g. insulin, where the dose delivered can be adjusted to meet 

patient needs throughout the day. 

Iontophoresis is currently used clinically to rapidly deliver a combination of 

lidocaine and epinephrine for local anesthesia, using the Phoresor System (lomed, 

UT, USA) - the first drug-iontophoresis device combination to be approved by the 

FDA (Guy, 1996) and pilocarpine to induce sweating as part of a cystic fibrosis 

diagnostic test (Beauchamp and Lands, 2005). More recently, ALZA Corporation 
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(Mountain View, CA, USA) has received FDA approval for their E-TRANS® system 

(Subramony et ai, 2006). This fentanyl HCI containing iontophoretic patch enables 

patients to periodically activate the patch to administer a bolus of fentanyl based on 

their need for pain relief (Prausnitz and Langer, 2008). However, this device has 

subsequently been withdrawn from the market in early 2010 due to unforeseen 

problems with inappropriate device activation during use. In addition to these 

iontophoretic drug delivery systems, a device to extract glucose from the skin via 

reverse iontophoresis to detect hypoglycaemia and hyperglycaemia has been 

developed by Cygnus Inc. (Redwood City, CA, USA) which is currently marketed by 

Animas Corp. (West Chester, P A, USA) (Subramony et ai, 2006). 

It has been recognised for some time that there is a complex multitude of 

factors operating during iontophoresis (Table 1.1). In order to understand the 

delivery profiles and to be able to use this technology commercially, it is important 

to understand the various formulation, electro-chemical and biological factors 

involved in the process (Banga, 1998) 
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Table 1.1 Factors affecting iontophoretic delivery. 

Factor 

Electric input 

Physicochemical properties of the 
drug 

Formulation Factors 

Driving mechanism 

Electroosmosis 
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Influence on iontophoretic 
delivery 
Constant current (low voltage); 
Current density «0.5 mAlcm2

). 

Increasing total applied current 
can lead to an increase in 
iontophoretic transport 

Charge of drug (high charge 
density better); molecular size of 
drug (smaller ions are better); 
structure of drug (compact 
structure); lipophilicity (drug 
must be water soluble); molecular 
weight of the drug (maximum 
about 12,000) 

Concentration of drug in solution 
pH (adjust to keep drug charged); 
ionic strength (just adequate 
buffer capacity) 

Electric force on the drug, no new 
pathway created. Pore pathway 
for iontophoretic transport 
(transappendageal route) 

Net convective solvent flow in 
the anode to cathode direction at 
physiological pH. Facilitates 
cation transport, inhibits that of 
anions, and enables enhanced 
transport of neutral, polar solutes. 
May be the major driving factor 
for the delivery of larger 
molecules. 
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The rate of drug ion transport is generally proportional to the magnitude of applied 

current (Subramony et ai, 2006). Specifically, the transdermal flux of drug ion, Jd , 

during iontophoresis is described by the following expression derived from 

Faraday's law (1.5): 

(1.5) 

Where td is the drug transport number, I the current density, Md the molecular weight 

of the drug ion, Zd the charge of the ion, and F is Faraday's constant. The transport 

number, which expresses the charge carried by drug ion d as a fraction of the total 

transported charge, is unique for each drug ion and depends on its mobility, charge, 

and concentration in skin relative to those of the other migrating species (Mudry et 

ai, 2006). 

As can be expected from (Eqn 1.5), the rate of drug transport at steady state 

exhibits a linear dependence on the magnitude of the applied current. There is a vast 

array of published reports to be support this expected finding. For example, the 

iontophoretic flux of sodium nonivamide acetate across hairless rat skin was shown 

to increase in proportion to the applied current density (Fang et ai, 1996).The in vitro 

cathodal iontophoretic delivery of a piroxicam aqueous solution across hairless mice 

skin demonstrated that the cumulative amount delivered was directly proportional to 

the applied current (Gay et al., 1992). In addition, a Phase I study involving eight 

healthy human subjects found a linear relationship between the total applied current 

and the transdermal iontophoretic delivery of sumatriptan from a patch based system 

(Siegel et ai, 2007). Although increasing the current produces an increase in 

iontophoretic transport, the response can start to plateau at higher current levels, 

suggesting the presence of a saturation phenomenon (Kalia et al., 2004). This is 

thought to be that once a limiting transport number has been achieved, further 

increase in current has no effect (Kalia et al., 2004). From a safety view point, the 

current density and current intensity cannot be indefinitely increased as it will irritate 

and/or damage the skin, and also produce an unpleasant electrical sensation (Banga, 

1998). Generally, the use of modest current densities < 0.5 mA cm-2 are 

recommended, as these have been shown to be well tolerated, with the perceptible 
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sensations resulting from the current flow within acceptable limits (Curdy et ai, 

2001). 

The charge, molecular size, structure, and lipophilicity of the drug will all 

influence its potential to be an iontophoresis candidate. Ideal candidates for 

iontophoresis should be water-soluble, potent drugs that exist in their salt form with 

high charge density (Banga, 1998). It is anticipated that the efficiency of an ion as a 

charge carrier will decrease with molecular weight, a hypothesis supported by 

experimental observations (Mudry et al., 2006). While this would seem to imply that 

iontophoresis would ultimately have no impact on large ions, or neutral polar 

molecules, a second mechanism of transport, electro-osmosis, assumes a dominant, 

although quantitatively smaller role, for such cationic species (Mudry et al., 2006). 

The isoelectric point of mammalian skin falls within the range 3.5 to 4.8. Therefore, 

at physiological pH, the skin behaves as a negatively charged, cationpermselective 

membrane. It follows that current passage across the skin causes a net convective 

solvent flow in the anode to cathode direction. It is this bulk flow that is referred to 

as electro-osmosis (Marro et al., 2001). This current induced flow facilitates cation 

transport, inhibits that of anions, and enables the enhanced transdermal transport of 

neutral, polar solutes by iontophoresis (Marro et al., 2001). Mudry et al., (2006) have 

attempted to relate the efficiency of a charged drug to carry current across the skin 

during iontophoresis to its structural and/or physicochemical properties. They 

compiled a dataset of 16 cations, for which iontophoretic fluxes had been measured 

under identical conditions, with no competition from exogenous co-ions, the 

presence of which may decrease the efficiency of iontophoretic transport. The 

authors found that the maximum transport numbers (i.e. the fraction of the total 

charge carried by a specific ion during iontophoresis, ana related to its effectiveness 

as a charge carrier) correlated with ion mobilities, and decreased with ionic size, with 

the dependence indicating that the electromigration mechanism of iontophoresis 

would become negligible for drugs of hydrodynamic radius greater than 8 A. Schuetz 

et al., (2006) have also investigated the structure - permeation relationships for the 

transdermal iontophoretic delivery of cationic species, this time focusing on how 

structural differences within cationic peptides can affect their delivery. It was 

identified that whilst molecular weight can be a suitable marker for determining the 

efficiency of simplified molecules, it, nor indeed molecular size, are not sufficiently 
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discriminating parameters to explain differences in transport of peptide molecules, 

where the three-dimensional structures become important. This is highlighted by the 

fact that although the peptides Ac-D-Trp-Leu-Arg-NH2 and Ac-D-Nal-Leu-Arg-NH2 

have similar molecular weights (515 and 526 Da, respectively), the flux of the fonner 

is approximately 12 times greater. They demonstrated that transdennal peptide 

iontophoresis is favoured by increased hydrophilicity, but hindered by strong, 

localized, hydrophobic interactions, a factor that is influenced by the sequence and 

positioning of amino acid residues. In addition, charge type appeared to play a 

significant role in the iontophoretic transport of oligopeptides, with the primary 

amine in the lysine side-chain functioning as a more favourable positive charge 

centre than the more delocalized guanidinium group present in arginine. 

Visualisation of the spatial distribution of the electrostatic potential, around the 

respective charge centres on the Van der Waals molecular surface, confinned the 

more localized charge, and greater charge density, for the primary amine group in 

lysine. 

The drug concentration, pH, ionic strength, viscosity and conductivity of the 

fonnulation will all affect the iontophoretic delivery of a drug. An increase in the 

drug concentration in the fonnulation will typically result in higher iontophoretic 

delivery (Banga, 1998). The pH of the drug fonnulation can play an important role in 

the iontophoretic delivery of a drug, as it may affect the net charge of the drug 

species itself, and also that of the skin - a factor which can alter the contribution of 

electro-osmotic flow to the overall iontophoretic transport.. As many drug salts 

dissolve in solution to fonn weak acids, the relationship between the degree of 

ionisation of the drug and the pH of the solution can be described in tenus of the 

Henderson Hassel-bach equation (Martin, 1993). This equation depicts that if the pH 

of the solution, and the pKa value for the drug are known that the ratio of ionized to 

unionized species can be calculated. In particular, when the pH value of the solution 

is equal to the pKa of the drug, the drug will be 50 % ionized. As the pH falls below 

the pKa the degree of ionisation will decrease, whilst increasing the pH above the 

pKa will lead to an increase in the degree of ionizes drug species (Martin, 1993). It 

has been reported that iontophoresis is more effective at pH values where the drug is 

mainly ionized (Siddiqui et ai, 1985). However, it should be borne in mind that this 

will be dependent upon the pH at which the drug is mostly ionized, and the affect 
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that may have upon the net charge of the skin For example, Fang et ai, (1996) report 

that the opposite was found to be the case for the transdermal iontophoretic transport 

of sodium nonivamide acetate (SNA). Since SNA has a pKa of the range from 3 to 5, 

this molecule will be electrically neutral at pH values below the pKa and ionized at 

higher pH values. However, the pH of the drug formulation not only affects the ratio 

of ionized and non-ionized forms, but also the property of skin surface. The skin is 

electrically neutral at a pH value of about 3-4. As the pH of the skin approximates 

this value, the skin becomes positively charged and favours the transport of 

negatively charged species. Consequently, transdermal iontophoresis favours anionic 

molecules at lower pH values. 

In order to avoid pH changes, a buffer system is usually used. The iontophoretic 

delivery of a drug will be reduced by these buffer ions as they will reduce the 

proportion of current available for the drug to carry. As buffer ions are usually small, 

mobile and highly charged, they will usually be more efficient at carrying the 

current. HEPES buffer is often used in iontophoretic research as it has a high 

buffering capacity at pH 7.4, because it is zwitterionic at this pH and thus has 

reduced charge carrying ability. However, the overall ionic strength of the 

formulation will also influence the iontophoretic delivery of a drug, as the extraneous 

ions will complete with the drug for the current. Thus, it has been noted that an 

increase in ionic strength will decrease delivery (Banga, 1998). Nair and 

Panchagnula, (2003) found that when the ionic strength of a formulation was 

increased by varying the amount NaCl from 0.05 to 0.25 M that the iontophoretic 

flux of the small peptide arginine vasopressin was found to decrease by 3.2 times. 

An important factor that needs to be considered when evaluating whether a 

drug can be successfully delivered across the skin is the molecular weight of the 

drug. The upper size limit for iontophoretic delivery has not been extensively 

studied, although it is estimated that molecules with a molecular weight less than 

12,000 Daltons may be successfully delivered across skin via iontophoresis (Banga 

et al., 1999). In order to deliver molecules greater than 12,000 Daltons (insulin 

normally occurs as a hexamer with a molecular weight as high as 36,000 Daltons) 

another way of overcoming the barrier properties of the outermost layer of the skin, 

the stratum corneum , needs to be sought. The use of chemical enhancers and 
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modifications of the thennodynamic activity of the applied drug are two frequently 

employed strategies to improve transdennal penneation (Wu et al., 2007). However, 

the resulting increase in drug penneation using these techniques is rather modest, 

especially for hydrophilic drugs. As such, whilst iontophoresis may enable successful 

transdennal delivery of large peptide species the quantity delivered is usually below 

the clinically effective doses. For this reason, there has been recent interest to 

investigate the use of microneedles to painlessly puncture the skin, thus creating an 

additional pathway for the transdennal iontophoretic delivery of larger molecules 

(Wu et al., 2007; Vemulapalli et al., 2008). 

It is thought the use of micron-scale needles to puncture the skin should 

create pathways of orders of magnitude greater than molecular dimensions, and thus 

should readily pennit transport of macromolecules, as well as possibly 

supramolecular complexes and microparticles (Prausnitz, 2004). As iontophoretic 

transport is believed to follow the path of lowest electrical resistance (Riviere and 

Heit, 1997), the disruption of the stratum corneum barrier, and creation of an 

aqueous pathway caused by microneedle insertion may be of great benefit for 

iontophoretic delivery. 

To date, only a small number of studies have reported the combination of 

iontophoresis with microneedle technologies. This combination may provide the 

possibility of macromolecule transdennal delivery with precise electronic control 

(Wang et al., 2005). Lin et ai, (2001) designed a Macroflux® (microprojection array 

system, 430 !lm projection length with 240 microprojections per cm2
) (Zosano 

Phanna, CA, USA) and iontophoresis combined transdennal delivery system for the 

delivery of an antisense oligonulceotide. The study showed the system was capable 

of delivering therapeutically relevant amounts of this drug into and through the 

stratum corneum. Favourably, the rate of delivery could be controlled by the duration 

of patch application, drug concentration, current density, and active patch area. Wu 

et ai, (2007) evaluated the potential for microneedle pretreatment, followed by 

iontophoresis for the potential to increase the skin penneation of two model 

compounds with low and high molecular weight, deuterium oxide (D20) and 

fluorescein isothiocyanate (FD-4, FD-10, FD-40, FD-70 and FD-2000, with average 

molecular weights of 3.8, 10.1, 39.0, 71.2 and 200.0 kDa). Whilst no significant 
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difference was found in the iontophoretic transport of FDs through intact skin, the 

combination with microneedle pretreatment markedly increased the iontophoretic 

transport of FDs. Additionally, no synergistic effect was found on the flux of the low 

molecular weight D20 , which was believed to be already at its maximum flux 

potential. Thus these results suggest that the combination of iontophoresis with 

microneedle pretreatment may be a useful means to increase skin permeation of high 

molecular weight compounds. Vemulapalli et aI, (2008) investigated the transdermal 

iontophoretic delivery of methotrexate, alone or in combination with soluble maltose 

microneedles. The delivery was enhanced by iontophoresis and microneedles when 

used alone, both in vitro and in vivo. Interestingly, they report that a synergistic 25 -

fold enhancement of delivery was observed in vivo using a hairless rat model when a 

combination of microneedles and iontophoresis was used compared with either 

modality alone. 

1.4.6 Microneedle arrays. 

Microneedle (MN) arrays consist of a plurality of micro-projections, generally 

ranging from 25-2000 Ilm in height, of a variety of different shapes, which are 

attached to a base support. Application of such MN arrays to the skin surface can 

create transport pathways of micron dimensions (Kaushik et al., 2001). Once created, 

these micropores, which are predominately aqueous pathways, are orders of 

magnitude larger than molecular dimensions and, therefore, should readily-permit 

transport of macromolecules, as well as possibly supramolecular complexes and 

microparticles (Prausnitz, 2004). Whilst the concept of MN arrays for transdermal 

applications appeared in a 1976 patent granted to ALZA corporation, it was not until 

the 1990's, with the advent of high precision microelectronics industrial tools, that it 
\ 

became possible to successfully produce such microstructure devices. The first report 

to demonstrate MNs for transdermal delivery was not published until 1998 (Henry et 

al., 1998). 

The major advantage offered by MN technology, in comparison to the 

aforementioned se disruption techniques, is its simplicity of use and low cost. MNs 

allow for easy and patient-friendly administration of therapeutics to and across the 

skin. Controlled drug deposition within targeted skin layers can be achieved by 

modulating MN geometry. In addition, simple alteration of drug formulation 
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facilitates optimization of drug delivery in order to obtain the best therapeutic effect. 

MNs have been shown to penetrate the skin, across the se, and into the viable 

epidermis, avoiding contact with nerve fibres and blood vessels that reside primarily 

in the dermal layer. Therefore, the use of MNs allows for the pain-free delivery of 

both small and large molecular weight active pharmaceutical ingredients (Kaushik et 

al., 2001). Extensive research has been reported in the literature concerning the 

manufacture of different types of MNs using a wide range of techniques. 

Importantly, enhancement in the delivery of drugs and biomolecules of a wide 

variety of physicochemical properties, has been demonstrated in in vitro, ex vivo and 

in vivo experiments. 

Delivery of therapeutics across the skin with the aid of MNs can be achieved 

via four main strategies as illustrated in Figure 1.10. The first approach, termed 

'poke with patch' involves application of a solid MN array to create micropores and 

further removal of an array followed by the administration of a drug formulation in 

the form of transdermal patch, gel or solution (Figure 1. lOA) (Martanto et al., 2004; 

Donnelly et al., 2008). Movement of molecules through microchannels occurs via 

passive diffusion, or may be accelerated when combined with other enhancement 

techniques such as the use of iontophoresis. Another strategy, 'coat and poke', relies 

on coating a drug formulation onto the microprojections and subsequent insertion of 

the coated MN array into the skin (Figure 1. lOB). Drug is deposited within the skin 

by the dissolution of the coating (Gill and Prausnitz., 2007a; Gill and Prausnitz., 

2007b). The third mode of drug delivery via MNs utilizes incorporation of drug 

molecules into the structure of polymeric, biodegradable MNs and subsequent 

insertion into skin (Figure 1.10C) (Park et aI., 2006; Lee et aI., 2008). Drug delivery 

depends on the rate of' polymer dissolution or degradation within the skin. Lastly, 

drug molecules can be transported across the skin via injection through hollow MNs 

(Figure 1.10D) (Davis et aI., 2005). Delivery of molecules with the aid of hollow 

MNs can be pressure- or electrically-assisted. A summary of the key findings of 

some of the studies conducted to date using each type of MN design is shown in 

Tables 1.2 - 1.5. 
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Figure 1.10. Schematic illustration of different modes of MN application across the skin. (A) Solid 
MNs applied and removed to create micropores followed by the application of a traditional 
transdermal patch. (B) Solid MNs coated with drug molecules applied for instant delivery. (C) 
Polymeric MNs which remain in skin and dissolve over time to deliver the drug encapsulated within 
the MNs. (D) Hollow MNs for continuous drug delivery or body fluid sampling. 
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Table 1.2 Summary of the key fmdings of studies involving the use of solid micro needle devices. 

MN material 

Silicon 

Silicon 

Silicon 

Silicon 

Silicon 

Stainless steel 

Stainless steel 

Stainless steel 

MN dimensions 

42 MNs per array 
270 !lm height 

16 MNs per array 
260 !lm height 

641100/144 MNs per 
array 

70-80 !lm height 
Shal1l or flat tipped 

400 MNs per array 
150 !lm height 

484 MNs per array 

150 !lm height 

105 MNs per array 

1000 !lm height 

50 MNs per array 

620 !lm height 

16 MNs per array 
300 !lm height 

In vitro 1 
Model drug in vivo Key findings 

TMP Both 

pDNA In vitro 

galanthamine In vitro 

calcein In vitro 
insulin 

bovine serum 
albumin 

nanoparticles 

liposomes In vitro 

insulin In vivo 
diabetic 

rats 

naltrexone In vivo 
Human 
subjects 

Diptheria 
toxoid In vivo 

Mice 

Appreciable amounts ofTMP were localized within MN treated skin after 6h patch application. 
No penneation across intact skin 

Functional pDNA traversed microporated skin, 
no gene expression was observed after administration of pDNA hydrogels to intact skin 

Force used for MN insertion has a significant effect on galanthamine transpOlt 
Flat tipped MNs had superior piercing and drug transport properties 

Increasing the number of MNs per array resulted in an increased flux of galanthamine 

MN pretreatment of skin resulted in significant enhancement in the permeation of small, medium, large and 
even particulate molecules 

MN pretreatment of skin significantly enhances the permeation of a range of liposomal fonnulations 
Combination of elastic liposomes with MN skin treatment significantly decreases lag time by 70% in 

comparison to using conventional liposomes. 

Single insertion ofMN array into skin is more effective in reducing blood glucose levels than multiple 
insertions ofMNs 

Variable absol1ltion of naltrexone, within a wide timeframe (1.5 - 18 h) following patch app lication 

Steady state plasma concentrations maintained for at least 48 h. 
No detectable drug plasma concentrations found for intact skin. 

MN pretreatment led to significantly higher IgG serum titres. 
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Reference 
Donnellyet 
al.(2009) 

Pearton et 
al. (2007) 

Wei-Ze et 
al. (2010) 

McAllister 
et al.(2003) 

Qui et al. 
(2008) 

Wenneling 
et al.(2008) 

Ding et al. 
(2009) 



Polycarbonate 
45 / 99 / 154 MNs 

per array 
200 or 500 I!m height 

calcein In vitro The rate of drug permeation increases with an increase in MN height and MN density 
Oh etal. 
(2008) 

Table 1.3 Summary of the key findings of studies involving the use of coated microneedle devices. 

MN material 

Metal 

Metal 

Titanium 

Titanium 

Poly-L-lactic 
acid 

MN dimensions 

5 MNs per array 

500 I!m height 

5 MNs per array 

700 I!m height 

190 MNs per 
array 

330 I!m 

321 MNs per 
array 

15 MNs per 
array 

In vitro / in 
Model drug vivo Key findings 

inactivated influenza 
virus 

DNA vaccine 

ovalbumin 

desmopressin 

ovalbumin 

In Vivo 

Mouse 

In vivo 

Mouse 

In vivo 

guinea pig 

In vivo 

guinea pig 

In vivo 

mouse skin 

10 I!g of antigen could be coated onto the MN anllY 

90% of the antigen was deposited in mouse skin within 5 mins 

MN mediated delivery of the antigen induced similar antibody responses to intramuscular injection 

MN mediated vaccination protected mice against a lethal viral challenge. 

1.6 I!g of DNA could be coated onto the MN anllY 
MN mediated delivery of the antigen induced a comparable immune response to that observed following antigen delivery using a 

gene-gun 

Quantity of ovalbumin delivered increased with the length of time MN remained in contact with the skin 

MN mediated delivery yielded comparable immune responses to those produced by intramuscular or subcutaneous injection 

20 I!g of desmopressin was delivered within 15 mins. 

Bioavailability was as high as 85% 

A variety of grooves embedded MN designs were fabricated. 

, as we11 as the dee:ree of immune resoonse elicited. 

34 

Reference 

Zhu et al. 
(2009) 

Gill et 
al.(20 I 0) 

Matriano 
et 

al.(2002) 

Sathyan et 
al.(2004) 

Han et al. 
(2009) 



Table 1.4 Summary of the key findings of studies involving the use of polymeric micro needle devices. 

MN In vitro / in 
MN material dimensions Model drug vivo Key findings Reference. 

Galactose 

vinyl pyrrolidone 

methacrylic acid 

carboxymethylcellulose 

amylopectin 

PVA/PVP 

PVP 

42 MNs per 
array 

280 f!m height 

225 MNs per 
array 

750 f!m height 

lOO MNs per 
array 

600 f!m height 

100 MNs per 
array 

600 f!m height 

81 MNsper 
array 

bovine serum albumin 

5-aminolevulinic acid 

red fluorescent bovine serum 
albumin 

~-galactoside 

sulforhodamine B 

lysosome 

sulforhodamine B 

inactivated influenza virus 

In vitro 

In vitro 

In vitro 

In vitro 

In vivo 

Due to the high temperature involved in MN fabtication substantial losses of incorporated molecules occun·ed. 

Storage of MN arrays at ambient conditions led to their defonnation within I hr 

the dissolution rate of polymeric MNs may be altered through simply adjustment of polymetic composition 

bovine serum albwnin loaded MNs enable successful transdennal delivety of the drug. 

incorporation of ~-galactoside into the MN matrix did not affect its enzymatic activity. 

MN fabrication process may be adjusted to enable either a rapid or sustained release of drug 
lysosome loaded into MN matrix retained its structural and functional activity after 2 months storage at room 

temperature 

Fabrication of bubble and pedestal MN designs 
Increasing viscosity of polymer solution or by introducing bubbles at the base of the MN drug localization at MN tip 

possible 

Localisation of the drug at the MN tip resulted in an increased skin delivery efficiency 

A single vaccine dose with dissolving MNs induced protective immune responses supetior to intramuscular injection 

650 !lm height Mouse MN mediated vaccination provided complete protection against lethal challenge 
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MN 
material 

Metal 

Glass 

Silicon 

Silicon 

Metal 

Table 1.5 Summary of the key findings of studies involving the use of hollow microneedle devices. 

MN 
dimensions 

16 MNs per 
array 

500 )lm height 

SingleMN 

1200 )lm height 

21 MNsper 
array 

400 )lm height 

4 MNs per array 

450 )lm height 

singleMN 

1500 )lm height 

In vi tro / in 
Model drug vivo Key findings 

insulin 

FTIC-insulin 

Caco-2 cells 

insulin 

low dose influenza 
vaccine 

influenza 

anthrax 

Rabies 

japanese encephalitis 
virus 

In vivo 

diabetic rat 

in vitro 

In vivo 

diabetic rat 

In vivo 

rats 

In vivo 

diabetic rats 

In vivo 

human subjects 

in vivo 

successful transdennal insulin delivery via hollow MNs 

insulin delivery resulted in reduction of blood glucose levels over 4 hr by 53% 

FTIC insulin successfully microinjected into hairless rat skin in vitro 

Slight retraction of the MN following insertion results in greater reduction of blood glucose levels 

Living cells can be successfully delivered thmugh hollow MNs into hairless rat skin in vivo 

Rate of insulin delivery through the hollow MN device may be altered by the use of an electronically controlled dispenser 

MN mediated vaccine delivery produced imrnunogenicity responses similar to that of full dose intramuscular vaccination 

a number of studies have highlighted the ability of this device for successful intradennal immunization via a valiety of candidate vaccines 
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1.4.6.1 Solid micro needles 

Drug delivery via 'poke and patch' approach requires pretreatment of the skin with 

MN array in order to create microholes, followed by the application of drug 

formulation in a form of patch, solution or gel. The main disadvantage of this 

strategy is a two-step application procedure, which may limit its ease-of -use. 

The first solid MNs were fabricated from silicon using microfabrication 

technology (Henry et al., 1998). Other research groups also employed 

microfabrication methods to produce solid MNs of varying shapes, heights and 

densities from silicon (McAllister et al., 2003; Xie et al., 2005; Wilke et al., 2005). 

The fabrication of MNs from silicon via microelectromechanical systems (MEMS) 

technique employs an etching process, either wet (solution) or dry (vapour phase) to 

selectively remove predefined areas of silicon surface from a flat wafer to create 

small three-dimensional (3D) structures (Coulman et al., 2006). Although the 

manufacture of silicon MNs using microfabrication methods offers the potential for 

mass production ofMNs, it is often relatively more expensive in comparison to more 

commonly used materials, highly specialized and includes complex multi-step 

processes (Zafar et al., 2004; Ziaie et ai. , 2004). Apart from silicon MNs, metal MNs 

which are cheaper to fabricate, have been found to be equally effective in skin 

penetration (Cormier et al., 2004; Verbaan et al., 2008). Metals, such as, stainless

steel and titanium have been used as structural materials for solid MN fabrication 

(Cormier et al., 2004; Verbaan et ai., 2008). Approaches, such as, photochemical 

etching (titanium), and laser cutting (stainless-steel) have been investigated for 

fabricating solid metal MNs. Metals, such as stainless-steel (e.g. hypodermic 

needles) have been in medical use for decades. Essentially, the use of such materials 

will effectively reduce the regulatory path of approval, compared with that required 

for less commonly used materials, such as silicon (Mikszta et al., 2006). 

A plethora of studies demonstrated the usefulness of solid MNs to increase 

transport of molecules varying in physicochemical properties into and across the 

skin. Donnelly et al. (2009) demonstrated MN-enhanced cutaneous delivery of a 

model preformed photosensitizer both in vitro and in vivo (Donnelly et al., 2009a). 

The meso-tetra (N-methyl-4-pyridyl) porphine tetra tosylate (TMP, MW = 1363 Da) 

loaded patches were applied to MN-treated (6 x 7 silicon MN array, 270 )lm in 
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height) full-thickness porcine skin in in vitro experiments and to nude mice in in vivo 

studies. The results indicated that appreciable amounts of TMP were localized within 

skin pretreated with MNs after 6 h patch application time, both in vitro and in vivo, 

in comparison to the intact skin. The authors concluded that MN technology can find 

application in topical photodynamic therapy of skin tumours. 

Successful intradermal vaccination was also demonstrated after skin 

pretreatment with solid MNs. Ding et al. (2009) investigated immune responses in 

mice after MN-mediated transcutaneous immunization using a model antigen, 

diphtheria toxoid (DT). Stainless steel MN arrays (4 x 4, 300 !lm in height) were 

used to pierce the mouse skin and DT formulation with or without cholera toxoid as 

adjuvant was administered. The application of DT on untreated skin resulted in low 

serum IgG titres. However, MN pretreatment led to significantly higher serum IgG 

titres, which were further increased in the presence of cholera toxin (Ding et al. , 

2009). In the follow up study, the same research group investigated MN-assisted 

transport ofDT formulations with N-trimethyl chitosan (TMC) as adjuvant into mice 

skin. The formulations tested were: TMC nanoparticles loaded with DT, liquid 

mixtures of TMC and DT and DT solution alone. It was demonstrated that 

application of DT solution to MN-pretreated skin elicited stronger immune response 

in comparison to the administration of DT solution to untreated skin. Administration 

of DT -loaded-TMC-nanoparticles did not result in further enhancement of immune 

response. However, when TMC/DT solutions were applied to MN-treated skin, an 8-

fold increase in IgG titers was observed in comparison to the application of 

nanoparticles and DT solution alone (Bal et al., 2010). 

The utility of solid MNs to enhance cutaneous gene deVvery has also been 

studied by Pearton et al. (2007), utilising an array of frustum-shaped silicon MNs 

(with 4 x 4 array, 260 !lm in height). It was confirmed that MN application created 

micro-pores of approximate depth of 150-200 !lm and increased the transepidermal 

water loss (TEWL). Two hydrogel formulations loaded with plasmid DNA (PDNA): 

1 % w/v Carbopol®-940 and 23% w/w tri-block copolymer PLGA-PEG-PLGA were 

applied to the split-thickness human breast skin prior to MN array application. It was 

demonstrated that functional pDNA was released from both hydrogels in the 
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epidermis. No gene expressIOn was observed after administration of pDNA 

hydro gels to the intact skin. 

Apart from cutaneous delivery, solid MNs have been extensively 

investigated, as a tool to improve the transdermal delivery of compounds. Super

short silicon MNs (70-80 )lm in height) with sharp and flat tips (Figure 1.11) were 

fabricated and their ability to enhance the transport of a model compound, 

galanthamine (GAL) across full-thickness rat skin was studied (Wei-Ze et al., 2010). 

The authors evaluated the effect of different parameters, such as, MN insertion force 

(1,3,5, 7 and 8 N/array), tip sharpness (sharp and flat tip) and MN density (8 x 8, 10 

x 10, 12 x 12) on skin permeation of GAL. 

" ,UUI 15.\1 ,,~~ ..... H,,. 

Figure 1.11 The super-short MNs: (A) a single sharp-tipped MN and (B) a single flat-tipped MN 

(Wei-Ze et al., 2010). 

It was demonstrated that application of forces in the range between 1 and 5 N/array 

resulted in an increased transdermal GAL transport. However, a further increase in 

the insertion force beyond this range did not lead to any further permeation 

enhancement. This indicated that insertion force has a significant effect on the 
.. 

transport of molecules only when complete MN penetration has not been achieved. 

GAL permeation was increased after skin pretreatment with flat-tipped MNs in 

comparison to sharp-tipped MNs. The authors explain that this may be due to the fact 

that histological sectioning of the MN treated skin site revealed that the flat tipped 

MNs have superior piercing properties compared to the sharp tipped MNs, creating a 

deeper and wider microchannel within the skin. In addition, the results revealed that 

increasing the number of MNs per unit area resulted in increased flux of GAL. 

However, there was no statistical difference in the cumulative amount of GAL 
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penneated across skin treated with 10 x 10 and 12 x 12 MN array (Wei-Ze et al., 

2010). 

McAllister et at. (2003) provided a comprehensive report demonstrating the 

efficacy of solid silicon MNs in transdennal delivery of relatively small (calcein) as 

well as macromolecular (insulin, BSA and nanoparticles) compounds in vitro. Two 

different scenarios were investigated. Firstly, MN array (400 needles, 150 ).tm in 

height) was inserted into human cadaver epidennis and left in place during 

application of drug solutions. The results showed that skin penneation of calcein, 

insulin and BSA was enhanced by orders of magnitude. In the second set of 

experiments, MN array was used to pierce the skin and was removed, after which 

drug fonnulations were applied. It was found that skin penneability to model 

compounds was increased by an additional order of magnitude in comparison to the 

first scenario. Furthennore, pretreatment of the skin with MNs resulted in the 

transport of detectable amounts of nanoparticles across the skin. Qui et at. (2008) 

suggested that application of drug containing elastic liposomes to MN treated skin 

may provide higher and more stable transdennal delivery rates of drugs with high 

molecular weight and poor water solubility. They found that pretreatment of porcine 

skin in vitro with a solid MN device (484 needles, 150 ).tm in height) enhanced the 

transdennal flux of docetaxel containing liposome fonnulations. Moreover, the 

combination of an elastic liposome fonnulation with MN skin pretreatment 

significantly decreased the lag time by nearly 70% (from approximately 14 to 4 hr) 

when compared with that obtained from conventional liposomes. Martanto et al. 

(2004) investigated the delivery of insulin to diabetic rats using solid stainless steel 

MNs (105 needles, 1000 ).tm in height). The effect of insulin concentration (100 and 

500 ID/ml), MN array insertion time (10 sec, 10 min and 4 h) as well as number of 

MN array insertions (1 insertion and 5 insertions) on insulin delivery was studied. It 

was found that higher insulin concentration resulted in greater hypoglycaemic effect. 

Furthennore, increased MN insertion time led to the smaller reduction in blood 

glucose levels, which was attributed to the blockage of microchannels by MN array 

left in situ. Moreover, single insertion ofMN array was found to be more effective in 

reducing blood glucose level than multiple insertions of MNs. The authors 

hypothesised that this phenomenon was due to local damage of the skin which 

changed insulin clearance and its absorption by capillary bed. Chen et al. (2009a) 
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highlighted the ability to further enhance transdermal delivery of insulin across MN 

treated skin, by using an electric current to drive insulin loaded nanovesicles through 

the MN induced channels. They found that the permeation rates of insulin from 

positive nanovesicles driven by iontophoresis through MN treated (296 needles, 800 

).lm in length) skin were 713 .3 times higher than that of its passive diffusion in vitro. 

The combination of this technique to diabetic rats in vivo resulted in blood glucose 

levels that were 33.3% and 28.3% of the initial levels at 4 and 6 h, respectively, 

which were comparable to those induced by subcutaneous injection of insulin. 

In addition to in vitro and in vivo studies conducted in animal models, 

Prausnitz and collaborators carried out the first clinical study involving solid .MN s in 

human subjects to demonstrate the MN-based transdermal delivery of a hydrophilic 

compound, naltrexone (NTX). Skin on the upper arm of healthy volunteers was 

pretreated with two solid stainless steel MN arrays (5 x 10 MNs, 620 ).lm in height) 

which was followed by NTX patch application and collection of blood samples over 

72 h. Results showed variable absorption ofNTX (1.6 to 8.1 nglml) achieved within 

wide timeframe (1.5 to 18 h) of patch application, followed by steady-state plasma 

concentrations of ~ 2.5 nglml maintained for at least 48 h. Application of NTX 

patches to untreated skin did not result in detectable drug plasma concentrations 

(Wermeling et al., 2008). 

A number of studies also highlight the ability to create solid plastic MN 

devices, which can be fabricated by a vacuum casting, hot embossing or injection 

moulding technique using a suitable master template, and may represent a more 

economical method of manufacturing solid MNs at large scale (Trautmann et al., 

2005; Oh et al., 2008). Becton Dickinson (BD) have developed so called 

micro enhancer array (MEA) devices fabricated from a plastic material (although the 

type of plastic is not disclosed), which consists of a 1 cm2 micro abrading surface 

(MN height 150 ).lm) mounted to a hand held applicator. This device is typically 

passed along the intended application site six times to abrade the skin surface either 

prior to, or after, the application of a drug containing formulation. Dean et al. (2005) 

report on the use of this MEA device to investigate the cutaneous delivery of a live, 

attenuated chimeric flavivirus vaccine against Japanese encephalitis (ChimeriVax™ -

JE) in Cynomolgus monkeys, in comparison to a subcutaneous injection. It was 
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shown that the application of this MEA device significantly disrupts the skin barrier 

function, as evident by an increase in TEWL measurement, with the level of 

disruption dependent upon the number of times the device is "passed" along the skin 

surface. It was found that, whilst MEA delivery induced low level viremia and 

neutralizing antibody responses comparable to or greater in magnitude than via se 
injection using standard needles. Interestingly, the method employed for MEA -

based delivery appeared to impact the extent of viral uptake and resulting immune 

response. For immunization, two methods of MEA-based delivery were evaluated. 

The skin site was either abraded with the MEA device prior to the application of the 

vaccine formulation, or the vaccine formulation was applied firstly to the skin site 

which was then abraded by the MEA device. It was found that abraded the skin after 

application of the vaccine formulation produced higher and more consistent 

neutralizing antibody titers than preabrasion. The authors suggest that abrading the 

skin directly through the vaccine formulation on the skin surface may more closely 

resemble what would occur when using a prefilled vaccine/device combination, and 

may facilitate binding interactions between the flavivirus and dendritic cell receptors 

(Dean et aI., 2005). The same group have shown that the use of this plastic MEA 

device, when used to abrade the skin surface prior to the application of an anthrax 

vaccine based on recombinant Bacillus anthracis protective antigen (rPA), induces a 

similar level of antibody response following primary vaccination to that for IM 

delivery in a mouse model (Mikszta et al., 2005). However, MEA based delivery 

into a rabbit model only provided a partial protection against a lethal aerosol 

challenge (33%), whilst IM injection provided complete (100%) protection. 

Similarly, it has been shown that MEA based delivery did not produce an immune 

response against a rabies vaccine in a recent pilot, human voluntee\ study (Laurent et 

al., 2010). 

Oh et al. (2008) developed a hot embossing technique to produce 

polycarbonate MN arrays with various heights (200 and 500 /lm) and densities (45, 

99 and 154 MN/cm2
), and investigated the effect of MN height, MN density and the 

order of formulation and MN application upon the permeation of a model 

hydrophilic molecule, calcein (622.5 Da) across rat skin in vitro. The following 

methods ofMN/drug formulation application were tested: the MN array was inserted 

into the skin for 30 min prior to the application of a calcein gel; the calcein gel was 
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applied to the skin directly and the MN array was inserted into the same site for 30 

min; or the calcein gel was applied into the skin with the MN array, simultaneously. 

It was found that the highest skin permeation of calcein was achieved when the 

calcein gel was simultaneously applied with a MN array of 500 /lm height. 

Furthermore, the skin permeation of calcein was dependent upon the design of the 

MN employed, with increased amounts delivered as the height, and the density, of 

the MN array increased. 

1.4.6.2 Coated microneedles 

Coated MNs constitute another mode of MN application, especially attractive for 

rapid delivery of active substances into the skin. Drug formulation is directly coated 

onto microprojections and following their insertion into the skin, the drug is released 

by subsequent dissolution of the coating (Gill and Prausnitz., 2007a). Coating MN 

arrays with the drug eliminates the need for two-step application process, which is 

advantageous over 'poke and patch' approach. However, the amount of drug that can 

be coated onto MNs is limited by the small surface area of the array, which in turn, 

limits drug delivery. For the coated MNs to be a viable option of drug administration 

in clinical setting, uniform and reproducible quantities of drugs must be coated onto 

microprojections. Therefore, optimization of coating process and formulation 

characteristics is of paramount importance during developmental stage of the device. 

The micron-scale dip-coating process was proposed by Gill and Prausnitz, (Gill and 

Prausnitz., 2007a; Gill and Prausnitz., 2007b) and was successfully applied to the 

deposition of variety of molecules differing in physicochemical properties on the 

surface of MNs. The two mo~t important parameters affecting dip-coating process 

are surface tension and viscosity of the formulation. The authors demonstrated that 

reduction of surface tension by addition of surfactants (e.g. Lutrol® F-68) and 

increase in viscosity of the coating solution by addition of viscosity enhancers (e.g. 

carboxymethyl cellulose sodium salt, sucrose) resulted in uniform and thick drug 

coatings on MNs. It was concluded that coating solutions with lower surface tension 

facilitated good wetting and decreased speed of film formation on the MN surface. In 

contrast, higher viscosity caused increased volume of liquid film adhering to the 

MNs and increased residence time of the film on the MN surface. The versatility of 
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this coating technique was demonstrated by coating hydrophobic molecule, curcumin 

as well as model proteins, BSA and insulin, in either organic or aqueous-based 

coating solutions onto the surface of MNs. In addition, to coating drugs on solid 

shafts of MNs, the investigators proposed novel approach where drug could be 

deposited within holes created in the centre of the MNs (Figure 1.12) (Gill and 

Prausnitz., 2007a; Gill and Prausnitz., 2007b). In the most complex design, these 

holes, called 'pockets', could be selectively filled with one drug formulation and, 

additionally, another protective layer could be coated onto the surface of the MN 

shaft, followed by the deposition of another drug layer. The authors demonstrated 

filling the pockets with sulforhodamine and coating fluorescein onto the surface of 

MNs. The two drugs were separated by the thin protective layer composed of 

biodegradable polymer poly(lactic-co-glycolic acid) (PLGA). 

Figure. 1.12 Images of (A) MNs with 'pockets' of different shapes and sizes etched through the MN 
shaft (Gill and Prausnitz., 2007a). (B) pocketed MNs filled with model drugs: sulforhodamine, 
fluoresce in and plasmid DNA (Gill and Prausnitz., 2007b). 

Chen et al. (2009b) proposed a novel coating technique utilizing gas jet to 

distribute coating solution evenly onto the microprojection array. The 

microprojection patch was composed of densely packed (~ 20,000 cm2
) solid silicon 

MNs of a height of 30, 60 or 90 Ilm. Due to inability to coat such small projections 

in a conventional dip-coating process, the authors developed a new gas-jet drying 

method. The coating solution (6-8 Ill) was applied to the patch and gas jet (6-8 mls) 

at an incident angle of 20° was used to distribute and quickly dry the formulation on 

the whole patch. The proposed method allowed for uniform coating of variety of 

compounds (OVA, rhodamine-labelled dextran, ethidium bromide) on short and 

densely packed microprojections. 

The approach of coated MNs was the most extensively studied in relation to 

vaccine delivery. The presence of immune-presenting cells makes the skin attractive 
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site finor antigen presentation. Antigens can be introduced into the skin via coated 

MNs to target Langerhans cells in the epidermis or dendritic cells in the dermis in 

order to induce more pronounced immune response (Gill and Prausnitz., 2007a). The 

limited amount of drug that can be coated onto MN s does not hinder their application 

for vaccine delivery as only minute quantities of antigen are necessary to elicit 

immune response (Banga. , 2009). In addition, storing vaccines in a dry state coated 

onto the MNs may preserve their stability to a greater extent, even at room 

temperature, than storage in a form of injectable (Gill and Prausnitz., 2007a). 

Several research groups focused their efforts on investigations of delivery of 

vaccines using coated MNs. Investigators at Georgia Institute of Technology and 

Emory University, Atlanta assessed the efficiency of solid metal MNs (500 ).lm) 

coated with inactivated influenza virus (nV) to deliver the antigen to the skin. The 

results showed that as much as 10 ).lg of viral proteins could be coated onto an array 

of 5 needles and 83% and 90% of the antigen was deposited in the mouse skin after 

insertion of MNs for 2 min and 5 min, respectively. This indicated that the vaccine 

could be effectively coated onto MNs and rapidly delivered to the skin within 

minutes. The delivery of nv via MNs induced antibody responses that did not differ 

statistically from those elicited by intramuscular injection. In addition, vaccination 

by a single dose of nv coated onto MNs protected mice against lethal challenge by a 

high dose of mouse-adapted influenza virus AlPRl8/34 (Zhu et aI., 2009). In another 

study, Gill and Prausnitz in collaboration with colleagues at Karolinska Instituet, 

Stockholm, evaluated cutaneous DNA vaccine delivery using coated MNs in mice. 

MN array composed of 5 needles of 700 ).lm height was coated with plasmid 

encoding hepatitis C virus NS3/4A. It was found that each array was coated with 1.6 

).lg of DNA. Mice were immunized with 8 ).lg of DNA using MNs (5 arrays) and for 

comparison with 4 )lg of DNA using gene gun. The results revealed that MN

mediated delivery of the antigen induced the generation of cytotoxic T lymphocytes 

which was comparable with that observed after antigen delivery using gene-gun (Gill 

et aI., 2010). 

Researchers at Zosano Pharma (formerly ALZA Corporation) evaluated the 

performance of Macroflux® microprojection array for intracutaneous delivery of 

model antigen, ovalbumin (QV A), in hairless guinea pigs. The Macroflux® skin 

45 



Chapter 1: Introduction 
•............ _...... ... ............................................................................................................................................................. ........ ... _ ................................. . 

patch (Figure 1.13) having an area of 1 or 2 cm2 and comprised of titanium 330 /-lm 

high MNs (density 190 MNs/cm2
) was coated by immersion in a 1 %, 5% and 20% 

solution of OVA. The results showed that by increasing concentration of OVA 

solution the amount coated onto microprojections was increased. In addition, skin 

depositions experiments revealed that the quantity of OV A delivered into the skin 

increased linearly with time of application. Hairless guinea pigs immunization 

studies revealed that at all antigen doses administration of OV A-coated Macroflux® 

resulted in immune response comparable to that observed after intradermal 

administration of the same doses of antigen. However, application of 1 /-lg and 5 /-lg 

of OVA via Macroflux® induced 10 and 50-fold increase in anti-OVA titers in 

comparison to those produced by intramuscular or subcutaneous injections of 

equivalent doses (Matriano et al., 2002). 

A Macroflux® patch 

Figure 1.13 Illustration of (A) Macroflux® patch comprising the coated MN array affIxed to an 
adhesive backing, (B) The patch loaded on the disposable retainer ring and the reusable applicator 
(Cormier et aI., 2004) . 

" 

In the follow up study, researchers further assessed the efficacy of 

Macroflux® system. The influence of dose of antigen delivered, depth of antigen 

delivery and density of MNs on the elicited immune response were investigated. The 

number of coatings and concentration of OV A in the coating formulation were used 

to control the amount of OVA loaded onto the MNs. It was found that antibody 

response was dose dependent. Different depth of OVA delivery was achieved by 

using MNs varying in height, namely 225 /-lm, 400 /-lm and 600 /-lm. The results 

revealed that MN height did not have significant effect on immune response. 

Similarly, after immunization with 2 cm2 MN arrays of different density (140/cm2 
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and 657/cm2
) comparable antibody titers were observed (Widera et al., 2006). Apart 

from vaccine delivery, capability of Macroflux® technology to deliver desmopressin 

across the skin was assessed in hairless guinea pig model. It was demonstrated that a 

dose of 20 ~g of desmopressin was delivered from a 2 cm2 MN array (321 MNs/cm2
, 

height 200 ~m) within 15 min to hairless guinea pigs and bioavailability was as high 

as 85% (Cormier et al., 2004). Furthermore, Sathyan et al. (2004) assessed safety 

and pharmacokinetic/pharmacodynamic (PKlPD) profiles of desmopressin 

administered via Macroflux® patch to human volunteers (18-45 years). Application 

of MN patch coated with 25 ~g of desmopressin for 15 min resulted in a rapid 

absorption of the drug with a Cmax of 268 pg/ml obtained by 25 min. The absorbed 

drug was found to be pharmacologically active as evidenced by the increase in Factor 

VIII levels. The PKlPD characteristics of the delivery of parathyroid hormone 1-34 

(PTH(1-34) coated onto Macroflux® microprojections array has been recently 

evaluated in human volunteers (40-85 years) by Dadonna et al. (2010). In Phase I 

clinical studies MN patches coated with 30 ~g PTH(1-34) were applied to different 

sites (the abdomen, upper forearm or thigh) for 30 min in healthy human subjects and 

PK evaluation was performed. For comparison marketed PTH(I-34) product, 

FORTEO®, was administered by subcutaneous injections. Phase II studies were 

conducted in post-menopausal women with osteoporosis to determine the patch dose 

response (20 ~g, 30 ~g and 40 ~g) compared to placebo patch and FORTEO® 

injection. In Phase I studies, it was demonstrated that application of MN patches, 

irrespective of the site, resulted in rapid PTH(I -34) plasma occurrence with Tmax 3 

times shorter than that observed after administration of FORTEO® (0.14 hand 0.4 h, 

respectively). In Phase II, it was shown that MN-patch-mediated delivery of PTH(1-

34) was dose dependent as a proportional increase in plasma PTH(1-34) AUC was 

observed with an increase of dose administered. 

Chen et al. (2009b) investigated the feasibility oJ transdermal delivery of 

OVA coated onto very small and densely packed microprojections array (less than 

1 00 ~m in height with density ~20,000 MN/cm2
). The results showed that the 

antibody response after immunisation of mice with OVA-coated MN patch was 

comparable to that observed after immunisation with intramuscular injection. 
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Apart from solid metal MNs, polymeric MNs were coated with model antigen 

and their efficacy in inducing immune response was studied. Han et al. (2009), in 

order to increase loading capacity of the MNs, fabricated grooves-embedded MNs 

from biocompatible polymer poly-L-Iactic acid (PLA). To test the effect ofMN type 

on immunization, three types of MN arrays (Type A, Band C - Figure 1.14) all 

comprised of 15 needles of 880 )..tm height, were coated by dipping in 100 )..tglml 

av A formulation and applied for 10 min to the mice skin. 

Figure 1.14 SEM images of three different types of the PLLA microneedles (Han et al., 2009). 

The results showed that the degree of immune response was higher after application 

of Type C MN s, followed by Type B and Type A. This result suggests that grooves

embedded MNs (Type B and C) allowed for higher drug loadings in comparison to 

the smooth ones (Type A). 

1.4.6.3 Polymeric micro needles 

Apart from 'coat and poke' and 'poke with patch' approach utilizing application of 

mainly metal or silicon MNs, a concept of polymeric MNs encapsulating 

pharmaceuticals within their matrix was introduced. Upon contact with the skin 

interstitial fluid polymeric MNs either dissolve or degrade releasing drug cargo for 

local or systemic delivery. A plethora of advantages is associated with the use of 

polymeric MNs. Firstly, in contrast to silicon which is a less commonly used 

material, a wide range of polymers are biocompatible and have long safety records in 
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medical devices (Park et al., 2005). The use of water-soluble and biodegradable 

polymers eliminates the risk of leaving biohazardous sharp waste in the skin, as well 

as guarantees safe MN disposal by mechanical destruction or dissolution in a solvent 

(Park et al., 2005; Prausnitz and Langer., 2008). In addition, low cost of polymeric 

materials and their easy fabrication in micro-moulding processes allows for their 

mass production. However, in case of polymeric MNs drug loading can compromise 

their mechanical strength and fabrication process can have an influence on stability 

of incorporated molecules. 

To accurately produce MNs out of polymeric materials, a variety of mould

based techniques, such as, casting (Perennes et al., 2006), hot embossing (Han et al., 

2009), injection moulding (Sammoura et al., 2007) and investment moulding 

(Lippmann et al., 2007) have been investigated. Polymeric materials which have 

been efficiently fabricated into MNs include: poly(vinyl pyrrolidone) (PVP), poly-L

lactic acid (PLA), poly-glycolic acid (PGA), and poly-Iactic-co-glycolic acid 

(PLGA), polycarbonate (PC), carboxymethyl cellulose (CMC) polyvinyl alcohol 

(PV A) (Lee et al., 2008; Han et al., 2009; Perennes et ai., 2006; Sullivan et al., 2008; 

Aoyagi et al., 2007; Han et al., 2007; Chu et al., 2010). Sugars have also been used 

to fabricate the MNs, such as, galactose, maltose, dextrin (Donnelly et ai., 2009b; 

Kolli and Banga., 2008; Miyano et al., 2005). Examples of polymeric MNs are 

presented in Figure 1.15 
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Figure 1.15 representative images of polymeric MNs: (A) 500/lm long solid maltose MNs (Lippmann 
et al., 2007) (B) 750 /lm long PVP MNs (Sullivan et al., 2008), (C) 600 /lm long CMC MNs (Lee et 
al., 2008), (D) 600 /lm long PGA MNs (Park et al., 2005). 

Miyano et at. (2005) reported for the first time the production of MNs from 

natural sugars. Drug loaded MNs were prepared by heating powdered maltose to 

140°C for 1 h until maltose-candy was formed, which was subsequently followed by 

addition of the drug and uniform mixing. After cooling, the small quantities of this 

drug-containing maltose-candy were cast into MN mould at 95°C to form MN arrays. 

Arrays of 500 !lm high MNs containing ascorbate-2-glicoside (5% w/w), sodium 

salicylate (10% w/w) and ca1cein (10% w/w) were fabricated by this method. It was 

highlighted that MNs dissolved within a few hours at humidity of more than 50% but 

retained their shapes for at least 3 months at 40% humidity. The insertion of 500 !lm 

high MNs into the forearm of human volunteers was found to be painless and needles 

were reported to dissolve within 5 min. In the follow up study, the authors addressed 

the difficulties in fabrication of maltose MNs, such as low throughput due to high 

viscosity of maltose-candy, and proposed polyethylene glycol (PEG, Mw= 6000 Da) 

as an alternative material for MN fabrication. MNs fabricated from PEG were 

successfully inserted into human cultured skin without breakage which indicated 

their sufficient mechanical strength to form microchannels in the skin (Miyano et al., 

2007). 

The ability of maltose MNs to improve transdermal transport of molecules 

was also investigated by Banga's research group (Kolli and Banga., 2008; Li et al., 
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2009; Li et al., 2010). However, researchers utilized soluble maltose MNs as a mean 

to skin pretreatment rather than actual drug containing device. Solid maltose MNs 

(500 J..lm in height) were fabricated in a micro-moulding process and MN-mediated 

delivery of nicardipine hydrochloride (NH) across rat skin was investigated both in 

vitro and in vivo. The results showed that pretreatment of full thickness rat skin with 

MNs led to a 4-fold increase in NH permeation in comparison to passive diffusion. It 

was also demonstrated that MN s improved NH transport across rat skin in vivo. The 

peak plasma NH level (Cmax) of 56.45 ng/ml was observed after 7 h in MN treated 

rats, whereas in untreated group detectable levels NH were seen only after 8 hand 

Cmax of approximately 16 ng/ml was observed after 24 h (Kolli and Banga., 2008). 

Similarly, Li et al. (2009) investigated the efficacy of maltose MNs in enhancing 

transport of model protein, human immunoglobulin G (IgG) (Mw ~ 150 kDa) across 

full-thickness hairless rat skin in vitro. The influence of parameters, such as MN 

length (200 and 500 J..lm), number of MNs (27 and 54 needles) and drug 

concentration (5,20 and 40 mg/ml) on IgG delivery across skin was evaluated. It was 

found that IgG flux was increased approximately 10-fold and 4-fold with increase in 

number and length of MNs, respectively. Furthermore, an increase in IgG 

concentration up to 20 mg/ml also resulted in increased flux, after which (for 40 

mg/ml) no significant change in flux was noted. This was attributed to the saturation 

of the boundary layer relative to the donor solution. In addition to IgG delivery, the 

authors demonstrated also successful transport of monoclonal antibody across MN

treated hairless rat skin in vitro. In a follow up study, investigators assessed MN

mediated delivery of IgG in vivo. For comparison purposes, apart from maltose MNs 

(500 J..lm in height) commercially available DermaRoller™ (700 J..lm in height) was 

used to pretreat the skin. The res1;llts revealed that IgG peak plasma levels were 

observed after 24 h and were of 7.27 ng/ml and 9.33 ng/ml in maltose and 

DermaRoller™ treated groups, respectively. The gr:eater IgG permeation 

enhancement observed after DermaRoller™ skin pretreatment was attributed to the 

creation of bigger micro channels with an average diameter of 83 J..lm in comparison 

to 58 J..lm formed by maltose MNs (Li et al., 2010). 

Apart from maltose, the applicability of another carbohydrate material, 

galactose, for MN fabrication was investigated by Donnelly et al. (2009c). The 

authors described a number of difficulties associated with the processing and storage 
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of galactose MN arrays. Drug loaded galactose MNs (280 /lm in height) were 

prepared in micro-moulding process by melting galactose powder at 160°C and 

subsequent addition of model drugs: 5-aminolevulinic acid (ALA) and bovine serum 

albumin (BSA). It was highlighted that high viscosity of molten galactose and its 

tendency to solidify prevented preparation of more than two MN arrays at a time, 

which excluded the possibility of an easy scale up for mass production. Moreover, 

MN fabrication resulted in substantial losses of incorporated ALA and BSA (40% 

and 100%, respectively). In addition, storage of MN arrays at ambient conditions led 

to their deformation within 1 h and complete loss ofMN shape in 6 h. 

The fabrication of polymeric MNs from biodegradable polymers such as 

PLA, PGA and PLGA and their efficacy in improving delivery of model compounds 

across skin was described by Park et at. (2005). However, in this study polymeric 

MNs were used to pretreat the skin and did not encapsulate drug molecules within 

their matrix. MNs varying in geometry (bevelled-tip, chisel-tip, tapered-cone) were 

fabricated from hot polymer melts using a micro-moulding technique. It was reported 

that pretreatment of human cadaver epidermis with 20 MNs led to an increase in skin 

permeability to calcein and BSA by two orders of magnitude, whereas when 100 

MNs were used the permeability was increased by almost three orders of magnitude. 

In the following study, the authors evaluated the ability of drug loaded PLGA MNs 

to enhance transdermal delivery of model compounds, calcein and BSA in vitro. To 

allow for controlled release of compounds, drug molecules were either directly 

embedded within the PLGA MN matrix (for rapid release) or first encapsulated 

within CMC or poly-L-Iactide microparticles and then the drug-loaded microparticles 

were incorporated into MN matrix (for controlled/delayed release). It was 

" demonstrated that calcein encapsulated within PLGA matrix was released within 4 h, 

calcein encapsulated within CMC microparticles and then within PLGA matrix was 

released within 4 days, whereas calcein encapsulated within poly-L-Iactide 

microparticles and subsequently within PLGA matrix was released over the period of 

2 months. This study highlighted the feasibility of controlled drug release ranging 

from hours to months using polymeric MNs (Park et al., 2006). 

In all of the aforementioned studies MN fabrication relied on the use of high 

temperatures to melt either polymer or sugar matrix. Such strategy can preclude 
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successful encapsulation of fragile molecules such as peptides and proteins in MNs 

as already demonstrated by Donnelly et al. (2009c). Therefore, alternative MN 

fabrication methods that do not involve exposure of molecules to elevated 

temperatures were proposed. Sullivan et al. (2008) described fabrication of rapidly 

dissolving MNs in the room-temperature photo-polymerization (UV lamp at 100 W 

at wavelength of 300 nm) of liquid monomer, vinyl pyrrolidone. The PVP MNs 

obtained by this process where shown to dissolve within 1 min after insertion into 

porcine skin in vitro. To alter the dissolution rate, methacrylic acid (MAA) was 

copolymerized, which produced stronger MNs with slower dissolution rates. In 

addition, it was reported that red-fluorescent BSA loaded PVP MNs delivered the 

drug into skin as confirmed by fluorescence microscopy. Furthermore, it was 

demonstrated that incorporation of /3-galactosidase into MN matrix did not affect its 

enzymatic activity. Lee et al. (2008 a) proposed fabrication of MNs from aqueous 

blends of CMC and amylopectin (AP) in a micromoulding process. Aqueous 

solutions of CMC were first concentrated by heating at 60-70°C or under vacuum, 

whereas AP solutions were concentrated by heating 60-70°C only. Concentrated 

solutions of both materials were then cast into micromoulds to form MNs and were 

dried during centrifugation at 37°C. The authors designed MNs which enabled either 

bolus or sustained release of model compound, sulforhodamine B. For rapid release 

drug was selectively encapsulated within MNs, whereas for sustained release it was 

incorporated either into both the MNs and the backing layer or into backing layer 

only. In addition, it was shown that lysosyme loaded into CMC MN matrix retained 

its structural and functional activity after 2 months storage at room temperature. This 

indicated that direct incorporation of peptide and protein molecules into a dissolving 

MN system is possible with appropriate selection of the MN fabrication process, as 

well as suitable choice of the polymeric formulation used for MN production. Chu et 

al. (2010) from the same research group, fabricated dissolvable MNs from 20, 30 and 

50% w/w polymer blends containing PV A and PVP in a ratio 3 to 1. In order to 

better control localization of model drug within MNs and to increase drug loading 

without excessive wastage, the authors proposed two novel MN designs, bubble and 

pedestal MNs. It was demonstrated that by increasing viscosity of polymer solution 

or by introducing air bubbles at the base of the MN the model drug, sulforhodamine 

B could be localized to the MN tips (Figure 1.16). Increasing the localization of the 
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sulforhodamine B within the MN tips was shown to result in increased skin delivery 

efficiency. 

c 

MN 

}- backing 

F 

Figure 1.16 Solid MNs encapsulating model drug sulforhodamine B prepared from (A) 30% w/w (B) 
40% w/w (C) 50% PV AlPVP blends and bubble MNs prepared from (D) 30% w/w (E) 40% w/w (F) 
50% PV AlPVP blends. The arrows indicate air bubble at the base ofMN (Chu et al. , 2010). 

The authors showed that the newly designed pedestal MNs (having elongated base 

portion of the MN) allowed for better skin insertion and a 3-fold increase in drug 

loading capacity (Chu et al., 2010). 

A vast number of reports regarding employment of aqueous blends of 

different types of polymers for fabrication of MNs and delivery of a range of 

therapeutics across the skin has been produced by the Japanese research group ofIto. 

In the early studies, self-dissolving micropiles (SDMPs) of the approximate height of 

3 mm and base diameter of 0.5 mm were prepared from thread forming polymers, 

such as dextrin, chondroitin sulphate and dextran and their feasibility for 

percutaneous delivery of different proteins was evaluated in vivo. SDMPs fabrication 

technique involved dipping polyethylene tips into the drug containing polymer 

mixture and their subsequent withdrawal from the solution during which thread-like 

needles were formed. Administration of 5 insulin-loaded SDMPs prepared from 

dextrin to mice resulted in a reduction in plasma glucose levels (Ito et al., 2006a). In 

addition, hypoglycaemic effect was observed in dogs and mice after application of 

SDMPs prepared from chondroitin sulphate and loaded with insulin (Ito et al., 2007; 
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Ito et al., 2008a). Similarly, SDMPs prepared from dextrin, chondroitin sulphate and 

albumin successfully delivered erythropoietin (EPG) across the mice skin in vivo. 

After administration of 4 EPG loaded SDMPs fabricated from dextrin to mice, peak 

serum EPO levels of approximately 138 mIU/ml were achieved at 7.5 h. When 

chondroitin sulphate and albumin SDMPs containing EPG were applied, peak plasma 

levels of 96 mIU/ml and 132 mIU/ml were obtained after 8 hand 6.8 h, respectively 

(Ito et al., 2006). Furthermore, interferon-alpha was percutaneously absorbed after 

administration of drug loaded SDMPs prepared from chondroitin sulphate and 

dextran to rats (Ito et al., 2008b). In addition, human growth hormone (hGH) was 

delivered across rat skin in vivo from dextran SDMPs (Ito et al., 2008c). 

Administration of 3 hGH loaded SDMPs (200 )lg/kg dose) to rats resulted in peak 

hGH plasma levels of approximately 133 nglml achieved after about Ih. The 

absolute bioavailability of hGH administered via SDMPs was found to be 87.5%. 

Despite promising results of transdermal peptide/protein delivery using SDMPs, the 

major limitations of this delivery system have been recognized as the large size of 

the needles, individual production of each needle and lack of any supporting 

baseplate, which makes the application process cumbersome. Recently, the same 

research group addressed these disadvantages and designed a self-dissolving 

micropile array (SDMA) comprised of 100 micro needles organised into 10 lines and 

10 columns on a 1 cm2 area. Each needle was approximately 500 )lm long and 300 

)lm wide at the base. The efficacy of chondroitin sulphate SDMA patch loaded with 

EPG was assessed in rats and dogs in vivo. Two different SDMA patches, partially

loaded SDMA (P-SDMA) containing 25 IU of EPG and fully-loaded SDMA (f

SDMA) containing 129.5 IU of EPG were fabricated in micromoulding process. 

Administration of p-SDMA and f-SpMA to rats resulted in gradual increase in 

serum EPO concentrations and peak levels of approximately 31 mIU and 32 mIU 

were achieved at 8 h and 6 h, respectively. In addition, perc~taneous administration 

of one and two EPG-Ioaded p-SDMAs (22.4 IU) to dogs resulted in peak serum EPG 

concentrations of approximately 10 mIU and 20 mIU after 1 h, respectively (Ito et 

al., 2010). Similarly, the ability of SDMA to improve percutaneous transport of 

recombinant human growth hormone (rhGH) and desmopressin (DDAVP) was 

evaluated in rats in vivo. Recombinant human growth hormone was incorporated into 

dextran (content - 28.4 )lg) and chondroitin sulphate (content - 33.6 )lg) SDMA 
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patches, whereas SDMA containing DDAVP (5 .2 !lg) were prepared from 

chondroitin sulphate. It was reported that peak plasma rhGH concentrations were of 

approximately 58 ng/ml and 73.1 ng/ml after administration of dextran and 

chondroitin sulphate SDMAs, respectively. The total time to achieve peak rhGH 

plasma levels was observed to be 15 min in both cases. Furthermore, it was shown 

that percutaneous application of one and two DDA VP-Ioaded SDMAs fabricated 

from chondroitin sulphate resulted in peak plasma levels of approximately 16 ng/ml 

and 27 ng/ml, respectively. The peak DDAVP plasma levels were obtained after 27 

and 25 min, respectively (Fukushima et al., 2011). 

Researchers at TheraJect. Inc. developed MN-based transdermal delivery 

device, TheraJectMATTM and evaluated its performance in improving transdermal 

delivery of pharmaceuticals. This system is comprised of an array of dissolvable 

MNs fabricated from Generally Regarded As Safe (GRAS) material, sodium 

carboxymethyl cellulose (SCMC). Kwon et al. (2004) incorporated lidocaine HCI 

into SCMC matrix which was subsequently cast into micromoulds to form MNs 

(550-650 !lm in height). It was demonstrated that application of lidocaine loaded 

MNs resulted in approximately 3-fold increase in its flux across human cadaver skin 

compared to the flux of lidocaine solution. 

A recent study published within Nature Medicine on the use of dissolving 

polymeric MN patches for influenza vaccination received worldwide media 

attention, which is a highlight of the level of interest that MN technology is currently 

receiving. Sullivan et al., (2010), fabricated MN arrays using a room 

photopolymerised PVP, encapsulating inactivated influenza virus for a vaccination 

strategy in a mouse model in vivo. It was shown that a single vaccine dose with 

dissolving MNs induces protective immune responses superior to those obtained with 

intra-muscular injection at the same dose, including increased lung viral clearance. 

Furthermore, MN vaccination generated a robust antibody and cellular immune 

response in mice that provided complete protection against lethal challenge. The 

authors suggest that these results highlight the benefits of polymeric MN patches as a 

new technology for simpler and safer vaccination with improved immunogenicity 

that could facilitate increased vaccination coverage. 
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1.4.6.4 Hollow Microneedles 

Hollow MNs enable continuous delivery of molecules across the skin through the 

MN bore either by diffusion or pressure- or electrically-driven flow. In comparison 

to solid or coated MNs which are capable of delivering small quantities of 

pharmaceuticals, this approach allows for infusion of larger amounts of drug 

substances (Roxhed et al., 2008). In addition, pressure-assisted injection via hollow 

MNs offers potential to modulate drug delivery by altering the infusion rate. It was 

reported that increase in the flow rate is proportional to inner diameter of the MN and 

inversely related to MN length (Bodhale et al., 2010). Martanto et al. (2006) 

provided an extensive analysis of factors influencing flow rate of sulforhodamine B 

solution through a single hollow glass MN which was attached to a 250 III or 1 ml 

glass syringe. It was shown that partial needle retraction as well as the increase in 

pressure caused a significant increase in flow rate. In addition, infusion flow rate was 

greater in the presence of hyaluronidase, and from beveled-tip MN than from a blunt

tip MN. This study clearly demonstrated that by varying infusion parameters 

different flow rates can be achieved, and in turn, drug delivery could be controlled. 

The successful use of hollow MNs can be hindered by potential clogging of the 

needle bore-opening with the tissue during MN skin insertion (Gardeniers et aI., 

2003). To overcome this issue, MNs with the opening located at the side of the tip 

have been designed and fabricated (Stoeber and Liepmann., 2000; Griss and 

Stemme., 2003). Keeping the hole outlet off-centre not only prevents needle 

clogging but also increases the area of drug exposure to the tissue. Another limitation 

associated with the hollow MNs is flow resistance due to dense dermal tissue 

compressed around MN tip during insertion (Martanto et al., 2006), which has been 

theoretically considered by Roxhed et al. (2007). It has been demonstrated that 

partial needle retraction following insertion improved fluid infusion due to relaxation 

of the compressed tissue and an increase in flow conductivity of skin beneath MN 

tip. Moreover, skin deformation during needle insertion could be minimized by 

application ofMN via drilling or vibrating motion (Wang et al., 2006). 

Hollow MN s have been fabricated in a wide range of heights and geometries 

(Figure 1.17) mainly out of silicon and metal using MEMS techniques (Roxhed et 
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al., 2008; Stoeber and Liepmann., 2000; Griss and Stemme., 2003; Roxhed et al., 

2008). In addition, hollow glass (Wang et aI., 2006), polymeric (Sammoura et al., 

2007) and ceramic MNs (Ovsianikov et al., 2007) have been manufactured. 

Figure 1.17 Examples of hollow MNs: (A) 210 ~m high side-opened silicon MNs with the hole 
beginning at the base of the needle (Griss and Stemme., 2003), (B) 500 ~m high tapered metal MNs 
(McAllister et al., 2003), (C) 400 ~m high silicon MNs (Roxhed et al., 2008), (D) 200 !-lm high silicon 
with pointed tips (Stoeber and Liepmann., 2000), (E) 350 ~m high with a base of 250 !-lm silicon 
MNs (Gardeniers et al., 2003) (F) Ormocer® MNs (Ovsianikov et aI., 2007). 

To date, most of the studies regarding hollow MNs have been focused on 

fabrication aspects, whereas less attention has been given to their actual efficacy in 

delivering compounds across the skin. Insulin was the most extensively utilized 

molecule in that respect. Davis et al. (2005) reported successful transderm<:!-l insulin 

delivery via hollow MNs to diabetic rats. The authors inserted a MN array comprised 

of 16 metal needles (4 x 4) with a height of 500 )..tm into rat skin and a glass chamber 

filled with insulin solution was adhered to the base of an array to serve as a drug 

reservoir. It was reported that the passive-diffusion-driven insulin delivery resulted in 

the reduction of blood glucose levels over 4 h by 53% and remained constant during 

4 h post-delivery period. Wang et al. (2006) investigated the efficacy of hollow glass 

MN in enhancing the transport of insulin both in vitro and in vivo. FITC-insulin was 

successfully microinjected into hairless rat skin in vitro as confirmed by bright-field 
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and fluorescence microscopy. In addition, microinjection of insulin through the MN 

inserted to a depth of 500-800 Ilm and infused for 30 min elicited a drop in blood 

glucose levels by 25% below the pre-treatment values. Approximately 5 III of insulin 

solution was microinjected into diabetic rat skin. When the MNs were retracted back 

by ~ 200 Ilm, larger volume of insulin solution was delivered (~ 30 Ill) and blood 

glucose levels were reduced by 70% below pre-treatment values. The authors also 

demonstrated efficient microinjection of Caco-2 human intestinal epithelial cells, 

used as a model cell line, through MNs into hairless rat skin in vivo, highlighting the 

potential use of MN technology as a drug delivery device for tissue engineering, 

stem cell and other cell-based therapies. In addition, hollow MNs facilitated delivery 

of microparticles into the skin of hairless rats in vivo. Swedish research group of 

Stemme developed integrated patch-like MN system where MN were attached to a 

drug dispenser and evaluated its performance in vivo in diabetic rats. The patch was 

composed of an array of 21 hollow silicon MN s and an electronically controlled drug 

dispenser. The drug stored in the dispenser was ejected through the hollow MNs 

when thermally expandable silicone material expanded into the liquid reservoir 

following supply of the voltage to the heater. Administration of insulin via patch for 

a total of 3 h to diabetic rats resulted in a decrease of blood glucose levels at the end 

of 4 h monitoring period. Passive insulin infusion (0 Illlh rate) and active infusion at 

a rate of 2 Illlh and 4 Illih resulted in the decrease in blood glucose levels from the 

initial value of 19±1 mM to 14±1 mM, 11±2 mM and 9±1 mM, respectively 

(Nordquist et al. , 2007). The same group proposed a novel concept of sealing the 

hollow needles in order to protect the drug stored in the reservoir from degradation, 

evaporation or leakage. Drug release from sealed MN s could be realised by opening 

of the seal through different mechani~m, such as burst opening, electrochemical 

opening and opening upon insertion into the skin. For example 170 Ilm gold seal was 

demonstrated to rupture upon insertion into skin tissue (Chandrasekaran et al., 2003). 

The efficacy of hollow MNs has also been investigated in human subjects. 

Gupta et al. (2009) conducted a study to assess the effect of hollow MN on insulin 

delivery in Type 1 diabetic adults (I-male and I-female) in comparison to that of a 

catheter infusion set (9 mm). MN was attached to a 3 ml syringe which was further 

connected to a syringe pump that controlled the insulin delivery rate. MN was 

inserted at a 90° angle into the abdominal skin at three different depths 1, 3.5 and 5 
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mm using a custom-made rotator device. Results showed that a MN insertion depth 

of 1 mm within the skin led to rapid insulin absorption and reduction in the glucose 

levels in fasting subjects, proving effectiveness of hollow MNs in minimally

invasive transdermal delivery of insulin. It was hypothesised that fast absorption of 

insulin administered at a depth of 1 mm was due to insertion of MNs in the close 

proximity of blood capillaries in the papillary region of the dermis. Sivamani et al. 

(2005) studied injection of methyl nicotinate in 11 healthy human subjects, using an 

array of either pointed or symmetric hollow MNs (4 x 4), made from silicon (200 /lm 

long and 40 /lm lumen diameter) and glued to a syringe. It was observed that the 

pointed MN injections resulted in higher blood flux than the symmetric MNs. In 

addition, the same workers investigated the effect of the hollow silicon MN arrays on 

the delivery of hexyl nicotinate to 5 human subjects. Hexyl nicotinate, a lipophilic 

vasodilator, used as a marker of se penetration, was either applied topically or 

injected at tape-stripped and unstripped sites of the forearms. It was demonstrated 

that MNs were capable of injecting the drug beyond se as confirmed by measuring 

the blood flow by Laser Doppler Imaging (LDI). The tape-stripping did not benefit 

MN-mediated delivery of hexyl nicotinate. Van Damme et al. (2009) conducted a 

single-blinded study to evaluate intradermal delivery of low-dose influenza vaccines 

(a-RIX~, using a novel MN device in 180 healthy men and women (aged 18-40 

years) [90]. The MN device (MicronJet™) consisted of an array of 4-silicon MNs 

(450 /lm length) bonded to the tip of a plastic adapter which, in turn, could be 

mounted on any standard syringe. Subjects were randomly assigned to receive either 

a full-dose intramuscularly (lM) (l5/lg hemagglutinin (HA) per strain) by 

conventional needle (lM group) or a low-dose intradermally (lDl group) (3 /lg HA 

per , strain) or medium-dose intradermally (lD2 group) (6 /lg HA per strain) by 

MicronJet™. It was concluded that the low-dose influenza vaccines delivered by 

MicronJet™ produced i~unogenicity responses similar to that of full dose IM 

vaccinations. 

Over the past decade, the pharmaceutical company Becton Dickinson (BD) 

have developed and evaluated a hollow microneedle system in both pre-clinical and 

clinical studies. The BD micro-injection system features a 30 gauge MN designed for 

perpendicular insertion into the skin. The MN is pre-attached to a delivery system 

that limits the depth of insertion of the MN to 1.5mm from the skin's surface. The 
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needle is attached to a glass syringe pre-filled with a vaccine dose and a needle 

shielding system that covers the needle after inection (Laurent et al., 2007). Indeed 

this pre-filled injection system, known as BD Soluvia
n 

.. , was approved for market 
TM 

launch in Europe 2009 as a seasonal flu vaccine under the trade name Intanza 

(Sanofi-Pasteur) (Laurent et al., 2010). As such, this currently is the world's first and 

only commercially available microneedle based drug delivery product. Numerous 

studies have highlighted the efficacy of the BD MN device for the intradermal 

delivery of a range of agents, including vaccination against rabies (Laurent et aI., 

2010), anthrax (Mikszta et al., 2005; Mikszta et al., 2006), influenza (Belshe et al., 

2004; Alarcon et al., 2007) and Japanese encephalitis (Dean et al., 2005). 

Belshe et al. (2004) evaluated the immunogenicity of an intradermal injection 

of a candidate influenza vaccine, containing 6 ~g of haemagglutinin antigen per 

strain, using the BD MN system in comparison to a standard intramuscular dose of 

15 ~g of haemagglutinin antigen, in two groups of adults - one 18 to 60 years of age 

and the over 60 years of age. It was found that whilst an intradermal injection of a 

reduced dose resulted in similar antibody responses in comparison to an 

intramuscular injection of a full dose influenza vaccine among persons 18 to 60 years 

of age, it induced slightly lower responses in the subjects over 60 years of age. 

However, the seroprotection rates within the over 60 years age group was still very 

high following intradermal vaccine delivery, ranging from 93 to 100%. Alarcon et al. 

(2007) performed the first preclinical evaluation of the BD MN technology for the 

intradermal delivery of three types of influenza vaccine: a whole inactivated 

influenza virus; a trivalent split-viron human vaccine, and a plasmid DNA encoding 

the influenza virus haemagglutinin, within a rat model. It was found that MN based 

intradermal delivery elicited antibody responses that are at least as strong as those 

induced following intramuscular injection. Furthermore, in all cases the use of MN 

mediated vaccine delivery enables dose sparing to be achieved (ranging from 10 -100 

fold dose sparing), although the extent of dose sparing varied according to the 

vaccine employed and the strain of influenza virus. 

Mikszta et al. (2005, and 2006) have suggested that the BD MN systems may 

be useful for mass vaccination strategies to provide protection against inhalational 

anthrax, a potential bioterror agent. It was shown that in mice, intradermal delivery 
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using the BD system achieved up to 90% seroconversion after a single dose of 

recombinant Bacillus anthracis protective antigen (rPA), in comparison to 20% 

achieved after intramuscular injection. Moreover, MN mediated intradermal delivery 

of the rP A in rabbits provided complete protection against a lethal challenge with 

inhalational anthrax. Following on from this study, the same group compared MN 

based intradermal delivery to intramuscular injection using graded doses of rP A in a 

rabbit model (Mikszta et al., 2006). It was shown that MN based ID delivery 

required less antigen to induce levels of antibody similar to those produced via IM 

injection during the first 2 weeks following primary and booster inoculation. For 

example, the primary antibody response induced by ID delivery of 0.2 J.lg rP A was 

statistically equivalent to that generated using a 50-fold excess of antigen (10 J.lg) 

administered IM. On a dose by dose basis, ID delivery provided increased immune 

responses during the early stages of the immune response, with the levels of 

protection against inhalational anthrax comparable, if not better to, those induced by 

IM injection (Mikszta et aI., 2006). 

On the basis of the positive data regarding the efficacy of the BD MN device 

for the vaccine delivery, and appropriate induction of immune responses, Laurent et 

al. (2007) carried out an excellent investigation into the clinical performance and 

safety of this system in swine and human models. The parameters under examination 

included imaging and histological examination of the injection site, measurement of 

the fluid injection volume accuracy, and an assessment of the subject's perceived 

pain and occurrence of local skin reactions. Importantly, this study also gained an 

insight into the opinions of healthcare professionals (general practitioners and 

registered nurses) regarding the use of the MN device, and the level of training 

required for consistent and reproducible usage. Two pivotal clinical trials' were 

conducted on 645 adults to evaluate the consistency of injected fluid volume, and to 

assess perceived pain upon MN insertion and the occurrence of local skin reactions at 

the site of injection. These studies demonstrated that the BD MN system could 

reliably and consistently infiltrate the delivered dose into the skin dermal tissue. The 

overall percentage of successful injections with this system, i.e. where the reported 

fluid leakage was below 10J.lI, was 95%. Importantly, the healthcare professionals 

viewed this MN based ID technique as self-explanatory and easy to use, and the 

performance results indicate that the user may not require any specific training to 
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successfully utilise the device. Unlike the standard Mantoux ID injection technique, 

MN placement into the skin was reported by all subjects as pain free, with mean 

V AS scores associated with needle insertion reported as 27.6 and 10.2 mm, 

respectively. Local skin reactions that were reported included a small drop of blood 

at the MN insertion site (43% of cases), some skin redness (35% of cases) and minor 

irritation (5% of cases). These local adverse events spontaneously reversed with 20-

30 minutes. Overall, this study confirms that the BD MN based system meet the 

performance and safety criteria required to enable its successful use for vaccine 

delivery in a clinical setting (Laurent et al., 2007). 

A recent study has explored the potential of altering the needle length used 

within the traditional BD Soluvia ™ device, and the impact that this would have on 

vaccine immunogenicity and safety. Using a rabies vaccine as a model, Laurent et al. 

(2010) compared ID delivery using needle lengths of 1.0, 1.5, 2.0 and 3.0 mm 

relative to standard IM injection within a pilot 66 healthy adult volunteer study. It 

was found that the length of the MN had no apparent impact on vaccine 

immunogenicity, as observed by the titer of rabies neutralizing antibodies, and that 

MN mediated ID delivery enabled dose sparing in comparison to IM injection. 

1.4.6.5 Penetration of micro needle arrays into the skin. 

MN arrays are designed to overcome the skin's formidable barrier, the stratum 

corneum, thus facilitating delivery of drugs into the body. However, it is vitally 

important that successful skin penetration is achieved in a painless manner and 

without MN failure. Therefore, to be effective as a transdermal drug delivery device 

MNs are required to exhibit sufficient strength which should allow skin insertion 

without breaking or bending. A variety" of MN s of different designs have been 

produced from silicon, metal, carbohydrates and polymers using various 

micro fabrication techniques. However, not all MN geometries are able to pierce the 

skin at reasonable forces without breakage or causing tissue damage (Ji et al., 2006). 

The main factors influencing the force necessary to penetrate the skin and the force 

MNs can withstand before fracture are: tip radius, base diameter, wall thickness, wall 

angle, needle geometry, needle height, material properties and needle density (Davis 

et al., 2004). Moreover, when considering MN penetration into tissue, the issue of 

skin elasticity and its effect upon the reproducibility of MN piercing must be 
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addressed. It has been demonstrated that the elastic nature of the skin results in its 

indentation and compression during MN insertion which, in turn, either completely 

prevents MN penetration or leads to incomplete piercing (Verbaan et al., 2008; 

Martanto et al., 2006; Wang et al., 2006; Verbaan et al., 2007). In order to achieve 

successful MN insertion into skin without breaking, penetration force has to be high 

enough to overcome resistive skin forces . In addition, the MNs themselves have to be 

mechanically strong enough to withstand shear forces in the tissue. Therefore, to 

design MNs capable of piercing the skin in a safe and reliable manner, the ratio 

between fracture force and penetration force should be maximised (Park et al., 2007). 

Several studies have scrutinized mechanical properties of MNs, i.e. insertion 

and fracture forces. The influence of MN geometries on efficiency of percutaneous 

penetration as well as on MN fracture force was investigated for the first time by 

Davis et al. (2004). Single MNs varying in tip radius, wall thickness and wall angle 

were inserted into the skin of human subjects and force applied to the needle was 

measured using a displacement-force test station. In order to recognize the point of 

needle insertion, skin resistance was measured. The electrical resistance of stratum 

corneum is much greater in comparison to deeper tissues (Yamamoto et al., 1976). 

Therefore, a sudden decrease in skin resistance indicated needle penetration. MN 

insertion forces (0.1-3 N) increased linearly with increasing cross-sectional area of 

the needle tip, whereas fracture force increased with increasing wall thickness and 

wall angle. The greatest margin of safety (ratio between the fracture and insertion 

force) had MNs with small tip radius and large wall thickness (Davis et al., 2004). 

Mechanics of PLA, PLG and PLGA MN arrays was a subject of interest of Park et 

al. (2005). In order to determine if polymeric MN s have the ability to pierce the skin 

withoUt any breakage, the fracture force of PLGA MNs was investigated as a 

function of needle length and base diameter. In addition, the effect of Young's 

modulus on fracture force of 'MNs prepared from different polymer materials was 

assessed. This mechanical study showed that PLGA MNs of shorter length and wider 

base diameter required higher forces for breakage. MN s manufactured from material 

of higher Young's modulus had larger failure force. 

In addition Li et al. (2009) highlighted the difficulty of MNs of short height 

« 300 J..lm) to successfully pierce the skin, which was attributed to the skin's natural 
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elasticity. In the follow up study, in order to address this issue, the researchers 

examined the effect of MN administration with the aid of an applicator on the MN 

insertion into human dermatomed and full-thickness human skin in vitro . The 

electrically-driven applicator with controllable velocity (1 and 3 mls) and three 

different types of MNs (hollow metal, 300 !lm, 4 x 4, 6 x 6, 9 x 9; hollow silicon, 

245 !lm, 4 x 4; solid metal, 300 !lm, 4 x 4) were used throughout the study. It was 

demonstrated that using a velocity of 1 or 3 mls, the skin's elasticity was overcome 

and all types of MNs successfully pierced the skin as evidenced by Trypan Blue 

staining. Use of the manual applicator resulted in an ineffective MN insertion. 

Furthermore, it was shown that use of a higher insertion velocity led to an increase in 

the transdermal transport of model compound, cascade blue (CB) irrespective ofMN 

type, suggesting that the depth of MN penetration achieved within skin increases as 

the velocity of insertion is increased (Verbaan et a!., 2008). Furthermore, the 

necessity for a reliable application method, rather than relying on manual application 

of the end user, has been highlighted in more recent studies (Donnelly et al., 2010; 

Crichton et al., 2010; Enfield et al., 2010; Coulman et al., 2011). It was shown that 

the depth of skin penetration achieved by a polymeric MN system was dependent 

upon the force of application (Donnelly et al., 2010). Similarily, the depth of skin 

penetration achieved by a drug coated silicon MN array was dependent upon the 

strain rate of application, with increased penetration also associated with a greater 

delivery of antigen payload and a dramatic increase in the generation of systemic 

antibodies (Crichton et al., 2010). As such, these studies highlight that simply relying 

on manual application of a MN device without the aid of a specific applicator design 

may lead to wide variations in the clinical efficacy of the device, which could hinder 

its commercial development. 

In order for successful development and commercialisation of MN technology, it is 

of paramount importance that the exact depth of MN penetration and the dimensions 

of the micro channels created within the skin, as well as the recovery of the skin's 

natural barrier function ability from patient to patient can be determined. The 

majority of studies to date have confirmed successful MN skin penetration by 

applying a coloured dye to the skin surface, or by measuring transepithelial water 

loss following MN removal. Although these techniques confirm whether the se has 

been compromised, they provide no information with regards to the true depth of 
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MN penetration. Recently, there has been a crucial development in optical imaging 

methods that could prove to be a major milestone for the progression of MN 

technology into a clinical reality. Researchers from three different groups have 

simultaneously highlighted the benefits of optical coherence tomography, enabling 

the non-invasive assessment of MN penetration depth, MN dissolution and pore 

closure kinetics, in real time and in vivo. Enfield et al., (2010) and Coulman et al., 

(2011) both utilised aCT to enable direct visualisation and quantification of the 

micropores created within the skin following MN insertion and subsequent removal, 

and followed the pore closure kinetics as the skin recovered in vivo. Whilst these two 

studies focused on the manual application of the MN array, it is envisaged that some 

form of quantifiable application method will be necessary for MN technology to be 

accepted by the regulatory authorities, healthcare professionals, as well as the general 

public. As such, Donnelly et aI., (2010) evaluated the potential for aCT to enable an 

assessment of the effect that application force had upon MN penetration into skin in 

vitro. It was found that increasing the force used for MN application resulted in a 

significant increase in the depth of penetration achieved within neonatal porcine skin. 

Furthermore, it was shown that, at a constant application force, the density of a MN 

had no impact upon the depth of skin penetration achieved by a MN array. The 

authors believe that the use of aCT opens up the possibility to investigate the 

consistency of MN penetration, dissolution, and also skin recovery on a patient-to

patient basis. Indeed, given the extensive in vitro characterisation of MN technology 

that has been completed to date, a comprehensive evaluation of how MN design, skin 

penetration depth, and MN dissolution affect the performance of a MN device in vivo 

are exactly the type of studies that are needed to enable MN based delivery systems 

to move closer towards commercialisation. 

1.4.6.6 Minimal invasiveness, safety and public perception of micro needles 

Despite promising results from delivery studies, the future of MN technology would 

be inauspicious if their application caused pain and distress in patients. Therefore, 

several studies have been conducted with the aim of establishing the scale of the pain 

associated with MN insertion into skin, the temporary nature of the disruption of the 

skin's barrier function, and the occurrence of other adverse skin reactions. 
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Kaushik et al. (2001) carried out the first MN safety evaluation study in 

human subjects. A total of 12 male and female healthy volunteers, aged between 18 

and 40 years, participated in the study. Silicon MN arrays comprised of 400 needles 

which were 150 )..lm long with a base diameter of 80 )..lm and tip radius of 1 )..lm 

where used in the study. Pain-scores from the subjects were recorded on a visual 

analog scale (V AS) and it was found that MN application was painless and caused no 

skin damage or irritation. Bal et al. (2008) investigated the effect of MN design upon 

barrier disruption and safety aspects following application to 18 healthy volunteers. 

TEWL and erythema (evaluated by skin colour and Laser Doppler Imaging) values 

after treatment with solid MN arrays of 400 )..lm height were significantly increased 

in comparison to solid MN arrays of 200 )..lm height. However, for all MN designs, 

the irritation was short-lasting « 2 h) and application was perceived as painless by 

all volunteers. Haq et al. (2009) investigated the pain (using 0 to 10 cm V AS score) 

and sensory responses (using McGill Pain Questionnaire Short Form) in 12 human 

subjects. Two different types of silicon MNs (of 180 and 280 )..lm heights and 

arranged in 6 x 6 arrays) and a 25-G hypodermic needle were applied to the 

participants. The mean V AS pain scores were ~0.25 cm, ~0.60 cm and ~ 1.25 cm for 

180 )..lm MNs , 280 )..lm MNs and the hypodermic needle, respectively, indicating that 

hypodermic needle was perceived as significantly more painful than MN insertion. 

This result was further supported by verbal comments from participants who 

described hypodermic needle application as 'sharp' and 'stabbing' and perceived 

MN insertion as 'pressing' and 'heavy'. The authors, in line with pain and sensory 

response, assessed the efficacy of MN penetration into the skin. A topical application 

of methylene blue to the skin showed that the micropores are created following 

insertion of the MNs, with subsequent pore ~losure occurring between 8 - 24 h after 

the removal of MN s. 

In several other studies, focused mainly on assessment ofthe efficacy of MN

assisted drug delivery to human subjects, the evaluation of pain and discomfort was 

also carried out. Wermeling et al. (2008) evaluated tolerability of not only MNs 

themselves but also MN arrays (5 x 10 MNs, 620 )..lm in height) in combination with 

drug formulations during investigation of MN-mediated systemic delivery of 

naltrexone in human volunteers. It was found that MN array insertion was 4 times 

less painful than insertion of a hypodermic needle (the mean V AS score using 0 to 10 
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cm scale was 0.6 cm and 2.4 cm, respectively). In addition, after MNs application 

only transient erythema was observed which disappeared within a few hours. 

However, skin changes were more pronounced after MN insertion followed by 

application of NTX patch. In two out of six subjects contact dermatitis occurred at 

MN insertion site being in contact with NTX formulation and in another two subjects 

local irritation and mild erythema was seen. The increase in severity of adverse skin 

reactions was attributed to the properties of the NTX and the presence of benzyl 

alcohol in the NTX formulation rather than the MN device itself. Sivamani et al. 

(2005) reported that human volunteers described injection of a 1 ~l methyl nicotinate 

using 200 ~m silicon MNs as a feeling of pressure but no pain. Similarly, Gupta et 

al. (2009) assessed pain when comparing insulin infusion via hollow MN to catheter

based insulin administration. Both human subjects perceived MN-mediated insulin 

delivery as less painful than catheter infusion. Van Damme et al. (2009) reported that 

local reactions, such as erythema and swelling, were more frequent after intradermal 

injections of influenza vaccine (a-RIX®) using a novel MN device MicronJet™ in 

comparison to intramascular injections. However, the reactions were described as 

mild and of short duration. In addition, no significant difference was observed in the 

level of pain experienced by patients who received intradermal and intramuscular 

injections. 

Recently, Kalluri and Banga (2011), for the first time, comprehensively 

characterized the microchannels created in hairless rat skin following microneedle 

poration, and determined the effect of formulation pH and different occlusive 

conditions on the kinetics of pore closure. They report that the manual insertion of 

maltose MNs (560 ~m long, base width of 213 ~m) created microchannels with an 

average aepth of 160 ± 20 ~m, as observed by histological sectioning and confocal 

microscopy. In order to assess the effect of different conditions on pore closure, the 

porated sites were either left open to the environment, occluded by a plastic film, 

occluded with citrate buffer (PH 4), occluded with PBS buffer (PH 7.4), or occluded 

with distilled water. Interestingly, it was found that when left exposed to the 

environment the skin recovers its barrier function with 3-4 hours (as evident by 

TEWL measurements), with complete microchannel closure occurring 15 hours after 

poration. However, under all occlusive conditions, skin barrier function remained 

impaired and the micro channels remained open for up to 72 hours in vivo, although 
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fonnulation pH had no impact upon skin recovery. These results may have 

significant implications in the design of MN patch devices for drug delivery. 

Selection of appropriate impenneable backing layers to adhere polymeric MNs to the 

skin site, or correct choice of occlusive conditions following MN poration and drug 

fonnulation application may enable enhanced drug penneation to be achieved by 

prolonging the period that skin barrier function is impaired. Importantly, the pores 

start to close once the occlusive barrier is removed, thus preventing possible 

infection at the porated site. 

The potential for microorganisms to traverse through the microneedle induced 

pores is an important safety consideration that must be addressed as MN technology 

progresses, and has received only limited attention to date. Donnelly et al. (2009b) 

investigated movement of C. albicans, S. epidermidis and P. aerugiosa across 

porcine skin pre-treated with MN arrays (5 x 6 MNs, 280 ).lm in height). A 21 G 

hypodennic needle puncture served as a positive control. The study showed that 

representative microorganisms can traverse microchannels fonned by MN insertion. 

However, MN pre-treatment resulted in significantly lower microbial penetration in 

comparison to hypodennic needle skin perforation. Wei-Ze et al. (2010) evaluated 

the potential of microorganism invasion through micro conduits in vivo. Rat skin was 

pre-treated either with flat-tipped super-short MN array (10 x 10, 80 ).lm in height) or 

a macroneedle (1500 ).lm in height) and subsequently a culture solution of S. aureus 

was applied. The development of infection was assessed by the measurement of 

white blood cells, leukomonocytes and neutrophile granulocyte levels within the 

blood. It was demonstrated that there was no significant difference in the populations 

of three cell types between MN treated group and control group (untreated rats), 

indicating that the small size of the created microchannels did not allow for 

microorganism passage across the skin. In contrast, in rats treated with a 

macroneedle the number of all three cell types was increased indicating development 

of an infection. In addition, the authors assessed changes in the skin pre-treated with 

MN array by examining the skin expression of EIIIA\526 bp) segment, a sensitive 

marker of tissue injury. No expression of EIIIA+(526 bp) segments in the skin was 

observed which was interpreted as a lack ofMN-induced skin damage. 
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In addition to the extensive research concentrated on evaluation of MN 

efficacy in preclinical and clinical studies as well as their safety, a study by Birchall 

et al. (2010) provided an insight into the perception of the public and healthcare 

professionals on MNs as a new drug delivery platfonn. A number of advantages 

associated with MN technology, such as, reduction in pain and tissue damage on 

administration were highlighted by the members of public. Self-administration was 

also viewed as beneficial, however, the need for an in-built dosing indicator was 

emphasised. Among most commonly expressed concerns were: effectiveness of 

delivery, delayed onset of action, reproducible dosing and relatively high cost. 

Similarly, healthcare professionals acknowledged a variety of benefits of a MN drug 

delivery device and described the technology as especially appealing to paediatric 

and needlephobic patients. In addition to concerns raised by the public, the 

healthcare professionals also drew attention to inter-individual variations in skin 

thickness, the possibility for increased risk of infection and difficulty in injecting a 

small volume using MNs. 
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Aims and Objectives 

The primary aim of this thesis was to identify the most suitable polymeric 

microneedle (MN) design for microneedle mediated iontophoretic transdermal 

deli very of therapeutic peptide/protein agents. 

To achieve this, the present study investigates the: 

• Fabrication and mechanical characterisation of a range of polymeric 

formulations to identify the most suitable compositions for the production of 

dissolving soluble MN arrays, and the production of a novel new class of 

hydrogel forming MN arrays; 

• Effect of MN geometry (MN height and MN density) upon the mechanical 

strength, skin penetration characteristics, in-skin behaviour and transdermal 

drug delivery across neonatal porcine skin in vitro from these polymeric MN 

arrays to identify the optimum MN design for transdermal delivery; 

• Effect of applying an electric current in conjunction with polymeric MN 

arrays for sustained and/or pulsatile peptide/protein delivery both in vitro and 

in vivo. 

• Degree of pam, skin irritation and disruption of skin barrier function 

following application of polymeric MN arrays to human volunteers in a small 

clinical study. 
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Chapter 2: Fabrication and characterisation of electro-responsive hydrogels. 

2.1 Introduction. 

Iontophoresis (ITP) involves the application of an electric current (typically :s 0.5 

mAlcm2
) to drive ionic, polar or neutral molecules across the skin (Dixit et al., 

2007). Apart from the typical advantages associated with transdermal delivery, such 

as avoidance of first pass metabolism and the ability to provide controlled delivery 

over a prolonged period, ITP presents a unique opportunity to provide programmable 

drug delivery, enabling either continuous or pulsatile delivery of drug (Wang et al., 

2005). This is because the drug is delivered in proportion to the current, which can be 

easily adjusted to meet patient specific needs (Dixit et al., 2007). The ability to 

enable pulsatile delivery may be particular useful for the treatment of conditions that 

have been shown to possess a natural circadian rhythm (Mandal et al., 2010). This 

includes asthma, arthritis, cancer, cardiovascular diseases, and diabetes (Mandal et 

al., 2010). 

Iontophoresis enhances drug delivery across the skin by two principal 

mechanisms: electromigration and electroosmosis. Electromigration describes the 

direct effect of the applied electric field on the charged species present in the 

formulation, whereby the transport of cationic drugs is enhanced from the anode 

compartment into the skin, and that of anionic drugs is promoted from the cathode 

(Marro et al., 2001). At pH 7.4, the skin is negatively charged and cation

permselective (Guy et al., 2000). Thus, current passage across the skin causes a net 

convective solvent flow in the anode-to-cathode direction, a phenomenon generally 

referred to as electroosmosis (Marro et al., 2001). This current induced flow 

facilitates cation transport, inhibits that of anions, and enables the enhanced transport 

of neutral, polar solutes by iontophoresis (Kim et al., 1993; Guy et al., 2000). 

However, ITP is associated with some disadvantages. Although it has been 

able to achieve significant increase in the transdermal absorption of many drugs, as a 

stand - alone technique it has not been able to show significant permeation of larger 

peptides like insulin (Dixit et al., 2007). It has been suggested that only molecules 

with a molecular weight less than 12,000 Daltons may be successful delivered via 
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ITP (Banga, 1998, Katikaneni et al., 2009). Secondly, the skin appendages, which 

include sweat glands and hair follicles, have been postulated to be involved in the 

major pathways of drug transport during iontophoresis (Wang et al., 2005). 

However, these appendages only occupy about 0.1 % of the total area of human skin 

surface, representing a major hindrance for drug delivery (Wang et al., 2005). As 

such, in order to enhance the efficacy of the iontophoretic delivery of conventional 

molecules, or to exploit ITP for the delivery of macromolecules across skin an 

additional way of overcoming the stratum corneum barrier must be sought. 

It is thought that the use of micron-scale needles to puncture the skin should 

create pathways of orders to magnitude greater than molecular dimensions, and thus 

readily permit transport of macromolecules (Prausnitz., 2008). As ITP transport is 

believed to follow the path of least electrical resistance (Riviere and Heit., 1997), the 

disruption of the stratum corneum barrier caused by microneedle (MN) insertion may 

be of great benefit for ITP delivery. 

Microneedle (MN) arrays, as described in detail in Chapter 1, have to date 

been mostly fabricated from silicon, metal, polymers, and sugars utilising a variety of 

techniques. Whilst encouraging results from drug release studies using these MN s 

have been obtained, there are a number of limitations with conventional MN systems 

that could hinder their development, or render them only applicable for niche market 

areas. In particular: 

~ Silicon is not an FDA-approved biomaterial and broken silicon or metal 

MN could cause skin problems (Prausnitz, 2004) 

~ There are concerns that metal MNs may invoke an Immuno

inflammatory response of soft tissue (Braybrook, 1997) 

~ Solid MNs (non-coated) require a two-step application process, which is 

undesirable (Prausnitz, 2004; Schuetz et aI., 2005) 

~ Accurate coating of MN is difficult and allow delivery of very small 

amount of drug (Prausnitz, 2004) 
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~ MN-created holes in the se close within about 2-3 hr, limiting drug 

delivery (Kalluri & Banga, 2011) 

~ Hollow MN have a single outlet which may get blocked by compressed 

dermal tissue during their insertion into skin (Martano et al., 2006) 

~ Biomolecules can be significantly degraded by the heating used to 

produce some sugar MNs (Donnelly et al., 2009c; Park et al., 2006) 

~ The strength of polymeric MNs may become compromised when 

incorporated with high drug loadings (Park et al., 2006) 

To date, the combination of ITP and MN has focused on the use of either solid MN 

that are used merely to puncture the skin prior to the application of an electrically

conducting drug formulation, or the use of an electric stimulus to facilitate drug 

movement through the pore of hollow MN. In these cases, the pores created within 

the skin could potentially close or become blocked, thus negating the length of 

benefit that may be obtained through the use of ITP to stimulate drug movement. 

These issues could potentially be addressed through the use of a novel hydrogel 

forming MN system. Unlike any other polymeric based MN system, once inserted 

into skin this MN system could readily absorb skin interstitial fluid to form a swollen 

hydrogel, thus creating a continuously open aqueous pathway for drugs from an 

attached patch reservoir to migrate through. Furthermore, the degree of swelling of 

the hydrogel material could control the rate of drug diffusion which, in turn, can be 

controlled by degree of crosslinking between the polymer chains. 

To-date, a wide variety of electrically-responsive hydrogel systems have been 

investigated, including hydrogels based upon poly(acrylamide), Gum Arabic, 

hydroxyethyl methacrylate, collagen and chitosan. The effects of electrical 

stimulation on drug release largely depend on the mechanisms by which the hydrogel 

responds to the stimulus. The main mechanisms of drug release are forced 

convection of drug out of the gel along with syneresed water (hydrogel deswelling), 

enhanced diffusion (hydrogel swelling resulting in a more permeable network) and 

liberation of drugs upon erosion of electro-erodible hydrogels (Murdan., 2003). 
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As such, prIor to manufacture of hydrogel forming MN devices, it is 

necessary to evaluate the electro-responsive nature of hydro gels based upon a 

poly( ethylene glycol) (PEG) crosslinked poly(methyl vinyl ether co maleic acid) 

(PMVE/MA) formulations, and how this is dependent upon the formulation 

composition and crosslink density. 

2.2 Aims and Objectives. 

The primary aim of this study was to evaluate the potential development of a novel 

hydrogel forming MN system, based upon a PEG - crosslinked PMVE/MA 

formulation, for MN mediated iontophoretic transdermal drug delivery. The ideal 

characteristics of such a system would be a formulation which exhibits hard/glassy 

behaviour at room temperature and high percentage swelling and high conductivity 

upon immersion in fluid, thus enabling sustained and electrically facilitated solute 

permeation. 

The present chapter provides the description of the swelling kinetics, network 

parameters, ionic conductivity and electrically assisted solute permeation of PEG

crosslinked PMVE/MA films. In this respect, three different MWs of PEG, namely, 

10,000, 1000 and 200 Daltons were used to crosslink with PMVEIMA in different 

ratios. Furthermore, this study describes the effect of hydrogel crosslink density upon 

the swelling kinetics and electro-responsive nature of the hydrogel, such that a 

formulation with the highest degree of swelling and greatest enhancement in solute 

permeation following the application of an electric current could be identified for 

subsequent MN production. 

2.3 Materials and Apparatus 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride 

(PMVEIMAH, Mw = 1,080,000) was a gift sample from ISP Corp. Ltd, Guildford, 

U.K. 
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Polyethylene glycols (PEGs) of molecular weights 200, 1000 and 10,000 daltons, 

was obtained from Sigma-Aldrich, Steinheim, Germany, U.K. 

Poly(ester) film, one-side siliconised, release liner (FL200QTM PET 75 ~ IS) was 

obtained from Rexam Release B.V., Apeldoom, The Netherlands. 

Glisseal~ vacuum grease was purchased from Borer Chemie, Zuchwil, Switzerland. 

Resealable plastic bags (101 x 140 mm) were obtained from Agar Scientific, Essex, 

U.K. 

Theophylline anhydrous, minimum 99% (MW 180.17 Da), methylene blue (MW 

373.90 Da), fluorescein sodium (MW 376.28 Da), phosphate buffered saline (PBS) 

tablets, and silver wire (1.0 mm diameter x 70 mm) were obtained from Sigma 

Aldrich, Steinheim, Germany. 

Silver-silver chloride wire electrodes, silver-silver chloride segment 0.8 mm diameter 

x 8 mm length, total wire length 70 mm, was obtained from In Vivo Metric, 

Healdsburg, CA, USA. 

Gallenkamp hotbox oven with fan, Sanyo- Gallenkamp PLC, Leicester, U.K. 

Dielectric Analyser, DEA 2970, TA Instruments, Delaware, USA. 

Clear side-by-side diffusion cells, each cell of3.0 ml volume, PermeGear, PA, USA. 

Franz-cell apparatus, PermeGear Inc, Bethlehem, P A, USA. 

Phoresor 11, lomed, Lake City, FL, USA. 

Microplate spectophometer, Powerwave XS, Bio-Tek Instruments Inc., Minooski, 

USA. 

Digital micrometer, Hilka, Pro Craft, Surrey, U.K. 
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2.4 Methods 

2.4.1 Preparation of hydrogels 

Aqueous polymeric blends were prepared using the required weight of PMVEIMAH, 

which was added to ice-cooled water (reagent grade 1) and stirred vigorously to 

ensure complete wetting and prevention of aggregation. The mixture was then heated 

and maintained between 95 to 100°C until a clear solution was obtained. This 

process causes hydrolysis of the anhydride moieties of PMVE/MAH to the free acid 

forms, yielding PMVEIMA (McCarron et al., 2004) (Figure 2.1). As such, the 

hydrogels based upon PMVE/MA crosslinked with PEG used throughout this study 

will possess a net negative charge at physiological pH of7.4. 

Heat 

OHHO 

Figure 2.1 Conversion of poly(methylvinylether-co-maleic anhydride) (PMVE/MAH) to its 

corresponding acid , PMVEIMA, by hydrolysis. 

Upon cooling, the required amount of PEG (200, 1000 or 10,000 daltons) was added 

to PMVE/MA gels (at 10%, 15% and 20% w/w) , in ratios of 2:1 and 1:1 

(PMVEIMA: PEG), and the casting blend was adjusted to final weight with water 

(Table 2.1). 
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Table 2.1 Formulation composition of PEG-cross linked PMVE/MA hydrogels 

Formulation % PEG 
code PMVEIMA MW Ratio 
F1 20 10,000 2:1 
F2 20 10,000 1: 1 
F3 20 1000 2:1 
F4 20 1000 1: 1 
F5 20 200 2:1 
F6 20 200 1:1 
F7 15 10,000 2:1 
F8 15 10,000 1:1 
F9 15 1000 2:1 
F10 15 1000 1:1 
Fll 15 200 2:1 
F12 15 200 1:1 
F13 10 10,000 2:1 
F14 10 10,000 1: 1 
F15 10 1000 2:1 
F16 10 1000 1: 1 
F17 10 200 2:1 
F18 10 200 1:1 

Films were prepared by slowly pouring the aqueous blend (30g) into a mould 

consisting of a release liner (with siliconized side up) secured to a Perspex® base 

plate using a stainless steel clamp. Once assembled, the internal dimensions available 

for casting were 100 x 100 mm (Figure 2.2). The mould was placed on a levelled 

surface to allow the blend to spread evenly across the area of the mould. The cast 

blend was dried for 48 h at room temperature. After drying, the films were cured at 

800 e for 24 h to induce chemical crosslinking between PMVE/MA and PEG (Thakur 

et al., 2009). 
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Figure 2.2 Schematic representation of casting and crosslinked film formation. 

2.4.2 Dynamic and equilibrium swelling studies 

Crosslinked film sheets (1.0 x 1.0 cm) were weighed as mo (xerogels) and were then 

swollen in phosphate buffered saline (PBS) pH 7.4 (Sigma Aldrich, Steinheim, 

Germany) for one week at room temperature. At regular intervals, the sheets were 

removed, blotted with filter paper to eliminate excess surface water and weighed as 

mt (hydrogels). Hydrogel sheet samples at equilibrium were weighed as me, and were 

dried under vacuum at 80°C for 24 h to obtain extracted xerogels, which were 

weighed as md. The percentage swelling, %S, and equilibrium water content, EWC, 

were calculated, respectively, by using Equations (2.1) and (2.2) (Wang and Wu., 

2005). 

(
m -m J % Swelling = tmo 0 x 100% 

EWC = me -md X 100% 
md 

(2.1) 

(2.2) 
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To examine the controlling mechanism of the swelling process of PEG-cross linked 

PMVE/MA hydrogels, the following second order kinetic model (Equation 2.3) was 

used to process the experimental data (Peniche et al., 1997): 

tlS =A + Bt (2.3) 

where, A is the reciprocal of the initial swelling rate of the hydrogel, ri, or 1/(ksSeq 2), 

where ks is the swelling rate constant, and B is the inverse of the degree of swelling 

at equilibrium, Seq. To analyse the kinetic model, tlS versus t graphs were plotted and 

respective swelling rate parameters were determined. 

2.4.3 Analysis of mechanism of water uptake 

Dynamic swelling studies were undertaken to elucidate the mechanism of water 

diffusion into the polymer samples, as determined by the dynamic portion of the 

gravimetric curve. Equation (2.4) was used to process the kinetic data of the swelling 

process, in order to gain insights into the mechanism of water transport through the 

hydrogels (Sunil & Surinderpal, 2006). 

Equation (2.4) 

The portion of the water absorption curve with a fractional water uptake (M/Moo) less 

than 0.60 was analyzed with Equation (2.4). M, is the mass of water absorbed at time 

t, Moo is the water uptake at equilibrium. k is a gel characteristic constant, which 

depends on the structural characteristics of the polymer and its interaction with the 

solvent and n is the swelling exponent, describing the mechanism of penetrant 
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transport into the hydrogel. The constants nand k may be calculated from the slopes 

and intercepts of the plots of In(M/Mco) versus In t from the experimental data. 

Fickian diffusion and Case II transport are defined by n values of 0.5 and 1, 

respectively. Anomalous transport behavior (non-Fickian diffusion) is intermediate 

between Fickian and Case II (relaxation controlled). This is reflected by n being 

between 0.5 and 1 (Bajpai et al. , 2001). 

2.4.4 Network Parameters 

Hydrogel network structure characterization is a complex procedure because of the 

many types of possible networks, including, regular, irregular, looselylhighly cross

linked and imperfect networks. As a result of these variations in the network 

structure, only average values for the cross-linking density and molecular weight 

between crosslinks are represented using different experimental or theoretical 

methods (Peppas, 1997). 

In the present study, the number average molecular weight between cross-links, Mc, 

was determined using equilibrium swelling theory, Mc (Equi) . As such, the values 

for these parameters will only be applicable to the equilibrium swelling potential of 

these hydrogels within PBS pH 7.4. The Mc can be determined by swelling studies 

according to the Flory and Rehner equation, Equation (2.5) (Paul and John., 1943). 

The magnitude of Mc affects the mechanical, physical and thermal properties of 

crosslinked polymers. The volume fraction of a polymer, fjJ, in the swollen state 

describes the amount of liquid that can be imbibed into a hydrogel and is described 

as a ratio of the polymer volume to the swollen gel volume (Equation 2.6). 

(2.5) 
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(2.6) 

Here, Vs is the molar volume of water (18 cm3
/ mol), t/J is volume fraction of 

polymer in the hydrogel, X is the Flory-Huggins polymer-solvent interaction 

parameter; In the above equation, ma and mb are the mass of polymer before and after 

swelling and dp and ds are the densities of polymer and solvent, respectively. The 

density of the polymeric films was calculated using the following formula; dp = 

w/SX, where; X is the average thickness of the film, S is the cross-sectional area and 

w weight of the film (Marcia et al., 2004). 

The polymer-water interaction parameter (X) reflects the thermodynamic interaction 

in hydro gels, which in turn indicates the change of interaction energy when polymer 

and solvent mix together. The X parameters of hydrogels can be obtained 

experimentally via Equation (2.7) (Tunc er et al., 2006): 

1 ~ X=-+ -
2 3 

(2.7) 

Equation (7) neglects the Mc dependence of the X parameter, and therefore, Equation. 

(2.7) indicates that the X values are always 2: 0.50. 

Knowledge of crosslink density is of great importance in characterization of 

hydro gels because of its effect on their mechanical and physical properties and their 

behaviour in practical applications (Paul and John., 1943). In the present study, 

crosslink density, Ve, was determined using Equation (2.8). Ve represents the number 

of elastically effective chains, totally induced in a perfect network, per unit volume. 

Where, NA is Avogadro's number (6.023 x 1023 mole-I) (Sunil et al., 2006). 
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(2.8) 

2.4.5 Conductivity measurements of P EG-crosslinked P MVEIMA hydrogel films. 

Ionic conductivity of the PMVE/MA-PEG hydrogels (Table 2.1), after reaching 

equilibrium swollen state, in PBS pH 7.4, was determined by dielectric analysis 

(DEA) (DEA 2970, TA Instruments, Delaware, USA). The hydrogel membranes 

were swollen, in PBS at pH 7.4, to an equilibrium state and were then cut into a disc 

shape of 24 mm diameter using a cork bore. Measurements were carried out using 

DEA with the hydrogel disc placed onto a parallel plate ceramic sensor. The 

experiment was performed at 37°C, with dry nitrogen gas adjusted to a flow rate of 

50 ml min-1 and ionic conductivity measured at a frequency of 1 kHz. 

2.4.6 Swelling under an applied electric field. 

To investigate the effect of ionic conductivity and PEG MW on hydrogel swelling 

under an applied electric field, 1 cm2 portions of crosslinked films composed of 15% 

PMVE/MA - 7.5% PEG (PEG MW 200 or 10,000) were placed into 30 ml of PBS 

pH 7.4 and an electric current (0.5 mA) applied to the bathing solution for a 

continuous period of 6 h, and % swelling calculated as described in Section 2.4.2. 

Silver/silver chloride electrodes (silver/silver chloride segment 0.8 mm diameter x 8 

mm length, total wire length 70 mm), In Vivo Metric, Healdsburg, CA, USA) were 

used as the cathode, and silver wire (1.0 mm diameter x 70 mm, Sigma-Aldrich, 

Steinheim, Germany, UK) used as the anode. A commercially available power 

supply (Phoresor n, Iomed, Lake City, FL, USA) was used to deliver the current. 
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2.4.7 Calibration and validation of analytical methods for the quantification of 

model solutes. 

Three model drug molecules, representing solutes of neutral (theophylline (Th)), 

positive (methylene blue (MB)), and negative (fluorescein sodium (FI)) charge at pH 

7.4, were chosen for subsequent evaluation for permeation across hydrogel films, as 

described in Section 2.4.8. Prior to initiation of these studies it is necessary to ensure 

that the methods employed for quantification of the model solutes are suitably 

accurate, precise and robust. All three model solutes (dissolved in PBS pH 7.4) were 

analysed using UV -spectroscopy (Microplate spectophometer, Powerwave XS, Bio

Tek Instruments Inc., Minooski, USA), at Amax = 271nm (theophylline), Amax = 664nm 

(methylene blue), and Amax = 497nm (fluorescein sodium), respectively. 

For the determination of linearity, a representative calibration curve was 

used. Calibration curves were performed on each day of a three day validation 

period. Each curve was based on at least five separate solute calibration standards of 

different concentrations. Three replicates were prepared separately for each solute 

concentration on each day of the analysis. The determined absorbance of each 

standard was plotted against the corresponding concentration to obtain the calibration 

curve. These calibration curves were used to produce a representative calibration 

curve. Least squares linear regression analysis and correlation analysis were 

performed on the curve produced, enabling determination of the equation of the line, 

its coefficient of determination and the residual sum of squares (RSS). 

To determine LaD and LoQ, an approach based on the standard deviation of 

the response and the slope of the calibration curve was employed, as described in the 

guidelines from ICH (ICH Q2(Rl), 2005). The LaD was determined as follows, 

using Equation 2.9: 

LoD = 3.30" 
S 
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where er is the standard deviation of the response of the data used to construct the 

regression line and S is the slope of that line. Similarly, the LoQ may be determined 

using Equation 2.1 0: 

LoQ = lOO" 
S 

(2.1 0) 

The repeatability of the analysis was assessed using 9 determinations covering the 

specified range for the procedure, as defined by ICH Q2(R1) (200S). Three replicates 

of samples of low, medium and high concentration were analysed on three different 

occasions on the same day. The intermediate precision of the analysis was assessed 

by analysing samples of low, medium and high concentration in three replicates each 

on three different days. The mean concentration determined (±SD) and the 

coefficient of variation (CV) were reported in all cases. The percentage accuracy of 

the method was calculated according to Equation 2.11. 

A 
Measured value 100 ccuracy = x 

True value 
(2.11) 

2.4.8 Permeation studies. 

To investigate the effect of PEG MW upon the passive and electrically assisted 

permeation of solute molecules across swollen hydrogel membranes, membranes 

composed of lS% PMVE/MA - 7.S% PEG (PEG MW 200 or 10,000) were used for 

permeation studies. Formulations based on a 2: 1 ratio of PMVE/MA:PEG, and a 

PMVEIMA concentration of lS% w/w, were chosen for investigation due to their 

swelling and ionic conductivity properties, as well as their ease of preparation and 

handling in comparison to those formulations composed of 10% or 20% w/w 

PMVE/MA. Three model drug molecules, representing solutes of neutral 

(theophylline), positive (methylene blue), and negative (fluorescein sodium) charge 
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at pH 7.4 were evaluated. Penneation studies were perfonned using side-by-side 

diffusion cells (PenneGear, Hellerton, P A, USA). Diffusion cells, consisting of 

donor and receptor half-cells, each of 3.0 ml volume were used with an effective 

diffusional area of 63.64 mm2
• A water jacket surrounded the cells and was 

maintained at 37°C and solutions were agitated at a speed of 600 rpm using small 

magnetic stirrers. The hydrogel membranes were swollen, in phosphate buffered 

saline (PBS) at pH 7.4 to an equilibrium state and were then cut into a disc shape of9 

mm diameter using a cork bore. Each membrane was then clamped between the two

half cells and covered with Parafilm® (Pechiney plastic, WI, USA) to prevent 

evaporation. A 3.0 ml solution of known solute concentration (1 mg/ml) in PBS pH 

7.4, was added to the donor side of the diffusion cell and 3 ml of PBS pH 7.4 was 

added to the receptor side (Figure 2.3). 

Water jacket -ttit:::~-.." 
Tension Knob 

Cell Clamp _--+. 

Figure 2.3 Illustration of side-by-side diffusion cell setup to study permeation of solute across swollen 
hydrogel membrane. 

For electrically assisted penneation, silver/silver chloride electrodes (silver-silver 

chloride segment 0.8 mm diameter x 8mm length, total wire length 70 mm, In Vivo 

Metric, Healdsburg, CA, USA) were used as the cathode, and silver wire (1.0 mm 

diameter x 70 mm, Sigma Aldrich, Steinheim, Gennany, UK) used as the anode, 

with the drug electro-repulsion occurring by relevant electrode placement in either 

the receiver or donor compartment depending on the charged nature of the drug. A 

commercially available power supply (Phoresor II, lomed, Lake City, FL, USA) was 
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used to deliver a current of 0.5 mAlcm2 for a 6 hr period. At predetermined time 

intervals, the contents of the receptor cell were removed and replaced with an equal 

volume of PBS pH 7.4. The aliquot removed was analyzed using UV-spectroscopy 

(Microplate spectophometer, Powerwave XS, Bio-Tek Instruments Inc., Minooski, 

USA) at Amax = 271nm (theophylline), Amax = 664nm (methylene blue), and Amax = 

497nm (fluorescein sodium), respectively, and solute concentration determined as 

described in Section 2.4.7. 

2.4.9 Statistical analysis. 

Dynamic equilibrium swelling data and ionic conductivity data was analysed using 

One-Way Analysis of Variance, with Tukey's HSD post-hoc test used to compare the 

means of different treatment groups. Permeation study data was analysed usmg 

paired t-test. In all cases P < 0.05 was used to denote statistical significance. 

2.5 Results. 

The hydro gels containing 10%, 15% and 20% w/w of PMVEIMA crosslinked with 

PEG 10,000 showed the highest percentage swelling after 24 h, followed by 

hydrogels containing PEG 1000, and PEG 200, respectively (P < 0.001). The 

percentage swellings of hydrogels with polymer crosslinked ratios of 2: 1 were higher 

at 24 h than those with ratios of 1: 1 in hydrogels containing PEG 10,000 and PEG 

1000 (P < 0.001). Representative dynamic swelling curves for PEG crosslinked 

PMVE/MA hydrogels, highlighting the effect of PEG MW are shown in Figure 2.4. 
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Figure 2.4 Percentage swelling of hydro gels with different compositions ofPMVEIMA and PEG of 

different MW, (A) 20% w/w PMVEIMA, (B) 15% w/w PMVE/MA, and (C) 10% w/w PMVE/MA, 
crosslinked hydrogels, respectively. Means ± SD, n = 3. 
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Figure 2.5 shows representative linear regression plots of the swelling curves derived 

from Equation (3). As can be seen from Table 2.2, the theoretical equilibrium 

swelling of the hydrogels are comparable to their corresponding % EWe values. The 

initial swelling rates ranged from 5.20 to 9.43 min-!, 1.54 to 2.94 min-! and 1.29 to 

1.49 min-! for hydrogels containing PEG 10,000, PEG 1000 and PEG 200, 

respectively. The initial swelling rates were higher for the hydrogels containing PEG 

10,000 followed by PEG 1000 and PEG 200 (P < 0.001). Interestingly, it was found 

that for these hydrogel systems that carrying out the swelling studies at an elevated 

temperature (37oe) had no significant effect on the equilibrium water content. For 

example, the %EWe at room temperature for formulation F7 and FI1 were found to 

be 645.22 ± 38.31, and 173.19 ± 8.03, respectively. Whilst the %EWe at 370e for 

formulation F7 and Fll were found to be 664.07 ± 32.59, and 178.41 ± 9.51, 

respecti vel y. 
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Table 2.2. Dynamic swelling characteristics of PEG- crosslinked PMVE/MA hydrogels, n= 3. 

Formulation 
Code %EWC rja ks x 10-5 b Seg %c 

F1 613.29 ± 28.75 6.31 1.66 657.89 

F2 447.87 ± 22.89 5.20 2.29 476.19 

F3 368.26 ± 19.63 2.58 1.51 413.22 

F4 184.52 ± 9.44 1.54 3.45 200.00 

F5 186.45 ± 8.62 1.49 3.73 200.00 
F6 161.77 ± 7.88 1.38 4.64 172.41 

F7 645.22 ± 38.31 7.83 1.76 666.67 
F8 474.52 ± 25 .31 5.48 2.19 500.00 
F9 378.49 ± 22.79 2.66 1.53 416.67 
F10 175.93 ± 9.36 1.78 5.20 185.19 
Fll 173.19±8.03 1.47 4.28 185.19 
F12 148.93 ± 8.34 1.34 5.30 158.73 

F13 668.66 ± 35.62 9.43 1.85 714.29 
F14 481.07 ± 24.04 5.55 2.01 526.31 
F15 392.25 ± 19.89 2.94 1.56 434.78 
F16 171.83 ± 8.17 1.73 5.23 181.82 
F17 144.35 ± 6.78 1.29 5.47 153.85 
F18 148.81 ± 7.45 1.44 5.90 156.25 

Table 2.3 shows that the diffusional exponents, n, for the hydrogels containing PEG 

10,000 and PEG 1000 were > 0.50, as calculated using Equation (2.4), indicating 

either an Anomalous or Class II mechanism of water uptake. In contrast the 

diffusional exponents for hydrogels containing PEG 200 were:::; 0.50, indicating a 

Fickian mechanism of water uptake. 
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Table 2.3 Swelling rate and diffusion characteristics of PEG - crosslinked PMVEIMA hydrogel 

systems. 

Formulation 
Code n k x 10-3 Mechanism 

Fl 1.00 6.30 Class II 

F2 0.73 11.77 Anomalous 

F3 0.79 5.45 Anomalous 
F4 0.45 13.86 Fickian 

F5 0.47 12.07 Fickian 
F6 0.42 14.59 Fickian 

F7 1.00 5.21 Class II 
F8 0.75 11.72 Anomalous 
F9 0.78 5.79 Anomalous 
FI0 0.39 19.65 Fickian 
Fll 0.51 9.60 Fickian 
F12 0.41 14.11 Fickian 

F13 1.00 5.85 Class II 
F14 0.73 12.57 Anomalous 
F15 0.73 7.87 Anomalous 
F16 0.44 14.98 Fickian 

F17 0.50 7.95 Fickian 
F18 0.39 16.60 Fickian 

Table 2.4 displays different characteristic network parameters of the hydrogels. The 

volume fraction of polymer, cjJ, determined using Equation (2.6), showed values 

ranging from 0.12 to 0.16 for hydrogels crosslinked with PEG 10,000, and 0.18 to 

0.34 and 0.32 to 0.38 for hydrogels crosslinked with PEG 1,000 and PEG 200, 

respectively. 

The number average molecular weight between crosslinks, Mc, determined by 

Equation (2.5), is shown in Table 2.4. The values of Mc were observed to range from 

52500 to 194000 g mor1 for PMVEIMA hydrogels crosslinked with PEG 10,000 and 

3750 to 67300 g mor 1 and 2120 to 4250 g mor1 for hydro gels crosslinked with PEG 

1000 and PEG 200, respectively. 
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The crosslink density, Ve, determined using Equation (2.8) was found to increase 

with a decrease in the chain length/MW of PEG (Table 2.4). For example, the 

crosslink density of hydro gels crosslinked with PEG 10,000 was between 3.5 x 1019 

and 13.0 x 1019
• For hydrogels crosslinked with PEG 1000 and PEG 200 crosslink 

densities were between 19.7 x 10 19 and 38.2 x 1019
, and 36.1 x 1019 and 42.1 x 1019

, 

respectively. In addition, it can also be seen in Table 2.4, that there is a slight 

increase in the X parameter with decrease in the chain length of PEG. 

Table 2. 4 Network parameters of PEG - crosslinked PMVE/MA hydrogel systems 

Formulation Mc 
Code <l> (glmol) X Ve x 1019 

F1 0.13 146000 0.54 4.67 
F2 0.16 52500 0.56 13.00 
F3 0.19 28300 0.57 24.10 
F4 0.32 3750 0.61 38.20 
F5 0.32 3870 0.60 37.90 
F6 0.35 2630 0.62 39.88 

F7 0.12 173000 0.54 3.95 
F8 0.16 63200 0.55 10.80 
F9 0.19 31000 0.56 22.00 
F10 0.33 4100 0.61 37.60 
Fll 0.34 4250 0.61 36.10 
F12 0.37 2120 0.62 42.10 

F13 0.12 194000 0.54 3.52 
F14 0.15 67300 0.56 9.60 
F15 0.18 34600 0.56 19.70 
F16 0.34 4290 0.61 35.90 
F17 0.38 1960 0.63 39.80 
F18 0.37 2450 0.62 41.60 
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Figure 2.6 shows the influence of PEG MW and PMVE/MA concentration on the 

ionic conductivity of the hydrogels (ratio 2: 1) swollen to equilibrium in PBS. It was 

found that, both increasing the concentration of PMVEIMA (P < 0.001) , as well as 

increasing the PEG MW (P < 0.001) in the hydrogel led to a significant increase in 

the ionic conductivity of the formulation. Figure 2.7 shows the influence of PEG 

molecular and PMVEIMA concentration on the ionic conductivity of the hydro gels 

(ratio 1:1) swollen to equilibrium in PBS. The same relationship between PEG MW, 

and concentration of PMVE/MA found for hydrogels of a ratio 2: 1 was once again 

observed, with increasing PEG molecular weight leading to a significant 

enhancement in the ionic conductivity of the hydrogel (P < 0.001). However, it is 

interesting to note that the ionic conductivity of the hydrogels composed of a 1: 1 

ratio were significantly lower than that of the corresponding 2: 1 ratio formulation (P 

< 0.001). 
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Figure 2.6 The ionic conductivity (at 37°C) of PMVEIMA:PEG hydrogels (ratio 2: I) swollen to 

equilibrium in a solution ofPBS pH 7.4. (Mean + SD, n=5). 
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Figure 2.7 The ionic conductivity (at 3rC) of PMVE/MA:PEG hydrogels (ratio 1:1) swollen to 
equilibrium in a solution ofPBS pH 7.4. (Mean + SD, n=5). 

Based upon the equilibrium swelling and ionic conductivity studies, a formulation 

producing a hydrogel of high swelling and conductivity (F7) and a formulation 

producing a hydrogel of low swelling and conductivity (Fll) were identified to 

investigate the effect of PEG MW and conductivity upon the electro-responsive 

nature of these hydrogel systems. As can be seen in Figure 2.8 and Figure 2.9 there 

was a significant increase (p < 0.001) in the swelling of both hydrogel systems 

following the application of a current for 6 h. For example, the % S of F7 was 

1037.29 ± 51.99% and 591.78 ± 31.46% following swelling in a PBS pH 7.4 solution 

with, and without current application, respectively. Similarly, the % S of F11 was 

203.44 ± 9.54% and 135.85 ± 7.02% following swelling in a PBS pH 7.4 solution 

with, and without current application, respectively. 
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Figure 2.8 % Swelling curves of a hydrogel films of high conducitvity (F7) and low conductivity 
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3. 

Figure 2.9. Digital images showing hydrogel F7 in the dry state (A), after 6h in phosphate buffered 

saline pH 7.4 (B), after 6h in phosphate buffered saline with a current strength of 0.5 mA applied (C), 

and hydrogel Fll in the dry state (D), after 6h in phosphate buffered saline pH 7.4 (E), after 6h in 

phosphate buffered saline with a current strength of 0.5 mA applied (F) . 
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Table 2.5 presents calibration curve properties together with LaD and LoQ of 

theophylline allowed by the analytical method employed. The calibration curve was 

linear in the concentration range investigated, which was 2.5 flg/ml to 30 flg/ml. As 

can be seen in Table 2.5, the r2 value of 0.9991 indicated that there was a good 

correlation between absorbance and solute concentration within the concentration 

range studied. The limits of detection and quantification for theophylline were found 

to be 1.24 flg/ml and 3.75 flg/ml, respectively. 

Table 2.5 Calibration curve properties for spectrophotometric determination oftheophyliine and LaD 

and LoQ of this compound allowed by this method. 

Slope y-Intercept r2 Rss LoD (gg/ml) LoQ (gg/ml) 

0.027 -0.0212 0.9991 4.11 X 10-4 l.24 3.75 

The developed spectrophotometric assay for determination of theophylline 

was found to be reproducible, as shown in Table 2.6, with a %CV between 1.08% 

and 2.62% for repeatability. Intermediate precision ranged from 1.12% and 2.24%. 

Levels of accuracy were between 99.07% and 100.96% for repeatability and also 

between 98.80% and 100.54% for intermediate precision. 
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Table 2.6 Assay variability for spectrophotometric determination of theophylline. 

Selected concentration Mean concentration SD CV Accuracy 
(/-lg/ml) found (/-lg/ml) (%) (%) 

Repeatability n=3 

5 4.96 0.13 2.62 99.20 

15 14.86 0.16 1.08 99 .07 

30 30.29 0.57 1.88 100.96 

Intermediate precision 0=3 

5 4.95 0.11 2.22 99.00 

15 14.82 0.43 2.52 98.80 

30 30.16 0.76 2.24 100.54 

Table 2.7 presents calibration curve properties together with LaD and LoQ of 

methylene blue allowed by the analytical method employed. The calibration curve 

was linear in the concentration range investigated, which was from 1 Ilg/ml to 9 

Ilg/ml. As can be seen in Table 2.7, the r2 value of 0.9945 indicated that there was a 

good correlation between absorbance and drug concentration within the 

concentration range studied. The limits of detection and quantification for methylene 

blue were 0.48 Ilg/ml and 1.46 Ilg/ml, respectively. 

Table 2.7 Calibration curve properties for spectrophotometric determination of methylene blue and 

LaD and LoQ of this compound allowed by this method. 

Slope y-Intercept Rss LoD (Ilg/ml) LoQ (Ilg/ml) 

0.1421 0.0546 0.9945 0.0073 0.48 1.46 
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Table 2.8 details the results obtained from investigations into accuracy and 

precision: repeatability and intermediate precision of the spectrophotometric 

determination of methylene blue. 

Table 2.8 Assay variability for spectrophotometric determination of methylene blue. 

Selected Concentration Mean SD CV(%) Accuracy (%) 

Concentration 
(lJ.g/ml) 

Found (lJ.g/ml) 

Repeatability 0=3 

2 2.08 0.03 1.44 103.88 

5 5.07 0.19 3.75 10 1.42 

9 8.78 0.11 1.24 97.51 

Intermediate precision 0=3 

2 2.09 0.02 0.96 104.25 

5 5.23 0.13 2.49 104.51 

9 8.83 0.06 0.68 98.06 

The developed spectrophotometric assay for determination of methylene blue 

was found to be reproducible, as shown in Table 2.8, with a %CV between 1.2% and 

3.8% for repeatability. Intermediate precision ranged from 0.7% and 2.5%. Levels of 

accuracy were between 97.5% and 103.9% for repeatability and also between 98.1% 

and 104.5% for intermediate precision. 

The calibration curve of fluoresce in sodium was linear in the concentration 

range investigated, which was from 1 Jlg/ml to 9 Jlg/ml. As can be seen in Table 2.9, 

the r2 value of 0.9999 indicated that there was an excellent correlation between the 

absorbance and fluorescein sodium concentration in PBS within the concentration 
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range studied. The limits of detection and quantification for fluorescein sodium in 

PBS were 0.06 Ilg/ml and 0.19 Ilg/ml, respectively. 

Table 2.9 Calibration curve properties for spectrophotometric determination of fluoresce in sodium 
and LoD and LoQ of this compound allowed by this method. 

Slope y-Intercept Rss LoD (l1g/ml) LoQ (l1g/ml) 

0.1243 0.0061 0.9999 8.6 X 10-5 0.06 0.19 

The developed spectrophotometric assay for determination of fluorescein 

sodium was found to be reproducible, as shown in Table 2.10, with a %CV between 

2.72% and 3.78% for repeatability. Intermediate precision ranged from 1.35% and 

1.69%. Levels of accuracy were between 98.55% and 102.24% for repeatability and 

also between 98.81 % and 103.56% for intermediate precision. 

Table 2.10 Assay variability for spectrometric determination of fluorescein sodium. 

Selected Concentration Mean SD CV(%) Accuracy (%) 
Concentration 

(I.lg/ml) Found (J.lg/ml) 

Repea ta bility n=3 

2 2.01 0.07 3.48 102.24 

4 3.96 0.15 3.78 98.55 

9 9.25 0.25 2.70 99.90 

Intermediate precision n=3 

2 2.02 0.03 1.48 101.07 

4 4.14 0.07 1.69 103.56 

9 8.89 0.l2 l.35 98.81 

Figures 2.10A and 2.10C shows the percentage permeation of the three differents 

solutes from hydrogels composed of 15% PMVE/MA - 7.5% PEG 10,000 under 
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passive and electrically assisted conditions, respectively. The results indicate that the 

percentage penneation of solutes decreases with increasing MW of the solute (P < 

0.001), whilst the nature of the charge on the solute has no effect upon the 

penneation of the solute through the hydrogel (P = 0.622). For example, under 

passive conditions the percentage penneation of theophylline, methylene blue and 

fluorescein sodium after 24 h was found to be 49.66 %, 19.43 %, and 18.96%, 

respectively. The application of an electrical current led to a significant enhancement 

in the penneation of all three molecules,when percentage penneation of theophylline 

(P = 0.003), methylene blue (P < 0.001) and fluorescein sodium (P < 0.001) after 24 

h was found to be 63.22%, 38.86 %, and 37.69 %, respectively. Furthennore, a 

greater enhancement in permeation was noted for the charged molecules, methylene 

blue and fluorescein sodium (both 100% ionised at pH 7.4), in comparison to the 

neutral solute, theophylline (4% ionised at pH 7.4) (P < 0.001). For example, it can 

be seen in Table 2.11 that the enhancement ratio (ER) in penneation following the 

application of a current for 6 h, was found to be 2.14, for both methylene blue and 

fluorescein sodium permeation, whilst the ER for theophylline was only 0.47. 

Figures 2.10B and 2.10D shows the percentage penneation of the three differents 

solutes from hydrogels composed of 15% PMVE/MA -7.5% PEG 200 under passive 

and electrically assisted conditions, respectively. In comparison to the permeation of 

the solutes across hydrogels crosslinked with PEG 10,000 it can be seen that there 

was a highly significant reduction, an almost ten fold reduction, in the permeation of 

all three molecules across the hydrogels crosslinked with PEG 200 (P < 0.001). For 

example, under passive conditions the percentage penneation of theophylline, 

methylene blue and fluoresce in sodium after 24 h was only found to be 5.30 %, 2.84 

%, and 2.77 %, respectively. Similiarily to the penneation across hydrogels 

composed of PEG 10,000, the application of an electrical current led to a significant 

enhancement in the penneation of all three molecules, when percentage permeation of 

theophylline (P =0.002), methylene blue (P < 0.001) and fluorescein sodium (P < 

0.001) after 24 h was found to be 6.48%, 3.44%, and 3.25%, respectively. However, 

it was noted that the increase in solute penneation associated with electric current 

application across hydro gels composed of PEG 200 was not as great as that found for 
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hydrogels crosslinked with PEG 10,000 (P < 0.001). For example the ER for 

theophylline, methylene blue, and fluorescein sodium across the hydrogels 

crosslinked with PEG 200 following current application was found to be only 0.42, 

1.96, and 1.95, respectively. 
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Figure 2.10 Percentage solute penneated under passive (A and B) and electrically assisted (C and D) 
conditions across pre-swollen hydrogel membranes composed ofF7 (A and C) and Fll (B and D), 
where MB = methylene blue, Fl = fluoresce in sodium, and Th = theophylline. Means + SD, n= 5. 
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Table 2.11. Enhancement ratio for amount of solute permeated across pre-swollen hydrogel 

membranes at 6 h, following the termination of an electrical current. Means ± SD, n = 5. 

Formulation 

F7 

Fll 

2.6. Discussion 

Methylene blue 

2.14 ± 0.02 

1.96 ± 0.03 

Enhancement Ratio 

Fluorescein sodium 

2.14±0.02 

1.95 ± 0.03 

Theophylline 

0.47±0.01 

0.42 ± 0.01 

Following the successful development of a range of techniques to enable sustained 

controlled release, such as matrices with controllable swelling, diffusion or erosion 

profiles (Sershen and West., 2002), there has been a recent interest in the 

development of so called "intelligent" drug carriers (Murdan., 2003). An intelligent, 

responsive drug delivery system is one, which once implanted into the body, has the 

ability to release drug in a pulsatile or staggered fashion, typically in response to 

local changes in the environment, or following activation by an external stimulus 

(Sershen and West.,2002). 

The use of an electric field as an external stimulus is a method that has been 

successfully employed to enhance the amount of released drug and the precise 

controls (Juntanon et al., 2008). Electro-responsive polymers can be used to prepare 

materials that swell, shrink, or bend in response to an electric field (Roy et al., 2010). 

Electro-sensitive hydrogels are normally composed of polyelectrolytes (polymers 

that contain a relatively high concentrations of ionisable groups along the backbone 

chain) and an insoluble, swellable polymer network containing fixed charge sites 

(Kaewpirom et al., 2006). Furthermore, electro-sensitive hydrogels have been widely 

investigated as matrices for sensing and responding to an electric stimulus, enabling 

drug release to occur in a pulsatile manner, or in a release rate determined as a 

function of the applied electric protocol (Im et al., 2010; Niamlang et al., 2009; 

Malay et al., 2009) 
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Importantly, hydrogel materials are known to be electrically-responsive. They 

are especially interesting as implantable devices, as they resemble biological tissue 

due to their hydrophilic nature and three-dimensional polymeric network which can 

imbibe large amounts of water or biological fluid (Murdan., 2003). Their soft rubber

like nature ensures minimal mechanical irritation to surrounding tissues (Murdan., 

2003). Electro-responsive polymers can be used to prepare materials that swell, 

shrink, or bend in response to an electric field (Roy et al., 2010). Electro-sensitive 

hydro gels are normally composed of polyelectrolytes (polymers which contain 

relatively high concentrations of ionisable groups along the backbone chain) and an 

insoluble, swellable polymer network containing fixed charge sites (Kaewpirom et 

al., 2006). Recently, electro-sensitive hydro gels have been widely investigated as 

matrices for sensing and responding to an electric stimulus when used in patch 

materials for transdermal applications, enabling drug release to occur in a pulsatile 

manner, or with release kinetics determined by the applied electrical protocol (Im et 

al., 2010). To date a wide variety of electrically responsive conducting polymer 

hydrogel composites have been investigated, including hydrogels based upon 

poly(acrylamide) (Niamlang and Sirivat., 2009; Aouada et al., 2006), Gum Arabica 

(Mallik and Sarkar., 2006), hydroxyethyl methacrylate (Mohomed et al., 2006), 

collagen (Marzec and Pietrucha., 2008) and chitosan (Kaewpirom and Boonsang., 

2006) for biomedical and pharmaceutical applications. It has been shown that 

performance of an electrically responsive hydrogel is dependent upon a number of 

factors, including formulation conductivity (Im et al., 2010), degree of crosslinking 

and hydrogel swelling capability (Sheppard et al., 1997, Schwartz et al., 1997). 

It has been previously demonstrated that poly( ethylene glycol) (PEG) 

crosslinked poly (methyl vinyl ether-co-maleic acid) (PMVE/MA) hydrogels have a 

high swelling capability (Thakur et al., 2009), and that solute permeation across 

these hydro gels is dependent upon the crosslink density of the hydrogel as well as the 

hydrodynamic radius of the solute molecule (Thakur et al., 2010), suggesting use as 

a rate controlling membrane for drug delivery applications. In the present study, for 

the first time, the electrically assisted permeation of a range of drug molecules across 
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PEG crosslinked PMVE/MA hydro gels has been investigated, and the role of 

crosslink density and hydrogel composition on the electro-responsive nature of these 

hydrogels been evaluated. 

It is well known that swelling phenomena is directly related to the structure of 

the cross-linked polymer and/or the MW of the cross-linker. The higher percentage 

swelling of hydro gels containing PEG 1 0,000 could be possibly be attributed to 

lower numbers of hydroxyl groups per unit mass reacting with PMVE/MA, 

compared to PEG 1000 and PEG 200 (Basel and Wolfgang., 2006; Michael et al. , 

1999). This is possible, since the number of moles of reactive hydroxyl groups on 

low MW PEGs is relatively higher. This means that greater numbers of ester links 

between PEG and PMVE/MA will form upon heating, resulting in a highly cross

linked system (Thakur et al., 2009). As a result, PEG 10,000 cross-linked hydro gels 

showed higher degree of equilibrium swelling, due to the reduced extent of cross

linking, followed by PMVE/MA-PEG 1000 and then PMVEIMA-PEG 200 

hydrogels. Similarly, this could be the explanation for the greater percentage 

swelling observed for PMVE/MA-PEG hydrogels composed of a 2: 1 ratio, in 

comparison to those of a 1: 1 ratio. 

The structure and properties of the polymeric network of hydrogels is 

important in the evaluation of potential as a drug delivery device. The most 

important parameters are polymer volume fraction, fjJ, average molecular weight 

between two consective crosslinks, Mc, and the crosslink density, Ve, in swollen state. 

The volume fraction of polymer, fjJ, in the swollen state describes the amount 

of liquid that can be imbibed into a hydrogel and is described as a ratio of the 

polymer volume to the swollen gel volume (Chien-Chi and Andrew., 2006). In this 

study, fjJ decreased with an increase in the chain length of PEG, which, in turn, 

indicates an increase in swollen polymer volume. The distance between two 

cross linking points increases with increasing PEG chain length and the free volume 

also increases. Hence, the volume of fraction of polymer decreases. 
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In PEG-crosslinked PMVE/MA systems, the addition of high MW PEG 

resulted in higher Mc values, which was due to lower crosslink densities, Ve, per unit 

volume of hydrogel in the swollen state (Table 2.4). By decreasing PEG MW, the 

number of free hydroxyl groups increases. Accordingly, this results in increased 

number of crosslinks with PMVE/MA (Thakur et ai., 2009). Thus, the crosslink 

densities of hydrogels increased with a decrease in PEG MW. As such, decreasing 

PEG MW results in a more rigid network structure, due to the increased number of 

crosslinks per unit mass. Comparatively, such systems accommodate less solvent 

molecules. As a result, the PEG 200 showed higher crosslink densities and lower 

average molecular weight between crosslinks. 

The polymer - water interaction parameter (x.) increased with an increase in 

the crosslink density (Table 2.4). In polymer - water systems, the higher the value of 

X, the weaker is the interaction between polymer and water. 

For the first time, the ionic conductivity of cross-linked PMVE/MA-PEG 

hydrogels has been shown to be a function of the concentration and ratio of 

PMVEIMA to cross-linking agent PEG, as well as the molecular weight of PEG 

(Figure 2.6 and 2.7). In agreement with previously published work on the 

conductivity of various polymer formulations, the ionic conductivity exhibited a 

qualitatively similar relationship to the percentage swelling data, as a function of 

PEG MW and PMVEIMA concentration and ratio. In addition to the effect of 

swelling capability on the conductivity of a hydrogel it has been shown that the 

presence, concentration and ratio of a cross-linking agent to the polymer fraction are 

all important parameters that should be considered in the formulation of a conducting 

hydrogel. Aouada et ai, (2006) investigated the electrical and mechanical properties 

of a range of crosslinked hydro gels based on poly(3,4-ethylene dioxythiophene)1 

poly(styrenesulfonate) (PEDOT/PSS) entangled in a polyacrylamide (PAAm) 

network. They found that conductivity of the PEDOT/PSS-PAAm hydrogel 

decreased with increasing apparent cross-linking density. Thakur et ai, (2009) have 

demonstrated the significance of changing the MW of PEG on the properties of 

PMVE/MA hydrogels . They report that higher MW PEGs, having a greater chain 
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length, produce hydrogel networks with lower cross-link density, and higher average 

MW between two consective cross-links, thus increasing the porosity of the 

hydrogel. As such, the reason that hydrogels containing PEG 10,000 and ratio of 2: 1 

showed the greatest ionic conductivity could be that these hydro gels possessed a 

lower apparent cross linking density, and as such could facilitate the passage of 

charge carriers more efficiently. 

To investigate the role of hydrogel crosslink density and ionic conductivity 

on the permeation of solutes across the hydrogel following the application of an 

electrical current, permeation studies were carried out across hydro gels crosslinked 

with PEG 10,000 (F7, representing a hydrogel of low crosslink density and high 

conductivity) and PEG 200 (Fll, representing a hydrogel of high crosslink density 

and low conductivity). Three model compounds were assessed for their permeation 

behaviour across the hydrogels, with theophylline representing a neutral molecule, 

methylene blue representing a positively charged molecule, and fluorescein sodium 

representing a negatively charged molecule. It was found that the MW of the solute 

had an effect on its permeation profile across both hydrogel membranes, with 

methylene blue (MW 380) and fluorescein sodium (MW 380) permeating to a lesser 

extent in comparison to theophylline (MW 180). This is in agreement with 

previously reported findings (Thakur et al., 2010). Interestingly, it was found that 

solute charge had no effect on the rate of permeation across both hydrogel systems. It 

is known that if the gel and the drug are ionised, interactions may occur that may 

hinder or assist in the diffusional process (Peppas and Wright., 1998). For example, 

if the solute and hydrogel possess similar charges then the hydrogel may repel the 

charge of drug, such that it may not hinder, but in some cases assists transport 

(Peppas and Wright. , 1998). However, if the charges are opposite, interactions may 

occur that can hinder solute transport (Peppas and Wright., 1998). Given the fact that 

in this study, a positively charged solute (methylene blue) and a negatively charged 

solute (fluorescein sodium) permeated to the same extent across the hydrogel system 

suggests that permeation was not dominated by any potential solute - polymer 

interactions, but was controlled by solute size relative to the pore size of the hydrogel 
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(Peppas and Wright., 1998; Thakur et aI., 2009). Furthermore, the cross-link density 

of the hydrogel membrane was found to play a major role in determining the extent 

of solute permeation, with an approximate ten-fold reduction in the permeation of all 

three solutes noted across a hydrogel crosslinked with PEG 200, in comparison to a 

hydrogel crosslinked with PEG 10,000. This is attributed to the high %EWC, high 

MW between crosslinks and low crosslink density of the hydrogel crosslinked with 

PEG 10,000, resulting in a more porous network structure to readily enable solute 

diffusion (Thakur et al., 2010). Interestingly, it was found that the ionic conductivity 

of the hydrogel affected the ability of solutes to permeate through the membrane 

following the application of an electrical current. It can be seen from Table 2.11 that 

the enhancement ratio for solute permeation across the membranes was significantly 

greater when a current was applied across hydro gels crosslinked with PEG 10,000 in 

comparison to those crosslinked with PEG 200. This can be attributed to the ability 

of these hydro gels to allow the passage of charge carriers, with this study showing 

that an increase in the porous structure of a hydrogel (reflected by high %EWC and 

low crosslink density) is associated with an increase in the conductivity of the 

formulation (Figure 2.6 and 2.7). Furthermore, the results from the swelling of these 

hydrogels under an applied electric may elucidate a further mechanism for the 

enhancement seen following electrically assisted solute permeation. It was found that 

that the application of an electric current results in an increased swelling capability of 

these hydrogel systems, the degree of which is dependent upon the composition of 

the formulation under investigation, In particular, it was noted that formulation F7 

showed an greater enhancement in swelling capability following current application, 

in comparison to formulation F11 (Figures 2.8 and 2.9). As such, current application 

increases the porosity of these hydrogel systems which contributes to the 

enhancement in permeability of the hydrogel for solute diffusion. The finding that 

the conductivity of the formulation can affect the electro-stimulated movement of 

solutes is in agreement with previously reported findings whereby it has been shown 

that the iontophoretic delivery of a drug may be hindered by the presence of high 

concentrations (> 15% v/v) of cosolvents (such as propylene glycol) in the 

formulation, a fact that has been attributed to a decrease in the conductivity of the 
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drug solution (Jadoul et al., 1997). Similarly, regarding the iontophoretic delivery of 

sodium nonivamide acetate from a range of polymer formulations, it was found that 

the delivery decreased with the reduced conductivity of the formulation at high 

viscosity (Fang et al., 1998). lm et al., (2010) have also shown that the release 

profile of a drug loaded polyethylene oxide I pentaerythritol formulation following 

application of an electrical stimulus may be increased by enhancement of the 

formulation conductivity through the addition of multi-walled carbon nanotubes. 

2.7 Conclusion 

The present study illustrates the highly significant role that the crosslink density of a 

hydrogel plays in determining the swelling behaviour, network parameters, 

electrically responsive characteristics and solute permeation of hydro gels composed 

of PMVE/MA and PEG. When crosslinked with a higher MW PEG, PMVEIMA -

PEG hydrogels produce networks with lower crosslink density, thus exhibiting 

higher swelling rates and greater ionic conductivity in comparison to PMVE/MA 

crosslinked with low MW PEGs. The more open network structure of low crosslink 

density hydro gels enables solute permeation to occur more readily, and the greater 

ionic conductivity of these formulations allows a greater solute permeation 

enhancement to occur when subjected to an external electric field. 

From the results in this study, it is clear that the ability of solutes to permeate 

across the hydro gels described within can be easily adjusted through careful selection 

of hydrogel composition. Moreover, solute permeation may be readily enhanced 

through the application of an electric stimulus across these hydrogels. Consequently, 

such hydro gels may have potential use as components of electrically controlled drug 

delivery systems. In particular, this study has enabled identification of a suitable 

formulation (F7) that may be appropriate for the production of hydrogel-forming MN 

devices for MN mediated iontophoretic transdermal drug delivery. 
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3.1 Introduction 

Manufacture of microneedles (MNs) using different techniques has been widely 

reported in the literature. Methods employed to date include: 

• Micro-electromechanical systems (MEMS)-based methods for fabrication of 

silicon MNs (Hashmi et al., 1995; Henry et al., 1998). 

• Electroplating, photochemical etching, and laser cutting based methods In 

fabrication of metal and glass MNs (Chandrasekaran et al., 2003; 

Chandrasekaran and Frazier, 2003; Verbaan et al., 2008). 

• Mould-based techniques, such as casting (Perennes et al., 2006), hot 

embossing (Han et al., 2009), injection moulding (Samrnoura et al., 2007) 

and investment moulding (Lippmann and Pisano, 2006) for fabrication of 

polymeric MNs. 

MN arrays are designed to overcome the skin's formidable barrier, the stratum 

corneum, thus facilitating delivery of drugs into the body. However, it is vitally 

important that successful skin penetration is achieved in a painless manner and 

without MN failure. Therefore, to be effective as a transdermal drug delivery device 

MNs are required to exhibit sufficient strength to allow skin insertion without 

breaking or bending (Aggarwal and Johnston, 2004). In recent years, MNs of varying 

designs have been produced from silicon, metal, carbohydrates and polymers using 

various microfabrication techniques (Henry et al. 1998; Prausnitz, 2004). However, 

not all MN geometries are able to pierce the skin at reasonable forces without 

breakage or causing tissue damage (Ji et al., 2006). The main factors influencing the 

force necessary to penetrate the skin and the force MNs can withstand before fracture 

are: needle geometry, needle height, tip radius, base diameter, wall thickness, wall 

angle, material properties and needle density (Davis et ai., 2004). Moreover, when 

considering MN penetration into tissue, the issue of skin elasticity and its effect upon 

the reproducibility of MN piercing must be addressed. It has been demonstrated that 

the elastic nature of the skin results in its indentation and compression during MN 

insertion which, in turn, either completely prevents MN penetration or leads to 
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incomplete piercing (Martanto et ai., 2006 a; Martanto et ai. , 2006 b; Verbaan et al., 

2007; Verbaan et ai., 2008). In order to achieve successful MN insertion into skin 

without breaking, penetration force has to be high enough to overcome resistive skin 

forces . In addition, the MNs themselves have to be mechanically strong enough to 

withstand shear forces in the tissue. Therefore, to design MN s capable of piercing the 

skin in a safe and reliable manner, the ratio between fracture force and penetration 

force should be maximised (Park et al., 2007). 

Several studies have scrutinized mechanical properties ofMNs. The influence 

of MN geometries on efficiency of percutaneous penetration as well as on MN 

fracture force was investigated for the first time by Davis et al. (2004). Single MNs 

varying in tip radius, wall thickness and wall angle were inserted into the skin of 

human subjects and force applied to the needle was measured using a displacement

force test station. In order to recognize the point of needle insertion, skin resistance 

was measured. The electrical resistance of stratum corneum is much greater in 

comparison to deeper tissues (Yamamoto and Yamamoto, 1976). Therefore, a sudden 

decrease in skin resistance indicated needle penetration. MN insertion forces 

increased linearly with increasing cross-sectional area of the needle tip, whereas 

fracture force increased with increasing wall thickness and wall angle. The greatest 

margin of safety (ratio between the fracture and insertion force) had MNs with small 

tip radius and large wall thickness (Davis et al., 2004). Mechanics of polylactic 

(PLA), polyglycolic (PLG) and polylactic-co-glycolic (PLGA) MNs was a subject of 

interest of Park et al. (2005). In order to determine if polymeric MNs have the ability 

to pierce the skin without any breakage, the fracture force of PLGA MNs was 

investigated as a function of needle length and base diameter. In addition, the effect 

of Young' s modulus on fracture force of MNs prepared from different polyffier 

materials was assessed. This mechanical study showed that PLGA MNs of shorter 

length and wider base diameter required higher forces for breakage. MN s 

manufactured from material of higher Young's modulus had larger failure force 

(Park et al., 2005). 

In the present study a range of polymeric MN systems, including a new class 

of MN systems - a novel hydrogel forming MN array, were fabricated using a laser

engineered micro-moulding process and tested in terms of their mechanical strength, 
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skin insertion force, and in-skin behaviour. A number of advantages are associated 

with the use of polymeric MNs. Firstly, in contrast to silicon, which is a less 

commonly used biomaterial, a wide range of polymers are biocompatible and have 

long safety records in medical devices (Park et al., 2005). The use of water-soluble 

and biodegradable polymers eliminates the risk of leaving biohazardous sharp waste 

in the skin, as well as guaranteeing safe MN disposal by mechanical destruction or 

dissolution in a solvent (Park et aI., 2005; Prausnitz and Langer., 2008). In addition, 

low cost of polymeric materials and their easy fabrication in micro-moulding 

processes may enable a relatively straight forward scale up process for their mass 

production. 

3.2 Aims and Objectives 

The aim of the current study was to identify the most mechanically robust, based on 

the assessment of their axial needle failure force, polymeric material suitable for the 

low cost manufacture of soluble MN arrays. Once identified, the present chapter 

describes the effect of MN geometry upon the mechanical strength, skin insertion 

force and in-skin dissolution kinetics. Furthermore, the ability of MN arrays based 

upon a novel hydrogel forming formulation consisting of an aqueous blend of 15% 

w/w PMVEIMA -7.5% PEG 10,000 to absorb skin interstitial fluid, thus forming an 

unblockable conduit for transdermal drug diffusion, following skin insertion is 

presented. 

3.3 Materials 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride (Mw = 

1,080,000), ISP Corp. Ltd.,Guildford, U.K. 

Polyethylene glycol of molecular weight 10,000 daltons, Sigrna-Aldrich, Steinheim, 

Germany, U.K. 

Alginic acid, poly(vinyl) alcohol (98-99 % hydrolysed), methylene blue, were 

obtained from Sigrna Aldrich, Dorset, U.K. 
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Carbopol® 971 P-NF was obtained from Surfachem Group Ltd, Leeds, U.K. 

LSR9-9508-30 silicone elastomer, Polymer Systems Technology, Wycombe, U.K. 

TA-XT2 Texture Analyzer, Stable Microsystems, Haslemere, U.K. 

Digital micrometer, Hilka Pro-Craft, Hilka, Ltd., Surrey, U. K. 

Scanning electron microscope (SEM), JEOL JSM840 scanning electron microscope, 

Jeol, Tokyo, Japan. 

Oven, Gallenkamp hotbox oven with fan; Sanyo- Gallenkamp PLC, Leicester, U.K. 

Centrifuge, J ouan C312 laboratory centrifuge; DJB Labcare, Bukinghamshire, U.K. 

GXMGE-5 USB Digital Microscope; Laboratory Analysis Ltd, Devon, u.K. 

J ouan C312 laboratory centrifuge, DJB Labcare, Bukinghamshire, U.K. 

Digital Camera, IXUS 80 IS Canon, Beijing, China 

Analytical balance, APX-60, Denver Instruments, Colorado, USA 

Parafilm®, Pechiney Plastic Packaging, WI, USA. 

Silastic® 9280/60E silicone elastomer, Dow Coming, Wiesbaden, Germany. 

Electric Dermatome, P ADGETT Model B, Integra Lifesciences, P ADGETT 

instruments, Plainsboro, NJ, USA. 

3.4 Methods 

3.4.1. Fabrication o/laser-engineered silicone MNmoulds. 

Laser-engineered silicone micromould templates were prepared on the surface of 1.0 

mm thick silicone sheets. Briefly, silicone elastomer (LSR9-9508-30, Polymer 

Systems Technology, Wycombe, UK) was poured into a custom-made aluminium 

mould (1.4 mm x 40 mm x 340 mm) and cured overnight at 40°C. A laser-machine 

tool (BluLase® Micromachning System, Blueacre Technology, Dundalk, Ireland) 

with a laser (Coherent A via, Coherent Inc., Pittsburgh, USA) emitting a beam having 
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a wavelength of 355 nm and a pulse length of 30 ns, which is variable from 1 - 100 

kHz, was then employed. The maximum average power of the laser was 7 W, giving 

deliverable pulse energy of 175 uJ. The energy distribution of the beam was 

Gaussian shaped, with a M2 value < 1.2. The M2 factor is a standard measure of 

laser beam quality. A diffraction-limited beam has an M2 factor of 1, and is 

a Gaussian beam. Smaller values of M2 are physically not possible. The M2 factor of 

a laser beam limits the degree to which the beam can be focused. Accordingly, the 

smaller the M2 value, the smaller the focal spot and the more efficient the processing. 

M2 values less than 1.5 are desirable for laser micromachining applications. The laser 

was controlled by BluLase® LasControl® computer software (Blueacre Technology, 

Dundalk, Ireland), which allows the operator full control of the laser power and 

repetition rates, as well as controlling the stages by G-Code (functions in the 

numerical control programming language). An illustration of the system set-up is 

shown in Figure 3.1. 

Computer controlled 

,...--
~ RTC4 

I--

UU:==> Galvanome.ter 

laser / \ 
Debris C] C] Gas 

/~ 'P' / 
Silicone sheet 

Figure 3.1 Illustration of setup of the laser engineering process. 

The laser beam was directed by a sequence of three-mirrors through an aperture and 

into a galvanometer (Scanlab hurryScan® 10, SCANLAB Inc., Munich, Germany), 

which is driven by a computer interface board (Scanlab RTC4 card, SCANLAB Inc., 

Munich, Germany). The galvanometer allows a laser beam to be positioned within a 

field of view of 40 mm x 40 mm. The Scanlab RTC4 card is a computer interface 

114 



Chapter 3: Fabrication and characterisation of polymeric microneedles 
....................... -............................................ _ •.......•.. _.- ..................................... - ...... . 

board, which provides synchronous, interference-resistant control of scan systems 

and lasers in real time. 

The galvanometer can be controlled by either importing a CAD (computer

aided design) file directly onto the control computer, or the system directly through 

the graphical user interface. The use of a CAD-controlled galvanometer negates the 

need for the type of masks used in excimer-based projection laser patterning. The 

material to be processed (silicone sheet) is placed on the stage (under the 

galvanometer) and held stationary by a vacuum chuck while being machined. To 

remove any debris, an air assist was used to blow ablated material into an extraction 

unit. The laser beam was focused to a spot size of 14.0 !-lm and scanned at a speed of 

4000 mm/s over the surface of the silicone sheet in the pattern determined by the 

CAD file. A major advantage of the laser drilling process is that needle height and 

density are not restricted by the manufacturing process itself. Through a process of 

2.5 D laser milling, MN moulds with a varied base diameter, height and interspacing 

can be produced. 

Silicone elastomer micromoulds were prepared usmg custom-made 

aluminium containers with fitted aluminium stubs in the centre. The silicone 

elastomer was carefully poured into the aluminium container, so that the level of the 

silicone was approximately 5 mm above the surface of the aluminium stubs. To 

eliminate entrapped air, the containers were centrifuged for 15 minutes at 3500 rpm 

before curing overnight at 40.0°C. The silicone elastomer mould was then removed 

from the aluminium container by gently pressing a metal rod against an opening in 

the base of the device. The laser-engineered micromould templates were cut in 

dimensions to exactly fit the silicone mould. The templates were then glued into the 

mould using silicone elastomer, which was cured at 40°C for 40 minutes (FigUJ:e 

3.2). In order to clean the prepared moulds, they were sonicated in warm water for 30 

minutes. This process could be used to produce MN arrays possessing different 

geometries (Figure 3.3), where all parameters are variable. 

115 



Aluminum stub 

Silicone mould 

1- peeled away 

JI 

Chapter 3: Fabrication and characterisation of polymeric microneedles 

B 

c 

I 

E 

Lid 

1--....:JILI ____ LI~:::lt-- Silicone elastomer 

11 

r 

1 Centrifuged, then cured at 40'C 

overnight 

I 

+--meta I rod 

/ 
Silicone mould 

;~~Ilt!!!!!![!!1mJ~4~- Laser-engineered silicone sheet 
'~: glued to silicone mould 

Aqueous blend poured into 

silicone mould 

jAqueous blend was centrifuged, dried and 

silicone mould removed 

H 

_

G --. """"""""" MNs after removing side-walls 

Figure 3.2 Diagrammatic representation of the steps involved in preparation of laser-engineered MN arrays. A Teflon® slal 
is attached to an aluminium stub using cyanoacrylate glue (A). Silicone is added to the mould and centrifuged at 3500 rprr 
for 15 min (B). After curing overnight, the contents of the aluminium container are removed by pressing a metal roe 
against the aluminium stub (C). Silicone mould is carefully peeled away from the aluminium stub (D). A laser-engineerec 
silicone sheet is attached to the bottom of the silicone mould using cyanoacrylate adhesive (E). Aqueous polymer gel i~ 
transferred to the silicone mould (F). The mould is centrifuged and upon hardening, the silicone mould is carefully peelec 
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b 
~~ 

a OIl .---- Microneedle array 

c d 
I ..... ~ 

I L ______ ~--- Microneedle baseplate 

Aspect ratio = aid (height of MN/width of MN) 

Figure 3.3 Diagrammatic representation of a microneedle array and its geometrical parameters: (a) height of 
MNs in array (b) interspacing ofMN tips (c) interspacing ofMN bases (d) width ofMN at base. 

3.4. 2 Fabrication of water soluble polymeric MNs. 

The following polymeric materials were used to prepare corresponding 3 x 3 MN 

arrays (dimensions 600 ~m in height, 300 ~m in width, and an interspacing of 300 

~m): poly(vinyl alcohol) (PV A), alginic acid, Carbopol@ 971 and poly(methyl vinyl 

ether-co-maleic acid) (PMVEIMA). A 30% w/w aqueous solution of PV A was 

prepared by adding the required mass of PV A to deionised water, followed by 

heating at 80.0° C for 4.0 hours, until a clear gel was formed. Upon cooling, the 

blend was then readjusted to the final concentration of 30% w/w by addition of an 

appropriate amount of deionised water. A 10% w/w aqueous solution of alginic acid 

was prepared by adding the required mass of alginic acid to deionised water, 

followed by heating at 70° C for 30 minutes and readjusting to the final concentration 

of 10%w/w with deionised water. A 10% w/v aqueous Carbopol@ 971-P NF blend 

was prepared by adding the required amount of polymer to distilled water with 

constant stirring at 800.0 rpm. Once a homogenous gel was formed, it was 

neutralised using 10 M NaOH to pH 6, thus increasing the viscosity of the gel. A 

20% w/w aqueous solution of PMVEIMA was prepared by adding the required mass 

of poly(methyl vinyl ether maleic anhydride) to ice cold deionised water, followed 

by vigorous stirring and heating at 95°C until a clear gel was obtained, due to 

hydrolysis of the anhydride form of the copolymer to the corresponding acid. Upon 

cooling, the blend was then readjusted to the final concentration of 20% w/w by 

addition of an appropriate amount of deionised water. In each case, 0.5 g of the 
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resultant solutions were then poured into the silicone micromoulds, centrifuged for 

15 minutes at 3500 rpm, and allowed to dry under ambient conditions for 24 hours. 

3.4.3 Fabrication of polymeric MNs of a diverse range of geometries for subsequent 

characterisation studies. 

The laser-engineering process was utilised to prepare a range of micromould 

templates (as described in Section 3.4.1), such that MN arrays of varying geometries 

could be produced. Table 3.1 lists the range ofMN geometries that were prepared for 

subsequent characterisation studies. Soluble polymeric MN arrays, composed of 20% 

w/w PMVE/MA, were prepared as described in Section 3.4.2. Hydrogel forming MN 

arrays, containing aqueous blends of 15% w/w PMVE and 7.5% w/w PEG 10,000 

(selected on the basis of the results obtained from the swelling, ionic conductivity 

and drug permeation studies conducted in Chapter 2) were prepared by diluting the 

30% w/w PMVE/MA stock solution and mixing it with the required amount of PEG 

10,000 solution. PEG-PMVE/MA solutions were poured into the silicone moulds, 

centrifuged at 3000 rpm for 15 min and dried at room temperature for 48 h. 

Subsequently, the moulds were heated at 80°C for 24 h in order to induce 

crosslinking between PEG and PMVE/MA. Upon cooling, the PEG-PMVE/MA MN 

arrays were removed from the moulds. 

Table 3.1. List of MN geometries under investigation. 

MN MN height MN width at base MN interspacing at MN array (rows x 
type (Ilm) (Ilm) base (Ilm) columns) 

350 300 300 3x3 

2 600 300 30 4x4 

3 600 300 50 4x4 

4 600 300 150 3x3 

5 600 300 300 3x3 

6 900 300 300 3x3 
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3.4.4 Measurement ofMN compression force. 

The effect of applying a known axial compression load (i.e., force applied parallel to 

the MN vertical axis) to the prepared polymeric MN was assessed using a TA.XT

plus Texture Analyser (Stable Micro Systems, Surrey, UK). MN arrays were 

visualised before and after application of the compression load using a light 

microscope (GXMGE-5 digital microscope, Laboratory Analysis Ltd, Devon, UK). 

MN arrays were attached to the moveable cylindrical probe (length 5 cm, cross

sectional area 1.5 cm2
) of the Texture Analyser using double-sided adhesive tape. 

The test station pressed MN arrays against a flat block of aluminium of dimensions 

9.2 x 5.2 cm at a rate 0.5 mmls for 30 seconds and a force of 0.36 N per needle, as 

shown in Figure 3.4. Pre-test and post-test speeds were 1 mmls and the trigger force 

was set at 0.049 N. The height of each MN was measured after testing using the ruler 

function of the microscope software so that the percentage change in MN height 

could be calculated. 

moveable aluminium 

probe 

MN array 

aluminium block 

Figure 3.4 Illustration of the Texture-Analyzer set-up for determination of fracture forces of the MN 

arrays. 
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3.4.5 Measurement afforce requiredfor MN insertion. 

The force required to insert PMVE/MA MN array at two different insertion speeds, 

0.5 mm S-l and 1.0 mm S-l, into excised neonatal porcine skin was detennined using a 

TA.XT-plus Texture Analyser (Stable Micro Systems, Surrey, UK). Neonatal 

porcine skin, a good model for human skin in tenns of hair sparseness and physical 

properties (Woolfson et ai, 1995; Fourtanier and Berrebi, 1989), was obtained from 

stillborn piglets and immediately «24h after birth) excised and trimmed to a 

thickness of 700 !lm using an electric dennatome (Integra Life Sciences™, Padgett 

Instruments, NJ, USA). Skin was then stored in aluminium foil at -20°C until further 

use. Using double - sided adhesive tape, MN arrays were carefully attached to the 

moveable cylindrical probe. The stratum corneum surface of the skin was dried with 

tissue paper, and the skin was placed, dennis side down, on a 500 !lm thick sheet of 

dental wax, and this assembly was then secured on a wooden block for support. The 

probe was lowered onto the skin at a speed of either 0.5 mm S-I or 1.0 mm S-I until 

the desired force was exerted. Forces were held for 30 s and were increased gradually 

from a force of 0.0056 N per MN (obtained by dividing the applied force by the 

number of MN in an array) to the force at which MN penetration into skin was 

observed. After removal of MN arrays, a methylene blue solution (1 mg mrl) was 

applied to the upper surface of the epidennis for 20 mins so MN created pores within 

the skin could be visualised. Excess solution was gently wiped off from the skin 

surface with dry tissue paper and then with nonnal saline solution. Subsequently, 

skin was imaged using a digital camera to assess for the presence of visible holes 

created by MN arrays. 

3.4.6 MN in-skin dissolution kinetics. 

A range of MN array designs (as listed in Table 3.1) were prepared from aqueous 

blends of 20% w/w PMVEIMA, as described in Section 3.4.3 to investigate the 

influence of MN height and MN interspacing upon the in-skin dissolution rate of 

PMVEIMA arrays. Prior to skin insertion, the height of each MN on the MN array 

was measured using a digital light microscope (GXMGE-5 digital microscope, 

Laboratory Analysis Ltd, Devon, UK). PMVE/MA MN arrays were inserted, using a 
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custom designed spring activated applicator (described in detail in Chapter 4) at a 

force of 11.0 N per array, into full thickness (1.0 mm) neonatal porcine skin, which 

was mounted on Franz diffusion cells (FDC-400 flat flange, 15 mm orifice diameter, 

mounted on an FDCD diffusion drive console providing synchronous stirring at 600 

rpm and thermostated at 37 ± 1 cC, Crown Glass Co. Inc., Sommerville, NJ., USA). 

Neonatal porcine skin samples were shaved carefully so as not to damage the 

skin (as verified by transepidermal water loss measurements) and pre-equilibrated in 

phosphate buffered saline pH 7.4 (PBS) for one hour before beginning the 

experiments. A circular specimen of the skin was secured to the donor compartment 

of the diffusion cell using cynoacrylate glue with the stratum corneum side facing the 

donor compartment. This was then placed on top of dental wax, to give the skin 

support, and PMVE/MA MN arrays inserted into the centre of the skin section, using 

a spring activated applicator at a force of 11.0 N per array. To ensure that MN arrays 

remained within the skin, a circular steel weight (diameter 11.0 mm, 3.5 g mass) was 

placed on top of the MN array. Furthermore, a non-adhesive putty material 

(BluTac®) was placed on top of the weight, and a piece of laboratory film 

(Parafilm ~ placed over the Franz cell lid. With MN arrays in place, donor 

compartments were mounted onto the receptor compartments of the Franz cells. The 

receptor medium was PBS, degassed prior to use by sonication. MN arrays were then 

kept in place within the skin for a period of 15, 30, 45, 60 or 120 minutes before 

being gently removed. Once removed from the skin, MN arrays were viewed using a 

digital light microscope (GXMGE-5 digital microscope, Laboratory Analysis Ltd, 

Devon, UK), enabling measurement of the height of each MN on the array. 

3.4.7 MN in-skin swelling kinetics. 

A range of MN array designs (as listed in Table 3.1) were prepared from aqueous 

blends of 15% w/w PMVE/MA and 7.5% PEG 10,000, as described in Section 3.4.3 

to investigate the influence of MN height and MN interspacing upon the in-skin 

swelling characteristics of these hydrogel forming MN arrays. Prior to skin insertion, 

the height and width at base of each MN on the MN array was measured using a 

digital light microscope (GXMGE-5 digital microscope, Laboratory Analysis Ltd, 
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Devon, UK). A prototype simple spring-loaded piston with a one-button release 

applicator (Figure 3.5 A), was designed and constructed to allow for reproducible 

skin penetration of MN arrays. To use this device, firstly the required spring was 

loaded into the piston shaft. The flat base of the piston was then pushed up towards 

the piston shaft until it locked into place. A spacer ring (height 20.0 mm, diameter 

18.0 mm) was then placed between the flat base of the piston and the desired target. 

This applicator could then be activated by simply pressing the button, as shown in 

Figure 3.5 B, which drives the piston towards the target surface. 

PMVE/MA MN arrays were inserted, using the custom designed spnng 

activated applicator at a force of 11.0 N per array, into full thickness (1.0 mm) 

neonatal porcine skin, which was mounted on Franz diffusion cells (FDC-400 flat 

flange, 15 mm orifice diameter, mounted on an FDCD diffusion drive console 

providing synchronous stirring at 600 rpm and thermostated at 37 ± 1 QC, Crown 

Glass Co. Inc., Sommerville, NJ., USA). 
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Figure 3.5 Illustration of the prototype MN applicator (A) before activation (B) after activation. 

Neonatal porcine skin samples were shaved carefully so as not to damage the skin 

and pre-equilibrated in phosphate buffered saline pH 7.4 (PBS) for one hour before 

beginning the experiments. A circular specimen of the skin was secured to the donor 

compartment of the diffusion cell using cynoacrylate glue with the stratum corneum 

side facing the donor compartment. This was then placed on top of dental wax, to 

give the skin support, and MN arrays inserted into the centre of the skin section, 

using a spring activated applicator at a force of 11.0 N per array. To ensure that MN 

arrays remained within the skin, a circular steel weight (diameter 11.0 mm, 3.5 g 

mass) was placed on top of the MN array. Furthermore, a non-adhesive putty 

material (BluTac~ was placed on top of the weight, and a piece of laboratory film 

(Parafilm®) placed over the Franz cell lid. With MN arrays in place, donor 

compartments were mounted onto the receptor compartments of the Franz cells. The 

receptor medium was PBS, degassed prior to use by sonication. MN arrays were then 

kept in place within the skin for a period of 3, 6, or 24 h before being gently 

removed. Once removed from the skin, MN arrays were viewed using a digital light 

microscope (GXMGE-5 digital microscope, Laboratory Analysis Ltd, Devon, UK), 

enabling measurement of the height and width of each MN on the array. 
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3.4.8 Statistical analysis. 

Where appropriate, data were analysed usmg a one-way analysis of variance 

(ANOVA), with post hoc comparisons performed using Tukey's HSD test. In all 

cases, p < 0.05 denoted significance. Statistical Package for the Social Sciences, 

SPSS 15 Version 2.0 (SPSS Inc., Chicago, IL, USA), was used for all analyses. 

3.5 Results 

Figure 3.6 shows a screenshot of the machine strategy for an array of needles (11 xII 

array, base diameter of 600 Ilm, height of 600 Ilm and interspacing of 300 Ilm) (A), 

as well as a close up of a single needle-shaped hole (B). Digital microscope 

(GXMGE-5 digital microscope, Laboratory Analysis Ltd, Devon, England, UK) 

images of a MN micromould (11 xll array, base diameter of 600 Ilm, height of 600 

Ilm and interspacing of 300 Ilm) as well as a single MN mould are also shown in 

Figure 3.6 (C and D). 
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Figure 3.6 (A) MN array (11 x 11) pattern drawn on the system for laser engineering of holes into 
silicone sheets. (B) Strategic image of a single hole. (C) Digital microscope image oflaser-engineered 
silicone micromould (11 x 11) on 1.0 mm thick silicone sheet. (D) Digital microscope image of a 
single hole. 

To facilitate observation of the shape of the holes machined by the laser into 

the transparent silicone sheets, scanning electron microscope (JEOL JSM840, Tokyo, 

Japan) images of cross-sectioned moulds were produced, as shown in Figure 3.7 A. 

Initial testing produced MN arrays with roughened surfaces (Figure 3.7B). As the 

laser beam is scanned in a given direction, successive pulses overlap each other. The 

percentage of overlap is determined by the scan speed of the galvanometer and the 

repetition rate of the laser. Roughness can occur, due to a low percentage overlap of 
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the laser beam. To ensure a smoother surface, the percentage overlap of successive 

laser pulses was optimized at 95%, which produced MN as shown (Figure 3.7C). The 

time taken to machine an array of 11 x 11 needles with 300 Ilm width at base, 600 

Ilm height and 300 Ilm interspacing was approximately 5.4 minutes. Cleaning the 

entire micromould down to the tip of each MN indentation was found to be a crucial 

step in preparation of uniform, consistent, MN arrays. 

Figure 3.7 (A) SEM of the cross-section of a silicone micromould after laser engineering, revealing 

cone-shaped holes. (B) MN arrays prepared from aqueous blends containing 20% w/w Gantrez® AN 

139 with 50 /lm height showing roughened outer surface. (C) MN arrays prepared from aqueous 

blends containing 20% w/w Gantrez® AN 139 with 300 /lm height showing optimised surface 
characteristics. 

Utilising the laser-machined MN micromoulds (theoretical dimensions - 600 

Ilm height, 300 Ilm width at base, and 300 Ilm interspacing between the base ofMN), 

a range of polymeric formulations were investigated for their potential use in MN 

fabrication. Whilst all formulations proved capable of production of structurally-
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intact MN arrays (Table 3.2 and Figure 3.8), there are some points worthy of 

consideration. In particular, the array formed from a 30% w/w PV A solution had an 

irregular-shaped base plate, with quite a degree of flexibility to its structure. As such, 

it is doubtful that this formulation would possess the necessary mechanical strength 

to sufficiently disrupt the stratum corneum barrier of the skin. This degree of 

flexibility was also evident in the arrays formed from aqueous solutions of alginic 

acid, as well as those produced from Carbopol® 971-P NF. However, it was found 

that MN arrays formed from aqueous blends of 20% w/w PMVEIMA possessed a 

rigid, inflexible structure. These observations are evident in the results obtained 

following the application of a compression force to the MN arrays (Table 3.3). It was 

found that the PMVE/MA MN possessed the greatest ability to resist compression, 

with only an approximate 20% reduction in the height of the MN occurring following 

application of a 0.36 N per needle force. This was significantly less than the 

approximate 40% reduction in height of MN produced from PV A, alginic acid and 

Carbopol® 971-P NF (in all cases p values < 0.05). Digital microscope images of 

polymeric MN before and after compression testing are shown in Figure 3.8. As a 

result of their poor performance in this preliminary test, MN prepared from PV A, 

alginic acid and Carbopol® 971-P NF were not evaluated further. Aqueous blends 

containing 20% w/w PMVE/MA were used for the production of soluble polymeric 

MN arrays for the remainder of this thesis. 

Table 3.2 Physical characteristics of polymeric MN arrays produced using laser-engineered 

micromoulds. (MeanS ± SD, n = 45). 

Material Height (Jim) Width (/lID) 

PVA 583.68 ± 9.59 285 .30 ± 7.09 

Alginic Acid 517.51±8.35 273 .77 ± 9.92 

Carbopol® 
594.96 ± 9.03 293.86 ± 8.67 

971-P NF 

PMVEIMA 608.93 ± 20.08 313.42 ± 10.81 
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Interspacing of 
MN at base 

(/lm) 

295.38 ± 9.17 

274.91 ± 4.20 

303.66 ± 5.57 

328.57 ± 12.98 

Interspacing of 
MN at tip (/lm) 

575.16 ± 11.23 

546.29 ± 9.33 

608.79 ± 9.58 

679.50 ± 6.32 

Aspect 
Ratio 

2.05 

1.89 

2.02 

1.94 
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Figure 3.8 Light microscope images of polymeric microneedles prepared from aqueous blends 

containing Carbopol®971-P NF, alginic acid, poly(vinyl)alcohol and PMVEIMA before, (A, B, C and 

G respectively), and after (D, E, F and H, respectively) the application of a compression force. 

Table 3.3 Influence of compression force (0.36 N/needle) on the physical dimensions of polymeric 
MN. (Mean ± SD, n = 45). 

PVA 

38.73 ± 2.21 

% Reduction in height of MN 

Alginic Acid 

42.07 ± 0.89 

Carbopol@ 971-P 

NF 

38.31 ± 3.10 

PMVEIMA 

19.54 ± 2.89 

In order to investigate the influence of MN geometry and MN array design upon MN 

mechanical strength, force required for MN insertion into skin, as well subsequent 

in-skin dissolution (soluble MNs) / swelling (hydrogel forming MNs), the laser

engineering process was utilised to produce MN array of varying MN height and MN 

interspacing (Table 3.1). SEM images highlighting the appearance of the MN arrays 

of varying MN height and MN interspacing are shown in Figure 3.9 and Figure 3.10, 

respecti vel y. 
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Figure 3.9 SEM images of PMVE/MA MN arrays of varying MN height, (A) 350 f,Lm, (B) 600 f,Lm, 

and (C) 900 f,Lm. 

Figure 3.10 SEM images of PM VEl MA MN arrays of varying MN interspacing, (A) 50 f,Lm, (B) 150 

f,Lm and (C) 300 f,Lm. 

It was found that alteration of MN height or MN interspacing had no effect on the 

mechanical strength of the PMVE/MA MN arrays (p > 0.05 in all cases) (Figure 

3.11). In particular, the percentage reduction in MN height following application of a 

compression force of 0.36 N per MN was found to be 20.03 ± 1.63%,19.54 ± 2.89% 

and 20.89 ± 1.43% for MN arrays ofMN height 350 (Type 1), 600 (Type 5) and 900 

~m (Type 6), respectively. Similarly, the percentage reduction in MN height was 

found to be 18.33' ± 0.91%,18.95 ± 1.30%,19.57 ± 1.11% and 19.54 ± 2.89% for 

MN arrays of MN interspacing 30 (Type 2), 50 (Type 3), 150 (Type 4) and 300 ~m 

(Type 5), respectively. 

129 



Chapter 3: Fabrication and characterisation of polymeric microneedles 
................................... _ ....... _ .................... -- .............................. " .................................................... _ ...... . 

25 

1 
T 

l: T 
l 

eL 20 T . ~ T • 
..c 
z 
:;; 15 
.s 
= 0 10 . .:z 
:..I :;, 
~ 
~ .. 
i- S 

0 -
1 2 3 4 5 6 

:\~ Type 

Figure 3.11 Percentage reduction in height of MN arrays prepared from aqueous blends containing 

20% w/w PMVEIMA following application of a compression force of 0.36 N per MN. Means ± SD, n 

= 45. 

It was also found that MN geometry had no effect upon the mechanical strength of a 

hydrogel forming (15% w/w PMVEIMA - 7.5% w/w PEG 10,000) MN array (p > 

0.05 in all cases) (Figure 3.12). In particular, the percentage reduction in MN height 

following application of a compression force of 0.36 N per MN was found to be 

23.73 ± 2.05%, 23.72 ± 1.21 % and 22.64 ± 1.59% for MN arrays of MN height 350 

(Type 1), 600 (Type 5) and 900 ~m (Type 6), respectively. Similarly, the percentage 

reduction in MN height was found to be 21.55 ± 1.48%, 21.81 ± 1.58%, 23.41 ± 

1.06% and 23.72 ± 1.21% for MN arrays ofMN interspacing 30 (Type 2),50 (Type 

3), 150 (Type 4) and 300 ~m (Type 5), respectively. Figure 3.13 shows 

representative image of a hydrogel forming MN array (Figure 3.13A) and after 

(Figure 3.13B) the application of a compression force. 
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Figure 3.12 Perecntage reduction in height of hydrogel forming MN arrays following application of a 

compression force of 0.36 N per MN. Mean ± SD, n = 45. 

B 

Figure 3.13 Representative light microscopy images of hydrogel forming MNs before (A) and after 

(B) application of a compression force of 0.36 N per MN. Scale bar represents 200 /lm. 

Table 3.4 shows the results obtained during the investigation of force 

necessary to insert polymeric MN arrays into dermatomed neonatal porcine skin (700 

).lm thick). It was found that the force required for MN insertion, as evident by 

methylene blue staining of the skin (Figure 3.14), was dependent upon both MN 

design and the velocity of insertion. In particular, an increase in MN height was 

associated with a decrease in the force required for MN insertion (p < 0.001). For 

example, the force required for MN insertion (at a velocity of 1.0 mm S-I) was found 

to be approximately 21.8,21.4, and 21.0 mN per MN for MN of height 350,600 and 

900 ).lm, respectively .. In regards to the effect of MN interspacing upon the force 
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required for MN insertion into skin, it was found that only the MN arrays with 

interspacing values :s 50 )lm had a significantly different (p < 0.001) insertion force 

per MN, in comparison to the arrays of MN interspacing 150 and 300 )lm. It was 

found that for all MN designs, the speed at which they were inserted had a significant 

effect (p < 0.001) upon the force required for MN insertion. Notably, an increase in 

the speed at which MN were applied to the skin surface resulted in a decrease in the 

force required for MN insertion into the skin. 

Table 3.4 Force required for MN insertion into full thickness neonatal porcine skin, as a function of 

MN array design and velocity of insertion. Means ± SD, n = 5. 

Velocity of insertion 

0.5 mm S·l 1.0 mm S·l 

Insertion Force Insertion Force 

MN Type (mNlMN array) (mNlMN) (mNIMN array) (mNlMN) 

270.90 ± 1.80 31.00 ± 0.02 196.20 ± 0.20 21.80 ± 0.01 

2 480.00 ± 1.70 30.00 ± 0.01 345.60 ± 0.21 21.60 ± 0.01 

3 464.80 ± 2.30 29.10±0.01 344.20 ± 0.32 21.50 ± 0.01 

4 252.40 ± 1.70 28.00 ± 0.02 192.60 ± 0.16 21.40 ± 0.01 

5 252.40 ± 1.90 28.00 ± 0.02 192.60 ± 0.22 21.40 ± 0.01 

6 234.40 ± 1.00 26.00 ± 0.01 189.00 ± 0.64 21.00 ± 0.02 

Figure 3.14 Representative digital images of dermatomed neonatal porcine skin, stained with 

methylene blue solution, following MN application at a force greater than (A) and less than (B) the 

force required for successful MN insertion. 
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In collaboration with investigators at Loughborough University (Ololade Olatunji 

and Dr Diganta Das) an attempt was made to provide a theoretical basis for the effect 

of MN interspacing upon the force required for skin insertion. 2D Finite Element 

Modelling simulations were performed for the numerical analysis of MN insertion 

into skin at various interspacing. The simulations were carried out using COMSOL 

(Comsol, 2005), modelling the skin as an isotropic elastic material with predefined 

mechanical characteristics (the stratum corneum was given a young modulus of 

26MPa while the lower layer was given a young modulus of 136KPa (Yuan and 

Verma, 2006) and the Poisson ratio was taken as 0.49 for both layers (Magnenat

Thalmann, 2002)). Stress and displacement values where obtained from the 

numerical simulations in COMSOL. Analysing the stress and displacement of the 

MNs prior to insertion enables an estimation of the resistance offered by the skin 

prior to insertion at various MN interspacing values. It can be seen in Figure 3.15 

that MN s experience a higher normal stress as MN interspacing decreases, indicating 

an increased resistance to skin penetration. 
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Figure 3.15 Normal stress on laser-engineered MN arrays as a function ofMN interspacing. 

The vertical displacement of the MN acts as an indicator of the manner in which the 

skin deforms as a result of lateral stress distribution. A force of 2.7N was applied at 

the base of each needle and the vertical displacement of the MN s was measured for 

different interspacing (Figure 3.16). The results show a decrease in vertical 

displacement as the interspacing increases, with a sharper decrease between 10 and 

133 



Chapter 3: Fabrication and characterisation of polymeric microneedles 

150Jlm. This may be explained by the fact that the stress distribution around each 

MN intercept becomes less as the interspacing increases (Figure 3.17) . 

• 60 

o 50 100 ISO 200 250 300 350 

ntel$padng at needle base (1lR'1 

Figure 3.16 Vertical displacement decreases as the spacing is increased indicating that low MN 

interspacing has a significant impact on the manner in which skin deforms. 
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Figure 3.17 Simulation showing MNs inserted into a two layer model of skin. Showing A) 30llm B) 

300jlm interspacing. 
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The theoretical consideration of all the forces acting at the MN / skin interface (stress 

at MN tip, vertical displacement of MN, frictional force, and the indentation, 

buckling and piercing of the skin) enabled a prediction of the influence of MN 

interspacing on the force required for skin insertion. It was predicted that there is a 

dramatic increase in the force required for MN insertion into skin as MN interspacing 

is decreased below 100 Ilm (Figure 3.18), which is in line with the experimental 

observations reported in this present study (Table 3.4). 
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Figure 3.18 Effect of MN interspacing on the force required MN insertion into skin. 

Table 3.5 shows the results of the investigations into the rate of MN dissolution 

following insertion into full thickness (l.0 mm thick) neonatal porcine skin. It was 

found that the rate of MN dissolution was not affected by the MN height or MN 

interspacing of the MN array (p > 0.05 in all cases). It can be seen from Figure 3.19 

and Figure 3.20 that approximately 43% of the MN dissolved within the first 15 

minutes following insertion into neonatal porcine skin, with complete dissolution 

noted within a 2 h period. 
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Table 3.5 In-skin dissolution rate for PMVE/MA MN arrays of varying MN height and MN 

interspacing. Means ± SD, n = 45 . 

% MN height dissolved 

MN Type 

Time 
(min) 2 3 4 5 6 

15 43.43 ± 2.51 42.28 ± 2.08 42.05 ± 2.15 42.81 ± 1.74 43.13 ± 1.70 43.58 ± 2.06 

30 53.37 ± 2.02 55.18 ± 2.53 55 .67 ± 1.99 55.04 ± 2.52 54.89 ± 2.48 55.55 ± 1.41 

45 74.02 ± 1.92 73 .25 ± 1.90 73.84 ± 1.49 72.34 ± 2.38 73.90 ± 1.73 74.26 ± 1.49 

60 87.43±2.10 86.56 ± 2.64 85.79 ± 2.87 87.12 ± 2.87 87.33 ± 2.54 87.93 ± 2.03 

120 100.00 ± 0.0 100.00 ± 0.0 100.00 ± 0.0 100.00 ± 0.0 100.00 ± 0.0 100.00 ± 0.0 
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Figure 3.19 Representative in-skin dissolution kinetics ofPMVEIMA MN arrays (MN Type 6). Mean 

± SD, n = 45. 
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Figure 3.20 Representative digital images ofPMVEIMA MN arrays (MN Type 6) before (A) and after 

insertion into neonatal porcine skin for 15 min (B), 45 min (C), 60 min (D) and 120 min (E). 

Table 3.6 shows the changes in MN dimensions following insertion of 

hydrogel forming MN arrays, of a variety of designs, into full thickness neonatal 

porcine skin for a period up to 24 h. It was found that the changes in the MN 

dimensions were dependent upon the length of time that the MN array remained 

within the skin. For example, the MN height ofMN Type 1 increased from 375.98 ± 

10.07 !lm to 485.38 ± 9.80 (p < 0.001), 528.04 ± 13.75 (p < 0.001), and 581.26 ± 

11.49 !lm (p < 0.001), following insertion into skin for 3, 6 and 24 h, respectively. 

Similarly, the MN width ofMN Type 1 increased from 346.51 ± 8.99 !lm to 463.53 

± 13.24 (p < 0.001), 494.86 ± 9.91 (p < 0.001), and 510.49 ± 13.13 !lm (p = 0.671), 

following insertion into skin for 3,6 and 24 h, respectively. 
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Table 3.6 In-skin (full thickness neonatal porcine skin) swelling of hydrogel forming MN arrays of 

varying MN height and MN interspacing. Means ± SD, n = 45. 

MN T~~e 1 MNT~~e2 
Time MNwidth at Time MNheight MN width at 
(h) MN height (gm) base (gm) (h) (gm) base (gm) 

0 375.98 ± 10.07 346.51 ± 8.99 0 628.14 ± 7.50 325.17 ± 5.98 

3 485 .38 ± 9.80 463.53 ± 13.24 3 720.87 ± 10.07 608.07 ± 8.93 

6 528.04 ± l3 .75 494.86 ± 9.91 6 788.07 ± 9.98 684.67 ± 9.02 

24 581.26 ± 11.49 510.49 ± 13 .13 24 876.19± 11.82 699.97 ± 10.06 

MN T~~e3 MNT~~e4 
Time MN width at Time MN height MN width at 
(h) MN height (gm) base (gm) (h) (gm) base (gm) 

0 635.35 ± 10.64 324.93 ± 7.59 0 625.21 ± 11.28 324.40 ± 8.36 

3 721.37 ± 10.07 609.51 ± 9.12 3 683.74 ± 7.61 572.39 ± 8.91 

6 789.62 ± 10.44 681.12 ± 8.35 6 739.90 ± 10.61 634.23 ± 15.27 

24 882.66 ± l3.84 699.l5 ± 10.77 24 829.91 ± 11.68 642.91 ± l3.19 

MN T~~e5 MNT~~e6 
Time MN width at Time MN height MN width at 
(b) MN height (gm) base (gm) (h) (gm) base (gm) 

0 618.76 ± 17.92 336.52 ± 11.99 0 947.34 ± 15.76 350.46 ± 10.45 

3 680.63 ± 9.44 565.91 ± 11.71 3 1083.32 ± 28.24 677.55 ± 9.31 

6 728.66 ± 16.46 611.57 ± 28.73 6 1246.83 ± 29.34 704.78 ± 11.41 

24 826.24 ± 17.09 613.11 ± 20.38 24 1389.l8 ± 25.56 729.84 ± 11.58 

Figure 3.21 shows the effect of MN array design and skin insertion time on 

the % increase in MN surface area of the hydrogel forming MN arrays following 

insertion into full thickness neonatal porcine skin. It can be seen that the % increase 

in MN surface area was dependent upon the length of time the MN remained within 

the skin (p < 0.05 in all cases). For example, the % increase in MN surface area for 

MN Type 1 was found to be 68.77 ± 9.39, 89.67 ± 5.99, and 113.19 ± 11.41% 

following insertion of the MN array for periods of 3, 6 and 24 h, respectively. 

Furthermore, it was found that the % increase in MN surface area was also dependent 

upon the design of the MN array under investigation. It was found that an increase in 
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MN height led to a greater % increase in MN surface area during the in-skin swelling 

process for all time points investigated. Following in-skin swelling for a period of 3 h 

the % increase in MN surface area was found to be 68.77 ± 9.39, 92.65 ± 7.68 and 

128.09 ± 10.35 for MN height of350 ~m (MN Type 1), 600 ~m (MN Type 5), and 

900 ~m (MN Type 6), respectively. After a period of 6h the % increase in MN 

surface area was found to be 89.67 ± 5.99, 115.23 ± 8.38 and 164.67 ± 9.33 for MN 

height of 350 ~m (MN Type 1), 600 ~m (MN Type 5), and 900 ~m (MN Type 6), 

respectively. Similarly, after a period of 24 h the % increase in MN surface area was 

found to be 113.19 ± 11.41, 148.94 ± 8.99 and 190.52 ± 9.82 for MN height of 350 

~m (MN Type 1), 600 ~m (MN Type 5), and 900 ~m (MN Type 6), respectively. It 

was also found that the % increase in MN surface area was dependent upon the 

density of the MN on the array. In particular, MN Types 2 and 3 (which had 16 MNs 

on an array of approximately 2.25 mm2
) had a significantly greater % increase in MN 

surface area in comparison to MN Types 4 and 5 (which had 9 MNs on an array of 

approximately 2.25 mm2
) at all investigated time points (p < 0.05 in all cases). For 

example, the % increase in MN surface area for MN Type 2 was found to be 125.89 

± 9.09, 154.39 ± 9.12 and 195.70 ± 8.61 % after 3,6 and 24 h, respectively, whilst the 

% increase in MN surface area for MN Type 5 was found to be 92.65 ± 7.68, 115.20 

± 8.38 and 148.94 ± 8.99% after 3, 6 and 24 h, respectively. Figure 3.22 shows 

representative images of MN Type 1, Type 5 and Type 6 before and after insertion 

into skin for a period of 24 h. Importantly, it should be noted that MN remained fully 

intact, even after removal from the skin following a period of 24 h. 
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Figure 3.2 1 % Increase in MN surface area following insertion of hydrogel forming MN arrays for a 

period of (A) 3 h, (B) 6 h, and (C) 24 h. Means + SD, n = 45. 
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Figure 3.22 Representative digital images of hydrogel forming MN arrays of MN Type I, 5 and 6 
before (A, B, and C, respectively) and after (D, E, and F, respectively) into full thickness neonatal 
porcine skin for a period of24 h. Scale bar represents a length of300 11m. 

3.6 Discussion 

MNs have been shown to penetrate the skin across the stratum corneum and into the 

viable epidennis, avoiding contact with nerve fibres and blood vessels that reside 

primarily in the dennal layer. The first MN devices were fabricated from silicon 

(Hashmi et al., 1995; Henry et al., 1998). However, fabrication of silicon MN arrays 

is relatively expensive and requires clean room processing (Banga, 2009). In 

addition, silicon MNs are brittle in nature and may break and remain within the 

viable skin tissue during the application process (Prausnitz, 2004). Even though a 

very small amount of silicon is deposited following MN application, safety should be 

demonstrated, since silicon is unproven as a biocompatible material (Runyan and 

Bean, 1990). Recently, many other materials have also been employed to fabricate 

MNs, such as, stainless steel, dextrin, glass, ceramic, maltose, PLGA, PLA and other 
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polymers, as described in detail in Chapter 1. Clearly, any materials to be used in 

fabrication of MNs should demonstrate suitable physical characteristics to ensure 

adequate puncturing of the stratum corneum without needle failure. Importantly, 

these MNs should be mechanically strong and maintain their physical properties 

during fabrication, packaging, storage and handling. 

The first use of biodegradable polymers for fabrication of MN arrays was 

reported in 2003 by McAllister et al. (2003). Solid MNs were produced by pouring 

molten polymers, PGA, PLA and PLGA into PDMS micro-moulds. Other 

researchers also utilized hot polymer blends to fabricate MNs in a variety of mould

based processes, such as hot embossing (polycarbonate, 240°C processing 

temperature) (Han et al., 2009), injection moulding (cyclic olefin copolymer, 230°C 

processing temperature) (Sammoura et al., 2007) and investment moulding (cyclic 

olefin copolymer) (Lippmann et al., 2007). There are number of advantages of 

polymeric materials over silicon, such as, wide availability of polymer raw materials 

and their low cost in comparison to silicon wafers, easy fabrication methods without 

the need for clean room facilities, biodegradable nature as well as the possibility of 

loading a drug into the MN matrix for release in skin. However, hot polymer blends 

might not be suitable for encapsulation of fragile, heat labile molecules such as 

peptide and proteins. Therefore, a number of studies investigated the possibility of 

MN fabrication under gentle conditions avoiding exposure of drug of interest to high 

processing temperatures. A variety of aqueous blends of polymers have been used to 

fabricate MNs at ambient temperatures, such as CMC, amylopectin, PVA, PVP (Lee 

et al., 2008; Sullivan et al., 2008; Chu et al., 2010) as well as dextrin, dextran or 

chondroitin sulphate (Ito et al. , 2006 a; Ito et al., 2006 b; Ito et al., 2008 b). 

Polymeric MN have been made by a variety of mould-based techniques, 

including casting (Perennes et al., 2006), hot embossing (Han et al., 2007), injection 

moulding (Sammoura et a!., 2007), investment moulding (Lippmann et al., 2007) 

and micromoulding (Lee et al., 2008). Laser-based surface alteration of, and hole 

creation in, PLA MN previously micromoulded from silicon master MN has been 

described (Aoyagi et al., 2007). However, the present study constitutes the first 

description of polymeric MN prepared at ambient temperatures from aqueous 

polymer blends by micromoulding using laser-engineered moulds. 
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Laser micromachining is an ideal technology for use in medical device 

manufacture. By choosing the appropriate wavelength and pulse width, the ablation 

process can be either material selective, in that one material will be ablated faster 

than another material, or non-material selective, in that all material will be machined 

at a similar rate. The laser process is inherently non-contact, which allows it to be 

used in the dust free and sterile environments necessary for medical device 

manufacture. Finally the running costs of laser units, in particular diode-pumped 

solid state (DPPS) lasers, are relatively low. Traditional methods of laser 

micromachining, such as 248 nm excimer based mask projection techniques (Aoyagi 

et ai., 2007) allow the creation of precise shapes in polymer materials. However, the 

time to prototype is limited by the creation of masks and all but the simplest of 

shapes, such as holes or squares, cannot be manufactured in a timely manner. As a 

scalable production process, the use of mask technology is well proven (Madou, 

1997). However, the cost of consumables such as masks and gas refills, makes 

excimer-based processing a high cost option. Replacing mask projection-based beam 

delivery with galvanometer-based beam delivery is fast becoming the standard 

method of high throughput, low cost laser micromachining. Galvanometer-based 

laser micromachining allows the position and on/off pulsing of the laser beam to be 

determined by a standard computer aided design (CAD) file. The galvanometer 

consists of two mirrors that can position the beam to either a given point within a 

field of view or, more importantly, scan the laser beam within the field of view. 

Therefore, the laser beam can trace out a CAD-based design onto the work piece, 

without the need for masks. This makes it ideal for fast prototyping and is scalable to 

production volume runs. The lack of consumables, such as masks, also makes it a 

cheaper option. 

In the present study, a galvanometer-based laser micromachining method was 

employed to engineer silicone micro-moulds, allowing MNs to be prepared from 

aqueous polymeric blends. The results showed that the novel laser-based fabrication 

method can produce cavities of the required dimensions (high aspect ratios) in 

silicone sheets (Figure 3.7). Cleaning the entire micro-mould down to the tip of each 

MN indentation was found to be a crucial step in preparation of uniform, consistent, 

MN arrays. As can be appreciated from Figure 3.23 A, the polymeric MNs micro

moulded from the laser-engineered silicone moulds showed gritted surfaces. This 
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was attributed to the solidification of the residual material expelled during the 

ablation process when cavities were drilled into the silicone sheets. Therefore, to 

eliminate all debris, the laser-engineered silicone sheets were sonicated for 30 min in 

water. This cleaning procedure enabled fabrication of MNs with relatively smooth 

surfaces (Figure 3.23 B). 

Figure 3.23 SEM images of a single polymeric MN when micro-moulded from the laser-engineered 
silicone sheets (A) before cleaning (B) after 30 min sonication in water to clear the debris. 

Laser-engineered moulds were used to fabricate MNs from a range of various 

polymeric materials. Of the widely-used pharma polymers investigated here for the 

production of soluble MN arrays, PMVE/MA, normally used as a mucoadhesive in 

denture fixatives, was surprisingly found to produce MN with the greatest resistance 

to mechanical deformation. This is likely to be important, because, as the field moves 

forward, polymeric MN arrays intended for drug/vaccine delivery purposes should be 

suitably robust to withstand handling by patients and/or clinicians prior to insertion 

and be of sufficient rigidity to enable skin penetration. On the basis of their superior 

mechanical properties, MN arrays based upon 20% w/w PMVEIMA were selected 

for the production of soluble MN systems for the remainder of this thesis. This study 

also revealed that alteration of MN geometry had no effect upon the mechanical 

strength of PMVE/MA MN arrays. 

For the first time, this present study has introduced the concept and 

production of a new class of polymeric MN systems - hydrogel forming MN arrays, 
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based upon a PEG crosslinked PMVE/MA fonnulation. Unlike conventional 

polymeric MNs, which may be used to merely puncture the skin prior to the 

application of a drug containing fonnulation, or drug loaded polymeric systems 

which dissolve following insertion into skin, once inserted into the skin the PEG 

crosslinked PMVE/MA MNs will readily absorb skin interstitial fluid to fonn a 

swollen hydrogel matrix. As such, this fonns an unblockable conduit for the 

migration of drugs from an attached reservoir matrix through the MN channel and 

into the viable epidermis I dennis. Furthennore, the rate of drug diffusion can be 

altered through simple alteration of hydrogel swelling kinetics. It was found that the 

mechanical strength of the PMVE/MA-PEG MNs used within this study was 

comparable to that of MN based upon the soluble PMVEIMA system (Figure 3.12). 

Similarly, mechanical strength was not affected by alteration of MN geometry 

(Figure 3.12). 

Whilst a variety of MNs of different designs have been produced within the 

literature (Prausnitz, 2004; Henry et aI., 1998), not all MN geometries have been 

capable of piercing the skin at reasonable forces without breakage or causing tissue 

damage (Ji et al., 2006). The main factors influencing the force necessary to 

penetrate the skin and the force MNs can withstand before fracture are: tip radius, 

base diameter, wall thickness, wall angle, needle geometry, needle height, material 

properties and needle density (Davis et al., 2004). Moreover, when considering MN 

penetration into tissue, the issue of skin elasticity and its effect upon the 

reproducibility of MN piercing must be addressed. It has been demonstrated that the 

elastic nature of the skin results in its indentation and compression during MN 

insertion which, in turn, either completely prevents MN penetration or leads to 

incomplete piercing (Verbaan et aI., 2008; Martanto et ai., 2006; Wang et al., 2006; 

Verbaan et al., 2007). As such, there is a greater need to understand the force 

required for reproducible skin penetration to be achieved for a given MN design. In 

the present study, we have demonstrated that laser-engineered conical shaped MN 

arrays are capable of penetrating the stratum corneum of the skin at relatively low 

forces (Figure 3.14). However, it was found that the force required for MN insertion 

was dependent upon a number of key factors such as the velocity of insertion, MN 

height and MN interspacing (Table 3.4). It was found that for all MN designs, the 

speed at which they were inserted had a significant effect (p < 0.001) upon the force 
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required for MN insertion. In particular, an increase in the speed at which MN were 

applied to the skin surface resulted in a decrease in the force required for insertion 

into the skin. This is in agreement with previously reported findings, where it has 

been shown that the use of a high velocity (1-3 m s-') applicator enabled more 

reproducible MN insertion into dermatomed human skin when compared to manual 

MN insertion (Verbaan et ai, 2008). It has been suggested that the natural elasticity 

of the skin may counteract the penetration of MNs into the skin when the MNs are 

inserted slowly into the skin (Verbaan et ai, 2008; Crichton et ai, 2010). 

Furthermore, it has been shown that increasing the velocity of MN application led to 

an increase in the transport rate of a model compound, cascade blue, across 

dermatomed human skin (Verbaan et ai, 2008). This suggests that the speed of 

application is important for both the insertion and penetration ofMNs into the skin. 

The influence of MN geometry on the force required for skin insertion was 

first studied by Davis et al. (2004). Single MNs varying in tip radius, wall thickness 

and wall angle were inserted into the skin of human subjects and force applied to the 

needle was measured using a displacement-force test station. In order to recognize 

the point of needle insertion skin electrical resistance was measured, with a dramatic 

decrease in skin electrical resistance denoting successful penetration. It was shown 

that MN insertion forces (0.1-3 N) increased linearly with increasing cross-sectional 

area of the needle tip. It was found within the present study that as MN height was 

increased the force required for skin insertion decreased. As can be appreciated from 

Figure 3.9, this could be attributed to the increased sharpness (the aspect ratio, i.e. 

the ratio ofMN height: MN width, for MN of height 350, 600 and 900 /lm are 1.16, 

2 and 3, respectively) of the conical shaped MNs used within this study as MN 

height is increased. Verbaan et al. (2008) have also reported that for short (:S 300 

/lm) MNs, the use of a high velocity impact applicator was required to overcome the 

natural elasticity of the skin and enable successful MN penetration into dermatomed 

human skin in vitro. 

The present study has also highlighted the influence of MN interspacing, and 

hence MN density, upon the force required for skin insertion. It was found that only 

the MN arrays with interspacing values :s 50 /lm (at a constant MN height of 600 

/lm) had a significantly different (p < 0.001) insertion force per MN, in comparison 
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to the arrays of MN interspacing 150 and 300 Ilm. However, it is important to note 

that even at interspacing values :s 50 Ilm no "bed of nails" effect was observed, and 

MN were still capable of penetration at relatively low insertion forces ( :s 0.03 N I 

MN). 

Following insertion into the skin it is fundamentally important that the 

behaviour of polymeric MN systems is characterised and understood. As such, the 

present study constitutes a comprehensive evaluation of the effect of MN geometry 

upon the in-skin dissolution of soluble PMVE/MA MN arrays, and the in-skin 

changings in MN dimensions that occur for novel hydrogel forming MN arrays. It 

was found that for soluble PMVE/MA MN systems, the rate of dissolution was not 

affected by either MN height or MN interspacing (Table 3.5), with approximately 

43%, 87% and 100% of the MN dissolved within the first 15, 60 and 120 minutes 

following insertion into skin (Figure 3.19). Previously reported findings have shown 

that the complete dissolution of soluble MN arrays can range from minutes to hours, 

depending upon the composition and water solubility of the polymeric system 

employed (Lee et al., 2008; Chu et al., 2010; Lee et al., 2011). 

Interestingly, it was found that MN geometry played a significant role in the 

swelling kinetics of hydrogel forming MN arrays. Whilst all tested MN designs 

proved capable of absorbing skin interstitial fluid to be form a hydrogel MN channel 

(Table 3.6), it was noted that for all investigated insertion time intervals (3, 6 and 24 

h) that an increase in MN height and an increase in MN density was associated with 

a greater increase in the dimensional changes of the inserted MN (Figure 3.21). This 

finding may be explained by the fact that as MN height and MN density on an array 

is increased the original MN surface area on the overall array which is in contact 

with the skin will also increase. As such, this may facilitate the uptake of skin 

interstitial fluid resulting in an increased swelling of the hydrogel forming MN 

system. Importantly, this finding suggests that the rate of drug diffusion through a 

hydrogel forming system may be controlled not only by crosslink density of the 

hydrogel formulation, as suggested within the findings of Chapter 2, but also through 

simple alteration of MN array design. 
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3.7 Conclusion 

The present study demonstrated a novel MN fabrication method utilizing laser-based 

technology where MN height and density can be easily altered, in contrast to 

conventional methods of MN production. The experimentation revealed that aqueous 

blends of 20% w/w PMVE/MA and 15% w/w PMVE/MA - 7.5% PEG 10,000 

possess ideal properties for production of mechanically-robust MNs. Both polymeric 

MN systems exhibited high mechanical strength and low insertion forces (typically < 

0.03 N per MN), with the force of insertion being dependent upon the velocity of 

insertion as well as MN array design. These MNs, due to their dissolvable nature, 

could be potentially employed for bolus delivery of drug substances. Furthermore, 

MNs prepared from aqueous blends of 20% w/w PMVE/MA can be fabricated under 

gentle conditions without the need to use high temperatures which are necessary 

when preparing MNs from carbohydrate melts or hot polymer blends. This aspect is 

especially important form the point of view of peptide/protein delivery, as delicate 

molecules can be easily degraded if high processing temperature are to be employed 

during MN fabrication. Therefore, aqueous blends of the 20% w/w PMVE/MA could 

be potentially employed to fabricate MNs encapsulating peptide/protein in their 

structure for rapid delivery. In the present study, for the first time, MNs fabricated by 

cross-linking a water soluble polymer were described. PEG-PMVE/MA were shown 

to be rigid and mechanically robust, but with a degree of flexibility retained allowing 

adaptation to the skin topography during insertion. Due to the ability of hydrogel 

PEG-PMVE/MA MNs to swell rapidly in water, these systems have the potential to 

provide a continuous pathway for drugs to permeate across the stratum corneum. 

Furthermore, for the first time, this study has highlighted that the in-skin swelling 

kinetics of hydrogel forming MN array can be adjusted through simple alteration of 

MN height or MN density. One advantage of this hydrogel forming MN system is the 

potential for achieving prolonged delivery and/or enabling constant drug plasma 

levels. Although fabrication of hydrogel PEG-PMVE/MA MNs involves elevated 

temperatures, these MNs are designed to be integrated with patch-type drug 

reservoirs. Therefore, drug substance, will not be exposed to the harmful conditions 

promoting degradation. In addition, use of a drug reservoir eliminates the concern of 

limited drug dose which is associated with small loading capabilities of self

dissolving MNs. Materials selected in the present study, aqueous blends of 20% w/w 
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PMVE/MA and PEG-PMVE/MA hydrogels, are inexpensive, biocompatible and 

FDA-approved, which is advantageous in comparison to other materials described in 

the literature for MN fabrication, such as silicon, metal or glass. 

149 



Chapter Four 

Optical coherence tomography as a tool in 

the study of microneedle skin penetration 

characteristics 



Chapter 4: Optical co~~~nce tomography as a tool in the study ofMN skin penetration characteristics. 

4.1 Introduction 

Recently, there has been an increasing interest in investigating the influence of a 

variety of variables related to the use of microneedles, in order to reach an optimum 

microneedle design and, hence, improve MN-mediated transdermal drug delivery 

(Aggarwal and Johnston, 2004; Davis et al. , 2004; Badran et al. , 2009). 

MN arrays should be able to demonstrate sufficient strength to penetrate into 

the skin or other biological tissue without breaking or bending before or during 

insertion (Aggarwal and Johnston, 2004). The major factors accountable for MN 

performance are type of material, needle height, tip-radius, base diameter, needle 

geometry and needle density, which, in turn, determine the overall insertion and 

fracture force of the MN (Davis et al., 2004). However, the inherent elasticity and 

irregular surface of the skin remains a major challenge to the reproducibility of MN 

penetration. It has been shown that the skin can become folded around MN, which 

results in either partial or incomplete piercing depending upon MN height (Verbaan 

et al. , 2008). Badran et a!. (2009) highlighted that there was a positive correlation 

between MN height and penetration depth and diameter of MN-induced pores in 

excised full thickness human skin. Moreover, it has been shown that MN geometry 

can play an important role in the affect of drug penetration across the skin, with MN 

height (Oh et al. , 2008; Davidson et al. , 2008; Bal et al., 2008; Badran et al., 2009) 

and density (Oh et al., 2008) appearing to be the most critical parameters. In 

particular, MN penetration depth has been reported as being the most significant 

factor in determining the effective drug permeability of skin (Davidson et al., 2008). 

It is of paramount importance that, during an evaluation of MN design and 

performance, appropriate techniques are available to determine how MN geometry 

can affect MN penetration depth. To date, most studies assessing MN penetration 

have relied on en face visualisation of the micropores created through the application 

of a dye to the skin surface or measurement of transepidermal water loss (TEWL) as 

an indication of tissue disruption (Bal et al. , 2008; Badran et al. , 2009). However, 

these methods provide no information about the depth of MN penetration that has 

occurred. Determination of penetration depth often requires the cumbersome 

technique of taking a biopsy of the MN-treated skin followed by traditional 

histological sectioning and staining (Widera et al. , 2006; Wang et al., 2006; Badran 
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et al., 2009). Critically, the destructive nature of these techniques could result in an 

altered skin structure and change in the actual dimensions of the micropore created, 

due to dehydration and mechanical insult. 

aCT is a noninvasive optical imaging technique that is often highlighted as 

the optical analogue to ultrasound - whereby OCT maps the variation of reflected 

light, rather than sound, from a biological sample as a function of depth (Mongensen 

et al. , 2009). Due to extensive light scattering of skin tissue, the typical penetration 

depth of optical techniques is low. OCT, however, is capable of penetrating to depths 

of approximately 2.0 mm, in comparison to confocal microscopy, which can only 

reach depths of approximately 0.25 mm (Fercher, 2009). OCT, therefore, is the only 

optical method for cross-sectional imaging of the epidermis and upper dermis in vivo. 

It is, accordingly, a valuable method for monitoring wound healing and inflammatory 

skin diseases (Fercher, 2009). 

Drug loaded dissolvable MN are beginning to play a major role in the 

evolution oftransdermal drug delivery (Lee et al. , 2008; Li et al., 2009a). This is due 

to the fact that they may enable bolus and sustained delivery of drugs into the skin in 

a one-step process, as well as eliminating any dangers associated with improper 

needle disposal and intentional re-use, especially in the developing world (Lee et al., 

2008). However, to enable appropriate design of a dissolving MN-based delivery 

system, there is currently a need to gain a greater understanding into the portion of 

the MN that actually resides within the skin following insertion. This knowledge is 

essential, given the fact that the delivery rate will be governed by the dissolution rate 

of the portion of the MN that comes into contact with the aqueous environment 

within the skin. Furthermore, the introduction of a new class of MN devices, the so 

called hydrogel forming MN arrays within this thesis, necessitates a convient method 

to determine the changes in MN dimensions following insertion into skin, and how 

this in-skin swelling process affects the rate of drug delivery. 
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4.2 Aims and Objectives 

The primary aim of this study was to evaluate the ability of optical coherence 

tomography (OCT) to visualise, in situ and in real time, the penetration of MN arrays 

into skin in vitro and in vivo. 

The present Chapter provides the description of the use of OCT to determine 

the effect of MN geometry (MN height and MN interspacing) and force of 

application for MN insertion has upon the resultant penetration characteristics of 

polymeric MN into neonatal porcine skin in vitro. Furthermore, this study describes 

the use of OCT to monitor the in-skin behaviour, i.e. dissolution of soluble MNs and 

swelling of hydrogel forming MNs, of polymeric MN array in a non-invasive and 

non destructive manner. 

4.3 Materials and Apparatus 

Agar Technical (Agar No.3), Oxoid Ltd, Basingstoke, Hampshire, England, U.K. 

Gantrez® AN-139, a copolymer of methy vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000), ISP Co. Ltd. Guildford, U.K. 

Polyethylene glycol of molecular weight 10,000 Daltons, Sigma-Aldrich, Steinheim, 

Germany, U.K. 

All other chemicals were of analytical reagent grade. 

Sterilin Petri Dishes, Sterilin Limited, U.K. 

TA.xT-Plus Texture Analyser, Stable Micro Systems, Surrey, UK 

Electric dermatome, Integra Life Sciences TM, Padgett Instruments, Plainsboro, NJ, 

USA 

Stainless steel springs, Springmasters Ltd, Redditch, UK 

EX1301 OCT Microscope, Michelson Diagnostics Ltd, Kent, UK 

VivoSight® high resolution OCT Scanner with handheld probe, Michelson 

Diagnostics Ltd, Kent, UK 

ImageJ® image processing programme, National Institute of Health, USA 

Ability Photopaint®Version 4.14 Ability Plus Software Ltd, Crawley, UK 
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4.4 Methods 

4.4.1 Fabrication of MNs prepared from aqueous blends of 20% w/w P MVE/MA 

MNs were prepared in a micro-moulding process, as described in Section 3.4.1 III 

Chapter 3. Silicone micro-moulds with a definable height, width and interspacing at 

MN base (Figure 4.1) were prepared by this laser-engineered technique. 

A 

Figure 4.1. Diagrammatic representation of a MN array and its geometrical parameters: (A) height of 
MN in array (B) interspacing ofMN base (C) width ofMN in array 

A 20% w/w aqueous solution of PMVE/MA was prepared by adding the required 

mass of poly(methylvinylether/maleic anhydride) (PMVEIMAH) to ice cold 

deionised water, followed by vigorous stirring and heating at 95.0°C until a clear gel 

was obtained. Upon cooling, the blend was then readjusted to the final concentration 

of 20% w/w by addition of an appropriate amount of deionised water. This solution 

was then poured into the appropriate silicone micro-mould, centrifuged for 15.0 

minutes at 3000 rpm and allowed to dry under ambient conditions for 24 hours. A 

total of 8 MN geometries were prepared for subsequent characterisation (Table 4.1). 
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Table 4.1 Geometries of MN arrays prepared from aqueous blends of 20% w/w PMVE/MA produced 
using laser engineered micro-moulds. 

MN dimensions 

MN type Height (/lm) Width at base (/lm) Interspacing at base 

(/lm) 

1 280 240 750 

2 350 300 300 

3 600 300 30 

4 600 300 50 

5 600 300 150 

6 600 300 300 

7 600 300 600 

8 900 300 300 

4.4.2 Applicator design and measurement of application force. 

A prototype simple spring-loaded piston with a one-button release applicator (Figure 

4.2 A), was designed and constructed to allow for reproducible skin penetration of 

MN arrays. To use this device, firstly the required spring was loaded into the piston 

shaft. The flat base of the piston was then pushed up towards the piston shaft until it 

locked into place. A spacer ring (height 20.0 mm, diameter 18.0 mm) was then 

placed between the flat base of the piston and the desired target. This applicator 

could then be activated by simply pressing the button, as shown in Figure 4.2 B, 

which drives the piston towards the target surface. 
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Figure 4.2 Illustration of the prototype MN applicator CA) before activation (8) after activation. 

A range of springs to be loaded into the piston were obtained (Springmasters Ltd, 

Redditch, UK) and the output force once the device was activated was assessed using 

a T A.XT -Plus Texture Analyser (Figure 4.3). With the Texture Analyser in 

compression mode, a movable cylindrical probe (length 5 cm, cross sectional area 

1.5 cm2
) was set to travel a distance of 1.0 mm, following which the spring-loaded 

applicator was activated, such that the flat base of the piston came into contact with 

the probe, having initially been separated through the use of the spacer ring described 

above. This allowed the force of application to be determined. Pre-test and post-test 

speeds were 1.0 mrnls and the trigger distance was set at 1.0 mm. Five replicates 

were performed for each loaded spring. 
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Figure 4.3. Schematic illustration of the Texture Analyser set up before (A) and after (8) activation of 
the applicator device. 

4.4.3 Optical coherence tomographic assessment of MN penetration into neonatal 

porcine skin. 

The penetration characteristics of 2 x 2, 3 x 3, or 4 x 4 MN arrays (depending upon 

MN interspacing) with a range of geometries following insertion into excised 

neonatal porcine skin was determined using OCT. Neonatal porcine skin was 

obtained from stillborn piglets and immediately « 24.0 hours after birth) excised and 

trimmed to a thickness of 500.0 Ilm using an electric dermatome. Skin was then 

stored in aluminium foil at -20.0°C until further use. Two sections of skin were then 

placed on top of each other to ensure a uniform flat thickness, such that the stratum 

corneum side was facing towards the environment, thus giving a total skin thickness 

of 1.0 mm. The skin was then placed onto a sheet of dental wax for support. MN 

were inserted using the spring-activated applicator, at a pre-determined force, and 

immediately viewed using an EX 130 1 OCT Microscope (Figure 4.4). 
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Figure 4.4 Image of EX 130 I OCT Microscope Michelson Diagnostics Ltd, Kent, UK. 

The swept-source Fourier domain OCT system has a laser centre wavelength of 

1305.0 ± 15.0 nm, facilitating real time high resolution imaging of the upper skin 

layers (7.5 /lm lateral and to.O /lm vertical resolution). The skin was scanned at a 

frame rate of up to 15 B-scans (20 cross-sectional scans) per second (scan width = 
2.0 mm). 20 images were analysed using the imaging software ImageJ®. The scale of 

the image files obtained was 1.0 pixel = 4.2 /lm, thus allowing accurate 

measurements of the depth of MN penetration, the width of pore created, and the 

distance between the MN base plate and the stratum corneum (Figure 4.5). To allow 

differentiation between MN and skin layers false colours were applied using Ability 

Photopaint® Version 4.14. In all instances, five replicates were performed, and> 25 

MN measured for each replicate. 

c 

Stratum 
corneum 

--... ~ epidermis 

Figure 4 .5 Diagrammatic representation of the measurements recorded from the OCT images of MN 
penetration into neonatal porcine skin, namely (a) the distance between the lower MN base plate and 
the stratum corneum, Cb) the depth of MN penetration into the skin and Cc) the width of the pore 
created in the skin . 

The effect of the force of application used for MN insertion into neonatal porcine 

skin was assessed using the method described above. Briefly, Type 6 MN arrays 

(Height = 600 /lm, Width = 300 ~tm, Interspacing = 300 /lm) were inserted into 
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neonatal porcme skin using the developed spring activated applicator at varying 

forces of 4.4 N, 7.0 N, 11.0 N, and 16.4 N/array, and the penetration characteristics 

visualised using optical coherence tomography, as described above. A range of 8 MN 

geometries (Table 4.1) were inserted into neonatal porcine skin, using the spring 

activated applicator at a force of 11.0 N/array, and the resulting penetration 

characteristics visualised using OCT. 

4.4.5 Dissolution of MNs prepared from aqueous blends of 20% w/w PMVE/MA 

following insertion into neonatal porcine skin. 

The EX1301 OCT Microscope was used to visualise the in situ dissolution of the 

MN, in real time, whilst in neonatal porcine skin, at varying time intervals over a 3 

hour period. Type 6 MN arrays, (Height = 600 )lm, Width = 300 )lm, Interspacing = 

300 )lm) were inserted into neonatal porcine skin, using the spring-activated 

applicator at a force of 11 .0 N/array. 

4.4.6 In vivo in situ visualisation of MN array insertion into human skin. 

Following local ethical committee approval and fully-informed consent, OCT was used 

to visualise MN insertion into human skin in vivo. MN arrays prepared from aqueous 

blends of 20% w/w PMVE/MA were inserted into the forearm of human volunteers 

using the spring-activated applicator at a force of 11.0 N/array. Images were then 

obtained using a VivoSight@ high resolution OCT Scanner with handheld probe 

(Michelson Diagnostics Ltd, Kent, UK) (Figure 4.6). To allow differentiation between 

MN and skin and different skin layers, false colours were applied to OCT images using 

Ability Photopaint@Version 4.1.4 (Ability Plus Software Ltd, Crawley, UK). 
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Figure 4.6 [mage of VivoSight® high resolution aCT Scanner with handhcld probe (Michelson 
Diagnostics Lld, Kent, UK). 

4.4.7 Fabrication of hydrogel forming MN arrays prepared from aqueous blends of 

15% w/w PMVE/MA - 7.5% PEG 10,000. 

The laser engineering process, as described in Chapter 3.4. l, was utilised to prepare 

MN arrays containing a larger number of MNs per array than those previously used 

for the initial OCT characterisation studies described for PMVE/MA MNs above. 

Table 4.2 lists the range of MN array designs that were prepared for the OCT 

evaluation of the in-skin penetration and swelling characteristics of hydrogel forming 

MNs. 

Tab le 4.2 Geometries of MN arrays prepared from aqueous blends of IS % w/w PMVEIMA and 7.S % 
w/w PEG 10,000 produced using laser engineered micro-moulds. 

MN MN Height MN Width at base MN Interspacing at base MN array (rows x 
Type (/-1m) (/-1m) (gm) columns) 

I 3S0 300 300 IIxll 

2 600 300 SO 19 x 19 

3 600 300 ISO 14 x 14 

4 600 300 300 IIxll 

S 900 300 300 11 xii 
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Hydrogel forming MN arrays, containing aqueous blends of 15% w/w PMVE and 

7.5% w/w PEG 10,000 (selected on the basis of the results obtained from the 

swelling, ionic conductivity and drug permeation studies conducted in Chapter 2) 

were prepared by diluting the 30% w/w PMVE/MA stock solution and mixing it with 

the required amount of PEG 10,000 solution. PEG-PMVE/MA solutions were poured 

into the silicone moulds, centrifuged at 3000 rpm for 15 min and dried at room 

temperature for 48 h. Subsequently, the moulds were heated at 80°C for 24 h in order 

to induce crosslinking between PEG and PMVEIMA. Upon cooling, the PEG

PMVE/MA MN arrays were removed from the moulds. 

4.4.8 In vitro visualisation of efficacy of penetration of hydrogel forming MN arrays. 

In an in vitro study, full-thickness (1.0 mm thick) porcine skin was used, which was 

previously obtained from stillborn piglets and immediately « 24 hrs after birth) 

excised. Skin was then stored in aluminium foil at -20°C for no more than 7 days 

prior to use. Skin was defrosted for 2 h before use. The applicator was tested for ex 

vivo skin penetration efficiency of the MN arrays listed in Table 4.2. Before testing, 

the skin was shaved using a disposable razor-blade. The skin samples were then 

placed on silver foil which was then fixed on flat dental wax sheets. MN was placed 

on the surface of the full-thickness porcine skin. The base of the piston, of the 

applicator, was hit repeatedly onto the MN array for a different number of times (i.e. 

1,2 and 3 times). 

Following MN removal, 30 III of a methylene blue solution (1 % w/v) was 

applied onto the skin surface and left for 15 min. The solution was then gently wiped 

off, first with dry tissue paper and then with saline and alcohol swabs. The surface of 

the stained skin was then photographed using the digital camera and the percentage 

number of holes (micro-conduits) was determined by visually counting the 

methylene blue-stained micro-conduits. 
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4.4.9 Penetration characteristics and dynamic in-skin alterations in the dimensions 

of hydrogel forming MN arrays following insertion into neonatal porcine skin in 

vitro. 

The penetration of hydrogel forming MN arrays following application, by impacting 

the MN array three times using the spring activated applicator at a force of 11.0 N 

per MN array, into full thickness neonatal porcine skin (1.0 mm thick) was 

determined using OCT, as described previously in 4.4.3. In an additional set of 

experiments the EX1301 OCT Microscope was used to visualise the in situ swelling 

of the MN, in real time, whilst in full thickness neonatal porcine skin (1.0 mm), at 

varying time intervals over a 24 hour period. As these experiments were being 

conducted within the offices of Michelson Diagnostics, it was not possible to 

transport the Franz diffusion cell set up to reproduce the method for in-skin MN 

swelling studies as described in Chapter 3.4.7. As such, following MN insertion into 

neonatal porcine skin, the skin samples (9 cm2
) were placed into agar petri dishes, to 

prevent skin from coming into contact with office surfaces, and also to maintain skin 

hydration over a 24 h period. To ensure that MN arrays remained within the skin, a 

circular steel weight (diameter 11.0 mm, 3.5 g mass) was placed on top of the MN 

array. All experiments were conducted at room temperature. 

4.4.10 Statistical Analysis. 

Where appropriate, data was analysed usmg a one way analysis of vanance 

(ANOV A), with post- hoc comparisons. In all cases, p < 0.05 denoted significance. 

Statistical Package for the Social Sciences, SPSS 18.0 version 2.0 (SPSS, Inc., 

Chicago, IL), was used for all analyses. 

4.5 Results 

In order to provide reliable and reproducible insertion of MN into skin, rather than 

relying on the use of ' gentle finger pressure' as described in most other studies, the 

spring-activated applicator designed and developed was used for MN insertion 

(Figures 4.2). It can be seen from Table 4.3 that this applicator was capable of 

providing a consistent application force in the range of 4.4 - 16.4 N, depending upon 

the nature of the spring loaded into the piston of the applicator. 
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Table 4.3 Measurement of the output force exerted from the developed applicator, through variation in 
the mechanics of the spring used for activation. (Means ± SD, n = 5). 

Spring Wire diameter Outside Free length Number of Output force 

(mm) diameter (mm) (mm) coils (N) 

A 1.27 21.46 50.8 6.4 4.42 ± 0.67 

B 1.27 21.46 63.5 7.5 7.01 ± 0.59 

C 1.27 21.46 76.2 8.6 11.00 ± 0.76 

D 1.4 18.19 63.5 9.4 16.40± 1.19 

From the aCT study, it was found that using this applicator, at any given 

force, resulted in consistent and reproducible MN penetration into neonatal porcine 

skin. Figures 4.7 and Figure 4.8 show the effect of application force upon the depth 

of MN (Type 6 MN - height 600 ~m, width 300 ~m, and interspacing 300 ~m) 

penetration into neonatal porcine skin. It can be seen that increasing the force of 

application used for MN insertion led to a significant enhancement in the depth of 

penetration into skin (p < 0.001). In particular, at the lowest application force of 4.4 

N/array, the Type 6 MN (600 ~m height) only penetrated to a skin depth of 

approximately 330 ~m, whilst significantly greater penetration depths of 470 ~m and 

520 ~m, respectively, were achieved using the higher forces of 11.0 N and 16.4 

N/array, respectively (p < 0.001 in both cases). In addition, it was noted that, 

although increasing application force led to an increase in the depth of MN 

penetration and a decrease in the distance between the MN base plate and stratum 

corneum (p < 0.001), it had no significant effect upon the width of the pore created in 

the skin by MN presence (p = 0.801) (Table 4.4). 
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Figure 4.7 The effect of application force upon the resultant penetration of Type 6 MN (height 600 
~m, width 300 ~m, interspacing 300 ~m) into neonatal porcine skin, in vitro. (Means ± SO, n = 25). 

Figure 4.8 False colour 20 still images of Type 6 MNs (600 x 300 x 300) fo llowing insertion into 
porcine skin at an application force of (A) 4.4 N, (B) 7.0 N, (C) 11.0 N, and (D) 16.4 N. (Scale bar 
represents 300 ~m). 
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Table 4.4 The effect of force of application upon the resultant penetration characteristics of Type 6 
MNs ( height 600 Ilm, width 300llm, interspacing 300 Ilm) into neonatal porcine skin. (Mean ± SD, n 
= 25). 

Force MN type MN penetration Pore width (/-lm) Base plate/Stratum corneum 

(N/array) depth (/-lm) distance (/-lm) 

4.4 6 331.6±10.6 219.6±9.3 234.4 ± 8.7 

7.0 6 400.6 ± 8.9 217.4 ± 8.1 156.5 ± 7.7 

11.0 6 470.2 ± 6.1 222.9± 13.1 117.3 ± 8.4 

16.4 6 516.5 ± 9.2 228.8 ± 9.9 88 .3 ± 8.6 

A further 7 MN array geometries were prepared, enabling a comprehensive 

evaluation of the effect of both MN height and MN interspacing upon penetration 

into neonatal porcine skin. An application force of 11 N/array was chosen for 

subsequent studies, due to the fact that, although a force of 16.4 N/array resulted in 

the greatest depth of penetration, the upper MN base-plate occasionally fractured 

during the application process at this higher force. This did not occur at all at lower 

application forces. Figure 4.9 shows the effect of MN height (280, 350, 600 or 900 

!lm) upon MN penetration into neonatal porcine skin. 
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Figure 4.9 Influence of MN height on resultant depth of penetration into neonatal porcine skin, in 
vitro. (Means ± SD, n = 25). 

As expected, it was found that increasing MN height from 280 !lm to 350 !lm to 600 

!lm to 900 !lm led to significantly (p < 0.001) increasing depths ofMN penetration of 

approximately 257 !lm, 293 !lm, 470 !lm, and 789 !lm, respectively (Figure 4.9). 

Apart from the depth of MN penetration there are some other points that are worthy 

of consideration. Firstly, although the distance between the MN base plate and the 

stratum corneum remained similar for both the larger 600 and 900 !lm MN arrays, it 

was found that the shorter height MN arrays (280 and 350 !lm) were able to come 

into closer contact with the skin surface. Moreover, as can be seen from Table 4.5, 

the width of the pore created by insertion of the 900 !lm MN was significantly 

greater (p < 0.001 in each case) than that created by the other three MN heights under 

investigation. Figure 4.10 presents representative images obtained during the 

investigation of the effect of MN height upon the depth of penetration. 
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Table -+ .5 Effect of MN height upon penetration characteristics into neonatal porcine skin at a constant 
application force of 11.0 N/array. (Mean ± SD, n = 25). 

MN type Height MN penetration Pore width (J.1m) Base plate/Stratum corneum 

(J.1m) depth (J.1m) distance (J.1m) 

280 256.6 ± 9.6 159.4 ± 5.9 43.4 ± 7.6 

2 350 293.0 ± 12.6 219.2 ± 10.0 50.8 ± 5.8 

6 600 470.2 ± 6.1 222.9±13.1 117.3 ± 8.4 

8 900 788.6 ± 14. 1 271.0 ± 10.4 120.5 ± 7.2 

Figure 4.10 False colour 2D still images highlighting the effect of MN height on the depth of 
penetration into neonatal porcine skin, at a constant application force of 11.0 N [(A) = 280 Ilm, (8) = 
350 Ilm, (C) = 600 Ilm , and (D) = 900 IlmJ (Scale bar represents length of 300 Ilm) . 

Table 4.6 shows the effect of MN interspacing upon the penetration 

characteristics of MNs into neonatal porcine skin at a constant application force of 

11.0 N/array. Interestingly, it was found that there was no significant differences in 

any of the measured penetration parameters between all of the five geometries under 

investigation (p > 0.05). 
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Table 4 .6 The effect of MN interspacing upon the penetration characteristics of MN (MN width 300 
Ilm, MN height 600 Ilm) inserted into neonatal porcine skin at a constant application force of 11.0 
N/array. (Mean ± SD, n = 25). 

MN type Inters pacing MN penetration Pore width Base plate/Stratum corneum 

().1m) depth ().1m) ().1m) distance ().1m) 

" 30 478.2 ± 8.6 211.0 ± 11.0 121.6±10.l .) 

4 50 470.8 ± 10.2 228.8 ± 9.9 118.3 ± 10.6 

5 ISO 472.6 ± 6.6 220.2 ± 11.1 120.6 ± 8.6 

6 300 470.2 ± 6.1 222.9 ± 13.1 11 7.3±8.4 

7 600 475 .2 ± 5.5 225.0 ± 8.0 123 .0 ± 7.7 

Figure 4.11 presents the in situ dissolution profile of Type 6 MNs in neonatal 

porcine skin, following application at a force of 11.0 N/array, over a time period of 3 

hours. 
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Figure 4.11 Progressive reduction in the height of the penetrated Type 6 MN as a function of time 
during the dissolution process in vitro in neonatal porcine skin. (Means ± SD, n = 25). 
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[t was found that the greatest rate of reduction in the height of the MN 

penetrated into the skin occurred in the first l5 minutes, with an approximate 34% 

reduction in MN height occurring during this interval. Over the course of the three 

hour period, the height of the MN remaining within the skin had reduced from a 

mean initial height of approximately 477 !J.m to a final height of approximately 80 

~lm, equating to an approximate 83% reduction in MN height. Figure 4.12 shows 

representative images of Type 6 MN array after insertion into neonatal porcine skin 

at different time points. 

Figure 4.12 False colour images of the in vitro dissolution profile of Type 6 micronee?les in neon~tal 
porcine skin over a 3 hour period, as assessed by oplical coherence tomography CA = tIme 0; B = lIme 
15 min, C = lime 30 min, D = 60 min, E = 120 min, F = 180 min). (Scale bar represents 300 ~m In 
each case). 
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Figures 4.13 presents cross-sectional images of Type 6 MNs inserted into the 

forearm of a human subject in vivo. 

Individual 

MN 

MN array 
base-plate 

III situ MN 
channel 

MN 

base-plate 

Stratum 

corneum 

MN-induced 
hole in stratum 

corneum 

Stratum 
corneum 

Figure 4.13 aCT images showing MN (height 600 I!m, width at base 300 I!m, spacing 300 I!m) 
inserted into human skin in vivo in (A) 20 and (B) 3~. 

The images confirm that the MN punctured the stratum corneum barrier and that the 

MN extended approximately 460 ~m into the skin. The widths of the MN-induced 

holes in the stratum corneum were approximately 265 ~m in diameter. However, it is 

obvious that there was a clear space of approximately 136 ~m between the bottom of 

the MN base-plate and the upper surface of the stratum corneum, indicating that the 

entirety of the MN lengths were not inserted into the skin. Furthermore, aCT was 

used to visualise the depth of the pore created within the skin immediately following 
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MN removal in VIVO. It can be seen in Figure 4.14 that the skin constricts almost 

immediately, such that the depth of the pore remaining is significantly reduced in 

comparison to the true depth of which the actual MN penetrated. In particular, it was 

found that the pore created within the skin post MN removal had a depth of 

approximately 260 llm, and a width of approximately L20 llm. 

Figure 4.14 OCT visualisation of the pore residing within the skin immediately post MN removal. 

Scale bar represents a length of 300 !lm. 

Following completion of these studies, aCT was employed to visualise the 

penetration and in-skin behaviour of MN arrays containing a greater number of MNs 

per array. Figure 4.15 shows SEM images of the range of MN array designs prepared 

for subsequent evaluation using the laser-engineering micromoulding process. 
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Figure 4.15 SEM images of hydrogel-forming MN arrays, showing MN Type 1 (A), Type 2 (B), Type 

3 (C), Type 4 (D), Type 5 (E). 

Prior to the aCT evaluation of MN penetration, an in vitro study was conducted to 

determine the efficiency (as assessed via methylene blue staining of the skin 

following MN application) of pore creation following MN application, using the 

spring activated applicator at a force of 11.0 N per array to hit the base of the MN 

array either once, twice, or three times, of these larger array to full thickness neonatal 

porcine skin (1.0 mm thick). Table 4.7 shows that to ensure complete penetration of 

all the MNs on an array, the applicator should impact the base of an array a total of 

three times at a force of 11.0 N per array each time. For example, using the 

applicator to insert MN Type 4 following a single application resulted in 
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approximately 58% of the available MN to create micropores within the skin, whilst 

this was increased to approximately 98% when the same MN array was inserted 

following application of a force of Il.O N to the base of the array three times (Figure 

4.16). In all cases, regardless of MN Type, applying a force of Il.O N three times to 

the base of the array resulted in > 98% of available MNs creating microchannels 

within the skin. 

Table 4.7 The % of holes visualised within neonatal porcine skin following MN application using the 

spring activated applicator at a force of 11.0 N per array once, twice, or three times. (Mean ± SD, n = 
5). 

% holes visualised within skin 
MN 

Type One application Two applications Three applications 

55 .54 ± 4 .26 73.39 ± 3.99 98.18± 1.42 

2 50.64 ± 1.82 74.90 ± 1.54 98.06 ± 1.78 

3 55.20 ± 2.69 70.71 ± 2.11 98.06 ± 1.31 

4 58.68 ± 2.81 74.38 ± 3.69 98.51 ± 1.61 

5 58.35 ± 3.97 75 .21 ± 3.31 98.53 ± 1.65 

Figure 4.16 Representati ve digital images of methylene blue stained skin following insertion of an 

II x II MN array (MN Type 5) after one (A) and three (B) applications with the spring activated 

applicator at a force of I 1.0 N per array . 
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The results of the OCT evaluation of the penetration characteristics of the hydrogel 

fonning MN arrays are presented in Table 4.8. As expected, it can be seen that an 

increase in MN height was associated with an increase in the depth of penetration 

achieved into neonatal porcine skin (thickness 1.0 mm). In particular, MN arrays of 

height 350 !lm (Type 1), 600 !lm (Type 4) and 900 !lm (Type 5) penetrated to a 

depth of 263.15 ± 5.60, 463 .32 ± 4.95, and 766.66 ± 5.62 !lm, respectively (p < 

0.001). Interestingly, it was found that for this type of conical MN shaped design, 

MN density did not have an effect upon the penetration depth achieved following 

insertion into skin using the spring activated impact applicator. For example, MN 

arrays with 361 (Type 2), 196 (Type 3) and 121 (Type 4) MNs per 0.36 cm2 

penetrated to depths of 461.61 ± 7.13 , 460.74 ± 6.26, and 463.32 ± 4.95 !lm, 

respectively (p = 0.843). 

Table 4.8 The effect of MN Type upon the upon the penetration characteristics of MN inserted into 
neonatal porcine skin at a constant application force of 11.0 N/array. (Mean ± SD, n = 15). 

Pore Width 
MN Type MN Penetration Depth (!iill) (!iill) Base plate / se distance (!iill) 

263 .15 ± 5.60 206 .68 ± 10.62 103.62 ± 8.03 

2 461.61 ± 7.13 214 .62 ± 5.71 146.57 ± 6.35 

3 460 . 74 ± 6.26 216.32 ± 7.88 147.48 ± 5.07 

4 463.32 ± 4.95 214.07 ± 8.85 146.48 ± 4.27 

5 766 .66 ± 5.62 264.68 ± 5.68 148.48 ± 6.39 

Table 4.9 shows the changes in MN dimensions following the insertion of hydrogel 

forming MN arrays, of a variety of designs, into full thickness (1.0 mm thick) 

neonatal porcine skin for a period up to 24 h. It was found that the changes in the 

MN dimensions were dependent upon the length of time that the MN array remained 

within the skin. For example, the MN height of MN Type 4 increased from 608.18 ± 

10.46 !lm to 686.58 ± 9.32 (p < 0.001) and 737.38 ± 11.54 !lm (p < 0.01) following 

insertion into neonatal porcine skin for a period of 3 and 24 h, respectively. 

Similarly, the MN width of MN Type 4 increased from 303 .62 ± 6.76 !lm to 420.28 

± 10.41 (p < 0.001 ) and 551.96 ± 9.63 !lm (p < 0.001) following insertion into 
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neonatal porcine skin for 3 and 24 h, respectively. Figure 4.17 shows representative 

OCT images of hydrogel forming MN arrays (MN Type 4) following insertion into 

skin for up to a 24 h period. 

Table 4.9 In - neonatal porcine skin swelling of hydrogel forming MN arrays of varying MN height 

and MN densities . Means ± SD, n = 15. 

MN Tn~e 1 MNT~~e2 
Time MN Width at Time MNHeight MNWidth at 
(h) MN Height (~m) base (~m) (h) (~m) base (~m) 

0 366.77 ± 7.45 299.53 ± 8.07 0 608 .18 ± 10.46 303.62 ± 6.76 

3 475 .69 ± 1l.35 385.01 ± 9.56 3 744.42 ± 10.56 483 .75 ± 10.02 

24 550.40 ± 9.29 464.81 ± 12.44 24 820.30 ± 9.80 618.64 ± 8.48 

MN T~~e3 MN T~~e 4 
Time MN Width at Time MN Height MN Width at 
(h) MN Height (~m) base (~m) (h) (~m) base (~m) 

0 608.23 ± 8.25 301.84 ± 8.39 0 609.80 ± 6.57 303 .76 ± 6.65 

3 714.18 ± 11.59 448.30 ± 10.55 3 686.58 ± 9.32 420.28 ± 10.41 

24 782 .19 ± 14.23 584.81 ± 8.23 24 737.38 ± 11.54 551.96 ± 9.63 

MN T~~e 5 
Time MN Width at 
(h) MN Height (~m) base (~m) 

0 915 .14 ± 9.15 315.l9 ± 9.79 

3 1171.89 ± 17.26 505 .03 ± 12.69 

24 1301.76 ± 9.24 642.48 ± 12.79 
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Figure 4.17 Representative OCT images of a hydrogel forming MN array (MN Type 4) following 

insertion into neonatal porcine skin after a period of 0 (A), 3 (8) and 24 h (C). Scale bar represents a 

length of 300 [lm. 

Figure 4.i8 shows the effect of MN array design and skin insertion time on the % 

increase in MN surface area of the hydrogel forming MN arrays following insertion 

into full thickness (1.0 mm) neonatal porcine skin. It can be seen that the % increase 

in MN surface area was dependent upon the length of time the MN remained within 

the skin, with a greater increase in surface area noted following insertion into skin for 

a 24 h period (Figure 4.i8 8) in comparison to a 3 h period (Figure 4.18 A) (p < 0.05 

in all cases). Furthermore, it was found that the % increase in MN surface area was 

also dependent upon the design of the MN array under investigation. It was found 

that, at both time points investigated, an increase in MN height led to a greater % 

increase in MN surface area during the in-skin swelling process (p < 0.0 I). For 

example, after a 24 h period within skin, the % increase in MN surface area was 

found to be ii5.77 ± 5.62, i67.i7 ± 6.25 (p < O.OOi) and i89.63 ± 7.81 (p < 0.001) 

for MN height of 350 ~m (MN Type i), 600 ~m (MN Type 4) and 900 ~m (MN 

Type 5), respectively. It was also found that the % increase in MN surface area was 

dependent upon the density of MNs on an array. In particular, MN Type 2 

(containing 361 MNs per 0.36 cm2
) had a significantly greater % increase in MN 

surface than MN Type 4 (containing i2i MN s per 0.36 cm
2

) after insertion into 

neonatal porcine skin for a 3 h (p < 0.00 I) and 24 h (p = 0.0 I) period. 
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Figure 4.18 % Increase in MN surface area following insertion of hydrogel forming MN arrays into 

neonatal porcine skin for a period of (A) 3 h and (B) 24 h. Means + SD, n = 15 . 
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4.6 Discussion 

In order for the successful development and commercialisation ofMN technology, it 

is of paramount importance that the exact depth of penetration and the dimensions of 

the microchannels created within the skin, as well as the ability to reproduce this 

penetration from patient - to - patient can be proven. To date, MN puncture has been 

confirmed either by applying a coloured dye to the skin surface (Verbaan et al., 

2008) or by measuring transepithelial water loss following MN removal (Bal et al., 

2008). Although these techniques confirm whether the stratum corneum has been 

compromised, they provide no information with regards to the true depth of MN 

penetration. Currently, to do so, requires a biopsy of the MN punctured skin to be 

removed and the micro channel parameters to be measured via either histological 

examination (Wang et al. , 2006) or skin sectioning to determine the 

presence/concentration of a fluorescently- or radiolabelled marker applied along with 

the MNs (Widera et al. , 2006). As such, these methods can be prone to artefact, and 

may not give a true representation of the dimensions of the microchannel created 

within the skin. In particular, removal of the skin from its natural environment during 

biopsy may result in biomechanical changes in the tension of the skin and/or the 

level of hydration, which could adversely produce changes in the microchannel 

dimensions. Lateral diffusion of any dye used during the analysis could also cause an 

overestimation of the diameter of the pore created within the skin. In cases where the 

technique requires the MNs to be removed prior to application of the dye/marker, the 

inherent elasticity of the skin could cause a particular retraction of the tissue and 

provide an unreliable indication of the microchannel dimensions whilst the MN is in 

situ. Most importantly, the above methods cannot be utilised in an in vivo scenario. 

Bal et a!. (2010) have highlighted the potential for confocal laser scanning 

microscopy for the in vivo visualisation of microneedle-created channels in human 

skin. However, this method is severely limited by the fact that its maximum optical 

penetration depth is, at most, 200 Ilm, as well as relying on the diffusion of a 

fluorescent dye. As such, it is unable to provide information on MNs that may 

penetrate deeper than this into the skin. Recently, it has been demonstrated that OCT 

can be used to assess morphological changes in the skin following MN application in 

vivo (Enfield et al. , 2010) as well as to visualise MN array in real time in situ after 
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insertion into the skin of human subjects (Coulman et aI., 2010; Donnelly et aI., 

2010). 

OCT is a non-invasive optical imaging technique that maps the variation of 

reflected light from a biological sample as a function of depth (Mogensen et aI., 

2009). The major advantages ofOCT are that it is capable of penetrating to depths up 

to 2.0 mm within the skin and it provides cross-sectional imaging of the epidermis 

and upper dermis in vivo (Fercher, 2009). No prior sample preparation is needed, 

thus removing the need for the addition of a dye or radiolabelled marker to the 

system. Importantly, polymeric MN can now be visualised whilst they are in place in 

tissue. Accordingly OCT could be used to study a variety of MN-related parameters, 

such as the dimensions of the microchannels created, the dissolution kinetics of 

biodegradable MNs, the swelling kinetics of hydrogel forming MNs, and the kinetics 

of skin closure in real time both in vitro and in vivo. In this study, an extensive OCT

based evaluation of the effect that MN geometry and application force have upon the 

skin penetration characteristics (depth of MN penetration, width of pore created in 

the skin) of polymeric MN in vitro was performed. Moreover, OCT was also used to 

assess, in real time, the in vitro dissolution kinetics of biodegradable PMVEIMA 

MNs, and the swelling kinetics of hydrogel forming PMVE/MA - PEG MNs, as well 

as in vivo skin piercing performance of the MNs. To ensure successful and 

reproducible MN penetration occurs, it is necessary that a suitable applicator is 

designed. Studies by Verbaan et al. (2007, 2008) have shown that the design of the 

applicator used for MN insertion plays an important role in MN penetration, 

particularly when applying MN of short length « 300 !lm). They found that MN of 

300 !lm length did not penetrate dermatomed human skin when applied using a 

manual applicator at a force of 50 N/array (Verbaan et al., 2007) whilst successful 

penetration was achieved through the use of an electrically-driven applicator that 

inserted MNs at a speed of 3 m/s (Verbaan et aI. , 2008). The authors postulated that 

the elasticity of the skin counteracted the penetration of MNs into the skin when they 

were inserted slowly using the manual applicator (Verbaan et aI., 2008). On this 

basis, for the present investigation a custom-made spring-activated applicator, that 

provides rapid MN insertion into skin, was developed and tested (Figure 4.2 and 

Table 4.3). It was found that MN penetration could occur at even the lowest utilised 

force of 4.4 N/array. The depth of MNs penetration achieved was noted as being 
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dependent upon application force. The width of the microchannels created in the skin 

remained independent of the force used for MNs application (Figure 4.8 and Table 

4.4). Wang et al. (2006) described the use of a rotary drilling device that vibrates 

MNs into the skin at a depth dependent upon the degree of rotation of the device. We 

have shown that a less complicated, spring-activated applicator design can be used to 

tailor the depth ofMNs penetration into skin through simple adjustment of the spring 

used for applicator activation. However, it was noted that, at the highest application 

force of 16.4 N/array, the upper MN base plate of PMVE/MA MNs showed a 

tendency to fracture from time to time. As such, an application force of 11 .0 N/array 

was chosen for the subsequent experiments to evaluate the effect of MNs geometry 

(MN height and MN interspacing) upon the penetration characteristics into neonatal 

porcine skin in vitro. It is known that MNs geometry can play an important role in 

drug penetration across the skin, with MNs height (Oh et aI., 2008; Davidson et aI., 

2008; Bal et aI., 2008; Badran et aI., 2009) and density (Oh et aI., 2008) appearing to 

be the most critical parameters. The present study has shown that a particular depth 

of penetration could be targeted through simple alteration of MNs height and/or 

application force . It was shown that increasing MNs height resulted in an increased 

depth of MNs penetration into skin for a constant application force (Figure 4.9 and 

Table 4.5). This is in agreement with previous reports that have shown that there was 

a positive correlation between the measured TEWL values and MN height, following 

MNs puncture of human skin both in vitro (Verbaan et aI. , 2007; Badran et aI., 2009) 

and in vivo (Bal et aI. , 2008). Apart from the depth of MN penetration into skin, it 

was noted that, for MN arrays of relatively short length (280 and 350 !lm), the 

distance between the lower MN base plate and the stratum corneum was significantly 

lower than that noted for MN of greater height (600 and 900 !lm) (Figure 4.1 0). It is 

proposed that MNs of greater length, which penetrate more deeply into the epidermal 

and dermal layers are met with a greater elastic resistance, thus counteracting the 

penetration of the MN into the skin (Verbaan et aI. , 2007). In theory, increasing MN 

density may counteract their skin piercing ability, due to proportional pressure 

reduction at the tips of individual MN, referred to as the "bed of nails effect" 

(Verbaan et aI. , 2008). In the present study, however, it was demonstrated that no 

such effect was evident for the MN geometries tested (Table 4.8). This is in 

agreement with other studies that have shown that there was no difference in the 
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ability of densely packed MNs to pierce skin (Widera et al., 2006; Verbaan et a!., 

2008). Of vital importance, this study has shown that OCT can be used to 

successfully follow in situ dissolution and swelling of MNs in real time. Previously, 

determination of the in-skin behaviour of polymeric MNs would have required the 

MNs to be removed from the skin, at a variety of time intervals, and the dimensional 

changes observed via light microscopy. Apart from the need for a large number of 

replicate experiments using this method, it could potentially lead to an inaccurate 

estimation of the true MNs height. For example, one could not be sure whether the 

tip of the MN had broken off, or indeed if the MN had become stretched, during the 

removal process. Lee et a!. (2008 a) proposed that the dissolution kinetics of 

polymeric MNs may be altered through changing MNs geometry and matrix 

material. Indeed, they showed that MNs composed of CMC, amylopectin, and 

polyvinylpyrolide had differing rates of dissolution. We have shown that polymeric 

MN arrays composed of aqueous blends of 20% w/w PMVE/MA (MN height 600 

!lm, width at base 300 !lm, and spacing between MNs 300 !lm) exhibited an 

approximate 34% reduction in height in the first 15 min in skin, with only 17% ofthe 

MN remaining after a period of 3 hours. 

The investigation of MN penetration depth in vivo revealed that the MN 

penetrated skin to a depth of approximately 77% of the MN shaft length, leaving a 

clear gap between stratum corneum and MN base-plate (Figure 4.13). This was 

attributed to the compression of dermal tissue by the inserted MN array. A similar 

observation was reported by Coulman et a!. (2010). The authors demonstrated that 

in-plane steel MNs did not fully penetrate the skin during MN application. 

Furthermore, OCT visualisation of the pore residing within the skin immediately post 

MN removal in vivo revealed that there is an immediate constriction of the skin, such 

that the depth of the pore remaining was approximately 260 !lm, with a width of 

approximately 120 !lm. This finding suggests that skin healing begins almost 

immediately, and is further evidence that previously used techniques for the 

determination of MN penetration will give an underestimation of the true depth that 

MN systems, which are designed to remain within the skin during drug delivery, 

achieve following application to skin. 
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4.7 Conclusion 

This study highlighted the effect of MN geometry and application force upon the 

depth of penetration into skin in vitro. Furthermore, for the first time dissolution of 

polymeric MNs prepared from aqueous blends of 20% w/w PMVEIMA, and the 

swelling of hydrogel forming MNs prepared from aqueous blends of 15% w/w 

PMVE/MA - 7.5% PEG 10,000 in skin, in real time was investigated in vitro. In 

addition, the ability of these MNs to penetrate skin was confirmed in vivo in human 

subject. The successful use of OCT in this study could prove to be a key 

development for polymeric MN research. To date, there has been no other method 

that can non-invasively visualise MN arrays whilst inserted into skin. As such, this 

technique opens up the possibility to investigate the consistency of MN penetration, 

dissolution of dissolvable MNs or swelling of hydrogel MNs, and also skin recovery 

on a patient to patient basis. This will be necessary if MN based delivery systems are 

to achieve their massive potential and move forward from laboratory benchtops and 

animal studies to commercial clinical reality. 
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5.1 Introduction 

The transdermal route allows for surmounting obstacles associated with oral and 

parenteral administration of drugs and provides a convenient and more patient

compliant way of delivering therapeutics (Banga, 2006; Gupta and Sharma, 2009). 

However, the main limitation of transdermal drug delivery is skin's limited 

permeability due to its outermost layer, the stratum corneum (SC), which 

significantly restricts the spectrum of drugs that can be transported across the skin. 

To date, a plethora of methods aiming at increasing transdermal passage of 

molecules have been proposed and evaluated, including: chemical penetration 

enhancers (Karande et al., 2004), microneedles (MNs) (Fukushima et al., 2010), 

ultrasound (Park et al. , 2007), iontophoresis (lTP) (Medhi and Singh, 2003), 

electroporation (Tokumoto et al., 2006), thermal ( ,Badkar et al., 2007), laser 

(Fujiwara et al. , 2005) and radiofrequency (Sintov et al., 2003) poration. Among 

these techniques, MN stands out as a simple and relatively low cost approach. 

MN s are devices composed of micron-size needles which have the ability to 

physically disrupt the se and create microconduits for drugs to pass through deeper 

layers of the skin to the microcapillary bed for systemic absorption (Prausnitz, 2004). 

MN technology has been demonstrated to be painless (Kaushik et al., 2001) and 

associated with only very minor local adverse skin reactions (Bal et al., 2008; Van 

Damme et al. , 2009), which lends itself to be minimally invasive and patient-friendly 

drug delivery option. MNs have been fabricated in a wide range of designs from 

various materials, including silicon (Wilkie et al. , 2005), glass (McAllister et al., 

2003), metal (Cormier et al.,2004) and polymers (Sullivan et al. , 2008; Chu et al., 

2010). Polymeric MNs are now gaining prominence in the field as a platform for 

bolus or sustained drug delivery (Lee et al., 2008; Li et al., 2009) due to the 

simplicity of their fabrication in micro-moulding processes and easy and safe 

disposal. 

Recently, it has been suggested that, due to the fact that MN application to the 

skin will result in the creation of aqueous pathways of low electrical resistance 

(Lanke et al., 2009), the combination of MN technologies and ITP may lead to a 

synergistic enhancement in transdermal delivery with the added benefit of precise 

electronic control (Wang et al., 2005; Katikaneni et al., 2009). Indeed it has been 
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shown that the combination of MN and ITP can led to an increased rate of 

transdermal delivery for a range of drug molecules, both in vitro and in vivo (Wu et 

al. , 2007; Chen et al., 2009; Katikaneni et al., 2009; Lanke et al., 2009). However, to 

date, the studies describing this combination approach have focused on the use of 

MN devices to merely puncture the skin barrier prior to the application of a drug 

loaded formulation for iontophoretic mediated delivery. This would therefore 

necessitate a two stage approach which may hinder its clinical acceptance and negate 

many of the perceived benefits associated with development of polymeric MN 

designs. As such, the present study evaluated the potential for two varying polymeric 

MN systems for the in situ combination of MN and ITP in a one-step approach for 

the enhanced transdermal delivery of three model hydrophilic molecules 

(theophylline, methylene blue and fluorescein sodium). 

5.2 Aims and Objectives 

The primary aim of this study was to evaluate the ability of MN arrays, based upon 

either a dissolving soluble PMVE/MA matrix or a novel hydrogel forming PEG 

crosslinked PMVE/MA matrix, to facilitate the enhanced transdermal delivery of a 

range of hydrophilic molecules in conjunction with the application of an electric 

current. Furthermore, the overall objective of this study was to identify the optimum 

MN design for MN mediated iontophoretic transdermal drug delivery. 

The present Chapter provides the description of the fabrication of polymeric 

MN arrays of a diverse range of MN geometries, together with an assessment of the 

effect of MN height and MN density upon the rate of transdermal delivery of three 

model solutes (theophylline, methylene blue and fluorescein sodium) across neonatal 

porcine skin of varying thickness. In addition, the combination of ITP and polymeric 

MN arrays for transdermal drug delivery, as well as a description of the potential 

mechanisms involved in the electrically facilitated release of drug molecules from 

polymeric MN arrays is presented. 
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5.3 Materials 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride (Mw = 

1,080,000), ISP Corp. Ltd.,Guildford, U.K. 

Polyethylene glycol of molecular weight 10,000 daltons, Sigma-Aldrich, Steinheim, 

Germany 

Theophylline anhydrous, minimum 99% (MW 180.17 Da), methylene blue (MW 

373.90 Da), fluorescein sodium (MW 376.28 Da), phosphate buffered saline (PBS) 

tablets, and silver wire (l.0 mm diameter x 70 mm) were obtained from Sigma 

Aldrich, Steinheim, Germany. 

Silver-silver chloride wire electrodes, silver-silver chloride segment 0.8 mm diameter 

x 8 mm length, total wire length 70 mm, was obtained from In Vivo Metric, 

Healdsburg, CA, USA. 

LSR9-9508-30 silicone elastomer, Polymer Systems Technology, Wycombe, U.K. 

Silastic® 9280/60E silicone elastomer, Dow Coming, Wiesbaden, Germany. 

Parafilm®, Pechiney Plastic Packaging, WI, USA. 

TA-XT2 texture analyzer, Stable Microsystems, Haslemere, U.K. 

Digital micrometer, Hilka Pro-Craft, Hilka, Ltd., Surrey, U. K. 

Scanning electron microscope (SEM), JEOL JSM840 scanning electron microscope, 

Jeol, Tokyo, Japan. 

Oven, Gallenkamp hotbox oven with fan; Sanyo- Gallenkamp PLC, Leicester, U.K. 

Centrifuge, Jouan C312 laboratory centrifuge; DJB Labcare, Bukinghamshire, U.K. 

GXMGE-5 USB Digital Microscope; Laboratory Analysis Ltd, Devon, U.K. 

Jouan C312 laboratory centrifuge, DJB Labcare, Bukinghamshire, U.K. 

Digital Camera, IXUS 80 IS Canon, Beijing, China 

Analytical balance, APX-60, Denver Instruments, Colorado, USA 
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Electric Dermatome, P ADGETT Model B, Integra Lifesciences, P ADGETT 

instruments, Plainsboro, NJ, USA. 

Phoresor n, Iomed, Lake City, FL, USA. 

Franz-cell apparatus, PermeGear Inc, Bethlehem, P A, USA. 

Microplate spectophometer, Powerwave XS, Bio-Tek Instruments Inc., Minooski, 

USA. 

5.5 Methods 

5.4.1 Fabrication of MNs prepared from aqueous blends of 20% w/w PMVE/MA 

loaded with model solutes. 

MNs prepared from aqueous blends of 20% w/w PMVE/MA and loaded with model 

drugs were prepared using laser-engineered silicone micromould templates, as 

described previously in Chapter 3. Briefly, silicone elastomer was poured into a 

custom-made aluminium mould and cured overnight at 40°C. A laser-machine tool 

(BluLase® Micromachning System, Blueacre Technology, Dundalk, Ireland) with a 

laser (Coherent Avia, Coherent Inc., Pittsburgh, USA) emitting a beam having a 

wavelength of 355 nm and a pulse length of 30 ns (variable from 1 to 100 kHz) was 

then employed to produce MN moulds (11 x 11 array, 600 /lm height, 300 /lm width 

and 300 /lm interspacing at MN base). A 30% w/w aqueous solution of PMVE/MA 

was prepared by adding the required mass ofPMVE/MA to ice-cold deionised water, 

followed by vigorous stirring and heating at 95.0°C until a clear gel was obtained, 

due to hydrolysis of the anhydride form of the copolymer to the corresponding acid. 

Upon cooling, the blend was then readjusted to the final concentration of 30% w/w 

by addition of an appropriate amount of deionised water. To prepare drug-loaded 

MNs, the stock solution was diluted with the appropriate amount of water in which 

the amount of model drugs necessary to obtain desired loadings per device (5mg of 

each drug before the removal of MN side walls, giving an estimated 3.5mg of each 

drug after the removal of MN side walls) was dissolved. An aliquot of 0.5 g of the 

obtained solution was then poured into the silicone micromould, centrifuged for 15.0 

minutes at 3500 rpm and allowed to dry under ambient conditions for 24 hours. In 
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order to assess the effect of MN array design on the drug release characteristics of 

polymeric MNs, a range ofMN geometries were prepared (Table 5.1). 

Table 5.1 Summary of MN array designs prepared for subsequent evaluation. 

MN MN Height MN Width at base MN Interspacing at base 

Type (/-lm) (/-lm) (/-lm) 

350 300 300 

2 600 300 50 

3 600 300 150 

4 600 300 300 

5 900 300 300 

MN array (rows x 

columns) 

11 x 11 

19 x 19 

14 x 14 

11 x 11 

11 x l I 

5.4.2 Measurement of drug loaded PMVElMA MN mechanical strength. 

Mechanical strength of drug loaded MNs prepared from aqueous blends of20% w/w 

PMVE/MA was assessed using the method reported in section 3.4.4 in Chapter 3. 

Briefly, an axial compression load was applied to the MN arrays to deduce the 

changes that occur in the structure of the MNs. MN arrays were attached to the 

moving testing probe of the Texture Analyser using double-sided adhesive tape. The 

test station pressed MN arrays against a flat block of aluminium with a force of 0.36 

N/MN for 30 s. Before and after fracture testing, all MNs of each array were 

examined using the digital microscope to determine the impact of the force applied 

and an image that was representative was recorded. The height of the MN s after 

testing was measured using the ruler function of the microscope software so that the 

percentage change in the MN height could be calculated. 
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5.4.3 Analysis of drug content after incorporation into PMVE/MA MN arrays. 

For evaluation of the drug content of drug loaded PMVE/MA MN arrays, MN arrays 

were dissolved in O.IM PBS pH 7.4 and analysed via UVNIS spectroscopy for 

methylene blue and fluorescein sodium loaded MNs (as described in Chapter 2) and 

via HPLC for theophylline loaded MNs as described in section 5.4.4. Mean values 

were determined from a total of five replicates in each case. 

5.4.4 Pharmaceutical analysis of the ophylline. 

Theophylline analysis was performed using HPLC (Agilent 1200® Binary Pump, 

Agilent 1200®, Standard Autosampler, Agilent 1200® Variable Wavelength Detector, 

Agilent Technologies UK Ltd, Stockport, UK), with UV detection at 272 nm (32). 

Separation was done on a Spherisorb® CI8 column (150 mm x 4.5 mm with 5 )lm 

packing, Waters Corporation, Milford, Massachusetts, USA). The injection volume 

was 100.0 )ll and the mobile phase was 84.0% 10 mM ammonium acetate buffer/8% 

methano1l8% acetonitrile, v/v/v. The flow rate was 1 ml min-I. Least squares linear 

regression analysis and correlation analysis were performed on the calibration curve 

produced; enabling determination of the equation of the line, its coefficient of 

determination and the residual sum of squares (RSS). This representative calibration 

curve was used to determine the limits of detection (LaD) and quantification (LOQ) 

of the method, as outlined in Chapter 2. 

5.4.5 Fabrication of hydrogel MNs prepared from aqueous blends containing 15% 

w/w PMVE/MA and 7. 5% w/w PEG10,OOO 

Hydrogel forming MN arrays, containing aqueous blends of 15% w/w PMVE and 

7.5% w/w PEG 10,000 (selected on the basis of the results obtained from the 

swelling, ionic conductivity and drug permeation studies conducted in Chapter 2) 

were prepared by diluting the 30% w/w PMVE/MA stock solution and mixing it with 

the required amount of PEG 10,000 solution. PEG-PMVE/MA solutions were poured 

into the silicone moulds , centrifuged at 3000 rpm for 15 min and dried at room 

temperature for 48 h. Subsequently, the moulds were heated at 80°C for 24 h in order 

to induce crosslinking between PEG and PMVE/MA. Upon cooling, the PEG-
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PMVE/MA MN arrays were removed from the moulds. This process was repeated to 

produce MN arrays with a range of designs, as listed in Table 5.1. 

5.4.6 Preparation of drug loaded adhesive transdermal patches. 

Drug loaded adhesive patches were prepared using a casting method, from aqueous 

blends containing 10% w/w PMVE/MA and 5% w/w tripropyleneglycol methyl ether 

(TPM). The required amount of drug to produce patches with a theoretical loading of 

3mg/cm2 was dissolved in the appropriate amount of water necessary to dilute 30% 

w/w PMVE/MA stock solution to 10% w/w PMVE/MA. Next, the required amount 

of TPM was added. An aliquot (30 g) of the drug loaded gel was sonicated for 30 

min, cast into the mould of 100 mm x 100 mm dimensions and was left to dry for 48 

h in order to form adhesive patches 

5.4.7 In vitro drug permeation studies across neonatal porcine skin. 

In vitro drug delivery experiments were performed using the Franz cell apparatus as 

described in section 3.4.6 in Chapter 3. Briefly, neonatal porcine skin was obtained 

from stillborn piglets and immediately «24 hours after birth) excised, and trimmed 

to a thickness of either 350 !lm or 700 !lm using an electric dermatome. Skin was 

then stored in aluminium foil at -20°C until further use. Neonatal porcine skin 

samples were shaved carefully so as not to damage the skin and pre-equilibrated in 

phosphate buffered saline pH 7.4 (PBS) for one hour before beginning the 

experiments. A circular specimen of the skin was secured to the donor compartment 

of the diffusion cell using cynoacrylate glue with the stratum corneum side facing the 

donor compartment. This was then placed on top of dental wax, to give the skin 

support, and MN arrays inserted into the centre of the skin section, using a spring 

activated applicator at a force of 11 .0 N per array. For evaluation of drug-loaded 

soluble PMVE/MA MN arrays, a circular steel weight (diameter 11.0 mm, 3.5 g 

mass) was then placed on top of the MN array. Furthermore, a non-adhesive putty 

material (BluTac®) was placed on top of the weight, and a piece of laboratory film 

(Parafilm®) placed over the Franz cell lid. With MN arrays in place, donor 

compartments were mounted onto the receptor compartments of the Franz cells. For 

evaluation of hydrogel forming MN arrays, following MN application, a 1 cm
2 

section of drug loaded adhesive patch was attached to the base of the MN array. 
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Once again, a circular steel weight (diameter 1l.0 mm, 3.5 g mass) was then placed 

on top of the MN array. Furthermore, a non-adhesive putty material (BluTac®) was 

placed on top of the weight, and a piece of laboratory film (Parafilm®) placed over 

the Franz cell lid prior to mounting onto the receptor compartment of the Franz cells. 

For studies involving the application of an electric current, silver wire was 

used as an anode, with a silver-silver chloride electrode acting as the cathode The 

active electrode was placed directly on top of the MN array, whilst the inactive 

electrode was placed into the receiver medium via the side arm of the Franz cell 

(Figure 5.1). A commercially available power supply (Phoresor II, Iomed, Lake City, 

FL, USA) was used to deliver a current of 0.5 mA for a 6 h period. At predetermined 

time intervals, a 300 l!l sample was collected via the side arm of the Franz cell and 

the receiver compartment immediately replenished with an equivalent volume of 

release medium. In all cases phosphate buffered saline (PBS pH 7.4) was used as the 

release medium. Methylene blue and fluorescein sodium samples were analysed 

using UV spectroscopy, as described in Chapter 2. Theophylline samples were 

analysed using HPLC analysis as described in section 5.4.4. 

Power Suppl y 

Active el ectrode + El ectri clIl wi re 

1 

Figure 5.1 Schematic illustration of experimental set up employed during iontophoretic investigations. 
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5.4.8 Transcutaneous electrical resistance measurements 

Full thickness neonatal porcine skin (1.0 mm) was mounted over a Franz diffusion 

cell with the receptor compartment containing phosphate buffered saline (PH 7.4). 

Ag/ AgCI electrodes, connected to a multi meter, were placed on either side of the 

skin portion to measure the resistance in kQ (Lanke et al., 2009). MN array were 

inserted into the skin using a custom designed spring activated applicator at a force 

of 11.0 N. MNs were then left within the skin for a period of either 1 min or 24 h 

before removal and skin electrical resistance continuously monitored. 

5.4.9 Dissolution kinetics of PMVElMA MN arrays and in-skin swelling kinetics of 

hydrogel forming MN arrays following the application of an electric current. 

To investigate the influence of current application upon the resultant dissolution 

profile of PMVE/MA MN arrays and the in-skin swelling behaviour of hydrogel 

forming MN arrays, a modified version of the method described in Section 3.4.6 and 

Section 3.4.7 was employed. Briefly, MN arrays (MN Type 2) were inserted into 

neonatal porcine skin (approximately 1.0 mm thick) using the spring activated 

applicator at a force of 11.0 N, and mounted on Franz diffusion cells (FDC-400 flat 

flange, 15 mm orifice diameter, mounted on an FDCD diffusion drive console 

providing synchronous stirring at 600 rpm and thermostated at 37 ± 1°C, Crown 

Glass Co. Inc. , Sommerville, N.l., USA). A current of 0.5 mA was then applied for a 

period up to 6 h, in a similar fashion to that used for the in vitro permeation studies 

described in section 5.4.7. MN arrays were then removed from the skin, at varying 

time intervals, and viewed using the digital light microscope, enabling measurement 

of the height and width of each MN on the array to determine the available MN 

surface area (as based on the area of a cone). 

5.4.10 Statistical Analysis. 

Where appropriate, data was analysed using a one way analysis of vanance 

(ANOVA), with post-hoc comparisons using Tukey's HSD test. In all cases,p < 0.05 
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denoted significance. Statistical Package for the Social Sciences, SPSS 18.0 Version 

2.0 (SPSS, Inc., Chicago, IL), was used for all analyses. 

5.5 Results 

As can be seen from Figure 5.2, incorporation of the model solutes into the 

PMVE/MA matrix produced MN arrays which were perfect replicates of the laser

engineered moulds. These three model solutes were chosen due to the ease of their 

analysis, thus enabling an extensive evaluation of the effect of MN design, and also 

skin model, on the drug release characteristics of MN arrays in a relatively straight 

forwards and efficient fashion. Furthermore, given that theophylline, methylene blue 

and fluorescein are neutrally, positively, and negatively charged at physiological pH 

of 7.4, they will enable a determination of the effect of solute charge on MN 

mediated transdermal transport, particularly when used in combination with ITP. 
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IFigure 5.2 Representative light microscopy images of theophylline loaded (A+B), methylene blue 

loaded (C+D) and tluorescein loaded (E+F) PMVE/MA MN arrays. In each case the MN array shown 

consists of a 361 MNs, with each MN of 600 llm height, 300 llm width at base, and 50 llm 

interspacing (MN Type 2). 

Figure 5.3 shows the effect of drug incorporation upon the mechanical strength 

properties of PMVE/MA MN arrays. It was found that, in all cases, drug 

incorporation did not adversely affect the mechanical strength of the formed MNs (p 
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> 0.05 in all cases) (Figure 5.3). For example, following application of a 

compression force of 0.36 N per MN to Type 2 MN arrays (i.e. 600 !lm MN height, 

300 !lm width at base and 50 !lm interspacing) the % reduction in MN height was 

found to be 18.95 ± 1.30, 19.98 ± 1.78, 19.17 ± 1.49, 19.71 ± 1.23 for blank 

PMVE/MA MNs, theophylline loaded, methylene blue and fluorescein sodium MNs, 

respectively. 

25 
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Drug incorporated into PMVE/MA matrix 

Figure 5.3 % Reduction in MN height following application ofa compression force of 0.36 N / MN to 

drug loaded PMVE/MA MN arrays (MN Type 2). (Means + SD, n = 5). MB = methylene blue, Th = 

Theophylline, FI = fluorescein sodium. 

Table 5.2 shows the calibration curve properties for the theophylline 

analytical method. The retention time of theophylline was approximately 5.5 

minutes. The HPLC calibration curve was found to be linear in the range of 100-

10,000 ng mr!. The method was validated for inter and intraday accuracy and 

precision (Table 5.3), whereby results demonstrated good precision and accuracy. 

This analytical method was found to be selective, with no interference observed at 

the retention time of theophylline from PMVE/MA. Stability of theophylline was 

found to be excellent, with no evidence of degradation for 48 hours in the 

autosampler and 30 days storage under refrigerated conditions (2 - 8°C). 
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Table 5.2 Calibration curve properties as determined by linear regression and correlation 
analyses and limits of detection and quantification of theophylline (n = 5). 

Slope y-intercept 

269.17 8463.1 0.9999 3.28 X 109 12.68 42.28 

Table 5.3 Accuracy and Precision of the HPLC method (n = 5). 

Selected Mean S.D. C.V. (%) Accuracy (%) 
Concentration Concentration 

(ng mr!) 
Found (ng mr!) 

Inter-day 

300 293.68 13.12 4.46 97.89 

4000 4022.6 59.78 1.49 100.6 

8000 7730.08 315.55 4.08 96.63 

Intra-day 

300 297.72 21.64 4.09 96.1 7 

4000 4023.92 160.10 3.98 100.6 

8000 8177.762 262.41 3.21 102.22 

Analysis of drug content revealed that the actual MN drug content, following 

removal of MN side walls, was 3.26 ± 0.12, 3.28 ± 0.09, and 3.27 ± 0.12 mg for 

PMVE/MA MN arrays containing theophylline, methylene blue and fluorescein 

sodium, respectively. This equates to approximately 92% of the theoretical loading 

of 3.5mg of drug per MN device, for all model drug substances. The consistency in 

the content of each drug loaded MN array shows that the process of MN side wall 

removal was both reliable and reproducible. 

Table 5.4 illustrates the effect of MN design upon the % cumulative release 

of theophylline across the two different skin models after a period of 6 h. It was 

found that the extent of theophylline release was dependent upon both the design of 

the MN array and the thickness of the skin used to assess MN performance. In 

particular, across neonatal porcine skin of 350 /lm thick, an increase in MN height 

and an increase in MN density l~d to an increase in the amount of theophylline 
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delivered after 6 h. For example, only approximately 53% (1. 73 mg) of theophylline 

was released after 6 h from a MN array with MNs of 350 ).lm height, whilst this was 

increased to approximately 65% (2.12 mg) from an array with MNs of 600 ).lm 

height (p < 0.001), and to approximately 72% (2.35 mg) from an array with MNs of 

900 ).lm height (p < 0.001). Similarly, the cumulative amount released after 6 h was 

found to be approximately 65% (2.12 mg), 74% (2.41 mg) (p = 0.002) and 82% (2.67 

mg) (p < 0.001) for MN arrays containing 121, 196 and 361 MNs, respectively. 

Whilst this same trend was observed for the release across neonatal porcine skin of 

700 ).lm thick, the overall extent of theophylline release was significantly decreased 

in comparison to that across skin of 350 ).lm thickness (p < 0.001 for all MN 

designs). For example, following application of a Type 2 MN array (containing 361 

MNs, each MN of height 600 ).lm and 300 ).lm width at base) the cumulative amount 

of theophylline released after 6 h was found to be approximately 64% and 82% 

across 700 ).lm and 350 ).lm thick skin, respectively (p < 0.001). 

Table 5.4 Cumulative amount of theophylline released across neonatal porcine skin, of varying 

thickness, from theophylline loaded PMVEIMA MN arrays. (Means ±SD, n =5) .• Constant MN 

density of 121 MNs/cm2 
.•• Constant MN height of 600 Jlm. 

Cumulative release at 6h (%) 

Variable Skin Thickness 

MN Height (/J.m)" 350 /J.m 700 /J.m 

350 52.75 ± 1.48 26.39 ± 1.84 

600 65 .19 ± 2.63 41.65 ± 2.11 

900 72.48 ± 3.01 53.81 ± 2.94 

2 •• 
MN Density (MNs/cm ) 

121 65.19 ± 2.63 41.65 ± 2.11 

196 73.67 ± 2.91 49.33 ± 2.21 

361 82 .14 ± 3.15 63.87 ± 3.96 

Control patch 3.52 ± 0.87 2.06±0.61 
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Table 5.5 illustrates the effect of MN array design upon the % cumulative 

release of methylene blue across both skin model types after a period of 6 h. In 

agreement with the results obtained for the theophylline loaded MN arrays, it was 

found that an increase in MN height and an increase in MN density led to an 

increased rate in methylene blue delivery across both skin types. For example, only 

approximately 50% (1.64 mg) of methylene blue was released after 6 h from a MN 

array with MNs of 350 Ilm height, whilst this was increased to approximately 63% 

(2.07 mg) from an array with MNs of 600 Ilm height (p < 0.001), and to 

approximately 71 % (2.33 mg) from an array with MNs of900 !-tm height (p = 0.014). 

Similarly, the cumulative amount released after 6 h was found to be approximately 

63% (2.07 mg), 70% (2.30 mg) (p < 0.001) and 80% (2.63 mg) (p < 0.001) for MN 

arrays containing 121, 196 and 361 MNs, respectively. Whilst this same trend was 

observed for the release across neonatal porcine skin of 700 !-tm thick, the overall 

extent of methylene blue release was significantly decreased in comparison to that 

across skin of 350 !-tm thickness (p < 0.001 for all MN designs). For example, 

following application of a Type 2 MN array (containing 361 MNs, each MN of 

height 600 !-tm and 300 Ilm width at base) the cumulative amount of methylene blue 

released after 6 h was found to be approximately 62% and 80% across 700 Ilm and 

350 !-tm thick skin, respectively (p < 0.001). 
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Table 5.5 Cumulative amount of methylene blue released across neonatal porcine skin, of varying 

thickness, from methyl~n~ blue loaded PMVEIMA MN arrays. (Mean ±SD, n =5) .• Constant MN 
density of 121 MNs/cm. Constant MN height of 600 Ilm. 

Cumulative release at 6h (%) 

Variable Skin Thickness 

MN Height (llm)" 350 llm 700 llm 

350 49.07 ± 1.82 22.89 ± 2.41 

600 63.38 ± 2.53 38.16 ± 1.95 

900 71.21 ± 1.97 50.24 ± 3.08 

MN Density (MNs/cm 2r 
121 63.38 ± 2.53 38.16 ± 1.95 

196 69.82 ± 1.93 46.39 ± 2.77 

361 79.65 ± 2.77 61.73 ± 3.62 

Control patch 3.36 ± 0.59 1.89 ± 0.73 

Table 5.6 illustrates the effect of MN array design upon the % cumulative 

release of fluorescein sodium across both skin model types after a period of 6 h. In 

agreement with the data reported above, it was found that an increase in MN height 

and an increase in MN density led to an increased rate in fluorescein sodium delivery 

across both skin types. For example, across neonatal porcine skin of 350 flm 

thickness, only approximately 38% (1.24 mg) of fluorescein sodium was released 

after 6 h from a MN array with MNs of 350 flm height, whilst this was increased to 

approximately 55% (1.79 mg) from an array with MNs of600 flm height (p < 0.001), 

and to approximately 63% (2.06 mg) from an array with MNs of 900 flm height (p < 

0.001). Similarly, the cumulative amount released after 6 h was found to be 

approximately 55% (1.79 mg), 67% (2.19 mg) (p < 0.001) and 73% (2.63 mg) (p = 

0.016) for MN arrays containing 121, 196 and 361 MNs, respectively. Once again, 

the overall extent of fluorescein sodium release was significantly decreased across 

neonatal porcine skin of 700 flm thickness in comparison to that across skin of 350 

/lm thickness (p < 0.001 for all MN designs). For example, following application of a 

Type 2 MN array (containing 361 MNs, each MN of height 600 flm and 300 flm 
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width at base) the cumulative amount of fluorescein sodium released after 6 h was 

found to be approximately 51 % and 73% across 700 Ilm and 350 Ilm thick skin, 

respectively (p < 0.001). 

Table 5.6 Cumulative amount of fluorescein sodium released across neonatal porcine skin, of varying 

thickness, from fluoresce in sodium loaded PMVE/MA MN arrays. (Means ±SD n =5). * Constant 
2 .* ' MN density of 121 MNs/cm . Constant MN height of600 /lm. 

Cumulative release at 6h (%) 

Variable Skin Thickness 

MN Height (fim), 350 fim 700 gm 

350 38.39 ± 2.77 14.61 ± 1.09 

600 54 .68 ± 4.61 27.54 ± 1.52 

900 62.51±5 .13 39.47 ± 2.36 

MN Density (MNs/cm 2t 
121 54.68 ± 4.61 27.54 ± 1.52 

196 67.06 ± 3.85 36.19 ± 2.64 

361 73.19±2.99 51.08 ± 3.77 

Control patch 2.27 ± 0.48 1.16 ± 0.62 

The second polymeric system under investigation was the hydrogel forming MN 

arrays, which contain no drug but rather absorb skin interstitial fluid following MN 

insertion to form a swollen hydrogel matrix, thus allowing migration of a drug from 

an attached reservoir matrix through the hydrogel MN channel and across the skin. 

Analysis of drug content of the adhesive reservoir patches revealed that they 

contained 2.96 ± 0.14, 2.95 ± 0.18, and 2.98 ± 0.15 mglcm
2 

of theophylline, 

methylene blue and fluorescein sodium, respectively. 

Table 5.7 illustrates the effect of MN design upon the % cumulative release 

of theophylline from the hydrogel forming MN system across the two different skin 

models after a period of 6 h. It was found that the extent of theophylline release was 

dependent upon both the design of the MN array and the thickness of the skin used to 

assess MN performance. In particular, across neonatal porcine skin of 350 Ilm thick, 
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an increase in MN height and an increase in MN density led to an increase in the 

amount of theophylline delivered after 6 h. For example, only approximately 23% 

(0.68 mg) of theophylline was released after 6 h from a MN array with MNs of 350 

!lm height, whilst this was increased to approximately 40% (1.18 mg) from an array 

with MNs of 600 !lm height (p < 0.001), and to approximately 43% (1.26 mg) from 

an array with MNs of 900 !lm height (p < 0.001 in comparison to 350 !lm MN 

height; p = 0.230 in comparison to 600 !lm MN height). Similarly, the cumulative 

amount released after 6 h was found to be approximately 40% (1.18 mg), 47% (1.38 

mg) (p = 0.002) and 64% (1.89 mg) (p < 0.001) for MN arrays containing 121, 196 

and 361 MNs, respectively. Whilst this same trend was observed for the release 

across neonatal porcine skin of 700 !lm thick, the overall extent of theophylline 

release was significantly decreased in comparison to that across skin of 350 !lm 

thickness (p < 0.001 for all MN designs). For example, following application of a 

Type 2 MN array (containing 361 MNs, each MN of height 600 !lm and 300 !lm 

width at base) the cumulative amount of theophylline released after 6 h was found to 

be approximately 51% (1.51 mg) and 64% (1.89 mg) across 700 !lm and 350 !lm 

thick skin, respectively (p < 0.001). 

Table 5.7 Cumulative amount of theophylline released across neonatal porcine skin, of varying 

thickness, from hydrogel forming MN arrays with an integrated theophylline reservoir patch. (Means 

±SD, n =5). • Constant MN density of 121 MNs/cm2 
.•• Constant MN height of 600 ~m. 

Cumulative release at 6h (%) 

Variable Skin Thickness 

MN Height (IJ.m)" 350 IJ.m 700 IJ.m 

350 22 .69 ± 1.67 11.72 ± 1.06 

600 39.54 ± 2 .73 26.48±2.15 

900 43.21 ± 3.51 32.70 ± 2.84 

2 •• 
MN Density (MNs/cm ) 

121 39.54 ± 2.73 26.48 ± 2.15 

196 46.68 ±3. 17 35.19 ± 3.62 

361 63.72 ± 4.07 50 .71 ±4.52 

Control patch 3.69 ± 1.05 2.12 ± 0.89 
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Table 5.8 illustrates the effect of MN array design upon the % cumulative 

release of methylene blue from the hydrogel forming MN system across both skin 

model types after a period of 6 h. In agreement with the results obtained for the 

theophylline delivery from the hydrogel forming MN arrays, it was found that an 

increase in MN height and an increase in MN density led to an increased rate in 

methylene blue delivery across both skin types. For example, only approximately 

20% (0.59 mg) of methylene blue was released after 6 h from a MN array with MNs 

of 350 !lm height, whilst this was increased to approximately 36% (1.06 mg) from an 

array with MNs of 600 !lm height (p < 0.001), and to approximately 41 % (1.21 mg) 

from an array with MNs of 900 !lm height (p < 0.001). Similarly, the cumulative 

amount released after 6 h was found to be approximately 36% (1.06 mg), 44% (1.30 

mg) (p < 0.001) and 59% (1.74 mg) (p < 0.001) for MN arrays containing 121, 196 

and 361 MNs, respectively. Whilst this same trend was observed for the release 

across neonatal porcine skin of 700 !lm thick, the overall extent of methylene blue 

release was significantly decreased in comparison to that across skin of 350 !lm 

thickness (p < 0.001 for all MN designs). For example, following application of a 

Type 2 MN array (containing 361 MNs, each MN of height 600 !lm and 300 !lm 

width at base) the cumulative amount of methylene blue released after 6 h was found 

to be approximately 46% (1.36 mg) and 59% (1.74 mg) across 700 !lm and 350 !lm 

thick skin, respectively (p < 0.001). 
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Table 5.8 Cumulative amount of methylene blue released across neonata1 porcine skin, of varying 

thickness, from hydrogel forming MN arrays with an integrated theophylline reservoir patch. (Means 
±SD, n =5) . • Constant MN density of 121 MNs/cm2 

.•• Constant MN height of 600 /lm. 

Cumulative release at 6h (%) 

Variable Skin Thickness 

MN Height (/.lm)' 350 /:lm 700 /:lm 

350 19.83 ± 1.08 7.46 ± 1.39 

600 35.71 ± 3.06 23.91 ± 3.56 

900 40.64 ± 3.72 31.08 ± 2.95 

MN Density (MNs/cm2)'* 

121 35.71 ± 3.06 23.91 ± 3.56 

196 43.60 ± 3.92 30.56 ± 2.69 

361 59.18 ± 4.41 46.37 ± 5.18 

Control patch 3.59 ± 0.75 1.62 ± 0.59 

Table 5.9 illustrates the effect of MN array design upon the % cumulative 

release of fluorescein sodium from the hydrogel forming MN system across both 

skin model types after a period of 6 h. In agreement with the data reported above, it 

was found that an increase in MN height and an increase in MN density led to an 

increased rate in fluorescein sodium delivery across both skin types. For example, 

across neonatal porcine skin of 350 ~m thickness, only approximately 16% (0.48 

mg) of fluorescein sodium was released after 6 h from a MN array with MNs of 350 

~m height, whilst this was increased to approximately 29% (0.86 mg) from an array 

with MNs of 600 ~m height (p < 0.001), and to approximately 37% (1.10 mg) from 

an array with MNs of 900 ~m height (p < 0.001). Similarly, the cumulative amount 

released after 6 h was found to be approximately 29% (0.86 mg), 36% (1.07 mg) (p 

< 0.001) and 52% (1.55 mg) (p < 0.001) for MN arrays containing 121, 196 and 361 

MNs, respectively. Once again, the overall extent of fluorescein sodium release was 

significantly decreased across neonatal porcine skin of 700 ~m thickness in 

comparison to that across skin of 350 ~m thickness (p < 0.001 for all MN designs). 

For example, following application of a Type 2 MN array (containing 361 MNs, each 

201 



__________ ~~_~~t~~_?~~~~ect _~MN design on transdermal drug delivery from polymeric MNs ---- ----_ .. _---------- ----... -.------

MN of height 600 J-lm and 300 J-lm width at base) the cumulative amount of 

fluorescein sodium released after 6 h was found to be approximately 39% (1.16 mg) 

and 52% (1.55 mg) across 100 J-lm and 350 J-lm thick skin, respectively (p < 0.001). 

Table 5.9 Cumulative amount of fluorescein sodium released across neonatal porcine skin, of varying 

thickness, from hydrogel forming MN arrays with an integrated fluoresce in sodium reservoir patch. 

(Means ±SD, n =5). • Constant MN density of 121 MNs/cm2 
... Constant MN height of 600 )lm. 

Cumulative release at 6h (%) 

Variable Skin Thickness 

MN Height (l1m)' 350 gm 700 g m 

350 16.05 ± 1.74 5.37 ± 1.19 

600 28.64 ± 3.18 17.53 ± 2.43 

900 36.57 ± 4.09 25.82 ± 3.27 

MN Density (MNs/cm2)"* 

121 28.64 ± 3.18 17.53 ± 2.43 

196 36.07 ± 2.79 27.38 ± 3.01 

361 51.65±4.21 38.72 ± 3.54 

Control patch 2.43 ± 0.62 1.49 ± 0.55 

Overall , the in vitro permeation results across neonatal porcme skin, for both 

polymeric MN systems, revealed that the greatest rate of drug delivery was achieved 

when using an array containing 361 MNs (i.e. MN interspacing 50 J-lm), with each 

MN of height 600 /lm and base width 300 J-lm (Type 2 MN array). As such, this array 

design was subsequently chosen for evaluating the combination of polymeric MN 

arrays and ITP for enhanced transdermal delivery of the three model solutes. 

Figure 5.4 illustrates the permeation profiles of the three model solutes across 

dermatomed (350 J-lm) neonatal porcine skin from drug loaded soluble PMVE/MA 

MN arrays, with and without combination with ITP. In the case of theophylline 

(Figure 5.4 A) it was found that following iontophoretic delivery from the base plate 

formulation (i.e. containing no MNs), the total % cumulative release at 6 h (when 

current application was terminated) increased from approximately 3.5% (0.10 mg) 
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(for passive delivery) to approximately 7.2% (0.21 mg) (p < 0.001). Whilst this 

equates to a 2-fold enhancement in theophylline permeation, it was found that the 

application of a theophylline loaded MN array to neonatal porcine skin led to a 23-

fold increase, delivering approximately 82% (2.43 mg) within the same time period 

(p < 0.001). Ihe combination of theophylline loaded MNs and ITP led to a modest 

increase in the rate of theophylline delivery only during the first three hours 

following MN application. In particular, the total % cumulative release at 3 h was 

found to increase from approximately 55% (1.63 mg) to 63% (1.87 mg) for MN 

alone and MN with lIP, respectively (p = 0.01). 

In the case of methylene blue (Figure 5.4 B) ,it was found that, following 

iontophoretic delivery from the base plate formulation (i.e. containing no MNs), the 

total % cumulative release at 6 h increased from approximately 3.4% (0.10 mg) (for 

passive delivery) to approximately 9.6% (0.28 mg) (p < 0.001). Whilst this equates 

to an almost 3-fold enhancement in methylene blue permeation, it was found that 

application of a methylene blue loaded MN array to neonatal porcine skin led to a 

23-fold increase, delivering approximately 80% (2.36 mg) within the same period. 

The combination of MN and lIP significantly accelerated the rate of methylene blue 

delivery during the first four hours following MN application. For example, the total 

% cumulative release at 4 h was found to increase from approximately 62% (1.83 

mg) to 74% (2.18 mg) for MN alone and MN with lIP, respectively (p < 0.001). 

In case of fluorescein sodium (Figure 5.4 C), it was found that, following 

iontophoretic delivery from the base plate formulation (i.e. containing no MNs), the 

total % cumulative release at 6 h increased from approximately 2.3% (0.07 mg) (for 

passive delivery) to approximately 6.9% (0.21 mg) (p < 0.001). Whilst this equates 

to a 3-fold enhancement in permeation, it was found that application of a fluorescein 

sodium loaded MN array to neonatal porcine skin led to a 30-fold increase, 

delivering approximately 73% (2.18 mg) within the same period (p < 0.001). Ihe 

combination of MN and lIP significantly accelerated the rate of fluoresce in sodium 

delivery during the first four hours following MN application. For example, the total 

% cumulative release at 4 h was found to increase from approximately 56% (1.67 

mg) to 68% (2.03 mg) for MN alone and MN with lIP, respectively (p = 0.002). 
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Figure 5.4 In vitro permeation profile of (A) theophylline, (B) methylene blue and (C) fluorescein 

sodium from drug loaded so luble PMVEIMA MN arrays across dermatomed neonatal porcine skin. 

(Means ± SO, n=5). 
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Table 5.10 highlights the results obtained for the permeation investigations of the 

three model solutes across full thickness (700 /lm) neonatal porcine skin through the 

use of drug loaded soluble MN arrays. It was found that for all three solutes, the 

greatest transdermal delivery was achieved through the combination of MN and ITP. 

In particular, the combination of MN and ITP resulted in a % cumulative release at 6 

h of approximately 72% (2.13 mg), 79% (2.33 mg) and 64% (1.91 mg) for 

theophylline, methylene blue and fluorescein sodium, respectively. This is 

comparison to the approximate 64% (1.89 mg), 62% (1.83 mg), and 51 % (1.52 mg) 

delivered through the use of theophylline, methylene blue and fluorescein sodium 

loaded soluble MN arrays alone, respectively (p < 0.001 for all cases). 

Table 5.10 % Cumulative release at 6 h of model solutes (Th=Theophylline, MB=methylene blue, and 

Fl = tluorescein sodium) across full thickness (700 Ilm) neonatal porcine skin following a range of 

delivery strategies using the soluble MN system. (Means ± SD, n = 5). 

% Cumulative release at 6 h 

Delivery strategy Th MB Fl 

Passive 2.06 ± 0.61 1.89 ± 0.73 1.16 ± 0.62 

Patch/ITP 3.78 ± 0.72 5.07 ± 0.86 3.32 ± 0.54 

Soluble MN 63.87 ± 3.96 61.73 ± 3.62 51.08 ± 3.77 

Soluble MN/ITP 72.29 ± 3.01 79.17 ± 4.69 63 .71 ± 4.16 

Figure 5.5 illustrates the permeation profiles of the three model solutes across 

dermatomed (350 /lm) neonatal porcine skin through the use of hydrogel forming 

MN arrays with an integrated drug reservoir patch, with or without the combination 

ofITP. 
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Figure 5.5 In vitro permeation profi les of (A) theophylline, (B) methylene blue, and (C) fluorescein 

sodium from a range of delivery strategies, usi ng the hydrogel forming MN system, across 

dermatomed (350 i!m) neonatal porcine skin.(Means ± SO, n =5). 
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In the case of theophylline (Figure 5.5 A) it was found that following 

iontophoretic delivery from an adhesive patch, the total % cumulative release at 6 h 

(when current application was terminated) increased from approximately 3.7% (0.11 

mg) (for passive delivery) to approximately 7.2% (0.21 mg) (p < 0.001). Whilst this 

equates to an almost 2-fold enhancement in theophylline permeation, it was found 

that the application of hydrogel forming MN array to neonatal porcine skin led to an 

almost 17-fold increase, delivering approximately 64% (1.89 mg) within the same 

time period (p < 0.001). Furthermore, the combination of hydrogel forming MN 

array and ITP significantly accelerated the rate of theophylline permeation, with 

approximately 75% (2.22 mg) delivered across neonatal porcine skin within a 6 h 

period (p < 0.001). This equates to a further 1.04-fold enhancement in theophylline 

permeation for the combination of MN/ITP when compared to the use of MN alone. 

In the case of methylene blue (Figure 5.5 B) it was found that following 

iontophoretic delivery from an adhesive patch, the total % cumulative release at 6 h 

(when current application was terminated) increased from approximately 3.6% (0.11 

mg) (for passive delivery) to approximately 9.6% (0.28 mg) (p < 0.001). Whilst this 

equates to a 2.6-fold enhancement in methylene blue permeation, it was found that 

the application of hydrogel forming MN array to neonatal porcine skin led to a 16.5-

fold increase, delivering approximately 59% (1.72 mg) within the same time period 

(p < 0.001). Furthermore, the combination of hydrogel forming MN array and ITP 

significantly accelerated the rate of methylene blue permeation, with approximately 

79% (2.33 mg) delivered across neonatal porcine skin within a 6 h period (p < 

0.001). This equates to a further 1.34-fold enhancement in methylene blue 

permeation for the combination of MN/ITP when compared to the use of MN alone. 

Similarly, the combination of hydrogel forming MN array and ITP resulted in 

the greatest rate of transdermal fluorescein sodium permeation, delivering 

approximately 73% (2.18 mg) within a 6 h period. This is a 1.43-fold enhancement in 

fluorescein sodium permeation when compared to the 51 % (1.52 mg) delivered 

through the use of MN alone (p < 0.001), and is significantly greater than the 7% 

(0.21 mg) (p < 0.001) and 2.5% (0.07 mg) (p < 0.001) achieved by ITP and passive 

delivery, respectively. 
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Table 5.11 highlights the results obtained for the permeation investigations of the 

three model solutes across full thickness (700 flm) neonatal porcine skin through the 

use of drug loaded adhesive patches integrated with hydrogel forming MN arrays. It 

was found that for all three solutes, the greatest transdermal delivery was achieved 

through the combination of MN and ITP. In particular, the combination of MN and 

ITP resulted in a % cumulative release at 6 h of approximately 61 % (1.81 mg), 66% 

(1.95 mg) and 51% (1.52 mg) for theophylline, methylene blue and fluorescein 

sodium, respectively. This is comparison to the approximate 51 % (1.51 mg) (p < 

0.001),46% (1.36 mg) (p < 0.001), and 39% (1.16 mg) (p < 0.001) delivered through 

the use of theophylline, methylene blue and fluorescein sodium loaded adhesive 

patches integrated with hydrogel forming MN arrays alone, respectively. 

Table 5.11 % Cumulative release at 6 h of model solutes (Th=Theophylline, MB=methylene blue, and 

Fl = fluoresce in sodium) across full thickness (700 !lm) neonatal porcine skin following a range of 

delivery strategies using the hydrogel forming MN array. (Means ± SD, n = 5). 

% Cumulative release at 6 h 

Delivery strategy Th MB Ft 

Passive 2.12 ± 0.89 1.62 ± 0.59 1.49 ± 0.55 

Patch/ITP 3.94 ± 0.75 5.04 ± l.06 3.65 ± 0.51 

Hydrogel MN 50.71 ± 4.52 46.37 ± 5.18 38.72 ± 3.54 

Hydrogel MN/ITP 61.34 ± 4.08 66.38±5.61 50.73 ± 3.97 

To elucidate the potential mechanisms involved for the synergistic enhancement in 

drug permeation through the combination of ITP and MN technology, the in-skin 

behaviour of the polymeric MN systems following the application of an electric 

current was studied. Table 5.12 highlights the results of the in-skin dissolution of 

soluble PMVE/MA MN arrays with and without the application of a continuous 

electric current of 0.5 mA strength. 

208 



Chapter 5: El"fect of MN design on transdermal drug delivery from polymeric MNs 

Table 5.12 The in-skin dissolution of soluble PMVE/MA MN arrays, with and without the application 

of a continuous electric current (0.5 mA). (Means ± SD, n =5). 

% Decrease in MN height 

Time Passive AnodalITP Cathodal ITP 

15 42.05 ± 2.15 63.71 ± 2.43 65.48 ± 2.62 

30 55.67 ± 1.99 89.14 ± 2.65 91.57 ± 3.14 

45 73.84 ± 1.49 100±0.00 100 ± 0.00 

60 85.79 ± 2.87 100 ± 0 .00 100 ± 0.00 

120 100 + 0.00 100+0.00 100+0.00 

As can be appreciated from Table 5.12 the application of an electric current, 

irrespective of electrode polarity in contact with the MN base, resulted in an 

increased rate of MN dissolution. ln particular, complete MN dissolution occurred 

within 45 min after MN insertion into skin and electric current application, whilst 

this process was not achieved until within 120 min when MNs were inserted into 

skin without an electric current application. Figure 5.6 shows representative digital 

images of fluorescein sodium loaded MN array following in-skin insertion and 

electric current application. 

Figure 5.6 In-skin dissolution of tluorescein loaded PMVEIMA MN array following the application of 

an electric current ofO.5mA strength. (A) before skin insertion, (8) 15 min after skin insertion, (C) 30 

min after skin insertion. Scale bar represents a length of 300 flm. 

209 



Figure 5.7 shows the in-skin swelling behaviour of hydrogel forming MN arrays 

following insertion into full thickness neonatal porcine skin, with and without 

electric current application. 
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Figure 5.7 In-skin swelling of hydrogel forming MN arrays in conjunction with electric current 

application following insertion into full thickness neonatal porcine skin. (Means ± SD, n =5). 

As can be appreciated from Figure 5.7 the application of an electric current led to a 

significant increase in the rate and extent of the swelling of hydrogel forming MN 

arrays following insertion into neonatal porcine skin. In particular, following 

termination of the electric current 6 h after MN application to skin, the % increase in 

MN surface area was found to be 154.39 ± 9.l2, 885.69 ± 77.l3 (p < 0.001) and 

1072.68 ± 81.29% (p < 0.001) for passive, anodal ITP and cathodal ITP protocols, 

respectively. This equates to an approximate 5.75-fold and 7-fold increase in MN 

surface area following in-skin swelling under an anodal and cathodal electric current, 

respectively, in comparison to passive MN in-skin swelling. Figure 5.8 shows 

representative images of hydrogel forming MN arrays after in-skin swelling for a 

period of 1 h, with and without electric current application. 
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Figure 5.8 Representative light mlcroscopy Images of hydrogel forming MNs (A) before skin 

insertion, (8) I h after insertion into skin, and (C) I h after insertion into skin and application of a 

continuous electric current of O.5mA strength. Scale bar represents a length of 300 ~tm. 

Figure 5.9 illustrates the effect of polymeric MN array application to the electrical 

resistance properties of the skin. It can be seen that following MN insertion there is a 

dramatic reduction in the measured electrical resistance (ER) of the skin. For 

example, the skin ER dropped from 24.36 ± 1.39 to 10.45 ± 0.98 kO following 

application of the hydrogel forming MN array, whilst following application of the 

soluble PMVE/MA MN array the skin ER decreased from 2 L.76 ± 2.67 to 9.59 ± 

0.85 kO. Furthermore, it can be appreciated from Figure 5.9 that, whilst the skin ER 

began to return to normal following the dissolution of the soluble PMVE/MA MN 

array, application of the hydrogel forming MN array to neonatal porcine skin resulted 

in a sustained and continuous reduction in the skin ER for the 24 h period that the 

MN array remained in place. 
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Figure 5.9 Disruption of skin electrical resistance following application of polymeric MN arrays to 

full thickness neonatal porcine skin in vitro. (Means ± SD, n =5). 

5,6 Discussion 

Although there are a plethora of studies utilizing MN arrays, of a wide variety 

of designs, for transdermal drug delivery, only a small proportion of these have 

focused upon the role of MN geometry in controlling the rate and extent of delivery 

achieved. Davidson et al. (2008) provided a comprehensive theoretical analysis of 

the influence of various MN parameters, such as MN shape, MN diameter, thickness, 

spacing between needles, MN length (representing skin penetration depth and not 

actual length of MNs) and coating depth (i.e., the distance from the tip that is coated 

with the drug film) on drug diffusion form coated MNs and its skin permeation. The 

study was performed using FEMLAB scientific modelling software. The results 

indicated that skin permeability was mostly influenced by MN penetration depth and 

needle centre-to-centre spacing whereas other factors did not have significant effect 

on skin permeation. It was concluded that use of longer, larger and more densely 

arranged MNs would enhance skin permeability to a greater extent. Apart from 

theoretical assumptions, several studies provided practical experimental data 

regarding the effect of MN geometry on skin permeation. Oh et al. (2008) 

investigated permeation of calcein across full-thickness rat skin treated with solid 

polycarbonate MNs of varying heights (200 llm and 500 llm) and densities (45, 99 
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and 154 MN/cm
2
). The study demonstrated that an increase in the height of MNs 

from 200 Ilm to 500 Ilm resulted in the 3.5-fold and 5.5-fold increase in calcein 

permeation, respectively, in comparison to the control (no MN treatment). In 

addition, it was observed that an increase in MN density from 45 to 154 MN/cm2 led 

to an increase in calcein permeation. Li et al. (2009) who investigated MN-mediated 

transdermal transport of human IgG across hairless rat skin in vitro reported that IgG 

flux was increased approximately 4-fold when MN height was increased from 200 

/lm to 500 Ilm. Moreover, a 10-fold increase in IgG flux was seen when the number 

of MN s increased from 27 to 54. Verbaan et al. (2007) studied the transport of three 

different molecules of increasing molecular weight in vitro (cascade blue, Mw = 538 

Da, dextran-cascade blue, Mw = 10 kDa and FITC-dextran, Mw = 72 kDa) across 

dermatomed human skin. The skin was pre-treated with MN arrays fabricated from a 

commercially available 30 G hypodermic needles (4 x 4, needle lengths: 300, 550, 

700 and 900 /-lm). A significant increase in the permeation of each of the three 

compounds was observed for pre-treated skin samples compared to untreated skin. 

Although a trend was observed such as skin pretreatment with longer MNs led to a 

greater cumulative amounts permeated, observed values were not significantly 

different. In addition, this study highlighted the difficulty of MNs of shorter length 

(300 Ilm) to successfully pierce the skin, which was attributed to the skin's natural 

elasticity. In the follow up study, in order to address this issue, the researchers 

examined the effect of MN administration with the aid of an applicator on the MN 

insertion into human dermatomed and full-thickness human skin in vitro. The 

electrically-driven applicator with controllable velocity (1 and 3 rnls) and three 

different types of MNs (hollow metal, 300 Ilm, 4 x 4, 6 x 6, 9 x 9; hollow silicon, 

245 Ilm, 4 x 4; solid metal, 300 Ilm, 4 x 4) were used throughout the study. It was 

demonstrated that using a velocity of 1 or 3 rnls, the skin's elasticity was overcome 

and all types of MNs successfully pierced the skin as evidenced by Trypan Blue 

staining. Use of the manual applicator resulted in an ineffective MN insertion. 

Furthermore, it was shown that use of a higher insertion velocity led to an increase in 

the transdermal transport of model compound, cascade blue (CB) irrespective of MN 

type. In addition, the authors reported that the shape of MNs had a significant effect 

on the CB percutaneous permeation, where pretreatment with solid metal MNs 

resulted in a greater flux in comparison to the pretreatment with metal hollow or 
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silicon hollow MNs. The authors report that MN density was not found to 

significantly affect CB transport across the skin (Verbaan et al., 2008). Badran et ai, 

(2009) evaluated the influence of MN length (150, 500 and 1500 /lm) on the 

permeation of a hydrophilic model drug (mannitol) across excised human full 

thickness skin which had been treated with a proprietary MN device (Dermaroller®). 

They found that increasing MN height led to an increased extent of transdermal 

delivery of mannitol across the excised human full thickness skin. More recently, 

Yan et ai, (2010) comprehensively evaluated the effect of MN length and MN 

density upon the permeation of acyc10vir across MN pre-treated human epidermal 

membrane. Solid silicon MN arrays with different MN lengths (ranging from 100 to 

1100 /lm) and MN densities (ranging from 400 to 11,900 MNs/cm2
) were used to 

penetrate epidermal membrane of human cadaver skin, and the skin electrical 

resistance and flux of acyc10vir across the pre-treated skin monitored. They report 

that a linear correlation between the acyc10vir flux and the skin electrical resistance 

was observed. MN arrays with longer needles (>600 /lm) were more effective at 

creating pathways across the skin and enhancing drug flux. However, the authors 

found that there was an optimum MN design « 2000 MNs/cm2
) above which 

acyc10vir flux did not increase, but rather decreased. This was attributed to the 

assumption that given that all MN array designs were applied to the epidermal 

membrane at the same force (44.5 N for 10 seconds) the force to an individual needle 

would be significantly smaller for MN arrays with high needle densities. As such, 

this may result in a decreased penetration of high density MN arrays into the skin. 

Whilst the studies above eloquently highlight the importance of MN design for 

transdermal drug delivery enhancement, to date, there has been no systematic 

investigation of the influence of MN geometry on the performance of polymeric MN 

arrays which are designed to remain in contact with the skin during the period of 

drug delivery. As such, for the first time, this study reports on the effect of MN 

height and MN density upon the transdermal delivery of hydrophilic model 

compounds (theophylline, methylene blue and fluorescein sodium) across neonatal 

porcine skin from two polymeric MN array designs in vitro. 

The first polymeric MN system under investigation was based upon a drug 

loaded soluble PMVE/MA formulation which, once inserted into skin, would 
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dissolve in the epidermal/dermal tissue, allowing release of the incorporated drug. 

The literature pertaining to MNs is brimming with in vitro studies assessing the 

efficacy of these devices in improving transdermal drug delivery. Different 

approaches, both qualitative and quantitative, have been utilized to confirm 

usefulness ofMNs for percutaneous transport of drug molecules. To study the release 

of ca1cein encapsulated within PLGA MNs, MN arrays were inserted into full

thickness human cadaver skin and after their removal confocal microscopy was 

employed to obtain a spatial profile of ca1cein delivered into the skin (Park et al. , 

2006). Sullivan et al., (2008) investigated the extent and distribution of Texas Red

labelled bovine serum albumin in porcine skin released from poly(vinylpyrolidone) 

MNs with the aid of fluorescence microscopy. To quantify in vitro drug release from 

polymeric MNs, a setup consisting of 30-ml glass vials filled with receptor medium, 

magnetically stirred and incubated at 37°C was employed (Park et aI., 2006). 

However, Franz cells, a well-established system for in vitro testing of pharmaceutical 

semi-solid dosage forms for transdermal applications, are most commonly employed 

to assess drug release from MNs as well as the effect of MN pre-treatment on drug 

permeation. A range of model membranes, including synthetic membranes (Coulman 

et al., 2008) and biological membranes, such as heat separated epidermal sheets 

(Chabri et al., 2004; Lee et al. , 2008), dermatomed (Verbaan et al., 2007) or full

thickness skin (Li et al., 2009) derived from different sources, have been used as a 

representation of the skin barrier. However, as the distance that molecules have to 

travel from created microchannels before reaching the capillary bed in the in vivo 

scenario is unknown, to date there is no general consensus on the best skin model for 

MN evaluation. For this reason, neonatal porcine skin of varying thickness (350 and 

700 Ilm) was used throughout this study for evaluating MN mediated transdermal 

delivery of the small hydrophilic molecules theophylline (neutral at pH 7.4), 

methylene blue (positively charged at pH 7.4) and fluorescein sodium (negatively 

charged at pH 7.4). 

It was found that, for all model drugs and MN designs under investigation, the 

soluble PMVE/MA MN system was capable of delivering not only the drug which 

was contained within the MNs themselves, but also drug which had been 

incorporated into the MN base as well. It is evident from this finding that following 

MN insertion, this polymeric formulation is sufficiently hygroscopic to allow 
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extraction of skin interstitial fluid to liberate and mobilise the diffusion of drug 

contained in the MN base on the outer skin layer through the MN induced channels. 

A similar scenario has been reported before for soluble MN systems (Lee et aI., 

2008). The results of the in vitro drug release investigations from soluble PMVE/MA 

MN across both skin models also revealed that the rate of transdermal delivery was 

dependent upon the design of the MN array employed. It can be seen from Tables 5.4 

to 5.6 that increasing MN height (within the range 350 to 900 /lm) led to an increase 

in the extent of transdermal drug delivery achieved 6 h after MN application. This is 

not surprising, given the fact that an increase in MN height has been shown, through 

the use of optical coherence tomography in Chapter 4, to lead to an increase in the 

depth of MN penetration into skin. It was also found that increasing MN density 

from 121 to 361 MN s per array led to an increase in transdermal drug delivery of all 

three solutes under investigation (Table 5.4 to 5.6). There are a number of factors 

that contribute to this increase in drug delivery. The OCT led investigations into MN 

penetration, as described in Chapter 4, revealed that when applied at a force of 11.0 

N using the spring activated applicator MN arrays of 600 /lm height penetrated to the 

same depth within neonatal porcine skin, irrespective of MN density. As such, given 

that drug molecules have been directly incorporated into the soluble PMVE/MA 

MNs, following MN insertion into skin an increase in MN density would be 

associated with a greater bolus drug deposition into the same skin layer during MN 

dissolution. Furthermore, the increased number of microchannels created within skin 

by the higher density MN arrays would facilitate the enhanced diffusion of the drug 

contained with the MN base matrix residing on the upper skin surface. 

Interestingly, the results from the in vitro permeation studies highlighted that, whilst 

the same trend was observed for the effect of MN geometry upon the rate of drug 

permeation across neonatal porcine skin, there was a significant difference in the 

overall extent of drug release achieved by each MN design across skin of varying 

thickness. For example, the cumulative amount of theophylline, methylene blue and 

fluoresce in sodium released from Type 2 MN array across neonatal porcine skin of 

350 /lm thickness after a 6 h period was found to be approximately 82%, 80% and 

73%, respectively. However, the cumulative amount released across neonatal porcine 

skin of700 /lm thickness was found to be only approximately 64% (p < 0.001), 62% 

(p < 0.001) and 51 % (p < 0.001) for theophylline, methylene blue and fluorescein 
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sodium, respectively. Given that the application ofMN arrays to the skin will lead to 

the mechanical disruption of the traditional barrier (i.e. the stratum corneum) for 

transdermal penetration of molecules, it is believed that diffusion of drugs across the 

epidermis and dermis will be the rate limiting step for MN mediated systemic 

administration of drugs (Fukushima et al., 2010). As such, within the in vitro 

permeation study set-up, the increased diffusional path length accompanied through 

the use of 700 !lm thick neonatal porcine skin may partly explain the reduction in the 

extent oftransdermal drug penetration observed within this study. It is also worthy to 

consider the possibility that enhanced drug diffusion may be observed through the 

use of 350 !lm neonatal porcine skin due to greater hydration of the MN base plate 

following MN insertion. Whilst portions of the MN designs comprised of MN s of 

height 600 !lm or greater will have penetrated across 350 !lm thick skin to be in 

direct contact with the aqueous receiver medium and, hence, led to accelerated MN 

dissolution, the majority of the drug released from the array is contained within the 

MN base plate. As such, it is conceivable to propose the use of thinner skin leads to a 

more rapid hydration of the MN base, thus mobilising the contained drug for 

diffusion through the MN channels (Lee et al., 2008). 

The second polymeric MN system under investigation was based upon a novel 

hydrogel forming MN array (containing no incorporated drug) that will absorb skin 

interstitial fluid following skin insertion to form a swollen hydrogel matrix. The 

formation of this unblockable hydrogel pathway enables the migration of a drug from 

an attached reservoir matrix into and across the skin. Similar to the case for the 

soluble PMVEIMA MN arrays, it was found that the rate of drug delivery was 

dependent upon the MN design under investigation. In particular, for all three drug 

molecules an increase in MN height and an increase in MN density led to an increase 

in the cumulative amount of drug delivered across neonatal porcine skin within a 6 h 

period (Tables 5.7 to 5.9). Although the reasons, as outline above for the soluble MN 

system, for the effect of MN geometry on increased drug permeation will also hold 

true for the hydrogel forming MN arrays there is an additional factor that can be 

considered. It has been highlighted from the investigations into the in-skin behaviour 

of the hydrogel forming MN arrays within Chapter 3 and 4, that an increase in MN 

height and an increase in MN density is associated with an increase rate of fluid 

uptake to form a swollen hydrogel channel. As such, an increase in hydrogel forming 
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MN swelling will be associated with an increased surface area for the migration of 

the liberated drug from the attached reservoir matrix, which may ultimately 

contribute to the enhanced transdermal permeation seen. Once again, it was found 

that there was a significant difference in the extent of drug release for each drug 

species and each MN design across neonatal porcine skin of varying thickness. For 

example, following application of the Type 2 MN array the cumulative amount of 

theophylline, methylene blue and fluorescein sodium released across neonatal 

porcine skin of 350 Jlm thickness was found to be approximately 64%, 59%, and 

52% of the total available drug loaded into the reservoir matrix, respectively. In 

comparison the cumulative amount released across neonatal porcine skin of 700 Ilm 

thickness was found to be approximately 51 % (p < 0.001), 46% (p < 0.001) and 39% 

(p < 0.001) for theophylline, methylene blue and fluorescein sodium, respectively. 

The in vitro permeation studies also revealed that, whilst there was no difference in 

the MN mediated transport of theophylline and methylene blue (p = 0.174 and p = 

0.200 across 350 and 700 Ilm neonatal porcine skin, respectively), the delivery of 

fluorescein sodium was significantly lower than the other two molecules (p < 0.001 

and p = 0.008 when compared to theophylline and methylene blue release, 

respectively). This finding suggests that skin retains its cation permselectivity even 

upon microporation (Wu et al., 2007). 

Overall the in vitro permeation studies revealed that the Type 2 MN design 

(containing 361 MNs of 600 Ilm height) resulted in the greatest rate of transdermal 

drug delivery for both polymeric MN systems. As such, this design was evaluated for 

its potential in the MN mediated iontophoretic transport of the three model solutes 

across neonatal porcine skin. 

It has recently been proposed that the combination of skin barrier impairment using 

microneedles coupled with iontophoresis may broaden the range of drugs suitable for 

transdermal, as well as enabling the rate of delivery to be achieved with precise 

electronic control (Wu et al. , 2007; Lanke et al., 2009). Whilst the combination of 

MN and ITP technology has shown to lead to a synergistic enhancement in the 

transdermal delivery of a range of molecules (Wu et al. , 2007; Vemulapalli et aI., 

2008; Lanke et al., 2009; Katikaneni et al., 2009; Chen et al., 2010) no reports exist 

on the combination of ITP with in situ polymeric MN delivery systems. As such, this 
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study evaluated the potential for the combination of polymeric MN devices and ITP 

to enhance the rate of transdermal drug delivery, as well as elucidating some of the 

mechanisms involved in any potential enhancement. 

It was found that, across dermatomed neonatal porcme skin (350 !lm), the 

combination of ITP and soluble drug loaded PMVE/MA MN arrays gave a modest 

increase in the rate of drug delivered in comparison to MN alone during the early 

time periods « 4 h) after MN application, whilst the overall extent of delivery at 6 h 

remained the same. Wu et al.(2007) reported a similar finding, whereby whilst the 

transdermal permeation of high molecular weight compounds through MN induced 

channels could be accelerated through the combination of ITP, there was no 

significant increase in the permeation of low molecular weight compounds that were 

otherwise passively permeating to a high degree through the MN induced channels. 

In particular, 3 h after initiation of the in vitro permeation studies the % cumulative 

amount of theophylline delivered was found to be approximately 2.01 %, 4.83%, 

55.31% and 62.19% for passive, ITP alone, MN alone, and the combination ofMN 

and ITP, respectively (Figure 5.4 A). This equates to the combination ofMN and ITP 

resulting in an approximate 1.13 enhancement in theophylline delivery in comparison 

to MN alone (p < 0.001), and an approximate 12.8 enhancement in theophylline in 

comparison to ITP alone (p < 0.001). In the case of methylene blue, 4 h after 

initiation of the in vitro permeation studies it was found that approximately 2.49%, 

6.83%, 62.17% and 74.37% of the available methylene blue had been delivered for 

the passive, ITP alone, MN alone, and MN/ITP combination strategies, respectively 

(Figure 5.4 B). This equates to the combination of MN and ITP resulting in an 

approximate 1.20 fold enhancement in methylene blue delivery in comparison to MN 

alone (p < 0.001) and an approximate 10.8 fold enhancement in methylene blue 

delivery in comparison to ITP alone (p < 0.001). Similarly, 4 h after initiation of the 

in vitro permeation studies, the cumulative amount of fluorescein sodium delivered 

was found to be approximately 1.89%, 5.14%, 56.14% and 68.14% for the passive, 

ITP alone MN alone and combination of MN and ITP strategies, respectively , , 

(Figure 5.4 C). This equates to the combination of MN and ITP resulting in an 

approximate 1.20 fold enhancement in fluorescein sodium delivery in comparison to 

MN alone (p < 0.001) and an approximate 13.6 fold enhancement in comparison to 

ITP alone (p < 0.001 ). In contrast, when neonatal porcine skin of 700 !lm thickness 
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was used during the in vitro permeation studies, it was found that the combination of 

MN and lTP led to the greatest extent of transdermal delivery for all three molecules 

at the end of the 6 h time period (when ITP current was terminated). As can be 

appreciated from Table 5.10 the combination of MN and ITP led to an approximate 

1.13, 1.28 and 1.24 fold enhancement in the amount of theophylline, methylene blue 

and fluorescein sodium, respectively, delivered across 700 !lm thick neonatal porcine 

skin in comparison to that delivered through the use of MN alone (p < 0.001 in all 

cases). 

The combination of ITP with the novel hydrogel forming MN array led to a greater 

rate and overall extent of transdermal delivery, in comparison to MN alone, for all 

three drug molecules and skin models evaluated. For example, following the 

termination of electric current 6 h after MN application to 350 !lm thick neonatal 

porcine skin, the % cumulative amount of drug delivered was found to increase from 

approximately 64% to 75% (p < 0.001),59% to 75% (p < 0.001), and 51 % to 73% (p 

< 0.001) following MN mediated and MN mediated ITP delivery of theophylline, 

methylene blue and fluorescein sodium, respectively (Figure 5.5). This equates to an 

approximate 1.17, 1.34 and 1.43 fold enhancement in transdermal delivery for 

theophylline, methylene blue and fluorescein sodium, respectively through the 

combined use of lTP and MN in comparison to the use of MN alone. Similarly, as 

can be appreciated from Table 5.11, it was found that the combination of lTP and 

MN led to an approximate 1.21, 1.43, and 1.31 fold increase in the amount of 

theophylline, methylene blue and fluorescein sodium, respectively, delivered across 

700 !lm thick neonatal porcine skin in comparison to the use ofMN alone (p < 0.001 

in all cases). 

Overall, the results from the in vitro permeation studies highlight the potential for the 

combination of lTP and polymeric MN arrays for the enhanced transdermal delivery 

of hydrophilic molecules. To elucidate some of the mechanisms behind this 

accelerated rate of drug permeation, the effect of current application upon the in-skin 

behaviour of polymeric MN arrays was investigated. It can be seen from Table 5.12 

and Figure 5.6 that the application of an electric current (both anodal and cathodal 

lIP protocols) markedly increased the rate of soluble PMVE/MA MN dissolution 

following insertion into full thickness neonatal porcine skin. For example, whilst 
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under normal conditions complete MN dissolution isn't achieved until between 60-

120 min, the application of an electric current led to complete MN dissolution within 

30-45 min. This may be attributable to the generation of an electro-osmotic flow 

across the skin following electric current application (Pikal., 2001). Furthermore, the 

development of this electro-osmotic flow may lead to enhanced hydration of the MN 

base residing on the outer skin surface. This may ultimately lead to the greater 

liberation and mobilisation of the incorporated drug which will then traverse through 

the residing MN channels via direct electromigratory action (for the ionised 

methylene blue and fluoresce in sodium) or in line with the direction of electro

osmotic flow in the anode to cathode direction (for theophylline and methylene blue). 

Furthermore, it was shown that the application of soluble PMVE/MA MN arrays 

caused the skin electrical resistance to decrease from approximately 22 kG to 

approximately 9.6 kG (Figure 5.9). As such, the creation of these pathways of low 

electrical resistance will enable enhanced drug permeation following the application 

of an electric current (Lanke et al., 2009). 

Interestingly, it was found that due to the electro-responsive nature of the PEG 

crosslinked PMVE/MA system (as outlined in Chapter 2), the application of an 

electric current led to a highly significant increase in the rate and extent of in-skin 

swelling of the hydrogel forming MN array. In particular, following termination of 

the electric current 6 h after MN application it was found that there was an 

approximate 5.75 and 6.96 fold increase in MN surface area, in comparison to 

hydrogel forming MN swelling under passive conditions, following the application 

of anodal and cathodal ITP protocols, respectively (Figure 5.7). The increase in MN 

swelling following the application of a cathodal ITP protocol in comparison to an 

anodal ITP protocol may be attributable to the fact that under a cathodal ITP protocol 

the net direction of the electro-osmotic flow will be occurring from the receiver 

medium upwards to the MN base leading to a further enhancement in fluid uptake 

(Pikal. , 2001). As such, in addition to any electromigratory effects on the drug 

molecule caused by ITP, the increased MN surface area available for drug diffusion 

to Occur through will contribute to the enhanced rate of transdermal delivery noted 

for the combination of hydrogel forming MN arrays with ITP. Furthermore, it was 

found that the application and presence of the hydrogel forming MN arrays within 
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neonatal porcine skin led to a sustained reduction in skin electrical resistance (Figure 

5.9), thus prolonging the period over which ITP may enable enhanced drug delivery. 

5.7 Conclusion 

The present study highlighted, for the first time, the importance of MN geometry 

upon the rate of transdermal drug delivery from in situ polymeric MN devices. In 

particular, it was found that the an increase in MN height and MN density led to an 

increase in the amount of drug delivered from both drug loaded soluble MN arrays 

and a novel hydrogel forming MN array with an integrated drug reservoir patch. 

Furthermore, it appears that the choice of skin model may be an important 

consideration when evaluating the extent oftransdermal drug delivery achieved from 

MN devices, with notably decreased amounts of drug delivered across neonatal 

porcine skin of 700 flm thick in comparison to neonatal porcine skin of 350 flm 

thick. 

Whilst MN pre-treatment of skin has previously been shown to increase the 

iontophoretic mediated delivery of a range of compounds both in vitro and in vivo, 

this study has shown, for the first time, the potential for ITP to be combined with 

polymeric MN arrays that remain in contact with the skin during the course of drug 

delivery. Interestingly, the application of an electric current to MN arrays based upon 

either a soluble PMVE/MA formulation or a PEG crosslinked PMVE/MA hydrogel 

forming system led to an alteration in the in-skin behaviour of these polymeric MN 

devices. The increased rate of soluble MN dissolution, and the increased swelling of 

the hydrogel forming MN array, coupled with the creation of aqueous pathways of 

low electrical resistance as a result of MN application to neonatal porcine skin 

resulted in a significant enhancement in the rate and/or extent of transdermal drug 

delivery achieved. As such, both of these polymeric MN systems show promise for 

the MN mediated iontophoretic delivery. Future studies will now focus on the 

potential for these polymeric MN systems to enable the electrically facilitated 

delivery of peptide/protein macromolecules both in vitro and in vivo. 
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Chapter Six 

Transdermal delivery of insulin: in vitro 

and in vivo 



_--------------------------------- ~~~-ter 6-=:Transdermal delivery ofin~ulin: in vitro and in vivo_ 

6.1 Introduction 

More than 220 million people worldwide suffer from diabetes, as estimated by the 

World Health Organisation. This number is predicted to double by 2030 (World 

Health Organisation, 2009). Insulin therapy constitutes an integral part of diabetes 

treatment. Patients with insulin-dependent diabetes mellitus (type 1) must self

administer insulin via single or multiple subcutaneous injections during the day. In 

non-insulin-dependent diabetes mellitus (type 2) hyperglycemia can be controlled by 

changes in lifestyle and combination of different oral antidiabetic agents. However, 

during the later stages of the type 2 diabetes, introduction of insulin treatment is 

necessary. 

Barriers to initiate or intensify insulin regimens exist and include perceived 

inconvenience, needle anxiety, concern about hypoglycaemia and weight gain, as 

well as perception that insulin therapy is time-consuming and complicated (Davies, 

2004; Brunton, 2008). In conventional treatment of diabetes, exogenous insulin is 

delivered subcutaneously in order to mimic the activity of the normal pancreas. 

Traditionally, insulin has been administered with the use of vial-and-syringe delivery 

systems. Modem subcutaneous delivery systems, such as pens, insulin injectors, as 

well as insulin pumps have been developed to minimize the complexity of insulin 

dosing and to reduce associated pain, offering less cumbersome, more discreet and 

patient compliant ways of achieving insulin administration (Korytkowski, 2002). 

However, although the subcutaneous route is satisfactory in terms of efficacy in the 

majority of cases, most conventional insulin therapies lead to inconsistent 

pharmacokinetics, peripheral hyperinsulinemia as well as to dermatological 

complications, such as local hypertrophy and fat deposition at injection sites (Lin et 

aI. , 2004; Khafagy et aI. , 2007). Moreover, achievement of optimal glycaemic 

control in diabetic patients can be hindered by patient's poor adherence to self

monitoring and multiple daily injections regimens (Davies, 2004) Therefore, marked 

effort has been put into the investigation of alternative, more convenient, non

invasive routes of insulin delivery. A variety of novel approaches are in various 

stages of development (Hinchcliffe and Illum, 1999; Belmin and Valensi, 2003; 

Owens et aI. , 2003). 
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Skin, as an easily accessible body organ with a large surface area, constitutes 

an attractive option for non-invasive insulin delivery in comparison to other routes 

such as oral, nasal (D ' Souza et al., 2005; Najafabadi et al., 2004), vaginal (Ning et 

a!., 2005), pulmonary (Huang and Wang, 2006; Bailey et al., 2008), ocular (Chiou 

and Li, 1993) or buccal (Morishita et al., 2001). Despite the advantages, such as 

avoidance of enzymatic degradation in the gastrointestinal tract or first-pass 

metabolic effects, skin's outermost layer, the stratum corneum (SC), poses a 

formidable barrier for the delivery of large hydrophilic molecules (Owens et al., 

2003). Attempts to circumvent poor skin permeability and facilitate insulin delivery 

have been made and such methodologies as skin penetration enhancers (Chen et al., 

2006), iontophoresis (Pillai et al. 2003 a; Pillai et al., 2003 b; Langkjaer et al., 1998; 

Kanikkannan et al. , 1999) ultrasound (Park et al., 2007 b; Park et al. 2008; Smith et 

a!., 2003) or microneedles (MNs) have been described in the literature. 

The approach of MNs, which selectively permeabilize se by piercing it in 

minimally invasive manner, is especially appealing when delivery of large molecules 

is considered. The created microchannels, although still small from a clinical point of 

VIew, constitute an unobstructed transport pathway large enough for 

macromolecules, such as proteins and peptides, to travel through. The revolution in 

microelectronics has provided the tools to fabricate solid MNs as well as hollow 

MNs which allow transdermal transfer of liquid and can be used for drug delivery or 

body fluid sampling. The miniature size of the needles may enable them to be 

incorporated into intelligent feedback systems comprising of monitoring and 

dispensing components, facilitating drug-on-demand delivery and being small 

enough to be easily wearable by a patient. Unsurprisingly, MNs have gained 

attention as an attractive option to deliver insulin. 

In the present study, two types of MNs, namely dissolvable MNs prepared 

from aqueous blends of 20% w/w PMVE/MA, as well as hydrogel MNs prepared 

from aqueous blends of 15% w/w PMVEIMA cross-linked by 7.5% w/w PEG 

10,000, were assessed for their ability to facilitate transdermal delivery of insulin, 

and in particular for their potential to enable electrically enhanced insulin permeation 

across the skin. 
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6.2 Aims and Objectives 

The primary aim of this study was to evaluate the ability of MN arrays, based upon 

either a dissolving soluble PMVE/MA matrix or a novel hydrogel forming 

PMVE/MA-PEG matrix, to facilitate the transdermal delivery of a clinically relevant 

peptide, insulin. Furthermore, the overall objective of this study was to identify the 

most suitable polymeric MN system to enable the prolonged and sustained delivery 

of insulin, such as to meet daily basal requirements, yet capable of delivering an on

demand bolus dose of insulin following the application of an electric current to the 

MN array. 

The present Chapter provides the description of the fabrication of dissolvable 

MNs prepared from aqueous blends of20% w/w PMVE/MA and loaded with insulin, 

the effect of insulin loading on mechanical strength of MNs together with the 

assessment of their ability to enhance, with and without the application of an electric 

current, transdermal delivery of insulin across neonatal porcine skin in vitro. In 

addition, fabrication of adhesive insulin loaded patch-type reservoirs is described as 

well as in vitro investigations of the hydrogel MNs efficacy in delivering, with and 

without the application of an electric current, insulin from integrated adhesive 

patches across skin. Furthermore, in vivo performance of the optimised polymeric 

MN delivery system is presented. 

6.3 Materials and Apparatus 

Insulin from bovine pancreas, >27 USP units/mg (HPLC), powder Sigma-Aldrich, 

U.K. 

Gantrez® AN-139, a copolymer of methy vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000), ISP Co. Ltd. Guildford, U.K. 

Polyethylene glycol of molecular weight 10,000 Daltons, Sigma-Aldrich, Steinheim, 

Germany, U.K. 

All other chemicals were of analytical reagent grade 

Isoflurane inhalation anaesthetic, Abbott Laboratories Ltd, Kent, UK 
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Agilent 1200 Series Binary HPLC system, Agilent Technologies UK Limited, 

Stockport, UK 

Waters Symmetry300 analytical column: 4.6 mm x 50 mm, C4 with 5 !lm packing, 

Waters associates, Harrow, UK, 

Poly(ester) film, one-side siliconised, release liner, FL2000 PET 75 IS, Rexam 

Release B.V., Apeldoom, The Netherlands. 

Glisseal~ vacuum grease was purchased from Borer chemie, Zuchwil, Switzerland. 

Resealable plastic bags (101 x 140 mm) were obtained from Agar Scientific, Essex, 

U.K. 

TA-XT2 Texture Analyzer, Stable Microsystems, Haslemere, U.K. 

Digital microscope, GXMGE-5 USB Digital Microscope, Laboratory Analysis Ltd, 

Devon, U.K. 

Multi-purpose Tac®, Niceday, Licester, U.K. 

Modified Franz diffusion cells, FDC-400 flat flange, 15 mm orifice diameter, 

mounted in triplicate on an FDCD diffusion drive console providing synchronous 

stirring at 600 rpm, Crown Glass Co. Inc., Sommerville, N.l., USA. 

Electric Dermatome, P ADGETT Model B, Integra Lifesciences, P ADGETT 

instruments, Plainsboro, Nl, USA 
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6.4 Methods 

6.4.1 Pharmaceutical Analysis of Insulin. 

Insulin analysis was performed using RP-HPLC (Agilent 1200® Binary Pump, 

Agilent 1200®, Standard Autosampler, Agilent 1200® Variable Wavelength Detector, 

Agilent Technologies UK Ltd, Stockport, UK) with UV detection at 214 nm. 

Gradient separation was achieved using a RP C4 (4.6 mm x 50 mm, 5!-Lm) 

Symmetry300 (Waters associates, UK) analytical column. The mobile phase gradient 

consisted of ACN and 0.1 % v/v trifluoroacetic acid (TFA) aqueous solution. The 

gradient linearly changed from 25:75 (ACN:TFA) to 35:65 in 5 min followed by 3 

min isocratic 35:65 ratio and a 7 min re-equilibration period. The injection volumes 

for samples and standards were 20 !-LI and elution was at a flow rate of 0.6 mllmin. 

The eluent was spectrophotometrically monitored at 214 nm. The chromatographs 

obtained were analysed using Agilent ChemStation® Software B.02.01. Least squares 

linear regression analysis and correlation analysis were performed on the calibration 

curve produced enabling determination of the equation of the line, its coefficient of 

determination and the residual sum of squares (RSS). To determine limit of detection 

(LoD) and limit of quantification (LoQ), an approach based on the standard deviation 

of the response and the slope of the representative calibration curve was employed, 

as described in Chapter 2. 

6.4.2 Fabrication of MNs prepared from aqueous blends of 20% w/w PMVE/MA 

MNs loaded with insulin 

Insulin loaded MNs were prepared in a micromoulding process, as described in 

Section 3.4.2 in Chapter 3. Briefly, in the first step a 30% w/w stock solution of 

PMVEIMA was prepared using the required amount of PMVEIMAH. Next, MN s 

made of aqueous blends of 20% w/w PMVE/MA encapsulating insulin were 

prepared. The stock solution was diluted with the appropriate amount of 0.01 M HCI 

in which the amount of insulin necessary to obtain 5.0 mg loading per MN device, 

was dissolved. Laser-engineered moulds were filled with the polymer mixture and 

were then centrifuged at 3000 rpm for 15 min to guarantee that the MN mould 

cavities were filled and that no air bubbles were present. The polymeric MNs were 
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left to dry, and after 24 h, were manually released from the moulds. Each MN array 

was composed of 361 (19x 19) needles perpendicular to the base. The MN s were of 

conical shape, 600 !lm high with base width of 300 !lm and 50 !lm interspacing. 

6.4.3 Measurement of MN mechanical strength 

The mechanical strength of 5.0 mg insulin loaded MNs prepared from aqueous 

blends of 20% w/w PMVE/MA was assessed using the method reported in section 

3.4.4 in Chapter 3. Briefly, an axial compression load was applied to the MN arrays 

to deduce the changes that occur in the structure of the MNs. MN arrays were 

attached to the moving testing probe of Texture Analyser using double-sided 

adhesive tape. The test station pressed MN arrays against a flat block of aluminium 

with a force of 0.36 NIMN for 30 s. Before and after fracture testing, all MNs of each 

array were examined by the digital microscope to determine the impact of the force 

applied and an image that was representative was recorded. The height of the MNs 

after testing was measured using the ruler function of the microscope software so that 

the percentage change in the MN height could be calculated. 

6.4.4 Analysis of insulin content after incorporation into MNs. 

For the evaluation of the total insulin content in MNs prepared from aqueous blends 

of 20% w/w PMVEIMA, arrays were dissolved in 0.1 M Tris buffer pH 10 and the 

obtained solutions were analysed using HPLC method as described in section 6.4.1. 

6.4.5 Fabrication of hydrogel MNs prepared from aqueous blends containing 15% 

w/w PMVE/MA and 7.5% w/w PEG10, 000 

Hydrogel PMVE/MA:PEG10,000 MNs were prepared as described in section 3.4.3 

in Chapter 3. In brief, aqueous blends of 15% w/w PMVE/MA and 7.5% w/w PEG 

10,000 were poured into a silicone mould and centrifuged for 15 min at 3000 rpm to 

fill the microneedle mould cavities with the gel. After centrifugation, hydrogel 

microneedles were dried at room temperature for 48 hours, followed by the heat 
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treatment of 24 hours at 80°C in the oven to induce cross linking between PEG and 

PMVE/MA. Upon cooling, MNs were manually released from the mould. Each MN 

array was composed of 361 (19x19) needles perpendicular to the base. The MNs 

were of conical shape, 600 /-Lm high with base width of 300 /-Lm and 50 /-Lm 

interspacmg. 

6.4.6 Preparation of insulin loaded adhesive transdermal patches 

Adhesive patches containing insulin were prepared using a casting method, from 

aqueous blends containing 10% w/w PMVE/MA and 5% w/w tripropyleneglycol 

methyl ether (TPM). The required amount of insulin to produce patches with loading 

of 5 mg! cm
2 

was dissolved in the appropriate amount of 0.01 M HCI necessary to 

dilute 30% PMVEIMA stock solution to 10% PMVE/MA. Next, the required amount 

of TPM was added. An aliquot (2.7 g) of the gel containing insulin was cast into the 

mould of 30 mm x 30 mm dimensions and was left to dry for 48 h in order to form 

adhesive patches. The insulin content in prepared patches was analysed in an 

analogous way to content analysis of dissolvable MN arrays as described in section 

6.4.3. 

6.4.7 In vitro insulin permeation studies of across dermatomed neonatal porcine skin 

(350 flm thick). 

In vitro insulin delivery experiments were performed using the Franz cell apparatus 

as described in section 5.4.4 in Chapter 5. Briefly, neonatal porcine skin was 

obtained from stillborn piglets and immediately «24 hours after birth) excised, and 

trimmed to a thickness of 350 /-Lm using an electric dermatome. Skin was then stored 

in aluminium foil at -20°C until further use. Neonatal porcine skin samples were 

shaved carefully so as not to damage the skin and pre-equilibrated in phosphate 

buffered saline pH 7.4 (PBS) for one hour before beginning the experiments. A 

circular specimen of the skin was secured to the donor compartment of the diffusion 

cell using cynoacrylate glue with the stratum corneum side facing the donor 

compartment. This was then placed on top of dental wax, to give the skin support, 

and MN arrays inserted into the centre of the skin section, using a spring activated 

applicator at a force of 11.0 N per array. For evaluation of insulin-loaded soluble 
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PMVE/MA MN arrays, a circular steel weight (diameter 11.0 mm, 3.5 g mass) was 

then placed on top of the MN array. Furthermore, a non-adhesive putty material 

(BluTac®) was placed on top of the weight, and a piece of laboratory film 

(Parafilm®) placed over the Franz cell lid. With MN arrays in place, donor 

compartments were mounted onto the receptor compartments of the Franz cells. For 

evaluation of hydrogel forming MN arrays, following MN application, a lcm2 

section of insulin loaded adhesive patch (as described in section 6.4.6) was attached 

to the base of the MN array. Once again, a circular steel weight (diameter 11.0 mm, 

3.5 g mass) was then placed on top of the MN array. Furthermore, a non-adhesive 

putty material (BluTac®) was placed on top of the weight, and a piece of laboratory 

film (Parafilm ®) placed over the Franz cell lid prior to mounting onto the receptor 

compartment of the Franz cells. For studies involving the application of an electric 

current, a silver wire (acting as the anode; 1.0 mm diameter x 70 mm, Sigma Aldrich, 

Steinheim, Germany) was placed on top of the MN array base I insulin loaded 

adhesive patch, with a silver-silver chloride electrode (acting as the cathode; silver

silver chloride segment 0.8 mm diameter x 8mm length, total wire length 70 mm, In 

Vivo Metric, Healdsburg, CA, USA) placed into receiver medium via the side arm of 

the Franz cell. A commercially available power supply (Phoresor II, Iomed, Lake 

City, FL, USA) was used to deliver a current of 0.5 mA for a 6 h period. At 

predetermined time intervals, a 300 III sample was collected via the side arm of the 

Franz cell and the receiver compartment immediately replenished with an equivalent 

volume of release medium. All samples were analysed using the developed RP

HPLC gradient method, as described in section 6.4.1. 

In all sets of experiments, a release medium 0.1 M Tris pH 10, degassed by vacuum 

filtration, was used to ensure stability of insulin during the course of Franz cell 

investigations (Migalska et a!., 2011). 

6.4.8 In vivo evaluation. 

Prior to experimentation all animals were acclimatised to laboratory conditions for a 

7 day period. All animal experiments throughout this study were conducted 

according to the policy of the federation of European Laboratory Animal Science 
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Associations and the European Convention for the protection of vertebrate animals 

used for experimental and other scientific purposes, with implementation of the 

principles of the 3R's (replacement, reduction, refinement). 

Diabetes was induced in male Sprague-Dawley rats, weighing 264 ± 13 g, by 

a single intraperitoneal injection of streptozotocin (65 mglkg) in 0.1 M citrate buffer 

pH 4.6. Two to four days after injection, blood glucose levels (BGL) were 

determined using a commercial glucometer (Accu-Check® Aviva, Roche Ltd., 

Mannheim, Germany) to ensure that diabetes had been induced. Animals with BGL 

above 20 mmolll (360 mg/dl) were considered diabetic and were included in the 

study. To prevent fur from interfering with dermal contact of the patch, animals were 

anesthetized using gas anaesthesia (2-4% isoflurane in oxygen) 24 h before 

experimentation and the hair was removed with an animal hair clipper. Additionally, 

depilatory cream (Boots Expert®, The Boots Company PLC, Nottingham, U.K.) was 

used to remove any residual hair. Prior to the experiments animals were fasted for 12 

h with free access to water. Animals were fasted for a further 12 h throughout the 

experiment. Positive controls were performed by injecting subcutaneously bovine 

insulin solution in PBS pH 7.4 at a dose of 0.2 IU per animal. Hydrogel forming MN 

arrays (composed of 361 (19x 19) needles perpendicular to the base. The MN s were 

of conical shape, 600 J..lm high with base width of 300 J..lm and 50 J..lm interspacing) 

and were manually inserted into the skin at a site on the rat's back. In order to keep 

the MN array in place for a 12 h period and provide occlusion of the administration 

site, a silicone sheet was applied on top of the MN baseplates. The silicone sheet was 

prepared as described in section 3.4.1 in Chapter 3. To prevent animals from 

removing the applied patch, restraining measures were necessary. Patches were 

secured to the skin with elasticated adhesive support tape (Medicare) wrapped 

around the rat's body. 

After application of MN arrays, blood samples were collected at different 

time points over a 12 h period by lateral tail vein prick and BGL were measured 

using a glucometer. As a negative control insulin loaded adhesive PMVE/MA:TPM 

patches were used. In addition, in order to evaluate the biological activity of insulin 

encapsulated in adhesive patch, insulin extracted from these devices was 

subcutaneously injected at a theoretical dose of 0.2 IU per animal into diabetic rats. 
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For studies involving the application of an electric current, following the application 

of the MN array and/or insulin loaded adhesive patch, a circular PVC ring (diameter 

2.0 cm) was secured onto the rats back at the site of MN and/or patch application, 

using cyanoacrylate glue. A silver wire anode was then placed on top of the MN or 

patch, and held in place using a layer of double sided sticky tape, and an additional 

layer of micro porous tape. A second PVC ring (diameter 2.0 cm) was then secured at 

an adjacent site, approximately 2 cm away from the site of MN application. 1 ml of 

phosphate buffered saline (PBS pH 7.4) was then placed into the centre of this PVC 

ring and a silver-silver chloride electrode attached to the skin site using microporous 

tape. A commercially available power supply (Phoresor II, lomed, Lake City, FL, 

USA) was used to deliver a current of 0.5 mA for a 2 h period, after which the MN 

and/or adhesive insulin patch was removed. 

Blood glucose levels were expressed as the percentage of initial blood 

glucose levels and calculated values were plotted against time to obtain blood 

glucose level-time profiles. Cmax denoting maximum % decrease in blood glucose 

levels was calculated by subtracting the lowest % blood glucose level from 100, as 

described elsewhere (Sadhale and Shah, 1999). T max denoting time required to 

achieve Cmax was also reported (Sadhale and Shah, 1999). 

6.4.9 Optical coherence tomography. 

In order to assess the depth of MN penetration into rat skin following manual 

application, a recently sacrificed Sprague Dawley male rat (the hair of which had 

previously been shaved from the back and abdominal regions) was obtained. A 

hydrogel forming MN array was then inserted into the skin at a site on the back of 

the animal using the same manual application technique employed during in vivo 

investigations. aCT (VivoSight® high-resolution OCT scanner with handheld probe, 

Michelson Diagnostics Ltd. , Kent, UK) was then used to visualise MN penetration in 

situ, as described previously in section 4.4.3 of Chapter 4. This process was repeated 

for a total of five separate MN arrays, and in each case the penetration characteristics 

of five individual MNs on an array was determined. In an additional experiment, a 

hydrogel MN array was inserted into the rat skin for a period of 1 h, with and without 
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the application of an anodal electric current (0.5 mA), after which OCT was used to 

visualise the changes in MN dimensions. 2D images were analysed using the 

imaging software ImageJ®. The scale of the image files obtained was 1.0 pixel = 4.2 

~m, thus allowing accurate measurements of the depth of MN penetration, the width 

of pore created, and the distance between the MN base plate and the stratum 

corneum. To allow differentiation between MN and skin layers false colours were 

applied using Ability Photopaint® Version 4.14. 

6.4.10 Statistical analysis 

Where appropriate, data was analysed usmg a one way analysis of vanance 

(ANOV A), with post- hoc comparisons. In all cases, p < 0.05 denoted significance. 

Statistical Package for the Social Sciences, SPSS 18.0 version 2.0 (SPSS, Inc., 

Chicago, IL), was used for all analyses. 

6.5 Results 

The developed RP-HPLC gradient method (consisting of ACN and 0.1 % v/v 

IF A aqueous solution with the gradient protocol shown in Table 6.1) resulted in an 

insulin peak at approximately 5 minutes. Figure 6.1A illustrates representative 

chromatogram following injection of a 20 III aliquot of 10 Ilg/ml insulin solution in 

0.01 M HC!. This peak, was found to correspond to the insulin mono mer since, as 

shown in Figure 6.1 B this peak was absent from a chromatogram produced by an 

injection of a blank 0.01 M HCl solution. 

Table 6.1 Mobile phase gradient composition employed for detection of insulin. 

Time Mobile phase A Mobile phase B Flow rate 

(min) (%) (%) (mllmin) 

0 75 25 0.6 

5 65 35 0.6 

8 65 35 0.6 

8.1 75 25 0.6 

15 75 25 0.6 
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Figure 6.1 Representative chromatogram of(A)10 Ilg/ml insulin standard solution in 0.01 M HCI, (B) 
blank 0.0 I M HCI solution. 

As can be seen in Figure 6.1A, the insulin peak was symmetrical and well 

resolved from the solvent front, with an elution time of around 5 minutes, facilitating 

a short analysis time of 15 min. Next, in order to verify if the procedure was capable 

of providing data of acceptable quality, the reproducibility of the retention time and 
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peak area was determined. For intra-day reproducibility, 5 consecutive injections of 

insulin standard solution on the same day were performed, whereas inter-day 

reproducibility was assessed by analyzing 5 consecutive injections of insulin 

standard solution each day on three different days. The results from investigations 

into insulin retention time and peak area reproducibility are presented in Table 6.2 

and Table 6.3 , respectively. 

Table 6.2 Intra-day and inter-day insulin retention time reproducibility. 

Retention time R t max Rt min Average Rt SD CV 

(Rt) (min) (min) (min) (min) (%) 

reproducibility 

n=5 

Intra-day 5. J 51 5.137 5.144 0.006 0.117 

n = 15 

Inter-day 5.181 5.131 5.155 0.015 0.289 

As can be appreciated from Table 6.2, 5 consecutive injections of insulin 

standard solution resulted in mean value of 5.14 minutes for the retention time, with 

a standard deviation of 0.006. Insulin retention time varied from 5.14 to 5.15 min. 

The %CV of insulin retention time was found to be 0.13%, which is below the 1 % 

recommended change in the retention time (Ph. Int. 2008). Investigations into inter 

day variability by injecting insulin solution on three different days revealed that 

retention time shifted from 5.13 to 5.18 min. The average retention time of 5.16 min 

with a standard deviation of 0.015 was obtained being the % CV of 0.29%, which is 

in excellent agreement with specified limits. 
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Table 6.3 Intra-day and inter-day insulin peak area reproducibility. 

Peak area Peak area Peak area Average peak SD CV 

reproducibility max Min area (%) 

n=5 

Intra-day 1123 .99 1118.37 1121.70 2.67 0.24 

n = 15 

Inter-day 1126.88 1082.10 1108.28 15.07 1.36 

Intra-day peak area reproducibility examination revealed that 5 consecutive 

injections of insulin standard solution resulted in an average peak area of 1121.70 

with standard deviation of 2.67. According to The International Pharmacopeia 2008, 

the %CV of the peak area for a series of injections of standard solution should not 

exceed 2% (Ph. Int. 2008). In the present study %CV was found to be 0.24% for 

intra-day peak area reproducibility, as presented in Table 6.3 , which is within 

specified limits. Investigation of the reproducibility of the peak area between days 

showed that %CV was 1.36% which is below acceptable 2% change. 

Based on the aforementioned findings, it was concluded that the developed 

chromatographic procedure was capable of providing good quality data and the 

HPLC system's performance was adequate for the analysis to be performed. 

Figure 6.2 shows the representative calibration curve of insulin, whereas 

Table 6.4 presents calibration curve properties together with the LaD and LoQ of 

insulin for this method. 
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Figure 6.2 Representative calibration curve of insulin (Means ± SD, n = 9). 

Table 6.4 Calibration curve properties of insulin as determined by linear regression and correlation 

analysis and LaD and LoQ. 

Slope y-Intercept RSS LoD (Ilg/ml) LoQ (Ilg/ml) 

280.03 - 88.26 0.9986 59624.43 0.77 2.33 

The relationship between peak area and concentration was found to be linear 

within the concentration range investigated, which was from 1 /lg/ml to 25 /lg/m1. As 

can be seen in Table 6.4, the r2 value of 0.9986 indicated that there was a good 

correlation between peak area and drug concentration within the concentration range 

studied. The limits of detection and quantification for insulin, as determined from the 

calibration curve, were 0.77 /lg/ml and 2.33 /lg/ml, respectively. Moslemi et al. 

(2003) developed a rapid RP-HPLC method which produced linear response in 

insulin concentration range from 10 to 100 /lg/ml (r2 = 0.9997 0, with LaD and LoQ 

values of 0.25 /lg/ml and 0.75 /lg/ml, respectively, which were approximately 3 folds 

lower than those obtained in the present study. Similarly, Oliva et al. (2000) reported 

a reliable RP-HPLC method for determination of insulin which was found to produce 

linear relationship between insulin peak area and concentration in the range of 2 

/lglml and 8 /lg/ml (r2 = 0.9990). The LaD was reported to be 0.3 /lg/ml and the LoQ 

was found to be 0.9 /lg/ml , which was approximately 2.5 folds lower in comparison 
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to the values in the present study. Although, the sensitivity of the assay developed in 

the current work was slightly lower in comparison to other methods described in the 

literature, it proved to be sufficient for routine drug release experiments as described 

in within this chapter. 

Table 6.5 details the results obtained from investigations into accuracy and 

precision: repeatability and intermediate precision of HPLC determination of insulin. 

Table 6.5 Assay variability for determination of insulin by HPLC. 

Selected Concentration 

(J.!g/ml) 

Repeatability 

10 

15 

20 

Intermediate precision 

10 

15 

20 

Mean 

Concentration 

Found (J.!g/ml) 

9.70 

15 .00 

20.34 

9.68 

15.58 

20 .84 

SD 

0.23 

0.44 

0.31 

0.26 

0.32 

0.22 

CV(%) Accuracy (%) 

n = 4 

2.36 97.03 

2.96 100.00 

1.52 101.68 

n=3 

2.73 96.84 

2.04 103.85 

1.04 104.l8 

The developed HPLC assay for determination of insulin was found to be 

reproducible, as shown in Table 6.5, with a %CV between 1.5% and 3.0% for 

repeatability. Intermediate precision ranged from 1.0% and 2.7%. Levels of accuracy 

were between 97.0% and 101.7% for repeatability and also between 96.8% and 

104.2% for intermediate precision. 

It was found that incorpor.ation of insulin into the PMVE/MA matrix had no 

effect upon the mechanical strength of the formed MN array. It can be seen from 
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Figure 6.3 that, following application of an axial force of 0.36 N per MN, the % 

reduction in MN height for non-drug loaded PMVE/MA MNs was 19.54 ± 2.89%, 

whilst that for the insulin loaded PMVE/MA MNs was 19.97 ± 1.91 % (p =0.873). 
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Figure 6.3 % Reduction in MN height following application of a compression force of 0.36 N per 

MN. Means + SD, n = 5. 

Insulin content in the MN arrays was analysed by the developed RP-HPLC method. 

Table 6.6 presents the results obtained during insulin content analysis by RP-HPLC. 

Table 6.6 Determination of insulin content in MN arrays at different time points by the RP-HPLC 

method (Means ± SD, n = 5)_ 

Recovery 

Insulin Amount o days 7 days 28 days 

mg 4 .68 ± 0.06 4.69 ± 0.04 4.63 ± 0.07 

0/0 93.53 ± 1.26 93.97 ± 0.87 92.56 ± 1.36 

Content analysis revealed that 93.5% of insulin incorporated at a theoretical 

amount of 5.0 mg per array was recovered from MNs dried for 24 h at room 

temperature (0 days). Statistical analysis showed that there was no significant 

difference between content of 5.0 mg insulin loaded MN arrays after 7 and 28 days 

of storage at room temperature, in comparison to the insulin amount recovered at 0 

days (p = 0.960 and p = 0.823, respectively). Figure 6.4 presents a representative 
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chromatogram of insulin released from the 20% w/w PMVE/MA matrix upon 

dissolution. The retention time of insulin released from polymeric MNs did not differ 

from the retention time of freshly prepared insulin standard solution, which indicated 

that no insulin degradation or aggregation products were formed (Taluja and Bae, 

2007, Reis et al., 2007). 
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Figure 6.4 Chromatogram obtained from the analysis of insulin released from MNs prepared from 

aqueous blends of20% w/w PMVEIMA and loaded with 5.0 mg insulin after dissolution ofMNs and 

further dilution to the concentration of 10 ~g/ml in 0.1 M Tris-HCl pH 10. 

Adhesive patches containing insulin were fabricated from aqueous blends 

containing 10% w/w PMVE/MA and 5% w/w TPM. Table 6.7 presents results from 

insulin content analysis by RP-HPLC. Investigation of insulin recovery from the 

patches revealed that approximately 30% of insulin was lost during the 

manufacturing process. 
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Table 6.7 Determination of insulin content in adhesive patches at different time points by the RP
HPLC method (Means ± SD, n = 4). 

Insulin loading 

(mg/cm2) 

5.00 mg 

Recovery 

o day 

3.63 ± 0.31 

69.89 ± 5.95 

28 days 

3.36 ± 0.06 

67.16 ± 1.26 

As can be appreciated from Table 6.7, the mean percentage recovery of insulin from 

the patches loaded at 5 mg/cm2 was approximately 69.9% after 48 h drying at room 

temperature (0 days) . Statistical analysis revealed that the amount of insulin 

recovered was significantly different from the theoretical value of 5 mg/cm2 (p = 

0.003), which could be an indication of potential interaction between insulin and the 

components of the patch. Storage of insulin loaded patches at 4°C over 28 days did 

not have any further negative influence on insulin content. Statistical analysis 

showed that there was no significant difference between the amount of insulin in 5 

mg/cm2 loaded patches after 28 days of storage at 4°C in comparison to the insulin 

amount recovered at 0 day (p = 0.059). 

Figure 6.5 illustrates the permeation profiles of insulin released from MNs 

prepared from aqueous blends of 20% w/w PMVEIMA across dermatomed neonatal 

porcine skin (350 /lm thick), and adhesive patches containing 5mg insulin per cm
2

. 
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Figure 6.5 in vitro release of insulin from MNs prepared from aqueous blends of 20% w/w 

PMVEIMA across derrnatomed neonatal porcine skin (Means ± SD, n = 5). 

As can be appreciated from Figure 6.5, insulin did not permeate across neonatal 

porcine skin when a bioadhesive patch formulation was tested. However, when 5 mg 

insulin loaded MN arrays were used, insulin delivery was significantly increased in 

comparison to the negative control after 24 h of the investigation (p < 0.001). The 

study revealed that insulin release from the MN matrix showed a burst effect within 

the first 15 - 30 min of the experiment. However, the initial burst effect was not 

followed by a significant further increase in the amount of insulin delivered during 

the remaining of the study. The cumulative amount of insulin delivered across 

neonatal porcine skin after 24 h from 5.0 mg loaded MN arrays was approximately 

226 /lg, which accounted for 4.52% of the actual loading of insulin per MN device. 

Based on theoretical calculations, it was approximated that insulin encapsulated 

within needles only, constitutes approximately 5% of the total theoretical loading in 

the whole array. Therefore, in vitro permeation experiments across skin indicated 

that, most probably, only insulin present in the needles, and not that encapsulated 

within MN base-plates, was delivered. 

Figure 6.6 illustrates the permeation profile following either anodal or 

cathodal iontophoresis, at a current strength of 0.5 mA and current duration of 6 h, of 
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insulin from an adhesive patch formulation (5 mg/cm2 theoretical loading). It was 

found that detectable amounts of insulin were not delivered until 1 h after the 

application of an electric current for both anodal and cathodal iontophoretic 

protocols. It was noted that the amount of insulin delivered across neonatal porcine 

skin was dependent upon the iontophoretic protocol employed. In particular, after a 6 

h period (when current application was stopped) the amount of insulin delivered was 

found to be 150.25 ± 16.87 f.!g for anodal iontophoresis, whilst the amount of insulin 

delivered foHowing cathodal iontophoresis was only 80.45 ± 8.52 f.!g (p < 0.001). 

The cumulative amount of insulin delivered after a 24 h period was found to be 

216.24 ± 18.52 f.!g, and 107.88 ± 11.37 f.!g (p < 0.001) for anodal and cathodal 

iontophoretic protocols, respectively. 
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Figure 6.6 In vitro release of insulin across dermatomed neonatal porcine skin (350 f..lm thick) 

following the application of an electric current of 0_5 mA for a period of 6 h to an insulin loaded 

(5mg/cm2) adhesive patch . (Means ± SD, n=5) 

Figure 6.7 illustrates the permeation profile of insulin released across neonatal 

porcine skin following the combination of insulin loaded soluble PMVE/MA MN 

arrays with anodal iontophoresis. It was found that the combination of anodal ITP 
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and MN s led to the greatest enhancement in insulin permeation, in comparison to 

either MN (p < 0.001) or ITP (p < 0.001) alone. In particular, the cumulative amount 

of insulin permeated across neonatal porcine skin at 6 h was found to be 226.99 ± 

15.25, 150.25 ± 16.87, and 462.38 ± 23.01 /lg for MN, ITP and MN+lTP delivery 

strategies, respectively (Table 6.8). This equates to 4.84 ± 0.33% of available insulin 

being delivered through the use of the soluble PMVE/MA MN array, 3.21 ± 0.36% 

through the use of anodal iontophoresis, whilst the combination of anodal 

iontophoresis and a soluble MN array delivered 9.88 ± 0.49%. 
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Figure 6.7 In vitro release of insulin across dermatomed neonatal porcine skin (350 ).1) following the 

combination of an electric current of 0.5mA for a period of 6 h with MN application (MN+ITP), or 

the use of current (ITP) or soluble PMVEIMA MN alone. (Means ± SD, n = 5) 
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Table 6.8 Cumulative amount of insulin delivered across neonatal porcine skin after 6 h for each 

delivery system, using the soluble MN array design, employed. (Means ± SD, n = 5). 

Cumulative amount of insulin delivered after 6 h 

Delivery system fig % of total insulin available 

Soluble MN 226 .99 ± 15.25 4.84 ± 0.33 

Patch/ITP 150.25 ± 16.87 3.21 ± 0.36 

Soluble MN+ITP 462.38 ± 23.01 9.88 ± 0.49 

Figure 6.8 illustrates the permeation profile of insulin obtained from an insulin 

loaded adhesive patch across dermatomed neonatal porcine skin through the use of 

hydrogel forming MN arrays, anodal iontophoresis, and the combination of hydrogel 

forming MN arrays with anodal iontophoresis. Unlike the use of the insulin loaded 

soluble MN arrays described above, it was found that the attachment of an insulin 

reservoir patch to a hydrogel forming MN array enabled sustained transdermal 

delivery over a 24 h period. Whilst detectable amounts of insulin did not permeate 

until 1 h after the application of hydrogel forming MN arrays, the total cumulative 

amount of insulin permeating after 24 h was found to be approximately 1267 !lm, 

which is significantly greater than the 226 !lg (p < 0.001) delivered over a 24 h 

period by the soluble PMVE/MA MN system. It was found that the combination of 

hydrogel MN array and anodal ITP led to a synergistic enhancement in the rate and 

extent of insulin permeation across the skin (p < 0.001). For example, following 

termination of the electric current after a 6 h period, the cumulative amount of insulin 

delivered was found to be 150.25 ± 16.87,423 .98 ± 38.75, and 1115.10 ± 78.82 !lm 

for ITP alone, MN alone, and the combination ofMN+ITP, respectively (Table 6.9). 
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Figure 6.8 In vitro release of insulin across derrnatomed neonatal porcine skin (350 11) following the 

combination of an electric current of 0.5mA for a period of 6 h with a hydrogel MN/drug patch device 

(MN+ITP), or the use of current (lTP) or hydrogel forming MN/drug patch device alone. (Means ± 

SO, n = 5) 

Table 6.9 Cumulative amount of insulin delivered across neonatal porcine skin after 6 h for each 

delivery system, using the hydrogel forming MN design, employed. (Means ± SD, n = 5). 

Cumulative amount of insulin delivered after 6 h 

Delivery system I:lg % of total insulin available 

Hydrogel MN 423 .97 ± 38.75 11.68 ± 1.09 

Patch/ITP 150.25 ± 16.87 3.21 ± 0.36 

Hydrogel MN+lTP 1115.10 ± 78.82 30.72 ± 1.94 

On the basis of the in vitro drug release results, it was determined that the 

hydrogel MN array device appears to be the most suitable system for further 

evaluation of its performance in vivo. This is due to the fact that the hydrogel 

forming MN array system proved to be capable of enabling the sustained delivery of 

insulin over a 24 h period, the rate and extent of which could be greatly accelerated 

through the application of an electric current. At the initiation of the in vivo 
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experiments, careful thought and consideration was given to determine the most 

effective strategy for the application and adherence of MN arrays. Firstly, to ensure 

that coarse hair did not interfere with MN penetration and adherence to the skin, 

animals were shaved using an electric hair clipper 24 h prior to MN application. 

Furthermore, depilatory cream was applied to the skin for a period of no more than I 

minute to remove any residual hair, thus leaving a flat clean skin surface (Figure 

6.9). 

A 

Figure 6.9 Digital images highlighting CA) rat before shaving, (8) application of depilatory cream 

following hair trimming with electric clipper, and (C) clean, nat skin surface. 

Secondly, it was decided that the best site for the application of hydrogel forming 

MN arrays may be on the animals back, just off from the spinal region (Figure 6.10). 

The reasons for this were two - fold, firstly it would be more difficult for the animal 

to scratch the MNs off this area, and also to ensure that pulsating of the abdominal 

cavity could not potentially cause MN to detach from the skin during the course of 

the experiment. 
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Figure 6.10 Digital images highlighting the application CA) and positioning (8) of a MN array on a rat 

in vivo . 

An advantage of applying the MN to the skin prior to the application of any drug 

patch and/or backing layer meant that it was possible to visually determine, at the 

point of application, whether all the MNs on an array had penetrated. It was noticed 

that there was a "colour change" when a MN had successfully penetrated, such that 

you could almost "see down through" the MN channel (Figure 6.11). This 

observation enabled the ability to manually adjust the application of the MN to 

ensure that all MNs on an array had penetrated into the skin prior to the addition of 

the drug loaded adhesive patch (Figure 6.12). The reason that MN arrays were 

manually applied to the animals in vivo, was due to the fact that the spring activated 

applicator was developed for specific use with in vitro Franz cell experimental 

designs. As such, it was not known if such a high impact insertion method would 

result in any damage to the ribs/abdomen of small animals. 

Darkened area 
highlighting MN 
penetration into 
skin 

Clear area 
highlighting MN 
did not penetrate 
into skin 

Figure 6.1 I Digital image highlighting visualisation of MN penetration following MN application to a 

rat ill vivo. 
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Figure 6.12 Digital image of MN array with attached drug loaded patch, with visible MN penetration, 

following application to a rat in vivo. 

Following application of the drug loaded patch to the MN array, an occlusive 

backing layer was adhered around the skin area using cyanoacrylate glue (Figure 

6.13). This was done to prevent moisture loss from the MN/drug patch, and also to 

act as a protective barrier to prevent the animals from removing the device during the 

course of the investigations. 

Figure 6.13 Digital image of the occlusive backing layer secured to the rat. 

Finally, consideration was given to what would be the best restraining measures to 

put in place to prevent the animals from removing the occlusive backing layer and 

MN / drug patch. Previously, other investigators within the group had applied a 

tubigrip dressing around the animal and placed an Elizabethan collar around the 

animals neck (Figure 6.14). 
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Figure 6.14 Digital image showing a rat restrained using a tubigrip bandage dressing and Elizabethan 

collar. 

Whilst observing these studies it was noticed that these restraining measures caused a 

degree of stress and anxiety within the animals, such that they would attempt to 

tamper with and remove the dressing. Furthermore, it was noticed that the anxiety 

levels of the animals made the sampling of large blood volumes (> 50 [.Ll) somewhat 

difficult, due to reduced blood flow. As such, it was decided that a more minimally 

restraining technique may be advantageous. For these reasons, an elasticated 

adhesive support bandage was placed around the area of MN application (Figure 

6.15). It was found that in adopting this method the animals were much more 

relaxed, and did not attempt to tamper with or remove the MN device at all over a 

24-48h period. In addition, the reduced anxiety levels of the animals made the 

process of obtaining blood samples much more efficient. 
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Figure 6.15 Digilal image showing the method employed to keep MN devices in place over the 

duralion of investigations. 

For in vivo studies involving iontophoretic protocols such restraining measures are 

not possible due to attachment of wire electrodes. Furthermore, given the fact that 

this was the first time iontophoretic studies had been carried on animals within the 

facility, it was necessary to consult with the local animal ethical committee. 

Following these consultations it was decided that the animals could be kept 

anaesthetised for a period up to 2 h via the inhalation of an isofluorane/oxygen 

mixture, during which time electrodes could be secured onto the skin of the animal 

and a current of O.5mA applied. Figure 6.16 shows the set up employed for the in 

vivo iontophoretic studies. 

Figure 6. 16 Digital image showing the attachment of electrodes in vivo. 

In vivo investiaations beaan with a series of control experiments. The first 
I::> I::> 

experimental protocol involved assessment of the effect of fasting on BGL level in 

diabetic rats. [n all experiments, animals were fasted for l2 h prior to and 12 h during 
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the experimentation. Therefore, to ensure that a 24 h fasting period did not lead to 

hypoglycaemia, which could mask the hypoglycaemic effect of the tested 

formulations, BGL were monitored in un-restrained rats fasted for 12 h before the 

start of monitoring. The second experimental protocol was focused on evaluation of 

the effect of anaesthesia and restraining mechanisms on BGL. Figure 6.17 shows the 

results obtained during control experiments. It was observed that that BGL remained 

relatively constant over the 12 h of the study. 
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Figure 6.17 Blood glucose levels as a percentage of the initial value in un-restrained rats (Mean ± SD, 

n = 3) and in restrained rats (Means ± SD, n = 3). 

Adhesive patches loaded with 5 mg/cm2 of insulin were dissolved in O.OIM 

HCI and further diluted to the concentration of 0.2 IU/ml (7.4 Ilg/ml) in PBS pH 7.4 

and 1 ml of the obtained solutions was subcutaneously administered to rats. Figure 

6.18 shows the hypoglycaemic effect induced by subcutaneous administration of 

dissolved patches in comparison to subcutaneous administration of freshly prepared 

0.2 IU/ml insulin solution. 
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Figure 6.18 Blood glucose levels as a percentage of the initial value in rats after subcutaneous 

administration of 1 ml of 0.2 IU/ml solution obtained by dissolving 5 mg/cm2 insulin loaded patch 

(Means ± SD, n = 3), freshly prepared 0.2 TU/ml insulin solution (Means ± SD, n = 3). 

The results showed that administration of insulin released from insulin loaded 

adhesive patches resulted in a hypoglycaemic effect. Table 6.1 0 presents the 

pharmacodynamic parameters: Cmax and T max of insulin recovered from PMVE/MA -

TPM patches and subcutaneously administered to diabetic rats and for comparison 

the same parameters of freshly prepared insulin solution. In the rats that received 

insulin solutions recovered from the patches, a maximum reduction in BOL by 

approximately 75% was observed after 3.3 h from the injection and BOL returned to 

the baseline after approximately 12 h. Statistical analysis revealed that there was no 

significant difference in the mean Cmax values induced by administration of insulin 

released from insulin loaded patch in comparison to the Cmax produced by the 

administration of fresh insulin solution (p = 0.513). In addition, no statistically 

significant difference was observed between the T max of insulin recovered from 

insulin loaded PMVE/MA-TPM patch and subcutaneously administered to diabetic 

rats in comparison to T max of freshly prepared insulin solution (p = 0.099). 
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Table 6.10 Cmax and T max parameters of insulin recovered from PMVE/MA-TPM patches and 
subcutaneously administered to diabetic rats and Cmax and T max parameters of freshly prepared insulin 
solution administered subcutaneously. (Means ± SD, n =3) 

Formulation Cmax T max 

(dose 0.2 IV/ml) (%) (h) 
5 mg/cm2 insulin loaded 

adhesive patch 74.76 ± 13J5 3.33 ± 0.58 

fresh insulin solution 85J2 ± 1.8 2.67 ± DJ 

Figure 6.19 shows the results obtained from the in vivo studies involving the 
application of hydrogel forming MN array (with an attached insulin reservoir patch) 
alone (MN), the use of anodal iontophoresis (ITP) , and the combination of a 
hydrogel forming MN with anodal iontophoresis (lTP). It can be seen from Figure 
6.19 that the use of hydrogel forming MN arrays resulted in a relatively slow, yet 
progressive reduction in blood glucose levels (BGL), with BGL dropping to 
approximately 89% of the original BGL within 2h, and reaching approximately 36% 
of the original BGL by the end of the 12 h experimental period. Importantly, at the 
end of the 12 h experimental period all MN on an array were removed fully intact 
from the animals (Figure 6.20). The use of anodal ITP alone (applied for a 2 h 
period, after which the electrodes and insulin loaded adhesive patch were removed) 
resulted in a maximal drop in BGL to approximately 60% of the original BGL within 
6 h, with BGL returning to normal by the end of the 12 h experimental period. In 
comparison, the combination of hydrogel forming MN and anodal ITP (applied for a 
2 h period, after which the electrodes and MN/insulin patch were removed) led to a 
rapid reduction in BGL, dropping to approximately 46% of the original BGL within 
2 h and approximately 32% within 6 h, before returning to normal values by the end 

of the 12 h experimental period. 
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Figure 6.19 Blood glucose levels as a percentage of their original values following application of 

insulin from a drug loaded patch (patch), a hydrogel forming MN array with an attached insulin 

reservoir patch (MN), application of an electric current (O.5mA for 2h) in combination with an insulin 

loaded patch (ITP), or the combination of an electric current (O .5mA for 2h) with a MN array with an 

attached insulin reservoir patch (MN+ITP). (Means ± SD, n = 5). 
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Figure 6.20 Representative light microscopy images showing hydrogel MN array before CA) and after 
(8) insertion into a rat in vivo for a 12 h period. Scale bar represents a length of 300 !!m. 

Table 6.11 shows the pharmacodynamics parameters Cmax and T max obtained for each 
delivery strategy during the in vivo investigations. It was found that the combination 
of MN+ITP led to a significantly greater Cmax value (70.42 ± 1.86%) in comparison 
to that obtained for either ITP alone (39.06± 2.1O%)(P < 0.001) or MN alone (63 . 16 
± 2.82%) (p < 0.001). Furthermore, the time taken to reach this value was 
significantly reduced through the combination of MN and ITP (4 h), in comparison 
to ITP (6 h) (p < 0.001) or MN alone (12 h) (P < 0.001). 
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Table 6.11 Cmax and T max values for the different delivery strategies investigated within the diabetic rat 

model in vivo. (Means ± SD, n = 5). 

Delivery strategy Cmax (%) T max (h) 

ITP 39.06 ± 2.10 6.00 ± 0.00 

MN 63.16 ± 2.82 12.00 ± 0.00 

MN+ITP 70.42 ± 1.86 4.00 ± 0.00 

Table 6.12 shows the results obtained during an ex vivo study to evaluate the degree, 

and reproducibility of MN penetration using the manual application technique 

employed during the in vivo investigations. The depth of MN penetration achieved 

following manual application was found to be approximately 430 !lm, creating a pore 

within the stratum corneum of approximately 225 !lm, and a clear gap evident 

between the skin surface and the MN base plate of approximately 166 !lm (Figure 

6.21). 

Table 6.12 OCT assessment of MN penetration following manual application to rats ex vivo. (Means ± 

SD, n = 25). 

MN Penetration Depth (/.lm) Pore Width (gm) Base plate / se distance (gm) 

429.66 ± 6.37 224.08 ± 4.62 166.36 ± 5.88 
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Figure 6.21 Representative aCT image showing the penelration of a MN array into rat skin following 

manual application ex vivo . Scale bar represents a length of 300 flm. 

In an additional ex vivo experiment, OCT analysis revealed that the application of an 

electric current leads to a dramatic increase in the swelling of the hydrogel forming 

MN array. It can be seen in Table 6.13 that 1 h after MN insertion into rat skin that 

the MN height increases from approximately 610 to 650 [!m, whilst the MN base 

width increases from approximately 307 [!m to 360 [!m. However, following the 

application of an electric current for 1 h, the MN height increased to approximately 

1076 [!m (p < 0.001), and the MN base width to approximately 802 [!m (p < 0.001) 

(Figure 6.22). 

258 



-

Chapler 6 - Transdermal delivery of insulin: in vilro and in vivo 

Table 6.13 OCT assessment of changes in MN dimensions following insertion into ral skin for a 

period of I h ex vivo (Mean ± SD, n = 15) . 

Before skin insertion L h after insertion 

MN base width MN base width 

Strategy MN height (/J.m) (/J.m) MN height (/J.m) (/J.m) 

MN 609 .24 ± 10.21 307 .54 ± 6.37 647.70 ± 13.38 360.83 ± 10.90 

MN+ITP 612.06 ± 9 .54 302.76 ± 5.82 1076.27 + 26.24 802.58 + 40.71 

Figure 6.22 Representative OCT image of a hydrogel MN array following insertion into a ral ex vivo 

and application of an eleclric current (0.5 mA) for a period of I h. Scale bar represents a length of 300 

!lm. 
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6.6 Discussion 

The present study aimed at establishing the efficacy of polymeric MNs for the 

percutaneous delivery of peptides/proteins, with particular emphasis placed upon 

developing the most suitable polymeric MN system capable of providing both the 

sustained delivery of insulin (i.e. to meet a patients basal insulin requirements) and 

electrically facilitated pulsatile release for on-demand enhancement in insulin 

delivery. Insulin was chosen as a model therapeutic protein due to its clinical 

relevance. Each year, 5% of all deaths globally are caused by diabetes according to 

WHO and the main treatment in Type 1 diabetes, as well as in advanced stages of 

Type 2 diabetes, still remains hypodermic injection of insulin (Owens, 2002). Due to 

the pain and discomfort associated with insulin injections as well as difficulty in 

mimicking physiological control of blood glucose levels, many attempts have been 

made to develop more convenient ways of insulin administration. 

The transdermal route has been extensively investigated as potential route for 

non-invasive insulin administration. The major challenge associated with transdermal 

insulin delivery, to date, has been lack of insulin permeation across se due to its 

hydrophilic nature and high molecular weight. Numerous of strategies have been 

described to address skin impermeability including: chemical, electrical and physical 

methods such as penetration enhancers (Chen et al., 2006; Li et al., 2008) 

iontophoresis (Langkjaer et al. , 1998; Kanikkannan et al. , 1999; Pillai et al., 2003 a; 

Pillai et al. , 2003 b) ultrasound (Smith et al., 2003; Park et al., 2007 b; Park et al., 

2008 a), MNs (Ito et al. , 2008) and drug carriers such as transfersomes (Cevc et al., 

1998) or biphasic lipid vesicles (King et al. , 2002). 

MN technology carries immense potential for transdermal delivery of 

macromolecules, the physicochemical properties of which would normally prevent 

their administration across the skin. To date, a variety of MN types have been 

employed to enhance percutaneous insulin delivery. The ability of solid metal MNs 

to increase delivery of insulin to diabetic rats was investigated by Martanto et al. 

(2004). Pretreatment of the skin with the array of 105 MNs, each measuring 1000 

~m in length, was followed by application of a liquid insulin formulation. To obtain 

a detailed view on the effects of MNs on insulin delivery rate, researchers examined 

three parameters: insulin concentration, needle insertion time and number of 
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insertions. The results indicated that solid MNs were capable of fully inserting into 

the skin of hairless rats and decreased blood glucose levels by 80%. Increased insulin 

delivery and larger reductions in blood glucose level were reported for shorter MN 

insertion times, fewer insertions and higher insulin concentration in the donor 

solution (Martanto et al. , 2004). Zhou et al. (2010) investigated percutaneous 

transport of insulin after pretreatment of the skin with microneedle roller. It was 

observed that, after 3 h from the pretreatment of the skin with microneedle roller , 

blood glucose levels in diabetic rats were reduced to approximately 40% of the initial 

level. 

Apart from solid MNs enhancing transdermal delivery of insulin, hollow 

MNs have gained considerable attention as a potential device for the maintenance of 

glycaemic control. Wang et al. (2006) described enhanced insulin delivery in vivo 

using hollow glass MN. The volume of 5 ± 1 III of insulin solution was microinjected 

over 30 min which resulted in the decrease of blood glucose by 25% from the initial 

value at the end of a 4.5-hour monitoring period after infusion. Partial needle 

retraction after insertion into rat skin increased microinfusion, leading to the drop in 

blood glucose level approximately 70% below the pre-treatment values. Nordquist et 

al. (2007) described administration of insulin to rats by means of an 'intradermal' 

patch composed of an array of 21 hollow silicon MNs and an electronically 

controlled drug dispenser. The drug stored in the dispenser was ejected through the 

hollow MNs when thermally expandable silicone material expanded into the liquid 

reservoir following supply of the voltage to the heater. Administration of insulin via 

patch for a total of 3 h to diabetic rats resulted in a decrease of blood glucose levels 

from the initial value of 19 ± 1 to 11 ± 2 mM at the end of 4 h monitoring period. 

Davis et al. (2005) demonstrated successful delivery of insulin via 16-MN array into 

diabetic hairless rats. The arrays of metal hollow MNs were inserted into the skin of 

rats and a glass chamber filled with insulin solution was adhered to the base of each 

array to serve as a drug reservoir. The passive-diffusion-driven insulin delivery 

resulted in the reduction of blood glucose levels over 4 h by 53% and remained 

constant during 4 h post-delivery period. The efficacy of hollow MNs to deliver 

insulin has also been investigated in human subjects. Gupta et al. (2009) conducted a 

study to assess the effect of hollow MN on insulin delivery in Type 1 diabetic adults 

(I-male and 1-female) in comparison to that of a catheter infusion set (9 mm). MN 
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was attached to a 3 ml syringe which was further connected to a syringe pump that 

controlled the insulin delivery rate. MN was inserted at a 90° angle into the 

abdominal skin at three different depths 1, 3.5 and 5 mm using custom-made rotator 

device. Results showed that the MN insertion depth of 1 mm within the skin led to 

rapid insulin absorption and reduction in the glucose levels in fasting subjects, 

proving effectiveness of hollow MNs in minimally-invasive transdermal delivery of 

insulin. 

Despite promising results from the experiments involving use of solid or 

hollow MNs to increase transdermal passage of insulin, well-known disadvantages 

associated with metal and silicon MNs can be an obstacle in introducing them to the 

market. Therefore, polymers have been proposed as an alternative material for 

fabrication of MN arrays. Ito et al. (2006 a) studied the feasibility of MNs prepared 

from thread-forming biopolymer (dextrin), called self-dissolving micropiles (SDMP), 

for transdermal delivery of insulin in vivo. Administration of five self-dissolving 

MNs to mice resulted in the dose-dependent hypoglycaemic effect. In the follow up 

study, Ito et al. (2008 a) investigated the antihyperglycemic effect of insulin 

delivered using SDMP prepared from chondroitin sulphate in dogs. Administration 

of one SDMP containing 1 and 2 U of insulin to dog resulted in the decrease of the 

initial plasma glucose levels by 45.5 and 66.7%, respectively. Although, the studies 

showed that SDMP have successfully delivered insulin in vivo across the skin, 

relatively large size of MNs of an average height of 3.24 mm and base diameter of 

0.55 mm could potentially impede painless administration. 

In the current study, the ability of polymeric MN arrays to increase skin 

permeability to insulin was evaluated. Two different scenarios were investigated, 

namely: the efficacy ofMNs prepared from aqueous blends of20% w/w PMVE/MA 

and loaded with insulin and the ability of hydrogel MNs prepared from aqueous 

blends of 15% w/w PMVEIMA and 7.5% w/w PEG 10,000 to increase transdermal 

insulin delivery from adhesive patches. 

The micro-moulding process and 20% w/w PMVEIMA material used in the 

present study to manufacture insulin loaded MN arrays was found to be suitable for 

encapsulation of potent therapeutics in the polymeric matrix. The produced MNs 

constituted exact counterparts of mould dimensions with no change in their structure. 
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The fabrication process involved casting insulin loaded aqueous 20% w/w 

PMVE/MA gel into laser-engineered moulds and drying for 24 h at ambient 

conditions. The employed preparation approach did not require harsh conditions, 

such as elevated temperatures, which could destroy fragile structure of biomolecules. 

The gentle nature of the fabrication process was mirrored in the insulin content 

analysis (Table 6.6). A similar fabrication approach has been described by Lee et al. 

(2008), where MN arrays were prepared by casting aqueous solutions of CMC and 

amylopectin into the micromoulds. This gentle process was applied to prepare CMC 

MNs encapsulating a model protein -lysozyme and it was found that structural and 

functional integrity of the protein was retained after 2 months storage at room 

temperature (Lee et al., 2008). In addition, another gentle microfabrication process, 

which allowed encapsulation of active biomolecules within MN matrix, was 

developed by Sullivan et al. (2008). Rapidly dissolving MNs were produced from 

monomeric vinyl pyrrolidone in room temperature in situ photopolymerization 

process. It was found that the activity of B-galactosidase was maintained after 

incorporation into the polymeric matrix. Conversely, Park et at. (2006) described 

fabrication of MN s during which drug was exposed to high temperatures. MN s 

encapsulating model protein - bovine serum albumin (BSA) were prepared out of 

poly-Iactide-co-glycolide (PLGA) melted at 135°C. The substantial loss of BSA was 

reported after exposure of the drug to the hot polymer melt. 

In order for MNs to be useful as a drug delivery device, they need to be 

mechanically strong to allow for their successful insertion in the skin. As discussed 

in Chapter 3, MNs prepared from aqueous blends of20% w/w PMVE/MA have been 

demonstrated to possess sufficient mechanical strength to pierce neonatal porcine 

skin. However, composition of the MN matrix has been shown to affect the strength 

of MNs. Lee et at. (2008) tested the mechanical behaviour of pyramidal MNs 

prepared from carboxymethylcellulose (CMC), a 20/80% w/w mixture of BSA and 

CMC, and 100% BSA. MNs made of a 20/80% w/w mixture of BSA and CMC, and 

100% BSA were found to have similar mechanical strength and both types of MNs 

were stronger that CMC MNs. This indicated that encapsulation of protein drugs in 

MN matrices can increase their mechanical strength. However, this strengthening 

effect of drug incorporated into the structure of MNs might not always be valid. In 

another study by Park et at. (2006), encapsulation of the model drug, calcein in a 
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PLGA MN matrix was found to compromise mechanical strength of MN s. Although 

the fracture force of MN s loaded with 2% w/w calcein was lowered in comparison to 

the fracture force of MNs without incorporated drug, the MNs still retained the 

ability to puncture the skin. However, further increase in drug loading to 10% w/w 

led to the formation of weak MNs not capable of insertion into skin. In the present 

study, it was demonstrated that encapsulation of insulin in the MN arrays did not 

affect mechanical strength of MNs, either by weakening or strengthening the MNs. 

When an axial force was applied to 5.0 mg insulin loaded and blank PMVE/MA 

MNs, no significant difference in the decrease of heights of MNs was observed 

(Figure 6.3). 

As outlined above, encapsulation of insulin in the PMVE/MA matrix did not expose 

the drug to damaging conditions, which was reflected in insulin content analysis. 

Only approximate 6% loss of insulin was observed during the recovery experiments 

from MNs loaded with 5.0 mg of insulin. The chromatograms obtained by injecting 

insulin solution after release from MN arrays highlighted a peak having the same 

retention time as monomeric insulin peaks from standard solutions. This could 

support the conclusion that no insulin aggregates or degradation products were 

formed. The results from the in vitro release studies across dermatomed neonatal 

porcine skin (350 ~m) revealed that insulin release from PMVE/MA soluble MN 

arrays showed a "burst effect", with only a bolus delivery of approximately 226 ~g 

(4.5% of the actual insulin per MN device) occurring within the first 15 - 30 minutes 

following MN application. Based on theoretical calculations taking into account the 

distribution of insulin between the volume occupied by the MNs on an array, and the 

volume occupied by the MN base plate, it was approximated that the insulin 

encapsulated within the needles only, constitutes approximately 5% of the total 

theoretical loading in the whole array. Therefore, in vitro permeation studies indicate 

that, most probably, only insulin present in the MNs, and not that encapsulated 

within MN base-plates, was delivered. A potential reason for this could be that 

following MN insertion, the MN s embedded within the receiver compartment and 

skin rapidly dissolve releasing their insulin payload. Subsequently, the uptake of 

fluid by the PMVE/MA array, leads to the formation of a viscous gel residing on top 

of the skin, and this may potentially form a "plug" around the pores created in the 

skin following MN application, through which insulin may have a low diffusivity. 
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Furthermore, results from the OCT led investigation described in Chapter 4 revealed 

that the pore created within the skin diminishes in size during and subsequent to MN 

dissolution. As such, whilst Chapter 5 has shown that soluble PMVE/MA MN arrays 

are capable of providing sustained delivery of small sized molecules « 500 Da), it 

may be that the ever-recovering skin barrier following MN dissolution, in 

combination with the formation of viscous gel residing on the skin surface, prevents 

further diffusion of large macromolecules such as insulin. 

Unlike the soluble PMVE/MA MN system, MN arrays based upon a hydrogel

forming polymeric system (15% PMVE/MA - 7.5% PEG 10,000) have the ability to, 

once inserted into skin, uptake fluid to form an unblockable aqueous pathway for the 

sustained migration of drugs from an attached reservoir patch across the skin. With 

regards to insulin delivery, hydrogel MNs could potentially enable continuous 

delivery of basal insulin in a minimally invasive manner. The hydrogel MNs 

prepared from aqueous blends of 15% w/w PMVE/MA and PEG 10,000 were 

integrated with insulin loaded patches and in vitro permeation studies were 

performed. As discussed in Chapter 5, plasticised bioadhesive films based on 

PMVE/MA, are potentially useful drug delivery platforms for a range of topical 

applications due to their flexibility and excellent initial adhesion (Woolfson et al. 

1995 a; Woolfson et aI., 1995 b; Woo Ifs on et aI., 1998). Similarly to the drug loaded 

patches described in Chapter 5, patches containing aqueous blends of 10 % w/w 

PMVEIMA and 5% tripropylene glycol methyl ether (TPM) were used to incorporate 

insulin. The patch preparation technique did not involve exposure of insulin to harsh 

elevated temperature conditions which could potentially have a detrimental effect on 

its structure. However, insulin content analysis revealed that only approximately 

70% of insulin was recovered from the patches (Table 6.7). The possible explanation 

of this observation could be the potential interaction between charged amino acid 

residues of insulin and hydroxyl group of TPM and/or carboxyl groups of 

PMVE/MA polymer. The latter reason, most probably, plays a less important part in 

the loss of insulin. This can be concluded from the insulin recovery experiments 

from MN s prepared from aqueous blends of 20% w/w PMVE/MA which had shown 

that approximately 94% of insulin was found. As TPM was the only additional 

component of the polymeric matrix from which patches were prepared, this could 

suggest that the provided hypothesis is realistic. The storage of insulin loaded 
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patches at 4 QC did not have any further detrimental effect on insulin content. 

However, any potential interaction that resulted in 30% loss of insulin after 

incorporation into the patch did not negatively affect its biological activity as 

indicated by the hypoglycaemic effect obtained after subcutaneous injection of 

insulin released from the patch to diabetic rats (Figure 6.18). 

In vitro permeation experiments revealed that insulin transport across neonatal 

porcine skin was appreciably increased through the use of hydrogel forming MN 

arrays with an integrated insulin loaded patch (Figure 6.8). Furthermore, whilst the 

use of insulin loaded soluble MN arrays enabled only a bolus dose of insulin to be 

delivered, it was found that the hydrogel MN array device was capable of providing a 

sustained transdermal insulin delivery over a 24 h period. In particular, the total 

cumulative amount of insulin permeating after 24 h was found to be approximately 

1267 /lm, which is significantly greater than the 226 /lg (p < 0.001) delivered over a 

24 h period by the soluble PMVE/MA MN system. In addition, in vitro permeation 

studies were also conducted to determine how the combination of anodal 

iontophoresis with each polymeric MN system would influence the rate and extent of 

insulin delivery across neonatal porcine skin. Anodal ITP was chosen due to the 

finding that it enabled a greater amount of insulin delivered from an insulin loaded 

adhesive patch across neonatal porcine skin in comparison to cathodal ITP (Figure 

6.6). This is due to the fact that insulin is positively charged at the pH (1.96) of the 

PMVEIMA-TPM patch system employed within these investigations. Furthermore, 

the direction of electro-osmotic flow in the anode to cathode direction would 

facilitate the permeation of insulin across the skin during an anodic ITP protocol. It 

was found that the hydrogel forming MN system had a significantly greater electro

responsive behaviour in comparison to the soluble PMVE/MA system. For example, 

the cumulative amount of insulin permeating across neonatal porcine skin after 6 h 

was found to increase from approximately 226 /lg for the soluble MN array alone to 

462 /lg for the soluble MN array in combination with ITP, equating to an 

approximate 2-fold enhancement in insulin permeation. However, the cumulative 

amount of insulin permeating across neonatal porcine skin after 6 h was found to 

increase from approximately 424 /lg for the hydrogel forming MN array alone to 

1115 /lg for the hydrogel forming MN system in combination with ITP, which 

equates to an approximate 2.7 - fold enhancement in insulin permeation. As 
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discussed in Chapter 5, there are a number of factors that lead to the over-riding 

benefit of the hydrogel forming MN system for electrically facilitated drug delivery. 

Firstly, the creation of a continuously open pathway, of low electrical resistance, 

caused by the formation of hydrogel channels across the skin prolongs the period 

over which ITP may enable enhanced drug permeation. Secondly, as evident from 

Figure 6.22, the application of an electric current causes a dramatic increase in the 

swelling of hydrogel forming MN array, thereby increasing the available MN surface 

area through which insulin can permeate across into skin. Overall, taking into 

consideration the results obtained within the in vitro investigations presented within 

this chapter, and the nature of the electro-responsive behaviour of each polymeric 

MN system, it appears that the combination of ITP and soluble PMVE/MA MN 

arrays may be more suited for the bolus delivery of peptide species whereby the 

delivery from MNs alone is not sufficient to meet therapeutic demands. On the other 

hand, the in vitro release results suggest that hydrogel forming MN array are 

perfectly suited for peptide molecules that require both sustained delivery to meet 

basal needs, and pulsatile delivery (which could be achieved through the application 

of an electric current) to meet on-demand requirements. As such, it was decided to 

evaluate the performance of the hydrogel forming MN array device in vivo using a 

diabetic rat model. 

In the present study we evaluated feasibility of hydrogel forming MNs prepared from 

aqueous blends of 15% w/w PMVE/MA and 7.5% PEG 10,000 to deliver insulin 

form transdermal patches in vivo and if the combination of hydrogel forming MNs 

with anodal ITP could lead to enhanced insulin delivery. As aforementioned, insulin 

biological activity was retained after incorporation into a patch prepared from 

aqueous blends of 10% w/w PMVE/MA and 5% w/w TPM. Subcutaneous 

administration of insulin released form 5 mg/cm2 loaded patches into diabetic rats 

resulted in the comparable reduction in the blood glucose levels to that obtained after 

subcutaneous injection of freshly prepared control insulin solution (Figure 6.18). 

However, application of these insulin loaded patches onto the rat skin in vivo did not 

result in any hypoglycaemic effect (Figure 6.19). This indicates that the process of 

hair removal 24 h prior to formulation application did not adversely affect the barrier 

properties of the stratum corneum. The integration of these insulin loaded patches 

with hydrogel forming MN arrays resulted in a progressive reduction in blood 

267 



Chapter 6 - Transdermal delivery of insulin: in vitro and in vivo 

glucose levels, with blood glucose levels dropping to approximately 36% of the 

original values by the end of the 12 h experimental period (Figure 6.19). It is evident 

from the almost linear reduction in BGL over the 12 h period which hydrogel 

forming MNs were kept in place within the animals that such systems are capable of 

providing sustained transdermal insulin delivery. Furthermore, it can be observed 

from Figure 6.20 that the MNs had successfully absorbed skin interstitial fluid to 

form a swollen hydrogel matrix, thus enabling the migration of insulin from the 

reservoir patch across the MN array and into the skin. Importantly, all the MNs on 

the array were removed fully intact at the end of the experiment. This may be of 

importance as MN technology moves forwards towards commercialisation, given 

that the regulatory authorities, healthcare professionals and ultimately patients may 

have concerns about local or systemic reactions that may occur if portions of the 

needle were to break within the skin. Whilst the use of anodal ITP alone resulted in 

only a maximum drop in BGL to approximately 60% of the original values within a 6 

h period (Table 6.10), it was found that the combination of MNs and ITP led to a 

substantial reduction in the time taken to produce a marked hypoglycaemic effect 

(Table 6.10). In particular, it was found that the combination ofMNs and ITP led to a 

rapid reduction in BGL, dropping to a maximal value of approximately 30% of the 

original values within 4 h of MN and current application. This enhancement is even 

more impressive given the fact that in the case of experiments involving ITP, due to 

constraints imposed by the local animal ethical committee and the nature of the 

adherence of the electrodes to the MN array, the insulin loaded patch - integrated 

MN device was only kept in contact with the skin for a period of 2 h before being 

completely removed. As previously discussed within Chapter 5, due to the electro

responsive nature of these hydrogel forming MN arrays, the application of an electric 

current causes a dramatic increase in the uptake of fluid to form a swollen hydrogel 

matrix. It is evident from the ex vivo OCT experiment performed within the present 

study, that the application of an electric current to the rat skin causes a significant 

alteration in the dimensions of the each MN on an array in comparison to the 

alteration seen when MNs are applied to rat skin without a current (Figure 6.22). For 

example, when MN alone are applied to the rat skin for 1 h the MN height increases 

from approximately 610 to 650 /lm, whilst the MN base width increases from 

approximately 307 to 360 /lm. However, following the application of an electric 
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current for 1 h the MN height increases to approximately 1076 flm, and the MN base 

width to approximately 802 flm (Table 6.13). As such, in addition to 

electromigratory and electro-osmotic effects induced through the use of anodal ITP, 

there will be a substantial increase in the MN surface area available for insulin 

permeation to occur. 

To date, only a small number of studies have shown that the combination of MNs 

and ITP can lead to enhanced transdermal insulin delivery in vivo. Chen et al,(2009) 

investigated the ability of ITP to enhance the transdermal penetration of insulin 

containing nanovesicles through MN treated skin using a diabetic rat model. They 

found that the combination of MN and ITP significantly increased the rate of insulin 

delivery in comparison to the use of either MN or ITP alone. In particular, 

application of anodal ITP (0.2mAlcm2 for 3 h) following skin treatment with a MN 

array (solid stainless steel array containing 296 MNs on a 2 cm2 area; each MN had a 

height of 800 /lm and width of260 flm) resulted in BGLs which were approximately 

30% of original values after 4 h. In comparison, BGLs after 4 h were found to be 

approximately 70% and 65% of the original values for MN only and ITP alone 

treatment groups, respectively. Recently, Qin et al. (2011) have eloquently reported 

on the potential for the combination of MN and ITP technology to enable both the 

basal and bolus administration of insulin, somewhat akin to the suggestions reported 

within this present study. Similar to Chen et al. (2009), a solid MN array (containing 

484 MNs on a 1 cm2 area; each MN had a height of 150 flm and width of 100 flm) 

was used to puncture the skin site prior to the application of an insulin loaded 

reservoir patch. These patches were then left in place for a period of 3 h, after which 

a current of 0.2 mAlcm2 was applied for 1 h before being turned off and the patch 

kept in place for a total of 14 h. It was found that for the MN only treatment group, 

BGL dropped to approximately 58% of original values 2 h after patch application, 

and remained constant at this value for the duration of patch wear. Interestingly, the 

application of ITP for a 1 h period led to a further reduction in BGL to approximately 

47% of the original values, with BGL levels returning to the level before applying 

ITP within 2 h of terminating the current. The authors suggest that these findings 

confirmed the hypothesis that combining MN skin treatment and ITP can provide a 

continuous basal dose and on-demand bolus dosing for mealtime coverage via fast 

acting human regular insulin (Qin et al., 2011). 
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6.7 Conclusion 

The present study demonstrated the feasibility of insulin encapsulation without the 

loss of its biological activity within dissolvable MNs prepared from aqueous blends 

of 20% w/w PMVE/MA. Short-term stability showed that the storage of insulin 

loaded MNs for 28 days at room temperature did not have an adverse effect on 

insulin stability. The in vitro insulin permeation experiments indicated that 

dissolvable MNs significantly enhanced insulin transdermal delivery. Furthermore, 

the combination of anodal ITP and soluble MN arrays led a two-fold enhancement in 

the cumulative amount of insulin permeating across neonatal porcine skin. The novel 

concept of hydrogel MNs integrated with insulin loaded patches was also evaluated. 

Incorporation of insulin into patches did not lead to the loss of its biological activity. 

In vitro insulin permeation experiments revealed that hydrogel forming MN arrays 

were capable of the sustained delivery of insulin over a 24 h period, with the 

cumulative amount of insulin delivered appreciably increased in comparison to the 

use of insulin loaded soluble MN arrays. In addition, it was found that the electrically 

responsive nature of these hydrogel forming MNs led to a dramatic increase in 

insulin transport when such systems were combined with ITP. On the basis of the in 

vitro permeation results the hydrogel forming MN device was further evaluated for 

its performance in vivo. The results from the in vivo investigations suggest that these 

hydrogel forming MN arrays may enable the sustained release of insulin to meet 

basal daily requirements, as well as the capability for on-demand bolus delivery 

when used in conjunction with ITP. This could be of great benefit to insulin 

dependent diabetics, whereby a convenient transdermal device could be capable of 

delivering adjustable insulin doses to meet specific daily requirements. 
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Chapter 7: Transdermal delivery ofFTIC-BSA : in vitro and in vivo 

7.1 Introduction 

The rapid growth of the biotechnology industry has seen an increase in the interest 

for use of peptide/protein based molecules as therapeutic agents (Banga, 2007). In 

order for this new generation of therapeutic agents to gain prominence as mainstream 

treatments of choice, a parallel development of efficient delivery systems will be 

required by the pharmaceutical industry (Banga, 2007). Traditionally, peptide and 

protein drugs have had to be administered parenterally, due to their propensity to 

undergo acid degradation within the gastrointestinal tract (Banga, 1998). However, 

recent advances have seen the development of facilitated technologies, as outlined in 

Chapter 1, that may make transdermal peptide/protein delivery a feasible option. The 

transdermal route offers a range of advantages for delivery of peptide/protein 

therapeutics. As proteins have short plasma half-lives, the possibility of continuous 

delivery offered by the transdermal route is a major benefit, as is the low proteolytic 

activity in comparison to other routes (Banga, 2007). Furthermore, avoidance of first 

pass hepatic metabolism eliminates another obstacle to successful systemic 

peptide/protein delivery. The major challenge associated with delivery of molecules 

across the skin is overcoming the stratum corneum barrier. Thus, a number of 

enhancement methods have been proposed and investigated to improve 

bioavailability of peptides/proteins administered across the skin. 

The development of microneedle (MN) arrays is likely to play a major role in 

the progression of the transdermal route as a viable option for the non-invasive 

systemic delivery of therapeutic peptide/protein agents. Indeed MNs have been 

shown to enable the successful transdermal delivery of a range of clinically relevant 

peptide/protein molecules, including relatively small agents such as desmospressin 

(Mw = 1.1 kDa) (Cormier et al., 2004) to macromolecular species such as human 

growth hormone (Mw = 22.1 kDa) (Fukushima et al., 2010), and p - galactosidase 

(Mw = 116 kDa) (Sullivan et al. , 2008). Due to the fact that MN application to the 

skin results in the creation of aqueous pores (of micron dimensions) of low electrical 

resistance, it has been suggested that the combination of MN technologies with 

iontophoresis (lTP) may lead to a synergistic enhancement in the rate and extent of 

transdermal peptide/protein delivery (Wang et al., 2005; Katikaneni et al., 2009). 

Furthermore, this combination may provide the possibility of macromolecule 
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transdermal delivery with precise electronic control (Wang et al., 2005). This ability 

to potentially enable electrically controlled adjustable or pulsatile delivery may be 

particularly beneficial for the delivery of therapeutic peptide/protein agents. It is well 

known that under normal circumstances the biological release of proteins and 

hormones often occurs in a rhythmically fashion (Mandal et al., 20110). As such, in 

some instances, it may be more appropriate for the peptide/protein agent to be 

delivered in a pulsatile fashion, rather than in a sustained or continuous manner 

(Smolensky and Peppas, 2007). Indeed, it has been found that the pulsatile delivery 

of gonadotropin releasing hormone (GnRH) is essential for stimulating the natural 

release of pituitary gonadotrophins during patient treatment of primary infertility 

(Smolensky and Peppas, 2007). 

Whilst previous studies have highlighted the potential for the combination of 

MN and ITP to enable enhanced transdermal delivery (Wang et al., 2005; Katikanem 

et al., 2009; Chen et al., 2009), they all suffer from the same drawback. To date, the 

combination of MN and ITP has relied on the use of MN devices to merely puncture 

the skin site prior to the application of a drug formulation for iontophoretic delivery. 

The necessity for a two-stage application process may prove to be cumbersome for 

clinicians and/or patients, especially given the fact that care must be taken to ensure 

the drug formulation is placed directly and completely over the MN treated site. As 

such, the present study evaluated the potential for two varying polymeric MN 

systems for the true in situ combination of MN and ITP technology for enhanced 

transdermal delivery of a model protein, fluorescein isothiocyanate labelled-bovine 

serum albumin (FITC-BSA) (Mw = 66 kDa). Firstly, FTIC-BSA loaded dissolvable 

MNs prepared from aqueous blends of 20% w/w PMVE/MA were assessed for their 

ability to facilitate transdermal FTIC-BSA delivery. Secondly, this study evaluated 

the potential of a novel electrically responsive hydrogel forming MN array, based 

upon cross linked aqueous blend of 15% w/w PMVE/MA and 7.5% PEG 10,000, to 

enable the sustained and pulsatile delivery ofFTIC-BSA both in vitro and in vivo. 
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7.2 Aims and Objectives 

The primary aim of this study was to evaluate the ability of MN arrays, based upon 

either a dissolving soluble poly(methyl vinyl ether co maleic acid) (PMVE/MA) 

matrix or a novel hydrogel forming poly( ethylene glycol) (PEG Mw = 10,000) 

crosslinked PMVE/MA matrix, to facilitate the transdermal delivery of a model 

macromolecular peptide, fluorescein isothiocyanate labelled-bovine serum albumin 

(FITC-BSA) (Mw = 66 kDa). Furthermore, the overall objective of this study was to 

identify the most suitable polymeric system to enable prolonged and sustained 

protein delivery, yet capable of delivering an on-demand bolus dose following the 

application of an electric current to the MN array. 

7.3 Materials and Apparatus 

Fluorescein isothiocyanate-labelled bovine serum albumin was obtained from Sigma

Aldrich, Dorset, UK 

Gantrez® AN-139, a copolymer of methy vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000), ISP Co. Ltd. Guildford, u.K. 

Polyethylene glycol of molecular weight 10,000 Daltons, Sigma-Aldrich, Steinheim, 

Germany, U.K. 

All other chemicals were of analytical reagent grade 

Isoflurane inhalation anaesthetic, Abbott Laboratories Ltd, Kent, UK 

Poly(ester) film, one-side siliconised, release liner, FL2000 PET 75 IS, Rexam 

Release B.V. , Apeldoom, The Netherlands. 

Glisseal~ vacuum grease was purchased from Borer chemie, Zuchwil, Switzerland. 

Resealable plastic bags (1 ° 1 x 140 mm) were obtained from Agar Scientific, Essex, 

U.K. 

Multi-purpose Tac®, Niceday, Leicester, U.K. 

Modified Franz diffusion cells, FDC-400 flat flange, 15 mm orifice diameter, 

mounted in triplicate on an FDCD diffusion drive console providing synchronous 

stirring at 600 rpm, Crown Glass Co. Inc., Sommerville, NJ., USA. 

Jasco J-185 CD spectropolarimiter, Jasco International Co. Ltd, Tokyo, Japan 
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LS 55 Luminescence spectrometer equipped with R928 photomultiplier, Perkin 

Elmer, Waltham, USA, with excitation and emission slit control set at 5 nm. 

7.4 Methods 

7.4.1 Fabrication of MNs prepared from aqueous blends of 20% w/w PMVE/MA 

MNs loaded with FITC-BSA 

FITC-BSA loaded MNs (361 MNs per array, with each MN of 600 !lm height, 300 

Ilm width at base and 50 !lm interspacing at base) were prepared in a micromoulding 

process, as described in Section 3.4.2 in Chapter 3. Briefly, in the first step a 30% 

w/w stock solution of PMVE/MA was prepared using the required amount of 

PMVE/MAH. Next, MNs prepared from aqueous blends of 20% w/w PMVE/MA 

encapsulating FITC-BSA were prepared. The stock solution was diluted with the 

appropriate amount of 0.01 M HCI in which the amount of FITC-BSA necessary to 

obtain 2.5 mg loading per MN device was dissolved. Laser-engineered moulds were 

filled with the polymer mixture and were then centrifuged at 3000 rpm for 15 min. 

The polymeric MNs were left to dry, and after 24 h, were manually released from the 

moulds. Mechanical strength of 2.5 mg FITC-BSA loaded MNs prepared from 

aqueous blends of 20% w/w PMVE/MA was assessed using the method reported in 

section 3.4.4 in Chapter 3. 

7.4.2 Analysis of FITC-BSA content after incorporation into soluble MNs. 

For the evaluation of the total FITC-BSA content in soluble PMVE/MA MN arrays, 

MN arrays were dissolved in 0.05% w/w sodium dodecyl sulphate (SDS) in PBS pH 

7.4 and the obtained solutions were analysed using by spectrofluorimetry using an 

excitation wavelength of 490 nm and emission wavelength of 520 nm. 
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7.4.3 Determination of FITC-BSA secondary structure by circular dichroism (CD) 

To examine the secondary structure of the FTIC-BSA after encapsulation and release 

from dissolvable MNs and transdermal patches CD was employed. CD spectra were 

obtained with J asco J -185 spectopolarimeter equipped with a temperature controller. 

CD spectra were collected at 20°C using a 1 cm quartz cell over the wavelength 

range of 200-400 nrn. A resolution of 0.1 nrn and scanning speed of 200 nrn/min 

were employed. Samples for CD analysis were prepared by dissolution in 0.01 M 

HCl. The spectra of FITC-BSA samples with concentrations of approximately 25 

Ilg/ml were compared with that of fresh FITC-BSA solution in 0.01 M HCl. 

7.4.4. Fabrication ofhydrogel PMVElMA:PEGIO,OOO MNs 

Hydrogel MNs prepared from aqueous blends of 15% w/w PMVE/MA and 7.5% 

w/w PEG 10,000 were fabricated according to the procedure described in section 

3.4.3 in Chapter 3. Each microneedle array was composed of 361 (19 x 19) needles 

perpendicular to the base. The MNs were of conical shape, 600 Ilm high with base 

width of 300 flm and 50 flm interspacing. 

7.4.5 Preparation of FITC-BSA loaded adhesive transdermal patches 

Adhesive patches containing FITC-BSA were prepared using a casting method, from 

aqueous blends containing 10% w/w PMVE/MA and 5% w/w tripropyleneglycol 

methyl ether (TPM). The required amount of FITC-BSA to produce patches with a 

loading of 2.5 mg/cm2 was dissolved in the appropriate amount of 0.01 M HCI 

necessary to dilute 30% w/w PMVE/MA stock solution to 10% w/w PMVE/MA. 

Next, the required amount of TPM was added. An aliquot (2.7 g) of the gel 

containing FITC-BSA was cast into the mould of 30 mm x 30 mm dimensions and 

was left to dry for 48 h in order to form adhesive patches. FTIC-BSA content within 

the prepared patches was performed as described in Section 7.4.2. The secondary 

structure of FTIC-BSA after incorporation into transdermal patches was evaluated as 

described in Section 7.4.3. 
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7.4.5 In vitro FITC- BSA permeation across the skin 

In vitro FITC-BSA delivery experiments were performed using the modified Franz 

cell apparatus as described in Section 5.4.4 in Chapter 5. In all sets of experiments, a 

release medium of 0.05% w/w SDS in PBS pH 7.4 (to ensure stability ofFTIC-BSA) 

degassed by vacuum filtration was used. 

7.4.7 In vivo evaluation of hydrogel 15% w/w PMVE/MA and 7.5% w/w PEG MNs 

for transdermal delivery of FITC-BSA 

Prior to experimentation all animals were acclimatised to laboratory conditions for a 

7 day period. All animal experiments throughout this study were conducted 

according to the policy of the federation of European Laboratory Animal Science 

Associations and the European Convention for the protection of vertebrate animals 

used for experimental and other scientific purposes, with implementation of the 

principles of the 3R's (replacement, reduction, refinement). 

To assess in vivo performance of hydrogel MNs, with and without anodal 

ITP, FITC-BSA-loaded patches integrated with MNs were applied to healthy rats in 

an analogous way to insulin-loaded patches, as described in section 6.4.8 in Chapter 

6. After application ofMN arrays, a 0.25 ml aliquot of blood drawn from the tail vein 

was collected into heparinised tubes (Microvette CB@300, Sarstedt, Leicester, UK) at 

different time points over a 24 h period. Plasma samples were obtained by 

centrifuging the collected blood samples at 10,000 rpm for 10 min. All samples were 

analysed, within 2 h of collection, by spectrofluorimetry using an excitation 

wavelength of 490 nm and emission wavelength of 520 nm. 

7.4.8 Statistical Analysis. 

Where appropriate, data was analysed using a one way analysis of variance 

(ANOVA), with post-hoc comparisons using Tukey's HSD test. In all cases,p < 0.05 

denoted significance. Statistical Package for the Social Sciences, SPSS 18.0 Version 

2.0 (SPSS Inc. , Chicago, IL, USA) was used for all analyses. 

276 



__________________ ~~_~pter 7: Transdermal delivery of FTIC-BSA : in vitro and in vivo 
_--.----•• - _... _ ___ h ___ • • 

7.5 Results 

Table 7.1 presents calibration curve properties together with the LoD and LoQ of 

FTIC-BSA for the fluorescence spectroscopic method employed during the 

investigations reported in this study. 

Table 7.1 Calibration curve properties of FTIC-BSA in PBS pH 7.4, as determined by linear 

regression and correlation analysis, along with the LaD and LoQ for this method. 

Slope y-Intercept RSS LoD (/lg/ml) LoQ (!lg/ml) 

3585 -457.49 0.9986 1595508 0.01 0.03 

The relationship between fluorescence intensity and FTIC-BSA concentration was 

found to be linear within the concentration range investigated, which was from 0.1 

flg/ml to 10 flg/ml. As can be seen in Table 7.1 , the r2 value of 0.9986 indicated that 

there was a good correlation between fluorescence intensity and drug concentration 

within the range studied. The limits of detection and quantification for FTIC-BSA, as 

determined from the calibration curve according to procedure described in Section 

2.4.7 of Chapter 2, were 0.01 flgiml and 0.03 flg/ml, respectively. 

Table 7.2 details the results obtained from investigations into the repeatability 

and intermediate precision of the fluorescence spectroscopic determination of FTIC

BSA. The employed assay was found to be reproducible, with a CV(%) between 

0.73% and 1.95% for repeatability. Intermediate precision ranged from 0.53% to 

1.92%. Levels of accuracy were between 98.30% and 102.85% for repeatability and 

also between 100.78% and 102.99% for intermediate precision. 

277 



Chapter 7: Transdermal delivery of FTIC BSA . .. d . . - . In Vitro an In VIVO 

Table 7.2 Assay variability for spectrotluorimetric determination of FTIC-BSA in PBS pH 7.4. 

Selected Concentration Mean Concentration Found CV Accuracy 
(~g/ml) (~g/ml) SD (%) (%) 

Repeatability n=3 

0.98 0.02 1.95 98.30 

5 5.00 0 .04 0.73 100.01 

10 10.28 0.09 0.90 102.85 

Intermediate Precision 

1.0 I 0.02 1.92 100.78 

5 5.04 0.03 0.53 100.28 

10 10.29 0.09 0.92 102.99 

MNs prepared from aqueous blends containing 20% w/w PMVE/MA and 

loaded with FITC-BSA were fabricated using laser-engineered silicone moulds. 

Visual inspection of the manufactured MNs revealed that incorporation of 2.5 mg 

FITC-BSA into the polymeric matrix of MNs produced MN arrays with drug 

uniformly dissolved and without any changes in MN morphology (Figure 7.1). 

Figure 7.1 Representative light microscopy images of MNs prepared from aqueous blends of 20% 
w/w PMVE/MA a nd loaded with 2.5 mg of FITC-BSA, (A) full array, (B) close up image of 

individual MNs. 

FITC-BSA content in MN arrays was analysed by the developed fluorescence 

spectroscopy method. Table 7.3 presents the obtained result. Content analysis 

revealed that approximately 98% of FITC-BSA incorporated at a theoretical amount 

of 2.5 mg was recovered from MNs dried for 24 h at room temperature. 
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Table 7.3 Determination of FITC-BSA content in the MN d . w/w PMVE/MA (Means ± SO, n = 5). s prepare trom aqueous blends of 20% 

Theoretical FITC-BSA 

loading 

(mg/array) 

2.5 

mg 

2.44 ± 0.13 

Recovery 

% 

97.60 ± 5.13 

The conformational chancres in FITC-BSA secondary t t o s ruc ure upon 
encapsulation within PMVE/MA matrix were assessed using CD spectroscopy. 
Figure 7.2 presents circu lar dichroism spectra of FITC-BSA after incorporation and 
release from MNs prepared from aqueous blends of 20% w/w PMVE/MA. 
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Figure 7.2 CD spectra or FITC-BSA encapsulated and released from MNs prepared from aqueous blends of 20% w/w PMVE/MA at a loading of 2.5 mg per array (pink), CD spectra of FITC-BSA 
standard solution (dark blue) and blank MNs without FITC-BSA (yellow). 

As can be appreciated from Figure 7.2, incorporation of FITC-BSA into MNs 
prepared from aqueous blends of 20% w/w PMVE/MA did not affect its secondary 
structure as indicated by the apparent similarity between the spectrum of FITC-BSA 
standard solution and the spectrum of FITC-BSA released from MNs. 

Figure 7.3 presents the result from the investigation of the effect of FITC-
BSA encapsulation within MN matrix on the degree of damage being caused to the 
MNs upon exertion of an axial force of 0.36 N per MN. It was found that 
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incorporation of FTIC-BSA did not adversely affect the mechanical strength of the 

PMVE/MA MN array, with the % reduction in MN height being 18.94 ± 1.30% for 

the non-drug loaded array, and 17.99 ± 1.06% for the FTIC-BSA loaded array (p = 

0.967). 
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Figure 7.3 Percentage reduction in the height of MNs following the application of an axial load of 
0.36 N per MN (Means ± SD, n = 9). 

Figure 7.4 illustrates the permeation profile ofFTIC-BSA released from MNs 

prepared from aqueous blends of 20% w/w PMVE/MA, with and without the 

application of an electric current, across dermatomed neonatal porcine skin (350 

!lm). Notably, no FTIC-BSA was detected from control patches without MNs, even 

when anodal and cathodal iontophoretic protocols (0.5mA for 6 h) were employed 

(data not shown). 
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Figure 7.4 In vitro permeation profile of FTIC-BSA from a soluble PMVE/MA MN array, with or 

without the application of an electric current, across dermatomed neonatal porcine skin (350 Ilm 

thick) . Means ± SD, n = 5. 

Similar to delivery of insulin as shown in Chapter 6, this study revealed that 

FTIC-BSA release from the MN matrix showed a burst effect with approximately 

100 f.1g being delivered 1 h after MN application. This initial burst effect was not 

followed by a significant further increase in the amount of FTIC-BSA delivered 

during the remainder of the study. As can be appreciated from Figure 7.4, the 

application of an electric current (both anodal and cathodal protocols) significantly 

enhanced the rate and extent of FTIC-BSA release from the MN matrix across the 

skin (p < 0.001 in each case). Furthermore, the degree of enhancement was 

dependent upon the iontophoretic protocol employed. In particular, the cumulative 

amount of FTIC-BSA delivered across neonatal porcine skin after a 6 h period was 

found to be approximately 110 f.1g for MN alone, 241 f.1g for MN in combination 

with cathodal ITP, and 326 f.1g for MN in combination with anodal ITP (Table 7.4). 

This equates to approximately 4.53, 9.92 and 13.40% of the total FTIC-BSA 

available being delivered across the skin after a 6 h period following the application 

of MN, MN in combination with cathodal ITP, and MN in combination with anodal 

ITP, respectively (Table 7.4). 
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Table 7.4 Cumulative amount of FTIC-BSA delivered across neonatal porcine skin after 6 h for each 

delivery system employed (Means ± SO, n = 5). 

Cumulative amount of FTIC-BSA delivered after 6 h 

Delivery system fig % of total FTIC-BSA available 

MN 110.67 ± 20.08 4.53 ± 0.82 

MN/Cathodal ITP 241.93 ± 21.68 9.92 ± 0.89 

MN/Anodal ITP 326.92 ± 31.16 l3.40 ± 1.28 

Adhesive patches containing FITC-BSA were fabricated from aqueous blends 

containing 10% w/w PMVE/MA and 5% w/w TPM. Table 7.5 presents results from 

FITC-BSA content analysis. Investigation of FITC-BSA recovery from the patches 

revealed that approximately 25% of the molecule was lost during the manufacturing 

process. 

Table 7.5 Determination of FITC-BSA content in the adhesive patches (Mean ± SO, n = 5). 

Theoretical FITC-BSA 

loading 

(mg/cm
2

) 

2.5 

mg 

1.89 ± 0.l6 

Recovery 

% 

75.97 ± 6.26 

Figure 7.5 presents CD spectra of FITC-BSA after incorporation and release 

from PMVE/MA-TPM patches and FITC-BSA standard solution. 
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Fi.gure 7.5 CD spectra of FfTC-BSA encapsulated and released from PMVEfMA-TPM patches (pink), 
of FfTC-BSA standard solution (dark blue) and blank PMVE/MA-TPM patch without FfTC-BSA 
(yellow). 

As can be appreciated from Figure 7.5, incorporation of FITC-BSA into 

PMVE/MA-TPM patches resulted in a decrease of the intensity of two negative 

bands at 208 nm and 222 nm, which is indicative of a reduction in alpha-helix 

content (Wang et al., 2005 e, Wangoo et al., 2008; Estey et al., 2006; Henricus et al., 

2008). Thus, the secondary structure of FITC-BSA was altered by incorporation into 

patches. 

Figure 7.6 illustrates the permeation profile of FTIC-BSA obatined from a 

FTIC-BSA loaded adhesive patch across dermatomed neonatal porcine skin (350 f-tm 

thick) through the use of hydrogel forming MN arrays, with and without the 

application of an electric current. Unlike the use of the FTIC-BSA loaded soluble 

MN arrays described above, it was found that the attachement of a FTIC-BSA 

reservoir patch to a hydrogel forming MN array enabled sustained delivery over a 24 

h period. For example, the total cumulative amount of FTIC-BSA permeating after 

24 h was found to be approximately 393 f-tg, which is significantly greater (p < 

0.00 I) than the III !J.g delivered over a 24 h period by the soluble MN system. It can 

be seen from Figure 7.6 that the combination of ITP with the hydrogel forming MN 

array led to an increased rate and extent of FTIC-BSA permeation, with the degree of 

enhancement depending upon the nature of the ITP protocol employed. 
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Figure 7.6 In vitro permeation profile of FTIC-BSA from a hydrogel forming MN device, with or 

without the application of an electric current, across dermatomed neonatal porcine skin (350 Ilm 
thick). (Means ± SO, n = 5). 

Following termination of the electric current after a 6 h period, the 

cumulative amount of FTIC-BSA delivered was found to be 171.36 ± 26.87, 391.27 

± 66.67 (p < 0.001), and 659.70 ± 101.21 /lg for MN alone (p < 0.001), MN in 

combination with cathodal ITP, and MN in combination with anodal ITP, 

respectively (Table 7.6). This equates to 9.07 ± 1.42, 20.70 ± 3.53 , and 34.90 ± 

5.36% of the total available FTIC-BSA being delivered after a 6 h period for MN 

alone, MN in combination with cathodal ITP, and MN in combination with anodal 

ITP, respectively (Table 7.6). 

Table 7.6 Cumulative amount of FTIC-BSA delivered across neonatal porcine skin after 6 h for each 

delivery system employed (Means ± SO, n = 5). 

C umulative amount ofFTIC-BSA delivered after 6 h 

Delivery system /:1g % of total FTIC-BSA available 

MN 171 .36 ± 26.87 9.07 ± 1.42 

MN/Cathodal ITP 391.27 ± 66.67 20.70 ± 3.53 

MN/Anodal lTP 659.70 ± 101.21 34.90 ± 5.36 
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In agreement with the in vitro drug release results obtained for the delivery of 

insulin, the above results highlight the potential for a hydrogel forming MN device to 

enable both the sustained passive, and electrically stimulated pulsatile transdermal 

delivery of peptide macromolecules. As such, the capability of the hydrogel forming 

MN device for the delivery of FTIC-BSA was further evaluated in a rat model in 

vivo . 

Prior to the initiation of the in vivo investigations it was necessary to ensure 

that the developed fluorescence spectroscopic method employed for the analysis of 

FTIC-BSA during the in vitro release studies would be suitable for the quantification 

of FTIC-BSA in plasma. Table 7.7 presents the calibration curve properties together 

with the LaD and LoQ ofFTIC-BSA for this method. 

Table 7.7 Calibration curve properties ofFTIC-BSA in plasma as determined by linear regression and 

correlation analysis, with LaD and LoQ for the fluorescence spectroscopic method employed. 

Slope y-Intercept RSS LoD (gg/ml) LoQ (gg/ml) 

3600.10 -1185 0.9893 7656329 0.01 0.04 

The relationship between fluorescence intensity and FTIC-BSA plasma 

concentration was found to be linear within the concentration range investigated, 

which was from 0.5 Ilg/ml to 10 Ilg/ml. As can be seen in Table 7.7, the r2 value of 

0.9893 indicated that there was a good correlation between fluorescence intensity 

and FTIC-BSA plasma concentration within the concentration range studied. The 

limits of detection and quantification for FTIC-BSA, as determined from the 

calibration curve, were 0.01 Ilg/ml and 0.04 ~g/ml, respectively. 

Figure 7.7 shows the results obtained from the in vivo studies involving the 

application of a hydrogel forming MN array (with an attached FTIC-BSA reservoir 

patch) alone (MN) for a 24 h period, and the combination of a hydrogel forming MN 

array with anodal iontophoresis (MN+ITP) for an application period of 2 h. It should 

be noted that the application of a FTIC-BSA control patch (Figure 7.7 A), and the use 

ofanodal ITP alone (Figure 7.7B), did not result in any detectable FTIC-BSA plasma 

levels. It can be seen from Figure 7.7A that detectable levels of FTIC-BSA were 

delivered into the systemic circulation of the rat 2 h after application of the hydrogel 

forming MN device. Furthermore, the application of the hydrogel forming MN array 
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enabled sustained transdermal delivery of FTIC-BSA over the 24 h period 

investigated, resulting in maximal plasma concentrations of 8.86 ±1.49 Jlg/ml at 24 

h. The combination of MN and ITP led to a significantly accelerated rate of FTIC

BSA, with detectable FTIC-BSA levels found within the plasma 30 minutes after 

MN/ITP application. Following termination of the electric current and complete 

removal of the MN device 2 h after application, FTIC-BSA plasma levels were found 

to be 3.89 ± 0.96 Jlg/ml. This is approximately 4.8 fold greater than the 0.81 ± 0.32 

Ilg/ml detected at the same period through the use of MN alone (p < 0.001). Whilst 

the MN/ITP device was completely removed from the animals after a 2 h period it 

was found that the FTIC-BSA plasma levels continued to elevate for a further 2 h, 

reaching 4.92 ± 1.15 Jlglml at the 4 h interval. 
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Importantly, the hydrogel-forming MN arrays remained fully intact during the 24 h 

period of application (Figure 7.8A), as well as upon subsequent removal (Figure 

7.8B). 

B 

--

Figure 7.8 Digital images showing the hydrogel forming MN array in situ CA) and upon subsequent 

removal (B) from the animal. 

As can be appreciated from Figure 7.9, upon removal of the MN array at the end of 

the 24 h period of investigation, the MNs had successfully absorbed interstitial fluid 

to form a swollen hydrogel matrix, thus enabling the permeation of FfIC-BSA 

across the skin and into the systemic circulation. 

. . ' MN b'f' (A and B) and after CC and D) insertion FIgure 7.9 Light microscopy Images 01 the array e ore 

into rat skin ill vivo for a 24 h period. 
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7.6 Discussion 

Non-invasive peptide and protein delivery is an extremely challenging task and 

concerted efforts of scientists, both in academia and industry, have been focused on 

finding efficient ways to successfully deliver these compounds to their sites of 

action. Owing to advances in the microelectronics field, the concept of MNs became 

a reality. MN technology is especially appealing to the delivery of hydrophilic, high 

molecular weight drugs . Application of MN arrays to biological membranes creates 

aqueous microchannels large enough for the unobstructed passage of 

macromolecules across the skin (Kaushik et al., 2001; Banga, 2009). 

Delivery of model as well as therapeutic peptide/protein drugs via a range of 

different types of MNs have been investigated. Coated MNs constitute an alternative 

mode of vaccine delivery and the delivery of very potent drugs. However, the 

amount of drug that can be coated is limited by the small size of the MNs. 

Ovalbumin (Mw = 45 kDa) has been the most commonly-employed model antigen 

during evaluations of MN efficacy. MN-mediated transdermal delivery of OVA to 

hairless guinea pigs in vivo was reported by Widera et al. (2006). Administration of 

OV A coated onto an array of titanium microprojections (Macroflux®) generated 

immune responses in hairless guinea pigs. This was dose-dependant, but not 

influenced by the density of MNs, depth of delivery or area of application. Chen et 

al. (2009) reported that silicon microprojection arrays succeeded in OVA delivery to 

the mice. The obtained anti-OVA antibody levels following administration of MNs 

were comparable with those achieved after intramuscular injection. Cormier et al. 

(2004) demonstrated successful transdermal delivery of desmopressin (Mw = 1.1 

kDa) coated onto the Macroflux® array. The dose of 20 Ilg of desmopressin was 

delivered from a MN array within 15 min in a hairless guinea pig model and 

bioavailability was as high as 85%. The clinical assessment of the Macroflux® 25-llg 

desmopressin patch carried out in human volunteers revealed that therapeutically

relevant amounts of desmopressin were delivered within 25 min (Sathyan et al., 

2004). In addition, PTH (Mw = 9.4 kDa) coated onto the Macroflux® array was found 

to be delivered across the skin of hairless guinea pigs in vivo (Ameri et al., 2010). 

Depending on the composition of the coating formulation, between 4.3 and 24.4% of 

the PTH dose coated on MN s was absorbed. The quantity of PTH absorbed into 
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blood was determined from the area-under-curve (ADC) of the PTH pharmacokinetic 

profile relative to intravenous injection (Ameri et al., 2010). 

Coated MN s utilized for transdermal delivery of vaccines have been usually 

fabricated from silicon in deep reactive ion etching processes or from titanium using 

photomechanical etching. Both of these fabrication methods require multi-step and 

clean-room facilities, which increases the cost of the device. Alternative approaches 

involve much less complex fabrication of solid MNs from polymeric materials, 

which are not only cheaper but may also be biocompatible. Grooves-embedded MNs 

prepared from the biocompatible polymer, poly-L-Iactic acid (PLLA) and coated 

with av A elicited an antibody response in mice. Apart from the 'coat and poke' 

application, polymeric MNs have been mainly utilized as a platform for delivery of 

pharmaceuticals encapsulated within the MN matrix. The rate of polymer 

degradation or dissolution controls the rate of drug delivery. A number of studies 

investigated the feasibility of peptide/protein delivery across the skin with the use of 

polymeric MNs. Early studies relied on high-temperature moulding processes, where 

MNs were fabricated from hot melts of poly-Iacide-co-glycolide (PLGA) (Park et al. 

2006). Application of harsh conditions, such as elevated temperatures or organic 

solvents should be avoided during fabrication of MNs destined for peptide/protein 

delivery, so that the fragile nature of biomolecules is not endangered during 

encapsulation. Apart from hot polymer blends, MNs were fabricated from sugars and 

water soluble polymers, such as maltose (Li et al., 2009), amylopectin (Lee et al. 

2007), carboxymethylcellulose (CMC) (Lee et al., 2007), dextran (Fukushima et al., 

2010), chondroitin suphate (lto et al., 2010; Ito et al., 2007; Ito et al., 2008; 

Fukushima et al. , 2010), poly(vinylpyrolidone) (PVP) (Sullivan et al., 2008) dextrin 

(lto et al. , 2006 a) and their efficacy for peptide/protein delivery was evaluated. The 

Japanese research group of Ito, has produced a significant number of reports 

regarding employment of aqueous blends of different types of polymers for delivery 

of peptide/protein therapeutics across the skin. In the early studies, self-dissolving 

micropiles (SDMPs) of approximate height 3 mm and base diameter 0.5 mm were 

prepared from thread forming polymers, such as dextrin, chondroitin sulphate and 

dextran and their feasibility for percutaneous delivery of different proteins was 

evaluated in vivo. Administration of 5 insulin-loaded SDMPs prepared from dextrin 

to mice resulted in a reduction in plasma glucose levels (lto et al., 2006 a) . In 
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addition, a hypoglycaemic effect was observed in dogs and mice after application of 

SDMPs prepared from chondroitin sulphate and loaded with insulin (lto et al. 2008 

a; Ito et aI., 2007). Similarly, SDMPs prepared from dextrin, chondroitin sulphate 

and albumin successfully delivered EPO (Mw == 34 kDa) across the mice skin in vivo 

(Ito et a!. , 2006 b). After administration of 4 EPO-Ioaded SDMPs fabricated from 

dextrin to mice, peak serum EPO levels of approximately 138 mlD/ml were achieved 

at 7.5 h. When chondroitin sulphate and albumin SDMPs containing EPO were 

applied, peak plasma levels of 96 mlD/ml and 132 mlD/ml were obtained after 8 h 

and 6.8 h, respectively (lto et a!., 2006 b). Furthermore, interferon-alpha (INF, Mw == 

19.3 kDa) was percutaneously absorbed after administration of drug loaded SDMPs 

prepared from chondroitin sulphate and dextran to rats (lto et aI., 2008 b) and hGH 

(Mw = 9.4 kDa) was delivered across rat skin in vivo from dextran SDMPs (Ito et aI., 

2008 c). Despite promising results of transdermal peptide/protein delivery using 

SDMPs, the major limitations of this delivery system have been recognized as the 

large size of the needles, individual production of each needle and lack of any 

supporting baseplate, which makes the application process cumbersome. Recently, 

the research group of Ito addressed these disadvantages and designed a self

dissolving micropile array (SDMA) comprised of 100 microneedles organised into 

10 lines and 10 columns on a 1 cm2 area. Each needle was approximately 500 /lm 

long and 300 /lm wide at the base. The SDMA patch fabricated from chondroitin 

sulphate was reported to deliver EPO to rats in vivo (Ito et aI., 2010). Two different 

SDMA patches, partially-loaded SDMA (P-SDMA) containing 25 ID of EPO and 

fully-loaded SDMA (f-SDMA) containing 129.5 ID of EPO were fabricated in 

micromoulding process. Administration of p-SDMA and f-SDMA to rats resulted in 

gradual increase in serum EPO concentrations and peak levels of approximately 31 

mID and 32 mIU were achieved at 8 hand 6 h, respectively (Ito et aI., 2010). 

Similarly, recombinant human growth hormone (rhGH) and desmopressin were 

delivered transdermally in rats using SDMA patches fabricated from dextran and 

chondroitin sulphate (Fukushima et a!., 2010). Recombinant human growth hormone 

was incorporated into dextran (content - 28.4 /lg) and chondroitin sulphate (content -

33.6 /lg) SDMA patches, whereas SDMA containing desmopressin (5.2 /lg) were 

prepared from chondroitin sulphate. It was reported that peak plasma rhGH 

concentrations were of approximately 58 nglml and 73.1 ng/ml after administration 
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of rhGH loaded dextran and chondroitin sulphate SDMAs, respectively. 

Furthermore, it was shown that percutaneous application of one and two 

desmopressin-loaded SDMAs fabricated from chondroitin sulphate resulted in peak 

plasma levels of approximately 16 nglml and 27 ng/ml, respectively (Fukushima et 

al.,2010). 

Coated as well as dissolvable MNs are attractive for rapid delivery of 

peptide/protein therapeutics. However, the major limitation of these types of needles 

is the low drug loading capacity. Moreover, sustained and controlled transdermal 

delivery might be difficult to achieve. In addition, the created micro-channels might 

become blocked by the degrading polymer matrix, which could limit the delivery of 

drug encapsulated within the MN baseplate. The loading limitation can be overcome 

by using a ' poke and patch' approach, where MN application and removal is 

followed by administration of drug formulation in a form of solution, gel or patch. 

However, a two - step administration process might not be best-suited for patients 

and the issue of micro-channels closure remains to be considered. Recent studies 

suggest that pores created by MNs stay open up to 72 h when occluded with a plastic 

film or with a solution (Kalluri and Banga, 2011) which eliminates the concern of 

pore closure during drug delivery via 'poke and patch' mode. 

In this study, two alternative polymeric MN designs were evaluated - a drug 

loaded soluble MN system, and a novel, first of its kind, hydrogel forming MN array 

with integrated drug reservoir patch. It was found that incorporation of 2.5mg of 

FTIC-BSA into the polymeric matrix of MNs produced MN arrays with the drug 

uniformly dissolved, and which were perfect replicates of the laser-engineered MN 

mould (Figure 7.1). FITC-BSA recovery from 2.5 mg loaded arrays (approximately 

98%) indicated that no loss of the protein occurred during MN fabrication process. In 

addition, results obtained in the present study suggested that the secondary structure 

of FITC-BSA remained intact after incorporation into the matrix of MNs prepared 

from aqueous blends of PMVE/MA, as evidenced by the CD spectra which were 

indistinguishable from that ofFITC-BSA standard solution (Figure 7.2). Whilst it has 

been shown that drug incorporation into soluble polymeric MN arrays can affect 

their mechanical strength, either by weakening or strengthening (Lee et al., 2008; 

Park et ai. , 2006), it was found that incorporation of FTIC-BSA did not adversely 

affect the mechanical strength of the PMVEIMA MN array (Figure 7.3). 
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In vitro FITC-BSA permeation studies confirmed the ability of MN s prepared 

from aqueous blends of 20% w/w PMVE/MA to improve percutaneous transport of a 

model high molecular weight protein. When FITC-BSA-Ioaded MNs were used , 
significantly higher levels of the model drug were detected in the receptor 

compartment in comparison to FITC-BSA permeation across intact skin (Figure 7.4). 

However, it was found that the soluble PMVE/MA MN system were only capable of 

providing a bolus release, with approximately 100 flg of FTIC-BSA being delivered 

across the skin 1 h after MN application. Similar to the case for the delivery of 

insulin (as described within Chapter 6), this equates to only the FTIC-BSA directly 

dissolved within the MNs themselves being delivered, with no subsequent diffusion 

of FTIC-BSA from the MN base plate. Whilst the use of ITP alone, unsurprisingly, 

did not result in any detectable permeation of FTIC-BSA across the skin it was , 

found that the combination of ITP with MN application increased the extent and 

prolonged the period over which FTIC-BSA was delivered (Figure 7.4). In particular, 

the combination of MN and anodal ITP led to the greatest extent of FTIC-BSA 

release, with approximately 326 flg of FTIC-BSA delivered across neonatal porcine 

skin after a 6 h period, in comparison to approximately 110 flg for MN alone, and 

241 flg for MN in combination with cathodal ITP. This is most likely due to the 

contribution of electro-osmotic, in the anode to cathode direction, which would 

facilitate the enhanced permeation of FTIC-BSA across the microporated skin 

(Katikanem et al., 2009). 

The second polymeric system under investigation for the transdermal 

delivery of FTIC-BSA is the so-called hydrogel forming MN array. This novel 

concept is based upon an inherently electrically conducting polymeric formulation, 

which in the dry state is hard and capable of stratum corneum disruption, whereas in 

contact with the tissue absorb interstitial fluid and swell, was proposed. The hydrogel 

MNs are integrated with a drug-containing reservoir, which is fabricated at room 

temperature so that heat -susceptible biomolecules are not destroyed. After swelling 

of the hydrogel MNs in the skin, continuous aqueous pathways are formed and 

diffusion of the drug from the reservoir can occur. The proposed delivery system 

does not limit the amount of drug that can be delivered, as well as eliminates the 

potential issue of micropore closure as MNs remain in place during drug 

administration. Furthermore, as highlighted in Chapter 5, the polyelectrolyte nature 
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of the formulation used for the production of this class of MN s renders the systems 

electrically responsive. These electro-responsive properties causes the MN system, 

upon application of an electric current, to absorb skin interstitial fluid at a much 

greater rate and extent, resulting in the formation of a highly swollen and open 

hydrogel network for the enhanced diffusion of drugs from an attached reservoir 

matrix, as shown in Chapter 5. 

The hydrogel forming MN arrays, prepared from aqueous blends of 15% w/w 

PMVE/MA and 7.5% PEG 10,000, were integrated with FITC-BSA loaded patches 

and in vitro permeation studies were performed. Similarly to the insulin loaded 

patches described in Chapter 6, patches containing aqueous blends of 10 % w/w 

PMVE/MA and 5% tripropylene glycol methyl ether (TPM) were used to incorporate 

FITC-BSA. During preparation of the patch, no harsh conditions, such as elevated 

temperature or exposure to organic solvents, were present that could potentially 

affect protein structure. However, statistical analysis revealed that the amount of 

FITC-BSA recovered was significantly different from the theoretical value of 2.5 

mg/cm2 (p < 0.05), which could be an indication of potential interaction between 

FITC-BSA and the components of the patch. In addition, a change in the secondary 

structure of FITC-BSA was observed after encapsulation within the PMVE/MA

TPM patch, as confirmed by circular dichroism analysis (Figure 7.5). Preservation of 

the original protein structure is necessary for its biological function. Therefore, any 

alteration in the secondary conformation of protein may lead to loss of its biological 

activity or may render the protein immunogenic (Wangoo et al., 2008, Brandes et al., 

2006). However, in spite of a change in its secondary conformation after 

incorporation into PMVE/MA-TPM patches, the ability of insulin to reduce blood 

glucose levels was retained as confirmed in in vivo experiment. BSA does not 

possess any measurable biological activity. Therefore, the effect of the protein 

secondary structure alteration on its function could not be established in vivo. 

However, CD analysis further confirmed that the patch fabrication technique or patch 

components had some detrimental effect on the protein structure. It can be 

hypothesised, similarly to the insulin case, that most probably the presence of the 

TPM plasticizer in the patch is responsible for the change in the protein structure. 

In order to provide evidence that MNs fabricated from hydrogel material 

containing 15% w/w PMVE/MA and 7.5% w/w PEG 10,000 have the ability to 
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enhance transdermal delivery of a model protein, in vitro permeation studies were 

performed across dermatomed neonatal porcine skin (350 /lm thick). Unlike the 

drug-loaded soluble PMVE/MA MNs, it was found that the hydrogel forming MN 

arrays were capable of sustained transdermal delivery of FTIC-BSA, with 

approximately 393 /lg of FTIC-BSA delivered after a 24 h period (Figure 7.6). This 

is significantly greater than the 110 /lg delivered over the same period for the soluble 

PMVE/MA system (p < 0.001). Due to the electro-responsive nature of the hydrogel 

forming MN system, as described above, the combination of ITP with the hydrogel 

forming MN array led to an increased rate and extent of FTIC-BSA permeation. In 

particular, it was found that the combination of anodal ITP with the hydrogel 

forming MN array led to the greatest rate of drug permeation, with approximately 

660 /lg of FTIC-BSA being delivered after a 6 h period. This is in comparison to the 

171 /lg and 391 /lg of FTIC-BSA being delivered after 6 h for MN alone and MN in 

combination with cathodal ITP, respectively (Table 7.6). There are a number of 

reasons why the combination of ITP and hydrogel forming MN arrays leads to such a 

significant increase in FTIC-BSA permeation. Firstly, the application of hydrogel 

forming MN s to the skin creates an unblockable aqueous pathway offering an area of 

low electrical resistance, and thus prolonging the period over which ITP may enable 

enhanced drug migration. Secondly, as shown in Chapter 5, the application of an 

electrical current (both anodal and cathodal) dramatically accelerates the formation 

of a highly swollen hydrogel MN network, leading to an increased surface area for 

enhanced FTIC-BSA migration. As such, the reason that the combination of hydrogel 

forming MNs with anodal ITP resulted in the greatest rate ofFTIC-BSA permeation 

is, presumably, due to favourable direction of electro-osmotic flow (in the anode to 

cathode direction) facilitating the migration of FTIC-BSA through the hydrogel MN 

matrix and across the skin (Katikanem et al., 2009). 

Given that the ultimate goal of this work is to develop an electrically 

responsive MN array, capable of the electrically faciliated delivery for on-demand 

requirements, it is clear from the in vitro results that the hydrogel forming MN array 

is the most suitable polymeric system. As such, this system was chosen for 

subsequent evaluation of its performance in vivo. 

Prior to initiation of the in vivo experiments it was necessary to ensure that 

the fluorimetric method employed for the detection of FTIC-BSA during the in vitro 
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release studies would be suitable for the quantification of FTIC-BSA in plasma 

samples. Whole blood was obtained during the sacrifice of a control rat, and spiked 

with a series of FTIC-BSA solutions to cover an appropriate concentration range. As 

can be appreciated from Table 7.7, this method was sufficient for the analysis of 

FTIC-BSA at plasma concentrations of 0.5 - 10 flg/ml (r2 value of 0.9893), with 

limits of detection and quantification for FTIC-BSA being 0.01 flg/ml and 0.04 

flg/ml, respectively. 

The in vivo investigations were conducted using the same animal 

preparation and formulation appplication technqiues as described in great detail 

within Chapter 6. The series of control experiments, whereby the FTIC-BSA loaded 

adhesive patches were applied either basis of the in vitro results), revealed that no 

detectable levels of FTIC-BSA were delivered across the skin into the systemic 

circulation. This is not suprising given that FTIC-BSA is a 66kDa macromolecule , 

and it has been suggested that only molecules of < approximately 12 kDa may be 

successfully delivered across intact skin via ITP (Banga., 2011). This indicates that 

the process of hair removal from the animal did not disurpt the barrier properties of 

the skin. In agreement with the in vitro investigations, it was found that following 

application, the MN s were capable of absorbing sufficient skin interstitial fluid to 

form a mechanically strong, swollen hydrogel network (Figures 7.8 and 7.9) thus 

enabling the significant and sustained transdermal delivery of FTIC-BSA, from an 

integrated reservoir patch, in vivo. Detectable levels of FTIC-BSA began to appear 

within the systemic circulation 2 h after MN application, and reached maixmal 

plasma concentrations of approximately 9 flg/ml after 24 h (Figure 7.7). The 

combination of MN and ITP led to a significantly accelerated rate of FTIC-BSA, 

with detectable FTIC-BSA levels found within the plasma 30 minutes after MN/ITP 

application. Following termination of the electric current and complete removal of 

the MN device 2 h after application, FTIC-BSA plasma levels were found to be 

approximately 3.89 fl.g/ml. This is approximately 5 - fold greater than the 0.81 fl.g/ml 

detected at the same period through the use of MN alone. Whilst the MN/ITP 

protocol was completely removed from the animals after a 2 h period it was found 

that the FTIC-BSA plasma levels continued to elevate for a further 2 h, reaching 

approximately 4.92 fl.glml at the 4 h interval. 
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The results from the in vivo studies indicate that the electrically responsive 
hydrogel-forming MN array described within this thesis has considerable potential 
for the continuous and/or pulsatile transdermal delivery of macromolecular peptides. 
Whilst previous studies have demonstrated a synergistic enhancement in the 
transdermal delivery of a range of drug species through the combination of MN and 
ITP (Wu et al. , 2007; Vemulapalli et al., 2008; Lanke et al., 2009; Katikaneni et al., 
2009), there are a number of notable advantages of the MN technology developed in 
this thesis . To date, MNs have only been utilised to puncture the skin, thus creating 
aqueous pores of low electrical resistance, prior to the subsequent application of a 
drug loaded formulation for ITP delivery. The necessity for a two-stage application 
process when using this approach may be cumbersome for clinicians, and patients, 
particularly given the importance of ensuring that the drug loaded formulation is 
placed correctly over the porated skin area. Secondly, it is known that the process of 
skin healing begins almost immediately upon MN removal, unless the skin area is 
kept under occlusive conditions (Kalluri and Banga., 2011). These potential 
problems can be overcome through the use of electrically responsive hydrogel 
forming MN arrays which, in a one step process, provides an unblockable pathway 
for drug migration from an integrated reservoir matrix, with the rate of drug 
migration capable of being adjusted through the application of an electric current to 
the MN device. Furthermore, for the first time the rate of delivery will not be under 
the control of the skin, but rather can be modified by the responsive nature of the 
hydrogel system following the application of an electric current. 
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7.7 Conclusion 

The present study demonstrated the efficiacy of polymeric MN devices for the 

transdermal delivery of a macromolecular protein, FTlC-BSA. The in vitro 

permeation experiments revealed that FTlC-BSA incorporation into a soluble 

PMVE/MA MN array significantly enhanced FTlC-BSA delivery, resulting in a 

bolus release of FTlC-BSA within 1 h of MN application. Furthermore, the 

combination of lTP and soluble MN arrays increased the extent, and prolonged the 

duration, of FTlC-BSA permeation across neonatal porcine skin. The novel hydrogel 

forming MN array proved capable of sustained passive delivery of FTIC-BSA over a 

24 h period, both in vitro and in vivo. It was highlighted that, due to the electrically 

responsive nature of this MN formulation, the combination of hydrogel forming MN 

arrays and lTP led to a dramatic increase in the rate and extent of FTlC-BSA 

permeation in vitro. The potential for this novel MN device to enable the sustained 

passive and electrically facilitated pulsed delivery of large protein speCIes was 

highlighted from the results obtained during in vivo investigations. 
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Chapter 8: Safety profile of hydrogel microneedle arrays 

8.1 Introduction. 

To date, a limited number of clinical studies have shown that application of silicon, 

metal, or polymer microneedle (MN) arrays do not cause any pain or inflammation 

(Bal et ai. , 2008; Haq et ai. , 2009; Henry et ai. , 1998; Kaushik et ai., 2001; 

McAllister et ai. , 2000; Sivamani et al., 2005). However, silicon or metal MNs have 

the potential to leave residues in the skin after their removal. This is undesirable 

(Stupar and Pisano, 2001). There have been some concerns regarding the immuno

inflammatory response of soft tissue when in contact with stainless steel and titanium 

implants (Park et ai. , 2005). Furthermore, MNs fabricated from silicon or metal are 

not biocompatible or biodegradable, and may possibly cause skin reactions 

(Braybrook, 1997; Runyan and Bean, 1990). On the other hand, polymer MNs many 

of which are considered biocompatible or biodegradable in nature, may still pose the 

risk of skin irritation. Clearly this must be addressed before clinical application. 

Contact dermatitis accounts for approximately 90% of occupational skin 

diseases and irritant contact dermatitis (lCD) is responsible for approximately 80% 

of reported cases (Lushniak, 2000). Factors that influence the development of ICD 

can be individual characteristics, such as, age, sex, ethnicity, and pre-existing skin 

disease, including history of atopy. Material properties, such as the chemical/physical 

nature of an irritant are also important (Moeshell, 1997). Skin irritation is a reversible 

inflammatory reaction that can lead to erythema and oedema (Corsini and Galli, 

1998; Chew and Maibach, 2006). Therefore, material testing, similar to that 

employed for bandages, bum wound dressings, adhesives, household cleaners and 

other devices likely to contact areas of skin is essential before clinical application of 

MN devices. Furthermore, it is necessary to determine the time taken for skin barrier 

function to return to normal following MN application and removal, and how this is 

affected by MN design and/or MN application time. There are many non-invasive 

biophysical techniques to assess skin irritation and barrier disruption, such as 

transepidermal water loss (TEWL), skin colour, laser Doppler flowmetry, 

capacitance, reflectance spectroscopy, ultrasound and visual scoring (Agner & Serup, 

1990; Andersen and Maibach, 1995; Bal et ai. , 2008; Berardesca et ai., 1994, 1995; 

Fluhr et ai. , 2001 ; Lee et ai. , 1997; Pinnagoda et ai. , 1990). 
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Independently, pam associated with the application of MNs needs to be 

addressed. The most commonly used and adopted method of pain measurement is the 

visual analog scale (V AS). V AS is a simple and often commonly used method for 

evaluating variations in pain intensity (Bal et aI., 2009; Burckhardt & lones, 2003; 

Chapman et aI., 1985; DeLoach et al., 1998; Haq et aI., 2009; Kaushik et al., 2001). 

V AS scales are designed to indicate the intensity of pain associated with medical 

interventions, by marking a 10 cm line anchored with terms describing the extremes 

of pain intensity, such as "no pain" and "worst pain imaginable" (Bodian et aI., 2001; 

DeLoach et aI., 1998). The advantage of VAS is that it is simple to administer and it 

is widely accepted in pain assessment. 

8.2 Aims and Objectives. 

The overall aim of this study was to assess if MN array design affects the safety 

profile of a novel hydrogel MN formulation for clinical application. In this respect, 

the fundamental properties, such as disruption and subsequent recovery of skin 

barrier function, induction of pain or irritation were assessed. 

The present Chapter describes the preparation of a variety of hydrogel MN 

array designs along with an assessment of the effect of MN array design and 

application time on the disruption to skin barrier function (in vitro and in vivo), as 

well as the incidence of skin irritation and pain following MN application in human 

subjects in vivo. In addition, the present chapter describes the use of optical 

coherence tomography to visualise MN penetration into human skin in real time and 

in vivo, and to visualise dimensional changes of a MN array following insertion for a 

period of 24 h in a human volunteer. 
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8.3 Materials and Apparatus 

Gantrez AN-139, a copolymer of methylvinylether and maleic anhydride 

(PMVE/MA) was provided by ISP Co. Ltd., Guildford, UK. 

PEG 10,000 was obtained from Aldrich, Steinheim, Germany. 

PBS, Phosphate buffer saline tablets were obtained from OXID Limited, 

Basingstoke, Hampshire, England, U.K. 

Silastic® 9280/60 E silicone elastomer, Dow Coming, Wiesbaden, Germany. 

Alcotip Swabs, 10% isopropyl alcohol, Uni-wipe range, Universal Hospital Supplies 

Ltd, Enfield, UK. 

Pink washproof sterile plasters (3.8 x 3.8cm), Pharmaplast, Alexandria, Egypt. 

Delfin VapoMeter®, Delfin Technologies Ltd, Kuopio, Finland. 

Gallenkamp hotbox oven with fan, size 2, Sanyo-Gallenkamp PLC, Leister, UK. 

Auto Bench Centrifuge Mark IV, Baird & Tatlock Instumental in Quality, England, 

UK. 

Analytical balance, APX-60, Denver Instruments, Colorado, USA 

Franz-cell apparatus, PermeGear Inc, Bethlehem, P A, USA 

Nikon D40X digital camera equipped with a Nikon AF-S VR Micro Nikkor 105 mm 

f/2.8G IF-ED lens and a Nikon Close-up Speedlight Commander Kit RICl, Nikon, 

Tokyo, Japan. 

Canon IXUS 80 IS digital camera, Beijing, China. 

VivoSight@ high resolution optical coherence tomography scanner with handheld 

probe, Michelson Diagnostics Ltd. , Kent, UK. 

8.4 Methods 

8.4. 1. Fabrication ofhydrogel MN arrays. 

Throughout this Chapter, hydrogel MNs used were prepared from aqueous blends 

containing 15 % w/w PMVE/MA and 7.5 % w/w PEG 10,000, as described 

previously in Chapter 3. The gel was transferred to laser-engineered silicone 

micromoulds, centrifuged and dried for 48 hrs at ambient temperature. 

Subsequently, the mould was placed in an oven for 24 hours at 80
D

C to induce the 

formation of ester crosslinks between PMVE/MA and PEG. A total of five hydrogel 
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MN array designs were prepared for testing to investigate the influence of MN 
density and MN height upon the disruption and recovery of' k· b . fu . s m arner nctIOn 
(Table 8.1). 

Table 8.1 . Summary of the MN arrays under investigation within the in vitro TEWL study. 

MN height MN width at base 
(/:lm) (/:lm) 

350 300 

600 300 

600 300 

600 300 

900 300 

MN interspacing at base 
(/:lm) 

300 

50 

150 

300 

300 

MN array (rows x 
columns) 

11x 11 

19x19 

14x14 

llxll 

llxll 

8.4.2. Transepidermal water loss (TEWL) assessment of neonatal porcine skin 
barrier integrity following MN application and removal in vitro. 

Neonatal porcine skinwas obtained from stillborn piglets and immediately « 24 h 
after birth) excised and trimmed to a thickness of 1.0-1.1 mm using a clean, sharp 
scalpel. The full thickness neonatal porcine skin was then carefully shaved to remove 
any hair, and pre-equilibrated in phosphate buffered saline (PBS, pH 7.4) for 1 hour 
before beginning the experiments. A circular specimen (7.1 cm

2
) of the skin was 

dried of excess PBS using a piece of filter paper and placed onto the bottom part of a 
glass vertical Franz diffusion cell (PermeGear, Hellertown, USA), containing 12.0 
ml of PBS (pH 7.4), which was mounted on an FDCD diffusion drive console 
providing synchronous stirring at 600 rpm and thermostated at 37.0 ± 1.0

o
C (Crown 

Glass Co. Inc., Sommerville, NJ, USA). To enable TEWL to be measured, as well as 
to ensme the skin was firmly fixed on top of the Franz diffusion cell, a Teflon ring 
(diameter 3 cm) and clamp was secured on top of the skin (Badran et ai, 2009). The 
skin was then left to equilibrate within this set-up for a period of 30 mins, after which 
baseline TEWL was measmed in triplicate, using a closed chamber VapoMeter 
(Delfin Technology, Kuopio, Finland). For MN insertion, the skin samples were 
removed from the Franz cell chamber and placed onto a sheet of dental wax for 
support. MN arrays were inselted using the spring-activated applicator, described 
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earlier in Chapter 4, with a triplicate impact of 11.0N force / array. Following MN 

insertion, the MN arrays were then either removed after a period of 1 min and the 

skin sample placed onto the Franz cell chamber again, or the skin sample with the 

MN array in situ was securely placed onto the Franz cell chamber and MN kept in 

place for a period of 24 h prior to MN removal. To ensure that MN remained within 

the skin over the course of the 24 h period, a circular steel weight (diameter 11.0 

mm, 3.5 g mass) was placed on top of each MN array. After MN removal from skin, 

TEWL was measured in appropriate time intervals over a 6 h period. 

8.4.3. Clinical study in Human subjects 

8.4.3.1. Volunteers 

Six healthy volunteers (3 men and 3 women) aged between 23 and 31 years, with no 

pre-existing skin conditions participated in the study. They were asked not to apply 

any cosmetic formulations on the ventral forearm during the study period. The study 

was previously approved by the School of Pharmacy's Ethical Committee at Queen's 

University Belfast (Appendix 1). 

8.4.3.2. Microneedle Patches 

This study used hydrogel MNs prepared from aqueous blends containing 15% w/w 

PMVE/MA and 7.5% w/w PEG 10,000 (as described in Section 7.4.1.). Two 

different MN array designs were prepared to investigate the effect of MN density 

upon the clinical performance of a hydrogel MN array. The array designs were as 

follows: 

• 

• 

Design 1: MN height 600llm, MN base width 300llm, MN interspacing at 

base 300llm, giving an 11xll array of 121 MNs supported on a 1 cm2 base 

Design 2: MN height 600llm, MN base width 300llm, MN interspacing at 

base 50llm, giving a 19x19 array of361 MN supported on a 1 cm
2 

base 

These hydrogel MN arrays were attached to waterproof plaster using double-sided 

adhesive tape, as shown in Figure 8.1. 
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Figure 8.1. Hydrogel MN arrays patch (A) Top view (B) Bottom view (C) Arrow shows the MN 

arrays inside the patch 

8.4.3.3. Optimizing applicator for MN-patch application 

A prototype simple spring loaded piston with one button release applicator (Figure 

8.2A) was designed and constructed to apply hydrogel MN patch as to the ventral 

forearm of the human subjects. The applicator can be activated by simply pressing 

the button, as shown in Figure 8.2B, which drives the piston towards the skin 

surface, as described in Chapter 4. 

B 

Flat-base of piston can hit 
the MNs when activated 

4-"..:;-_ by pressing the button 

Figure 8.2 Illustration of a prototype MN applicator (A) Before activation (B) After activation 

8.4.3.4. Pain, TEWL and Irritation following MN patch application in human 

Suhjects 

A. Study design 
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The study was conducted in a controlled room temperature at 20De and 45 ± 5% 

relative humidity. The subjects were acclimatised in this room for 15 min prior to the 

start of the study. This study involved the application of waterproof patches 

consisting of hydrogel MN arrays, MN base-plate and empty waterproof patch only 

(as control) to the ventral forearm on three different occasions; 

1. Patches applied and removed immediately ( i.e. 0 hr treatment) 

11. Patches applied and removed after 2 hrs ( i.e. 2 hr treatment) 

111. Patches applied and removed after 24 hrs (i.e. 24 hr treatment) 

Before application of the patches the ventral forearm were cleansed with a sterile 

alcohol swab in each case. Four square areas (~ 1.5 cm2
) were marked on the ventral 

forearm of each subject using a ballpoint pen. The square areas were located at 

approximately the same position on each forearm (Figure S.3A). Before the 

application of patches (containing an 11 x 11 array MN, a 19x 19 array MN, MN base

plate and patch only) TEWL and clinical photographs of skin were recorded, as 

described below. Following application of the patches, the applicator was applied to 

each patch, to ensure MN penetration into the skin. Immediately upon application 

and after the removal of the patches, the V AS, TEWL and change in skin colour was 

recorded, as follows; 
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Figure 8.3. Digital camera images of (A) square marks on the ventral forearm before applying the 
patches (8) pink waterproof patches applied directly over the marked squares 

B. Visual analogue scale (VAS) pain scores 

Pain sensation associated with patches was determined on a VAS. The pain intensity 

rating (i.e., V AS) was measured immediately after patch application and immediately 

upon its removal. The V AS was determined by asking the volunteers to mark on a to 

cm line, anchored by word descriptors at each end ("No Pain=O cm" and the other 

end the "Worst Pain Imaginable = to cm), as illustrated in Figure 8.4. The volunteers 

mark on the line the point that he or she feel represents their perception of their 
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current state. The V AS score is detennined by measuring in centimetres from the left 

hand end of the line to the point that the volunteer marks (Bodian et aI., 2001). 

No pain Worst Pain Imaginable 

Figure 8.4 . V AS Scale used to measure pain in relation to the extremes 

C. Transepidermal water loss 

TEWL was measured to detennine the level of disruption to skin barrier function 

following application of the MN arrays. A VapoMeter® (DelfinTechnologies Ltd. 

Kuopio, FINLAND) was used to measure TEWL at a control site (previously marked 

with squares of ;::::1.5 cm2 areas) pre- and post-application of patches. 

TEWL measurements have been established as a routine method for 

evaluating the integrity of skin which has been subjected to either physical or 

chemical treatment (Bal et aI., 2008; Haq et aI., 2008). TEWL was measured using a 

closed chamber attached to the skin with a moisture probe reading the humidity in 

the chamber (Figure 8.5). The VapoMeter® is equipped with a closed cylindrical 

chamber that contains sensors for relative humidity and temperature. There is a linear 

increase in relative humidity (RH%) within the chamber shortly after placing the 

device in contact with the skin. 

Before TEWL measurement, each volunteer was rested for 15 mm to 

acclimatise to the ambient room temperature and relative humidity, which were 

maintained at 20°C and 45 ± 5%, respectively. TEWL measurements were taken by 

carefully resting the TEWL probe horizontally on the application site, with the probe 

head vertical and perpendicular to the skin. Once the participant was comfortable, a 

reading was taken and the values presented on the digital display unit of the 

VapoMeter®were recorded. TEWL readings were taken at 0,15,30,45,60,120, and 

180 min after patch removal in each case studied. 
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Figure 8.5. Measuring the TEWL on the forearm using VapoMeter® 

D. Clinical scoring 

Clinical scoring was used to determine irritation threshold in all study volunteers. 

Clinical sco res were based on the visual inspection followina auidelines of the o 0 

Inte rnational Contact Dermatitis (rCD) Research Group and the North American 

Contact Dermatitis Group (Table 8.2). Clinical photographs of the skin before and 

after the patch application were captured using a Nikon D40X digital camera 

equipped with a Nikon AF-S VR Micro-Nikkor 1O5 mm fl2.8G IF-EO lens and a 

Nikon Close-up Speedlight Commander Kit R1Clwith two wireless remote 

Speedlight SB-R200 flash units mounted on a ring on either side of the lens, and 

using aperture priority. The camera was fixed on a tripod and was adjusted to know 

height so that the distance between the ventral forearm and the camera lens were 

consistent throughout the study. Images were then printed on high quality 

photographic paper and were evaluated and scored blindly by two independent, 

experienced dermatologists - Or. Keith Amstrong, Royal Victoria Hospital, 

Grosvenor Road, Belfast, Northern Ireland, UK, and Or Nabla McLoone, Antrim 

Hospital , Bush Road, Antrim, Northern Ireland, UK, who were unaware of what 

treatment protocol a particular photograph represented when they were grading the 

skin area. A clinical score for each test site was assigned, using the ICD scores in 

Table 8.2 (Astner et al. , 2006; Berardesca & Distante, 1994; Marks et al., 2002). 
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Table 8.2 . leD clinical scoring scale 

Score leD 
o Negative 
0.5 Barely perceptible macular erythema 
I Mild erythema 
2 Moderate-intense uniform erythema 
3 Intense erythema edema, vesiculation or erosion 

E. Optical coherence tomography. 

Optical coherence tomography (OCT) was used to visualise MN insertion into 
human skin in vivo in 2D and 3D. An llxll and 19x19 MN array were inserted into 
the forearm of a human volunteer using the spring-activated applicator at a force of 
11.0 N/array. In order to allow direct visualisation using OCT, MN arrays were kept 
in place within the volunteers, for a period of 24 h, by securely wrapping cling film 
around the site of application. Images were then obtained using a VivoSight® high
resolution aCT scanner with handheld probe (Michelson Diagnostics Ltd., Kent, 
UK) (Figure 8.6). The swept-source Fourier domain OCT system has a laser centre 
wavelength of 1,305 ± 15 nm, facilitating real time high resolution imaging of the 
upper skin layers (7.5 flm lateral and 10 flm vertical resolution). The skin was 
scanned at a frame rate of up to 15 B-scans (2D cross-sectional scans) per second 
(scan width = 2 mm). 2D images were converted into a 3D representation using the 
imaging software ImageJ®. The scale of the image files obtained was 1.0 pixel = 4.2 
flm, thus allowing accurate measurements to be made. To allow differentiation 
between MN and different skin layers, false colours were applied to OCT images 
using Ability Photopaint® Version 4.14 (Ability Plus Software Ltd., Crawley, UK). 
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Figure 8.6 Image of VivoSight® high resolution OCT Scanner with handheld probe (Michelson 

Diagnostics Ltd, Kent, UK). 

8.4.4. Statistical Analysis. 

Where appropriate, data were analysed using a one-way analysis of variance 

(ANOY A), with post hoc comparisons performed using Tukey's HSD test. In all 

cases, p < 0.05 denoted significance. Statistical Package for the Social Sciences, 

SPSS 15 Yersion 2.0 (SPSS Inc., Chicago, IL, USA), was used for all analyses. 

8.5 Results. 

Prior to commencement of the in vivo clinical study, the influence of MN array 

design upon the degree and temporary nature of disruption to skin barrier function 

following MN application was studied by measuring TEWL of intact and MN 

po rated full thickness neonatal porcine skin in vitro. Figure 8.7 shows the effect of 

MN density upon the integrity of skin barrier function, following MN insertion and 

immediate removal (8.7 A) and a further scenario where the MN array was kept in 

situ within the skin for a period of 24 h prior to removal (8.78). It was found that an 

increase in MN density was associated with a greater increase in the measured 

TEWL value of the punctured skin immediately after MN removal (p < 0.01). For 

example, TEWL increased from the baseline values of 15.2 ± 1.7 to 45.8 ± 3.5, 14.5 

± 2.4 to 56.2 ±2.7, and 15.3 ± 1.4 to 70.5 ± 3.7 g h- I m-2 following the insertion and 
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immediate removal of the llxll , 14x14 and 19x19 MN array designs, respectively 

(p < 0.001 in all cases). TEWL values began to decrease within the first 15 min after 

MN removal from the skin, dropping to 33.4 ± 2.9, 44.5 ± 2.7, and 57.7 ± 2.5 g hol 

m
o2 

for the l1 x l1 , 14x14 and 19x19 MN array designs, respectively. In all instances, 

the TEWL returned to baseline values within 90 min. A similar trend was observed 

in the scenario where the MN arrays were kept in situ within the skin for a 24 h 

period before their removal, with an increase in MN density being associated with a 

greater elevation in the measured TEWL value post-MN removal (Figure 8.7B). 

However, it was found that, for each MN density, the TEWL values recorded post

MN removal was significantly greater than those recorded when the same MN array 

design was simply inserted into the skin and immediately removed (p < 0.001). For 

example, TEWL increased from the baseline values of 15.5 ± 1.6 to 74.6 ± 2.3, 14.6 

± 1.7 to 83.2 ± 2.9, 14.8 ± 1.5 to 97.3 ± 3.2 g h
ol 

mo2 following the removal of the 

ll x ll , 14x14 and 19x19 MN array designs, respectively (p < 0.001 in all cases). It 

was also noted that, when the MN array was kept in place for a 24 h period, it took a 

longer period of time for the TEWL values to return to baseline values. In particular, 

the TEWL values returned to baseline values within 3 h (17.1 ± 1.6 g h
ol 

m
o2

) for the 

l1 x ll MN array, within 4 h (14.6 ± 0.6 g hO' m
o2

) for the 14x14 MN array, and 

within 5 h (16.7 ± 1.6 g h
ol 

m
o2

) for the 19x19 MN array design. 
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Figure 8.7. The influence of microneedle density (constant microneed le height 600 Ilm) upon the 

di sruption and recovery of skin barrier function, indicated through measurement of transepidermal 

water loss values, fo llowing (A) microneedle insertion into full thickness neonatal porcine skin and 

removal after one minute, (8) microneedle insertion into full thickness neonatal porcine skin and 

removal after 24 h. (Means + SD, n=3). 

Figure 8.8 shows the effect of MN height upon the integrity of skin barrier function, 

following MN insertion and immediate removal (8.8A) and a further scenario where 

the MN array was kept in situ within the skin for a period of 24 h prior to removal 

(8.88). It was found that an increase in MN height was associated with a greater 

increase in the measured TEWL value of the punctured skin immediately after MN 

removal (p < 0.001). For example, TEWL increased from the baseline values of 15.6 
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± 2.2 to 34.6 ± 3.0, 15.2 ± 1.7 to 45.8 ± 3.5, and 14.9 ± 2.1 to 55.4 ± 2.7 g h- I m-2 

following the insertion and immediate removal of l1xl1 MN arrays of MN height 
350 !-tm , 600 !-tm and 900 !-tm, respectively (p < 0.001 in all cases). TEWL values 
began to decrease within the first 15 min after MN removal from the skin, dropping 
to 27.2 ± 2.2, 33.4 ± 2.8, and 44.4 ± 2.9 g h- I m-2 for MN arrays of MN height 350 
flm, 600 !-tm and 900 !-tm, respectively. In all instances, the TEWL returned to 
baseline values within 60 min (Figure 8.8A). A similar trend was observed in the 
scenario where the MN arrays were kept in situ within the skin for a 24 h period 
before their removal, with an increase in MN height being associated with a greater 
elevation in the measured TEWL value post-MN removal (Figure 8.8B). However, it 
was found that, for each MN height, the TEWL values recorded post-MN removal 
was significantly greater than those recorded when the same MN array design was 
simply inserted into the skin and immediately removed (p < 0.001). For example, 
TEWL increased from the baseline values of 15.3 ± 2.6 to 58.4 ± 3.6, 15.5 ± 1.6 to 
74.6 ± 2.3, 15.7 ± 1.9 to 85.5 ± 2.2 g h- I m-2 following the removal of the llxll MN 
arrays of MN height 350 !-tm, 600 !-tm and 900 flm, respectively. It was also noted 
that, when the MN array was kept in place for a 24 h period, it took a longer period 
of time for the TEWL values to return to baseline values. In particular, the TEWL 
values returned to baseline values within 2 h (16.2 ± l.1 g h-

I 
m-

2
) for the MN array 

of MN height 350 !-tm, within 3 h (17.1 ± l.6 g h- I 
m-2

) for the MN array of MN 
height 600 ~lm, and within 4 h (16.1 ± 1.1 g h- t m-2

) for the MN array of MN height 

900 !-tm. 
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A 

-900um 

--·--600um 

········350 um 

300 400 

- 900um 

-. - 600um 

········35Oum 

300 400 

Figure 8.8. The influence of microneedle height (using an lIxll array) upon the disruption and 

recovery of skin barrier function, indicated through measurement oftransepidermal water loss values, 

following (A) microneedle insertion into full thickness neonatal porcine skin and removal after one 

minute, (8) microneedle insertion into full thickness neonatal porcine skin and removal after 24 h. 

(Means + SO, n=3). 

A companson of the increase in TEWL, in comparIson to the baseline value, 

measured immediately following removal of the MN array for each of the different 

protocols under investigation is shown in Table 8.3, below. 
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Table 8.3. The increase in TEWL measured immediatel ft MN y a er removal for each of the different 
regimens under investigation. 

MN array design TEWL fold increase 

MN height (/lm) MN array (rows x columns) Oh 24 h 

350 llxll 2.2 3.8 
600 19x19 4.6 6.6 
600 14x14 3.8 5.7 
600 llxll 3.0 4.8 
900 llxll 3.7 5.5 

In the clinical study involving 6 volunteers, each volunteer was asked to record a 
V AS score associated with both the application of patches, as well as a V AS score 
associated with the degree of pain felt during wear of the patch for the 2 hr and 24 hr 
treatment protocols. Application of the patch only, and the patch containing MN base 
plate received a V AS score of Ocm i.e. no pain was felt at all. However, application 
of the patches containing the MN arrays, received increased V AS score, which was 
dependent upon the density of the MN array applied. For example, it can be seen 
from Table 8.4, that the mean VAS score associated with the application of the MN 
array of density 361 MN 0.5cm-2 (0.33 ± 0.10 cm) was greater than that for a MN 
array of density 121 MN 0.5cm-2 (0.14 ± 0.08) (p < 0.001). Similarly, the higher 
density MN array had a greater recorded V AS score due to the presence of the MN 
array for both the 2 hr and the 24 hr treatment protocols. Furthermore, the recordings 
associated with sensations felt during the presence of the MN array patches revealed 
that V AS scores were increased for both MN array designs during the 24 hr 
treatment protocol, in comparison to the 2 hr treatment protocol. The comments 
recorded by the volunteer's regarding the sensations associated with MN application 
and wear are shown in Table 8.5, below. It can be seen that the feeling of MN 
insertion and presence was noted as either a pressure or itchy sensation, rather than 

painful. 
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Table 8.4. Recorded V AS scores associated with the insertio d th .. n, an e presence, of patches contammg 

MN arrays of varying density. Means ± S.D., n=6. 

MN array MN Insertion MN Presence 

2h 24h 

II xlI 0.14±0.08 0.15 ± 0.08 0.23 ± 0.14 

19x19 0.33 ± 0.10 027±0.18 0.38±0.19 

Table 8.5 . Volunteer comments regarding the nature of the sensations felt during MN application and 

presence. 

Volunteer Comment 

A prickly feeling noticed at times during the presence of 19x 19 array 

2 Slight pressure noticed for 19x19 array about 10h after application, but not classed as pain 

4 Definetly feel a sensation during 19x19 array application, like a scratch 

5 Could feel pressure during 19x 19 array presence, slight itchy feeling 

6 For 24h period, slight itchy feeling at night for the 19x19 array. 

TEWL measurements were taken from each volunteer before and after patch 

application and removal, for all the three different treatment periods (i.e. 0, 2, and 24 

hours) studied. Prior to each measurement, the volunteer was rested and acclimatised 

to the room conditions for at least 15 minutes, with TEWL measurements recorded 

for a period up to 4 hours following patch removal. Figures 8.9 to 8.11 show the 

results of TEWL values determined during the three different treatment periods, with 

the baseline TEWL values shown as time 0 minutes, and TEWL values immediately 

following patch removal shown as time 15 minutes. In the 0 hr treatment protocol 

(Figure 8.9), no significant differences in the TEWL values where recorded 

following application and removal of the patch only or the patch containing the MN 

base plate (p = 0.783). However, application and removal of the patches containing 

the MN arrays did have a significant effect upon the TEWL measurement (p < 0.01). 

For example, immediately after removal of the patch containing a MN array of 

density 121 MN 0.5cm-2 TEWL increased from baseline value of 9.22 ± 1.84 to 

16.67 ± 2.57 g h- I m-2 (p = 0.01) Similarly, immediately after removal of the patch 

containing a MN array of density 361 MN 0.5cm-
2 

TEWL increased from baseline 

value of 8.48 ± 3.09 to 17.93 ± 3.09 g h- I m-2 (p = 0.001). No significant difference 
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was noted between the increase in TEWL caused by both MN deigns (p = 0.699). In 

both cases, TEWL values began to return to baseline values within 30 minutes. 
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In the 2 hr treatment protocol (Figure 8.10), no significant differences in the TEWL 

values where recorded following application and removal of the patch only or the 

patch containing the MN base plate (p = 0.991). However, application and removal 

of the patches containing the MN arrays did have a significant effect upon the TEWL 

measurement (p < 0.001). For example, immediately after removal of the patch 

containing a MN array of density 121 MN 0.5cm-2 TEWL increased from baseline 

value of 11.25 ± 3.09 to 30.23 ± 8.87 g h- I m-2
• Similarly, immediately after removal 

of the patch containing a MN array of density 361 MN 0.5cm-2 TEWL increased 

from baseline value of 11.38 ± 4.84 to 29.23 ± 7.85 g h- I m-2
. No significant 

difference was noted between the increase in TEWL caused by both MN deigns (p = 

0.991). In both cases, TEWL values began to return to baseline values within 30 

minutes. 
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300 

300 

300 

300 

Figure 8.10. TEWL values measured before applying and after removal of patch in a 2 hr treatment 

protocol, where (A) Patch only, (8) Patch containing hydrogel MN base plate, (C) an llx 1I hydrogel 

MN array, and (D) a 19x 19 hydrogel MN array. Means ± S.D., n=6. 
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In the 24 hr treatment protocol (Figure 8.11), no significant differences in the TEWL 

values where recorded following application and removal of the patch only or the 

patch containing the MN base plate (p = 0.659). However, application and removal 

of the patches containing the MN arrays did have a significant effect upon the TEWL 

measurement (p < 0.001). For example, immediately after removal of the patch 

containing a MN array of density 121 MN 0.5cm-2 TEWL increased from baseline 

value of 12.43 ± 4.86 to 21.60 ± 4.97 g h- l m-2
• Similarly, immediately after removal 

of the patch containing a MN array of density 361 MN 0.5cm-2 TEWL increased 

from baseline value of 12.16 ± 4.09 to 25.57 ± 2.03 g h- l m-2
. No significant 

difference was noted between the increase in TEWL caused by both MN deigns (p = 

0.541). In both cases, TEWL values began to return to baseline values within 30 

minutes. 
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Figure 8.11. TEWL values measured before applying and after removal of patch in a 24 hr treatment 

protocol, where (A) Patch only, (8) Patch containing hydrogel MN base plate, (C) an 11x 11 hydrogel 

MN array, and (D) a 19x 19 hydrogel MN array. Mean ± S.D., n=6. 

The clinical photographs collected from each treatment protocol were scored by 

visual inspection and an ICD score was assigned to each photograph, as described 

previously. Figures 8.12 - 8.14 show some sample clinical photographs taken before 

and after removal of the patches following 0, 2 and 24 hr treatment protocols. Table 

8.6 shows the ICD scores of the individual volunteers for the three different 

treatment protocols. It was found from the clinical scores, that for all three treatment 

time protocols, no reaction was observed for the patch only treatment, whilst only 
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one individual had a response graded as 0.5 for the patch containing MN base plate. 

The skin response following application of the MN containing patches was graded as 

only barely perceptible (0.5) or mild erythema (1), regardless of the length of time 

the MN array remained within the skin. Interestingly, for the 0 hr and 24 hr treatment 

protocols, the grading of the skin response following removal of the patch containing 

a 19x 19 MN array was lower than that for a patch containing an 11 x 11 array. In all 

cases, leD scores of the skin site were MN arrays had been applied returned to 

normal (0) within 1 hour of MN removal. Furthennore, MN arrays remained intact 

and no damage of the MNs was noted during either the application, duration of wear, 

or removal of MN containing patches from the ventral forearm of volunteers. 

Table 8.6. Clinical scoring of clinical photographs taken from individual volunteer's ventral forearm 

following respective treatment protocols, by two independent experienced clinical dermatologists 

(values represent the ICD score for that photograph from dermatologist A; dermatologist B). 

Clinical Photograph taken at Volunteer 

2 3 4 5 6 

o hr treatment 

Patch only 0;0 0;0 0;0 0;0 0;0 0;0 

Patch containing MN base - plate 0;0 0 ; 0 0;0 0;0 0;0 0;0 

Patch containing an 11 x 11 MN array 1 ; 2 1 ; 1 1 ; 0 0.5 ; 1 I ; 1 1 ; 1 

Patch containing a 19x 19 MN array 1 ; 2 1 ; I 1 ; 1 0.5; 0.5 0.5; 0.5 I ; 0.5 

2 hr treatment 

Patch only 0;0 0; 0 0;0 0;0 0;0 0;0 

Patch containing MN base - plate 0;0 0; 0 0;0 0.5; 0 0;0 0;0 

Patch containing an 11 x 11 MN array 1 ; 2 1 ; 2 I ; 1 0.5 ; 1 0.5; 1 I ; I 

Patch containing a 19x19 MN array 1 ; 2 1 ; 1 1 ; 1 0.5; 0.5 I; 2 I ; I 

24 hr treatment 

Patch only 0;0 0; 0 0;0 0;0 0;0 0;0 

Patch containing MN base - plate 0;0 0 ; 0 0;0 0;0 0;0 0;0 

Patch containing an 11 x II MN array I ; 1 1 ; I 0.5 ; 1 1 ; I I; I 0.5; 0.5 

Patch containini a 19x 19 MN arra~ 0.5 ; 1 0.5; 0 0.5; 1 1 ; 1 0.5; 1 0.5 ; 0.5 
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Table 8.7. The total frequency of the grade of clinical scoring for each treatment protocol , and 

microneedle design, as assessed by two independent, experienced consultant dermatologists. 

Protocol Freguenc:y of clinical scoring 

o hr treatment ICDO ICD 0.5 ICDl ICD2 lCD3 

11 x 11 0 10 1 0 

19x I9 5 5 0 

2 hr treatment 

11 xlI 0 2 8 2 0 

19x 19 0 2 8 2 0 

24 hr treatment 

IIxll 0 3 9 0 0 

19x19 7 4 0 0 
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BEFORE AFTER 

Patch Only 

MN Base-Plate Patch 

MN-11x11 

VOLUNTEER C1 MN-19x19 

Figure 8.12. Clinical photographs taken by a digital camera in a 0 hr treatment protocol. Photographs 

on the left hand side were taken before application of respective patches and on the right hand side 

shows the same skin site immediately after removal of respective patches. 
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BEFORE AFTER 

Patch Only 

MN Base-Plate Patch 

MN-11x11 

VOLUNTEER C2 MN-19x19 

Figure 8.13. Clinical photographs taken by a digital camera in a 2 hr treatment protocol. Photographs 

on the left hand side were taken before application of respective patches and on the right hand side 

shows the same skin site immediately after removal of respective patches. 
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BEFORE AFTER 

Patch Only 

MN Base-Plate Patch 

MN-11x11 

VOLUNTEER L3 MN-19x19 

Figure 8.14. Clinical photographs taken by a digital camera In a 24 hr treatment protocol. . 

Photographs on the left hand side were taken before application of respective patches and on the right 

hand side shows the same skin site immediately after removal of respective patches. 
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Figure 8.15 (A and B) shows representative cross-sectional images of an 11 x 11 MN 

array inserted in human skin in vivo. The images confirm that the MN punctured the 

stratum corneum barrier and the MN extended approximately 460 ~m into the skin. 

The widths of the MN induced holes in the stratum corneum were approximately 265 

~lm in diameter. However, it is obvious that there was a clear space of approximately 

136 ~m between the bottom of the MN base-plate and the upper surface of the 

stratum corneum, indicating that the entirety of the MN lengths were not inserted 

into the skin. When the 19x 19 MN array was inserted into the human volunteer it 

was found that the MN extended approximately 440 ~m into the skin. The widths of 

the MN induced holes in the stratum corneum were approximately 258 ~m in 

diameter. Once again, a clear space of approximately 156 ~m between the bottom of 

the MN base - plate and the upper surface of the stratum corneum was observed. 

Individual MN MN array 

baseplate 

Stratum corneum 

MN-

induced 
MN 

hole In 

stratum 
Stratum corneum 

corneum 

In situ MN 

channel 

Figure 8.15 aCT images showing MN (height 600 /lm, width at base 300 /lm, spacing 300 /lm) 

inserted into human skin in vivo in 2D (A) and 3D (8). 
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It was found that MN density affected the degree of swelling of a hydrogel MN 

array, with a greater increase in MN dimensions noted for the higher density 19x19 

array in comparison to the 11x11 array (p < 0.001), following insertion into the 

human volunteer for a period of 24 h (Table 8.8). In particular, the MN height 

increased from the initial value of 597.2 ±7.4 to 731.2 ± 6.8 )lm, and MN width from 

306.9 ± 4.5 to 379.3 ± 5.2 )lm, after 24 h for the 19x19 array design. In comparison, 

the MN height of the 11x11 array increased from 599.6 ± 6.9 to 686.8 ± 7.8 )lm, 

whilst the MN width increased from 305.8 ± 4.6 to 359.4 ± 5.6 )lm, after residing in 

the skin of a human volunteer for a 24 h period. Overall, these values equate to an 

increase in MN surface area of 35.0 %, and 51.5% for the 11x11 and 19x19 MN 

array designs, respectively. 

Table 8.8. Changes in MN dimensions following MN insertion for a period of 24 h within a human 

volunteer, measured using optical coherence tomography. (Means ± SD, n =5). 

Application Time 

Oh 24 h 
MN array MN height MNwidth MN area (/-lm2 MN height MNwidth MN area (/-lm2 

design {~ml {~m} xlOsl {~m} {~m} xlOs} 

11 xlI 599.6 ± 6.9 305.8 ± 4.6 2.97 ± 0.06 686.8 ± 7.8 359.4 ± 5.6 4.01 ± 0.09 

19x19 597.2 ± 7.4 306.9 ± 4.5 2.97 ± 0.04 731.2 ± 6.8 379.3 ± 5.2 4.50 ± 0.06 

8.6 Discussion. 

Despite promising results from delivery studies, the future of MN technology would 

be inauspicious if their application caused irreversible damage to skin barrier 

function or pain and distress in patients. Given that the intended purpose of MN 

application is to disrupt the skin barrier function, concerns have been raised 

regarding the potential passage of micro-organisms or allogenic macromolecules that 

may lead to infection or hypersensitivity reactions if MN induced pores within the 

stratum corneum remained open for prolonged periods following removal of the MN 

delivery system (Birchall et al., 2011; Kalluri and Banga., 2011). 

To date, there have been no reports associating MN application with the 

development of infection. Indeed, whilst the passage of micro-organisms across MN 

induced pores within the skin has been confirmed in a limited number of recent 
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studies, it is expected that the risk of infection associated with MN treatment will not 

be greater than the risk associated with the use of a hypodermic needle injection. 

Donnelly et al. (2009b) investigated movement of C. albicans, S. epidermidis and 

P. aerugiosa across porcine skin pre-treated with MN arrays (5 x 6 MNs, 280 !lm in 

height). A 21 G hypodermic needle puncture served as a positive control. The study 

showed that representative microorganisms can traverse microchannels formed by 

MN insertion. However, MN pre-treatment resulted in significantly lower microbial 

penetration in comparison to hypodermic needle skin perforation. Wei-Ze et at. 

(2010) evaluated the potential of microorganism invasion through micro conduits in 

vivo. Rat skin was pre-treated either with flat-tipped super-short MN array (10 x 10, 

80 !lm in height) or a macroneedle (1500 !lm in height) and subsequently a culture 

solution of S. aureus was applied. The development of infection was assessed by the 

measurement of white blood cells, leukomonocytes and neutrophile granulocyte 

levels within the blood. It was demonstrated that there was no significant difference 

in the populations of three cell types between MN treated group and control group 

(untreated rats), indicating that the small size of the created microchannels did not 

allow for microorganism passage across the skin. In contrast, in rats treated with a 

hypodermic needle the number of all three cell types was increased indicating 

development of an infection. In addition, the authors assessed changes in the skin 

pre-treated with MN array by examining the skin expression of EIIIA + ( 526 bp) 

segment, a sensitive marker of tissue injury. No expression of EIIIA+(526 bp) 

segments in the skin was observed which was interpreted as a lack of MN-induced 

skin damage. 

Despite the above findings, it will be imperative for any MN technology to 

provide evidence that skin barrier function will return to normal following MN 

application and removal. Whilst a vast body of evidence exists to highlight that the 

skin barrier begins to repair almost immediately following MN removal, the time 

taken for the healing process depends on the initial degree of barrier disruption 

which, in turn, depends on the geometry and dimensions of the MN array employed, 

as well as the length of time the MN array remains in contact with the skin (Kalluri 

and Banga., 2011). As such, the first part of this study aimed to evaluate the effect of 

MN array design, through alteration of MN height and MN density, upon the 

disruption and recovery of skin barrier function following application and removal of 
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MN to full thickness neonatal porcme skin in vitro. Transepidermal water loss 

(TEWL) measurements were employed as an indirect method to investigate the 

integrity of the stratum corneum barrier. As expected, the design of the MN array 

had a significant effect upon the initial degree of skin barrier function following MN 

puncture, as well as affecting the time taken for recovery of the skin barrier function. 

In particular, it was found that TEWL value measured immediately after MN 

removal increased with increasing MN height, as well as increasing MN density. For 

example, in the scenario where MN were inserted and immediately removed from the 

skin, there was a 2.2, 3.0, and 3.7 fold increase in the measured TEWL value of skin 

for MN array of MN height 350, 600 and 900 /lm respectively (Table 3). This can be 

explained by the fact that as MN height increases the depth of penetration into the 

dermal tissue is increased, resulting in a greater pore size and an increased hydration 

of the upper layers of the skin (Badran et al., 2009). Furthermore, it has been 

previously shown in Chapter 4 that following application at a force of 11.0 N / array, 

MN of height 350, 600 and 900 /lm penetrate to a depth of approximately 293, 470, 

and 789 /lm, respectively. Similarly, an increase in MN density was associated with 

an increase in TEWL. For example, when MN were inserted and immediately 

removed from the skin, there was a 3.0, 3.8 and 4.6 fold increase in the measured 

TEWL for the 11x11, 14x14, and 19x19 MN array designs, respectively. As each of 

these array designs have been shown to give the same penetration characteristics 

within skin, as highlighted in Chapter 4, the increase is TEWL is expected to be 

associated with the increased number of pores created within the skin following MN 

application. This is line with previously reported findings where an increase in MN 

density, within an optimal range for a given array design, was associated with an 

increased disruption to skin barrier function (Oh et al., 2008; Bal et al. , 2009). In all 

instances, the TEWL values returned to baseline values within 90 mins following 

MN removal, indicating that the disruption to skin barrier function was only 

temporary in nature. However, these results discussed so far are applicable if the 

hydrogel MN array was to be used as part of a "poke and patch" regimen, which is 

not the intended application for their development. Rather, these hydrogel MN arrays 

are intended to remain within the skin for prolonged periods, and act as a conduit to 

facilitate drug permeation across the skin from a typical transdermal patch attached 

to the MN base. As such, an identical set of TEWL experiments were conducted to 
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investigate the effect of MN design on skin barrier function integrity following 

removal of a MN array which had been kept in place within the skin for a period of 

24 h (Figure 6B and 7B). Whilst, once again, it was noted that TEWL increased in 

line with an increase in MN height and MN density of the array applied, the increase 

for each given design was significantly greater than that recorded for the instances 

where the MN array was applied and immediately removed (Table 3). Furthermore, 

in the instance of a hydrogel forming MN, the dimensions of each MN will be 

increasing due to the uptake of skin interstitial fluid by the hydrogel formulation as 

the MN resides within the skin, which has previously been demonstrated in Chapter 

2. Thus, it would be expected that the exertion of the hydrostatic pressure caused by 

the expansion of the hydrogel MN array would lead to an increased pore size, 

resulting in an elevated TEWL measurement following MN removal. This may also 

explain the finding that it took a longer period of time for the TEWL values to return 

to baseline values when the MN where kept in place for a period of 24 h, ranging 

from 2 h (for MN height of350 !lm) to 5 h (for the 19x19 MN array). 

Whilst in vitro based experiments can provide a reliable and quick screening 

tool to investigate a range of parameters relating MN design to MN array 

performance, it is essential that safety aspects be confirmed in human subjects in 

vivo. Therefore, several studies have been conducted with the aim of establishing the 

scale of the pain associated with MN insertion into skin, the temporary nature of the 

disruption of the skin's barrier function, and the occurrence of other adverse skin 

reactions. 

Kaushik et al. (2001) carried out the first MN safety evaluation study in 

human subjects. A total of 12 male and female healthy volunteers, aged between 18 

and 40 years, participated in the study. Silicon MN arrays comprised of 400 needles 

which were 150 !lm long with a base diameter of 80 !lm and tip radius of 1 !lm were 

used in the study. Pain-scores from the subjects were recorded on a visual analog 

scale (V AS) and it was found that MN application was painless and caused no skin 

damage or irritation. Bal et al. (2008) investigated safety and barrier disruption 

following application of MN arrays varying in length and shape of the tip. A total of 

18 healthy volunteers (9 men and 9 women) aged between 21 and 30 years took part 

in the study. Parameters such as, barrier function of skin (measured by TEWL), 

erythema (evaluated by skin colour and Laser Doppler Imaging (LDI) methods), and 
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pain-score were measured. TEWL and erythema values after treatment with solid 

MN arrays of 400 /-lm height were significantly increased in comparison to solid MN 

arrays of 200 /-lm height. However, for all MN designs, the irritation was short

lasting « 2 h) and application was perceived as painless. Haq et al. (2009) 

investigated the pain (using 0 to 10 cm VAS score) and sensory responses (using 

McGill Pain Questionnaire Short Foml) in 12 human subjects. Two different types of 

silicon MNs (of 180 and 280 /-lm heights and arranged in 6 x 6 arrays) and a 25-G 

hypodermic needle were applied to the pm1icipants. The mean VAS pain scores were 

~0.25 cm, ~0.60 cm and ~1.25 cm for 180 /-lm MNs , 280 /-lm MNs and the 

hypodermic needle, respectively, indicating that hypodermic needle was perceived as 

significantly more painful than MN insertion. This result was further supported by 

verbal comments from participants who described hypodermic needle application as 

'sharp' and ' stabbing' and perceived MN insertion as 'pressing' and 'heavy'. The 

authors, in line with pain and sensory response, assessed the efficacy of MN 

penetration into the skin. A topical application of methylene blue to the skin showed 

that the micropores are created following insertion of the MN s, with subsequent pore 

closure occurring between 8 - 24 h after the removal ofMNs. 

In several other studies, focused mainly on assessment of the efficacy ofMN

assisted drug delivery to human subjects, the evaluation of pain and discomfort was 

also carried out. Wermeling et al. (2008) evaluated tolerability of not only MNs 

themselves but also MN arrays (5 x 10 MNs, 620 /-lm in height) in combination with 

drug formulations during investigation of MN-mediated systemic delivery of 

naltrexone in human volunteers. It was found that MN array insertion was 4 times 

less painful than insertion of a hypodermic needle (the mean V AS score using 0 to 10 

cm scale was 0.6 cm and 2.4 cm, respectively). In addition, after MNs application 

only transient erythema was observed which disappeared within a few hours. 

However, skin changes were more pronounced after MN insertion followed by 

application of NTX patch. In two out of six subjects contact dermatitis occurred at 

MN insertion site being in contact with NTX formulation and in another two subjects 

local irritation and mild erythema was seen. The increase in severity of adverse skin 

reactions was attributed to the properties of the NTX and the presence of benzyl 

alcohol in the NTX formulation rather than the MN device itself. Sivamani et al. 

(2005) reported that human volunteers described injection of a 1 /-ll methyl nicotinate 
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using 200 /lm silicon MNs as a feeling of pressure but no pain. Similarly, Gupta et 

al. (2009) assessed pain when comparing insulin infusion via hollow MN to catheter

based insulin administration. Both human subjects perceived MN-mediated insulin 

delivery as less painful than catheter infusion. Van Damme et al. (2009) reported that 

local reactions, such as erythema and swelling, were more frequent after intradermal 

injections of influenza vaccine (a-RIX®) using a novel MN device MicronJet™ in 

comparison to intramascular injections. However, the reactions were described as 

mild and of short duration. In addition, no significant difference was observed in the 

level of pain experienced by patients who received intradermal and intramuscular 

injections. 

The six volunteer clinical study described in this chapter aimed to evaluate 

the perception of pain, the degree and nature of skin barrier function disruption and 

the potential for development of skin irritation following the application of a novel 

hydrogel MN array, and whether these parameters are affected by the design of the 

MN employed or the duration of time the MN arrays remained in contact with the 

skin. 

In the present study, the volunteer perception of pam following the 

application of MN array patches, and the pain perceived during "wear" of these 

patches for the 2 hr and 24 hr treatment protocols, was assessed using a visual 

analogue scale. A blank patch containing no formulation, and a patch containing the 

hydrogel MN base plate formulation with no MNs present served as controls. It was 

found that in all treatment protocols, these two control patches received a V AS 

scoring of 0 cm, indicating that no pain was associated with their application, as 

should be expected. Application of the patches containing the MN arrays, however, 

did have a V AS scoring registered by all volunteers. Interestingly, it was noted that 

MN density played a role in the level of pain perceived following MN application. 

For example, the VAS score associated with the application of a patch containing a 

MN array of density 121 MN 0.5cm-2 was recorded as 0.14 ± 0.08 cm, whilst for a 

MN array of density 361 MN 0.5cm-2 a VAS score of 0.33 ± 0.10 cm was recorded. 

This finding was also noted by Gill et al. (2008), where it was reported that a 10-fold 

increase in the number ofMNs increased pain just over 2-fold. These VAS scores are 

lower than previously reported values associated with the insertion of MN devices 

(Bal et al., 2008; Haq et al., 2009). It may be that the material used for MN 
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fabrication plays a role in the perception and experience of pain. The inherent 

flexibility of the hydrogel fonning fonnulation used to produce MN arrays as part of 

this study may feel less abrasive against the skin surface and dermal layers. During 

the "wear" of the MN containing patches, MN density also played a role in the 

sensations felt by the volunteers during the 2 hr and 24 hr treatment protocols. These 

findings are parameters that have never been evaluated for polymeric MN devices 

before, and the comments made by the volunteers are particularly useful. It was 

noted that whilst MN presence over these periods did not cause pain per se, 

volunteers described the sensation as a "prickly" or an "itchy" feeling, particularly 

for the higher density arrays, and most noted this feeling approximately 10 h 

following MN application, whilst retiring for bed at night. 

TEWL was used to assess the integrity of skin barrier function following MN 

inseltion and removal. In particular, this part of the study aimed to evaluate if MN 

density, and application time of a MN array, had an impact upon the length of time 

taken for skin barrier function to return to normal. It was found that for all MN 

treatment protocols, TEWL values were markedly increased in comparison to 

baseline values when measured immediately after removal of the MN array. In line 

with the in vitro based findings, this disruption to the skin barrier was, importantly, 

only temporary in nature, although the TEWL values returning to nonnal at a quicker 

rate - within 60 min regardless of MN design or the length of time the MN arrays 

where kept in place. This result may be expected in vivo due to the physiological 

response of the skin following MN poration (Badran et al., 2009). When the skin 

barrier is disrupted, the imbalance in skin hydration levels causes stimulation of the 

lamellar bodies in the skin resulting in initiation of skin healing (Kalluri and Banga., 

2011 ). 

A further aspect of this clinical study aimed to evaluate the degree of skin 

irritation induced following MN application, and to assess if either MN density or the 

length of time MN remained in contact with the skin affected the degree of irritation 

observed. In this respect, clinical photographs were taken before and after MN 

application for each treatment protocol. These photographs were then scored by 

visual inspection from two-blinded, independent consultant dermatologists, who 

assigned an ICD score to each photograph. It was found that MN design and/or MN 

application time did not have any impact upon the grading of skin irritation. It can be 
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seen from Table 5, which represents the collated clinical scorings for each treatment 

protocol by the two dermatologist's, that the description of the skin response 

following MN application and removal ranged from either no reaction (lCD 0) to 

moderate uniform erythema (lCD 2). In no instances was the skin response graded as 

intense erythema (lCD 3). In partiCUlar, the skin response following MN application 

and removal was graded with an ICD score S 1 in approximately 92% of cases, with 

only 8% of cases being graded with an ICD score of 2. Importantly, regardless of 

MN application time of MN array design, the appearance of the MN treated skin site 

returned to normal within 1 hour following MN removal. Furthermore, unlike 

previous findings from the application of some MN designs to human volunteers 

(Laurent et al., 2007; Bal et aI., 2008) there was no incidence of bleeding, or 

observation of blood spots associated with the application of the hydrogel MN arrays 

used within this study. 

An important aspect of this study was the ability to non-invasively assess, in 

situ and in real-time, the depth of penetration achieved following application of the 

MN array to a human volunteer. In addition, and for the first time, the use of optical 

coherence tomography as a visualisation tool enabled the ability to follow in situ 

changes in the dimensions of a hydrogel MN array as it uptakes skin interstitial fluid 

over a 24 h period in a human volunteer in vivo. The ability to follow such 

parameters in such a non-invasive and rapid way in human subjects is likely to be of 

great significance for the MN field. The use of aCT opens up the possibility to 

investigate the consistency of MN penetration, MN dissolution, MN penetration and 

also skin recovery on a patient-to-patient basis. Indeed, given the extensive in vitro 

characterisation of MN technology that has been completed to date, a comprehensive 

evaluation of how MN design, skin penetration depth, and MN dissolution / MN 

swelling affect the performance of a MN device in vivo are exactly the type of 

studies that are needed to enable MN based delivery systems to move closer towards 

commercialisation. Interestingly, it was found that MN density affected the extent of 

MN dimensional changes following application of theMN array to a human 

volunteer for a 24 h period. It was observed that at the end of the 24 h period, there 

was approximately a 52% increase in the surface area of each MN on the 19x 19 array 

design, whilst the increase for each MN on the l1xl1 array design was only found to 

be approximately 35%. This is likely to be due to the increased number of MN and, 
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hence, increased total surface area of the MN array in contact within the skin for 

interstitial fluid uptake, on the higher density area. For example, taking into 

consideration the depth of penetration of each MN design, the total MN surface area 

of the 11 x 11 array in contact with the skin is 2.41 x 107 flm2
, whilst that for the 

19x19 array is 6.71 x 107 flm2
• This equates to the 19x19 array having a 3-fold 

greater surface area residing within the skin than the llx11 array, thus providing a 

greater number of points for fluid uptake. 

8.7 Conclusion. 

In conclusion, this study has shown that hydrogel MN application leads to a 

reversible disruption to skin barrier function, the degree of which is dependent upon 

the design of a hydrogel MN array. A clinical study in human volunteers further 

demonstrated that the erythema (lCD) associated with application of these MNs 

disappears within 1 hr, and that no severe skin reactions were observed. VAS scores 

showed that application of these MNs is relatively painless. Clinical photographs 

show that the MN-induced pores remain open during the period of MN wear. 

However, the pores close within 30 min following MN removal, as shown by TEWL 

studies. Furthermore, the ability to visualise MN penetration and follow MN swelling 

kinetics using optical coherence tomography, in a human subject in real time, has 

shown that increasing MN density on an array increases the extent of swelling of a 

novel hydrogel MN. This finding, coupled with the fact that an increase in MN 

density had no adverse effect on the skin irritation or damage following application 

of a hydrogel MN array to human volunteers within this clinical study, suggests that 

the 19x 19 MN array has the potential to allow a greater enhancement in transdermal 

drug delivery of pharmaceutical agents of interest. 
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Final Discussion 

The skin is an appealing site for systemic delivery of active pharmaceutical 

ingredients (APl's) (Banga., 2006; Gupta and Sharma., 2009). The transdermal route 

offers certain advantages among other non-invasive routes of drug delivery, such as, 

avoidance of first pass-hepatic metabolism and potential for continuous drug 

administration. Despite this, to date, there are only around 35 transdermal products 

that have been currently approved (Tanner and Marks., 2008). In particular, all of the 

active substances delivered via these transdermal products share the common 

characteristics of being potent, small « 500 Da), moderately lipophilic molecules 

and requiring relatively low doses (typically < 10mg per day) (Coulman et al., 2006). 

This is due to the excellent barrier properties of the uppermost layer of the skin, the 

stratum corneum (SC), which is the principal barrier to drug penetration (Wiechers., 

1998). In order to exploit the transdermal route for systemic delivery of a wider 

range of drug molecules, including peptide/protein molecules and genetic material, a 

means of disrupting the barrier properties of the skin must be sought. Therefore, a 

number of technological approaches have been proposed to overcome the se barrier 

and to enhance the transdermal transport of macromolecular therapeutics. 

The application of an electric current (typically:::; 0.5 mAlcm2
) to drive ionic, 

polar or neutral molecules across the skin, a technique known as iontophoresis (ITP), 

is perhaps the oldest method in use for facilitated transdermal delivery (Dixit et al., 

2007). Apart from the typical advantages associated with transdermal drug delivery, 

as described above, ITP presents a unique opportunity to provide programmable drug 

delivery, enabling either continuous or pulsatile delivery of drug molecules (Wang et 

al., 2005). Although ITP has been known for several decades, its potential is recently 

being rediscovered for transdermal delivery of ionic drugs, including peptides and 

oligonucleotides, following the increased activity within the area of drug discovery 

facilitated by the biotechnological industry boom (Banga., 2011). However, an 

important factor that needs to be considered when evaluating whether a drug may be 

a suitable candidate for iontophoretic mediated delivery across the skin is the 

molecular weight of the drug. Whilst the upper size limit for successful iontophoretic 

delivery has not been extensively clarified, it is generally recognised that only 
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molecules with a molecular weight less than approximately 12 kDa may be 

successfully delivered across skin via ITP in clinically relevant doses (Banga., 2011). 

In order to extent the range of macromolecules that may benefit from transdermal 

iontophoretic delivery another way of overcoming the barrier properties of stratum 

corneum needs to be sought. 

Given that iontophoretic transport is generally believed to follow a pore 

pathway along skin areas of lowest electrical resistance (Riviere and Heit., 1997), 

there has been a recent interest to investigate the use of micron scale needles to 

painlessly puncture the skin, thus creating additional pathways of orders of 

magnitude greater than macromolecular dimensions for the transdermal iontophoretic 

delivery of a range of drug species (Prausnitz., 2004; Wu et al., 2007; Vemulapalli et 

al., 2008; Chen et al., 2009). 

Microneedle (MN) arrays consist of a plurality of micro-projections, 

generally ranging from 25-2000 !lm in height, of a variety of different shapes, which 

are attached to a base support. Application of such MN arrays to the skin surface can 

create transport pathways of micron dimensions (Kaushik et al., 2001). Once created, 

these micropores, which are predominately aqueous pathways, are orders of 

magnitude larger than molecular dimensions and, therefore, should readily-permit 

transport of macromolecules, as well as microparticles (Prausnitz., 2004). Whilst the 

concept of MN arrays for transdermal applications appeared in a 1976 patent granted 

to ALZA corporation, it was not until the 1990's, with the advent of high precision 

microelectronics industrial tools, that it became possible to successfully produce such 

microstructure devices. The first report to demonstrate MNs for transdermal delivery 

was not published until 1998 (Henry et aI., 1998). 

The major advantage offered by MN technology, III companson to the 

aforementioned se disruption techniques, is its simplicity of use and low cost. MNs 

allow for easy and patient-friendly administration of therapeutics to and across the 

skin. Controlled drug deposition within targeted skin layers can be achieved by 

modulating MN geometry. In addition, simple alteration of drug formulation 

facilitates optimization of drug delivery in order to obtain the best therapeutic effect. 

MNs have been shown to penetrate the skin, across the se, and into the viable 

epidermis, avoiding contact with nerve fibres and blood vessels that reside primarily 
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in the dermal layer. Therefore, the use of MNs allows for the pain-free delivery of 

both small and large molecular weight active pharmaceutical ingredients (Kaushik et 

al., 2001). Extensive research has been reported in the literature concerning the 

manufacture of different types of MNs using a wide range of techniques. 

Importantly, enhancement in the delivery of drugs and biomolecules of a wide 

variety of physicochemical properties, has been demonstrated in in vitro, ex vivo and 

in vivo experiments. 

Delivery of therapeutics across the skin with the aid of MNs can be achieved 

via four main strategies. The first approach, termed 'poke with patch' involves 

application of a solid MN array to create micropores and further removal of an array 

followed by the administration of a drug formulation in the form of transdermal 

patch, gel or solution (Martanto et al., 2004; Donnelly et al., 2008). Movement of 

molecules through microchannels occurs via passive diffusion, or may be accelerated 

when combined with other enhancement techniques such as the use of iontophoresis. 

Another strategy, 'coat and poke' , relies on coating a drug formulation onto the 

microprojections and subsequent insertion of the coated MN array into the skin. Drug 

is deposited within the skin by the dissolution of the coating (Gill and Prausnitz., 

2007a; Gill and Prausnitz., 2007b). The third mode of drug delivery via MNs utilizes 

incorporation of drug molecules into the structure of polymeric, biodegradable MNs 

and subsequent insertion into skin (Park et aI., 2006; Lee et al., 2008). Drug delivery 

depends on the rate of polymer dissolution or degradation within the skin. Lastly, 

drug molecules can be transported across the skin via injection through hollow MNs) 

(Davis et al., 2005). 

To date, the majority of MN based transdermal studies have employed MNs 

made of a non FDA-approved material, silicon, or based on a variety of metals, 

which has raised safety concerns in relation to possible MN breakage within the skin. 

In contrast, MNs prepared from FDA approved biodegradable polymers constitute an 

attractive alternative as an inexpensive and biocompatible drug delivery device. The 

use of water soluble and biodegradable polymers eliminates the risk of leaving 

biohazardous sharp waste in the skin, as well as guarantees safe MN disposal by 

mechanical destruction or dissolution in a solvent (Park et al., 2005; Prausnitz and 

Langer. , 2008). In addition, the low cost of polymeric materials and their easy 
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fabrication in micro-moulding processes may enable a smoother transition from 

small lab based to mass scale production. However, in the case of polymeric MNs, 

high drug loading may compromise their mechanical strength and in some instances 

the fabrication process may have an influence on the stability of incorporated 

biomolecules (Park et al., 2006; Donnelly et al., 2009). 

The present study demonstrated a novel MN fabrication method utilizing 

laser-based technology where MN height and MN density can be easily altered, in an 

independent fashion, in contrast to conventional methods of MN production. The 

fabrication and characterisation of MN arrays based upon a range of common 

Pharma polymers revealed that MNs prepared from aqueous blends of 20% w/w 

poly(methylvinyl ether co maleic acid) (PMVE/MA) and aqueous blends of 

poly( ethylene glycol) (PEG 10,000) - cross linked PMVE/MA (1:2 ratio) (PEG

PMVE/MA) possess ideal properties for the production of mechanically robust MNs 

in a micro-moulding process. MN arrays prepared from aqueous blends of 20% w/w 

PMVE/MA had high mechanical strength and low insertion forces « 0.03 N per 

MN). These MNs, due to their dissolvable nature, could be potentially employed for 

the sustained delivery of small hydrophilic molecules or for the bolus delivery of 

macromolecular peptides. Furthermore, MNs prepared from aqueous blends of 20% 

w/w can be fabricated under gentle conditions, without the need for high 

temperatures, which are necessary when preparing MNs from carbohydrate melts 

(Donnelly et al., 2009). This aspect is especially important from the point of view of 

biomolecule delivery, as these molecules are likely to be susceptible to degradation if 

high processing temperatures were to be employed during MN fabrication. 

Therefore, incorporation of peptide/protein molecules into the PMVE/MA matrix, 

under gentle conditions during MN manufacture, should be easily feasible. 

In the present study, for the first time, hydrogel forming MN arrays, based 

upon the crosslinking of a water soluble polymer were described. It was shown that 

hydrogel formulations based upon PEG - PMVE/MA could serve as a potential 

electrically responsive base for the MN mediated iontophoretic delivery of a range of 

drug molecules. Hydrogel forming MN arrays prepared from PEG-PMVE/MA were 

shown to be rigid and mechanically robust, but with a degree of flexibility retained, 

allowing adaptation to the skin topography during insertion. Investigations into the 
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in-skin behaviour of these hydrogel fonning MN arrays highlighted their ability to 

efficiently absorb skin interstitial fluid to form swollen, mechanically strong 

hydrogel channels that have the potential to provide continuous pathways for drugs 

to penneate across the skin barrier. Although fabrication of hydrogel fonning MN 

arrays involves the use of elevated temperatures to initiate the PEG crosslinking of 

PMVE/MA, these MN s themselves will contain no incorporated drug, but rather will 

be integrated with a separate adhesive drug reservoir patch matrix. The use of a drug 

reservoir patch eliminates the concerns of limited drug dosing associated with the 

small loading capabilities of dissolving soluble MN arrays. 

For the successful development and commercialisation of MN technology, it 

IS of paramount importance that the exact depth of MN penetration and the 

dimensions of the microchannels created within the skin, as well as the recovery of 

the skin' s natural barrier function ability can be determined from patient to patient. 

The majority of studies to date have confinned MN skin penetration by applying a 

coloured dye to the skin surface, or by measuring transepithelial water loss following 

MN removal. Although these techniques confinn whether the stratum corneum has 

been compromised, they provide no infonnation with regards to the true depth of 

MN penetration. The present study has highlighted the usefulness of optical 

coherence tomography (OCT) to investigate the effect of MN geometry (MN height 

and MN interspacing) and MN application force upon the depth of penetration of 

polymeric MN arrays into neonatal porcine skin in vitro. It was shown that 

increasing the force used for MN application resulted in a significant increase in the 

depth of penetration achieved within neonatal porcine skin. In addition, it was shown 

that, at a constant application force, the density of these laser-engineered polymeric 

MN arrays, had no impact upon the depth of skin penetration achieved. Moreover, 

for the first time, the dissolution of soluble PMVE/MA MN arrays and the in-skin 

swelling of hydrogel forming MN arrays was investigated in situ, and in real time, 

within neonatal porcine skin in vitro. The efficacy of these MNs to penetrate skin 

was also confinned in vivo in a human volunteer. The successful use of OCT in this 

study could prove to be a key development for polymeric MN research. To date, 

there has been no other method that can non-invasively visualise MN arrays whilst 

inserted into skin. As such, this technique opens up the possibility to investigate the 

consistency of MN penetration, dissolution of soluble MNs or swelling kinetics of 
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hydrogel forming MNs, and also skin recovery on a patient-to-patient basis. This will 

be necessary if MN based delivery systems are to achieve their true potential and 

move forward from laboratory benchtops and animal studies to a commercial clinical 

reality. 

The laser-engineered method employed for the fabrication of polymeric MN 

arrays within this study has been shown to be capable of producing MN arrays of a 

variety of MN geometries. However, the optimum MN design for enhanced 

transdermal drug delivery has been previously evaluated. As such, this present study 

investigated the effect of MN height and MN geometry upon the rate of polymeric 

MN mediated transdermal drug delivery for a range of small hydrophilic molecules 

across neonatal porcine skin of varying thickness. It was shown that an increase in 

MN height and MN density led to an increase in the amount of drug delivered from 

both drug loaded soluble PMVE/MA MN arrays and hydrogel forming PEG

PMVE/MA MN arrays with an integrated drug reservoir patch. Furthermore, it was 

shown that the choice of skin model may be an important consideration when 

evaluating the extent of transdermal drug delivery achieved from MN devices, with 

notably decreased amounts of drug delivered across neonatal porcine skin of 700 /lm 

thick in comparison to neonatal porcine skin of 350 /lm thick. The present study also 

demonstrated the potential benefits of these polymeric systems to be employed in 

MN mediated iontophoretic transdermal drug delivery. Interestingly, it was shown 

that the application of an electric current to MN arrays based upon either a soluble 

PMVE/MA formulation or PEG-PMVE/MA led to an alteration in the in-skin 

behaviour of these polymeric MN devices. The increased rate of soluble MN 

dissolution, and the increased swelling of the hydrogel forming MN array, coupled 

with creation of aqueous pathways of low electrical resistance as a result of MN 

application to neonatal porcine skin resulted in a significant enhancement in the rate 

and/or extent oftransdermal drug delivery achieved. 

The potential use of these polymeric MN devices to deliver peptide/protein 

molecules across the skin has been investigated in this study. Insulin was chosen as a 

model therapeutic protein due to its clinical relevance. The present study 

demonstrated that insulin incorporation into the PMVE/MA matrix during the 

fabrication of soluble MN arrays did not have an adverse effect on insulin stability. 
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Whilst, it was previously shown that soluble PMVE/MA MN arrays were capable of 

the sustained delivery of small hydrophilic molecules, it was shown that for 

macromolecules such as insulin only the insulin which had been directly 

incorporated into the MNs alone was delivered across neonatal porcine skin in vitro. 

However, the combination of anodal ITP and soluble insulin loaded MN arrays led to 

a two-fold enhancement in the cumulative amount of insulin permeating across 

neonatal porcine skin. The novel concept of hydrogel forming MNs integrated with 

an insulin loaded patch was also evaluated. In vitro permeation studies revealed that 

hydrogel forming MN arrays were capable of the sustained delivery of insulin over a 

24 h period, with the cumulative amount of insulin delivered appreciably increased in 

comparison to the use of insulin loaded soluble MN arrays. In addition, it was found 

that the electrically responsive nature of these hydrogel forming MN s led to a 

dramatic increase in insulin transport when combined with ITP. Moreover, in vivo 

investigations have shown that these hydrogel forming MN arrays have the potential 

to enable the sustained release of insulin to meet basal daily requirements, as well as 

the capability for on-demand bolus delivery when used in conjunction with ITP. The 

versatility of the hydrogel forming MN array to facilitate the delivery of 

macromolecular proteins was further demonstrated, with in vivo investigations 

highlighting the ability of this system to enable the sustained release of fluoresce in 

isothiocyanate labelled bovine serum albumin (FTIC-BSA) (Mw = 66 kDa), and 

bolus delivery when the hydrogel forming MN array is coupled with the application 

of an electric current. 

Despite promising results from in vitro and in vivo delivery studies, the future 

of MN technology would be inauspicious if their application caused irreversible 

damage to skin barrier function, or pain and distress in patients. As such a pilot six 

volunteer clinical study was conducted to evaluate perception of pain, the degree and 

nature of skin barrier function disruption, and the potential for the development of 

skin irritation following the application of hydrogel forming MN arrays. In this 

present study it was shown that the application of these MN devices to human 

volunteers was regarded as painless, with skin barrier function, as evident by 

transepidermal water loss, returning to normal values within 1 h after MN removal. 

In addition, it was shown that any local skin reactions that did occur were only mild 

and transient in nature, with the MN treated skin site returning to normal appearance 

342 



Final Discussion 

1 h after MN removal. Overall the results of this study suggest that hydrogel forming 

MN arrays show great promise for minimally invasive transdermal drug delivery. 

As technological advances continue, MN arrays may become the 

pharmaceutical dosage form of the near future. However, there are a number of 

barriers that will firstly need to be addressed in order for MN technology to progress. 

From a regulatory view, currently little is known about the safety aspects that would 

be involved with long term usage of MN devices. In particular, studies will need to 

be conducted to assess the effect that repeated microporation has upon recovery of 

skin barrier function. Given the minimally invasive nature of the micropores created 

within the skin following MN application, especially in comparison to the use of a 

hypodermic needle, and the fact that it would be very unlikely that a MN device 

could be applied to the exact same micropores everytime, it is envisaged that MN 

technology will be shown to have a favourable safety profile. Another important 

safety issue is the sterilization of MN s for single application or for unintended 

multiple. Whilst the probability of cross infection with MN devices would be 

expected to be much lower than the incidences seen through the use of hypodermic 

needles, further studies are required to evaluate the need for sterilization of MN 

based devices. Once all these safety aspects have been addressed, the practicalities 

involved for the mass scale production of MN devices for commercial usage will 

need to be carefully considered. Currently, MN devices are made by a wide variety 

of techniques, often in process that are completely different to those used in the 

production of conventional dosage forms. As such, it would appear that any 

pharmaceutical company wishing to commercialise MN technology would need to a 

make a significant capital investment in order to design, develop and optimise a cost 

effective, reproducible method for large scale MN production. Ultimately, the first 

type of MN designs that reach the market may be those that meet the requirements 

for an ideal fabrication material, i.e. non-irritant, non-allergenic, non-toxic, meets all 

safety requirements, and ideal fabrication technique, i.e. quick, simple, cost effective 

and reproducible with minimal amount of steps involved. 
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Conclusion 

The present study has demonstrated a novel fabrication method utilising laser-based 

technology where MN height and MN density can be easily altered independently, in 

contrast to conventional methods of MN production. It was found that aqueous 

blends of 20% w/w PMVE/MA and 15% w/w PMVE/MA -7.5% w/w PEG 10,000 

possessed ideal properties for the production of mechanically robust soluble and 

hydrogel forming MNs, respectively. Both polymeric MN systems exhibited high 

mechanical strength and low insertion forces (typically < 0.03 N per MN). 

Furthermore, the use of optical coherence tomography enabled an invaluable real

time, in situ determination of the effect of MN geometry and application force upon 

the depth of penetration achieved into skin. Critically, it was shown that increasing 

the force used for MN application resulted in a significant increase in the depth of 

penetration achieved within neonatal porcine skin, indicating the need for the 

development of applicator devices for reliable MN insertion. For example, MN of 

600 !lm height penetrated to a depth of 330 !lm when inserted at a force of 4.4 N per 

array, whilst the penetration increased significantly to a depth of 460 !lm when the 

force of application was increased to 11.0 N per array. At an application force of 

11.0 N per array it was found that, in each case, increasing MN height from 350 to 

600 to 900 !lm led to a significant increase in the depth of MN penetration achieved. 

However, alteration of MN density had no effect upon depth of penetration achieved, 

at a constant MN height and force of application. In vitro permeation investigations 

also highlighted the importance of MN geometry upon the rate of transdermal drug 

delivery from in situ acting polymeric MN devices. In particular, it was found that an 

increase in MN height and MN density led to an increase in the amount of drug 

delivered from both drug loaded soluble MN arrays and a novel hydrogel forming 

MN array with an integrated drug reservoir patch. For example, in the case of drug 

loaded soluble MNs, the cumulative % amount of methylene blue delivered across 

dermatomed neonatal porcine skin was found to increase from approximately 49% to 

64% when MN height was increased from 350 to 600 !lm, and from approximately 

64% to 80% when the MN density was increased from 121 to 361 MNs/cm2
. 

Similarly, for the hydrogel forming MN arrays, the cumulative % amount of 

methylene blue delivered across dermatomed neonatal porcine skin was found to 

increase from approximately 20% to 36% when MN height was increased from 350 
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to 600 /lm, and from approximately 36% to 59% when MN density was increased 

from 121 to 361 MNs/cm2
. Whilst both polymeric systems were capable of 

delivering large biomolecules, insulin and FTIC-BSA across dermatomed neonatal , 

porcine skin in vitro there were notably differences in the permeation profiles 

exhibited. The incorporation of these macromolecular agents into the soluble 

PMVE/MA MN arrays resulted in only a bolus release of drug within the first hour 

following MN application to neonatal porcine skin. The cumulative % amount 

released was approximately 5% for both insulin and FTIC-BSA, indicating that only 

the proportion of drug that was contained within the MNs themselves, and not 

throughout the MN base plate was delivered across the skin. However, the in vitro 

permeation experiments revealed that the hydrogel forming MN arrays were capable 

of providing the sustained delivery of both insulin and FTIC-BSA over a 24 h period, 

with the cumulative amount of peptide/protein agents delivered appreciably 

increased in comparison to the use of insulinlFTIC-BSA loaded soluble MN arrays. 

In addition, it was found that the electrically responsive nature of these hydrogel 

forming MNs (whereby there was a 7-fold increase in MN swelling following the 

application of an electric current in comparison to passive MN swelling) led to a 

dramatic increase in insulin and FTIC-BSA transport when such systems were 

combined with ITP. For example, the cumulative amount of insulin delivered 6 h 

after MN application was to found to increase from approximately 425 /lg for MN 

alone to approximately 1115 /lg for the combination of MN and ITP. Similarly, the 

cumulative amount of FTIC-BSA delivered 6 h after MN application was found to 

increase from approximately 171 /lg for MN alone to approximately 660 /lg for the 

combination of MN and ITP. In vivo studies suggest that these hydrogel forming 

MN arrays may enable the sustained release of therapeutic peptide/protein agents to 

meet basal daily requirements, as well as the capability for on-demand bolus delivery 

when used in conjunction with ITP. Furthermore, for the first time, the rate of 

delivery will not be under the control of the skin, but rather can be modified by the 

electro-responsive nature of the hydrogel MN system following the application of an 

electric current. The integration of insulin loaded patches with hydrogel forming MN 

arrays resulted in a progressive reduction in blood glucose levels, with blood glucose 

levels dropping to approximately 36% of the original values 12 h after MN 

application to diabetic rats. Furthermore, the combination of MNs and ITP led to a 
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rapid reduction in blood glucose levels, dropping to a maximal value of 

approximately 30% of the original values within 4 h of MN and current application. 

The application of hydrogel MN arrays integrated with a FTIC-BSA loaded patch to 

rats in vivo resulted in the sustained transdermal delivery of FTIC-BSA. Detectable 

levels of FTIC-BSA began to appear within the systemic circulation 2 h after MN 

application, and reached maximal plasma concentrations of approximately 9 Ilg/ml 

after 24 h. The combination of MN and ITP led to a significantly accelerated rate of 

FTIC-BSA delivery, with detectable FTIC-BSA levels found within the systemic 

circulation 30 min after MN/ITP application. Following termination of the electric 

current and complete removal of the MN device 2 h after application, FTIC-BSA 

plasma levels were found to be approximately 3.89 Ilg/ml. This is approximately 5-

fold greater than the 0.81 Ilg/ml detected at the same period through the use of MN 

alone. A clinical study in human volunteers revealed that the application, and wear 

of these hydrogel forming MN arrays for a period of 24 h was perceived as painless. 

Furthermore, the application of these MNs was found to be minimally invasive, with 

any erythema occurring being only mild and transient in nature, with the appearance 

of the skin site returning to normal within 1 h after MN removal. Moreover, the 

disruption to skin barrier function caused by MN application was reversible, with 

TEWL values indicating the skin barrier returns within 1 h after MN removal. As 

such, these studies highlight the potential for hydrogel forming MN arrays for the 

continuous and/or pulsatile transdermal delivery of macromolecular peptide/protein 

agents in a non-invasive one-step process. Future studies should now focus on the 

integration of an electrical component to these MN devices for use in MN/ITP 

protocols, as well as the ability to scale-up the manufacturing process for mass scale 

production of these novel drug delivery systems. 
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