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ABSTRACT 

 

The enormously rich chemical and biological diversity of peptides makes them 

extremely exciting targets as therapeutic entities. Delivery of these biologically 

active drugs is limited, however, to mainly parenteral intravenous injection or 

infusion which limits their potential, particularly for the treatment of less severe 

conditions. Transdermal drug delivery is an attractive proposition given that it 

represents a non-invasive means of administering pharmaceuticals. The highly 

effective barrier properties provided by the stratum corneum (SC), however, limits 

the application of transdermal delivery to relatively small, lipophilic molecules.  

 

A dissolving microneedle system was developed using a combination of 

biocompatible polymers and stabilising sugars. In order to avoid loss of drug activity, 

the formulation process was carried out in aqueous solutions and at ambient 

temperatures. A variety of characterisation techniques were carried out and, with the 

aid of statistical analysis, an optimum polymer/sugar formulation was selected. 

Further characterisation work was carried out to examine needle strength, needle 

sharpness, drug diffusion within the array matrix, skin penetration and the stability of 

a model peptide, polymyxin B, encapsulated in the formulation. Franz diffusion cells 

were then used to carry out in vitro diffusion studies utilising porcine skin. These 

studies demonstrated that the microneedle system successfully delivered the peptide 

drug-load without loss of activity. In addition, 2 synthesised analogues of existing 

therapeutic peptides were also incorporated into the microneedle arrays and 

subsequently delivered through porcine skin to examine the effectiveness of the 

microneedle system to deliver peptides of various sizes and chemical properties. 

 

Finally, a sustained drug release system based on the dissolving microneedle 

formulation was investigated which incorporated drug loaded polylactic-co-glycolic 

acid (PLGA) particles into the PVP/trehalose microneedles. These arrays were 

subsequently characterised and skin diffusion testing carried out to determine the 

ability of the microneedles to deliver the particles through porcine skin. Drug release 

studies were also carried out to examine the release profile of polymyxin B 

encapsulated in the PLGA particles. 
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1.1. Introduction 

Transdermal drug delivery has been utilised for thousands of years for the treatment 

of various ailments and most recently, has been successfully employed as a means of 

administering many drugs for the treatment of a wide variety of conditions such as 

pain, travel sickness, smoking cessation and heart problems. The excellent barrier 

properties of the skin however, limits the range of drugs that can successfully 

permeate through its outer layer and as such, greatly reduces the potential of the 

transdermal route as a mode of drug administration [1, 2]. 

 

The ever growing numbers of pharmaceutically active peptides and proteins possess 

a broad range of therapeutic effects and have the ability to effectively treat a wide 

range of medical conditions. Exploiting the full potential of these biomolecules 

depends largely on the development of alternative delivery methods. The delivery of 

bio-therapeutic drugs such as peptides and proteins is almost exclusively via 

traditional hypodermic injection or intravenous infusion due to the fact that these 

drugs are generally metabolised by the GI tract, are poorly absorbed and suffer from 

poor bioavailability if administered orally. These therapeutic peptides and proteins 

are generally too large to passively diffuse through the barrier layer of the skin, 

unlike smaller drug molecules which possess larger diffusion coefficients and are 

capable of diffusion into the skin more easily [3, 4].  

 

Microneedle technology offers a means of delivering a wide variety of 

pharmaceutical agents across the skin in a minimally invasive and virtually pain free 

manner. By utilising microneedle fabrication technology with biocompatible 

polymers in a dissolving microneedle system, it is envisioned that large hydrophilic 

macromolecules such as therapeutic peptides and proteins, which would normally not 

permeate through the skin, can be successfully delivered both systemically or in a 

targeted and controlled fashion.  
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1.2. The Skin and Transdermal Delivery   

1.2.1. Skin Function and Structure 

Skin is the heterogeneous integument of the human body and is also the largest 

organ, comprising approximately 10% of total body mass, covering roughly 1.7 m
2
 

[1]. The skin is composed of tissue that is in a constant state of growth, 

differentiation, renewal and death. The structure of the skin contains more than 5 

different cell types and within the skin itself, transient cells from the circulatory and 

immune systems are present [5]. It performs many functions within the body 

including protection from toxic environmental chemicals and microorganisms, 

protection from ultra violet (UV) radiation, regulation of body temperature, synthesis 

of vitamin D (cholecalciferol) and the retention of bodily fluids [5, 6]. Human skin 

consists of three main and distinct anatomical layers (Figure 1.1) namely the 

epidermis, the dermis and subcutaneous tissues (also known as the hypodermis). The 

epidermis is the outer layer which serves as a barrier to the outer world and protects 

the body from external elements such as water, heat and cold, bacteria and sunlight. 

It also serves as a barrier which retains bodily fluids and keeps vitamins, minerals, 

hormones, proteins and heat within the body [7].  

 

Figure 1.1: Cross section illustration showing the layers of the skin [8] . 
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In addition, the skin has immunological functions, synthesises vitamin D in the body 

and is important in social interaction and sexual attraction [2]. The skin is 

approximately 3 mm thick however thickness varies depending on a number of 

factors including age, health and the site of the body (thicker at the soles of the 

feet/palms of the hands, thinner at the eyelids). Appendages contained within the 

skin include sweat glands, sebaceous glands and hair follicles [9].  

 

 

1.2.2. Epidermis 

The epidermis is a layer approximately 100 µm in thickness and is defined as a 

stratified squamous epithelium. The epidermis is derived from the embryonic 

ectoderm, or outer gem layer, of the human embryo and it can range in thickness 

from approximately 0.06 mm on the eyelids to approximately 800 µm on the palms 

of the hands and soles of the feet [10]. It is extremely active and can completely 

regenerate itself over a period of between 45 to 74 days [7]. The epidermis is 

composed of several well-defined sub-layers (in reverse order from the surface): the 

stratum basal, stratum spinosum, stratum granulosum, stratum lucidum and the 

stratum corneum. As there are no blood vessels in the epidermis, all nutrients and 

waste are transported across the epidermal-dermal layer via diffusion [1]. The 

epidermis contains 4 cell types including melanocytes (which produce melanin -  the 

body’s main pigment and natural sunscreen) [11], Langerhans cells and merkel cells. 

However, it consists primarily of cells called keratinocytes which are produced by 

cell division in the deepest layer of the epidermis. These keratinocyte cells migrate 

up through the epidermal layers, eventually dying and forming the outer barrier 

layer. The rate of keratinocyte cell production is roughly equal to the rate of 

keratinocyte cell death in a healthy individual [10].  

 

 

1.2.2.1. Stratum Basal 

The stratum basal, also referred to as the stratum germinativum [6], is the deepest 

layer of the epidermis, is roughly 1 to 3 cells in thickness and is unevenly attached to 

the dermis via a basement membrane [12]. All the layers of the epidermis are 

composed mainly of keratinocytes and each layer is the site of a different level of 
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cellular differentiation. There are two types of keratinic cells in this layer: one type 

which anchors the epidermis to the basement membrane and the other type which 

have the ability to divide and produce new keratinocytes [13]. These cells are 

responsible for the synthesis of keratin and cytokines [14] and are only found in the 

stratum basal or basal layer and once produced, these keratinocytes are then carried 

up through the other layers to the surface of the skin. This migration of the 

keratinocytes from the basal layer to the surface layer takes approximately 12 to 24 

days [15]. During this journey, the cells undergo a series of morphological and 

biochemical changes called keratinisation which results in the formation of the skins 

outer layer, the SC. Included in these changes are the synthesis of lipid structures and 

the synthesis of the proteinaceous keratin material. 

 

 

1.2.2.2. Stratum Spinosum 

The next epidermal layer above the stratum basal is the stratum spinosum or prickle 

cell/spinous layer. The keratinocytes become flatter as they move up to this layer, 

connected via desmosomes, and are referred to as prickle cells [14]. In addition to the 

keratinocytes, the stratum spinosum also contains Langerhans cells which play an 

important role in the skins immunological function, acting as the first line of defence 

against external antigens [10]. Lipids present in this layer are also similar to those 

found in the basal layer [7]. 

 

 

1.2.2.3. Stratum Granulosum 

The stratum granulosum or granular layer is composed of flattened keratinocytes and 

also contains lipids which differ from those found in the lower layers. These lipids 

include free sterols, ceramides, cholesterol sulphate and glycolipids and are 

discharged by cells into the intercellular space of the granular layer acting as a type 

of ‘cement’ to hold together the cellular ‘bricks’ of the tissue structure [7, 10]. It is in 

this layer that the keratinocytes begin to lose cellular functions and die. 
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1.2.2.4. Stratum Lucidum 

The stratum lucidum is a layer that is only present in areas of thickened palmoplantar 

skin in the body namely the palms of the hands or soles of the feet. It consists of 

layers of clear, flat, keratinocytes however, these cells are referred to as transitional 

as they remain nucleated [12, 14]. 

 

 

1.2.2.5. Stratum Corneum 

The SC is the outer layer of the epidermis and is often referred to as the “horny 

layer” (Figure 1.2). It provides a mechanical barrier of protection against water loss 

and foreign materials to the epidermis beneath [6]. It is a composite material 

composed primarily of a fibrous coil shaped protein called keratin. Keratin consists 

of coiled polypeptide chains which are joined together into supercoils of 

polypeptides linked together by disulphide bonds between neighbouring cysteine 

amino acids [14]. The SC is only 15 – 150 µm thick and is composed primarily of 

approximately 8 to 16 layers of flattened, stratified and tightly packed dead 

keratinocyte cells called corneocytes.  

 

 

Figure 1.2: Simplified structural diagram of the layers comprising the stratum 

corneum [13]. 
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The SC is highly dense (approximately 1.4 g/cm
3
) and has a much lower level of 

hydration (approximately 15-20%) when compared with the rest of the body 

(approximately 70%) [13, 15]. It is in the SC that the keratinocytes undergo 

programmed cell death, a form of apoptosis known as terminal differentiation [6] - 

fully changing into flattened corneocytes, losing their nucleus and organelles as well 

as their plasma membrane which is replaced by a cornified cell envelope [12]. These 

corneocytes are held together by keratin filaments which form crosslinked disulphide 

macrofibres and by intercellular lipids which form the main part of the permeability 

barrier [14]. The overall composition of the SC is approximately 60% structured 

proteins, 20% lipids and 20% water [15]. The corneocytes are arranged in bilayers 

along with the intercellular lipid phase which contains ceramides, free sterols, free 

fatty acids, triglicerides, sterol esters and cholesterol sulphate. This structure of the 

SC is akin to a brick wall with the corneocytes functioning as the bricks and the 

lipids as the mortar [7, 10]. Without the SC, the body would rapidly lose significant 

amounts of water to the environment and become dehydrated. The tightly packed 

overlapping cells and lipids block the diffusion of water and retain it within the body. 

Removal of the SC layer from the skin increases water loss approximately ten fold 

[10]. The SC is replaced fully in approximately 14 days in young individuals and in 

about 37 days in adults over 50 years old [7].  

 

The SC is a highly effective barrier, protecting the body from water loss and external 

contaminants such as chemicals and microorganisms. In addition to its barrier 

properties, the acid pH of sweat, the presence of anti-microbial peptides (Aparticles) 

and sebaceous secretions also contribute to the antimicrobial properties of the SC 

[10]. Two main types of Aparticles are produced in the epidermis namely defensins 

and cathelicidins, and these are effective at killing both Gram-positive and Gram 

negative organisms as well as fungi and certain viruses. [14]. The SC is not totally 

impermeable however, and must allow certain materials generated in the skin tissue 

to escape such as gases, oils and other hydrophobic materials [7].  

 

 

1.2.3. Dermis 

The dermis is a fibrous layer of connective tissue about 1 to 3 mm thick which lies 

directly beneath the epidermis. It provides protection to the body from mechanical 
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injury, helps with thermal regulation and contains many receptors and sensory 

stimuli [6]. The dermis forms the main bulk of the total skin mass (about 90%) and 

the structure of the dermis consists of a matrix of loose connective tissue which is 

mainly composed of 2 types of fibrous proteins called collagen and elastin. Collagen 

is responsible for most of the tensile strength of the skin and makes up about 77 % of 

the dry weight and up to 30% of the volume of skin [11, 14]. These proteins are 

produced by the main cells of the dermis known as fibroblasts [13, 15] and are 

embedded in an unstructured ground substance composed of water, ions and complex 

carbohydrate mucopolysaccharides (glycosaminoglycans) which are attached to the 

collagen and elastin proteins and it is these proteins which give skin its strength and 

elastic properties. In addition to these, the dermis also contains blood vessels, nerves, 

sensory receptors, hair follicles, sebaceous and sweat glands [7, 10, 15]. The dermis 

comprises of two main sections: the papillary dermis and the reticular dermis.  

 

The papillary dermis is the outer section of the dermis and is in direct contact with 

the epidermis. It contains many blood vessels and is the main source of nutrition for 

the epidermis. Nutrients are transported to and from the dermis via a network of 

blood capillaries which are composed of a series of loops originating from arteries 

which gradually become smaller and smaller, eventually forming minuscule vessels 

measuring only a number of microns in size near the top of the papillary dermis. The 

vessels eventually reverse direction and form venules, enlarging as they return to the 

dermis [7].  

 

The reticular dermis is situated below the papillary dermis and although it contains 

less cells and blood vessels than the papillary dermis, it is composed of densely 

packed bundles of collagen and elastin fibres which give the skin its physical 

strength and resistance to tearing (in fact, leather is manufactured from the reticular 

dermis of animals). The skin appendages, namely sweat/oil glands and hair follicles, 

are situated here also [7]. 

 

 

1.2.4. Subcutaneous Layer 

The subcutaneous layer lies directly beneath the dermis and is composed of loose, 

fibrous connective and adipose tissue. The level of adipose tissue varies from person 
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to person but is generally thicker in the abdominal region and non-existent on the 

eyelids. The main functions of the subcutaneous layer are as a heat insulator, shock 

absorber and as a reserve energy store for the body. The base of hair follicles and the 

secretory area of sweat glands are located here in addition to cutaneous nerves and 

various blood and lymph networks. The cutaneous nerves are abundant within the 

skin, with approximately 57,000 nerve fibres embedded in every cubic millimetre of 

nerve which join to sensors and it is these nerves which enable the detection of 

sensations such as pressure, pain, heat and cold  [12, 15]. As nerve fibres are 

contained within the dermis, they can be up to 800 µm below the skin surface, 

depending on the location, ending around hair follicles and the papillary dermis [6]. 

 

 

1.3. Transdermal Drug Delivery 

For thousands of years, many ailments have been treated by the application of 

compounds to the skin. Today, transdermal drug delivery devices have been 

employed in the treatment of a wide variety of conditions including travel sickness, 

cardiovascular disorders, pain management, smoking cessation and hormone 

replacement therapy [9]. Advantages associated with transdermal drug delivery 

include the potential for steady state drug levels, hepatic first pass metabolism 

avoidance, improved patient compliance and no gastrointestinal side effects [16]. 

 

Transdermal drug delivery devices are an attractive alternative to invasive injection-

based delivery methods and additionally, tend to be more efficient – using less drug 

per application and are typically less variable compared with some oral 

pharmaceuticals which can undergo degradation in the GI tract [17]. Drug loaded 

patches are usually the most recognisable transdermal delivery system. These patches 

are typically polymer based, contain a reservoir of drug in addition to an adhesive 

layer and facilitate controlled, steady delivery of the drug for up to a week [16, 18]. 

The first transdermal drug delivery patch to be brought to the market was a 

scopolamine (Figure 1.3) delivery system developed by the Alza Corporation to treat 

motion sickness [2, 19]. Transdermal nicotine patches emerged a decade later and 

proceeded to become the first widely used transdermal drug delivery system, 

subsequently raising the profile of transdermal drug delivery in the process [2].  



10 

 

 

Figure 1.3: Chemical structure of scopolamine [20]. 

 

The delivery of pharmaceuticals through the skin offers many advantages over the 

more traditional oral route most notably the avoidance of first past metabolism and 

the GI tract which can inactivate the drug before it reaches the intended target site. 

Similarly, unlike the parenteral route, transdermal drug delivery is non-invasive, 

allows the patient to self-administer and also offers the ability to provide controlled 

and prolonged release of the drug into the body [1, 2, 19]. In addition, delivery of 

vaccines transdermally is an attractive alternative to parenteral delivery with the 

added advantage that transdermal immunisation stimulates both systemic and 

mucosal immunity. Mucosal immunity is significant given that most pathogenic 

organisms enter the body through mucosal surfaces. The presence of 

immunocompetent cells in the skin such as keratinocytes and Langerhans cells 

contribute to a potent immune response from this type of vaccination also [21]. 

 

The SC provides the main barrier to skin permeation and as such, limits the 

therapeutic effectiveness of any topically applied compounds [1, 17].  The rate of 

percutaneous drug transport across the skin is directly limited by the SC, which is 

much more effective as a barrier to drug delivery than the epithelial barriers of 

gastrointestinal, buccal, nasal, vaginal or rectal delivery paths [9]. Any permeation is 

limited to lipophilic or hydrophobic compounds due to the SC’s high lipid content 

and as the SC is effectively composed of dead tissue, the mode of transport is via 

passive diffusion as per Fick’s Law (Equation 1.1). 

 

Fick’s Law of Diffusion in relation to transport of drug across the SC [9] is given as: 
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𝒅𝑴

𝒅𝒕
=  

𝑫.∆𝑪.𝑲

𝒉
         Equation 1.1 

 

Where: dM/dt is the steady state flux across the SC 

 D is the diffusion coefficient of drug molecules 

 ΔC is drug concentration gradient across the SC 

K is the partition coefficient of the drug between skin and formulation 

medium, and 

h is the thickness of the SC 

 

In contrast, the viable epidermis is hydrophilic and as such, acts as rate limiting 

barrier in the case of particularly lipophilic compounds [15]. However, in general, 

once the drug molecules have passed through the SC layer, passage into the other 

dermal layers and subsequent systemic delivery occurs quite rapidly and with ease 

[9, 19]. 

 

There are a very limited number of drugs which possess the ability to successfully 

permeate across the SC in a sufficient quantity to have a therapeutic effect (Table 

1.1). Size, shape and chemical properties all have a major influence on the ability of 

a molecule to effectively pass through the SC with passive diffusion generally 

limited to potent hydrophobic drug molecules with low molecular weights (<500 Da) 

[3, 19]. To overcome this, a range of methods have been investigated to enhance 

transdermal drug absorption and these include physical techniques such as 

iontophoresis, electroporation, thermal ablation, ultrasound, biochemical methods 

such as enzyme inhibition and liposomal vesicles, microneedles and chemical 

permeation enhancing techniques [13, 18].  
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Table 1.1 Transdermal drugs approved by the U.S. FDA [2]. 

Drug (Trade name, year of FDA approval) Indication Patch design 

Duration of 

application 

Buprenorphine (Butrans®, 2010) Chronic pain Drug in Adhesive 7 days 

Clonidine (Catapres-TTS®, 1984) Hypertension Reservoir/Membrane 7 days 

Oestradiol (Estraderm®, 1986) Female HRT Reservoir/Membrane 3–4 days 

Oestradiol (Climara®, 1994) Female HRT Drug in Adhesive 7 days 

Oestradiol (Vivelle®, 1994) Female HRT Drug in Adhesive 3–4 days 

Oestradiol (Alora®, 1996) Female HRT Drug in Adhesive 3–4 days 

Oestradiol (Vivelle-Dot®, 1999) Female HRT Drug in Adhesive 3–4 days 

Oestradiol (Menostar®, 2004) Female HRT Drug in Adhesive 7 days 

Oestradiol (Minivelle®, 2012) Female HRT Drug in Adhesive 3–4 days 

Oestradiol (E)/Norethindrone (NT) 

(Combipatch®, 1998) 

Female HRT Drug in Adhesive 3–4 days 

Ethinyl oestradiol (EE)/Norelgestromin (NL) 

(Ortho Evra®, 2001) 

Female 

contraception 

Drug in Adhesive 7 days 

Oestradiol (E)/Levonorgestrel (L) (Climara 

Pro®, 2003) 

Female HRT Drug in Adhesive 7 days 

Fentanyl (Duragesic®, 1990) Chronic pain Drug in Adhesive 72 h 

Granisetron (Sancuso®, 2008) 

Chemotherapy-

induced nausea and 

vomiting 

Drug in Adhesive Up to 7 days 

Methylphenidate (Daytrana®, 2006) ADHD Drug in Adhesive Up to 9 h in a day 

Nitroglycerin (Nitro-Dur®, 1995) Angina pectoris Drug in Adhesive 12–14 h 

Nitroglycerin (Minitran®, 1996) Angina pectoris Drug in Adhesive 12–14 h 

Oxybutynin (Oxytrol®, 2003) Over-active bladder Drug in Adhesive 3–4 days 

Rivastigmine (Exelon®, 2007) 

Alzheimer's and 

Parkinson's disease 

Matrix 24 h 

Rotigotine (Neupro®, 2007) 

Parkinson's disease 

Restless legs 

syndrome 

Drug in Adhesive 24 h 

Scopolamine (Transderm Scōp®,1981) Motion sickness Reservoir/Membrane 72 h 

Selegiline (Emsam®, 2006) 

Major depressive 

disorder 

Drug in Adhesive 24 h 

Testosterone (Androderm®, 1995) Hypogonadism Reservoir/Membrane 24 h 

Nicotine (Nicoderm CQ®, 1991)  Smoking cessation Reservoir/Membrane 24 h 

Nicotine (Nicorette®)  Smoking cessation Matrix 16 h 
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Nicotine (Nicorette® Invisipatch®)  Smoking cessation Matrix 16 h 

Nicotine (Habitrol®, 1990)  Smoking cessation Matrix 24 h 

Sumatriptan (Zecuity®, 2013) Migraine Iontophoretic system 4 h 

Capsaicin (Qutenza®, 2009) Neuropathic pain Drug in Adhesive 

Single 60 min 

application of up to 

four patches 

Diclofenac epolamine (Flector®, 2007) 

Topical treatment 

acute pain 

Drug in Adhesive 12 h 

Lidocaine (Lidoderm®, 1999) 

Post-herpetic 

neuralgia pain 

Drug in Adhesive 

Up to three patches 

only once for up to 

12 h within a 24 h 

period 

Lidocaine (L)/Tetracaine (T) (Synera®, 2005) 

Local dermal 

analgesia 

Eutectic mixture – 

CHADD® technology 

20–30 min 

Menthol (M)/Methyl salicylate (MS) 

(Salonpas®, 2008) 

Muscles and joints 

pain 

Drug in Adhesive Up to 8–12 h 

Oestradiol (Evamist®, 2007)  

Menopausal 

symptoms 
Cutaneous solution 

One spray once daily 

(starting dose) 

Testosterone (Axiron®, 2010)  Hypogonadism Cutaneous solution 
2 pump actions once 

daily (starting dose) 
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1.3.1. Chemical Enhancers 

Chemical penetration enhancers, also referred to as accelerants or sorption 

promoters, have been used to enhance the penetration of therapeutic and cosmetic 

materials across the SC. In most cases, chemical enhancers disrupt the lipid area of 

the SC which results in fluidisation that allows permeation through the SC layers 

[22]. An array of drugs have been effectively delivered transdermally in conjunction 

with chemical percutaneous enhancers, however the inclusion of such chemicals in 

transdermal formulations has been limited as the mode of action of these enhancers is 

complex and not fully understood [23]. In addition, although a wide range of 

chemical enhancers have been employed in this way, none have proved to be ideal. 

Attributes of an ideal chemical permeation enhancer include non-toxicity, non-

irritating and non-allergenic. An ideal permeation enhancer should work rapidly once 

applied and the activity of the enhancer should be predictable and reproducible. The 

enhancer should have no pharmacological effect and work uni-directionally by 

allowing drug into the body but preventing endogenous material from permeating out 

through the skin. The barrier property of the skin should recover quickly and fully 

after removal of the enhancer and the chemical enhancer needs to be fully compatible 

with the drug and any excipients used in the formulation [2, 13, 24]. 

 

Three routes are available for percutaneous permeation: transappendageal (through 

hair follicles or sweat and sebaceous glands), transcellular and intercellular (both of 

which involve permeation through the intact SC) [1] (Figure 1.4). It is believed 

however, that the predominant routes by which molecules permeate through the skin 

are transcellular or interecellular given that follicle orifices and sweat/sebaceous 

glands account for less than 0.1% of total skin area [13, 24]. The mechanism of 

intercellular diffusion involves the lateral movement of the drug molecules through 

the inter-lamellar spaces present between the corneocytes of the SC. These spaces 

contain less ordered lipids and more flexible hydrophobic chains and have higher 

water content, allowing for the transport of hydrophilic molecules. Transcellular 

diffusion involves the permeation of the drug molecules through the corneocytes. 

However, this mode of diffusion is practically unimportant for transdermal drug 

transport [13]. 
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Figure 1.4: Illustration of the three pathways of diffusion across the SC into the 

dermis: transappendageal, intercellular and transcellular [22]. 

 

Chemical permeation enhancers can work in a variety of ways in order to increase 

diffusion across the skin by altering the proteins and lipids of the SC. Direct effects 

include denaturing or modifying the conformation of intercellular keratin of the SC, 

after which swelling and increased hydration can occur. In addition, the packing of 

the corneocytes can be disrupted by the chemical enhancer acting on the desmosome 

cells which hold the corneocytes together. The barrier properties of the lipid bilayers 

can also be reduced by the modification of the intercellular lipid domains. The 

solvent nature of the SC can also be changed which assists in the permeation of the 

drug into the skin. Examples of commonly used permeation enhancers include water, 

urea, alcohols, surfactants, terpenes and fatty acids. Water is the most natural of all 

permeation enhancers and the hydration of the skin above the normal water content 

of the human SC of 15-20% via direct soaking of the skin or exposure to high 

humidity, results in an increase in the permeability and transdermal absorption of 

both hydrophilic and lipophilic permeants [23].  
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1.3.1.1. Occlusion 

Covering the skin with impermeable films or substances can cause occlusion. This is 

utilised effectively by many transdermal patch systems and topical applications. 

Occlusion of the skin can result in an increase in SC hydration which causes swelling 

of the corneocytes, disrupting the barrier structure and increasing the intercellular 

spaces between cells, increasing permeability. The SC is extremely hygroscopic and 

can absorb up to 500% of its dry weight in water in less than one hour if immersed 

but the enhanced permeability of the skin after hydration is limited to mostly non-

polar and lipid soluble molecules [25]. Occlusion over an extended period (48 h) 

however, has been shown to swell the intercellular spaces of the SC to such an extent 

that a continuous channel is formed, allowing the permeation of both polar and non-

polar molecules [13].  

 

 

1.3.1.2. Short Chain Alcohols 

Of all the alcohols utilised as skin permeation enhancers, ethanol and isopropyl 

alcohol are the most widely used [26]. Ethanol is used extensively in the formulation 

of transdermal patch systems due to its ability to increase the permeation of many 

pharmaceutical materials. It can be used as a solvent to increase the solubility of a 

drug or can alter the solubility properties of the skin tissue. Used in high 

concentrations over extended periods of time, its properties as a volatile solvent may 

result in the extraction of some lipid from the SC, resulting in improved drug flux 

through the skin [13]. 

 

 

1.3.1.3. Fatty Acids 

A large number of fatty acids have been investigated as skin permeation enhancers 

including straight chain saturated, monounsaturated and polyunsaturated acids. Their 

efficacy is directly related to their structure, in particular the length of their carbon 

chains – as fatty acids with shorter chain lengths possess insufficient lipophilicity for 

adequate SC permeation. The most popular and effective of this type of permeation 

enhancer for both polar and non-polar drugs is oleic acid [23]. It is generally 

recognised as safe (GRAS) listed and Food and Drug Administration (FDA) 
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approved [13]. Along with its methyl and ethyl esters, oleic acid is used widely as a 

fatty acid permeation enhancer and is often used in conjunction with propylene 

glycol which increases its permeation enhancing qualities (Figure 1.5). Oleic acid 

works by causing alterations to the membrane structure and the interface between 

solid and liquid areas of the SC. This results in a shortening in the diffusional path 

length for permeants or a reduction in the resistance properties of the SC [26]. 

 

 

Figure 1.5: Chemical structure of oleic acid [27]. 

 

1.3.1.4. Surfactants 

Surfactants are used extensively in many pharmaceutical and cosmetic formulations 

as emulsifiers, stabilisers, wetting and suspending agents, but they also possess the 

ability to alter the permeability of the skin. Surfactants are composed of a lipophilic 

long chain carbon tail group and a hydrophilic head-group and are classified 

according to the charge on the head-group as anionic, cationic, non-ionic or 

zwitterionic surfactants. Cationic and anionic surfactants have marked permeability 

enhancing effects on skin. However, by swelling the SC and interacting with 

intercellular keratin, they can damage and irritate the skin. Non-ionic surfactants 

have lower toxicity than cationic or anionic surfactants and are regarded as safe, 

resulting in their frequent use for topical formulations [26]. As such, coupled with 

their effect on skin permeability, non-ionic surfactants show great potential as 

effective transdermal drug delivery enhancers [13]. Polyoxyethylene-23-lauryl ether, 

polyoxyethylene-2-oleyl ether,  polyoxyethylene-2-stearyl ether and polysorbate 80 

(Figure 1.6) are examples of non-ionic surfactants that have been investigated as 

permeation enhancers for transdermal drug delivery [28]. In addition, Lechitin, a 

phospholipid which acts as a surfactant, is a natural non-toxic and biocompatible 

permeation enhancer used in the cosmetic industry [22].  
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Figure 1.6: Chemical structure of non-ionic surfactant polysorbate 80 [29]. 

 

1.3.1.5. Terpenes 

Terpenes consist of repeating isoprene (C5H8) units and are classified according to 

the number of isoprene units, chemical groups and whether they are linear, 

monocyclic or bicyclic (Figure 1.7). They are FDA approved and although have been 

known to cause skin irritation, are non-toxic and do not cause lasting erythema. In 

addition to their use as antispasmodics, carminatives and antiseptics, terpenes have 

been used to enhance the permeation of both lipophilic and hydrophilic drugs. 
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Figure 1.7: Structure of (A): a single isoprene unit and (B): limonene, a cyclic 

terpene consisting of 2 isoprene units [30]. 

 

Smaller terpenes have been shown to be more effective permeation enhancers than 

larger terpenes; however, their effectiveness is related to the actual chemical 

structure of the terpene in addition to the properties of the drug in the formulation 

[13]. 

 

 

1.3.2. Iontophoresis, Electroporation, Phonophoresis, and Thermal 

Ablation 

 

Iontophoresis is the use of low level electrical current which is passed through the 

skin to increase the transport of both neutral and charged molecules and provides an 

efficient, non-invasive, local and pain free method of transdermal drug delivery [31, 

32]. Controlled drug delivery is possible using this technique given that the volume 

of drug delivered is directly proportional to the current which is applied as well as 

current duration, which also allows for the use of pre-programmed delivery rates [2, 

33]. In addition, it is a technique which can be used for targeted or systemic delivery. 

Iontophoresis has been successful in transdermal delivery of ionized and hydrophilic 

drug molecules that otherwise would not passively diffuse into the skin [34]. 

Katikaneni et al., 2010 [35] have investigated the delivery of daniplestim using a 

combination of iontophoresis and microneedles. Another technique which utilises 

electricity for transdermal enhancement is electroporation, which involves the 

application of high voltage pulses to create temporary structural disruption of the 

lipid layers of the SC [36]. 

(A) (B) 
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The use of ultrasound to enhance the delivery of drugs across the skin has been used 

for many years and is referred to as sonophoresis or phonophoresis. Sonophoresis 

utilises either high frequency ultrasound between 20kHz and 16MHz or low 

frequency ultrasound in the range of 10 to 100kHz [37].  Low frequency ultrasound 

was shown to be more effective, however, for the delivery of larger molecules such 

as proteins and nucleotides. This technique causes nano-scale structural disruption 

within the lipid layers of the SC which in turn results in increased permeability [32].   

 

Thermal ablation or thermophoresis, is the application of heat to selectively remove 

the SC while avoiding causing damage to the deeper layers of the skin. By applying 

rapid temperature increase to the SC, surface tissue is vaporised with ablation 

restricted to the SC leaving the underlying tissue undamaged. Another application of 

heat to enhance transdermal delivery is thermoporation or microporation which 

involves heating metallic filaments which are in contact with the skin to create 

micropores in the SC [38].  Similarly, laser ablation involves the directed application 

of optical energy to the SC which instantly evaporates water from the structure and 

creates microchannels. Using this technique, the depth of the channels can be 

carefully controlled to avoid damage to the lower layers and drug formulation can 

then be applied over the microchannels to facilitate enhanced transdermal delivery 

[32].  
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1.4. Peptides 

1.4.1. Amino Acids and Peptide Formation 

Peptides are biopolymers which are derived from serial condensation reactions that 

occur between various natural amino acid monomers (Figure 1.8) [39]. Amino acids 

are organic compounds which are composed of amine (-NH2) and carboxylic acid (-

COOH) functional groups in addition to a side chain which is specific for each amino 

acid. Over 700 amino acids have been discovered to exist in nature however, only 20 

of these (Figure 1.9) are utilized in the biosynthesis of proteins [39, 40]. As such, 

these particular amino acids are essentially the building blocks of all life on earth. 

The general formula of these ‘elementary’ amino acids can be given as: 

RCH(NH2)COOH, with the amino group located on the α carbon atom. With the 

exception of glycine, all of these amino acids are chiral molecules with an 

asymmetric centre at the α carbon. 

 

 

Figure 1.8: General structure of an α – amino acid where R refers to the specific side 

chain for each amino acid [40]. 

 

The remaining non-protein forming amino acids and peptides formed from them can 

carry out numerous biological functions as neurotransmitters or intermediates in 

metabolic pathways. In fact, the majority of these non-protein amino acids have been 

found in prokaryotes and lower eukaryotes such as algae, fungi, yeasts and sponges 

and the amino acids can often impart unusual properties on the peptides, many of 

which are utilised in the production of biochemical tool molecules, antibiotics and 

other therapeutic biologics [41]. 
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Figure 1.9: List and structures of the 20 amino acids found naturally in proteins [42]. 

 

Polymers of these amino acids are formed through the condensation reactions 

between respective carboxyl and amino groups with polymers consisting of 50 or 

less amino acid residues referred to as peptides, and those with more than 50 amino 

acid residues referred to as proteins [40]. The hydrophobic or hydrophilic properties 

of an amino acid depend upon its side chain and it is this combination of side chains 

within a peptide which give its characteristic set of properties. Peptides have the 

greatest variation in structure and function of all classes of bioactive macromolecules 

and they are essential to all biological processes. The amino acid sequences in both 

peptides and proteins are responsible for all cellular function and intercellular 

communication [43]. Peptides can be involved in these processes in a number of 

roles; as enzymes, antibodies, hormones, kinins, cytokinins and neurotransmitters to 

name but a few. Peptides display high specificity and potency and can undergo rapid 

metabolism, all of which are properties that are essential for these biological 
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functions [39]. In short, the chemical diversity of peptides and proteins is unmatched 

by any other type of biological molecule [43].  

 

 

1.4.2. Pharmaceutical Peptides 

Therapeutic peptides have emerged as promising pharmaceutical contenders largely 

due to advancement in molecular biology and biotechnology. Natural peptides 

exhibit an enormous range of biological activities and this makes them ideal 

candidates for use in the development of new therapeutic drugs. In nature, the roles 

of peptides are vast and varied ranging from immunity, stress, growth, homeostasis, 

reproduction and defence. In fact, many promising antimicrobial peptides have been 

isolated from the skin of frogs and toads where their natural function is to protect 

from predators and pathogens. Numerous peptides isolated from venomous creatures 

such as snakes and spiders are being investigated for the treatment of pain, diabetes, 

neurological disorders and cancer [44]. 

 

Compared with conventional therapeutics, peptides have many advantages including 

high activity, high specificity and typically are effective at low concentrations [45-

47]. In addition, peptides degrade into amino acids which are far less biologically 

harmful than the toxic metabolites which can accumulate in the body often as a 

product of side effects from small molecule drugs [48]. Where side effects occur as a 

result of therapeutic peptide administration, these are generally related to dosage or 

confined to local reactions at the site of injection [43].  Most physiological processes 

are regulated by peptides acting as endocrine or paracrine signals at certain sites and 

as neurotransmitters or growth factors at others. To date, peptides have been 

employed therapeutically in a wide range of areas including neurology, 

endocrinology and haematology [49]. The increase in targeting metabolic disorders 

with peptides has resulted in the development of longer and more complex molecules 

however, interest continues in the development of shorter peptides with less than 10 

residues in the area of peptide based vaccines [43] which highlights the scope of 

these therapeutic molecules.  

 

The first peptide to be successfully isolated and therapeutically administered was 

insulin and to date, it is still the most widely prescribed therapeutic peptide, having 
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been available for over 50 years. Insulin (Figure 1.10) has a molecular weight of 

5808 Da and consists of 51 amino acid residues divided into a pair of peptide chains 

that are connected via two disulphide bonds [50, 51]. 

 

Figure 1.10: Primary structure of human insulin showing disulphide bonds, amino 

acid residues and pair of peptide chains A (blue) and B (green) [52]. 

 

Given their poor oral bioavailability, peptides were often overlooked as potential 

therapeutic agents however, pharmaceutical companies have since come to accept the 

potential of orally unavailable drugs [53]. Research continues into novel analogues 

and delivery methods with inhaled, buccal, intranasal, rectal and sub-lingual 

preparations of the drugs being explored [49, 54]. Recent advances in the areas of 

molecular biology, immunology and enzymology in addition to progress in synthetic 

biotechnology, have increased the potential for peptide use in pharmaceutical product 

development [39]. As such, research is ongoing into peptide therapeutics in a wide 

number of areas with a large number of peptide drugs entering clinical trials for the 

treatment of metabolic disorders such as diabetes, obesity, osteoporosis and certain 

cancers [48, 55]. As of 2013, there were approximately 60 approved peptide drugs 

[43, 56, 57], four of which have reached global sales exceeding US$1 billion. These 

include glatiramer acetate (Copaxone; $3.18 billion), leuprolide acetate (Lupron; 
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$2.12 billion), goserelin acetate (Zoladex; $1.14 billion), and octreotides acetate 

(Sandostatin; $1.12 billion) [55] (Table 1.2). 

 

Table 1.2: Approved peptide drugs [58-64]. 

Drug Product 

Name 

Indications Description Route Dose 

Glatiramer Copaxone Multiple sclerosis Random 

copolymer of 4 

amino acids 

average MW 5000-

9000 Da 

SC 20 mg daily 

Exenatide Byetta Type 2 diabetes 39mer peptide MW 

4186 Da 

SC 5 µg daily 

Teriparatide Forsteo Osteoporosis, 

Pagets disease 

Recombinant form 

of parathyroid 

hormone MW 4117 

Da 

SC 20 µg twice 

daily 

Calcitonin 

salmon 

Miacalcin Osteoporosis, 

Pagets disease 

32mer peptide SC or 

IV 

100 units 

daily 

Octreotide Sandostatin Carcinoid tumours 8mer peptide 

Mimics 

somatostatin 

SC or 

IV 

50-200 µg up 

to 3 times 

daily 

Leuprorelin Prostap Prostate cancer MW ≈1200 Da 

GnRH agonist 

SC or 

IM 

3.75 mg 

every 28 days 

Goserelin Zoladex Prostate and breast 

cancer 

MW 1269 Da 

GnRH agonist 

SC 3.6 mg every 

28 days 

 

As the main function of the GI tract is to metabolise dietary proteins into either 

dipeptide/tripeptide subunits or amino acids in order to facilitate nutritional 

absorption [65], therapeutic peptides and proteins are rapidly metabolised and 

inactivated by gastrointestinal enzymes and are poorly transported across the 

intestinal epithelium [49]. In addition, the hydrophilic nature of the peptides would 

result in poor intestinal absorption either transcellularly or via paracellular transport 

[47]. As a result, oral administration of peptides and proteins, although traditionally a 

desirable route for delivery of pharmaceuticals, is generally ineffective [66]. 

Exceptions to this are the micro-emulsion formulation of cyclosporine and DDAVP
® 

(a desmopressin tablet) which are approved oral peptide formulations (Figure 1.11). 
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These represent exceptions and are effective due to the peptides’ unique 

physiochemical characteristics [67].  

 

Figure 1.11: Chemical structure of cyclosporine A [68]. 

 

Given, however, that administering pharmaceuticals orally is usually associated with 

high patient compliance, ease of self-administration, low cost and overall 

convenience, especially for prolonged and repeat treatments, there is ongoing 

research into developing an oral delivery system for peptides and proteins [46]. 

Christopherson et al. [69] have investigated the area of utilising solid lipid particles 

as drug carriers for oral peptide/protein delivery and Parmentier et al. [70] have also 

utilised tetraether lipid liposomes to improve the oral bioavailability of the 

octapeptide octreotide. Gastrointestinal Permeation Enhancement Technology™ 

(GIPET™) is an enteric coated, solid dose microemulsion based technology for oral 

peptide delivery developed by Merrion Pharmaceuticals. The development of this 

technology was influenced by research into permeation enhancement utilising 

medium-chain fatty acids [67]. 

 

Indeed the development of pharmaceuticals using recombinant technology and 

genetic engineering, in addition to creating a surge of interest in therapeutic peptides, 

also initiated a major focus on developing alternative drug delivery systems to 
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injections [43]. As such, research has focussed on alternative non-invasive delivery 

methods such as nasal, buccal, pulmonary and transdermal [47, 49, 71]. 

 

As peptides are generally large hydrophilic macromolecules, often containing 

charged side groups (e.g. aspartic acid, lysine (Figure 1.12)), they do not easily 

permeate across the skin and typically require additional enhancement techniques to 

facilitate their transport through the SC barrier.  

          

Figure 1.12: Chemical structures of (A) aspartic acid [72] and (B) lysine [42]. 

 

Physical disruption of the SC through the use of radiofrequency ablation, thermal 

microporation or microneedles are techniques which can potentially allow these 

molecules to traverse the barrier layer of the skin and penetrate into the body [73]. 

Combining these techniques may also provide a viable method of achieving effective 

transdermal delivery of peptides, with studies carried out using microneedle 

technology combined with iontophoresis increasing transdermal flux 100-fold 

compared with iontophoresis alone (0.08 µg to 8.08 µg) [74].  

 

 

1.4.3. Peptide Synthesis 

Therapeutic peptides have normally been obtained from either natural sources 

(plants, animals, humans), isolated from genetic libraries or chemically discovered. 

The technology to chemically synthesise peptides ranging from 5 to 50 residues is 

now widely available and as such, synthetic peptides are used extensively as 

pharmaceutical or commercial products ranging from aspartame (a dipeptide 

sweetener) to hormones such as oxytocin, calcitonin and adrenocorticotropic 

(A) (B) 
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hormone [53, 75]. Peptides that consist solely of natural amino acids are generally 

poor therapeutics given that they generally possess low plasma stability, are highly 

sensitive to proteases and are rapidly metabolised. As such many natural peptides 

require chemical modification before they are suitable for therapeutic use, mainly to 

increase stability or molecular longevity and this is usually achieved through the 

addition of D-amino acids, pseudo amino acids or cyclisation [40, 76]. The 

technology to synthesise peptides has been around for many years with small 

peptides such as bradykinins, oxytocin and vasopressin and larger peptides such as 

insulin, calcitonin and secretin successfully chemically synthesised for medical 

purposes [39]. Glatiramer (also known as Copolymer 1 (Cop -1)) is a therapeutic 

peptide marketed by Teva Pharmaceuticals used in the treatment of multiple sclerosis 

(Figure 1.13). It is a mixture of synthetic peptides composed of the amino acids 

alanine, glutamic acid, lysine and tyrosine [49].  

 

 

Figure 1.13: Chemical structures of the peptide components of glatiramer [77]. 

 

Synthetic production of peptides utilising stepwise assembly has been carried out for 

almost a century. The methodology involves coupling reactions between amino acids 

which result in peptide formation after which reversible protecting groups are 

removed [75].  There are two general methods of peptide synthesis currently 

incorporated today, namely solution phase and solid phase.  
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1.4.3.1. Solution Phase Peptide Synthesis 

Classical solution phase synthesis (SPS) is a technique which employs typical 

organic synthesis methods to couple single amino acids together in solution. It is 

predominantly utilised in large-scale peptide manufacturing, typically with yields 

ranging from tens of grams to tens of kilograms. The main advantage this method has 

is that during synthesis, intermediate products can be de-protected and purified 

which results in a highly pure final product peptide [46]. In addition, this method is 

more economical and environmentally friendly than the solid phase method but is 

more time-consuming and labour intensive, especially during the early stages of 

method development. The reason for this is that many aspects of the process require 

optimisation and validation in order to obtain the required product and to ensure it is 

of high quality. The steps involved which require optimisation include the reaction 

conditions, yields and purification procedures for all intermediates in addition to the 

finished product itself. [39]. Peptides which have been synthesised using SPS include 

oxytocin (a neuromodulator peptide) (Figure 1.14) and human insulin [46]. 

 

 

Figure 1.14: Chemical structure of oxytocin molecule [78]. 
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1.4.3.2. Solid Phase Peptide Synthesis 

Solid phase peptide synthesis (SPPS) is a method which is particularly suited for 

research purposes, providing a means of peptide synthesis which is both rapid and 

accessible. Developed by R. Bruce Merrifield in the 1960’s, SPPS incorporates the 

chemistry of the solution phase method but involves a stepwise system whereby 

amino acids are assembled in a predetermined sequence through a series of addition 

reactions on one end of the peptide chain while the other end is typically anchored to 

an insoluble polymer support [41]. The anchored peptide continues to be extended by 

further addition reactions  until at the end of the synthesis the polymer support, in 

addition to unwanted by-products and reagents, are removed by washing and 

filtration [75]. The advantages of SPPS over the solution phase method include the 

fact that purification steps at intermediate stages of the synthesis are minimised or 

avoided and the technique is suitable for automation given that the synthesis steps are 

quick and simple and are carried out in the same reaction vessel at typically ambient 

temperatures [39]. Solid phase synthesis is particularly suitable for the synthesis of 

smaller peptides ranging in size from 20 to 30 amino acids with larger peptides and 

proteins synthesised using a combination of solid and solution phase methods. With 

the development of new resins, automated techniques, coupling agents and protecting 

groups in addition to advances in biochemistry, it is now possible to synthesise 

almost any peptide in a laboratory environment [79].  

 

Rapid growth in the area of therapeutic peptide development is evident by the array 

of companies that provide high quality peptide products such as Bachem and Lonza 

(Switzerland), Biomatik (Canada), Gennscript and AmbioPharm (USA), Polypeptide 

Laboritories (Europe, USA) and Shym-Pharma (China). The development of SPPS 

over the years since its original concept by Merrifield has resulted in lower cost, 

faster methods and the use of generic chemical and purification processes [46].  
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1.5. Microneedles 

1.5.1. History 

The oral delivery of certain drugs at therapeutic levels has been a challenging 

endeavour due to poor absorption, low bioavailability and degradation which occurs 

at various stages in the GI tract [3, 18]. Some drugs, such as therapeutic peptides and 

proteins, cannot reach the bloodstream in therapeutically effective concentrations 

when delivered orally and are merely metabolised within the GI tract or are poorly 

absorbed via this route [80]. For drugs such as these, as well as most vaccines and 

biopharmaceuticals, delivery through the skin via hypodermic needle injection or 

intravenous infusion is the most commonly used means of drug delivery providing a 

cheap, rapid and direct route of administration [4]. However, this method suffers 

from a number of disadvantages including the stringent need for a trained medical 

expert to administer the drug, tissue trauma, increased chance of infection, needle 

phobia and the fact that it can be quite painful which in turn can also result in poor 

patient compliance [13]. In addition, parenteral and oral delivery methods are 

restricted to bolus drug delivery with the full dose administered into the body in one 

delivery. In order to avoid potentially toxic effects of high doses of particularly 

potent drugs, oral and parenteral delivery of lower doses are sometimes required 

multiple times daily [18].  As such, transdermal drug delivery has emerged as a 

viable alternative delivery method and holds a number of advantages over oral or 

hypodermic needle delivery.  

 

Transdermal drug delivery bypasses the harsh conditions of the GI tract and as such, 

in addition to being safe and painless, can result in higher bioavailability depending 

on the properties of the drug in question [81]. It can provide a means of maintaining 

the concentration of the drug in the bloodstream at therapeutic levels for longer 

periods of time in addition to providing controlled release of the drug. Transdermal 

patches have been in use for decades providing easy to use, safe and painless ways of 

administering drugs such as nicotine, scopolamine and nitroglycerin [13].  

 

The highly efficient barrier properties of the SC mean that the effective delivery of 

pharmaceuticals across the skin at therapeutic rates is a difficult undertaking, with 

only low doses of small lipophilic molecules successfully administered 
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transdermally. Many methods exist which seek to increase the permeability of the 

skin and allow the delivery of large hydrophilic macromolecules such as peptides 

and proteins [82]. The aim of these techniques is to create micro-channels in the SC 

large enough to facilitate the transport of molecules into the skin. To be effective 

however, chemical permeation enhancers usually require concentrations which can 

cause skin irritation [83].  

 

Microneedle technology (Figure 1.15) has emerged as a practical and less invasive 

method of overcoming the barrier properties of the SC and delivering drugs 

effectively across the skin, including high-molecular weight and/or hydrophilic drugs 

[2, 84].  

 

 

Figure 1.15: Microneedles measuring 500 μm, 750 μm, 1 mm and 4 mm in length 

under the same magnification as a hypodermic needle with intradermal-bevel (26-

gauge) [85]. 

 

Studies have been carried out on the use of microneedle systems to deliver a wide 

variety of pharmaceuticals including small drug molecules, therapeutic peptides and 

proteins, oligonucleotides, deoxyribonucleic acid (DNA) and vaccines to name a few 

[82]. Akin to a hybrid system of both hypodermic needle and transdermal patch 

technologies, microneedles typically consist of an array of micron sized needles, 

usually less than 1 mm in length [86, 87], which when applied to the surface of the 

skin, breaches the SC and epidermis without reaching the pain receptor nerves in the 

deeper tissues of the dermis [13, 88]. Diffusion of the drug then occurs through the 

epidermis, via the micro-conduits created by the needles, to the dermis from where 

the drug is then absorbed by capillaries into the bloodstream. Factors which influence 
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the diffusion rate of the drug across the skin include the density of needles in the 

array, the length and sharpness of the microneedle shafts, site of application, amount 

of drug administered, and the concentration of drug administered [89, 90]. The 

micro-conduits created by the arrays allow higher molecular weight compounds to 

penetrate the skin barrier that would normally be unable to passively permeate 

through [86]. Using this method, drugs can be administered in a variety of ways and 

microneedles have also been utilised in conjunction with other skin permeation 

enhancement techniques [73, 91].  

 

Microneedle methodologies have the potential not only to increase the rate of 

delivery and permeability of many drugs into the skin but also may lead to faster 

pharmacological effects by overcoming the lag time associated with more 

conventional transdermal drug delivery methods [92]. To date, microneedles have 

been investigated for a variety of transdermal medical applications including the 

administering of vaccinations [93, 94], pain relief [95], cutaneous fluid extraction 

and glucose monitoring, and for delivering insulin and nano-particles [13, 96]. In 

addition to the area of transdermal drug delivery, microneedles have also been 

utilised for ocular and intracellular drug delivery [4, 97].  

 

1.5.2. Types of Microneedles 

Microneedles are generally described as in-plane or out-of plane depending on the 

fabrication process. In-plane microneedles are fabricated with the needle shaft being 

parallel to the base and out-of-plane microneedles protrude perpendicular to the 

substrate surface [80, 98]. Microneedles can be fabricated from a wide range of 

materials such as silicon, metal, glass, sugars and synthetic polymers and various 

microneedle designs have been developed in an attempt to maximise the 

effectiveness of each delivery method. The main types of microneedles currently 

developed for transdermal drug delivery can be categorised into four main groups; 

solid, coated, dissolving and hollow microneedles (Figure 1.16) with each type 

offering a different mode of drug delivery [3, 4, 99].  
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Figure 1.16: Main methods of microneedle mediated drug delivery [4]. 

 

1.5.2.1. Solid Microneedles 

Solid microneedles are typically made from silicon, metals (such as stainless steel 

and titanium) or polymers and are used to disrupt the SC in a skin pre-treatment 

strategy commonly referred to as ‘poke and patch’ where the microneedle array is 

applied to the skin to increase permeability prior to the application of drug material 

[100]. Compared with other microneedle types, such as hollow or dissolving, solid 

microneedles are easier to manufacture and generally possess greater mechanical 

strength [13].  Once the microneedles have been inserted into and removed from the 

skin, tiny micro-channels are created which then facilitate the passive diffusion of 

molecules from a drug formulation applied either topically (e.g. solution, cream, gel) 

or via a traditional transdermal patch [98]. This method was initially demonstrated by 

Henry et al. (1998) [101] using silicon microneedles (Figure 1.17) to increase the 

transdermal permeation of calcein. This study concluded that by applying a force of 

approximately 10 N (roughly equivalent to the force required to push an elevator 

button), sufficient penetration of the skin was achieved using a 20 x 20 microneedle 

array with needle length of 100 µm. The permeation of the calcein model drug into 

the skin was increased by almost four orders of magnitude by utilising the 

microneedles in this way [101].  
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Figure 1.17: Section of a 20 x 20 solid silicon microneedle array as used by Henry et 

al. [101]. 

 

As mentioned above, the initial studies into solid microneedle technology for 

transdermal drug delivery used silicon to manufacture the microneedles, however, 

silicon has been shown to break easily when inserted into the skin and is relatively 

expensive when compared with other materials used such as polymers or metals. 

Metals utilised to date for solid microneedle studies include stainless steel, nickel and 

titanium. Positive features of such needles include the increased mechanical strength 

of the needles and lower cost of production. Similarly, various polymers have been 

tested as alternative materials for solid microneedles as they are generally cheaper 

and stronger than silicon [13].  Many studies have been carried out using the poke 

and patch method to deliver a number of drug molecules including naltrexone (a 

small hydrophilic drug) [17, 102], nanoparticles [103, 104], acetylsalicyclic acid 

[100], insulin [105] acyclovir [85] verapamil hydrochloride, amlodipine besylate [89] 

and  a number of vaccines [90, 106]. 

 

The transdermal delivery of ‘cosmeceutical’ peptides utilising solid microneedles has 

been investigated by Mohammed et al. (2014) [51] who employed stainless steel 

arrays consisting of 3 needles each measuring 700 µm length and 250 µm in width 

on average. The peptides examined were melanostatin, rigin and 

palmitoylpentapeptide (Pal-KTTKS) with 3, 4 and 5 amino acid residues respectively 

(Figure 1.18). Results indicated that melanostatin and rigin delivery was enhanced by 

the use of microneedle pre-treatment however, the delivery of the larger Pal-KTTKS 
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was not significantly affected by this method indicating that delivery of larger 

peptides may require additional delivery enhancement techniques [51]. 

 

 

Figure 1.18: Chemical structures of (A) melanostatin [107] and (B) Pal-KTTKS 

[108]. 

 

The effectiveness of using solid microneedles depends upon the ability of the 

microneedles to penetrate the SC and form micro-conduits through which the applied 

drug formulation can diffuse, in addition to the length of time these micro-pores 

remain open. The healing time of the skin after microneedle treatment has been 

measured at anywhere from 15 min [86] to 2 h [94] to 48-72 h [17, 98] however, 

Banks et al. (2012) carried out studies which indicated an increase in micro-pore 

lifetime to 200 h using daily applications of a non-specific cyclooxygenase (COX) 

inhibitor, Solaraze® after microneedle treatment [102]. In addition, Li et al. (2009) 

reported that micropores remained open after 24 h in vivo when occluded with a 

penetration enhancer formulation [73]. Other factors such as microneedle length and 

the age of the patient can affect the rate of micro-pore closure with longer needles 

and aging skin associated with longer closure times  [109]. 

 

 

1.5.2.2. Coated Microneedles 

Coated microneedles are used in an application method referred to as ‘coat and poke’ 

whereby a drug formulation is applied to the surface of solid microneedles and after 

insertion into the skin, the formulation dissolves, releasing the drug into the body 

[19].  Coated microneedles are generally fabricated from silicon or metal with the 

drug applied as a coating layer in a dried state. The methods used to coat the 

(A) (B) 
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microneedles include roll coating, dip coating and spray coating typically using an 

aqueous solution with a higher viscosity which allows more of the formulation to be 

retained on the needle surface after drying [4]. Unlike solid microneedles, coated 

microneedles require a simple one step application process. This method is 

particularly suited to the administration of low dose drugs such as vaccines given the 

limited area on the microneedles which is available for coating the formulation [92, 

98]. Even so, coated microneedles offer a viable route to rapid bolus delivery of low 

dose/high molecular weight drugs through the skin and in addition, the stability of 

active ingredients may be maintained by storing the drug formulation as a solid phase 

coating on the microneedles [3, 97]. Administering vaccines using coated 

microneedles is of particular interest given that lower dosage may be applied and a 

more potent immune response can be achieved through the delivery of antigens 

directly to epidermal Langerhans cells and dermal dendritic cells in the skin [3, 110]. 

 

The methods of coating the drug formulation onto the microneedle arrays mostly 

involve a process of either dipping or spraying the needles with an aqueous solution 

of the drug formulation. The drug formulation used for microneedle coating must 

facilitate controlled and uniform application onto the microneedle surface in addition 

to allowing rapid dissolution once inserted into the skin. The coating must remain 

adhered to the needles during insertion and all excipients and solvents used during 

the coating process must be safe for human use and not affect the active ingredient. 

Typical formulations used for coated microneedles often incorporate surfactants to 

enable wetting of the needle surface, stabilising agents to protect the active 

ingredient during drying and storage and must have sufficient viscosity to allow 

more of the formulation to be retained on the array after drying. In addition, the 

coating process used must not be damaging to the active ingredient by avoiding high 

processing temperatures and utilising aqueous solutions to avoid denaturing of 

biological molecules [3, 4].  

 

To overcome disadvantages of dip coating such as uncontrollable deposition weight 

variations of coated arrays, material waste and scale-up limitations, Uddin et al. 

(2015) [111] investigated inkjet printing as a method of coating solid microneedles 

with a formulation of anti-cancer drugs (5-fluorouracil, cis-platin and curcumin) and 

polymer (Soluplus®, a co-polymer of polyvinyl caprolactame-polyvinyl acetate-
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polyethylene) by applying the formulation in the form of tiny droplets, allowing for a 

more uniform distribution onto the needle surface (Figure 1.19).  

 

Figure 1.19: Chemical structure of Soluplus® (polyvinyl caprolactam-polyvinyl 

acetate-polyethylene glycol graft copolymer (PCL-PVAc-PEG)) [112]. 

 

The results obtained indicated highly uniform, reproducible and accurate coating of 

the drug-polymer formulation onto the microneedles with rapid release rates obtained 

for all three model drugs [111].   

 

A wide variety of microneedle designs have been developed to facilitate this coating 

process including three-dimensional groove embedded microneedles to enable 

greater coating amounts and pocketed microneedles which also increase coating 

quantities and facilitate the application of liquid coatings and improved drug 

targeting [4]. Gill et al. (2008) [82] examined a dip coating method incorporating 

pocketed microneedles for controlled transdermal drug release (Figure 1.20). Laser 

etching techniques were incorporated to fabricate the microneedles from 75 µm 

stainless steel sheets and also to cut the pockets in the shafts.  
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Figure 1.20: Various pocketed microneedles: A) representative microneedle with 

large central pocket, B) microneedle with pocket filled with sulforhodamine, C) 

microneedle pocket filled with fluorescein, D) filled with plasmid DNA as a model 

drug and E) microneedle showing  pocket filled with plasmid DNA which also coats 

the surface,  as used by Gill et al. (2008) [82].  

 

The pockets of the microneedles were filled with drug formulation during the coating 

process and as the drug was confined to one area of the microneedle shaft, this 

facilitated targeted delivery to a specified skin depth which may be desirable for 

selective delivery to less vascularised areas of the skin, such as the middle of the 

dermis, which would reduce systemic delivery. This particular technique also allows 

for further coating of the microneedles with additional drug or a protective layer to 

preserve the activity of the pharmaceutical ingredient [82]. Similarly, Khandan et al. 

(2015) investigated the application of fenestrated titanium solid microneedles 

coupled with a fast dissolving drug coating for ocular drug delivery. The needles 

used ranged from 500 to 1500 µm in length. The drug carrying capacity of the 

microneedle design was found to be 5 times greater than standard solid microneedles 

of similar size and a model drug, rhodamine B, was uniformly delivered ex vivo 

[113].  

 

A wide range of compounds have been successfully coated onto microneedle arrays 

and these include small molecules such as calcein [114], vitamin B, flourescin and 

lidocaine, larger macromolecules such as desmopressin, ovalbumin, bovine serum 

albumin [115] and horseradish peroxidase, numerous vaccines including inactivated 

influenza virus and hepatitis B surface antigen and various kinds of DNA such as 

plasmid DNA encoding protein vaccines against hepatitis C virus [4]. The 

transdermal delivery of desmopressin, a synthetic peptide used to treat enuresis in 
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young children (Figure 1.21), was investigated by Cormier et al. (2004) utilising a 

coated microneedle patch system [83]. 

 

 

Figure 1.21: Chemical structure of desmopressin [116]. 

 

The drug was coated onto the solid needles in an aqueous formulation also 

containing polysorbate 20 and via partial immersion, discarding arrays where the 

coating extended to the base. The results obtained indicated that although the target 

dose of 20 µg was delivered, an increase in drug loading (up to 82 µg) did not result 

in a significant increase in drug delivery. Limited availability of interstitial fluid to 

allow the dissolution of the drug into the skin was surmised as the reason for the 

reduced bioavailability of higher dosed applications [83]. This highlights one of the 

main limitations of coated microneedles; limited dosage. 

 

 

1.5.2.3. Hollow Microneedles 

Hollow microneedles function in a similar manner to traditional hypodermic needles 

in that a fluid formulation containing the drug is injected into the body through the 

microneedle arrays. This method is referred to as ‘poke and flow’ [98]. Materials 

used in the fabrication of such microneedles include silicon, metal, polymers and 

glass. Hollow microneedles can facilitate the continuous delivery of liquid drug 
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formulation across the skin either by diffusion or driven flow (pressure or electrical) 

and as such, are capable of delivering greater volumes of drug than solid or coated 

microneedles with the ability to control the flow rate [13, 98]. The most common 

method of drug delivery using hollow microneedles is with the use of a syringe as 

with hypodermic needles. However, some systems incorporate an actuator which can 

control the delivery through the hollow needles by CO2 gas pressure, piezo-electric 

micropumps, syringe pumps or micro-gear pumps [4]. Martanto et al. [117] 

investigated methods which could increase and control micro-infusion through the 

skin using hollow glass microneedles (Figure 1.22) with an injection system 

consisting of high pressure CO2 and a 1 mL glass syringe.  

 

 

Figure 1.22: (A) Front and (B) side views of a representative hollow, glass 

microneedle as utilised by Martanto et al. illustrating the bevelled tip [117]. 

 

They concluded that by infusing at high pressure in addition to utilising a bevelled 

tip microneedle and retracting almost completely after insertion, infusion of the drug 

into the skin was optimised with flow rate increasing from 28 µL/ h for fully inserted 

needles to 326 µL/ h for retracted arrays. This last parameter overcame problems 

associated with flow resistance due to the compression of dense dermal tissue ant the 

needle tips during insertion [117].  

 

In addition to the above, other problems associated with this type of microneedle 

strategy include the potential for clogging in the microneedle bores and reduced 

mechanical strength of the microneedle structure. However, these limitations may be 
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overcome through improved microneedle design and use of more robust materials. 

Clogging of the needle tip can be avoided by positioning the bore opening at the side 

of the shaft rather than the tip and this has been shown to also increase the area of 

tissue exposed to the drug, as well as maintaining the sharpness of the tip [92, 118].  

The main advantage of utilising hollow microneedles for transdermal drug delivery is 

that they offer a means of continuous infusion of drug into the skin which cannot be 

achieved using other microneedle designs [13]. However, the complexity of the 

diffusion system remains an issue for this particular microneedle system [119]. With 

the use of 3 mL syringes with mounted hollow metal microneedles, Norman et al. 

(2013) [120] delivered 0.1 mL of sulforhodamine B (a fluorescent dye) into porcine 

skin. Delivery of the dye was confirmed using fluorescence microscopy on a skin 

cross-section post injection.  Similarly, but using controlled pressure delivery, 

Vinyakumar et al. (2014) [121] delivered 50µL of liquid into the skin in 2 s with an 

array of 100 hollow microneedles.  

 

 

1.5.2.4. Dissolving Microneedles 

Solid microneedles and coated microneedles remain intact after insertion into the 

skin and subsequent drug application which can result in biohazardous sharps waste. 

Dissolving microneedles on the other hand are designed to completely dissolve in the 

interstitial fluid of the skin during the application process [4]. Dissolving 

microneedles are typically fabricated from biocompatible and biodegradable 

polymeric materials which house the drug payload within the matrix of the 

microneedles themselves and are used in a method commonly referred to as ‘poke 

and release’ [98]. After insertion in the skin, the needles dissolve when in contact 

with interstitial fluid, subsequently releasing the drug into the body. Depending on 

the constituents used, dissolving microneedles can fully degrade within 5 min in the 

case of water soluble materials or may take several days for some biodegradable 

polymers [4]. In fact, delivery of the encapsulated drug can be tailored by adjusting 

the formulation used giving a predetermined release rate and subsequent sustained 

and controlled delivery [122]. These types of microneedles can also be used without 

an incorporated drug load as a skin pre-treatment method to increase skin 

permeability prior to drug application, in the same manner as solid microneedles [4]. 

A notable advantage of dissolving microneedles over coated ones is the increased 
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dosage that can be delivered given that the drug is encapsulated within the 

microneedle matrix as opposed to merely coating the surface of the shafts [123, 124]. 

 

In all cases, the polymers used for dissolvable microneedles must be biocompatible 

and biodegradable and must include materials with long established medical safety 

profiles such as polylactic acid (PLA), polyglycolic acid (PGA), polylactic-co-

glycolic acid (PLGA), PVP (Figure 1.23), biopolymers such as sodium hyaluronate, 

chondroitin sulphate and carbohydrates such as sugars, carboxymethyl cellulose 

(CMC) and amylopectin. [87, 92]. Consideration needs to be given to the properties 

of the polymers used as the component materials need to retain sufficient tensile 

strength and sharpness to penetrate the skin after the formulation process [125]. 

 

Figure 1.23: Chemical structures of some biodegradable/biocompatible polymers: 

(A) PLA, (B) PGA, (C) PLGA and (D) PVP [126, 127]. 

 

The time required for dissolving microneedles to fully dissolve and release their drug 

payload in the skin after insertion can vary greatly depending on the polymeric 

material or formulation used, with dissolution times ranging from minutes to several 

days. These properties can be manipulated and designed to facilitate either 

immediate or controlled/sustained release as required [128]. 

 

(A) (B) 

(D) (C) 
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Limitations associated with this type of microneedle design include compromising 

the mechanical strength of the needles due to the loading of drug material into the 

needle structure and the potential for drug degradation during the microneedle 

fabrication process [92]. The formulation process for dissolving microneedles also 

needs to be suitable for the active ingredients used. Peptides, proteins and antigens 

are all sensitive to temperature and require benign formulation conditions to avoid 

damaging their pharmaceutical activity [119]. As such, encapsulation and 

solidification of microneedles incorporating these drugs must be carried out at lower 

temperatures and in many cases, avoiding harsh environments such as high or low 

pH, high pressure and organic solvents [9]. UV curing has been proposed as a 

method of casting polymer microneedles at ambient temperatures, however this 

method may also cause damage to the drug and also raises the issue of the use of 

potential toxic photo-initiators during the curing process [119].  In addition, due to 

the mechanical weakness of water soluble components of dissolvable microneedles, 

wider needle bases are needed to increase mechanical strength. This can result in the 

microneedles not fully inserting into the skin during application due to skin 

deformation, which may lead to impediment of the wider base, resulting in the full 

drug payload not being administered [129, 130]. This limitation may be overcome by 

encapsulating the drug in the microneedle tips only. However, this further 

complicates the manufacturing process and reduces the available dose of the drug 

[4].  

 

Chu et al. [129] proposed a two-tiered dissolvable microneedle system which 

incorporated a separable arrowhead design where a sharp tipped polyvinyl alcohol 

(PVA)/PVP polymer arrowhead encapsulating sulforhodamine was mounted on a 

blunt stainless steel microneedle shaft (Figure 1.24). Upon insertion into the skin, the 

polymer arrowhead remained embedded in the skin and the blunt shafts were 

removed and discarded. The rapid separation of the arrowheads from the shaft 

allowed for full administration of the sulforhodamine drug payload with release 

kinetics controlled by the polymer formulation. 
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Figure 1.24: Separable arrowhead microneedles comprising 600 μm-tall metal shafts 

capped with water-soluble PVA/PVP arrowheads encapsulating sulforhodamine 

[129].  

 

This technique addressed three problems that can be encountered when applying 

microneedle technology to transdermal drug delivery. Firstly, as the polymer tips 

were completely embedded in the skin, the whole intended dose was administered 

once the needles were applied and secondly, as the polymer tips remained in the skin, 

the administration time took only seconds after which the blunt shafts were removed. 

Finally, as the discarded metal shafts were blunt, initial indications were that they 

generated no bio-hazardous sharp waste and could be disposed of relatively easily.  

However, the preparation of the drug/polymer formulation during this study utilised 

a 10 min heating step at 195
o
 C which would make this method unsuitable for 

peptide or protein drugs [129]. 

 

Similarly, Chen et al. (2013) [94] developed antigen encapsulated biodegradable 

chitosan microneedles mounted onto PLA supports (Figure 1.25), which offered 

greater mechanical strength during insertion.  
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Figure 1.25: Schematic illustration detailing the administering of antigen using an 

embeddable chitosan microneedle and PLA support delivery system [94]. 

 

As with the arrowhead needles developed by Chu et al., after insertion, the chitosan 

needles detached from the PLA base and remained embedded in the skin, allowing 

sustained release of the antigen for up to 14 days. A notable advantage of this 

particular two-tiered system is the use of ambient temperatures and mild formulation 

conditions during the formulation process which makes this method more suitable for 

biologically active pharmaceuticals [94]. A similar study also incorporated solid 

microneedles composed of biodegradable PLA utilising PVA and sucrose to 

fabricate a rapidly separating dissolving polymer gel mounted onto the solid 

microneedle supports [131]. 

 

Another interesting application of the dissolving microneedle system was 

investigated by Kim et al. (2012) [122] who designed PLGA microneedles which 

housed hydrogel micro-particles within the microneedle matrix with the view to 

delivering sustained release of both hydrophobic and hydrophilic drug molecules 

(Figure 1.26). Swelling of the hydrogel particles due to moisture absorption after 

insertion in the skin facilitated the mechanical failure of the PLGA needles due to the 
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difference in volume expansion and resulted in the release of the drug material within 

the hydrogel particles.  

 

 

Figure 1.26: Schematic diagram detailing the mechanism of hydrogel swelling and 

subsequent mechanical failure of PLGA microneedles developed by Kim et al. [122]. 

  

Studies utilising various dissolving microneedle designs have been carried out for the 

delivery of a wide range of therapeutics including ferric pyrophosphate for the 

treatment of iron deficiency [132], lidocaine for pain management [95], aspirin, 

lisinopril dehydrate and atorvastatin calcium trihydrate in a combined fixed dose for 

cardiovascular disease [133], insulin [134-136] and vaccines [137-141]. In fact, it is 

in the area of transdermal immunisation that the first phase 1 human trial 

incorporating dissolving microneedles was conducted. Rouphael et al (2017) carried 

out a phase 1 clinical trial to deliver inactivate influenza vaccine utilising a 

dissolving microneedle patch with results indicating a robust antibody response after 

28 days, comparable to intramuscular vaccine administration [142]. 

 

 

1.5.2.5. Other Microneedle Designs 

A number of studies have investigated microneedle systems which utilise 

mechanisms that differ from more common solid, coated, hollow or dissolving 

needle designs. In one such study, Seong et al (2017) developed a dual function, 

double layered microneedle system utilising a swellable polystyrene-block-

poly(acrylic acid) (PS-PAA) outer layer and non-swellable polystyrene (PS) inner 

layer designed for the delivery of protein drugs. The bullet shaped PS-PAA needles 

expanded to 8 times initial volume on application, forming arrowhead shaped tips 

which facilitated mechanical interlocking with skin tissue (Figure 1.27).  
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Figure 1.27: Schematic illustrating the mode of action of double layered PS-PAA 

and PS based swellable microneedles [143]. 

 

In conjunction with the tip swelling, prolonged delivery of insulin encapsulated in 

the swellable microneedles was also achieved at a constant rate for 6 h without an 

initial burst release, facilitating a gradual decrease in blood glucose levels [143]. 

Employing a similar drug release mechanism, Kearney et al. (2016) carried out 

studies to determine the effectiveness of a hydrogel based microneedle system to 

deliver of donepezil hydrochloride for the treatment of Alzheimer’s disease. Utilising 

Gantrez
®

 based arrays and a drug loaded reservoir, the swelling of the hydrogel 

needles on insertion into the skin resulted in the formation of a porous, aqueous 

network through which diffusion of drug from the reservoir patch occurred [144]. 

 

 

1.5.3. Advantages and Limitations of Microneedles 

The use of microneedles to facilitate transdermal drug delivery has numerous 

advantages over more traditional drug delivery methods. In addition to all the 

advantages associated with transdermal drug delivery as mentioned previously, 

microneedles require no medical expertise to apply and due to their micron sized 

shafts, are painless by avoiding nerve receptors in the dermis and present little or no 

risk of infection, unlike normal hypodermic needle delivery [4, 88].  

 

Traditional delivery of vaccines is intramuscular via hypodermic needle injection 

however, this method does not deliver the drug to the optimum location to stimulate 

an immune response given that, compared with the skin, muscle contains far less 

immunologically sensitive cells [130]. The use of microneedles has been shown 
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experimentally to dramatically increase the permeation properties of the skin and the 

presence of Langerhans cells, dendritic cells and other immunocompetent cells in the 

skin make the microneedles highly suitable as a vaccine delivery system [13].  

 

Microneedles can also facilitate the controlled release of drugs by either 

encapsulating the drug within a biodegradable polymer matrix or coating solid 

needles with a drug formulation and can enable targeted drug delivery to particular 

sites. In addition, microneedles can increase the bioavailability of therapeutic agents 

by directly introducing the drugs into the bloodstream, bypassing the GI tract and 

may also result in faster pharmacological effects by removing the lag time normally 

encountered with typical transdermal drug delivery methods [92]. In addition, scaling 

up the production of microneedles would likely be inexpensive resulting in 

microneedle devices which are disposable and user friendly [88]. 

 

The small size of the microneedles means that, in the case of coated and dissolving 

needles particularly, these methods are only suitable for high potency, low dose 

drugs. In addition, coating microneedles consistently and uniformly is a difficult 

process requiring considerable research with optimisation of the formulation and 

coating methods varying from drug to drug [92]. The skin’s viscoelastic properties 

resulting from the underlying fat and muscle may also affect the ability of the 

needles to adequately pierce through the SC, which has been associated with 

microneedles of shaft lengths less than 300 µm [85]. The ability of microneedles to 

penetrate the skin, particularly in the case of shorter, blunter arrays, may be affected 

by the robustness and elastic properties of the skin. A ‘bed of nails’ effect, caused by 

the distribution of force on the needles, especially where many needles are used, may 

reduce the insertion depth however this may be avoided by utilising a less rigid back-

layer on the needle array [145]. Folding of the skin over the arrays during application 

and insertion forces exceeding the tensile strength of the needles may result in 

penetration failure and damage to the shafts [98]. Skin thickness can also be affected 

by a number of factors including age, race, sex and also varies depending on the area 

of the body. As such, the successful application of the microneedles and delivery of 

the drugs in question may vary depending on one or more of these factors. This is 

particularly relevant in the case of dissolving microneedles where failure of the 

device to fully penetrate the skin would lead to delivery of a much lower than 
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intended dose [13, 130]. Microneedles may also cause localised erythema and 

irritation of the skin depending on needle length, with 400 µm needles causing higher 

levels or erythema and blood flow than 200 µm needles [4]. Also, the two-step ‘poke 

and patch’ process associated with solid microneedles is potentially inconsistent in 

relation to dosage, especially during home usage and can result in bio-hazardous 

sharps waste [92].   
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1.6. Research Objectives 

This study aims to develop and optimise a method of successfully delivering a range 

of therapeutic peptides transdermally utilising microneedle technology. The research 

will investigate a number of formulations with the view to generating dissolving 

microneedle arrays from biodegradable polymers and sugars which will release the 

drug rapidly and systemically during the degradation process. For dissolving 

microneedles to be effective as drug delivery devices, however, a number of factors 

must be considered: 

 The microneedles need to have sufficient mechanical strength and suitable 

design to penetrate through the SC without breaking or bending in order to 

deliver the drug into the viable epidermis [125]; 

 The microneedles need to be sufficiently sharp to penetrate the SC; 

 The microneedle formulation process must not cause any loss of efficacy to 

the active drug encapsulated within the matrix. In the case of biological 

therapeutics, this usually involves the use of ambient temperatures, aqueous 

environments and mild pH conditions; 

 Full administering of the drug payload must be accomplished; 

 The materials used must be biocompatible and not cause any adverse effects 

on the patient; 

 The formulation needs to be stable enough to allow for long-term storage; 

 The arrays also need to possess a degree of flexibility in order to overcome 

contours in the skin [146]. 

 The formulation process should be relatively uncomplicated to be economical 

and allow ease of scale up [125]. 

 

To develop a rapid and systemic release system, a variety of polymers and sugars 

will be examined initially including PVP, CMC, PVA, PLGA, trehalose and sucrose 

to determine the optimum formulation for microneedle fabrication. The chemical 

stability of proteins and peptides in a dry state can be enhanced by incorporating 

amorphous sugars which prevent loss of activity from either chemical or thermal 

denaturation. Of these sugars, trehalose is regarded as the best stabiliser for 

biological materials and prevents dehydration and desiccation in peptides and 

proteins [147].  
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Characterisation of the microneedles will be carried out using texture analysis, 

scanning electron microscopy (SEM), differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), dynamic vapour sorption (DVS) and 

fluorescence microscopy. These analytical techniques will be used to examine the 

physical characteristics of the needles including strength and morphological 

properties. Using the data from these techniques, statistical analysis will be carried 

out to determine the optimum formulation.  

 

Once the optimum formulation has been established, further characterisation will be 

carried out to determine the mechanical strength of the needles in addition to the 

ability of the arrays to successfully penetrate the skin. Porcine skin penetration 

studies will be carried out using texture analysis, optical coherence tomography 

(OCT) and micro-sectioning to determine the depth of penetration of the needles. 

Microbiological disc diffusion studies will also be carried out to determine the effect, 

if any, of the formulation process on the activity of the model antibiotic drug.  

 

Due to the high cost and often high potency (toxicity) of therapeutic peptides, a 

model peptide, polymyxin B will be selected initially with synthetically developed 

model peptides incorporated at a later stage.  

 

Fmoc based solid phase peptide synthesis techniques will be utilised to synthesise 

these peptides which will then be incorporated into the microneedle arrays. Drug 

release studies consisting of Franz cell based skin diffusion tests will be carried out 

on the peptide drug loaded microneedle arrays to determine the effectiveness of the 

microneedles in delivering the 3 model peptides through porcine skin. 

 

Finally, in conjunction with the rapidly dissolving PVP/trehalose microneedles, a 

sustained release drug delivery system will be investigated utilising peptide loaded 

PLGA particles which will be rapidly deposited in the skin and slowly release the 

drug payload through polymer degradation in a controlled manner over time.  
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CHAPTER 2. FORMULATION AND CHARACTERISATION 

OF POLYMERIC MICRONEEDLES FOR THE TRANSDERMAL 

DELIVERY OF PEPTIDES 
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2.1. Introduction 

Delivering therapeutic peptides transdermally presents a significant challenge. 

However, dissolving microneedle technology appears to provide a highly viable 

method to facilitate the delivery of therapeutic macromolecules [148]. As per Section 

1.5.2.4, many types of dissolving microneedles have been developed utilising a wide 

range of designs, materials and modes of delivery.  

 

A number of studies have been carried out on the viability of carbohydrates for the 

fabrication of dissolving microneedles. One investigation into the use of sugar as a 

material for microneedle fabrication was carried out by Li et al. (2010) [149] who 

utilised maltose microneedles to create micro-channels in the skin which successfully 

increased the permeation of human immunoglobulin G. While this study 

demonstrated the ability of sugar microneedles to successfully penetrate the skin, the 

maltose microneedles contained no drug payload and merely created micro-channels 

which facilitated the delivery of the drug after it was applied to the treated skin.  

Donnelly et al. (2010) [150] examined the use of galactose hot melts for microneedle 

fabrication and subsequent delivery of 5-aminoevulinic acid (ALA) and bovine 

serum albumin (BSA). This study showed that the galactose hot melts were difficult 

to mould and the galactose arrays once formed, were extremely susceptible to 

ambient relative humidity conditions (43%), rapidly deforming after 1 h and being 

completely melted after 6 h. In addition, drug loss during the fabrication process 

occurred which was attributed to degradation of the drug due to the high processing 

temperatures (160 ºC) and also due to possible reaction between the amino groups of 

the drugs and the R-hydroxy carbonyl group of the galactose [150]. Given these 

drawbacks, the study indicated that utilising hot melts of carbohydrates appeared to 

be unsuitable as a method of fabricating dissolving microneedle arrays and 

specifically for the delivery of biologically active pharmaceuticals.  

 

Martin et el (2012) [87] investigated a variety of sugar glasses for the low 

temperature fabrication of dissolving microneedles, subsequently utilising a trehalose 

and sucrose formulation which was selected based on the ability of the formulation to 

reproducibly form non-crystalline sugar glasses and partially stabilise a model 

protein, β-galactosidase enzyme, in the sugar glass matrix.  The microneedles 

fabricated from this formulation (Figure 2.1) were successfully capable of 
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penetrating the SC and dissolved rapidly on insertion, depositing marker dye into 

deeper layers of skin. The design of the needles used was octagonal pyramidal with a 

base of approximately 200 µm and a length of approximately 250 µm [87].  

 

 

Figure 2.1: (A) Light photomicrograph of an individual sugar glass microneedle 

(Bar = 100 µm), and (B) scanning electron micrograph of entire sugar glass 

microneedle array (Bar = 1 mm) as used by Martin et al. [87]. 

 

Given however, that the drug payload was encapsulated within the needle matrix, the 

low available volume of these needles would limit the deliverable dose of drug that 

could be potentially administered with this design. In addition, the physical strength 

of sugar glass microneedles may not be sufficient to utilise with longer microneedle 

arrays. 

 

Loizidou et al. (2014) [151] examined the structural properties of sugar microneedles 

composed of carboxymethyl cellulose (CMC) and a variety of sugars namely 

trehalose, sucrose and maltose.  The microneedles used in this study consisted of an 

array of 18 x 18 cone-shaped needles each with base diameter of 200 µm and needle 

height of 750 µm. Tests carried out on the 1:1 CMC/sugar formulations examined the 

mechanical strength of the microneedles in addition to their ability to penetrate the 

SC and deliver a dose of propranolol hydrochloride (Figure 2.2) into the skin. Results 

from this study indicated that CMC/trehalose and CMC/maltose possessed greater 

structural strength than the CMC/sucrose needles with a fracture force of 15 N 

required for CMC/maltose needles and 11 N for CMC/trehalose needles compared 

with 0.04 N for the CMC/sucrose needles. Despite the results of the mechanical tests, 

the drug delivery studies indicated that the CMC/sucrose needles were almost as 

effective as the CMC/maltose needles in terms of the proportion of drug delivered. 

Additionally, the CMC/trehalose needles showed no statistical difference in drug 

delivery compared with the control (flat discs of the same formulation). These results 
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were attributed to either the dissolution rates of the sugars in the skin or possible 

interactions between the drug and components within the microneedle formulation. 

 

 

Figure 2.2: Chemical structure of propranolol hydrochloride, a beta blocker [152]. 

 

The formation of multiple hydrogen bonds between sugars and biomolecules, which 

can lead to the stabilisation of the biomolecules, may also affect the dissolution rate 

of the molecules from the microneedles to the skin. As trehalose provides extra 

stability in such instances, due to a larger hydration sphere, hydrogen bonded 

complexes between trehalose and propranolol may have adversely affected the 

diffusion rate of the drug. 

 

 

2.1.1. Trehalose 

The use of amorphous carbohydrates, particularly disaccharides such as sucrose, 

lactose and trehalose, is common in the pharmaceutical industry where they are 

utilised to encapsulate, stabilise and release labile biological active ingredients [153]. 

Their use as cryoprotectants during freeze drying processes and stabilisers during 

dehydration is widespread. Reasons for their use in these areas include the fact that 

they have low toxicity, are readily available at high purity levels and have high glass 

transition temperatures (Tg) [147, 154]. 

 

Trehalose (Figure 2.3) is a homodisaccharide which consists of two molecules of 

glucose which are bonded together via a symmetrical, low energy α α-1, 1 linkage. It 

is a non-reducing sugar due to the fact that the reducing end of the glucosyl residues 
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of both glucose units are connected to each other and therefore unavailable for 

reduction  [155]. In addition, as it is a non-reducing saccharide, it does not undergo a 

Maillard browning reaction with amines, amino acids, peptides or proteins [156].  

 

 

Figure 2.3: Chemical structure of trehalose [147]. 

 

Trehalose is also the most thermodynamically and kinetically stable naturally 

occurring disaccharide and has a high pH stability range (resisting degradation 

between pH 3.5 and 10 for 24 h at 100 ºC) [155]. Trehalose is extensively found in 

many organisms including bacteria, insects, plants, invertebrates and fungi (with 

mushrooms containing up to 25% trehalose by dry weight) however, it is not found 

in mammals [155, 156]. In nature, trehalose carries out a wide variety of functions 

including use as a carbon/energy source (providing high levels of blood glucose in 

winged insects as an energy source for flight [155]), osmoregulation, as a structural 

component in bacterial cell walls, desiccation protectant, cryoprotection, 

immunogenicity and as a growth regulator in plants [157]. Although trehalose is not 

found in mammals, the enzyme trehalase has been found in the intestinal villi of 

mammals which allows dietary trehalose to be cleaved into two molecules of glucose 

[155]. In humans, trehalase is found in the epithelial membrane brush border cells 

within the small intestine and in the proximal tubules of the kidneys which is 

surprising given the absence of cellulase, the hydrolysing enzyme used to break 

down the more commonly occurring polysaccharide, cellulose, [158]. 

 

One function which is of particular interest is its role in stabilising membranes and 

protecting the integrity of cells and other macromolecules of organisms under 
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conditions of extreme environmental stress [155, 156]. Up until quite recently, 

trehalose was understood to be a storage molecule which facilitated the release of 

glucose for the cellular functions however, it is now known that trehalose is 

synthesised in many organisms when exposed to environmental stresses such as cold, 

heat, oxidation and desiccation. In particular, unicellular organisms synthesise large 

amounts of trehalose in response to stress and this helps to maintain cell viability by 

protecting proteins from denaturation [157]. Many organisms when experiencing 

forms of environmental stress undergo a state known as cryptobiosis whereby 

metabolic indicators are evident and the organism becomes ametabolic (the slowing 

down or reversible ceasing of signs of life). The terms associated with this form of 

‘suspended animation’ as a result of environmental stresses are anhydrobiosis 

(desiccation), anoxybiosis (lack of oxygen), cryobiosis (low temperatures) and 

osmobiosis (high pressure). Trehalose, (Table 2.1) along with other non-reducing 

disaccharides, has been implicated in the ability of many organisms to undergo these 

processes [155].  

 

Table 2.1: Properties of trehalose [156, 157]. 

Chemical formula C12H22O11·2H2O  

Molecular weight 378.3 g/ mol
-1

 
 

Melting point 97.0 ºC  

Relative density 1.22 g/cm 
-3

 (at 25 ºC and 

weight fraction = 0.5) 

 

Tg 117 
o
C 

 

Hygroscopicity None at <90% RH  

Solubility 68.9 g/100 g H2O at 20 ºC  

Relative sweetness 45 % of sucrose  

Digestibility Digested and absorbed by the 

small intestine 

 

pH stability of solution >99 % (pH 3.5-10, at 100 ºC 

for 24 h) 

 

Heat stability of solution >99 % (at 120 ºC for 90 min)  
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The exceptional protection properties of trehalose have been attributed to a number 

of physical qualities one of which is its Tg which is widely given as ≈115 - 117 ºC 

[157, 159], which is the highest Tg of all disaccharides. The Tg of an amorphous 

material is the temperature above which the substance changes from a viscous to a 

fluid state and is related to its physical stability [153]. With carbohydrates, once 

melted, they can cool to room temperature, without crystallising, into a glassy state. 

Glasses can encapsulate molecules as a result of having typically high viscosity and 

as such, the encapsulated molecule becomes immobile and, therefore, stable and 

protected from environmental stresses [157]. This is facilitated by the amorphous 

characteristic of the glass which allows enough contact between the biomolecule and 

the glass to allow sufficient hydrogen bonding to occur [160]. Each trehalose 

molecule has 4 hydroxyl sites per ring which allows for hydrogen bonding to occur 

with polar head groups of phospholipids and functional groups of proteins that would 

normally be hydrated [161, 162]. However, given that other good glass forming 

sugars such as the polysaccharides dextran and hydroxyethyl starch are not effective 

at biomolecule preservation suggests that other properties are required other than the 

formation of amorphous glass [147]. 

 

In relation to the ability of trehalose to act as a biomolecule protectant, 3 theories 

have emerged; glassy immobilisation, preferential exclusion and water replacement 

hypothesis [155, 157, 158]. In the case of the glassy immobilisation theory, it is 

thought that trehalose entraps the molecule in a glassy matrix which inhibits the 

movement of the protein molecules. The ability of trehalose to reversibly transition 

between dihydrate and anhydrous crystalline forms without relaxing structural 

integrity is believed to be the mechanism by which the biomolecules are trapped. The 

second theory, preferential exclusion, states that the trehalose does not interact with 

the biomolecule directly but in fact exclusion of water molecules from the solvation 

layer of the biomolecule occurs and the water instead orders around the trehalose, 

now acting as a kosmotrope which results in stabilisation of the biomolecule. The 

third theory is water replacement which proposes that water molecules are replaced 

by trehalose molecules around the biomolecule which can mimic the hydrogen 

bonding patterns for water [163]. The three dimensional structure of the biomolecule 

is then retained through hydrogen bonding between the trehalose and hydrogen-

bonding species of the biomolecule [155, 157, 158, 161].  
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As a result of these remarkable properties, trehalose has found uses in a wide variety 

of industries including medical (organ preservation), pharmaceutical (stabilisation of 

vaccines, antibodies and other therapeutic biomolecules), cosmetics (as a moisturiser 

and stabiliser) and in the food industry as a preservative, sweetener and masking 

agent [155]. 

 

 

2.1.2. PVP  

PVP is a synthetic polymer which is widely used in the cosmetic, food and 

pharmaceutical industries in addition to being utilised for various technical 

applications [164]. It is a polymer lactam which possesses an internal amide bond 

(Figure 2.4) and is classed as a poly-N-vinylamide [127]. PVP is readily soluble in 

water, biologically compatible, temperature resistant, pH stable, is non-ionic and 

chemically inert [165]. Soluble PVP is commonly obtained through the process of 

radical polymerisation of vinylpyrrolidone in an aqueous solution using hydrogen 

peroxide as an initiator whereby the molecular weight of the polymer product is 

determined by the volume of hydrogen peroxide used, with higher volumes of 

hydrogen peroxide resulting in lower molecular weight of polymer and vice versa 

[164]. 

 

 

Figure 2.4: Chemical structure of polyvinylpyrrolidone [164]. 

One of the distinct characteristics of PVP is that it has amphoteric properties and is 

universally soluble in both water and a variety of organic solvents due to the 

presence of hydrophilic and hydrophobic functional groups in its structure; the amide 

group of its monomer unit is highly polar and the methylene groups of its main chain 
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and ring are non-polar [127, 164]. As a result of its distinctive properties, both 

physical and chemical, PVP is used in the pharmaceutical industry in a wide range of 

applications including as an adhesive, as a toxicity reducer, in regulating the 

controlled release of active ingredients, cryoprotection, lyophilisation and enzyme 

stabilisation [165]. 

 

PVP is produced in a wide range of viscosity grades ranging from low to high 

molecular weight and these are differentiated by K-numbers (e.g. PVP K 12, K 17, K 

25, K 30). The K numbers characterise the mean molecular weight of the polymer 

which is calculated from the relative viscosity of the polymer in water [165]. PVP of 

high mean molecular weight (such as K 25, K 30, K 90) is widely used in the 

pharmaceutical industry as a binder in tablets and granulates. Lower molecular 

grades such as K 12 and K 17 are widely used as solubilisers, dispersants and 

crystallisation inhibiting agents particularly in parenteral formulations [165]. In the 

case of parenteral drug delivery, molecular weight is an important factor as it directly 

affects the rate and extent of polymer elimination from the body. Parenterally 

administered polymers are excreted via a size-dependent process of renal filtration 

with a generally accepted size threshold of 40 kDa to prevent accumulation of 

polymer in the body after multiple administrations [166].  
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2.2. Objectives 

The focus of this chapter was to develop and characterise a dissolving microneedle 

formulation for the rapid systemic delivery of high potency therapeutic peptides. The 

formulation utilised biologically stabilising sugars in addition to biocompatible 

polymers with a view to enhancing the stability, mechanical strength and drug 

delivery capability of the microneedle system. As such, a number of polymers and 

sugars were initially tested to determine which would prove most suitable. In 

addition to selecting the materials, other parameters needed to be considered 

including the fact that the microneedles chosen needed to be long enough to deliver 

the drug effectively without sacrificing structural integrity or inducing pain in the 

patient.  
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2.3. Experimental 

2.3.1. Materials  

The materials used for the formulation of the microneedles were as follows: 

 Poly(vinylpyrrolidone) (PVP) average weight 40 kDa supplied by Sigma 

Aldrich Ireland 

 Poly (vinyl alcohol) (PVA) average weight 61 kDa supplied by Aldrich 

Chemistry 

 Poly (lactic-co-glycolic) acid PLGA Purasorb PDLG obtained from Purac 

Biomaterials 

 Polydimethylesiloxane (PDMS) Sylgard
® 

184 Silicone Elastomer Kit 

supplied by Sigma Aldrich Ireland 

 Carboxymethylcellulose (CMC) low viscosity 

 Trehalose D(+)-trehalose dihydrate (≥98 %) obtained from Fisher Scientific 

 Sucrose 

 Trypan Blue from Sigma Aldrich Ireland 

 Glycerol – ACS grade obtained from Reagecon 

 Polyethylene Glycol PEG 400 supplied by Merck-Schuchardt 

 Ethanol 96% v/v supplied by Lennox Laboratory Supplies. 

 Sylgard ® 184 elastomer kit supplied by Fischer Scientific. 

 

 

2.3.2. Methods  

2.3.2.1. Microneedle Master Mould Fabrication 

The microneedle master moulds used for this research were designed and fabricated 

using the Xtreme Laser Facility (XLF) in Cardiff University by David Barrow, 

Professor of Micro- and Nano-Technology. To fabricate the moulds, silicon sheets 

were laser ablated to create pre-programmed inverse patterns of the arrays.  

 

Two microneedle designs were examined for this research: one design consisted of 

an array of 18 x 18 needles each with 750 µm shaft length, 200 µm base width and 

600 µm spacing between needles. The second design used was an array of 18 x18 
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needles each with a shaft length of 650 µm, 200 µm base width and 600 µm spacing 

between needles. These microneedles were chosen because of the high aspect ratio of 

the designs. 

 

 

2.3.2.2. PLGA and PDMS Mould Fabrication 

PLGA moulds were fabricated from the silicon master moulds supplied by Cardiff 

University by placing PLGA granules over the mould which was then heated to 150 

ºC in a vacuum oven at low vacuum (<5 mbar) for 1 h. After this, the vacuum was 

broken and the melted PLGA was pressed over the silicon moulds using a glass 

microscope slide and left in the oven for a further 10 min. The PLGA and silicon 

moulds were removed and left to cool to room temperature after which the silicon 

mould was peeled carefully away from the PLGA microneedle master arrays. 

Following this, a batch of PDMS was prepared using a Sylgard ® 184 elastomer kit 

by mixing the PDMS with the supplied curing agent in a ratio of 10 parts PDMS to 1 

part curing agent. PDMS was selected as the mould material as it is flexible and 

produces accurate reproduction moulds of the master structure [146]. This mixture 

was then de-gassed in a vacuum desiccator until bubbling of the mixture ceased. The 

degassed PDMS was then poured over the PLGA moulds in a petri dish carefully to 

avoid any bubble formation and then placed in an oven to cure at 100 ºC for 45 min 

as per the manufacturer’s instructions. Once the PDMS had set, the PLGA moulds 

were carefully peeled away leaving PDMS inverse moulds which would be used to 

cast the polymer/sugar microneedle arrays (Figure 2.5). 
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Figure 2.5: Image of set PDMS mould containing 6 microneedle inverse moulds. 

 

2.3.2.3. Formulation Preparation 

A number of different polymers and sugars were tested to determine which would be 

the most suitable as components of the dissolving microneedles. The polymers tested 

included PVP, PVA, and CMC with trehalose and sucrose comprising the sugars 

used. In addition, glycerol and PEG 400 were utilised as plasticisers for the 

polymer/sugar formulations to prevent the arrays from becoming too brittle and to 

facilitate ease of removal of the arrays from the moulds. For each formulation, the 

polymer and sugar components were carefully weighed using an analytical balance 

and transferred into a 100 mL beaker. 10 mL of DI water was added using a 

micropipette and the solution was thoroughly mixed. Plasticiser was then added and 

the beaker was placed in a sonicator for 20 min to ensure total dissolution of the 

components. Once fully dissolved, the formulation was pipetted over the PDMS 

microneedle moulds ensuring total coverage of each mould. The formulations were 

then held under vacuum to fill the mould cavities and cast the microneedle arrays. 
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A number of methods were employed to fill the PDMS moulds with the 

polymer/sugar formulations. These included a benchtop vacuum flask method, a 

vacuum desiccator/pump method and a vacuum oven method. 

 

 

2.3.2.4. Vacuum Flask Method 

The vacuum flask method employed was the method developed by Martin et al. [87] 

which consisted of placing an individual PDMS micromould into a vacuum flask 

sealed with a rubber stopper (Figure 2.6). Double sided tape was placed on the base 

of the vacuum flask and the mould placed on the tape to prevent it from becoming 

dislodged. The micromould was then held under vacuum using an aspirator attached 

to a water tap for approximately 30 min after which the microneedle formulation was 

applied directly onto the PDMS mould by injecting with a syringe through a septum 

in the stopper. Once the formulation was applied to the mould, the vacuum was 

immediately released and the micromould removed from the flask and placed in an 

incubator at 22 ºC for 24 or 48 h to dry, depending on the formulation. 

 

 

Figure 2.6: Schematic of vacuum flask method developed by Martin et al. [87]. 

 

2.3.2.5. Vacuum Chamber Method 

The formulations were sonicated for 20 min to ensure total dissolution of the 

formulation components and the solution was then degassed in a chamber attached to 

a vacuum pump until the majority of the gas was removed, indicated by the cessation 

of bubbling from the mixture. The micro-moulds were then placed into the chamber 

and the microneedle formulation was micro-pipetted onto the micro-mould surface. 

The chamber was sealed and the vacuum was applied for approximately 5 min. The 
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vacuum was then released and the mixture was gently agitated on the mould surface 

to remix the formulation and remove any bubbles from the formulation droplet 

(Figure 2.7). Additional formulation was applied where required to prevent the 

solution from drying out. The vacuum was applied again for another 5 min and the 

process was repeated until the formulation ceased bubbling, indicating that the mould 

cavities had been fully filled. The vacuum was then released and the micromoulds 

were removed and immediately placed in an incubator at 22 ºC for 24 or 48 h until 

dried, depending on the formulation. 

 

 

Figure 2.7: Image detailing the apparatus set-up of the vacuum chamber casting 

method. 

 

2.3.2.6. Vacuum Oven Method 

The formulations were sonicated for 20 min to ensure total dissolution of the 

components in the formulation. The sugar/polymer formulation was then carefully 

micro-pipetted directly onto the micro-mould surface and the micro-moulds were 

placed in a vacuum oven set at 22 ºC with the vacuum pressure set to 5 mbar. Once 

the oven was set, the vacuum was applied and the moulds were left for 15 min. After 

this, the vacuum was released and the moulds were removed. The formulation was 
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gently agitated on the mould surface to remix the formulation and remove any 

bubbles from the formulation droplet. The moulds were returned to the oven and the 

process was repeated until the formulations ceased bubbling under vacuum, 

indicating that the mould cavities had been fully filled by the formulation. The 

vacuum was then released and the micro-moulds were placed in an incubator at 22 ºC 

and left for 24 or 48 h to dry, depending on the formulation. Once the formulations 

had dried sufficiently, each microneedle array was carefully peeled off the PDMS 

mould using a tweezers, the entire batch placed in a petri dish and then stored in a 

desiccator prior to subsequent analysis. 

 

 

2.3.2.7. Scanning Electron Microscopy (SEM) 

SEM was carried out on each batch to examine the morphology of the arrays. The 

instrument used for this experiment was a Hitachi S-2460N SEM. For sample 

analysis, the emission current was set to 80 µA and the accelerating voltage was set 

at 22 kV. Prior to SEM analysis, each sample was affixed to a metal stub using 

carbon adhesive tabs before being gold coated using a K550 Emitech Sputter coater 

with deposition current set to 35 mA and a coating time of 3.5 min.  

 

 

2.3.2.8. Thermogravimetric Analysis (TGA) 

TGA was carried out to determine the moisture content and decomposition 

temperatures of the various components of the formulations. The instrument used for 

this experiment was a TA Instruments Q50 TGA. A standard heating programme was 

selected incorporating a heating rate of 10 ºC / min from ambient temperature up to 

500
 
ºC with the balance purge flow set to 5 mL/ min and the sample purge flow also 

set at 5 mL/min. All samples were run in triplicate and the thermograms were 

analysed using TA Instruments Universal Analysis 2000 software. 

   

 

2.3.2.9. Differential Scanning Calorimetry (DSC) 

DSC was carried out to examine the thermal behaviour of the formulations, 

particularly the Tg of the polymer/sugar formulations. Calibration of the instrument 
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was carried out using indium. The instrument used for this experiment was a TA 

Instruments QS 2000 DSC. All formulations were tested in triplicate with sample 

weights ranging from 5 to 10 mg. All samples tested were accurately weighed and 

placed into Tzero aluminium pans which were hermetically sealed using a crimper. A 

pin hole was placed on the lid of the pans to allow the release of water vapour. The 

programme used for all samples, carried out under nitrogen,  incorporated an 

equilibration step at 20
 
ºC followed by a series of heating and cooling cycles initially 

starting with a ramp of 10
 
ºC/ min up to 180 ºC. The next stage was a cooling cycle 

of 10
 
ºC down to 20

 
ºC and finally, another heating cycle consisting of a ramp of 10

 

ºC up to 180 ºC. TA Instruments Universal Analysis 2000 software was used to 

analyse the thermograms with the Tg being measured as the inflection point between 

the initial and final Tg’s in each case [167]. 

 

 

2.3.2.10. Dynamic Vapour Sorption (DVS) 

DVS analysis was carried out on the polymer/sugar formulations to examine the rate 

of moisture sorption. The instrument used for this experiment was a Surface 

Measurements Systems DVS Intrinsic. The instrument was programmed to increase 

the RH in steps with each step held for 120 min. The RH stages used ranged from 0 

% up to 75 % and back down to 0% in 10 % increments. The flow rate was set at 200 

sccm and the temperature was maintained throughout each experiment at 25 ºC. Each 

sample measured was between 10-20 mg. 

 

 

2.3.2.11. Rate of Disintegration 

The instrument used for disintegration testing was a triple basket testing Pharma Test 

Dist-3. The stroke rate was 30/min and the water bath temperature was set to 37
 
ºC. 

The samples tested were 500 µL discs of each formulation incorporating approx. 20 

µL of trypan blue solution to allow the discs to be more easily seen in the baskets. 

Each polymer/sugar formulation was prepared as before however, instead of 

moulding into microneedles, 500 µL aliquots of formulation and trypan dye were 

applied to a flat PDMS mould surface and dried in an incubator overnight at 25
 
ºC to 

form discs. 6 discs of each formulation were tested simultaneously and the elapsed 
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time was monitored on the instrument display. The time required for each disc to 

fully dissolve was recorded and the procedure was repeated for each formulation 

prepared. 

 

 

2.3.2.12. Statistical Analysis 

Minitab 16 Statistical Software was used to examine the effect of each variable in the 

formulation to aid in determining the optimum formulation for the PVP/trehalose 

microneedles. The explanatory variables were polymer/sugar formulation, % 

plasticiser and plasticiser type. The response variables examined were disintegration 

time, Tg and percentage mass increase. 

 

 

  



71 

 

2.4. RESULTS & DISCUSSION 

2.4.1. Microneedle Preparation 

The vacuum flask method (Figure 2.6) had a number of limitations including the fact 

that each array had to be cast individually, with each mould requiring approx. 30 min 

to prepare and fill. In addition, the moulds needed to be secured to the inner base of 

the flask with double sided tape to avoid the mould hopping inside the flask once the 

vacuum was released. This process itself was tricky and cumbersome, resulting in 

difficulty when removing the moulds without spilling the formulation after the filling 

process.  

 

Although the vacuum desiccator method (Figure 2.7) allowed for rapid filling of a 

large batch of microneedle moulds, it was difficult to control and the high vacuum 

often resulted in the formulation bubbling and spilling out over the moulds. 

Releasing the vacuum also often caused the moulds to jump within the desiccator and 

spill the formulation. In addition, as moisture was driven off the formulations rapidly 

under vacuum, drying across the arrays was often uneven and the microneedles were 

often too dry and broke on removal from the moulds after setting. 

 

The vacuum oven method proved to be the most suitable cast filling method 

employed. This method allowed the operator to control the temperature and vacuum 

level and, unlike the previous casting methods, applied the vacuum gradually to the 

samples which prevented the solutions from drying out too quickly. It also allowed a 

large batch of moulds to be filled and cast together which enabled an entire batch of 

18 arrays to be prepared and ready for drying in under an hour.  

 

Once the microneedle arrays had been removed from the moulds, placed in the 

desiccator and were sufficiently dried, SEM images were taken to examine the 

morphology of the arrays. Each array being examined was placed on a metal sample 

stub, affixed to an adhesive carbon tab, sputter coated and placed in the SEM for 

analysis. 
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2.4.1.1. Initial Formulations 

The SEM images provided information on the arrays such as the formation of the 

needles (i.e. whether they were fully representative of the inverse master moulds), 

whether they were solid or hollow and, where needles hadn’t formed, whether they 

had broken off at the base during removal from the moulds or had not formed at all 

during the casting process (Figure 2.8). The SEM images also provided information 

on how quickly the needles softened and deformed as a result of atmospheric 

moisture and temperature.  

 

 

Figure 2.8: SEM images of (A) trehalose/CMC microneedles broken when removed 

from micro-mould after casting and, (B) trehalose/CMC microneedles not fully 

formed during the casting process.  

 

General parameters observed during the fabrication process included the need to 

optimise the drying time to prevent the arrays from either drying out too much prior 

to removal from the moulds which often lead to needle breakage, or insufficient 

drying time, which caused the needles to stretch and deform on removal from the 

moulds. In addition, during the casting stage, care was required to ensure that the 

formulation did not dry out too much under vacuum which caused the formulation to 

solidify too quickly and crack. This was more easily achieved when using the 

vacuum oven casting method. 

 

In relation to the initial formulations tested, CMC/trehalose microneedles were often 

brittle and hollow and this may have been due to the fact that the CMC formulations 

were extremely viscous. This may have prevented the formulation from filling the 

moulds fully under vacuum. The result of this being that initially, the microneedles 

A B 
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appeared to have formed in line with the inverse moulds however on closer 

inspection, the needles were determined to be hollow (Figure 2.9). 

 

 

Figure 2.9: SEM images of CMC/trehalose microneedles. 

 

Another formulation tested used PVA in conjunction with PVP however, as with the 

CMC needles, the PVA/PVP formulation was too viscous to fill the moulds 

completely. As a result, the needles formed were hollow and in this case, still quite 

soft after 48 h drying which was evident from the SEM images which showed the 

shafts had started to collapse (Figure 2.10). After storage in a dessicator for a number 

of days in which the needles dried out, the arrays were also quite brittle. 

 

Trehalose was also used without any additional components to examine its suitability 

alone for microneedle fabrication. However, attempts to cast arrays using a trehalose 

only formulation were unsuccessful (Figure 2.10). The trehalose needles failed to 

fully form and were extremely brittle. Additionally, the trehalose liquid formulation 

was too fluid, and it would often draw off the mould in places leaving unfilled 

cavities on the microneedle mould which needed to be recovered during the filling 

process.  
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Figure 2.10: SEM of (A) PVA/PVP microneedles detailing the hollow shafts, (B) 

trehalose microneedles which failed to fully form, (C) PVA/PVP microneedle array 

detailing collapsing shafts and (D) brittle PVA/PVP array after desiccator storage. 

 

From these SEM images, in addition to the experimentation carried out on casting 

the various formulations into arrays, PVP and trehalose were selected as the most 

suitable combination of materials with which to fabricate the dissolving 

microneedles. Microneedles fabricated utilising PVP were generally firm, sharp and 

fully formed and the arrays were consistently representative of the inverse moulds 

(Figure 2.11). PVP and trehalose needles formulated with either glycerol or PEG 400 

as plasticisers were successfully cast and SEM images confirmed these formulations 

produced solid, fully formed arrays that were easily removed from the moulds after 

drying. As such, it was decided to continue the research into developing the 

dissolving microneedles using combinations of PVP and trehalose in various ratios in 

conjunction with the addition of either PEG 400 or glycerol as a plasticiser. This 

study represented the first time that such formulations had been tested together to 

determine suitability for use in the fabrication of dissolving microneedles. 

 

A B 

C D 
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Figure 2.11: SEM images of various PVP/trehalose microneedles. 

 

2.4.2. PVP and Trehalose Formulations 

Based on the results obtained from the experiments carried out with various polymer 

and sugar combinations, PVP and trehalose were selected as the components for the 

dissolving microneedle system. PVP was chosen as it hardens well on drying, with 

each monomer ring providing intermolecular rigidity and subsequently, increased 

mechanical strength [168]. In addition, the fact that PVP is sufficiently hydrophilic 

and highly water soluble indicated that it should dissolve rapidly after insertion into 

the skin [169]. It is also biocompatible and has been used extensively in the medical, 

pharmaceutical and food industries [165]. Trehalose was selected due to its 

cryoprotectant properties to help stabilise biopharmaceuticals embedded in the 

microneedle matrix [170]. Trehalose has also found uses in the medical, food and 

pharmaceutical industries, particularly as a stabiliser for vaccines and other 

biologically active ingredients [155, 157]. In addition, initial experiments utilising 

PVP and trehalose combinations for microneedle formulations resulted in 

consistently solid, fully formed needles which were easily removed from the moulds 

without damage with the addition of PEG 400 or glycerol. 

 

In order to determine the optimum formulation of PVP/trehalose and plasticiser, an 

experimental design process was utilised incorporating a variety of formulations. 

These consisted of PVP, 1:1 blends of PVP/trehalose and trehalose. Each formulation 

included the addition of either 1% or 2% w/w of glycerol or PEG 400 (Table 2.2). 
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Table 2.2: PVP/trehalose microneedle formulations used for further characterisation 

testing and analysis. 

No. PVP (g) Trehalose (g) Plasticiser (w/w) 

1 3.6  0  1% Glycerol 

2 3.6  0  1% PEG 400 

3 3.6  0  2% Glycerol 

4 3.6  0  2% PEG 400 

5 1.8  1.8  1% Glycerol 

6 1.8  1.8  1% PEG 400 

7 1.8  1.8  2% Glycerol 

8 1.8  1.8  2% PEG 400  

9 0  3.6 1% Glycerol 

10 0  3.6  1% PEG 400  

11 0  3.6  2% Glycerol 

12 0  3.6  2% PEG 400 

 

 

Given that previous experiments with PVP and trehalose combinations had 

consistently produced arrays which were solid and fully formed, further 

characterisation was required. The characterisation techniques employed to evaluate 

the formulations were TGA, DSC, DVS and disintegration testing. These techniques 

were used to determine disintegration time, degradation profile, Tg and moisture 

sorption profile of the various combinations. Using this data, statistical analysis was 

carried out to determine the optimum PVP/trehalose/plasticiser combination. 

 

 

2.4.2.1. Vacuum Oven Casting 

Of the three casting methods employed, the vacuum oven method was chosen as it 

was the most easily controllable. This ensured that each formulation was prepared 

under the same casting conditions.  
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2.4.2.2. Disintegration Testing 

The disintegration testing method used provided a simple means of determining the 

rate of disintegration of each formulation in an aqueous environment with each 

formulation subjected to the same conditions. This method provided useful data in 

relation to the rate at which each formulation would dissolve. This information was 

important as the optimum formulation needed to remain intact long enough to 

penetrate through the SC before dissolving and releasing the active ingredient. As 

such, if the formulation dissolved too rapidly, the needles would fail to pierce the 

skin.  

 

The formulations tested were as per Table 2.2 and were tested at random with each 

formulation tested six times. The results obtained demonstrated that the trehalose 

only formulations dissolved extremely rapidly which was as expected with similar 

rates all below 1 min. The PVP formulations took the longest to dissolve with 507 s 

the mean disintegration time for formulation No. 1. Figure 2.12 illustrated the 

decrease in disintegration time relative to decreasing polymer/increasing sugar 

content but additionally indicated an effect on disintegration time as a result of the 

increase in plasticiser content for the PVP and PVP/trehalose formulations. 

 

 

Figure 2.12: Plot detailing the disintegration time (s) of each formulation (n=6). 

Error bars for formulations 9 to 12 are smaller than the data points.  
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The plasticiser content for the PVP formulations (1-4) appeared to greatly affect the 

disintegration time with the formulations containing 2% of each plasticiser 

dissolving much quicker than those containing 1% plasticiser. These effects were as 

a result of hydrogen bonding between the hydroxyl groups of the plasticisers and the 

carbonyl oxygens of the PVP. Due to the basic nature of the PVP amide groups, 

these are good proton acceptors which facilitate hydrogen bonding with the hydroxyl 

groups of both PEG 400 and glycerol. In addition, both plasticisers can behave as 

crosslinking agents and this crosslinking results in enhanced free volume within the 

polymer/plasticiser matrix [171, 172]. As such, this free volume would cause greater 

uptake of water into the matrix, facilitating a more rapid disintegration time in an 

aqueous environment. The 1:1 formulations (5-8) also showed this trend but to a 

much lesser extent. The results of these tests also indicated that trehalose only 

microneedles would probably dissolve too rapidly on contact with the surface of the 

skin and would likely fail to penetrate the SC. This was as expected given that 

trehalose, along with most carbohydrates, is highly hydrophilic and can strongly 

interact with water [154]. PVP microneedles would however, remain intact long 

enough to penetrate into the skin and would then dissolve rapidly to effectively 

deliver the drug payload. The 1:1 formulations (5-8) dissolved after an average of 

216 s which also indicated that microneedles with a PVP content of at least 50% 

would remain intact long enough the penetrate the skin. 

 

 

2.4.2.3. Thermal Analysis: TGA & DSC 

By definition, thermal analysis refers to the examination of property changes in a 

sample as a result of subjection to changes in temperature [173]. The main purpose 

of utilising TGA was to examine the temperature degradation profile of the sample 

(Figure 2.13). Step 1 indicated the loss of water, step 2 was indicative of the 

trehalose degradation and finally, step 3 indicated the degradation of the PVP 

component of the sample. Running the TGA analysis was a precursor to running the 

sample on the DSC. By determining the temperature at which the formulation started 

to degrade, the DSC programme could be set to avoid this degradation temperature 

during analysis given that the sample was being heated and cooled in 3 cycles during 

each run.  
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Figure 2.13: TGA thermogram detailing the heat degradation profile of a 7.6 mg 

sample of a 1:1 PVP/trehalose formulation with 1% w/w glycerol with % weight loss 

as a function of temperature increase. 

 

Initially, thermal analysis was conducted on the trehalose dihydrate material used.  

By combining both TGA and DSC analysis of the trehalose dihydrate sample, the 

degradation of the sample was seen to be consistent with the stoichiometry of 

trehalose dihydrate and the melting point observed on the DSC thermogram 

corresponded with the expected melting point of the crystalline carbohydrate [157] 

occurring at approx. 97 ºC (Figure 2.14).  

 

 

Step 1 

Step 2 

Step 3 
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Figure 2.14: Overlaid DSC and TGA thermograms for trehalose dihydrate. 

 

Finally, SEM images of the trehalose (Figure 2.15) confirmed the crystalline form of 

the material, clearly indicating the rhomboid crystals typically formed by trehalose 

dihydrate [174]. 

 

Determination of the Tg of polymers is a useful indication of stability and relates 

directly to both the packing density and cohesive energy of the polymer [172] . Tg is 

an important thermophysical property of polymers given that materials are generally 

hard, brittle and rigid (glassy state) below Tg and in a highly viscous/rubbery state at 

temperatures above the Tg (rubbery or viscoelastic state) [175, 176]. For amorphous 

formulations, the Tg is an indication of physical stability and in relation to 

pharmaceutically active ingredients, stability should be achieved through storage 

below the Tg. This is achieved because of the fact that molecular mobility is 

extremely reduced below the Tg [153, 154]. In relation to binary blends and co-

polymers, Tg analysis can also provide information on whether components are 

miscible or compatible with miscibility of a blend indicated by a single Tg [177]. 
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Figure 2.15: SEM images of trehalose dihydrate crystals. 

 

Given that many reactions require the reactants to possess an adequate degree of 

mobility, reducing such mobility can reduce the likelihood of any chemical reactions 

from occurring [178]. Indeed, the pharmaceutical industry goes to enormous lengths 

to optimise the encapsulation, storage and release of active ingredients and 

incorporating excipients with relatively high Tg’s is required in order to offset the 

effects of buffers, salts and moisture which can lower the Tg [153].  

 

In relation to dissolving microneedle formulations, a number of factors are 

considered in relation to Tg. In addition to maintaining the stability of the 

encapsulated active ingredient, the structural stability of the needles must also be 

preserved. Essential to the effectiveness of the microneedles is the ability of the 

polymer/sugar formulation to maintain structural integrity at ambient temperatures. 

Although other factors such as moisture and the addition of plasticisers can affect 

this, establishing the Tg for each formulation was carried out to determine which 

formulation was potentially the most physically stable. Lai et al. (1999) [178] carried 

out studies on the deamidation of Asn-hexapeptide in lyophilised polymers (namely 
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PVP and PVA) and suggested that although the stability of the peptide in the glassy 

polymer formulations was higher when kept below the Tg of the polymer 

formulation, some chemical activity did occur at temperatures below the Tg. While 

other factors such as water content and polymer type were also thought to affect the 

deamidation of the peptide, a higher Tg may be associated with a greater decrease in 

mobility within the matrix at temperatures below the Tg, adding to the stabilising 

properties of the formulation. Similarly, Dirama et al. (2005) [161] proposed that the 

improved stability of a biomolecule in a glassy matrix was as a result of retarded 

dynamics, causing a slowing effect on the denaturation process and other reactions 

such as aggregation, deamidation and oxidation of peptide side chains [160]. 

 

On DSC thermograms, Tg is indicated by changes in the shape of the baseline as 

opposed to readily distinguishable peaks. In polymers, the Tg results in a change in 

heat capacity as a result of the transition from the rigid glassy to the more flexible 

rubber-like states and this is indicated by sudden changes in the baseline position on 

the thermogram [173]. The measured Tg value for PVP was determined as 160 ºC 

(Figure 2.16) which was in line with the literature value which was given as 163 ºC 

[179]. 

 

 

Figure 2.16: DSC thermogram showing the Tg of an unaltered PVP sample. 
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Tg values for amorphous trehalose vary in the literature from 73 ºC to 115 ºC which 

may be due to differences in sample purity and/or residual water content [170]. A 

20% w/v aqueous solution of trehalose was prepared and dried in a fume hood for 24 

h to form a trehalose glass. This was then examined using DSC and an experimental 

Tg value of 91.1 ± 1.8 ºC (n=3) for trehalose was obtained (Figure 2.17).  

 

 

Figure 2.17: DSC thermogram illustrating the measured Tg of 93.6 ºC of an 

amorphous trehalose glass sample. 

 

As discussed above, the addition of plasticisers shift the Tg to lower temperatures but 

are required in order to reduce brittleness [175]. Plasticisers, such as glycerol and 

PEG 400 (Figure 2.18), are generally non-volatile, low molecular weight substances 

and they improve the flexibility of a polymer, lowering the Tg by penetrating the 

polymer matrix, reducing the cohesive forces of attraction between the polymer 

chains and subsequently increasing the polymer chain mobility [176].  

 

 

Figure 2.18: Chemical structures of glycerol [180] and PEG [181]. 

 

They interact with polymers much like solvents but are used in much lower 

quantities, essentially being absorbed into the polymer, forming a material with 
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lower Tg [182]. In this case, the plasticisers were utilised to reduce the brittleness of 

the polymer/sugar formulations and allow for the removal of the arrays from the 

moulds without causing damage to the needle shafts. In addition, studies have found 

that the addition of small amounts of low Tg plasticisers, such as glycerol, to 

carbohydrate glasses resulted in increased stability of encapsulated proteins in the 

glass matrix [160, 183]. 

 

The Gordon-Taylor equation [170] can be used to predict the Tg of binary mixtures 

based on the Tg of the individual pure components and the volume fraction of each 

component in the mixture. The Gordon-Taylor equation (Equation 2.1) is given as: 

 

𝑻𝒈 = [𝒘𝟏𝑻𝟏 + 𝒌𝒘𝟐𝑻𝟐]/[𝒘𝟏 + 𝒌𝒘𝟐]  (Equation 2.1) 

Where: 

T1 and T2 are the glass transitions of the two components, 

w1 and w2 are their mass fractions (or mol. fractions), 

and k is an adjustable parameter which can be derived as V1/w2 + V2/w1 

(where V refers to specific volume). 

 

This equation was limited for the purposes of predicting the Tg of the formulations, 

however, given that each formulation consisted of three components namely 

polymer, sugar and plasticiser. In addition to this, water can invariably be present in 

most samples (even dried samples) and as such, should be taken into account as a 

component of the mixture [184]. The Gordon-Taylor equation predicted the Tg of the 

mixture based on the PVP and trehalose content of the formulations only and did not 

allow for the amount of plasticiser or residual water present. As such, using the 

Gordon-Taylor equation, formulations 5 – 8, (Table 2.2) were predicted to each have 

a Tg of 103 ºC. As the experimentally derived Tg values obtained varied for each of 

the four formulations (Table 2.3), the limitations of using the Gordon-Taylor 

equation to predict the Tg of mixtures containing more than two components was 

evident.  

 

The amounts of plasticiser and water present in each sample was quite low however, 

and as such, it was reasonable to accept that the Tg values obtained experimentally 

closely matched the Tg values as predicted by the Gordon-Taylor equation and were 
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as expected given the components of each formulation. When used to predict the Tg 

of the PVP/plasticiser formulations 1-4 (Table 2.2), the equation calculated a Tg 

value of 159 ºC for all four formulations. This seemed to indicate again that the 

Gordon Taylor equation was limited in this instance when the concentration of one of 

the components of the mixture was quite low.  

 

Prediction of Tg in mixtures can also be carried out using the Fox equation (Equation 

2.2) [171]. This can be used for ternary and quaternary blends where the specific 

volume of each component is similar [185]. 

𝟏

𝑻𝒈
=  

𝑾𝟏

𝑻𝒈𝟏
+  

𝑾𝟐

𝑻𝒈𝟐
+

𝑾𝟑

𝑻𝒈𝟑
    (Equation 2.2) 

Where:   

W refers to the weight fraction of each component; 

  Tg refers to the glass transition temperature of each component; 

 

By taking the Tg values of glycerol and PEG 400 as 200 ºK and 206 ºK [171] 

respectively, and using the experimentally derived Tg values for PVP and trehalose, 

the calculated Tg values for the four 1:1 formulations were compared with the 

experimentally derived values (Table 2.3). 

 

Table 2.3: Comparison of predicted and experimentally derived Tg values for all four 

1:1 formulations. 

Formulation Predicted Tg 

(ºC) – (GT) 

Predicted Tg 

(ºC) (Fox) 

Experimental Tg 

(ºC) 

1:1 with 2% Glycerol 103 95 96 

1:1 with 2% PEG 400 103 97 98 

1:1 with 1% Glycerol 103 108 114 

1:1 with 1% PEG 400 103 109 105 

 

Using the Fox Equation, the calculated Tg values obtained across all four of the 1:1 

formulations closely matched the experimentally derived figures with the exception 

of the formulation containing 1% glycerol which yielded an experimental value of 

114 ºC which was higher than the predicted value of 108 ºC. This suggested that the 
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plasticising effects may be suppressed where the glycerol concentrations are 

extremely low, possibly due to interactions with the PVP or trehalose. Given that the 

Fox equation can be used for ternary or quaternary mixtures, and in this instance 

enabled the inclusion of the plasticisers in the calculation, the results obtained from 

this equation indicated that the experimentally derived Tg values for the 1:1 

formulations were as expected given the individual components.  

 

The results obtained from running DSC analysis on the 12 formulations indicated a 

definite trend towards decreasing Tg in line with decreasing PVP/increasing trehalose 

content (Table 2.4). 

 

Table 2.4: Data obtained from DSC triplicate experiments to determine the Tg for 

each PVP/Trehalose formulation. 

No. Formulation Tg (ºC) Tg (ºC) Tg (ºC) Mean Tg 

(ºC) 

Std Dev 

(ºC) 

1 PVP 1% Gly 149.41 148.58 148.41 148.8 0.54 

2 PVP 1% PEG 142.43 146.71 146.31 145.15 2.36 

3 PVP 2% Gly 135.46 135.75 135.45 135.55 0.17 

4 PVP 2% PEG 124.09 128.19 129.05 127.11 2.65 

5 1 to 1 1% Gly 115.59 114.1 114.7 114.80 0.75 

6 1 to 1 1% PEG 98.99 107.91 108.24 105.05 5.25 

7 1 to 1 2% Gly 99.41 92.63 98.83 96.96 3.76 

8 1 to 1 2% PEG 98.49 98.47 99.18 98.71 0.40 

9 Tre 1% Gly 87.72 89.08 98.56 91.79 5.91 

10 Tre 1 % PEG 94.12 88.5 92.24 91.62 2.86 

11 Tre 2% Gly 98.61 99.14 98.14 98.63 0.50 

12 Tre 2% PEG 90.58 89.44 88.69 89.57 0.95 

 

 

As trehalose has a lower Tg than PVP, a drop in Tg for the 1:1 formulations would be 

as expected [186]. In relation to the PVP only formulations (1-4), the mean Tg was 

below that obtained for PVP (161 ºC) which was also as expected as the addition of 

plasticiser and water in the sample would be expected to cause a drop in Tg. In 

addition, the plasticiser used greatly affected the Tg particularly the quantity used, 

with the 2% w/w formulations (3, 4) causing a drop in Tg of up to 18 ºC compared 
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with the 1% w/w formulations (1, 3) in the case of PEG 400. In fact, the addition of 

PEG 400 caused a greater drop in Tg than glycerol across the PVP formulations.   

 

The crosslinking that can occur as part of the complexation mechanism between PVP 

and both glycerol (Figure 2.19) and PEG 400 (Figure 2.20) could explain this drop in 

Tg associated with PEG 400 use.  

 

Figure 2.19: Diagram of proposed hydrogen bonding between PVP carbonyls and 

hydroxyl groups of glycerol. 

 

Given that each glycerol molecule consists of a 3 carbon chain with an hydroxyl 

group on the C1, C2 and C3 carbons whereas the PEG 400 units contain much longer 

chains with two terminal hydroxyl groups, the greater free volume created within the 

PVP/PEG matrix in addition to the flexibility of the PEG chains would be expected 

to increase the molecular mobility of the polymer segments in between adjacent 

hydrogen bond formations in the PVP/PEG complex [171]. 
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This trend was evident in the 1:1 formulations also with the exception of 

formulations 7 and 8 which were relatively similar in this case however, the 2% 

glycerol formulation resulted in a slightly lower Tg than the 2% PEG formulation. 

 

 

Figure 2.20: Proposed illustration of hydrogen bonding between PVP carbonyls and 

PEG hydroxyl groups. 

 

A plot of the Tg for each formulation (Figure 2.21) illustrated the general trend of 

decreasing Tg as a result of decreasing PVP content in addition to the drop in Tg due 

to increased plasticiser content.  
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Figure 2.21: Plot of Tg values obtained for each of the 12 PVP/trehalose 

formulations (n=3) numbered as per Table 2.2. Analysis was carried out on 3 

separate samples of each formulation. 

 

The trehalose formulations (9-12) did not display a similar trend in lowering Tg 

temperatures as a result of the addition of plasticisers and each formulation remained 

relatively unchanged with the exception of formulation 11 which showed a higher Tg 

with 2% glycerol than formulation 9 with 1% glycerol, which was against the trend 

observed for the other formulations. Each sample was tested in triplicate and the low 

standard deviation obtained for this formulation discounted the possibility that this 

may have been an outlier. Given that each formulation was prepared in an aqueous 

environment, it was possible that residual water in the formulation may have caused 

plasticising effects that affected the Tg across the range, however, TGA analysis of 

the 4 formulations revealed that the water content of formulation 11 was approx. 

10%, slightly higher than formulations 9 (9.4%) and 10 (9.6 %) but lower than 

formulation 12 (10.8%).   

 

Dirama et al. (2005) [161] carried out a study on hydrogen bonding in trehalose and 

glycerol mixtures suggesting that strong hydrogen bonds are formed between 

glycerol and the hydroxyl groups of trehalose. They proposed that the addition of up 

to 5% glycerol to a trehalose mixture can increase the Tg by either reducing the 

motion of the trehalose rings or causing greater alignment between trehalose 
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molecules through glycerol bridges. They proposed that the initial addition of 

glycerol to trehalose resulted in the formation of these robust hydrogen bonds up to a 

concentration of 5% however, further addition of glycerol caused the liquid nature of 

the plasticiser to dominate and weaken the hydrogen bonding network. As such, this 

may have accounted for the increased Tg observed with the trehalose formulation 

containing 2% glycerol. 

 

When the data obtained from the DSC was plotted with the disintegration data 

(Figure 2.22), a trend was evident which indicated that the drop in Tg across the 

formulations generally corresponded with the drop in disintegration time, in line with 

decreasing polymer/increasing sugar content of the formulation. The trend across the 

1:1 formulations was particularly interesting, however, as the drop in Tg which 

corresponded with increasing plasticiser content did not correspond with a drop in 

disintegration time. In fact, the graph clearly illustrated that the disintegration time 

for all four of the 1:1 formulations remained relatively similar, regardless of 

plasticiser or amount used. The disintegration time for the trehalose formulations (9-

12) was too rapid to gauge whether plasticiser content had any meaningful effect 

with each of the four trehalose formulations dissolving in under 1 min. 

 

  

Figure 2.22: Plot of glass transition temperature and disintegration time for each 

PVP/trehalose formulation numbered as per Table 2.2. 
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2.4.2.4. DVS 

DVS is routinely utilised in the pharmaceutical industry for the characterisation of 

materials such as active ingredients, excipients, formulations and packaging 

solutions. Such testing is driven by the requirement to gain an understanding of the 

surface chemistry, material stability and polymorph characterisation of 

pharmaceutical solids [187]. A water sorption isotherm illustrates the functional 

relationship between RH and the equilibrium water content of an amorphous solid. A 

sorption isotherm includes both absorption and desorption data and the difference 

measured between each is referred to as hysteresis.  

 

The purpose of these experiments was to examine the level of water sorption across 

all 12 of the PVP/trehalose formulations at varying levels of RH. This information 

would help to determine two important characteristics of the formulations. The first 

being that the amount of moisture absorbed by the formulations would have an effect 

on the physical structure of the needles in that higher levels of moisture would cause 

plasticising effects on the needles, softening and deforming the shafts resulting in the 

arrays being unable to penetrate the skin. Secondly, the amount of moisture absorbed 

could indicate the rate of dissolution of the formulations, particularly once the arrays 

have been applied to the skin.  

 

Each formulation was examined using the same programme which increased the RH 

of the test chamber in 10 ºC increments every 2 h from 0 % up to 75 % and back 

down to 0 %. As such, as each sample run took approx. 38 h, only one run per 

formulation was carried out. In order to validate the reproducibility of this technique, 

a triplicate run of one formulation was carried out (Table 2.5).  
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Table 2.5: DVS data obtained from triplicate runs of a 3 to 1 PVP/Trehalose 

formulation to verify the repeatability of the DVS technique.  

Target RH (%) dm (%) 1 dm (%) 2 dm (%) 3 Mean dm 

(%) 

STD Dev 

(%) 

0 0 0 0 0 0 

5 0.162 0.232 0.187 0.194 0.035 

10 0.453 0.596 0.530 0.526 0.072 

20 1.116 1.351 1.179 1.215 0.121 

30 2.175 2.529 2.215 2.306 0.194 

40 4.114 4.569 4.050 4.245 0.283 

50 7.991 8.624 7.822 8.146 0.423 

60 13.967 14.692 14.173 14.277 0.374 

70 21.062 21.742 20.946 21.250 0.430 

75 27.029 27.713 26.736 27.160 0.501 

70 25.484 25.943 25.472 25.633 0.268 

60 20.467 20.686 20.697 20.617 0.130 

50 16.567 16.655 16.876 16.699 0.159 

40 13.941 13.877 14.255 14.024 0.202 

30 12.133 12.018 12.464 12.205 0.232 

20 10.675 10.548 11.026 10.750 0.248 

10 9.310 9.164 9.667 9.381 0.259 

5 8.176 8.036 8.537 8.250 0.259 

 

 

Data from these 3 runs showed that the DVS technique was a highly repeatable 

method (Table 2.5) and the data obtained from the single runs of all 12 formulations 

could be relied upon without resorting to running triplicate experiments (Figure 

2.23). The low standard deviation values for each data point highlighted the 

repeatability of the analysis.  
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Figure 2.23: Plot of water sorption isotherm obtained from experiments on a 3 to 1 

PVP/trehalose formulation (n=3). Change in mass % (dm) vs. relative humidity (%). 

 

The results obtained across all formulations containing 1% PEG were examined 

together and the sorption isotherms for each were compared (Figure 2.24).  

 

 

Figure 2.24: Comparison between water sorption isotherms for trehalose, PVP and 

1:1 formulations with 1% PEG.  
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The water sorption isotherms when plotted together highlighted the high level of 

hysteresis for the 1:1 formulation and almost total absence of hysteresis for the 

trehalose formulation. The PVP formulation showed significant mass increase with a 

moderate level of hysteresis.  This trend was evident across all the formulations 

tested. The reason for this high level of hysteresis may have been due to 

complexation between the carbonyl groups of the PVP and the hydroxyl groups of 

the trehalose (Figure 2.25) [188, 189], similar to the complexation with the 

plasticisers as previously discussed [171].  

 

Figure 2.25: Proposed illustration of complexation between PVP carbonyls and 

trehalose hydroxyl groups. 

 

Zhang et al. (2000) [186], after carrying out water vapour absorption studies on 

amorphous sucrose/PVP and trehalose/PVP mixtures, concluded that hydrogen 

bonding interactions between the sugars and the polymer were insufficient to affect 

the accessibility of water to the mixture. They surmised that water vapour absorption 

of co-lyophilised amorphous dispersions of these sugar/polymer mixes could be 

predicted by the weighted average of the isotherm of each individual component. 

They did not, however, report any data in relation to the desorption isotherms which, 
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as per this study, indicated that the trehalose/PVP interactions resulted in an increase 

in water retention for the 1:1 formulations. 

 

Taking a RH value of 50% as typical of ambient conditions, the % mass increase 

across all 12 formulations at 50 % RH was examined (Figure 2.26). Formulations 1-4 

showed greatest mass increase (and variability) as expected given the high PVP 

content and its high hygroscopicity [164].  

 

 

Figure 2.26: Plot of % mass increase for each formulation at 50% RH, exposure 

time 2 h. 

 

The 1:1 formulations (5-8) showed much lower mass increase and were only 

marginally higher than the sugar only formulations (9-12). The results indicated that 

the addition of plasticiser to the PVP formulations affected the mass increase greatly 

with the addition of PEG resulting in higher % mass increase than the glycerol 

formulations. As discussed earlier, complexation between the PVP and PEG 400 can 

result in crosslinking which, given the longer chain length of the PEG compared with 

glycerol, would result in greater space between PVP chains possibly allowing for 

greater interaction with water molecules. In contrast, crosslinking between PVP and 

the shorter 3 carbon chain of glycerol would result in a tighter matrix which could 

1:  PVP 1% Gly 

2:  PVP 1% PEG 

3:  PVP 2% Gly 

4:  PVP 2% PEG 

5:  1:1 1% Gly 

6:  1:1 1% PEG 

7:  1:1 2% Gly 

8:  1:1 2% PEG 

9:  Tre 1% Gly 

10:  Tre 1% PEG 

11:  Tre 2% Gly 

12:  Tre 2% PEG 
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limit the amount of interaction with water molecules via steric hindrance, resulting in 

less of a mass increase as observed here [171, 172, 190]. 

 

DVS analysis of the 1:1 formulations showed a high degree of hysteresis and 

moderate mass increase for all 4 formulations (Figure 2.27). As discussed previously, 

complexation between the PVP and trehalose may have resulted in the formation of a 

matrix capable of retaining water molecules longer than PVP only formulations.  

 

 

Figure 2.27: Plot detailing water sorption isotherms for the 1 to 1 formulations.  

 

The data indicated that the plasticiser and amount used had only moderate effects on 

the hysteresis of the formulations. The formulation containing 1% PEG 400 had the 

greatest level of hysteresis with the 1% glycerol formulation showing the lowest 

hysteresis level.  
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Analysis of the water sorption isotherms for the PVP formulations showed moderate 

levels of hysteresis but large % mass increase across all 4 formulations (Figure 2.28). 

The PVP formulations absorbed more moisture than both the 1:1 and trehalose 

formulations, which was as expected for an amorphous hygroscopic polymer.  

 

 

Figure 2.28: Plot detailing water sorption isotherms for the PVP formulations. 

 

However, as discussed above, the hysteresis observed was slightly less than the 1:1 

formulations possibly due to hydrogen bond interactions between the PVP and 

trehalose in the 1:1 formulations. In addition, the type or amount of plasticiser used 

in the PVP formulations had a minimal effect on the hysteresis or % mass increase of 

the formulations. 
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DVS analysis of the trehalose only formulations (Figure 2.29) showed low % mass 

increase and almost complete absence of hysteresis for all 4 formulations and, given 

that trehalose is not hygroscopic below 90% RH, this was as expected [157]. The 

sorption isotherm also indicated the presence of crystalline material in the sample. 

 

 

Figure 2.29: Plot detailing water sorption isotherms for the trehalose formulations, 

typical of crystalline material. 
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The results obtained from the DVS in relation to % mass increase were compared 

with the DSC results examining the Tg across all 12 formulations (Figure 2.30). As 

can be seen from Figure 2.30, the decreasing Tg values generally corresponded with a 

lower % mass increase.  

 

 

 

Figure 2.30: Plot of % mass increase at 50% RH with Tg for each formulation.  

 

 

2.4.2.5. Statistical Analysis 

The results of the 3 experiments (disintegration test, glass transition determination 

via DSC and water sorption analysis using DVS) were input on Minitab 16. The 

disintegration tests were run 6 times for each formulation and the glass transition 

experiments were carried out in triplicate. The explanatory variables examined were 

polymer/sugar formulation (PVP or 1:1), percentage plasticiser used (1% or 2%) and 

plasticiser type (glycerol or PEG). The desirable outcomes were high disintegration 

time value, high glass transition temperature and low mass increase as a result of 

sorption. As the results obtained for the trehalose only formulations produced very 

low disintegration times, this data was excluded from the analysis. 
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In relation to disintegration time, the output of the analysis on Minitab indicated that 

the average effect on disintegration time between the PVP formulations and the 1:1 

formulations was -210.6 s. This could be regarded as a statistically significant 

difference given the p value was <0.001. Similarly, the difference between the 

amounts of plasticiser used was statistically significant with p <0.001 however the 

effect for this variable was lower, determined as 84.5 s. In the case of plasticiser type 

(PEG or glycerol), a p value of 0.977 was calculated indicating that this variable had 

no statistically significant difference on the outcome (Figure 2.31). 

 

 

Figure 2.31: Graphs detailing the mean effects of each variable on the disintegration 

outcome for each formulation, illustrating the statistical significance for each 

variable. 

 

Analysis of the glass transition data (Figure 2.32) showed that the effect of 

formulation type (either PVP or 1:1) was -36.19 ºC with p <0.001 indicating a 

statistically significant difference for this variable. Also, in relation to amount of 

plasticiser used, the effect was calculated as -12.95 ºC which again was significant 

with p <0.001. In this case however, the type of plasticiser used also had a significant 

effect on the outcome with a value of 5.93 ºC. Although relatively low, this was still 

a statistically significant variable with p <0.001.  
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Figure 2.32: Minitab output graphs detailing the mean effects of each variable on the 

Tg outcome for each formulation illustrating the statistical significance for each 

variable. 

 

The % mass increase due to water sorption was the final variable examined. As only 

one replicate for each formulation was run, no statistical table was obtained however 

the results of the single runs were plotted (Figure 2.33). The repeatability of the DVS 

technique was examined by running triplicate runs of one formulation which resulted 

in a low average standard deviation across all the data points. As such, the data used 

on Minitab for these experiments was input as if triplicate runs had been carried out. 

The graphs illustrated that 1:1 formulations were preferable in order to minimise 

mass increase due to water sorption. In relation to plasticisers, the data indicated that 

although plasticiser type and % amount did not cause much effect, utilising 2% 

glycerol was a preferable combination.  
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Figure 2.33: Minitab output graphs detailing the mean effects of each variable on the 

% mass increase (dm %) outcome for each formulation illustrating the statistical 

significance for each variable. 

 

The statistical analysis of the data indicated that all 3 of the desired outcomes (high 

disintegration time, high Tg and low mass increase due to water sorption) could not 

be simultaneously obtained utilising the factors at the existing levels. As such, by 

modifying the factor levels, an optimum formulation could be determined. To 

achieve a high disintegration time and to maintain a high Tg, the polymer content 

needed be kept relatively high. Similarly, the addition of 2% w/w plasticiser caused a 

lowering of both the Tg and disintegration time compared with 1% but seemed to 

cause a lowering of % mass increase. Utilising glycerol was associated with higher 

Tg and lower mass increase compared with PEG but was associated with lower 

disintegration times. Plasticiser type had little effect on the mass increase of the 

formulations and no effect on the disintegration time but was statistically significant 

in relation to Tg with glycerol use resulting in higher Tg values.  
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2.5. Conclusions 

The aim of this study was to determine which combination of PVP, trehalose and 

plasticiser would produce microneedle arrays most suited to the systemic transdermal 

delivery of therapeutic peptides. Attributes of such a microneedle system included 

mechanical strength, stability and suitable dissolution on application. The results 

obtained from the characterisation testing of the various PVP/trehalose formulations 

and subsequent statistical analysis has shown the effects each component has on the 

physical properties of each of the formulations. In addition to the morphological 

examination of the moulded microneedle arrays using SEM, the parameters of the 

various formulations investigated included disintegration time, Tg and water sorption 

behaviour. By examining each parameter, the effects of the polymer, sugar and 

plasticiser content was determined and statistical analysis also indicated the 

statistically significant factors for each property.  

 

Zhang et al. (2000) [186] indicated that, after carrying out studies on amorphous 

trehalose/PVP mixtures, specifically water vapour absorption, water has greater 

plasticising effects on trehalose than PVP and that plasticising effects on such 

amorphous mixtures can be decreased through increasing the PVP content of the 

mixture. Similarly, the glass to rubber transition of amorphous sugars, which can 

lower the stabilising effect of the sugar, can be suppressed through the addition of a 

polymer [188]. As such, a formulation which contains a higher proportion of PVP 

would have a higher Tg indicating greater stability in addition to enhancing the 

stabilising effect of the trehalose. Coupled with the data obtained from this study 

which indicated that higher PVP content was associated with higher disintegration 

times and higher Tg values, this would suggest that the optimum formulation should 

consist of a higher ratio of PVP. 

 

The main function of trehalose in the formulation was to act as the main stabilising 

agent for the peptide in the microneedle matrix but utilising this disaccharide alone 

proved impractical given the rapid disintegration of the trehalose only formulations. 

This indicated that trehalose needles would disintegrate too rapidly on application 

resulting in failure of the needles to penetrate fully into the skin, if at all.  
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In relation to plasticisers, studies into trehalose-glycerol mixtures have shown that 

the addition of glycerol to trehalose, while decreasing the Tg of the trehalose, actually 

increased the stabilising effects of the mixture through the suppression of local 

dynamics [159, 160]. In fact, Barreca et al. (2013) [159] suggested that glycerol 

concentrations of 2.5 % resulted in the most notable suppression of diffusive 

dynamics in trehalose out of the investigated values of 0%, 2.5%, 5% and 10% 

glycerol. In addition, utilising glycerol in the formulation over PEG resulted in 

higher Tg value and lower % mass increase both of which were desirable 

characteristics.  

 

Taking into account the experimental and statistical data obtained from this study  in 

addition to the data obtained from literature, it was determined that the optimum 

formulation to proceed with in relation to this dissolving microneedle system would 

consist of a 3:1 formulation of PVP/trehalose incorporating 2% w/w concentration of 

glycerol.  

 

This study represents the first investigation into PVP/trehalose based microneedle 

formulations designed for systemic transdermal delivery of therapeutic peptides. In 

addition, the characterisation procedures utilised have never been combined to 

determine an optimum formulation before in this manner. By investigating the 

morphological and physical characteristics of the various formulations, an indication 

of optimum formulations was determined. In addition, by applying the data obtained 

in this study, it may be possible to alter the PVP/trehalose formulations, adjusting the 

factors (i.e. disintegration time, Tg, water sorption) to facilitate the delivery of 

therapeutic peptides of various sizes and properties – essentially tailoring the 

formulation to the peptide being delivered.  
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CHAPTER 3. CHARACTERISATION AND SKIN 

INSERTION STUDIES OF PVP/TREHALOSE MICRONEEDLES 

FOR THE TRANSDERMAL DELIVERY OF PEPTIDES 
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3.1. Introduction 

In order to successfully develop dissolving microneedles for the delivery of 

therapeutic peptides, a number of essential factors need to be addressed during the 

design and formulation process. Solid, coated or hollow microneedles can be made 

of materials such as ceramics or metals and as such, these microneedle designs 

possess mechanical strength which is generally not compromised during the 

application process [18]. Dissolving microneedles however, must be fabricated from 

materials that will be sufficiently strong to penetrate the skin in addition to 

subsequently dissolving in the interstitial fluid. The design of such a formulation can 

be difficult, particularly where the target drug is biologically labile and potentially 

sensitive to high temperatures, organic solvents and extreme pH conditions. As such, 

the fabrication of these microneedle systems generally needs to be carried out in 

aqueous solutions, ambient temperatures and mild pH conditions which, in turn, 

make the process extremely challenging [4, 191].  

 

There are certain key requirements which must be addressed when developing a 

dissolving microneedle system that will produce an effective means of delivering the 

encapsulated drug payload. Initially, the formulation process must not cause any loss 

of efficacy to the active ingredient and should also stabilise the drug for prolonged 

periods to allow for storage etc. On application, the microneedles must administer 

the drug as intended, either as a bolus delivery or  sustained release, without any loss 

of efficacy [192]. Finally, the needles must be sufficiently strong to penetrate the SC 

on application [125, 129] and should not bend or break which would lead to 

insufficient dose delivery. Suffice it to say, determining the fracture strength of the 

microneedles is required to establish the physical limits of the system [193].  

 

Park et al. (2005) [18] investigated the failure force of biodegradable PLA, PGA and 

PLGA microneedles fabricated using a vacuum moulding method. To determine 

whether the polymer needles were mechanically strong enough to pierce the skin 

without breaking, the failure of the needles under axial load (force applied parallel to 

vertical axis of the needles) was determined. This was achieved by the measurement 

of force and displacement as the needles were pressed against a solid metal surface at 

a rate of 1.1 mm/s. An abrupt drop in force was observed on needle failure and the 

maximum force applied immediately prior to the needle failure was regarded as the 
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needle failure force. The results showed that all the polymer needles tested had 

failure force measurements above that required to penetrate the skin. Measured 

failure forces ranged from 0.06 to 0.32 N/needle with the majority of designs tested 

having failure forces significantly greater than expected insertion forces (approx.0.06 

N/needle). 

 

Similarly, Donnelly et al. (2010) [194] examined the mechanical strength of a 

polymeric dissolving microneedles formulation consisting of 20 % w/w aqueous 

solution of Gantrez® AN-139. This formulation produced microneedle arrays which 

were rigid and mechanically robust, losing only approx. 20 % of needle height on the 

application of compression force of 0.36 N per needle. In addition, the microneedles 

were capable of penetrating skin in vitro at a relatively low insertion force of 0.03 

N/needle. However, optical coherence tomography (Figure 3.1) indicated that the 

needles only penetrated approx. 460 µm into the skin, leaving a gap of approx. 136 

µm between the base of the array and the SC surface. Controlling the depth of 

penetration of the microneedle array is essential considering that drug may only be 

delivered from the part of the microneedle embedded in the skin [195]. Failure to 

fully insert may result in reduced drug delivery efficiency and drug wastage [94]. 

 

 

Figure 3.1: Optical coherence tomography cross sectional image illustrating the 

penetration depth of 600 µm length cone-shaped polymeric microneedles into human 

skin in vivo [194]. 

 

For dissolving polymeric microneedles to be effective, the need to use strong and 

robust fabrication materials is evident. However, the geometry of the needles must 

also facilitate successful skin penetration during the application process. These 

geometric factors include needle shape, needle tip radius, needle height, base 
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diameter and microneedle density (the number of needles per unit area) [19, 84]. By 

carrying out tests on the fracture strength of fibroin microneedles using axial loading, 

You et al. (2011) [196] concluded that the needle strength could be improved with an 

increase in needle base diameter and a decrease in tip radius and shaft length [196]. 

Studies have been carried out utilising microneedles with tip radii ranging from 2.5 

µm up to 80 µm which also suggest the decreasing tip size correlated to a decrease in 

required insertion force [128, 195, 197].  In fact, Roxhed et al. developed ultra-sharp 

hollow silicon microneedles with a tip radius below 100 nm (Figure 3.2) and they 

determined that the insertion force per needle to successfully penetrate human skin 

was only 10 mN per needle [198].  

 

 

Figure 3.2: SEM images of ultra-sharp silicon hollow microneedles showing (A) 

microneedle array, needle shaft length of 400 µm and (B) microneedle apex with tip 

radius < 100 nm [198]. 

 

In addition to the successful penetration of the needles, penetration depth was an 

important factor which needed to be considered. Applying a microneedle array to the 

skin initially causes indentation on the skin surface prior to penetration and insertion 

depth can, as a result, range from 10 to 80 % of the actual needle length. Factors 

which impact on penetration depth include application velocity, application force, 

and needle length [195]. The needle density of the array must also be considered as 

another major factor affecting the insertion force required to penetrate the skin. It 

was determined that insertion forces required ranged from 0.1 to 3 N, similar to 

previous studies [197] and this force was determined as sufficiently low to allow 

manual application by hand.  
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Yan et al. (2010) [85] carried out a study on the effect that microneedle length and 

array density had on skin penetration utilising solid silicone microneedle arrays with 

needle lengths ranging from 100 µm to 1100 µm and arrays with densities which 

ranged from 400 to 11,900 needles/ cm
2
. The study utilised the various microneedles 

to pre-treat human epidermal membrane (HEM) prior to the application of the 

antiviral drug, acyclovir, to the skin surface. Results indicated that a significant 

increase in flux was observed when arrays with needle lengths > 600 µm were used 

compared with smaller length needles. A flux of 3.7 µg/cm
2
/h was achieved with 650 

µm length needles compared with 0.5 µg/cm
2
/h which was achieved with 100 µm 

length needles. The highest level of flux was seen when needles measuring 1100 µm 

were utilised however, needles of this length would be likely to cause pain to the 

patient [199]. They observed that an increase in needle density on the array 

correlated with a decrease in drug delivery which was attributed to the “bed of nails” 

effect. As a result of the increased number of needles on the array, a smaller force 

was applied to each individual needle and, as the overall force was distributed across 

the entire array, the needles therefore failed to penetrate the skin. Overall, the 

findings of this study indicated that utilising needles longer than the sufficient length 

of 600 µm did not significantly increase drug flux and that it was more effective to 

utilise lower needle density arrays [85].  

 

Encapsulating the drug material in the microneedle formulation has many advantages 

over other microneedle drug delivery systems such as increased volume of drug 

material and the potential to control the release rate by adjusting the formulation 

[122]. One possible disadvantage of the dissolving microneedle system is the fact 

that drug material in the needle may diffuse from the needles into the backing layer 

of the array which could result in failure to administer the full intended dose. 

Conversely, Lee et al. (2008) [200] carried out studies on CMC dissolving 

microneedles with model drug loaded in both the needles and the backing layer. 

They demonstrated a sustained release of drug from the microneedle system over a 

number of days, indicating that utilising the backing layer as a drug reservoir was a 

potentially viable delivery method. It was hypothesised that the release rate of drug 

diffusion from the backing layer into the skin could be tailored through altering the 

array material [200], just as controlled delivery can be predetermined by the needle 

formulation [122]. 
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Effectively delivering biologically active pharmaceuticals using a dissolving 

microneedle system places severe limitations on the materials and conditions that are 

available for use in the formulation process. The materials used must be 

biocompatible as the needles will dissolve and be absorbed into the biological milieu 

of the skin. Additionally, the formulation process must not cause any degradation of 

the active ingredient. Given that therapeutic peptides and proteins can be easily 

damaged in extreme conditions, mild pH and ambient temperatures must be 

employed. In addition, harsh organic solvents must be avoided and as such, the 

formulations must be prepared in aqueous solutions. The fragility of biological 

molecules cannot be underestimated however and slight deviations in temperature or 

pH can potentially cause irreversible damage to peptides and proteins which in turn 

can affect their activity [98, 169]. Determining the activity of the drug once 

encapsulated in the microneedle formulation is critical in developing the system, to 

ensure that the efficacy of the drug payload is preserved. 

 

As such, polymyxin B was selected as a suitable model peptide drug to incorporate 

into the microneedle arrays in order to monitor any effect on activity due to the 

formulation process. Polymyxin B is a cationic amphiphatic lipopeptide antibiotic 

produced by a strain of Bacillus polymyxa and which possesses bactericidal activity 

against Gram-negative bacteria [201, 202]. Originally developed in the 1940’s, 

polymyxins became less popular as antibiotics mainly due to nephrotoxicity and 

adverse neurological effects associated with their use and they were gradually 

replaced by less toxic antibiotics. The recent emergence of multidrug-resistant 

(MDR) Gram-negative bacteria however, has resulted in a resurrection of the 

parenteral use of polymyxins as they are often one of the few treatments to which 

these MDR organisms are susceptible. Less toxic derivatives were developed 

however, although their toxicity was reduced, so too was their antibacterial effects 

[203, 204].   

 

The structure of polymyxin B (Figure 3.3) consists of a cyclic heptapeptide which is 

linked by a tripeptide chain to a fatty acyl tail [205]. There are three main 

components in polymyxin B namely B1, B2 and B3 which differ in the fatty acyl 

residue in the tripeptide side chain which is attached to the cyclic heptapeptide. As a 

result, quantitation of the drug can be challenging [206]. The advantage of utilising 



111 

 

polymyxin from a microneedle formulation point of view is that one can readily 

monitor the activity of the peptide during formulation and following delivery through 

the skin using well diffusion studies. 

 

 
 
Figure 3.3: Chemical structures of polymyxin B1 [207]. 
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3.1.1. Objectives 

The focus of this chapter was to evaluate the morphology, Tg and moisture sorption 

properties of the optimum microneedle formulation of 3:1 PVP/trehalose, 2% 

glycerol utilising the thermal techniques and SEM imaging applied to the 

formulations investigated in the previous chapter. In addition, further characterisation 

techniques were employed to examine the needle fracture force, needle tip sharpness, 

skin penetration, diffusion of material from the needles to the backing layer of the 

array and the activity of a model drug within the formulation.  
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3.2. Materials and Methods 

3.2.1. Materials 

Polymyxin B Sulphate supplied by Sigma Aldrich 

Poly(vinylpyrrolidone) (PVP) average weight 40,000 supplied by Sigma Aldrich 

Trehalose D(+)-trehalose dihydrate obtained from Fisher Scientific 

Glycerol – ACS grade obtained from Reagecon 

Brain heart infusion obtained from Oxoid Microbilogy Products 

Salmonella typhimurium (LT2) from Waterford Institute of Technology (WIT) 

culture collection 

Sodium Fluorescein supplied by Sigma Aldrich 

Sodium Bromide obtained from Fisons Scientific 

Methelyne Blue Hydrate  96+ % obtained from Acros Organics 

Epoxy Resin + Curing agent 

Porcine ear skin (untreated) – supplied by Dawn Pork and Bacon 

Phosphate buffered saline (PBS) solution obtained from Fischer Scientific 

 

 

3.2.2. Methods 

3.2.2.1. Well and Disc Diffusion 

Well and disc diffusion methods were used based on the Kirby-Bauer Disc Diffusion 

method [208]. Salmonella typhimurium was chosen as the target microorganism 

given that it is a Gram negative bacterium which should be highly susceptible to 

polymyxin B. Six agar plates were used: Four were tested using the polymyxin B 

incorporated into the 3:1 PVP/trehalose formulation, one was the formulation 

without the drug and one was the drug alone. Standard antibiotic sensitivity testing 

using the Kirby-Bauer method indicated that polymyxin should have a concentration 

of 300 units per disc with zones of inhibition (ZOIs) ranging from ≤ 8 mm for 

resistant, 9-11 mm for intermediate and ≥ 12 mm indicating that the microorganism 

is susceptible to the antibiotic [208].  
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3.2.2.2. Well Diffusion 

A formulation of 3:1 PVP/trehalose (3.6 g) with glycerol (2% w/w) was dissolved in 

8 mL of deionised water. 8 mg of polymyxin B sulphate was then added and the 

solution was sonicated for 15 min until all components were completed dissolved. A 

control formulation was also prepared as before but without the addition of the 

polymyxin.  

 

Once the formulations were prepared, 7.4 g of brain heart infusion (BHI) agar was 

added to 200 mL of water and the agar solution was melted in a waterbath at 45 ºC. 

The BHI agar was then seeded with 500 µL of the Salmonella culture and gently 

inverted to mix, taking care to avoid the formation of froth or bubbles. Once mixed, 

the seeded medium was carefully poured into petri-dishes and left to solidify for 30 

min. Wells were placed in the solidified agar plates using flamed glass capillary 

tubes and 50 µL of the liquid formulation was added to each well. The plates were 

then incubated at 37 ºC overnight and then examined the following day for ZOI’s. 

 

 

3.2.2.3. Disc Diffusion 

For this experiment, a formulation of 3:1 PVP/trehalose (3.6 g) with glycerol (2% 

w/w) was dissolved in 8 mL of deionised water as per the well diffusion experiment. 

8 mg of polymyxin B sulphate was then added and the solution was sonicated for 15 

min until all components were completed dissolved. Using a micropipette, 20 x 50 

µL aliquots were pipetted onto a flat PDMS surface and allowed to dry in an 

incubator at 22
o
 C overnight. In addition, microneedle arrays containing the 

polymyxin were also prepared using the remaining formulation. As per the well 

diffusion experiment, a control formulation was prepared as before only without the 

addition of the polymyxin. The BHI medium was prepared as per the well diffusion 

experiment and once the seeded agar plates had solidified, three of the formulation 

discs were placed an equal distance apart on the surface of the agar plates. The drug 

infused microneedles were also spread over the surface of the agar plates. The plates 

were then incubated at 37 ºC overnight and then examined the following day for 

ZOI’s. 
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3.2.2.4. Thermogravimetric Analysis (TGA) 

The instrument used for this experiment was a TA Instruments Q50 TGA. The 

experiments were carried as per Section 2.2.2.8 with no deviation in the settings. 

 

 

3.2.2.5. Differential Scanning Calorimetry (DSC) 

The instrument used for this experiment was a TA Instruments QS2000 DSC. The 

experiments were carried out as per Section 2.2.2.9 with no deviation in the settings. 

 

 

3.2.2.6. Dynamic Vapour Sorption (DVS) 

The instrument used for this experiment was a Surface Measurements Systems DVS 

Intrinsic. The programme settings used were as per Section 2.2.2.10 with no 

deviation in the settings. 

 

 

3.2.2.7. Scanning Electron Microscopy (SEM) 

The instrument used for this experiment was a Hitachi S-2460N SEM with all 

settings as per Section 2.2.2.7. 

 

 

3.2.2.8. Fluorescence Microscopy 

Fluorescence microscopy was used to determine whether the model drug in the 

needles diffused into the base of the arrays after the formulation and casting process. 

The instrument used for this analysis was an Olympus BX51 Fluorescence 

Microscope and the samples were viewed using a fluorescein isothiocyanate (FTIC) 

filter cube. 

 

To prepare the fluorescein needles, approx. 20 µL of a sodium fluorescein solution 

was added to a batch of microneedle formulation prepared as before using the 3:1 

PVP/trehalose mix and incorporating 2% glycerol. Once the components dissolved, 
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the solution was then pipetted onto the PDMS microneedle moulds and placed in the 

vacuum oven as per Section 2.3.2.6. After the moulds had been filled, excess 

formulation was removed from the mould surface using a glass microscope slide and 

the moulds were left in an incubator for 4 h to allow the microneedles to set. 

PVP/trehalose formulation without the added fluorescein was then pipetted over the 

moulds and left to dry for 24 h. The microneedle arrays were then removed from the 

moulds and immediately stored in a desiccator prior to examination under the 

fluorescence microscope. 

 

 

3.2.2.9. Needle Sharpness 

This experiment was carried out to determine the effect that 60 % RH would have on 

the tip sharpness of the microneedles. The instruments used for this experiment were 

a Zeiss Micro-imaging Axiocam Keyence VHX Digital Microscope with a Zeiss 

Micro-imaging Axiocam and a Hitachi S-3400N VP Scanning Electron microscope. 

 

A controlled humidity container was set up by placing a saturated solution (1.16 

g/mL) of sodium bromide [209] in a desiccator which kept the RH between 58 and 

61 % at room temperature. A Microlog Pro II data logger was placed in the humidity 

chamber to monitor temperature and humidity to ensure both remained within the 

parameters required for the duration of the experiment. A batch of the 3:1 

PVP/trehalose microneedles with 2% w/w glycerol was prepared and once cast, half 

the batch was placed in the humidity chamber for 5 h and the other half was kept in a 

desiccator. Both batches were then examined using SEM and digital microscopy. The 

tip radius and tip angle were measured using the digital microscope software.  

 

 

3.2.2.10. Needle Fracture Force 

For the needle fracture force tests, a similar method to that of Donnelly et al. (2011) 

[194] was employed and the instrument used for this experiment was a TA XT Plus 

Texture Analyser. The instrument test mode was set to compression, the pre-test 

speed was set at 1 mm/sec, test speed at 0.5 mm/sec and post-test speed at 0.5 

mm/sec. The target mode was set to distance and the distance set to 1 mm with a 
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hold time of 30 s. The trigger type was set to auto (force) with a trigger force of 

0.049 N. The microneedle arrays were attached to a SEM metal stub with a carbon 

adhesive tab using parafilm and double-sided adhesive tape.  

 

 

3.2.2.11. Skin Penetration  

The method used for the skin penetration tests was again similar to that employed by 

Donnelly et al. (2011) [194], utilising the TA XT Plus Texture Analyser. The 

instrument test mode was set to compression, the pre-test speed was set at 1 mm/sec, 

test speed at 0.5 mm/sec and post-test speed at 0.5 mm/sec. The target mode was set 

to force and the force setting to 20 N with a hold time of 30 s. The trigger type was 

set to auto (force) with a trigger force of 0.049 N. 

 

Porcine ears were supplied freshly excised and untreated by Dawn Pork and Bacon. 

These were immediately stored in a freezer at -20 ºC until required. The ears were 

removed from the freezer and stored at 4 ºC for 24 h before use. Immediately prior to 

the experiment, the ears were placed in a large beaker of water to remove any debris 

from the skin surface. Following this, the ears were dried using paper towels and the 

skin was carefully dissected into squares approx. 2 cm
2
 in size while also carefully 

removing all subcutaneous non-dermal fat and tissue material from the sample. 

 

To prepare the methylene blue needles, a batch of microneedle formulation was 

prepared as before using the 3:1 PVP/trehalose mix with 2% w/w glycerol. Once the 

components had been dissolved, 4 mL of the solution was pipetted into a separate 

beaker and 0.5 % w/w of methylene blue dye was added and thoroughly mixed into 

the formulation. This solution was then pipetted onto the PDMS microneedle moulds 

and placed in the vacuum oven as before. After the moulds had been filled, excess 

formulation was removed from the mould surface using a glass microscope slide and 

the moulds were left in an incubator for 4 h to allow the microneedles to set. The 

remaining formulation without the added dye was then pipetted over the moulds and 

left to dry for 24 h. After this, the microneedle arrays were removed from the moulds 

and immediately stored in a desiccator prior to use. 
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The method used for the skin penetration test consisted of attaching one of the 

methylene blue containing microneedle arrays to a metal cylinder probe attachment 

as per Donnelly et al. [194] with a porcine skin sample placed on the instruments’ 

metal base. The microneedle array was then pressed onto the skin sample as per the 

instrument settings for 30 s and removed. The skin sample was then wiped with 

paper towel to remove excess dye and formulation and an image of the skin was 

obtained. In addition to the above, non-dye containing microneedles were utilised for 

the same procedure with the methylene blue dye applied to the surface of the skin for 

10 min after microneedle insertion. As before, excess formulation was wiped from 

the skin surface with paper towel prior to staining with methylene blue. 

 

 

3.2.2.12. Micro-sectioning 

The instruments used for this experiment were a Buehler EcoMet 250 Pro Grinder 

Polisher, a Buehler Isomet 5000 Linear Precision Saw with blade speed set to 2500 

rpm and a feed rate of 1.2 mm/min and a Zeiss Stemi 2000-C Stereomicroscope.  

 

After skin penetration studies had been carried out using the methylene blue 

microneedles, the skin samples were prepared for micro-sectioning. The skin sample 

was affixed to a plastic stand and placed upright in a 3 cm diameter plastic cylinder 

mould. Prior to this, the walls of the mould were coated in a thin layer of silicon 

grease to allow the sample to be removed easily from the mould once set. An 

encapsulating material consisting of a mixture of epoxy resin and curing agent were 

combined in a ratio of 4:1 resin to curing agent and this was carefully poured into the 

cylinder mould to avoid formation of bubbles, until the skin sample was completely 

covered. The resin was left to cure overnight after which the resin-encapsulated 

sample was removed from the mould. 

 

The encapsulated skin sample was then affixed to the precision saw and a section of 

the sample was cut through the sample parallel to the microneedles penetration 

trajectory in the skin. The sample was then polished until a row of microneedles 

could be seen clearly on the resin encapsulated sample surface. The sectioned sample 

was then viewed under the digital microscope and the penetration depth of the 

needles was measured using the system software. 
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3.2.2.13. Optical Coherence Tomography (OCT) 

OCT analysis was carried out under the supervision of Prof. Ryan Donnelly at the 

School of Pharmacy at Queens University Belfast. The analysis was carried out using 

a VivoSight
® 

EX1301 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, allowing for real-time high-resolution imaging of the upper skin 

layers with 7.5 μm lateral and 10.0 μm vertical resolution. Scanning of the skin 

samples was carried out at a frame rate of up to 15 B-scans (2D cross-sectional 

scans) per second (scan width = 2.0 mm). Analysis of the 2D skin images was carried 

out using the imaging software ImageJ
®
 (National Institute of Health, USA). The 

scale of the image files obtained was 1.0 pixel = 4.2 μm, which facilitated accurate 

measurements of the depth of microneedle penetration, the width of pore created, and 

the distance between the microneedle base plate and the SC. 

 

Neonatal porcine skin was utilised for the OCT analysis and was obtained from 

stillborn piglets. The skin was immediately (<24.0 h after birth) excised and trimmed 

to a thickness of 500 μm using an electric dermatome (Integra Life Sciences TM, 

Padgett Instruments, Plainsboro, NJ, USA). Skin was then stored in aluminium foil at 

− 20.0 °C until further use. Prior to use, the skin was re-hydrated in PBS solution for 

5 min and then dried with paper towels after which any hair was removed from the 

skin surface with a razor. The prepared skin sample was then incubated at 37 ºC 

before use. Analysis was carried out on a single sample of skin with an approx. area 

of 36 cm
2
. 
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3.3. Results and Discussion 

3.3.1.1. SEM 

SEM images were taken of the 3:1 PVP/trehalose needles to examine the 

morphological properties of the arrays (Figure 3.4). Casting microneedle arrays from 

the 3:1 formulation consistently resulted in the formation of full arrays of solid and 

perfectly formed microneedles which were fully representative of the inverse 

moulds. The dimensions of the arrays used were 324 needles with 750 µm length 

shafts with a base width of 200 µm and inter-needle spacing of 600 µm. These arrays 

were chosen due to the high aspect ratio and sufficient length of the needles [85].  

 

 

Figure 3.4: SEM images of 3:1 PVP/trehalose microneedles with needle length of 

750 µm, base width of 200 µm and 600 µm inter-needle spacing. 

 

3.3.1.2. DSC and TGA 

Thermal analysis was carried out on the 3:1 formulation as per Section 2.4.2.3. The 

TGA analysis indicated the degradation profile of the mixture in accordance with 

expected values. The thermogram (Figure 3.5) showed bound and unbound water 

loss from the mixture amounting to over 5.6 % of the formulation. The PVP and 

trehalose content was as expected at approx. 3:1. The Tg of the formulation was 

measured as 112.4 ± 1.4 ºC (n=3). Using the Fox equation (Equation 2.2) [171], the 

predicted Tg, was determined as 113 ºC which indicated that the experimental value 

obtained was reasonable for the formulation used. 
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The relatively high Tg confirmed the physical stability of the formulation even 

though this value was significantly lower than the obtained value for the equivalent 

PVP only formulation of 135.6 ºC (Table 2.4). As 25 % of the formulation consisted 

of trehalose in addition to 2 % glycerol, both of which have Tg values much lower 

than that of PVP (and as a result would act as plasticiers), a drop in Tg for this 

formulation was as expected [186]. Plasticisers with two or three hydroxyl groups, 

such as PEG or glycerol, cause negative deviations in the Tg of PVP blends far 

greater than predicted by the Fox equation. This suggests that the drop in Tg is 

proportional to the fractions of hydroxyl groups as opposed to the weight fractions of 

the plasticisers [171]. As such, the fraction of hydroxyl groups in a blend containing 

both trehalose and glycerol as plasticisers would be quite high and a significant drop 

in Tg would be expected in such a composition.  This drop in Tg was not predicted to 

impact on the physical stability of the microneedles however, as it remained 

relatively high in comparision to standard storage conditions.  

 

 

Figure 3.5: Overlaid TGA and DSC thermograms for the 3:1 PVP/trehalose 

formulation.  

 

3.3.1.3. DVS 

DVS analysis of the 3:1 formulation (Figure 3.6) indicated that the mixture absorbed 

moisture at a rate similar to the PVP only formulation. At 75 % RH, the mass 

increase reached approx. 25 % compared with 28 % for PVP only with the hysteresis 

level similar to that observed for the 1:1 formulations (Section 2.4.2.4). As such, this 
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indicated that, on insertion, the needles should then begin to absorb moisture from 

the interstitial fluid of the skin and this in turn would facilitate a relatively rapid 

dissolution rate of the needles. Such a rapid dissolution rate would be advantageous 

for systemic bolus delivery in addition to reducing the length of time a patient would 

need to apply the microneedles to obtain the full intended dose. This study also 

represented a novel approach to utilising DVS for characterising dissolving 

microneedles by examining the moisture sorption profile of the microneedle 

formulation.  

 

 

Figure 3.6: Plot of water sorption isotherm obtained from experiments on a 3 to 1 

PVP/trehalose formulation (n=3).  

 

3.3.1.4. Diffusion into Base Layer  

Encapsulating drug material in a dissolving microneedle array implies that a specific 

dose is housed within each array. To be viable as a drug delivery device, the 

microneedle system must be capable of delivering the intended dose with each 

application. Where the microneedle system contains the drug payload in the needles 

only, any diffusion of drug material from the needles into the base of the arrays may 

result in a decrease in drug delivery and would render the dissolving microneedle 

system inefficient. In addition, this could lead to problems during scale-up, 

manufacturing and clinical use [191]. Although research has been carried out 
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whereby drug payload has been housed within the base to facilitate sustained release 

[200], this may not be suitable for a system designed for bolus delivery. 

 

In order to examine whether any drug diffusion into the base layer of the arrays was 

taking place within the microneedle array, sodium fluorescein (Figure 3.7) was added 

to the microneedles and the base of the arrays consisted only of the polymer/sugar 

formulation. 

 

Figure 3.7: Chemical structure of sodium fluorescein [210].  

 

After casting, the arrays were examined under a fluorescence microscope to 

determine whether diffusion of any fluorescein into the base of the arrays had 

occurred. Images obtained from the fluorescence microscope (Figure 3.8) showed 

that the fluorescein remained in the needles and no diffusion into the base of the 

arrays had occurred. This indicated that the dissolving microneedle system would 

retain the drug payload in the needles and that the drug payload would not diffuse 

into the base layer. Given however, the physiochemical differences between sodium 

fluorescein and peptides, this study provided a guideline only as to the diffusion 

characteristics of an encapsulated molecule in the microneedle formulation. Further 

studies would be required to examine the diffusion of therapeutic peptides once 

encapsulated in the microneedle matrix.  

 

λ ex: 460 nm 

λ em: 515 nm 
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Figure 3.8: Fluorescence microscopy images of PVP/trehalose microneedles with 

added sodium fluorescein in the needles. 

 

3.3.1.5. Needle Strength 

In order to penetrate the SC, the microneedles needed to be sufficiently strong. 

Dissolvable microneedles can only be effective as a drug delivery system if the 

needles can effectively penetrate the skin and insert to a sufficient depth in order to 

deliver the full dose of the drug payload. As such, testing must be carried out to 

determine the maximum direct force required to cause the mechanical failure of the 

needle shafts [95]. The typical amount of force used to manually press a microneedle 

patch into the skin is between 5 and 10 N which equates to approx. the same force 

used to press an elevator button [101, 211]. Using microneedles 720 µm in length, 

Davis et al. (2004) [197] determined that insertion forces between 0.1 – 3 N for 

needles with tip radii ranging from 30 to 80 µm were sufficient to penetrate the skin 

of human subjects, measured by monitoring changes in the electrical resistance of the 

skin during the application process. 

 

The microneedles used in this experiment were 750 µm in length and 200 µm in base 

diameter. The spacing between needles was 600 µm and each array consisted of 324 

needles (18 x 18). The results obtained from these experiments displayed a high 

degree of variability between each array. This was attributed to slight variations in 

the thickness and surface smoothness of the base of the arrays. As such, the 

positioning of the arrays may not have been uniform for each array and this may 

have contributed to the variation in results obtained. Despite the variations observed, 

the lowest fracture force was recorded as 1900 g/ 18.6 N which was significantly 

above the calculated upper insertion force of ≈ 10 N. The highest fracture force 
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measured was 4500 g/ 44.1 N (n=3) (Figure 3.9). These results were comparable to 

previous studies on PVP microneedles which reported fracture forces of approx. 0.1 

N/needle [169] (or 29 N for an array of 324 needles). The slight drop in force which 

initially occurred on the plot was taken as the fracture force and after this, the 

subsequent force drops were attributed to breaking of the array base. As such, the 

PVP/trehalose microneedles would be expected to successfully penetrate the skin 

without bucking or breaking given that the lowest fracture force measured was 

almost double the calculated upper insertion force required [101]. 

 

 

 

Figure 3.9: Plot of applied force vs time illustrating the fracture force of 

PVP/trehalose microneedle arrays (n=3). 

 

 

3.3.1.6. Needle Sharpness 

In order to effectively penetrate the skin, the microneedles must remain sufficiently 

sharp [128]. While protection of the needles during prolonged storage can be 

achieved in a sealed environment (e.g. packaging), once exposed to ambient 

conditions, the integrity of the arrays must remain for a sufficient period of time to 

allow for effective application. As such, this experiment utilised a controlled 

Needle Failure 
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humidity chamber (Figure 3.10) to test the sharpness of the PVP/trehalose needles 

after a prolonged period of exposure to a relatively high level of humidity, above 

what would normally be experienced under ambient conditions. The effect this 

exposure had on the sharpness of the needles was then examined to determine if the 

tip sharpness had degraded beyond an acceptable level, taken as > 80 µm [197]. 

 

 

Figure 3.10: Image of sealed humidity chamber set-up with saturated sodium 

bromide solution and data logger. 

 

Romgens et al. (2014) [195] carried out studies on the penetration performance of a 

number of individual solid glass microneedles 3 mm long with tip diameters of 5, 15, 

24 and 37 µm. It was determined that the smallest tip diameter needles penetrated the 

skin more smoothly and with a linear increase in depth compared with microneedle 

displacement. Conversely, needles with larger tip diameters had smaller penetration 

depths initially due to skin indentation followed by a rapid increase in penetration 

depth. From this, it was determined that smaller tip diameter needles were required to 

allow for controlled skin penetration [195] with radius curvature of <10 µm required 

for ease of penetration with manual insertion [128]. These findings were particularly 

relevant to the use of the PVP/trehalose dissolvable microneedles given that 

dissolution of the needles would begin immediately on application to the skin 
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surface. As such, sharp tips would be required to facilitate full skin penetration, 

allowing for maximum delivery of the drug payload. 

 

The mean tip radius of the microneedles that were kept in the desiccator for the 

duration of the experiment was determined by measuring the tip radius of a total of 

ten microneedles from two arrays. The mean tip radius of the arrays that were kept in 

the humidity chamber at 60 % RH for the duration of the experiment was calculated 

in the same manner (Table 3.1).  

 

Table 3.1: Tip radius measurements for both microneedle batches obtained from 

digital microscopy images. Microneedle arrays were stored in a desiccator/humidity 

chamber for 5 h. 

Desiccator Humidity Chamber 

(60% RH) 

Tip Radius (µm) Tip Radius (µm) 

6.2 16.7 

7.3 26.4 

12.2 26.7 

10 21.9 

9.1 15.7 

10.1 15.0 

5.6 13.7 

9.3 27.3 

11.3 38.6 

7.6 43.4 

Mean: 8.9 Mean: 24.5 

Std. Dev: 2.04 Std. Dev: 9.4 

 

 

SEM was used to examine both sets of arrays – those kept in a desiccator and those 

kept in the humidity chamber. Figure 3.11 illustrated that the loss of sharpness 

attained by the arrays exposed to the elevated RH was not immediately obvious. The 

arrays that had been subjected to the elevated RH showed no initial signs of 

deformation or structural deviation from the unaffected arrays after a period of 5 h. 
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In fact, both arrays looked remarkably similar with no obvious loss of needle 

sharpness visible from the SEM images alone.  

 

 

Figure 3.11: SEM Images of 3:1 formulation microneedles where (A) were stored in 

a desiccator and (B) subjected to 60% RH in a humidity chamber for 5 h. 

 

The digital microscopy images of the needle tips (Figures 3.12, 3.13) did, however, 

illustrate the level of tip deformation as a result of the elevated RH conditions. The 

results of the experiment indicated that exposure of the microneedles to an elevated 

RH (≈60 %) environment for 5 h caused the mean tip radius to degrade from 8.9 ± 

1.9 µm to 24.5 ± 9.5 µm (n=10).  

 

A B 
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Figure 3.12: Digital microscopy image of PVP/trehalose microneedle tip illustrating 

apex angle and needle tip radius. This sample was taken from the batch kept in a 

desiccator for the duration of the experiment. 

 

Previous studies have shown that microneedles with tip radii of up to 80 µm can 

effectively penetrate the skin, depending on application force [197]. In this study, 

exposure of the PVP/trehalose microneedles to elevated RH conditions resulted in a 

mean loss of tip sharpness, determined by tip radius, of only 15.6 µm. As such, the 

average tip radius of the microneedles after exposure to the high RH was only 24.5 

µm. This indicated that the PVP/trehalose needles would remain effective after such 

exposure and, more likely, could be used without any loss of function after a short 

period of exposure to ambient temperatures and RH. 

 

 

Apex angle 

Needle tip radius 
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Figure 3.13: Digital microscopy image of PVP/trehalose microneedle tip illustrating 

apex angle and needle tip radius. This sample was taken from the batch kept in a 

humidity chamber at ≈ 60% RH for the duration of the experiment. 

 

 

3.3.1.7. Skin Penetration 

The crux of dissolvable microneedle drug delivery is the ability of the needles to 

effectively penetrate the SC of the skin and administer the drug payload as intended. 

As such, the failure force of the microneedle arrays must exceed the insertion force 

required to penetrate the skin otherwise the needles will fail to penetrate the SC. In 

order to facilitate effective penetration, the needles must be sufficiently long and 

sharp, however increasing both of these features decreases the mechanical strength of 

the needles [212]. Having determined that the fracture force of the 750 µm needles 

was sufficiently high (≈ 20 N), tests were carried out to evaluate the ability of the 

microneedles to penetrate porcine skin samples. Micro-sectioning and OCT 

techniques were utilised to examine the skin penetration abilities of the microneedle 

arrays. 

 

Apex angle 

Needle tip radius 
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The micro-sectioning technique employed to examine the skin samples was modified 

from a technique normally utilised to examine metallic samples and other 

technological components (Figure 3.14). As such, to the authors’ knowledge, it has 

never been used to examine organic material before.  

 

 

Figure 3.14: Resin mould with epoxy resin encapsulated skin samples prior to 

microsectioning. 

 

Previous skin penetration studies utilised methylene blue dye to visualise micro-

channels in the skin created after pre-treatment of the skin with microneedles [73, 

87]. Conversely, other studies have incorporated the methylene blue dye directly into 

the needles [87]. You et al. demonstrated the drug delivery capabilities of dissolving 

fibroin microneedles by mixing powdered methylene blue dye into the needle 

formulation. Their study, however, utilised the methylene blue as a model drug given 

its’ use in the treatment of neurodermatitis and malaria [196].  

 

In this study, the methylene blue dye was utilised both ways with one test carried out 

using dye loaded needles and another with standard needles for pre-treatment 

followed by skin staining after application. After insertion of the dye loaded arrays, 

the needles dissolved in the skin leaving the dye embedded in the micro-channels 

(Figure 3.15). The micro-channels were easy to visualise on the skin surface and 

therefore it was possible to determine the level of penetration achieved by the arrays. 

In addition, the embedded dye was used as an indicator to determine the depth of 

Resin encapsulated skin 

Cylinder mould 
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penetration after the skin samples were micro-sectioned. Similarly, after the 

application of the standard formulation array and surface staining, the micro-

channels are clearly visible indicating a high percentage of the needles successfully 

penetrated the skin. 

 

 

Figure 3.15: Porcine skin samples after (A) application of methylene blue infused 

microneedles and (B) skin surface staining after application of standard formulation 

microneedle array. 

 

Figure 3.16 illustrated penetration depths of 590 µm, 450 µm and 380 µm for 

selected microneedles, determined by the concentrated levels of methylene blue dye 

visible in the micro-sectioned sample. Similarly, Figure 3.17 illustrated another cross 

section of the skin sample with measured penetration depths ranging from 370 µm to 

450 µm. Given that the shaft length of the microneedles was 750 µm, this suggested 

that, at most, only 90 % of the full length of the needles had penetrated into the skin. 

In an array containing 324 drug loaded needles, this indicated that a significant 

amount of the drug payload may not be effectively administered. However, previous 

studies have reported that, as a result of the elastic properties of the skin, undissolved 

portions of the microneedles ranging from 5 – 20 % remain after application [130]. 

Factors such as skin occlusion and maintaining the microneedle array on the skin for 

longer periods may result in further drug uptake, however, additional studies would 

need to be carried out to determine this. 

 

A number of issues, however, were encountered during the micro-sectioning process. 

During the resin encapsulation stage, particularly as the resin hardened on curing, the 

A B 
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skin sample appeared to have slightly deformed from its initial state. As such, the 

measured penetration depths may not have been fully representative of the actual 

depth of the needles in the skin.  This suggested that the actual depth that the needles 

had penetrated may have been greater than the measured depths. 

 

 

Figure 3.16: Cross section of resin encapsulated skin sample detailing measured 

depth of methylene blue microneedles. 

 

Another issue also arose during the polishing stage. It was observed that dye 

embedded in the skin began to leech out and contaminated the surrounding material 

causing the blue tinge visible through the entire material cross section. Although the 

penetration points of the microneedles were still visible, the results may have been 

much clearer had the leeching not occurred. As such, it was determined that further 

optimisation of this technique was required in order to improve the results obtained.  

 

Microneedle penetration depths 
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Figure 3.17: Cross section of resin encapsulated skin sample detailing measured 

depth of methylene blue microneedles. 

 

3.3.1.8. OCT 

OCT analysis provided a more accurate method of determining the depth of 

penetration of the microneedle arrays. OCT is a non-invasive optical imaging 

technique that maps variations in reflected light as a function of depth in biological 

samples, similar to ultrasound. Light scattering in skin tissue however, results in 

significantly lower penetration depths than those obtained with ultrasound, with 

depths of approximately 2 mm possible with OCT. Compared with confocal 

microscopy, which is capable of depths of only approximately 0.25 mm, OCT 

provides a valuable technique for real time cross sectional imaging of the epidermis 

and upper dermis which is particularly suited to measuring microneedle penetration 

depth [84, 213]. 

 

Immediately after insertion into porcine skin, the rapid dissolution of the 

PVP/trehalose microneedles resulted in a low level of contrast in the OCT image 

between the skin and the arrays. Despite this, the penetration depths for the 

microneedles were clear and the image (Figure 3.18) illustrated that the 
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PVP/trehalose microneedles penetrated the skin to an average depth of 384 µm, 

which was over half the needle length and corresponded with the results obtained 

from the epoxy resin micro sectioning method (Section 3.2.2.12). The OCT 

technique however, provided more accurate measurements and facilitated the 

analysis of not only the penetration depth but also the average width of the micro-

conduits and the average distance between the base layer of the arrays and the 

surface of the skin sample.  

 

 

Figure 3.18: OCT image detailing the penetration depth of PVP/trehalose 

microneedles into porcine skin. This image shows needle penetration with an average 

depth of 358 ± 31 µm, average micro-conduit width of 246 ± 6.7 µm and the average 

distance between the microneedle base and skin surface of 290 ± 18 µm (n=6). 

 

Lee et al (2016) utilised OCT to examine the penetration depths of spin coated PVP 

microneedles. They observed that needles with a length of 300 µm were capable of 

penetrating to an approx. depth of 250 µm, representing over 80 % of the total needle 

length [213]. As longer needles most likely experience a greater elastic resistance 

from the epidermal and dermal layers as they penetrate more deeply, lower 

penetration depths relative to overall needle length would be expected [84]. This 

hypothesis could therefore explain the penetration depths of approx. 50 % needle 

length for the 750 µm microneedles observed in this study. 

 

Microneedle Base layer 

Stratum corneum Microconduits 



136 

 

3.3.1.9. Drug Activity in Formulation 

Encapsulating therapeutic peptides into a dissolving microneedle system requires that 

the stability of the peptides is not compromised either during the formulation process 

or while the drug is embedded in the microneedle matrix [124]. Polymyxin, a peptide 

antibiotic, was chosen as a model drug for these studies.  

 

In order to determine whether or not the activity of a model drug would be preserved 

during the PVP/trehalose microneedle formulation process, a number of diffusion 

experiments were carried out. Well diffusion and disc diffusion experiments based 

on the Kirby-Bauer Disc method were utilised for these studies. Also referred to as 

the agar diffusion method or disc diffusion method, the Kirby-Bauer Disc method is 

used to determine antibiotic susceptibility of a pathogen. The standard procedure 

involves impregnating a filter disc with an antibiotic and then applying the disc to an 

agar plate which has been inoculated with the organism to be tested. The plate is then 

incubated at 37
 
ºC for 24 to 48 h during which time the antibiotic will diffuse from 

the filter disc into the agar. The concentration of the antibiotic decreases as a 

function of the square of the distance of diffusion until the concentration of the 

antibiotic is too dilute and it no longer inhibits the growth of the microorganism. 

Where the antibiotic has been effective, clear areas are visible on the agar plate 

around the antibiotic disc which indicates no pathogen growth. These areas are 

referred to as zones of inhibition (ZOIs). The diameter of these ZOIs is measured to 

determine the susceptibility of the organism to the antibiotic in question [214].    

 

Normally, factors such as the rate of diffusion of the antibiotic, the concentration of 

the antibiotic, viscosity of the culture medium, interaction of the antibiotic with the 

medium and the sensitivity of the organism to the antibiotic may affect the size of the 

ZOIs. As such, the disc diffusion method is a simple procedure used to determine 

antibiotic activity which does not require special equipment and yields easily 

interpreted results. Interpretation of the ZOIs for the Kirby-Bauer test looks at the 

diameter of the ZOIs with sizes indicating whether the organism is resistant, 

intermediate or susceptible to the antibiotic and as such, the results obtained from 

this method are qualitative [208, 214]. 

 



137 

 

The first experiment examined whether any loss of activity to the drug had occurred 

during the initial stages of the formulation process. As such, these tests were carried 

out using liquid formulations, including a control formulation which contained no 

polymyxin. The results of the control were negative and all the plates tested with the 

drug infused formulation resulted in ZOIs with an average diameter of 22 ± 2 mm 

(n=18) indicating that no loss of efficacy to the drug occurred during the initial 

formulation stages. The next experiment was carried out using drug infused 

formulation that had been cast into both microneedle arrays and discs (similar to 

those used in traditional Kirby-Bauer diffusion tests) (Figure 3.18).  

 

 

Figure 3.19: Polymyxin loaded formulation discs and microneedles arrays. 

 

Again, the ZOI’s on the agar plates with the drug infused discs were on average 21 ± 

1 mm in diameter (n=12) which again suggested that the polymyxin peptide was 

unaffected by this stage of the microneedle fabrication process. In addition to testing 

the drug infused discs, fully formed microneedle arrays with the encapsulated drug 

were scraped over the agar plates prior to incubation, scattering the needles over the 

plate surface. The results indicated that each microneedle formed individual ZOI’s 

equivalent to those formed by the discs (Figure 3.19). 

 

 

Formulation discs 

Drug loaded arrays 
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Figure 3.20: Agar plates after diffusion experiments. (A) Agar plate after well 

diffusion test with polymyxin infused microneedle formulation. (B) Agar plate after 

well diffusion test with microneedle formulation, no drug. (C) Agar plate after disc 

diffusion test with polymyxin infused formulation disc. (D) Agar plate after diffusion 

test with polymyxin infused microneedles. (E) Agar plate after diffusion test with 

polymyxin infused formulation disc after 70 days storage and (F) Agar plate after 

diffusion test with polymyxin infused microneedles after 70 days storage. 

 

Finally, the same diffusion tests were carried out on a batch of drug infused discs and 

microneedle arrays that had been stored in a desiccator for 70 days after fabrication. 

Once again, the ZOIs formed by the discs were an average of 21 ± 1 mm in diameter 

(n=10) indicating no loss of drug activity. Similarly, the plates on which the drug 

loaded needles were scattered showed a multitude of ZOIs comparable to the 

previous plates. As such, it was determined that no loss of drug activity occurred at 

any stage of the formulation and fabrication process and additionally, the activity 

was retained in each individual drug loaded needle. The stability of polymyxin B is 

given as 6 months in powder form and up to one month in suspension at 4 ºC [215]. 

As such, the retention of the drugs’ activity in the formulation after 70 days at room 

temperature indicates that the formulation can successfully maintain the drugs’ 

activity over a prolonged period of time. 

 

The amount of drug incorporated into the needles of each microneedle array was 

calculated as 6.25 µg. Compared with other therapeutic peptides (Table 1.2), the 

A  B C 
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polymyxin B dose would be sufficient for the delivery of many approved therapeutic 

peptide drugs with low daily doses such as exenatide (5 µg daily) and teriparatide (20 

µg daily). 
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3.4. Conclusions 

The 3:1 PVP/trehalose microneedle formulation was extensively characterised using 

a wide range of techniques to establish the suitability of the formulation for the 

systemic delivery of biological pharmaceuticals such as therapeutic peptides and 

proteins. The results of these experiments indicated that the formulation possessed a 

sufficiently high Tg for prerequisite physical stability, exhibited moisture sorption 

behaviour which would facilitate rapid dissolution once applied to the skin (in 

addition to bolus drug delivery) and arrays cast from this formulation were fully 

formed and consistently representative of the master moulds. 

 

In addition to the above, further testing was carried out to examine the mechanical 

strength of the needles to determine the fracture force and skin penetration abilities 

of the arrays. The effect of elevated RH on the needle tip sharpness was also 

examined. The results of the above indicated that the PVP/trehalose formulation 

produced microneedles that were more than adequately robust to penetrate the skin, 

and that kept a sufficient tip radius after exposure to relatively high RH conditions. 

 

Coupled with the characterisation tests, fluorescence microscopy confirmed that 

material from the microneedles did not diffuse into the base layer of the array after 

the casting process. As such, drug material embedded in the microneedle shafts 

would be expected to remain in the needles only and no loss of the drug payload 

through diffusion into the base layer would be expected to occur in a system utilising 

drug loaded needles only. 

 

The skin penetration depths of the PVP/trehalose microneedles were examined using 

both a novel micro-sectioning technique and non-invasive OCT imaging. Both 

techniques illustrated that the microneedles were capable of successfully penetrating 

the SC to an adequate depth to facilitate systemic drug delivery with OCT providing 

additional data in relation the micro-conduit width and the distance between the 

microneedle base and the skin surface. 

 

Finally, the formulation was tested to determine if a model peptide drug could be 

encapsulated in the formulation without any loss of efficacy. A number of well/disc 

diffusion tests were carried out, the results of which indicated that the polymyxin 
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model peptide maintained activity during all stages of the formulation process and 

remained unchanged after 70 days encapsulated in the polymer/sugar microneedle 

arrays.   

 

This study represents the first use of a tertiary formulation consisting of PVP, 

trehalose and glycerol for the fabrication of dissolvable microneedles designed to 

deliver therapeutic peptides transdermally. The characterisation techniques utilised 

provided comprehensive data on the quality of the formulation in respect to the 

envisioned application. In addition, this study has employed techniques such as DVS 

and micro-sectioning in a unique and novel manner to characterise the effectiveness 

of the polymer/sugar formulation in a rapidly dissolvable microneedle system. The 

next stage of this study will involve incorporating a model peptide drug into the 

microneedle formulation and carrying out Franz cell based skin diffusion studies to 

examine the ability of the microneedles to deliver the drug payload through porcine 

skin. 
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CHAPTER 4. PVP AND TREHALOSE BASED 

MICRONEEDLES FOR THE TRANSDERMAL DELIVERY OF 

POLYMYXIN B SULPHATE 
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4.1.  Introduction 

4.1.1. Transdermal Flux and Occlusion 

Permeation of a compound through the SC is generally achieved through passive 

diffusion with no delivery occurring as a result of active transport or migration due to 

external forces such gravity, hydrodynamic flow or electrical fields in the case of 

charged molecules [216, 217]. The routes of permeation are through the intact 

epidermis and skin appendages, such as hair follicles and sweat glands. Although 

these appendages have been proposed as routes by which permeation of charged 

molecules and larger polar compounds (such as peptides) can occur, they account for 

only 0.1 % of total skin area and contribute little to the overall rate of transdermal 

flux [218]. Typical transdermal delivery systems utilise the concentration gradient of 

the drug molecules to traverse the SC and penetrate into the skin. Delivery is via 

molecular diffusion and is proportional to the magnitude of the concentration 

gradient and the permeability of the SC to the drug itself. An increase in either of 

these factors results in an increase in drug flux, which refers to the mass or number 

of drug molecules passing through a cross sectional area over a certain period of time 

[217, 219]. Molecular weight also plays a part in skin permeation with penetration 

occurring only with chemicals having a molecular weight less than approx. 500 Da 

[216]. 

 

Occlusion refers to the process whereby the skin is covered with an impermeable 

material (e.g. tape, dressing, patch, glove) preventing trans-epidermal water loss and 

resulting in a decrease in the water gradient across the SC. This then increases the 

hydration of the SC and ultimately results in an increase in the permeability of the 

outer layers of the skin. Uptake of water into the skin leads to swelling and structural 

changes to lipids and corneocytes within the SC. The main lipid components of the 

SC are long chain ceramides, fatty acids and cholesterol, in contrast to other 

biological membranes where lipid content contains phospholipids. In hydrated 

conditions, fractions of these lipids, in addition to some protein components, become 

fluid leading to increased permeability [220]. Human skin also contains a 

hygroscopic combination of amino acids, amino acid derivatives and salts 

collectively termed natural moisturising factor (NMF). The function of NMF is to 

help maintain tissue pliability through the retention of water within the SC [23]. 
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Studies have shown that the increased permeability arising from occlusion leads to 

improved drug transport irrespective of lipophilicity [221]. The systemic blood 

circulation is then eventually reached once the drug material has successfully passed 

through the skin barrier without degradation [219].  

 

 

4.1.2. Skin Diffusion Testing  

Accurate prediction of the behaviour of a drug in vivo through the application of 

robust and validated in vitro models is essential for the development of appropriate 

formulations for topical transdermal delivery [216]. As part of the increasing interest 

in the skin as a viable site for drug delivery, diffusion cell systems are routinely used 

for static in vitro transdermal drug delivery testing, providing fundamental 

information regarding the interaction between the skin, active ingredient and drug 

formulation. Diffusion cell systems consist of a donor compartment and a receptor 

compartment, separated by the skin sample, which acts as a barrier between the two. 

The material being tested is then placed on the surface of the skin in the donor 

compartment and diffusion through the skin sample is measured by uptake of test 

material into the receptor phase. By providing this information on the transdermal 

behaviour of a drug formulation, diffusion testing is instrumental in the development 

of transdermal products [222].  

 

Diffusion itself is driven by the concentration of the analyte going from high 

concentration to low. In vitro diffusion takes place generally via passive diffusion of 

the permeant through an artificial or biological membrane from the donor chamber 

into the receptor chamber. There are many types of diffusion cell systems available 

including static cell, which may be vertical or ‘side-by-side’, (Figure 4.1) and 

continuous flow/flow through systems. A minimum of 3 parallel cells should be run 

for each formulation being tested however, due the inherent variability encountered 

with biological samples (including skin), 5 or 6 replicates are often used [223]. 

 

Artificial membranes which model biological samples are frequently used in Franz-

type diffusion studies and possess some advantages over actual skin samples in that 

that they are more easily sourced, can be cheaper to obtain and are structurally less 

complex. One of the main advantages of using artificial membranes is the superior 



145 

 

reproducibility of the permeation data obtained compared with the array of variables 

associated with real skin such as sample age, race, sex, anatomical site and general 

individual variabilities [224]. In fact, skin structures can vary between species, 

different strains of the same species and within the same species (depending on 

anatomical site). In addition, variations in percutaneous absorption can occur due to 

skin condition and the level of hydration of the skin [216].  

 

 

 

Figure 4.1: Diagram illustrating the typical set up of a static flow, vertical Franz cell 

system [224]. 

 

Franz type diffusion experiments are commonly carried out using synthetic 

membranes as models for skin which are more easily obtained, cheaper and have less 

complicated structures than biological samples. As such, synthetic membranes can 

provide more reproducible data, eliminating such variables as age, race, gender and 

anatomical site [224, 225]. This holds true for transdermal applications where 

patches are used and although artificial skin models have been utilised in some 

microneedle penetration studies [226, 227], human skin or animal skin models are 

preferable for microneedle based drug diffusion tests. As in vitro diffusion tests aim 

to mimic in vivo conditions as much as possible, the receptor medium most 

commonly utilised is pH 7.4 phosphate buffered saline (PBS) which closely 

resembles physiological fluids [228].  

 

In addition to the variability inherent in biological skin samples, there are many other 

factors which must be considered for Franz type diffusion experiments. Tailor made 
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diffusion cells can exhibit variations in receptor volume and side arm steepness. It is 

also important that the receptor fluid is in constant contact with the underside of the 

skin sample throughout the experiment to allow efficient diffusion into the receptor 

phase to occur. As such, air bubbles in the receptor chamber are to be avoided [222]. 

This is achieved by degassing the receptor fluid prior to the experiment and by 

inverting the diffusion cell when filling the receptor chamber with fluid. Temperature 

control is another factor which must be considered and the temperature of the 

receptor phase must be maintained throughout the experiment at the in vivo skin 

temperature which is 32 ± 1º C [216]. This is crucial given that temperature directly 

affects percutaneous flux, typically doubling the rate of flux with each 10 ºC increase 

[224]. Steady stirring of the receptor fluid is also important to ensure that drug 

material is distributed uniformly in the receptor fluid and also to maintain 

temperature equilibrium. The rate of stirring is also crucial to avoid vortex formation 

which can result in disruption of the static fluid layer directly in contact with the skin 

sample.  

 

 

4.1.3. Polymyxin B Sulphate 

Polymyxin B sulphate, (Section 3.1), was chosen as the model drug in this study for 

a variety of reasons. Primarily, its antibiotic properties allowed for the activity of the 

drug to be evaluated during all stages of the formulation process via a simple Kirby 

Baur diffusion test. Also, it is a widely available and relatively inexpensive. 

Polymyxin B is typically formulated as a sulphate salt for both parenteral and 

inhalation based delivery. It behaves like a detergent and is rapidly bactericidal by 

targeting the outer cell membrane of the bacteria, increasing the permeability of 

membrane and leading to cell death through the leakage of cell contents [202]. 

Polymyxin B has been widely used topically for otic and ophthalmic applications in 

addition to the treatment of certain skin infections [49] and is often used in 

conjunction with other drugs such as neomycin, gramicidin and various steroids 

[229, 230].  
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4.2. Objectives 

Successful delivery of a therapeutic peptide payload is the crux of this dissolving 

microneedle system. Having demonstrated that the PVP/trehalose microneedles have 

sufficient mechanical strength and stability to penetrate skin and can adequately 

protect the activity of a biologically active model peptide within the microneedle 

matrix, the next stage of this study was to examine the ability of the microneedle 

system to successfully deliver a model peptide drug, polymyxin B, through porcine 

skin. 

 

Therefore, the aim of this chapter was to demonstrate the effectiveness of the 

optimum PVP/trehalose microneedles in delivering the model peptide, polymyxin B, 

through porcine skin. In addition to monitoring the levels of drug delivered over 

time, the activity of the polymyxin was monitored at all stages of the formulation and 

drug delivery process to confirm that no loss of activity occurred. High Performance 

Liquid Chromatography (HPLC) was used to detect the drug at different time points 

throughout the diffusion experiment and as such, a HPLC gradient method was 

developed for the detection of polymyxin in an aqueous PBS solution.   

 

The polymyxin B model peptide was incorporated into the PVP/trehalose 

formulation and skin diffusion testing carried out to examine the performance of the 

dissolving microneedles in delivering the model peptide into porcine skin. Franz 

Diffusion cells were utilised in the drug diffusion studies with the drug loaded 

microneedles ex vivo and analysis carried out using HPLC to quantify both the rate 

of diffusion and the level of drug delivered to the skin. Although a number of 

methods have been described using HPLC to analyse polymyxin B samples [206, 

231], further optimisation work was needed on the HPLC method as the samples 

were in a PBS solution containing additional material from the skin sample. 
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4.3. Experimental 

4.3.1. Materials 

Polymyxin B sulphate supplied by Sigma Aldrich 

PVP average weight 40,000 supplied by Sigma Aldrich 

Trehalose D-(+)-trehalose dihydrate (≥98 %) obtained from Fisher Scientific 

Glycerol – ACS grade obtained from Reagecon 

Brain heart infusion (BHI) obtained from Oxoid Microbiology Products 

Salmonella typhimurium (LT2) from Waterford Institute of Technology (WIT) 

culture collection 

Porcine ear skin (untreated) from male and female animals aged 5.5 years – supplied 

by Dawn Pork and Bacon, Waterford, Ireland 

Phosphate buffered saline (PBS) solution obtained from Fischer Scientific 

 

 

4.3.2. Methods 

4.3.2.1. Polymyxin Loaded Microneedles 

Polymyxin loaded microneedles were prepared using the same fabrication methods 

described in Section 2.3.2.3. A 3:1 PVP/trehalose formulation with 2% w/w glycerol 

was prepared in 10 mL of DI water. 200 mg of polymyxin B sulphate was added to 

the formulation and mixed thoroughly until the polymyxin was fully dissolved. The 

loaded formulation was then used to cast microneedle arrays using the vacuum oven 

method described in Section 2.3.2.4. The dimensions of these arrays were as before: 

324 needles with 750 µm length shafts with a base width of 200 µm and inter-needle 

spacing of 600 µm. Each batch formulated consisted of approx. 20 microneedle 

arrays. 

 

 

4.3.2.2. SEM 

The instrument used for this experiment was a Hitachi S-2460N SEM with all 

settings as per Section 2.2.2.7. 
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4.3.2.3. TGA 

The instrument used for this experiment was a TA Instruments Q50 TGA. The 

experiments were carried out as per Section 2.2.2.8 with no deviation in the settings. 

 

 

4.3.2.4. DSC 

The instrument used for this experiment was a TA Instruments QS 2000 DSC. The 

experiments were carried out as per Section 2.2.2.9 with no deviation in the settings. 

 

 

4.3.2.5. DVS 

The instrument used for this experiment was a Surface Measurements Systems DVS 

Intrinsic. The programme settings used were as per Section 2.2.2.10 with no 

deviation. 

 

 

4.3.2.6. High Performance Liquid Chromatography (HPLC) 

HPLC analysis was carried out using an Agilent 1200 with an Xterra reversed phase 

C18 5 µm 4.6 x 250 column. A gradient method was developed using two mobile 

phase components: mobile phase A (water with 0.1 % trifluoroacetic acid (TFA)) and 

B (acetonitrile with 0.08 % TFA). Starting with 95 % mobile phase A and 5 % B, the 

gradient changed to 40% B over 30 min and back to 5 % B at 35.10 min, holding 

then for a total run time of 40 min. The injection volume was 40 µL with a flow rate 

of 0.5 mL/ min, column temperature of 40 º C and the detection wavelength was set 

at 214 nm. 

 

 

4.3.2.7. Liquid Chromatography–Mass Spectrometry (LC-MS)  

LC-MS was carried out using an Agilent Technologies 1200 series LC-MSD Trap 

XCT Ultra. An Agilent Eclipse XDB C18 5 µm 4.6 x 150 mm column was used and 

the LC settings were as follows: column flow rate was 500 µL/ min, column 
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temperature was set at 40 ºC and the injection volume was 5 µL. The detector was set 

at 212, 220, 230 and 280 nm. A gradient method was developed using two mobile 

phase components: mobile phase A (water with 0.1 % formic acid) and B 

(acetonitrile with 0.1 % formic acid). Starting with 95 % mobile phase A and 5 % B, 

the gradient changed to 95 % B over 50 min and back to 5 % B at 55 min, holding 

then for a total run time of 60 min. The MS system was used in positive mode with 

electrospray ionisation (ESI). The nebuliser was set at 50 psi, the dry gas at 10 L/ 

min and the dry temperature used was 350 ºC. 

 

 

4.3.2.8. Franz Cell Diffusion Test 

Prior to the skin diffusion tests, 5 of the polymyxin loaded arrays were taken from 

the microneedle batch and content uniformity testing carried out with each being 

tested for weight, total needle weight and drug content. Each array was placed in an 

amber vial containing 4 mL of PBS and fully dissolved with the aid of a vortex 

mixer. Each sample was then filtered using a 0.45 µm syringe filter and analysed 

using HPLC. For each sample of loaded microneedles, 8 Franz cells were used: 6 

drug loaded samples and 2 drug loaded formulation discs as controls. Each array was 

weighed and the drug content calculated using the calibration curve obtained from 

the content uniformity test. 

 

For the skin diffusion experiments, freshly excised skin (porcine ear), which was 

obtained prior to steam treatment to preserve SC integrity and stored at -20 ºC, was 

utilised. After thawing, the skin was then cut into approx. 225 mm
2
 pieces and all 

subjacent cartilage, muscle and adipose tissue was carefully removed with a surgical 

scalpel and each piece examined for any physical damage or disruption to the SC, 

discarding any damaged samples. The edges of the receptor cells and donor cells 

were lightly coated with silicon grease to prevent leakage during receptor cell filling 

and to seal the cell during the diffusion experiment. Once prepared, the skin samples 

were washed with PBS buffer and kept on wet tissue at 4 ºC to prevent them from 

drying out prior to testing. Skin samples were taken from the same general area of 

the ear to limit variability in skin thickness as much as possible. 
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Loaded microneedles were then applied to the skin samples with gentle thumb 

pressure and held for approx. 30 s. Skin samples were then loaded onto the Franz 

cells and the donor and receptor cells were clamped together. The receptor 

compartment was then filled with exactly 4 mL of the PBS buffer solution (receptor 

phase), keeping the cells inverted during the filling process to avoid air bubbles 

forming between the bottom of the skin sample and receptor phase, thus ensuring 

contact between the skin sample and the receptor phase. The loaded Franz cells were 

then placed in a heated water bath (37 ºC) with continuous magnetic stirring. 

Aliquots of 500 µL were taken at pre-established time intervals (1, 2, 3, 4, 5, 22 h) 

and replaced with the same volume of fresh, warmed PBS buffer soln. Each 500 µL 

aliquot was syringe filtered with a 0.45 µm filter and analysed using HPLC. 

 

To determine the levels of drug remaining on the skin surface and contained within 

the skin itself, the cells were dismantled after the diffusion experiments at 22 h and 

the SC surface of each skin sample was swabbed with cotton buds which were then 

placed in amber vials with 2 mL of PBS solution. Each skin sample was then 

dissected into approx. 20 pieces and placed in amber vials with 2 mL of PBS buffer 

solution also. Both sets of vials were then placed in an orbital shaker at 200 rpm for 4 

h. After this, samples were taken from each vial, syringe filtered and analysed by 

HPLC. 

 

 

4.3.2.9. Well Diffusion  

Well diffusion tests were carried out as per Section 3.2.2.2, to monitor the activity of 

the polymyxin after the skin diffusion tests. 2 samples were taken from the receptor 

phase after 22 h and were applied to inoculated plates as before. 6 plates were used in 

total with 4 sample plates, 1 standard consisting of a 0.08 mg/ mL polymyxin 

solution and 1 control consisting of the microneedle formulation with no drug.   

  



152 

 

4.4. RESULTS & DISCUSSION 

4.4.1. HPLC Method Development and Optimisation 

Polymyxin is a complex antibiotic consisting of many closely related decapeptide 

components (mainly B1, B2, B3) and up to 30 additional polypeptides [201, 230]. 

Although microbiological and chemical methods have been used to determine 

polymyxin in samples, specificity is limited and these methods cannot provide 

information on the drug composition. HPLC analysis has been utilised to examine 

the components of polymyxin and have included both isocratic and gradient methods 

in addition to a range of mobile phases and buffers [201, 205, 230, 232]. In addition, 

the low UV absorption and absence of natural fluorescence makes the quantification 

of polymyxin quite difficult [205] with many studies developing LC analysis 

methods utilising UV detection wavelengths ranging from 200 – 254 nm [233].  

 

For the purposes of this study, a reverse phase gradient HPLC method was developed 

utilising two mobile phase components: water (0.1 % TFA) and acetonitrile (0.8 % 

TFA). The method was optimised by adjusting the experimental parameters 

including gradient composition, column temperature, injection volume, flow rate and 

detector wavelength to achieve sufficient separation and resolution of the component 

peaks in order to effectively quantify the drug at a concentration relevant to the 

ensuing diffusion testing. The sample of polymyxin B used in this study consisted 

primarily of the B1 and B2 components with B1 comprising 60-70% of the sample. As 

such, HPLC analysis resulted in the resolution of two main peaks. Quantitation of 

polymyxin in the samples was therefore carried out based on the area under the main 

peak which was attributed to the polymyxin B1 component of the drug, confirmed by 

LC-MS analysis. 

 

The HPLC method was developed and validated in accordance with International 

Conference on Harmonisation (ICH) guidelines [234]. Limits of detection (LOD) and 

limits of quantitation (LOQ) were determined based on the standard deviation of the 

response and the slope of the representative calibration curve. The LOD was 

determined as 3.9 µg/ mL and the LOQ was determined as 11.8 µg/ mL. Calibration 

curves for the polymyxin standards were linear in the concentration range of 10 µg/ 

mL to 500 µg/ mL with r
2
 value of > 0.99 based on the area under the polymyxin B1 
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peak. Blank PBS solutions that had been left overnight with skin samples immersed 

were analysed to confirm there were no interfering compounds within the skin with 

the same retention time as the polymyxin peaks. 

 

Initially, a gradient method with a total run time of 60 min was utilised. However, 

the parameters of the method were optimised with the overall method time reduced 

to 40 min and elution of the polymyxin peaks obtained at 25 min. Column 

temperature was initially set at 30 ºC but was increased to 40 ºC as an increase in 

column temperature corresponded with a decrease in polymyxin retention time. The 

temperature was subsequently maintained at 40 ºC for this method. The injection 

volume was initially quite high at 80 µL in order to quantify the polymyxin peaks 

however, after further optimisation of the method, the injection volume was 

sufficient at a reduced volume of 40 µL. 

 

The drug content of the 5 microneedle arrays selected for the content uniformity test 

was calculated using the standard curve obtained from the polymyxin standards. The 

weight of the 5 arrays ranged from 68.36 mg to 90.39 mg. The calibration curve 

obtained from these arrays (Figure 4.2) was subsequently utilised to calculate the 

drug content of each of the diffusion test arrays in addition to the control discs. The 

estimated drug content of the needles in each array was also calculated using the 5 

content uniformity arrays. Each array was weighed before and after the needles were 

scraped off the base and the mean weight of the needles on each was calculated. The 

mean weight of needles per array was calculated as 5.27 mg with the weight 

equivalent drug content of the needles calculated as 0.22 mg. 
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Figure 4.2: Plot of polymyxin concentration vs. array weight. The resulting linear 

equation was used to calculate the quantity of polymyxin in the arrays used for the 

Franz diffusion test. 

 

Analysis of the PBS buffer after incorporating skin into solution indicated that none 

of the unknown skin material peaks eluted at the same retention time as the 

polymyxin components. However, during the diffusion tests, interference peaks were 

observed at 7 min and 15 min due to unknown materials most likely originating from 

the porcine skin sample or part of the microneedle formulation. The gradient method 

was adequately capable of separating out the various components within the sample 

to avoid any interference with the polymyxin peaks (Figure 4.3).  
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Figure 4.3: Chromatogram detailing polymyxin B1 peak elution at 25 min from 

sample taken during skin diffusion test. 

 

The use of polymyxin as a model drug for this study was not completely ideal, 

however, given that it has a very low UV absorbance and does not fluoresce to any 

significant degree which makes it difficult to detect at low concentrations [205]. 

Therefore, higher concentrations of the drug were added to the microneedle 

formulation to enable detection and as such, this posed the risk of potentially 

adversely affecting the structural and mechanical integrity of the microneedle shafts 

and subsequently, their ability to effectively penetrate the skin. Therefore, it was 

necessary to carry out further characterisation testing on the polymyxin loaded arrays 

including SEM, DVS and thermal analysis to examine the effect, if any, the high 

drug content would have on the properties of the arrays, compared with the unloaded 

formulation (Section 3.3). 

 

 

4.4.2. LC MS Analysis of Polymyxin Peaks 

To confirm the composition of the supplied polymyxin B model drug, LC-MS 

analysis was carried out (Figure 4.4, Figure 4.5) to determine that the main 

components of the sample were polymyxin B1 and B2.  Polymyxin B1 has a molecular 

weight of 1203.5 g/mol (exact mass of 1202.8 g/mol) and polymyxin B2 has a 

molecular weight of 1189.5 g/mol (exact mass 1188.7 g/mol). 

B1 peak 
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Figure 4.4: LC-UV chromatogram of polymyxin sample showing the polymyxin B1 

peak  at 12.8 min (top) with the corresponding mass spectrum of the peak displaying 

the [M+H]
+
 ion at m/z = 1204 Da (bottom). 

 

The B1 composition was given by Sigma Aldrich as between 60 - 70 %. The m/z 

values obtained for both the B1 and B2 peaks were as expected for the B1 and B2 

components. Analysis of the composition of the polymyxin sample confirmed that 

the main peak was the B1 component. Further analysis of the drug after the diffusion 

experiments would be based on the area under the polymyxin B1 peak. 

 

B1 peak 
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Figure 4.5: LC-UV chromatogram of polymyxin sample showing the polymyxin B2 

peak  at 11.9 min (top) with the corresponding mass spectrum of the peak displaying 

the [M+H]
+
 ion at m/z = 1190 Da (bottom). 

 

 

4.4.3. Polymyxin Stability & Well Diffusion  

A polymyxin solution (1 mg/ mL) was prepared and then immediately analysed 

using the developed HPLC gradient method. The solution was then stored at -20 ºC 

for 5 days after which, the solution was left to thaw at room temperature for a 

number of hours before being analysed using the same HPLC method. No change in 

retention time or peak area was observed and no degradation peaks were evident 

indicating that the polymyxin solution was unaffected by storage at -20 ºC for short 

periods of time. As such, it was determined that rather than requiring immediate 

analysis, samples collected during the skin diffusion experiments could be stored at -

20 ºC for analysis at a later date. 

 

In addition, samples collected from the receptor phase of the Franz cells during the 

skin diffusion experiments were incorporated in a well diffusion experiment to 

B2 peak 
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examine the activity of the drug after application and subsequent diffusion through 

the skin. It was theorised that potential degradation and loss of activity as a result of 

the possible presence of peptidases in the skin matrix [235-237] may have occurred 

during the skin diffusion experiment. A standard solution containing 0.08 mg/ mL of 

polymyxin was used as the equivalent concentration of drug contained in the receptor 

phase after application. All the samples exhibited ZOI’s of approx. 10-11 mm in 

diameter with the control exhibiting no ZOI’s, as expected. As such, it was 

concluded that the activity of the polymyxin was unaffected by the application and 

skin diffusion process.  This indicated that incorporation of the peptide into the 

microneedle system and subsequent application would not cause any loss of activity 

and the efficacy of the loaded dose would be retained 

 

 

4.4.4. SEM 

SEM analysis indicated that the polymyxin loaded microneedles were fully formed 

and visually free from any structural defects. The needles were solidly formed with 

very sharp tips (Figure 4.6). As such, it was determined that the addition of the 

polymyxin drug payload to the microneedle formulation did not adversely affect the 

casting and formation of the arrays. 
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Figure 4.6: SEM image of polymyxin loaded PVP/trehalose microneedles. 

 

4.4.5. Thermal Analysis 

Thermal analysis of the drug loaded microneedles indicated that the addition of 20 

mg/ mL of polymyxin had little to no effect on the degradation profile of the 

microneedle formulation. As per Figure 4.7, the degradation profile of the polymyxin 

loaded microneedle formulation was not significantly different to the unloaded 

sample (Figure 3.5) which was as expected given that the drug content was a 

relatively minor component of the formulation (0.05 % w/w). 
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Figure 4.7: TGA thermogram detailing the degradation profile of optimum 

PVP/trehalose microneedle formulation sample (8.14 mg) incorporating 20 mg/ mL 

polymyxin. 

 

DSC analysis indicated a reduction in Tg with the polymyxin loaded microneedle 

arrays compared with unloaded arrays from 111.25º C to 99.31º C (Figure 4.8). Nair 

et al (2001) carried out a study on the influence of a variety of small molecule drug 

on the Tg of PVP and reported significant lowering of Tg by as much as 40 ºC in PVP 

blends containing only 10 % w/w drug. The plasticising effect was attributed to 

hydrogen bonding interactions between the drug and the PVP [238]. Greater 

interaction between the PVP and the relatively larger polymyxin molecules could 

therefore potentially account for the observed drop in Tg although further studies 

would be required in this area. This reduction in Tg however, was not deemed to be 

detrimental to the functionality of the arrays or to have any significant effect on the 

structural integrity of the microneedles. 
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Figure 4.8: DSC thermogram detailing the Tg of the optimum PVP/trehalose 

microneedle formulation sample incorporating 20 mg/ mL polymyxin. 

 

4.4.6. DVS 

DVS analysis of the polymyxin loaded microneedle formulation was utilised to 

examine the water sorption properties of the PVP/trehalose microneedle formulation. 

Figure 4.9 illustrated that the mass increase of approx. 25% due to water sorption and 

the level of hysteresis was similar to that of the unloaded 3:1 PVP/trehalose 

formulation (Figure 3.6).  As such, little effect on the sorption properties of the 

formulation was observed as a result of the addition of the polymyxin drug payload. 
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Figure 4.9: Sorption isotherm of polymyxin loaded MN’s detailing level of 

hysteresis. 

 

 

4.4.7. Skin Diffusion 

Often animal skin models are used for in vitro penetration studies given that access 

to human skin can be difficult to obtain [239]. Many animal skin models exist from 

various mammals, rodents and reptiles, however, porcine skin was chosen for this 

study for a variety of reasons. Pig skin is generally regarded as a better skin model 

than most animal models, being closer to human skin based on biochemical 

properties, morphological and functional data. In addition, porcine ear skin is 

regarded as particularly suitable for permeation studies, giving results comparable 

with human skin [240]. Pig skin is also more readily available as waste material from 

slaughterhouses, which was the source of porcine skin for this study. The skin 

samples were stored at -20º C for 1-2 months before use, however, this was not 

expected to affect the permeability of the samples [216, 223]. 

 

The Franz cells were set up in a large water bath (Figure 4.10) with the temperature 

set to 37º C and the diffusion cells sitting in approx. 5 mm of water. The surface 

temperature of the skin sample was allowed to reach approx. 32º C, as per the 
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physiological temperature of the skin [241]. Great care was taken to ensure that each 

cell was placed upright and level to avoid any displacement of the receptor phase or 

drug material from the skin surface. The donor chambers were not covered to 

minimise the effects of occlusion where possible and during each sampling stage, the 

receptor chamber was checked to ensure no bubbles had formed directly beneath the 

skin sample, which could have adversely affected diffusion into the receptor phase. 

Care was also taken to avoid introducing air bubbles into the receptor phase when 

replacing fresh PBS solution during the sampling stages. 

 

 

Figure 4.10: Franz diffusion cells set up on a Mixdrive 15 multi-position magnetic 

stirrer in heated water bath. 

 

The diffusion test results indicated that the drug loaded microneedles initially 

delivered the polymyxin payload at a relatively rapid rate compared with the control 

during the first 5 h of the application (Figure 4.11). This suggested that during the 

initial stages of the application, the micro-channels created by the needles facilitated 

a rapid uptake of the drug payload. After this initial burst release, the levels of drug 

diffusion reverted to a rate approx. equivalent to the control disc. The rate of 

diffusion after this point most likely indicated the effects of occlusion caused by the 
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arrays covering the skin surface in addition to continuing diffusion through the 

micro-conduits. The results also indicated that, in addition to the drug contained 

within the microneedle shafts, drug material within the backing layer continued to 

diffuse into the skin via a combination of the micro-conduits created by the needles 

and the onset of occlusion. This diffusion of drug material from the base layer has 

not to the authors knowledge been previously observed with dissolving microneedle 

delivery of bioactive macromolecules without additional enhancement techniques 

[91]. Significantly, the results indicated that the drug payload within the needle 

shafts (0.22 mg) was rapidly delivered through the skin within 2 h (Table 4.2). 

Additionally, the rate of delivery from the microneedles was much higher over the 

initial 3 to 4 h of the experiment. 

 

 

Figure 4.11: Plot of drug concentration delivered over time for microneedle arrays 

(n=3) and control disc. 

 

As dissolution of PVP based microneedles is quite rapid [242], the microneedle 

mediated burst release was evident with the arrays. However, the viscosity of the 

PVP within the microneedle formulation as it began to hydrate may have been 

responsible for initiating occlusion, resulting in the increased drug diffusion observed 

in both the arrays and the control discs [23, 243]. A high degree of variability is 

commonly encountered when carrying out Franz cell diffusion tests on biological 
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samples and this is evident from the relatively large error bars indicating standard 

deviation across the samples [219, 222, 224].  

 

Given that the main barrier to skin permeation is the non-viable SC, Fick’s diffusion 

law (Equation 1.1) has been widely utilised to describe the diffusion process [240]. 

The permeation of molecules through the skin occurs, however, as a result of a 

number of physical, chemical and biological interactions many of which are 

nonlinear and as a result, mathematical modelling of percutaneous absorption can be 

challenging. To determine which kinetic model best described the release rate in each 

case, the polymyxin release data of the initial 5 h of the experiment for both the 

arrays and the control were examined using zero order, first order and Higuchi 

models. When the release rate is constant and independent of the drug concentration, 

zero order kinetics apply. The basic zero order equation is given as: 

 

𝑪 = 𝑪𝟎 − 𝑲𝟎𝒕    Equation 4-1 

Where: 

 C = amount of drug released 

 C0 = initial amount of drug in solution 

 K0 = Zero order rate constant 

 t = time (h) 

 

To examine the release kinetics in relation to zero order, data is plotted as cumulative 

drug released as a function of time [244]. Similarly, first order kinetics can be used to 

describe the release of water soluble drug material in porous and highly permeable 

materials [217, 244]. The first order equation can be given as: 

 

𝑳𝒐𝒈 𝑪 = 𝑳𝒐𝒈 𝑪𝟎 − 𝑲𝒕/𝟐. 𝟑𝟎𝟑    Equation 4-2 

Where: 

 C0 = initial drug concentration 

 K = First order constant 

 t = time 
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When first order kinetics apply to a release rate, a straight line is obtained with a 

slope equal to K/2.303 when log of cumulative remaining drug is plotted against time 

[244]. 

 

The Higuchi equation was initially developed to describe the diffusion of a drug from 

an ointment and then later applied to solid drug diffusion dispersed in homogenous 

and granular matrix systems. Based on the principles of diffusion described by Fick’s 

Law, the Higuchi equation describes the release of drug from a variety of topical 

dosage forms [245, 246]. The basic Higuchi equation is given as: 

 

𝑪 = [𝑫 (𝟐𝒒𝒕 − 𝑪𝒔)𝑪𝒔𝑡]𝟏/𝟐    Equation 4-3 

Where: 

 C = total drug release per unit area of the matrix (mg/cm
2
) 

 D = diffusion coefficient for the drug in the matrix (cm
2
/h) 

 qt = total drug in a unit volume of the matrix (mg/cm
3
) 

 Cs = dimensional solubility of the drug in the polymer matrix (mg/cm
3
) 

 t = time (h) 

 

Higuchi’s model is based on a number of assumptions namely, that the initial drug 

concentration is higher than the drug solubility, drug diffusion occurs in one 

dimension, the drug particles are smaller than the thickness of the system, matrix 

swelling is negligible, perfect sink conditions are maintained and the diffusivity of 

the drug is constant. To determine whether the release kinetics fit this model, data is 

plotted as the cumulative percentage of drug release as a function of the square root 

of time (h) [244]. 

 

The data for the drug release from the arrays after 5 h (Table 4.1) most closely fit the 

Higuchi diffusion model, being linear with an r
2
 of 0.9842 and directly proportional 

to the square root of time. As such, this indicated that the permeation rate was 

decreasing over the 5 h period in tandem with a decrease in drug concentration 

delivered. 
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Table 4.1: Results of model fitting for arrays and control 5 h. 

Arrays Model SSR r
2
 Slope Intercept 

 Zero order 36.1116 0.956 8.86 -6.24 

 First order 0.0007 0.9724 -0.05 2.039 

 Higuchi 12.9514 0.9842 29.187 -28.61 

      

Control Model SSR r
2
 Slope Intercept 

 Zero order 2.2905 0.9926 5.5747 -5.0865 

 First order 0.0001 0.9851 -0.0277 2.0276 

 Higuchi 12.0956 0.9612 17.782 -18.2 

 

This could be attributed to the initial ‘burst’ release of polymyxin from the needles 

after application of the microneedle arrays which then reverted to a more steady 

release rate, comparable to the control after the same time period. The release of the 

drug from the control was determined to follow zero order kinetics, indicating that 

the rate remained constant irrespective of the drug concentration. This typically 

occurs where an excess of drug is applied to the skin surface and the depletion of 

drug over time is insignificant [218]. 

 

Transport of drug material across the skin typically involves molecular diffusion and 

is proportional to the drug concentration gradient and permeability of the SC to the 

drug itself [219]. Many properties of the skin are altered by occlusion including SC 

permeability, skin hydration, epidermal lipid composition and other cellular and 

molecular processes. Trapping of moisture, which would normally be lost from the 

skin surface, occurs leading to increased hydration of the SC and swelling of the 

corneocytes in addition to increased water uptake in the intercellular skin lipids. The 

barrier properties of the SC are reduced as a result of increased hydration and, as the 

SC is extremely hygroscopic, 500 % of its dry weight in moisture can be absorbed in 

approx. 1 h when immersed in water [25]. The temperature of the skin surface is also 

increased from 32 to 37 ºC. These factors all contribute to changes in percutaneous 

absorption [247].  

 

The use of occlusion to improve the skin penetration properties of transdermally 

applied drugs is common given that water is an effective and safe permeation 
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enhancer [243], however, its effectiveness is not universal. Increased drug 

penetration has been observed in the case of lipid-soluble, non-polar molecules with 

less of an effect seen with more polar molecules. The effect of occlusion can be 

attributed to a number of factors such as partition coefficient, physico-chemical 

characteristics and the molecular weight of the drug [25]. In addition to the 

application of impermeable materials such as dressings or transdermal patches, 

occlusion can be achieved through the application of highly viscous or lipid based 

excipients [247]. Experimental requirements of percutaneous penetration such as the 

avoidance of evaporation from donor cells, loss of analyte and the maintenance of 

cell thermodynamics results in most studies being carried out under occlusive 

conditions [216, 247].  

 

The diffusion of the drug which was apparent in both the microneedle treated skin 

samples and the control indicated that, contrary to expectations for a water soluble 

peptide drug, permeation through the skin is possible (Table 4.2). 

 

Table 4.2: Drug diffusion at each time point and total drug recovered compared with 

measured drug content of each array and control. 

Time (h) Arrays (mg) 

(n=3) 

Control (mg) 

(n=2) 

1 0.004 ± 0.001 0.017 ± 0.016 

2 0.219 ± 0.128 0.076 ± 0.027 

3 0.476 ± 0.321 0.141 ± 0.014 

4 0.591 ± 0.319 0.223 ± 0.007 

5 0.675 ± 0.33 0.311 ± 0.011 

22 1.517 ± 0.209 0.991 ± 0.013 

Surface 0.134 ± 0.179 0.056 ± 0.056 

Skin 0.281 ± 0.142 0.271 ± 0.026 

   

Total drug recovered (mg) 1.933 ± 0.297 1.319 ± 0.155 

Measured drug content 

(mg) 

2.156 ± 0.068 1.689 ± 0.031 

% Drug Recovered 89.7 % 78.1 % 

 

In the case of the microneedle treated skin, the creation of micro-conduits by the 

needles themselves would be expected to facilitate the transportation of drug material 

through the SC and into the dermal layers. These micro-conduits were expected to 

remain open and allow drug material from the backing layer to continue to permeate 

long after initial application, with numerous studies indicating that micro-conduits 
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can remain open in living tissue for periods up to 72 h after treatment with 

microneedles [17, 73, 94, 98]. This was indicated by the fact that the concentration of 

drug contained in the receptor phase after 22 h (1.5 mg) far exceeded the calculated 

drug content of the needles themselves (0.22 mg). As such, it was clear that drug 

material from the base of microneedle arrays continued to diffuse into the skin after 

initial application and after the needles had delivered their drug payload. In contrast, 

the permeation of drug material through the control sample cannot be attributed to 

micro-conduits and may have been as a result of occlusion due the application of the 

PVP/trehalose formulation disc. Softening of the disc on contact with the skin 

surface would have resulted in the polymer/sugar formulation trapping moisture 

under the disc and causing the occlusive effect through retained moisture within the 

SC. This in turn would have affected the barrier properties of the SC and resulted in 

increased SC permeation [23]. This occlusion would have occurred with both the 

microneedle samples and the control and as such, may have resulted in steady 

delivery rate of drug in both sets over the 22 h of the experiment.  

 

The microneedle formulation itself may also have contributed to the permeation of 

the polymyxin through the skin. The diffusion of drug from the control indicated that 

either the occlusive effects of the polymer/ sugar formulation or the permeation 

enhancement abilities of the formulation resulted in penetration of the polymyxin 

through the SC. Zhang et al [248] carried out peptide skin penetration studies, 

utilising solid microneedles to pre-treat porcine skin prior to application of aqueous 

peptide formulations. Controls consisted of the application of the peptide formulation 

to un-treated porcine skin. Drug permeation of the control samples was negligible 

which indicated that passive permeation across untreated skin was not viable without 

utilising some form of permeation enhancement. Transdermal patches incorporating 

PVP have been shown to have favourable drug permeation qualities [249, 250] and 

may indicate the permeation enhancement qualities of PVP to some extent. 

 

When carrying out skin diffusion experiments, intra laboratory variability refers to 

variability which occurs due to natural variation in skin samples (inter subject 

variability), skin preparation techniques and analytical methods [239]. The variability 

observed between samples in relation to the amount of polymyxin in the receptor, the 

skin itself or remaining on the surface can be attributed to variations in the 
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composition of the samples themselves and variations in the thickness of each skin 

sample given that they were prepared by hand. Extraction of residual drug material 

from the skin sample was carried out by dissecting the skin after the diffusion 

experiment into approx. 20 pieces and immersing the skin in 2 mL of PBS and then 

subjecting it to agitation for approx. 4 h. A homogeniser was trialled as a means of 

extracting the maximum amount of residual drug at the end of the experiment 

however, the instrument required a minimum of 10 mL of sample solution in order to 

effectively homogenise the sample. As immersing the skin sample in 10 mL of PBS 

would have resulted in the sample being too dilute to analyse, the homogeniser 

method was not progressed. 

 

Developing an efficient drug extraction procedure for diffusion studies can be 

challenging as interactions between the analyte and skin matrices, such as lipids and 

proteins, can result in low drug recovery [251]. Where full thickness skin is used, one 

potential disadvantage is that certain drugs, particularly lipophilic compounds, can be 

retained in the dermis instead of diffusing into the receptor fluid [216]. Despite this 

however, recovery of the drug was high across all arrays (average 90 %) and the 

control (average 78%) as per Table 4.2, with the majority of drug recovered from the 

receptor phase indicating that most of the drug payload was delivered through dermal 

layers of the skin.  
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4.5. Conclusions 

The polymyxin model drug was incorporated into the PVP/trehalose microneedle 

formulation and successfully delivered through porcine skin. The activity of the 

model peptide was monitored at all stages of the process using well diffusion tests 

with no loss of activity observed. A HPLC method was also developed and optimised 

to separate and quantify the polymyxin from samples taken during the skin diffusion 

studies. 

 

The fact that the needles were heavily loaded with the polymyxin drug to account for 

its low detectability and that successful delivery through porcine skin was achieved 

nonetheless indicated that the microneedle formulation was more than adequately 

robust to deliver more potent, low dosage peptides without any loss of mechanical 

strength or skin penetration ability. Delivery of drug through the skin from the 

control discs also suggested an enhanced permeation effect which could be attributed 

to the microneedle formulation itself, particularly PVP.  

 

This study represents the first use of a PVP/trehalose based dissolving microneedle 

system to deliver a therapeutic peptide which has proven to retain the activity of the 

drug payload through all stages of the formulation process. The successful delivery 

of the polymyxin model drug exhibited the effectiveness of the microneedle system 

and as such, the next stage of the study will be to incorporate 2 synthesised 

therapeutic peptide analogues to examine the effectiveness of the microneedles in 

delivering peptides with a range of sizes and properties.  
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CHAPTER 5. DISSOLVING MICRONEEDLE BASED 

TRANSDERMAL DELIVERY OF SYNTHESISED PEPTIDE 

ANALOGUES 
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5.1. Introduction 

5.1.1. Peptide Drugs 

The chemical diversity of peptides and proteins is unmatched by any other class of 

biological molecule and the specificity of naturally occurring polypeptides has been 

refined by millions of years of evolution [43]. They are generally highly selective, 

efficacious and are effective in low concentrations [46]. Peptides play a crucial role 

in the regulation of most physiological processes and their therapeutic application 

has included uses in areas such as neurology, endocrinology and haematology [49]. 

However, they do have a number of drawbacks (Table 5.1) including relatively high 

production costs, poor metabolic stability and poor oral bioavailability.  

 

Research is ongoing into developing the potential of a vast array of anti-microbial 

peptides as alternatives to traditional antibiotics [252]. Similarly, exploring the 

application of peptides as vaccines is ongoing with advantages over existing vaccines 

including ease of quality control, chemical stability and the absence of toxic or 

infectious material [44]. 

 

Table 5.1: Advantages and disadvantages of peptide drugs [253]. 

Advantages Disadvantages 

High potency Poor metabolic stability 

High selectivity Poor membrane permeability 

Broad range of targets Poor oral bioavailability 

Potentially lower toxicity than small 

molecules  

High production costs 

Low tissue accumulation Rapid clearance 

High chemical and biological diversity Sometimes poor solubility 

Discoverable at peptide and/or nucleic 

acid levels 

 

 

 

Over 100 peptide pharmaceuticals are currently available on the market in the U.S., 

Europe and Japan. The peptide drug market is estimated to be worth approx. US$15 
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billion annually in the U.S. alone with growth expected to result in market value of 

$23 billion by 2020 [254]. Of the many peptide based drugs available on the market 

today, the majority are smaller peptides consisting of 5-10 amino acids [253] 

including synthetic peptide drugs such as Sarenin® (8 aa), Integrilin® (7 aa), 

Firazyr® (10 aa), Tymtran® (10 aa), Kinevac® (8 aa), Peptavlon® (5 aa) and 

Zoladex (10 aa) to name a few [53].  

 

 

5.1.2. Peptide Drug Delivery 

The advantages of pharmacological peptides and proteins, which include high 

specificity and safety, are offset by the limitations in delivery methods available, 

notably the unsuitability of oral delivery due to gastrointestinal degradation, loss of 

activity and low intestinal absorption due to their hydrophilicity [47]. However, 

research continues into developing alternatives to the classic subcutaneous, 

intramuscular and intravenous delivery routes. These include nasal, pulmonary, 

sublingual and transdermal as well as studies aiming to make oral delivery viable 

[44, 255].  

 

Transdermal delivery of peptides and proteins is hampered by the SC which provides 

an effective barrier to molecules that are charged, hydrophilic and have relatively 

high molecular weight. Strategies such as chemical or physical permeation enhancers 

and chemical or formulation modification techniques have been utilised to enhance 

dermal delivery of peptide and protein drugs [22]. Certain peptides however, have 

demonstrated permeation enhancement qualities for both transdermal and cell 

penetration applications. Investigations into the ability of certain peptides to act as 

skin permeation enhancers for macromolecules have been carried out with 

hypotheses on modes of action ranging from transient pore formation to interactions 

with skin lipids or keratin [256-258].  

 

Microneedle mediated delivery of biopharmaceuticals has been explored, particularly 

the use of coated and dissolvable microneedle systems for the transdermal delivery 

of biologics such as vaccines [137-140]. The presence of various immunocompetent 

cells in the skin such as Langerhans cells, keratinocytes, dendritic cells and mast 

cells make transdermal vaccine delivery an attractive prospect. In addition, 
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transdermal delivery of insulin using microneedle systems has been widely 

investigated [135, 136, 143]. The transdermal delivery of therapeutic peptides using 

microneedle technology has also been explored with studies focussing on coated 

microneedle systems [259] and utilising pre-treatment of porcine skin with solid 

microneedles prior to the application of topical peptide formulations [248]. PVP 

based microneedles have also been investigated in the transdermal delivery of 

proteins [242]. 

 

 

5.1.3. Peptide Synthesis 

Chemical synthesis, in particular solid phase peptide synthesis (SPPS) based on 

Fluorenylmethyloxycarbonyl (Fmoc) chemistry, is the most widely used method of 

peptide production (Section 1.4.3.). Chemical methods of peptide synthesis can be 

traced back over 100 years with the synthesis of the first N-protected dipeptide, 

benzoyl glycylclycine (Figure 5.1) by Theodor Curtius in 1881 using azide coupling. 

However, Emil Fischer synthesised the dipeptide glycylglycine (Figure 5.1) by 

hydrolysis of diketopiperazine in 1901 which is considered the beginning of peptide 

chemistry [46].   

 

Figure 5.1: Chemical structure of benzoyl glycylglycine (left) [260] and 

glycylglycine (right) [261]. 

 

To overcome synthetic difficulties, further developments such as temporary amino 

protecting groups (i.e. carbobenzoxy (Cbz) in 1931 and tert- butyloxycarbonyl (Boc)  

in 1957), were introduced, however, a major breakthrough occurred with the 

discovery of SPPS by Bruce Merrifield in 1963 [46, 262]. Peptide synthesis 

continued to improve with key developments in automation, protecting groups and 
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purification techniques (Table 5.2). In general, the process of obtaining synthetic 

peptides begins with the design of the peptide followed by chemical synthesis, 

evaluation, purification and finally, application [262]. 

 

Table 5.2: Key discoveries in peptide chemistry [46].   

Year Discovery 

1901 First published synthesised dipeptide 

1957 Boc protecting group 

1963 SPPS discovery 

1967 Hydrogen Fluoride (HF) cleavage 

1968 First automated solid phase synthesiser 

1970 Benzhydrylamine (BHA) resin 

Fmoc protecting group 

1973 Wang resin 

1976 Preparative HPLC to purify peptides synthesised by SPPS 

1977 Orthogonal protection 

 

1987 Rink resin 

Sieber resin 

1992 Fast Boc protocol 

1994 Native Chemical Ligation (NCL) for protein and peptide 

synthesis 

1996 Pseudoprolines 

  

 

SPPS retains the chemistry of solid phase synthesis (SPS) but uses an inert resin as a 

support where the first amino acid of the peptide sequence is anchored via its C-

terminus. Synthesis is then carried out in the C → N direction. Temporary protecting 

groups are attached to any reactive side chains and the alpha amino group of the 

amino acid being added. After each addition cycle, the alpha amino protecting group 

is removed, activating the amino site and allowing coupling with the C-terminus of 

the next amino acid in the sequence. This process is repeated until the required 

sequence is obtained and the peptide is then cleaved from the resin. Reactions are 

driven to completion through the use of excess soluble reagents which are removed 



177 

 

through filtration and washing steps [75]. Many protecting groups are used (e.g. 

Fmoc, Boc) and various resins can be utilised as solid supports (e.g. polystyrene, 

Wang, rink amide). Selection of the type of resin is an important step in the SPPS 

process and characteristics such as swelling properties (mL/g), substitution ratio 

(mmol/g) and particle size must be taken into consideration as each factor directly 

affects the purity and final yield of the peptide product [254]. 

 

 

5.1.3.1. Fmoc Synthesis 

Fmoc based synthesis was introduced in 1970 by Carpino et al [263] and provided a 

chemically mild alternative to the acid labile Boc group as only moderate base is 

required in order to remove the alpha amino Fmoc protecting group (Figure 5.2). T-

butyl based side chain protection was used in addition to hydroxymethylphenoxy 

based linkers to attach the peptide to the resin support [75]. The finished peptide can 

be cleaved from the solid support and de-protection of side chain functional groups 

can be attained under mildly acidic conditions [264]. Some problems associated with 

Fmoc synthesis included suboptimum solvation of the peptide/resin, slow coupling 

kinetics and base catalysed side reactions. Improvements in the basic chemistry, in 

addition to the use of different side chain protecting groups to minimise side 

reactions, have refined and improved Fmoc synthesis.  

 

 

 

Figure 5.2: Chemical structure of fluorenylmethyloxycarbonyl chloride (Fmoc) 

group [265]. 

 

Cleavage of the peptide from the solid support in addition to removal of side chain 

protecting groups is typically carried out using trifluoroacetic acid (TFA) which can 
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also result in the release of reactive species that can cause modifications to 

susceptible residues such as tryptophan, tyrosine and methionine. These side 

reactions can be minimised through the use of scavengers such as thioanisole and 

triisopropylsilane to effectively quench reactive species during TFA cleavage [75]. 

 

 

Figure 5.3: Illustration detailing the steps of the Fmoc SPPS [266]. 

Peptide analysis is commonly carried out using reverse phase HPLC in tandem with 

MS. Purification using semi-preparative HPLC is also widely utilised [267]. 



179 

 

5.2. Objectives 

The focus of this chapter was to synthesise analogue versions of 2 existing 

therapeutic peptides; pentagastrin and sincalide, utilising Fmoc based SPPS 

chemistry techniques. Once successfully synthesised and purified, the peptide 

analogues were characterised using LC-MS. The peptide analogues were then 

incorporated into the optimum PVP/trehalose microneedle formulation as previously 

described (Section 2.5) and skin diffusion testing carried out to determine the 

effectiveness of the microneedle system to deliver the peptide analogues through 

porcine skin. The results of this chapter were then compared with the diffusion 

results of Section 4.4.7 which used polymyxin B as the peptide drug cargo to 

evaluate the PVP/trehalose microneedle system’s ability to successfully deliver 

peptides with a range of sizes and properties. 

 

 

5.2.1. Pentagastrin and Sincalide Synthesis 

Pentagastrin is a synthetic 5 amino acid polypeptide (Figure 5.4) which has the same 

biological effect as gastrin, stimulating the production of gastric acid and pepsin. For 

this reason, it has been used in oral bioavailability and gastric drug degradation 

studies [268]. In addition, as it produces flushing, palpitations and increased heartrate 

when administered parentally, it has been used in diagnostic stimulation tests for 

medullary thyroid carcinoma (MTC) [269] and panic disorders [270].  

 

 

Figure 5.4: Chemical structure of pentagastrin [271]. 
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Sincalide (brand name Kinevac) is an 8 amino acid therapeutic peptide (Figure 5.5) 

which is used to induce gallbladder and pancreatic secretions, similar to the effects of 

cholecystokinin. Intravenous bolus administration causes rapid contraction of the 

gallbladder and its uses include pancreatic function assessment, enzyme activity and 

the accelerated transit of a barium meal through the small bowel to reduce the level 

and duration of radiation associated with fluoroscopy and x-ray examination of the 

small intestine  [272].  

 

 

Figure 5.5: Chemical structure of sincalide [273]. 
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5.3. Experimental 

5.3.1. Materials 

PVP average weight 40,000 Da supplied by Sigma Aldrich 

Trehalose D(+)-trehalose dihydrate (≥98 %) obtained from Fisher Scientific 

Glycerol – ACS grade obtained from Reagecon 

Porcine ear skin (untreated) from male and female animals aged 5.5 years – supplied 

by Dawn Pork and Bacon, Waterford, Ireland 

Phosphate buffered saline (PBS) solution obtained from Fischer Scientific 

 

 

5.3.1.1. Peptide Synthesis Materials 

Rink amide 4-methylbenzhydrylamine (≈1.1 mmol/g loading, 200-400 mesh particle 

size), polymer-bound purchased from Sigma Aldrich Ireland,  

N-N- Dimethylformamide (DMF) supplied by Sigma Aldrich Ireland ,  

1-Hydroxybenotriazole hydrate (HOBt) supplied by Lennox Laboratory Supplies,  

N,N-Diisopropylethylamine (DIPEA) supplied by Sigma Aldrich Ireland ,  

Phenol solution (80%) supplied by Lennox Laboratory Supplies,  

Dichloromethane (DCM) supplied by Lennox Laboratory Supplies,  

Thioanisole and Triisopylsilane supplied by Lennox Laboratory Supplies, 

Trifluoroacetic acid (TFA) supplied by Sigma Aldrich Ireland,   

2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) 

supplied by Merck,  

1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU), potassium cyanide, ninhydrin, 

piperidine and diethyl ether supplied by Sigma Aldrich Ireland. 

 

Amino Acids: 

Fmoc-L-aspartic acid 4-tert-butyl ester (≥98 %), Fmoc-L-phenylalanine (98 %), 

Fmoc-L-alanine (95 %), Fmoc-L-methionine (≥98 %), Fmoc-O-tert-butyl-L-tyrosine 

(≥98 %), Fmoc-L-tryptophan (Boc) (≥97 %), Fmoc-glycine (≥98 %). All obtained 

from Sigma Aldrich Ireland. 
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Kaiser Test Reagents 

5 g ninhydrin dissolved in 100 mL EtOH 

0.4 mL 0.001 M potassium cyanide dissolved in 20 mL pyridine 

40 g of phenol dissolved in EtOH 

 

Cleaving Cocktail (10 mL) 

8.8 mL TFA 

500 µL DI water 

200 µL Phenol (supplied by Lennox Laboratory Supplies), 

250 µL Thioanisole (supplied by Sigma Aldrich Ireland) 

250 µL Triisopropylsilane (supplied by Sigma Aldrich Ireland) 

 

 

5.3.2. Methods 

5.3.2.1. Fmoc Mediated Solid Phase Peptide Synthesis 

1. Rink Amide Resin Preparation 

0.25 mmol (0.272 g) of the rink amide resin was weighed out and placed in a glass 

peptide synthesis vessel. Approx. 20 mL of DCM was added to the vessel which was 

then capped and placed in a shaker for 30 min to allow the resin to swell. This 

improved access to the active sites on the resin. After this, the DCM was drained 

from the vessel using a flow of nitrogen. 

 

2. De-protection of Resin/Amino Acid 

25 mL of a de-protection cocktail consisting of 2 % piperidine and 2 % 1,8-

Diazabicyclo(5.4.0)undec-7-ene (DBU) in DMF was added to the vessel. The vessel 

was then agitated for 10 min and the de-protection cocktail was drained using 

nitrogen flow. Another 25 mL of the de-protection cocktail was added to the resin 

and agitated for a further 10 min. After this, the de-protection cocktail was drained 

from the vessel using nitrogen and the resin beads were washed with DCM. The cap 

and threads of the vessel were carefully wiped to remove any trace of the de-

protection cocktail and the beads were washed twice with DMF and then twice more 

with DCM. 
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3. Ninhydrin/ Kaiser test 

To monitor the de-protection and coupling steps, a Kaiser test (ninhydrin test) for 

primary amines was carried out after each de-protection and coupling step. 2-3 drops 

of each Kaiser test reagent were applied to a small sample of the resin beads in a 

glass culture tube. The tube was then placed in a heated sand bath (110 ºC) for 5 min. 

An intense blue colour in the resin beads indicated the presence of free/unprotected 

primary amines.  

 

 

4. Coupling Step 

Once the de-protection step was confirmed, 1 mmol of amino acid was weighed out 

and placed in a 50 mL centrifuge tube along with 1 mmol HOBt (153 mg) and 0.95 

mmol of HBTU (365 mg). 5 mL of DMF and 300 µL of DIPEA were then added to 

the centrifuge tube and the contents thoroughly mixed using a vortex. Once all 

components were fully dissolved, the coupling solution was added to the peptide 

synthesis vessel and agitated for approx. 2-3 h. After this, the coupling solution was 

drained from the vessel and the resin beads were washed twice with DMF and 3 

times with DCM. The Kaiser test was carried out on a small sample of resin beads to 

confirm the coupling step was successful. No colour change observed indicated that 

the coupling step had been successful (i.e. absence of free primary amines). After 

this, the de-protection step was repeated and the coupling process repeated for the 

next amino acid on the sequence. 

 

 

5. Cleaving Peptide from Resin 

Once the last amino acid was coupled, a final Kaiser test was carried out to confirm 

the removal of the Fmoc group from this last amino acid in the peptide sequence. 10 

mL of the cleaving cocktail was added to the vessel which was then agitated for 

approx. 1.5 h. The cleaving cocktail (in addition to the cleaved peptide) was then 

drained from the synthesis vessel with a nitrogen flow and collected in a round 

bottom flask. The beads were washed twice more with DCM which was also 

collected in the round bottom flask. Rotary evaporation was then used to remove 

excess solvent and the remaining solution was added dropwise to cold diethyl ether 

to precipitate out the peptide product. Prior to use, the diethyl ether was kept in a 
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cooling bath of sodium chloride and ice. The peptide was then placed in a centrifuge 

for 10 min at 3000 rpm to form a peptide pellet. Once formed, the diethyl ether was 

evaporated off leaving the crude peptide product. 

 

 

6. Peptide Purification 

A small sample of the crude peptide was dissolved in 50/50 solution of H2O/ACN. 

UV/Vis spectroscopy was carried out on the sample to determine the λ max of the 

product. The sample was then analysed using Semi-prep HPLC and each main peak 

in the sample was collected and further analysed using LC-MS to determine the 

product peak based on the m/z. Once confirmed, the entire crude sample was 

dissolved in 5 mL of 50/50 solution of H2O/ACN and purified using semi-prep 

HPLC. Once all peptide product fractions had been collected, the product was 

lyophilised and stored at -20 ºC. 

 

 

5.3.2.2. HPLC Analysis 

Pentagastrin Analogue Analysis 

HPLC analysis was carried out using an Agilent 1100 with an Xterra reversed phase 

C18 5 µm 4.6 x 250 column. A gradient method was developed using 2 mobile phase 

components: mobile phase A (water with 0.1 % TFA) and B (acetonitrile with 0.08 

% TFA). Starting with 95 % mobile phase A and 5 % B, the gradient changed to 40% 

B over 30 min and back to 5 % B at 35.10 min, holding then for a total run time of 40 

min. The injection volume was 40 µL with a flow rate of 0.5 mL/ min, column 

temperature of 40 º C and the detection wavelength was set at 280 nm.  

 

Sincalide Analogue Analysis 

HPLC analysis was carried out using an Agilent 1100 with an Xterra reversed phase 

C18 5 µm 4.6 x 250 column. A gradient method was developed using 2 mobile phase 

components: mobile phase A (water with 0.1 % TFA) and B (ACN with 0.08 % 

TFA). Starting with 95 % mobile phase A and 5 % B, the gradient changed to 40% B 

over 30 min and back to 5 % B at 35.10 min, holding then for a total run time of 40 

min. The injection volume was 40 µL with a flow rate of 0.5 mL/ min, column 

temperature of 40 º C and the detection wavelength was set at 220 nm.  
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5.3.2.3. Semi-Preparative HPLC  

Semi-preparative HPLC was carried out using a Varian Prostar 210 with a Jupiter 

10µm C18 300A 250 x 10 mm column supplied by Phenomenex. A gradient run was 

used for each peptide which was adjusted to optimise peak separation for each 

sample. Mobile phase A consisted of H2O with 0.1 % TFA and mobile phase B 

consisted of ACN with 0.08% TFA. For all samples, the flow rate was 1.8 mL/ min, 

column temperature was ambient and the injection volume used was 200 µL. The 

detection wavelength was set at 220 nm. 

 

 

5.3.2.4. Liquid Chromatography–Mass Spectrometry (LC-MS)  

LC-MS was carried out as described in Section 4.3.2.7. 

 

 

5.3.2.5. Peptide Loaded Microneedles 

Peptide loaded microneedles were prepared using the same fabrication methods 

described in Section 2.3.2. The 3:1 PVP: trehalose formulation with 2% w/w glycerol 

was prepared in 10 mL of DI water. 5 mg of the peptide analogue was then added to 

the formulation to give a concentration of 0.5 mg/ mL. Microneedle arrays were then 

cast with the loaded formulation using the vacuum oven method as per Section 

2.3.2.6. Content uniformity studies were also carried out on each batch. 

 

 

5.3.2.6. Franz Cell Skin Diffusion 

Skin diffusion tests were carried out as per Section 4.3.2.8. 

 

 

5.3.2.7. OCT 

OCT analysis was carried out as per Section 3.2.2.13. 
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5.4. RESULTS & DISCUSSION 

5.4.1. Peptide Synthesis 

Fmoc synthesis was utilised in this study to synthesise two analogues of current 

therapeutic peptides, namely pentagastrin and sincalide. As both are simple 

polypeptides, this was a relatively straightforward synthesis, avoiding any cyclisation 

steps which were beyond the peptide synthesis techniques available for this study. 

Given that polymyxin is a cyclic peptide which consists of 10 amino acids, the use of 

pentagastrin and sincalide analogues provided a good comparison in relation to 

structure, size and molecular mass. Their use in the skin diffusion study indicated the 

ability of the microneedle systems to deliver peptides with a range of sizes, structure 

and properties (Table 5.3). 

 

Table 5.3: Physical and chemical properties of polymyxin B1, pentagastrin analogue 

and sincalide analogue 

Peptide MW (g/ mol) AA Residues Charge Structure 

Polymyxin B1 1203.5 10 Cationic Cyclic, lipid 

acyl tail 

Pentagastrin  667.8 5 Anionic Linear 

Sincalide  1062.4 8 Anionic Linear 

 

 

Developing a method to successfully synthesise a peptide through Fmoc SPPS 

requires the consideration of a wide range of factors. Primarily, the type of peptide 

required dictates the type of solid support that is used. In addition, the amino acids 

required dictate the synthesis conditions and reagents that are used. Reaction times 

and cleavage cocktails are also chosen based on the amino acids in the peptide chain. 

The Fmoc peptide synthesis of both the pentagastrin and sincalide analogues was 

carried out using the same synthesis techniques of de-protection, washing, coupling 

and cleavage. Each synthesis differed only in the amino acids used. All amino acids 

used were Fmoc protected and did not require side chain protecting groups with the 

exception of aspartic acid (tert-butyl), tyrosine (tert-butyl) and tryptophan (Boc).  
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In solid phase peptide synthesis, the choice of solid support, coupling methodology, 

de-protection and cleavage steps are key aspects of the process [75]. Treating a 

peptidyl resin with a cleavage cocktail is not simply initiating the process of cleaving 

the peptide from the resin but consists of a number of competing reactions which can 

result in irreversible modification or damage to the peptide unless suitable reagents 

and conditions are utilised. In addition to cleaving the peptide from the resin, side 

chain protecting groups need to be removed and scavengers used to protect side 

chains from these highly reactive protecting groups. Examples of potential side 

reactions include: alkylation or oxidation of the tryptophan indole ring; alkylation of 

the tyrosine side chain; oxidation of methionine; and aspartimide formation with 

aspartic acid [264, 267, 274, 275]. De-protection stages were kept short (2 x 10 min 

reaction times) to prevent side reactions such as oxidation which can occur with both 

methionine and tryptophan (tryptophan oxidation was also minimised through the 

use of Boc protected tryptophan in this synthesis) [267]. In this case, DBU was used 

in the de-protection steps to remove the Fmoc protecting groups from the resin 

initially and from each subsequently coupled amino acid. DBU removes Fmoc 

protecting groups faster than piperidine alone and is unreactive towards the 

dibenzofulvene intermediary. As such, the use of piperidine in the decoupling 

solution was primarily to react with the dibenzofulvene by-product [276]. 

 

To achieve cleavage of the complete peptide molecule from the solid resin support, a 

cleavage cocktail containing TFA, DI water, phenol, thioanisole and 

triisopropylsilane was used. Complete cleavage of the peptide from the resin is 

usually achieved after 2 h of treatment with TFA, with 1.5 h considered optimal, 

particularly when methionine or unprotected tryptophan are used, which can be 

irreversibly modified  during prolonged acid treatment [267].  

 

Solvents are another important factor to consider during peptide synthesis. DMF is a 

widely used solvent in Fmoc-based synthesis, however, it can spontaneously break 

down over time to produce dimethylamine impurities which are reactive towards the 

Fmoc protecting groups. Formation of these impurities can be avoided by degassing 

the DMF prior to use and using freshly opened solvent. DCM is often used as a 

solvent as it provides good resin swelling and is unreactive towards TFA. It can 

however, slowly react with piperidine to form crystaline solids and as a result is more 
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commonly utilised in Boc rather than Fmoc based synthesis [276]. In this case 

however, de-protection was carried out using piperidine in DMF to minimize such 

side reactions from occurring. In the washing stages of the synthesis, DMF was used 

to remove excess reagents whereas DCM was used primarily to remove the residual 

DMF from the resin. 

 

The pentagastrin analogue synthesised in this study differed from therapeutic 

pentagastrin in structure only by the absence of the (1,1-dimethylethoxy) carbonyl at 

the C-terminus. The synthesised peptide consisted of an amide C-terminus due to the 

use of rink amide as a solid support resin. The synthesised sincalide analogue 

retained the same amino acid sequence as the therapeutic peptide but without the 

sulfonyl group attached to the tyrosine residue. In addition, and as per the 

pentagastrin analogue, as rink amide was used as the solid support resin, this resulted 

in an amide C-terminus.  

 

Typically, therapeutic peptides are chemically modified through the addition of D –

amino acids, pseudo amino acids or cyclisation to improve stability [76] and as such, 

the stability of these synthesised analogues during the diffusion process needed to be 

monitored. The presence of trehalose in the microneedle formulation however was 

expected to contribute to preserving the stability of the peptides in addition to 

increasing their solubility [44, 277]. After purification, the pentagastrin and sincalide 

analogues were stored at -20 ºC until standards were prepared and before being 

incorporated into the microneedle arrays. HPLC analysis of the two peptide 

analogues after storage showed no indication of any degradation peaks and no 

degradation peaks were evident from any chromatograms of the peptides during the 

skin diffusion tests. This suggested that the peptides remained stable throughout the 

course of the study. 

 

 

5.4.2. Pentagastrin Analogue  

The Fmoc synthesis produced a pentagastrin analogue with the chemical formula 

C32H41N7O7S, a molecular weight of 667.78 g/mol and an exact mass of 667.28 

g/mol (Figure 5.7).  
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Figure 5.6: Chemical structure of synthesised pentagastrin analogue. 

 

The theoretical yield of peptide was calculated as 199.8 mg using the following 

equation [276] : 

 

𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝒀𝒊𝒆𝒍𝒅 (𝒎𝒈) = 𝒔𝒓𝒆𝒔𝒊𝒏  ×  𝒎𝒓𝒆𝒔𝒊𝒏  ×  𝑴𝑾𝒑𝒆𝒑𝒕𝒊𝒅𝒆 Equation 5.1 

 

Where:  sresin = loading capacity of the resin (mmol/g) 

  mresin = dry mass of resin used (g) 

  MWpeptide = MW of peptide product (mg) 

 

The final yield of purified peptide was 28.15 mg which equated to only 14 % of the 

theoretical yield, however, low yields in SPPS (< 20 %) are not uncommon. This is 

due to the amplifying effects that a decrease in the coupling efficiency of each amino 

acid addition can have on the final purity of the peptide [254]. The estimated 

physiochemical properties of the synthesised analogue (Table 5.4) were calculated 

using the GenScript
®
 online peptide calculator resource [259]. This suggested that 

the pentagastrin analogue was acidic and anionic with a net charge of -1 at pH 7.  
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Table 5.4: Peptide properties  generated by the GenScript
®
 online peptide calculator 

resource, as used in previous studies [259]. 

Peptide 

Analogue 

AA Sequence Charge Isoelectric 

point 

pH Overall % of 

hydrophobic 

and hydrophilic 

residues 

Pentagastrin FDMWA -1 5.44 Acidic Hydrophilic: 20% 

Hydrophobic: 

80% 

Sincalide FDMWGMYD -2 3.90 Acidic Hydrophilic: 25% 

Hydrophobic: 

62.5% 

Neutral: 12.5% 

 

 

5.4.2.1. LC-MS Analysis and Semi Prep HPLC 

LC-MS was utilised to determine the peptide peak from the impure sample obtained 

directly after the synthesis procedure (Figure 5.8). Once identified, the peptide peak 

was collected using Semi Prep HPLC.  

 

 

Figure 5.7: LC-UV chromatogram of impure pentagastrin analogue sample showing 

the pentagastrin peak  at 11.9 min (top) with the corresponding mass spectrum of the 

peak displaying the [M+H]
+
 ion at m/z = 668.3 Da (bottom). 
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After all sample fractions had been collected and lyophilised, the purified peptide 

was analysed once again on LC-MS (Figure 5.9) to confirm collection of the 

synthesised peptide.  

 

 

Figure 5.8: LC-UV chromatogram of purified pentagastrin analogue showing the 

pentagastrin peak  at 11.9 min (top) with the corresponding mass spectrum of the 

peak displaying the [M+H]
+
 ion at m/z = 668.6 Da (bottom). 

 

5.4.2.2. OCT 

The depth of penetration of pentagastrin loaded microneedle arrays was measured 

using OCT with Figure 5.10 detailing the average penetration depth of 7 individual 

shafts on the array which was measured as 405 ± 19 µm. The average diameter of the 

micro-pores formed by the needles was also measured and determined as 237 ± 7 µm 

which approximately corresponded with the diameter of the needles at the base. This 

may have indicated that the penetration depth at the point of initial application was 

deeper than when the image was captured. The elastic resistance of the skin [84] may 

have resulted in the arrays lifting from the surface of the skin once the pressure of the 
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initial application was lifted. The distance between the base of the arrays and the skin 

surface was also measured giving an average distance of 364 ± 10 µm (n=7).  

 

 

Figure 5.9: OCT image detailing penetration depth of pentagastrin analogue loaded 

microneedles. This image details needles with an average penetration depth of 405 ± 

19 µm (n=7). The dimensions of the arrays used were 750 µm length shafts with a 

base width of 200 µm and inter-needle spacing of 600 µm. 

 

These results indicated that the pentagastrin needles penetrated the SC and dermal 

layers to at least a depth equivalent to half the length of the individual needles. The 

OCT analysis also highlighted the uniform penetration depth across the array with a 

similar depth achieved by each shaft in the image.  

 

 

5.4.2.3. Skin Diffusion Study 

Skin diffusion testing was carried out on the pentagastrin-loaded microneedles as per 

the polymyxin loaded arrays (Section 4.3.2.8). No deviation in the Franz cell 

diffusion procedure was carried out with the exception of the sampling times, which 

were altered to 30 min intervals for the first 3 h of the experiment in order to obtain a 

better understanding of the release rate during the initial stages of the diffusion 

experiment. The HPLC gradient method which was developed for the polymyxin 

analysis (Section 4.3.2.6) was also utilised to analyse the pentagastrin samples 

Microneedle base layer 

Microneedle shafts Stratum corneum 
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(Figure 5.11). The method was developed and validated in accordance with ICH 

guidelines [234]. The LOD and LOQ were determined based on the standard 

deviation of the response and the slope of the representative calibration curve. The 

LOD was determined as 0.31 µg/ mL and the LOQ was determined as 1.05 µg/ mL. 

Calibration curves for the pentagastrin analogue standards were linear in the 

concentration range of 625 ng / mL to 20 µg/ mL with r
2
 values of > 0.99. 

 

 

 

Figure 5.10: Chromatogram of pentagastrin analogue peak with retention time of 

26.2 min, using HPLC gradient method developed for polymyxin analysis. 

 

As per the polymyxin skin diffusion tests, the initial release rate of pentagastrin from 

the microneedle arrays was far higher than that of the control discs during the first 

hours after application (Figure 5.12). Again, this suggested that the penetration of the 

SC by the needles facilitated rapid delivery of the drug payload initially from the 

needles and then, as the arrays began to dissolve, as a result of further diffusion from 

the backing layer through the micro-pores formed by the needles.  
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Figure 5.11: Plot detailing the total amount of the pentagastrin analogue content 

delivered into the receptor phase over time per microneedle arrays (n=3) and control 

discs (n=2). 

 

Similarly also to the polymyxin arrays (Figure 4.11), the levels of drug diffusion 

reverted to a rate equivalent to the control discs after approx. 3 h although the data 

suggests that the rate at this stage for the pentagastrin arrays was almost zero. The 

concentration of drug delivered from the pentagastrin loaded control discs was far 

lower than the concentration of drug delivered by the arrays (Table 5.5) which 

indicated that, although some diffusion occurred as a result of the occlusive effects of 

the dissolved formulation and possible permeation enhancement of the formulation 

itself, the pentagastrin peptide did not pass through the SC as readily as polymyxin 

B. Although pentagastrin is a smaller peptide consisting of only 5 amino acids 

compared with polymyxin which contains 10, the enhanced penetration of the 

polymyxin in comparison to pentagastrin may have occurred as a result of the 

structure and amphipathic properties of the polymyxin [278], particularly its 

detergent and membrane penetrating qualities in relation to cells with high lipid 

content [202, 204]. The higher loading of polymyxin in the arrays (20 mg/ mL) may 

also have resulted in an increased concentration gradient and subsequently, a greater 

driving force for diffusion compared to the lower pentagastrin concentration (0.5 mg/ 
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mL) [218]. As such, the rapid deposition of drug content from the microneedle shafts 

after application could explain the initial high delivery rate. 

 

Table 5.5: Drug diffusion at each time point and total pentagastrin recovered 

compared with measured drug content of each array and control. 

Time (h) Arrays (µg) 

(n=3) 

Control (µg) 

(n=2) 

0.5 4.49 ± 0.67 0.20 ± 0.05 

1 85.29 ± 8.04 8.04 ± 6.61  

1.5 109.67 ± 14.15 27.42 ± 25.75  

2 124.38 ± 24.08  33.92 ± 31.91  

2.5 121.67 ± 21.83  37.99 ± 35.61  

3 120.99 ± 18.99  42.39 ± 38.34  

22 119.58 ± 11.09 47.83 ± 26.61 

Surface 1.37 ± 1.01 11.17 ± 10.20 

Skin 8.44 ± 0.99 12.41 ± 12.17 

   

Total drug recovered (µg) 129.39 ± 10.99 71.41 ± 4.23 

Measured drug content 

(µg) 

 144.70 ± 14.35 126.56 ± 13.29  

% Drug Recovered 89.4 % 56.4 % 

 

 

Drug recovery from the arrays was high at ≈90 % however, only 56 % of the initial 

drug load was recovered from the controls (Table 5.5). The absence of degradation 

peaks on the HPLC chromatograms suggested that the pentagastrin remained stable 

during the diffusion study and as such, discounted peptide instability as a cause of 

the low recovery. A possible explanation may have been that the hydrophobic nature 

of the phenylalanine and tryptophan residues of the peptide may have resulted in 

high levels of drug retention in the lipid layers of the SC. As such, the skin surface 

swabbing and drug recovery steps carried out in PBS solution after the diffusion test 

may have been inefficient at removing any residual drug retained in the skin layers.  

 

The release rate of the pentagastrin from the microneedle arrays during the first 2 h 

of the study most closely fit a first order release rate with an r
2
 of 0.98 (Table 5.6). 

Model fitting of the control disc drug release indicated that the rate correlated with 

both zero and first order rates with r
2
 values of 0.96. This suggested that, unlike 

polymyxin, the pentagastrin permeation from the control disc was more passive and 

most likely due to the occlusive effects of the formulation. The first order nature of 
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the pentagastrin release from the arrays in the first 2 h can be attributed to the initial 

deposition of drug from the needles combined with the subsequent increase in 

permeability due to the micro-channels formed by the arrays. In addition, the onset of 

occlusion from the formulation would have contributed to the drug release rate.   

 

Table 5.6: Results of model fitting for pentagastrin loaded arrays and control after 2 

h of the diffusion study. 

Arrays Model SSR r
2
 Slope Intercept 

 Zero order 0.058 0.86 0.531 -0.105 

 First order 0.006 0.98 0.549 0.22 

 Higuchi 0.033 0.92 1.165 -0.707 

      

Control Model SSR r
2
 Slope Intercept 

 Zero order 0.002 0.96 0.19 -0.101 

 First order 0.001 0.96 0.096 0.053 

 Higuchi 0.002 0.95 0.402 -0.299 

 

 

5.4.3. Sincalide Analogue 

Synthesis produced a sincalide analogue C49H62N10O13S2 with a molecular weight of 

1063.21 g/mol and exact mass of 1062.39 g/mol (Figure 5.13). The theoretical yield 

was calculated using Equation 7 and determined as 318 mg. The final yield of 

purified peptide was 26 mg which represented a % yield of 8.2 %. This low yield 

may have been as a result of the additional coupling steps in the sincalide synthesis 

compared with that of pentagastrin.  

 

 

 

Figure 5.12: Chemical structure of the synthesised sincalide analogue. 
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The amplifying effects of coupling inefficiency on the final purity of the peptide, as 

described with pentagastrin, could potentially have a greater effect on the sincalide 

synthesis due to its longer chain length. [254]. The estimated physiochemical 

properties of the synthesised analogue were calculated using the GenScript
®
 online 

peptide calculator resource (Table 5.4) [259]. This suggested that the sincalide 

analogue was acidic and anionic with a net charge of -2 at pH 7. 

 

5.4.3.1. LC-MS analysis and Semi Prep HPLC 

As with the pentagastrin analogue, LC-MS was utilised to determine the peptide peak 

from the impure sample obtained directly after the synthesis procedure (Figure 5.14). 

Semi Prep HPLC was then utilised to isolate the pure peptide from the crude sample. 

After all sample fractions had been collected and lyophilised, the purified peptide 

was analysed once again on LC-MS (Figure 5.15) to confirm that collection of the 

synthesised peptide was successful 

 

 

Figure 5.13: LC-UV chromatogram of impure sincalide analogue sample showing 

the sincalide peak at 14.4 min (top) with the corresponding mass spectrum of the 

peak displaying the [M+H]
+
 ion at m/z = 1063.5 Da (bottom). 
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Figure 5.14: LC-UV chromatogram of purified sincalide analogue showing the 

sincalide peak  at 14.4 min (top) with the corresponding mass spectrum of the peak 

displaying the [M+H]
+
 ion at m/z = 1063.5 Da (bottom). 

 

5.4.3.2. OCT 

The skin penetration of the sincalide loaded microneedle arrays was imaged using 

OCT with the penetration of 7 individual shafts detailed as per Figure 5.16. The 

average penetration depth of the 7 needles was measured as 284 ± 19 µm. The 

average diameter of the micro-pores formed by the needles was also measured and 

determined as 225 ± 14 µm and the distance between the base of the arrays and the 

skin surface was measured with an average distance of 341 ± 23 µm. Contrast in the 

image between the array and the skin was not as clear as the image obtained with the 

pentagastrin arrays. This was attributed to a higher level of hydration of the skin site 

used for the sincalide array application which resulted in a more rapid dissolution 

time and subsequently, a less defined image. Despite this, the penetration qualities of 

the array were evident and the penetration depths achieved indicated that the arrays 

could successfully deliver the drug payload.  
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Figure 5.15: OCT image detailing penetration depth of sincalide analogue loaded 

microneedles. This image details needles with an average penetration depth of 284 ± 

19 µm (n=7). 

 

5.4.3.3. Solubility Study 

Initial diffusion experiments with the sincalide analogue resulted in poor drug 

recovery which was attributed to the poor solubility of the peptide and as such, a 

solubility study was carried out. The study found that the addition of 20 mg of 

Tween
®
 80 to a 10 mL PBS solution containing 1 mg of the sincalide analogue 

resulted in a 30 % increase in saturation solubility (0.07 mg/ mL) compared with the 

addition of 10 mg of Tween
® 

80 (0.05 mg/ mL) or PBS solution alone (0.06 mg/ mL) 

(Figure 5.17). Given these results, subsequent skin diffusion studies utilised the 

addition of 2 mg/ mL Tween
® 

80 to the PBS based receptor phase. Due to the low 

yield of sincalide obtained from the synthesis, and therefore limited supply of the 

peptide, this study was carried out once with n=1. 

Microneedle base layer 

Microneedle shafts Stratum corneum 
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Figure 5.16: Chart detailing the saturation solubility of 3 sincalide solutions (n=1). 

 

5.4.3.4. Skin Diffusion Study 

Skin diffusion testing was carried out as per the pentagastrin loaded arrays (Section 

5.4.2.3). The HPLC gradient method developed for the polymyxin analysis (Section 

4.3.2.6) was also utilised to analyse the sincalide samples (Figure 5.18). The method 

was developed and validated in accordance with ICH guidelines [234]. The LOD and 

LOQ were determined based on the standard deviation of the response and the slope 

of the representative calibration curve. The LOD was determined as 0.43 µg/ mL and 

the LOQ was determined as 1.42 µg/ mL. Calibration curves for the sincalide 

analogue standards were linear in the concentration range of 625 ng/ mL to 20 µg/ 

mL with r
2
 values of > 0.99. 
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Figure 5.17: Chromatograms of sincalide analogue during HPLC method 

development detailing analysis at 3 wavelengths: 212 nm, 214 nm and 220 nm. 

Retention time = 14.5 min. 

 

The drug concentration delivered by the sincalide loaded arrays was initially higher 

than the control discs although the release rate for both appeared similar (Figure 

5.19). Interestingly, however, a sharp drop in the release rate was observed with the 

arrays between 1 – 2 h of the diffusion test. This trend was observed across all 3 

arrays and may have been as a result of degradation of the drug in the skin. However, 

HPLC analysis of the samples taken throughout the experiment failed to indicate any 

degradation peaks which would have been expected if the drug had destabilised.  
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Figure 5.18: Plot detailing the total amount of the sincalide analogue content 

delivered into the receptor phase over time per microneedle arrays (n=3) and control 

discs (n=2). 

 

As the drug loaded arrays were formulated without the addition of Tween
® 

80, the 

lower solubility of the sincalide may have resulted in non-homogeneous distribution 

of drug in the microneedle arrays. This may have caused drug particulates to collect 

in the needles during the casting stage and this would have resulted in a high burst 

release during the initial stage of the diffusion study. In addition, the average 

measured drug content per array was low at only approx. 53 µg compared with the 

pentagastrin arrays which contained an average of 145 µg. Considering both batches 

were formulated with 0.5 mg/ mL of drug, the lower measured drug content of the 

sincalide arrays suggested solubility issues which may have caused loss of drug 

material during the filtering process prior to HPLC analysis. 

 

As with the pentagastrin samples, drug recovery from the measured content in the 

arrays was high at 86 % with drug recovery from the control samples also high at 90 

% (Table 5.7). The addition of Tween
®
 80 to the receptor phase, which was shown to 

increase the solubility of the sincalide (Section 5.4.3.3), possibly contributed to the 

higher drug recovery in addition to its use in the PBS solution used to swab the SC 

surface and extract drug from the dissected skin at the end of the experiment. 
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Table 5.7: Drug diffusion at each time point and total sincalide analogue recovered 

compared with measured drug content of each array and control. 

Time (h) Arrays (µg) 

(n=3) 

Control (µg) 

(n=2) 

0.5 10.85 ± 11.79 0.76 ± 0.36 

1 22.78 ± 3.70 11.05 ± 7.08 

1.5 21.67 ± 1.93 12.58 ± 7.85 

2 20.80 ± 2.93 13.39 ± 7.53 

2.5 24.35 ± 4.49 15.74 ± 9.06 

3 25.31 ± 3.15 15.75 ± 8.19 

22 31.16 ± 2.68 23.93 ± 5.91 

Surface 4.33 ± 1.83 4.43 ± 1.58 

Skin 9.91 ± 0.36 6.21 ± 0.12 

   

Total drug recovered (µg) 45.39 ± 4.13 34.57 ± 4.44 

Measured drug content 

(µg) 

52.99 ± 4.34 38.19 ± 1.67 

% Drug Recovered 85.7  % 91 % 

 

 

The apparent drop in drug concentration observed during the initial hours of the 

experiment resulted in low r
2 

values when the data was applied to the release rate 

model fitting (Table 5.8). Therefore, although the results indicated that the arrays 

fitted the Higuchi model with the control disc also fitting this model most closely, the 

poor fit in all cases suggested that the release rates could not be confidently assigned 

to any particular model. 

 

Table 5.8: Results of model fitting for sincalide analogue loaded arrays and control. 

Arrays Model SSR r
2
 Slope Intercept 

 Zero order 0.019083 0.6073 0.0821 0.2518 

 First order 0.007745 0.6347 -0.0555 -0.1258 

 Higuchi 0.015369 0.6837 0.2144 0.1218 

      

      

Control Model SSR r
2
 Slope Intercept 

 Zero order 0.028118 0.7375 0.1344 0.0671 

 First order 0.007026 0.7928 -0.0784 -0.0261 

 Higuchi 0.018407 0.8282 0.3504 -0.145 
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It was clear when comparing the diffusion results for all 3 model peptides that the 

microneedle arrays delivered higher concentrations of drug than the control discs. 

However, there was a marked difference in the release rates for each peptide. This 

could be attributed to the differences in MW and chemical properties of each drug, 

most notably that polymyxin is cationic and basic and both peptide analogues are 

acidic and anionic (Table 5.3). Drug release from the control discs which occurred 

with all 3 peptide loaded samples again indicated that the PVP/trehalose formulation 

facilitated diffusion through the SC of the skin sample as a result of occlusion and 

also potentially, of permeation enhancement qualities of the formulation itself [249, 

250].   

 

Rocco et al (2016) reported improved transdermal permeation of a tetrapeptide, 

AAPV, by utilising direct coupling of a C7 acyl lipid group to either the N-terminal 

or C-terminal to the peptide [279]. Similarly, Namjoshi et al (2014) utilised short 

chain lipoamino acids (C6 – C10) to improve permeability of the same tetrapeptide 

utilising solid phase peptide synthesis to couple the conjugate to the peptide [280]. 

The increased permeability of these lipid conjugated peptides suggests that the lipid 

acyl tail of the polymyxin resulted in greater passive permeability qualities compared 

with the 2 synthesised peptides. Figure 5.20 illustrates % drug delivered from each 

array and, although the initial amount of drug delivered by the pentagastrin and 

sincalide loaded arrays is higher, the delivery rates revert to almost zero after the first 

≈3 h of the study. The polymyxin loaded arrays however, continued to deliver drug 

at a steady rate following the initial burst release from the needles after 3-4 h. This 

may have been due to the onset of occlusion coupled with the permeation qualities of 

the polymyxin.  

 

One trend which was evident from Figure 5.20 was the amount of drug delivered 

during the initial stages of the experiments for each peptide. Approx. 85 % of the 

lowest MW peptide, pentagastrin, was delivered during the first 2 h after application. 

In contrast, only ≈20 % of the highest MW peptide, polymyxin, was delivered at this 

time-point. Zhang et al (2014) utilised solid microneedles with shaft lengths of 150 

µm to pre-treat porcine skin in order to enhance the transdermal delivery of a range 

of hydrophilic peptides. They concluded that the transdermal permeation rate of the 

peptides was dependent on the MW and reported a decrease in permeation for higher 
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MW peptides [248]. This hypothesis could explain the rapid delivery of the 

pentagastrin (MW 667.78 g/mol) during the initial 2 h of the experiment and, to an 

extent, the initially rapid delivery of sincalide (1062.39 g/mol) during the same time 

period. After application of the microneedle arrays, the pentagastrin was delivered 

extremely rapidly at a rate whereby almost 90 % of the drug load permeated into the 

receptor phase within 2 h. In contrast, the higher MW sincalide, although initially 

delivered at a comparable rate to the pentagastrin in the first hour (≈40 % of drug 

load), displayed a reduced delivery rate for the remainder of the experiment. This 

suggested that, after the initial microneedle mediated delivery, permeation of the 

higher MW sincalide was lower. The reduction in release rate after this point in both 

cases however, most likely occurred for different reasons. In the case of the 

pentagastrin, as most of the drug content had been delivered, the concentration of 

drug remaining on the skin surface or within the skin was potentially too low to drive 

diffusion into the receptor phase.  

 

 

Figure 5.19: Plot of % of total drug from the microneedle arrays released across all 3 

peptide studies.  

 

As suggested above, in addition to the higher MW of sincalide, solubility issues with 

the sincalide analogue appeared to have resulted in retention of the peptide in the 

skin as approx. 32 % of the total recovered drug was retrieved from the skin sample 
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and skin surface. Significantly, these results suggested that, for lower MW peptides, 

the microneedle system could potentially deliver almost the entire drug cargo 

(including any drug reservoir in the backing layer) within 2-3 h after application. 

 

Examination of the % drug released from the control discs (Figure 5.21) indicated 

that the polymyxin permeated at a relatively constant rate throughout the study. This 

suggested that, in tandem with occlusion, the permeation qualities of polymyxin 

facilitated steady transdermal delivery. The delivery of pentagastrin from the control 

discs was initially rapid but declined after approx. 3 h. This suggested that, without 

microneedle assisted delivery, transdermal penetration of pentagastrin does still 

occur albeit at a lower rate. This may have been due to permeation through skin 

appendages such as hair follicles and sweat glands in conjunction with the onset of 

occlusion caused by the polymer disc formulation. This was likely given that some 

absorption of drug material via these appendages can occur in the case peptide based 

drugs [218].  

 

 

 

Figure 5.20: Plot of % of total drug in the control discs released across all 3 peptide 

studies. 
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A similar release was observed with the sincalide loaded control disc with rapid drug 

uptake occurring during the initial 2 h of the study also possibly due to skin 

appendage delivery. However, the control disc continued to deliver the sincalide at a 

steadily increasing rate throughout the experiment most likely due to the reduced 

barrier properties of the SC as a result occlusion.  

 

Numerous studies have examined the feasibility of dissolving microneedles as 

delivery systems for bioactive therapeutics with a large number focussing on the 

intradermal delivery of vaccines [94, 137] or insulin [131, 135, 136]. Some studies 

have proposed dissolving microneedle systems intended for the delivery of 

biomolecules but have examined the  drug delivery properties of the microneedles 

utilising non-biological model drugs such as sulforhodamine [129, 200]. To the 

author’s knowledge, this is the first reported study of a dissolving microneedle 

system specifically designed for the delivery of therapeutic peptides in which the 

microneedle system has been extensively characterised and tested. Utilising a range 

of peptides, the physical and mechanical properties of the microneedle system were 

examined in addition to drug release studies focussing on the effectiveness of the 

system to deliver peptides with a range of properties and sizes. 
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5.5. Conclusions 

Rink amide resin mediated solid phase peptide synthesis techniques were 

successfully utilised to synthesise analogues of two current therapeutic peptides; 

pentagastrin and sincalide. These peptides were purified and characterised using 

Semi Prep HPLC and LC-MS and incorporated into the PVP/trehalose based 

dissolving microneedle formulation. Skin penetration studies were carried out on the 

drug loaded microneedles using OCT which indicated that the arrays retained their 

ability to penetrate the SC of porcine skin to a depth adequate to facilitate the release 

of the drug payload. Franz cell based skin diffusion studies were then carried out to 

examine the quantity of drug delivered through porcine skin in addition to the drug 

release rate for each drug loaded array. 

 

The results of the skin diffusion experiments indicated that the dissolving 

microneedles were capable of delivering all three peptides through porcine skin 

however, release rates varied in each case. These variations were attributed to the 

physical and chemical properties of each peptide with MW appearing to be a major 

factor. Almost the entire dose of the lowest MW peptide, pentagastrin, was delivered 

by the microneedles within the first 2 h after application. The higher MW sincalide 

peptide was initially delivered rapidly however, the rate of permeation was slow after 

the apparent microneedle-mediated burst release. Subsequent drug recovery 

examination of the skin samples suggested retention of the sincalide in the skin 

which resulted in lower concentrations of drug being delivered into the receptor 

phase of the diffusion cells. This was in contrast to the polymyxin diffusion studies 

which indicated an initially rapid delivery rate from the microneedle arrays followed 

by a steady release rate over a 22 h period.   
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CHAPTER 6. DISSOLVING MICRONEEDLES FOR THE 

TRANSDERMAL DELIVERY OF SUSTAINED RELEASE 

POLYMYXIN B LOADED MICRO-PARTICLES 
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6.1.  Introduction 

6.1.1. Micro-particle and Nanoparticle Based Drug Delivery 

Biopharmaceuticals such as therapeutic peptides and proteins are highly specific 

which makes them ideal for the treatment of a wide variety of conditions. Their 

structural complexity, which is the key to their specificity is however, also the reason 

that formulation and delivery of these therapeutics is so challenging. The intrinsic 

physicochemical instability, short plasma half-lives and poor membrane permeability 

due to relatively high molecular weight and polar nature of bioactive drugs limits 

them to needle based delivery which also requires frequent dosing [281].  

 

Polymer based sustained release systems have been investigated to enhance delivery 

of therapeutic peptides and proteins with the aim of both improving patient 

compliance and reducing the frequency of administration [282]. The use of nano-

emulsions and particulate delivery systems, which have been shown to stimulate 

strong immune responses, have been extensively studied for the delivery of synthetic 

long peptide (SLP) based vaccines [283]. One such particulate based technique is 

micro or nano-encapsulation whereby the bioactive drug is enveloped in a polymeric 

particle which subsequently protects the drug from chemical or enzyme mediated 

degradation, improves bioavailability and facilitates slow, controlled release rates 

[284, 285]. When formulated for delivery via injection, the encapsulation of 

bioactive agents into biocompatible and biodegradable polymers can extend the 

duration of action of the drugs, reducing peak and valley blood level fluctuations. 

These long-acting release systems also reduce the frequency of injection, 

subsequently improving patient compliance.  

 

The controlled release of drug material can be achieved through formulating the 

polymer to degrade in response to environmental conditions or chemical degradation, 

causing diffusion of the drug through the polymer matrix [286]. In addition to 

parenteral formulations, the use of polymeric encapsulation has also been 

investigated in a number of non-invasive systems such as oral, nasal, pulmonary and 

transdermal [287]. Topical formulations consisting of polymeric nanoparticles, solid 

lipid nanoparticles, liposomes and nano-emulsions have been utilised to enhance 

cutaneous drug delivery. Advantages of employing such nanoparticle based systems 
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for the treatment of skin diseases include improved drug stability and skin 

permeation, reduced side effects and targeted delivery to the disease site with 

minimal systemic exposure [288]. 

 

The use of microencapsulation can be particularly suited to the delivery of peptide 

and protein drugs in that the encapsulated drug is protected within the particles from 

enzymatic degradation and slow, controlled release can result in higher blood 

concentrations over prolonged periods of time [284]. The effective use of polymeric 

nanoparticles and micro-particles to deliver biopharmaceuticals depends however, 

upon a number of key requirements. The particle delivery system must include 

sufficiently high drug loading, high encapsulation efficiency and a release profile 

appropriate for the drug being delivered. Additionally, the structural and chemical 

integrity of the drug must be maintained. A wide range of materials have been 

utilised for such delivery systems including hydrophilic polymer scaffolds such as 

hydrogels, and hydrophobic scaffolds including non-degradable and degradable 

polymers. Of these, biodegradable polymers are the preferred choice given that they 

do not need to be surgically removed after drug release [281]. In addition, synthetic 

polymers are most widely used for particle formulation given that natural polymers 

such as proteins or polysaccharides can vary in purity and may also require 

crosslinking which can inactivate the embedded drug material [289].  

 

 

6.1.2. Poly(lactic acid-co-glycolic acid) (PLGA) 

Many biocompatible polymers including polylactic acid, dextran and chitosan have 

been investigated in drug delivery systems with poly(lactic acid-co-glycolic acid) 

(PLGA) the most widely used. PLGA is a biodegradable polymer and is approved by 

both the Food and Drug Administration (FDA) and the European Medicines Agency 

(EMA) for use as an excipient in parenteral formulations [290]. In addition to its 

biocompatibility and mechanical strength, the degradation rate of PLGA can be 

controlled through the monomer ratio and the polymer molecular weight. Higher 

lactic acid per glycolic acid ratio results in polymer which is more hydrophobic and 

less susceptible to hydrolytic cleavage. Similarly, increasing the molecular weight 

also increases hydrophobicity and rate of degradation. As such, adjustment of these 

variables allows the degradation rate to be tailored as required with drug release rates 
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correlating with the rate of polymer degradation [281]. The monomer units formed 

after degradation are water soluble, easily metabolised into carbon dioxide and water 

and are cleared from the body by respiration [286]. A potential limitation of using 

PLGA for delivery of bio-actives however, is the acidic microenvironment which 

results from the degradation of PLGA which can cause stability issues for certain 

biomolecules [281]. Immediately on application, the polymer begins to react with 

water in the body and degradation is initiated through hydrolytic cleavage of the ester 

bonds between lactic acid and glycolic acid (Figure 6.1) [286]. Physical or chemical 

interaction that can occur between the acid end-groups and the bioactive material 

may result in drug deactivation. Interaction between certain cationic peptides and the 

polymer phase of lower molecular weight PLGAs has also been reported [287]. 

Despite this potential drawback, PLGA has been utilised for particle encapsulation of 

a number of therapeutic peptides including LL37 for improved wound healing [290] 

and the antimicrobial plectasin for delivery to infected epithelia in the airways [291]. 

 

 

 

Figure 6.1: Degradation of PLGA into lactic acid and glycolic acid [286]. 

 

Drug release from PLGA systems typically includes 3 phases namely initial burst 

release, a lag phase and an active erosion phase. In addition, upon hydration of the 

polymer, there are 3 separate areas where drug material is found which are: dissolved 

in the polymer phase; dispersed in a non-polymer drug state; and dissolved within 

aqueous pores in the polymer [287]. PLGA has been utilised in a wide variety of 

drug delivery systems including microspheres, microcapsules, nanoparticles, pellets, 

implants and films carrying an array of bioactive ingredients including vaccines, 

peptides, proteins and micro-molecules [286]. 
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6.1.3. Drug Loading PLGA Micro/nanoparticles 

Successful encapsulation of therapeutic peptides and proteins utilising PLGA is 

commonly carried out using the emulsion/solvent evaporation technique. This 

method involves dissolving the polymer in a water immiscible, volatile organic 

solvent and then adding the drug, either dispersing or dissolving, to the polymeric 

solution. This solution is then emulsified in an aqueous phase to produce polymeric 

droplets which can be formed through sonication, homogenisation or simple mixing 

[281]. The organic solvent is then evaporated which subsequently hardens the 

polymeric nano/micro-particles which also contain the drug material. Many factors 

affect the properties of the nano/micro-particles including the solubility of the drug, 

solvent type, temperature, sonication settings, polymer composition and viscosity to 

name a few [292]. A double emulsion technique (Figure 6.2) can also be utilised 

where the primary water/oil (W/O) emulsion is added to an aqueous solution 

containing a surfactant, such as polyvinyl alcohol (PVA), and sonicated to obtain a 

water/oil/water (W/O/W) double emulsion [293]. Double emulsions can however, be 

challenging to formulate and stabilise. Internal aqueous droplets have the potential to 

coalesce, forming a core-shell structure. Additionally, the internal aqueous phase can 

be released into the external aqueous phase through coalescence with the surface and 

the oil droplets can also potentially coalesce. These issues can be minimised however 

by utilising polymeric stabilisers such as PVA [281]. For the encapsulation of water-

soluble drugs such as peptides and proteins, the double emulsion method can avoid 

partitioning of the drug material into the aqueous phase and subsequent loss of drug 

loading efficiency which can occur when the conventional W/O solvent evaporation 

technique is employed [292].  

 

 

Figure 6.2: Diagram illustrating the double emulsion solvent evaporation method of 

polymer based particle formulation [294]. 
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After the particles have been formulated, freeze drying/lyophilisation, is often carried 

out to preserve the stability and activity of the pharmaceutical product allowing for 

long term storage. Lyophilisation involves 3 steps namely: solidification of the 

sample by freezing; primary drying corresponding with ice sublimation; and 

secondary drying which involves desorption of unfrozen water in the sample. Issues 

related to freeze drying of polymer particles include mechanical stress due to 

crystallisation which can destabilise the particles and aggregation or irreversible 

coalescence due to the high concentration of particles in the dried sample. The 

addition of cryo-protectants such as trehalose, sucrose, glucose and other sugars can 

improve the resistance of the particles to these effects and improve stability [295]. 

 

 

6.1.4. Transdermal Delivery of Micro/nanoparticles 

The ability of topically applied micro/nanoparticles to effectively penetrate the SC 

relies upon a range of complex elements such as the material properties of the 

particles, the size and shape of individual particles and other physicochemical factors 

[104]. Passive permeation of particles ranging in size from 50 to 500 nm through 

epithelial barriers has been reported [285] however, the role of hair follicles and 

other skin appendages has not yet been fully determined. Penetration of nanoparticles 

through hair follicles has been demonstrated, however, with penetration depth 

depending largely on particle size which indicates a mechanical element to the 

penetration process [296]. Microneedle mediated skin pre-treatment prior to 

nanoparticle application has been utilised in a number of studies [103, 104, 297] and 

enhanced transdermal delivery of nanoparticles by utilising microneedles to pre-treat 

the skin and allow delivery to deeper dermal layers has been reported [103]. This 

pre-treatment approach could allow targeted delivery to mast cells and lymphocytes 

for the treatment of inflammatory and allergic skin diseases as well as offering access 

to Langerhans and dendritic cells in the case of vaccine delivery [288].  
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6.2. Objectives 

The effectiveness of the PVP/trehalose microneedle system has been demonstrated 

following the successful delivery of the polymyxin b model drug and subsequent 

delivery of two synthetic peptide analogues. The rapid dissolution of the microneedle 

formulation facilitated the burst release of the peptides with relatively rapid rates of 

release evident within the first 3-4 h of application. Maintaining the focus of this 

project on systemic transdermal drug delivery, the final stage of this research 

focussed on exploring a controlled and sustained release delivery system comprising 

of the PVP/trehalose formulation incorporating a payload of biodegradable, peptide-

loaded PLGA particles. The dissolving microneedle system was utilised to rapidly 

deposit the payload of PLGA particles which slowly degrade and release the peptide 

systemically over time. Characterisation of these microneedles was carried out as 

before to examine the mechanical strength and stability of the particle loaded arrays.  

 

As before, the focus of this chapter was to maintain the use of mild formulation 

conditions, avoiding elevated temperatures and extremes of pH which may adversely 

affect the activity of the peptide drug. Park et al. (2006) [128] investigated PLA and 

CMC micro-particles encapsulated in PLGA microneedles for the controlled release 

of BSA. Exposure of the drug to temperatures of 135 ºC, as used in the fabrication of 

the PLGA microneedles, resulted in total denaturation after 1 h. As such, the aim of 

this study was to protect the activity of the peptide drug by utilising the PLGA to 

formulate the particles, using a double emulsion solvent evaporation method without 

utilising elevated temperatures, pH or harsh organic solvents. With the exception of 

the use of DCM, all solutions utilised were aqueous in nature. The release of the drug 

from the particles was monitored over time and the ability of the dissolving 

microneedle system to successfully deliver the particles transdermally in vitro was 

also investigated. 
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6.3. Experimental 

6.3.1. Materials 

PLGA ester terminated lactide:glycolide 50:50 MW 38,000- 54,000, PLGA ester 

terminated lactide:glycolide 75:25 MW 76,000-115,000,  PLGA acid terminated 

MW 7,000-17,000. 

Polymyxin b sulphate supplied by Sigma Aldrich Ireland 

PVP average weight 40,000 supplied by Sigma Aldrich 

Trehalose D(+)- trehalose dihydrate (≥98 %) obtained from Fisher Scientific 

Glycerol – ACS grade obtained from Reagecon 

Coumarin 6 (≥99 %) supplied by Sigma Aldrich Ireland 

PVA hydrolysed (87 – 89%) supplied by Sigma Aldrich 

Brain heart infusion obtained from Oxoid Microbiology Products 

Salmonella typhimurium (LT2) from WIT culture collection 

Tween ® 80 obtained from Sigma Aldrich Ireland 

 

 

6.3.2. Methods 

6.3.2.1. Preparation of the PLGA Micro/ nanoparticles 

200 mg of the PLGA polymer was dissolved in 2 mL dichloromethane (DCM). 50 

µL of water (for unloaded particles) or aqueous drug solution (for loaded particles) 

was then added to the PLGA solution. The aqueous drug solution used was a 50 mg/ 

mL solution of polymyxin (representing the maximum concentration of polymyxin 

soluble in water). The mixture was then sonicated by probe-sonication (Sonics 

vibracell, model CV188) at its maximum amplitude, to form the primary water/oil 

(W/O) emulsion.  This sonication was carried out while the mixture was standing on 

ice. The W/O emulsion was then added to 4 mL of 1% w/v PVA solution and a 

water/oil/water (W/O/W) emulsion was then formed by another 1 min of probe 

sonication on ice. The W/O/W emulsion was then transferred to 100 mL of 0.3% w/v 

PVA solution on a stirring plate at a mild stirring rate. The solution was stirred for 3 

h, allowing the DCM to evaporate, and the particles to harden. The particle 

dispersion was then centrifuged at 4000 rpm for 20 min and the supernatant 

decanted. The particles were re-dispersed in fresh DI water using a vortex mixer and 
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centrifuged for another 20 min at 4000 rpm. This procedure was repeated 3 times to 

wash excess residual PVA from the particles. Once thoroughly washed, the particles 

were dried and characterised using SEM and DLS.  

 

For coumarin 6 loaded particles, 1 mg of coumarin 6 was added with 200 mg of 

PLGA to 2 mL of DCM which was then emulsified with 50 µL of H2O to form the 

primary W/O emulsion. The W/O/W emulsion was then obtained utilising the 

procedure as before. 

 

 

6.3.2.2. Particle Yield, Drug Content and Drug Encapsulation 

The mean values of 3 nano/micro-particle batches were used to calculate particle 

yield, drug content and drug encapsulation. After formulating the particles and 

obtaining the yield (mg), each batch was dissolved in 10 mL of 50:50 H2O/ACN and 

the dissolved particles analysed using HPLC to determine the drug content. 

 

The particle yield was calculated using Equation 6.1: 

 

𝒎𝒂𝒔𝒔 𝒐𝒇 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒆𝒅 × 𝟏𝟎𝟎

𝒎𝒂𝒔𝒔 𝒐𝒇 𝒑𝒐𝒍𝒚𝒎𝒆𝒓𝒊𝒄 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝒂𝒏𝒅 𝒅𝒓𝒖𝒈
    Equation 6.1 [298] 

 

Drug content (% w/w) was calculated using Equation 6.2: 

 

𝒎𝒂𝒔𝒔 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 × 𝟏𝟎𝟎

𝒎𝒂𝒔𝒔 𝒐𝒇𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒆𝒅 
     Equation 6.2 [298] 

 

Drug encapsulation (%) was calculated using Equation 6.3: 

 

𝒎𝒂𝒔𝒔 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 × 𝟏𝟎𝟎

𝒎𝒂𝒔𝒔 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒇𝒐𝒓𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏 
    Equation 6.3 [298] 
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6.3.2.3. SEM 

SEM analysis was carried out as per Chapter 2, Section 2.2.2.7.  

 

 

6.3.2.4. OCT 

OCT was carried out as per Chapter 3, Section 3.2.2.13. 

 

 

6.3.2.5. Fluorescence Microscopy 

The instrument used for this analysis was an Olympus BX51 Fluorescence 

Microscope and the samples were viewed using a fluorescein isothiocyanate (FTIC) 

filter cube. 

 

 

6.3.2.6. Dynamic Light Scattering (DLS) 

DLS was carried out on the micro-particles to determine the average particle size per 

batch. Analysis was carried out using a Microtac Nanotrac Wave II particle analyser. 

Each sample was analysed in an aqueous dispersion medium with the instrument 

carrying out 3 analyses of each sample. 

 

 

6.3.2.7. HPLC 

UV HPLC analysis was carried out using an Agilent Technologies 1200 with an 

Xterra reversed phase C18 5 µm 4.6 x 250 column. A gradient method was developed 

with mobile phase A (water with 0.1 % trifluoroacetic acid (TFA)) and B 

(acetonitrile with 0.08 % TFA). Starting with 95 % mobile phase A and 5 % B, the 

composition changed to 40% B over 30 min and back to 5 % B at 35.10 min to the 

end of the run time of 40 min. The injection volume was 40 µL with a flow rate of 

0.5 mL/ min, column temperature of 40 º C and the detection wavelength was set at 

214 nm. 
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Fluorescence detection (FLD) HPLC was carried out on the coumarin 6 standards 

and fluorescent particle loaded microneedles using Agilent Technologies 1200 fitted 

with a standard Agilent FLD detector and a Waters Symmetry Shield reverse phase 

C18 5 µm 3.9 x 150 mm column. A dual mobile phase isocratic method was used 

consisting of 20 % H2O with 0.1 % TFA) and 80 % MeOH. The flow rate was set at 

1 mL/ min, the injection volume was 5 µL and total run time was 10 min with no 

column temperature control. The absorption wavelength was set at 458 nm and the 

fluorescence emission wavelength was set at 512 nm [103, 299]. LOD and LOQ were 

determined based on the standard deviation of the response and the slope of the 

representative calibration curve. The LOD was determined as 35 ng/ mL and the 

LOQ was determined as 105 ng/ mL. Calibration curves for the coumarin 6 standards 

were linear in the concentration range of 0.3 µg/ mL to 10 µg/ mL with r
2
 value of 1 

based on the area under the sample peak. 

 

 

6.3.2.8. TGA 

TGA analysis was carried out as per Chapter 2, Section 2.2.2.8. 

 

 

6.3.2.9. DSC 

DSC analysis was carried out as per Chapter 2 Section 2.2.2.9. 

 

 

6.3.2.10. DVS 

DVS analysis was carried out as per Chapter 2, Section 2.2.2.10. 

 

 

6.3.2.11. Franz Cell Skin Diffusion 

Skin diffusion tests were carried out as per Chapter 4, Section 4.3.2.8. 

 



220 

 

6.3.2.12. Well Diffusion Tests 

The well diffusion tests were carried out as per Section 3.2.2.2 with 8 petri dishes 

prepared with inoculated media and 3 wells on each plate.  For these tests, a batch of 

polymyxin loaded particles, prepared as per Section 6.3.2.1 were dissolved in an 8 

mL solution of 50:50 H2O/ACN and 50 µL of this solution was applied to each well 

on the 6 sample plates. A control sample consisting of unloaded PLGA particles 

dissolved in 50:50 H2O/ACN was also prepared and 50 µL of this solution was 

applied to each well in the 2 control plates. Additionally, well diffusion testing was 

carried out on samples taken at the end of the drug release study to determine 

whether the activity of the polymyxin was affected by the degradation of the PLGA 

particles. 

 

 

6.3.2.13. Drug Release Studies 

To determine the release of polymyxin from drug loaded particles over time, 3 

batches of drug loaded particles were prepared as per Section 6.3.2.1. Once 

formulated, 120 mg of each nano/micro-particle batch was placed in a 15 mL 

centrifuge tube and 2 mL of PBS pH 7.4 solution was added to the tube. The tubes 

were vortexed to fully disperse the particles in the PBS solution and the centrifuge 

tubes were then placed in a heated orbital shaker set at 37 ºC and 250 rpm for 24 h. 

After this, the tubes were transferred to a centrifuge for 5 min at 5000 rpm to 

compact the particles. Once completed, the PBS solution was removed, filtered with 

a 0.45 µm syringe filter and analysed using HPLC. Another 2 mL of fresh PBS 

solution was added to the centrifuge tubes and each was vortexed to break up the 

particle pellet and re-disperse the particles in the solution. Once fully dispersed, the 

centrifuge tubes were returned to the orbital shaker for another 24 h and the process 

was repeated over a period of 2 weeks.   
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6.4. RESULTS & DISCUSSION 

6.4.1. Preparation of the PLGA Micro/ nanoparticles 

The double emulsion solvent evaporation method utilised in the formulation of the 

PLGA particles consistently produced particles that were relatively uniform in size 

and fully formed without any visible defects in the spherical structure. The well 

diffusion tests carried out on the polymyxin loaded particles dissolved in H2O/ACN 

resulted in Zones of Inhibition (ZOI’s) with an average diameter of 14.5 mm (± 0.7) 

for all of the polymyxin loaded particle solutions with no ZOI’s visible on the control 

plates (Figure 6.3). This indicated that polymyxin was successfully encapsulated into 

the PLGA particles and also that the encapsulation process, including the use of 

DCM, did not result in any loss of polymyxin activity. 

 

 

Figure 6.3: Well diffusion plates: (A) illustrating ZOI’s after application of 

polymyxin loaded PLGA MP solution and (B) illustrating control plate after 

application of MP solution, no drug. 

 

The development of a successful particle based drug delivery system however, is 

dependent on three key requirements namely high drug loading, high encapsulation 

efficiency and a suitable release rate [281]. The average nano/micro-particle yield 

was calculated as 43.8 ± 2.9 % across 3 drug loaded batches and similarly, the same 

batches had a mean drug content (% w/w) calculated as 0.5 ± 0.1 %. The average 

drug encapsulation efficiency of the 3 batches was calculated as 21.5 ± 3.4 % which 

was quite low, indicating that the majority of the polymyxin solution failed to be 

A B 



222 

 

encapsulated into the particles and was subsequently lost in the particle formulation 

process.  

 

Issues associated with double emulsions which may have contributed to the low 

encapsulation of drug include the potential for the internal aqueous droplets to 

coalesce and subsequently get released into the external phase as a result of 

instability of the primary W/O emulsion. Loss of some of the internal aqueous phase 

typically occurs during the second emulsification step due to oil drop breakup, but 

the addition of surfactant to the primary emulsion can stabilise the droplets, reducing 

the risk of coalescence with the external aqueous phase. A drop in encapsulation 

efficiency can also occur due to increased biologics concentration in the primary 

emulsion [281]. Low drug encapsulation can also be attributed to the water soluble 

nature of the drug which can lead to rapid partitioning into the aqueous phase and 

decreased entrapment in the polymer particles. Increasing the theoretical drug 

loading has also been shown to reduce the overall drug encapsulation which may be 

as a result of drug leakage into the aqueous phase at high loadings [291, 298]. These 

parameters may have affected the final encapsulation efficiency given the water 

soluble nature of polymyxin coupled with the high concentration of polymyxin used 

in the formulation process. 

 

Other parameters that can affect the encapsulation efficiency include the type of 

PLGA utilised, with lower encapsulation efficiency resulting from the use of low 

molecular weight PLGA containing a higher lactide to glycolide ratio. In addition, 

longer sonication times tend to lower encapsulation efficiency by not only reducing 

particle size but by also causing the PLGA to degrade prematurely. This polymer 

degradation can lead to drug loss during the washing stages as a result of the 

increased permeability of the particles [300]. Loss of encapsulated biologics has also 

been reported during long solvent evaporation steps [293] and as such, reducing the 

evaporation time would potentially increase the particle drug loading efficiency.  

 

 

6.4.2. SEM 

SEM was used to examine the size and morphology of the particles in each batch. 

The molecular weight of PLGA used did not seem to affect the particle size with 



223 

 

low, medium and large molecular weight PLGA producing particles which appeared 

to be relatively uniform in size for each batch, ranging from 500 nm to 5 µm (Figure 

6.4). The particles were spherical in shape with no visible pores or pitting on the 

surface, which can have negative effects on the durability and structural integrity 

potentially causing accelerated degradation [300]. Furthermore, the particles 

appeared evenly distributed throughout the sample with no indication of aggregation 

or clustering. Lyophilisation of the particles was carried out at the end of the 

formulation process for initial particle batches. However, this resulted in flocculation 

and aggregation of the particles. For this reason, subsequent batches of particles were 

formulated without lyophilisation, with the drying step carried out in a fume hood. 

This process did not appear to adversely affect the particle structure or dispersion.  

 

 

Figure 6.4: SEM image of high MW PLGA micro-particles. 

 

In addition to examining the morphology of the PLGA particles, SEM was also 

utilised to examine particle loaded microneedles with Figure 6.5 illustrating the tip of 

an individual needle shaft with PLGA particles clearly visible embedded in the 

needle structure. The SEM images also indicated that no loss of tip sharpness was 
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apparent due to the presence of the particles in the formulation, which may have 

settled in the tips of the needles during the casting and drying process. 

 

Figure 6.5: SEM image of micro-particle loaded microneedle with visible micro-

particles embedded in the needle shaft. 

 

6.4.3. DLS 

DLS analysis provided data relating to the mean diameter and the polydispersity 

index (PI) of each batch of particles. As per the SEM analysis, DLS indicated no 

apparent correlation between particle size and the molecular weight or feed ratio of 

the PLGA used (Table 6.1). Similarly, as per the results obtained for sample D 

(Table 6.1), drug loading did not appear to have any major effect on the particle size. 

The main factors affecting the mean particle size, standard deviation and 

heterogeneity of each batch were not immediately apparent based on the DLS data. A 

probe sonicator was utilised for samples A, B, C and D however, due to the 

unavailability of the probe sonicator at the time, a bath sonicator set up was utilised 

for sample E.  
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Table 6.1: Results of DLS analysis on 5 nano/ micro-particle batches detailing MW, 

feed ratio, mean diameter (MV) and polydispersity index (PI). 

 PLGA MW (g/ mol) 

(n=3) 

Feed Ratio 

(lactide:glycolide) 

Mean 

Diameter 

(MV) (nm) 

Polydispersity 

Index (PI) 

A 7,000 – 17,000 (low) 50:50 1107 ± 862 6.6 

B 38,000 – 54,000 (med) 50:50 446 ± 149.6 1.04 

C 76,000 – 115,000 (high) 75:25 907 ± 161.3 0.004 

D Polymyxin loaded (low) 50:50 474 ± 185.6 1.91 

E Coumarin loaded (high) 75:25 4610 ± 1757 0.14 

 

 

The larger mean particle diameter of the coumarin loaded particles in sample E may 

have been due to the lower energy of the bath sonicator however, the PI was 

relatively low indicating relatively uniform dispersion. Samples B, C and D exhibited 

smaller mean particle sizes and low PI indicating relatively uniform dispersion of 

particles in each sample. The mean particle size in sample A was larger however and, 

with a PI of 6.6, indicated a much less homogenous dispersion than B, C and D. As 

sample A represented one of earlier batches in this study, the improved results seen 

with samples B, C and D, which were formulated later, could have been attributed to 

improved operator technique. 

 

 

6.4.4. DSC and TGA 

Thermal analysis of the MP loaded microneedle formulation (Figure 6.6) indicated 

that the degradation profile remained relatively unchanged compared to the unloaded 

3:1 PVP/trehalose formulation.  
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Figure 6.6: Overlaid TGA and DSC thermograms for medium MW PLGA particle 

loaded microneedle formulation illustrating thermal degradation profile and Tg.  

 

The most notable exception was the drop in Tg with the particle loaded formulation to 

98.81 ± 0.05 ºC (n=3) from 112.4 ± 1.4 ºC (n=3) for the unloaded formulation 

(Section 3.3.1.2). Although this represented a drop in Tg of approx. 10 ºC, it was not 

expected to result in a significant reduction in the mechanical strength of the needles.  

 

 

6.4.5. DVS 

DVS analysis of the particle loaded microneedle formulation indicated that the water 

sorption properties of the microneedles remained relatively unchanged as a result of 

the incorporation of particles into the microneedle matrix. Figure 6.7 illustrated that 

the mass increase of approx. 25% due to water sorption and the level of hysteresis 

was similar to that of the unloaded 3:1 PVP/trehalose formulation (Figure 3.6) and as 

such, it was concluded that the addition of the particles had little effect on the 

sorption properties of the formulation. Consequently, it was expected that the particle 

loaded microneedles would display similar moisture uptake and subsequent 

dissolution properties as the unloaded microneedles.  
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Figure 6.7: Plot of water sorption isotherm from micro-particle loaded 

PVP/trehalose microneedle formulation.  

 

6.4.6. OCT 

OCT analysis indicated that the particle-loaded microneedles were capable of 

penetrating the SC and dermal layers to an average depth of 325 ± 24µm (n=5) 

(Figure 6.8). The average micro-pore size was also determined as 246 ± 12 µm and 

the average space between the skin surface and the base of the arrays was calculated 

as 384 ± 31µm. As per the peptide loaded arrays, the PLGA particle loaded 

microneedles were capable of penetrating the SC to a depth sufficient to deposit the 

particles deep within the dermis. Coupled with the expected onset of occlusion as a 

result of the hydration of the PVP/trehalose formulation, this was expected to 

facilitate continued diffusion of particles contained within the backing layer of the 

arrays. In addition, the OCT image illustrated the dispersion of particles within the 

microneedle matrix, with PLGA particles visible in the backing layer and the needles 

themselves.  
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Figure 6.8: OCT image illustrating the penetration depth of particle loaded 

microneedles with visible particles embedded within the microneedle matrix. 

Variation in particle sizes due to emulsification step utilising bath sonicator and 

heterogeneous distribution within the arrays. 

 

6.4.7. Drug Release Studies 

After daily analysis of the drug loaded particles over a period of 2 weeks, no trace of 

polymyxin was found in any of the PBS solution samples analysed. SEM images 

taken at the end of the study indicated though that degradation of the particles was 

occurring (Figure 6.9) and as such, it was expected that drug material would be 

released. The calculated drug encapsulation efficiency of the particle formulation 

procedure however, was relatively low at only 18.8% and, as such, coupled with the 

slow degradation rate of the PLGA particles, the amount of actual polymyxin 

released was determined to be extremely low and most likely lower than the limit of 

detection of the HPLC analysis method.  

 

Microneedle base layer Embedded micro-particles 

Stratum corneum Microneedle shafts 
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Figure 6.9: SEM image detailing degradation of polymyxin loaded PLGA micro-

particle after 15 days.  

 

The fact that the particles, although displaying signs of degradation, were still quite 

intact and retaining the drug payload, was further indication of their slow drug 

release properties. This was confirmed by the well diffusion test (Figure 6.10), 

carried out at the end of the drug release study which indicated the presence of 

polymyxin still within the PLGA particles.  
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Figure 6.10: Well diffusion plates illustrating activity of polymyxin loaded PLGA 

particle solution to determine the presence of drug after 2 week release study. Plates 

1, 2, 3 contain dissolved drug loaded PLGA particle solution, plate B contains MP 

solution with no drug. 

 

ZOI’s with an average diameter of 6 mm were visible on all the drug loaded sample 

plates with no ZOI’s visible on the control. The pH of the PBS solution was also 

monitored throughout the experiment and remained at pH 7 with no apparent 

increase in acidity due to degradation of the PLGA. Additionally, after dissolving the 

particles in H2O and ACN at the end of the study, the pH was again measured as pH 

7. This indicated that the degradation of the PLGA particles had little to no effect on 

the local pH. This was not expected to negatively affect the activity of the polymyxin 

as decomposition of polymyxins in aqueous solution is not adversely affected at pH 

≤ 7 [206, 232].  
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6.4.8. Skin Diffusion Testing of Microneedle Loaded Coumarin 6 

Micro-particles 

Coumarin 6 (Figure 6.11) is a highly fluorescent compound which has been widely 

utilised as a fluorescent marker, particularly in the detection of polymeric 

nanoparticles delivered into cells and as a probe in protein microenvironment 

determination [301]. As it is lipophilic and does not dissolve in aqueous solutions, 

the use of coumarin 6 was particularly well suited as a marker for transdermal 

delivery of the polymeric particles given that its detection in skin tissues could be 

attributed solely to the presence of coumarin loaded particles as opposed to free 

coumarin 6 released into the tissues [103].  

 

 

Figure 6.11: Chemical structure of coumarin 6 [302]. 

 

Examination of the microneedle arrays loaded with the fluorescent particles using 

fluorescence microscopy illustrated the dispersion and concentration of the particles 

in the microneedle matrix. In Figure 6.12, the concentration of particles in the 

microneedle shafts was evident due to the high level of fluorescence in comparison 

to the surrounding array. This is most likely due to gravity-induced pooling of the 

micro-particles in the needle moulds during the casting process. This may have 

resulted in a higher concentration of particles in the needles as opposed to the back 

layer. Individual particles can also be clearly seen embedded in the backing layer 

although these images do illustrate the poly-dispersion of particles within the arrays, 

with some areas clearly devoid of particles and others containing higher 

concentrations. 
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Figure 6.12: Standard optical (left) and fluorescence (right) microscopy images of 

coumarin 6 micro-particle loaded microneedle arrays illustrating the micro-particles 

embedded in the microneedle shafts. 

 

Fluorescence microscopy images taken of skin samples after the diffusion studies 

clearly illustrated the deposition of the PLGA particles on the skin surface and in the 

micro-channels formed by the microneedles themselves (Figure 6.13). Zhang et al. 

(2010) carried out a study into the transdermal delivery of coumarin 6 loaded 

polystyrene nanoparticles through microneedle pre-treated porcine skin. With results 

mirroring those of this study, they observed high levels of fluorescence in the micro-

conduits as opposed to the surrounding tissue. This was indicated that the SC was the 

main barrier to particle penetration although they did report penetration of particles 

through skin appendages [103]. 
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Figure 6.13: Standard optical (left) and fluorescence microscopy (right) images of 

post microneedle array application skin after 20 h diffusion testing illustrating 

microneedle micro-conduits and deposition of coumarin 6 loaded micro-particles. 

 

Additionally, fluorescence microscopy images of the PBS receptor phase after 20 h 

of microneedle array application (Figure 6.14) clearly showed the presence of 

fluorescent micro-particles which indicated that, after being deposited within the 

tissue layers of the skin, the particles were capable of penetrating through the skin 

into the receptor phase. In addition, no particles were detected in the receptor phase 

after application of the aqueous dispersion control solution. Coulman et al. (2009) 

reported that polystyrene nanoparticles delivered through microneedle treated skin 

failed to permeate beyond the epidermal layer and exhibited progressive transdermal 
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retardation which would limit the application for systemic delivery [104]. Similarly, 

Zhang et al. (2010) reported high levels of particle accumulation in the epidermis 

with little penetration into the dermis [103]. This indicated that depositing the 

particles deep into the skin with the dissolving microneedles facilitated further 

penetration of the particles into the dermal layers as opposed to retention in the 

epidermis. 

 

 

Figure 6.14: Standard optical microscope image (left) of receptor phase droplet after 

20 h diffusion and same image (right) viewed using fluorescent filter highlighting 

coumarin 6 loaded micro-particles. 

 

Fluorescence microscopy imaging was also taken of cross sections of post diffusion 

test skin samples to examine the penetration of the microneedles into the skin. Figure 

6.15 illustrated the penetration depth of the microneedle shafts into the skin and 

highlighted the high concentration of particles that were encapsulated within the 

microneedle matrix, particularly the needle shafts. In addition, micro-particles can be 

seen embedded in the surrounding skin tissue.  

 

 

 



235 

 

 

Figure 6.15: Cross section of post diffusion test skin after microneedle application. 

Images on the left show standard optical microscopy image, illustrating penetration 

depth of microneedles. Images on the right taken using FITC filter equipped 

fluorescence microscope illustrate fluorescence of the coumarin 6 loaded 

microneedles and deposited micro-particles. 

 

As discussed above, dispersion of the micro-particles was not uniform in the 

formulation and as such, content uniformity testing could not be carried out on the 

formulation prior to the diffusion study. This was most likely as a result of the wide 

range of particle sizes in each batch with particles ranging from < 500 nm to > 100 

µm. In order to ensure more uniform dispersion, further optimisation of this process 

would be required. Optimising particle formulation would ensure consistent particle 

sizes, particularly the formation of nanoparticles which would potentially be easier to 

suspend in the microneedle formulation more homogenously, as opposed to micro-

particles.  

 

Despite the fact that dispersion of particles in the microneedle matrix was not 

uniform, the release profile mirrored that of the previous studies into peptide release 

from the microneedle arrays (Section 4.4.7, Section 5.4.3.4). The microneedles 

delivered the particles at a faster initial rate than the control discs over the first 3-4 h 
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of the experiment before reverting to a rate comparable with the control discs (Figure 

6.16). Two control types were utilised in the skin diffusion study namely a control 

disc of the microneedle formulation incorporating the fluorescent particles and an 

aqueous dispersion of the fluorescent particles (control).  

 

 

Figure 6.16:  Coumarin 6 loaded micro-particle release profile from microneedle 

arrays, control discs and aqueous control solution. 

 

In the case of the aqueous micro-particle dispersion, no particles were evident in the 

receptor phase at any stage of the experiment. This would suggest that the 

microneedle formulation itself contributed to the enhanced permeation of the 

particles through the skin, possible due to enhanced occlusion as a result of the 

formulation and the potential permeation enhancement properties of the PVP as 

described in Section 4.4.7.  

 

Although scope remains for further optimisation, this system illustrated the 

successful transdermal delivery of PLGA particles by utilising the PVP/trehalose 

dissolving microneedle system. Compared with other studies which have utilised 

microneedles in a pre-treatment capacity [103, 104, 297], this system has illustrated 

suitability for systemic as opposed to intradermal drug delivery. There are a number 

of studies which have been carried out on dissolving microneedles to deliver drug 
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loaded particles. Ali et al. (2017) investigated the delivery of a peptide mediated 

DNA vaccine for the treatment of cervical cancer and reported a high antigen 

specific immune response however, the use of high MW PVP (360 kDa) in the study 

introduces the risk of polymer accumulation and renal clearance issues [166]. 

DeMuth et al. incorporated PLGA micro-particles into the tips of PAA microneedles 

and reported deposition of particles in murine skin up to a depth of 400 µm however, 

as the particles were confined to the tips of the needles, this potentially limited the 

amount of drug capable of being delivered via this system [303].  
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6.5. Conclusions 

A double emulsion solvent evaporation technique was successfully employed to 

produce PLGA nano/micro-particles with relatively uniform size and shape. 

Polymyxin B was successfully loaded into the particles, however, the encapsulation 

efficiency was low at only 21.5 ± 3.4 %. The particles were incorporated in the 

PVP/trehalose microneedle formulation and microneedle arrays were cast as before. 

The addition of the particles to the arrays was determined to have little effect on the 

characteristics of the microneedles through thermal analysis, sorption profile analysis 

and SEM. The addition of the particles was not expected to affect the ability of the 

arrays to penetrate the skin and deliver the drug loaded particle payload. This was 

confirmed by OCT analysis which illustrated that the particle loaded needles were 

capable of penetrating the SC barrier to a sufficient depth (≈325 µm) to enable 

deposition of the particles within the dermal layers. 

 

The polymyxin loaded particles were analysed to determine the drug release profile 

over time as a result of PLGA degradation. Although degradation of the particles was 

visible from SEM analysis, no drug release was detected in the samples analysed 

using HPLC. This was determined to be as a result of the slow degradation of the 

particles and subsequent low levels of drug released as a result. Additionally, poor 

drug encapsulation efficiency resulted in low levels of polymyxin within the 

particles. Well diffusion studies, however, indicated the presence of polymyxin 

within the particles after drug release study. This suggested that formulating faster 

degrading PLGA should result in detectable drug release over the same time period. 

 

It was determined that optimisation of the particle drug loading would be required in 

order to develop this microneedle based sustained release system into an effective 

drug delivery method. A number of factors would need to be considered in order to 

achieve this including drug loading and type of drug utilised. By reducing the 

concentration of polymyxin incorporated into the formulation at the primary 

emulsion phase, the encapsulation efficiency of the particles may be increased. Less 

water soluble peptides may also be more successfully encapsulated in the PLGA 

particles and as such, may be more suitable drug candidates for this delivery system. 

Controlling the particle size to ensure nanoparticle yields which may result in more 

homogenous distribution within the microneedle matrix would also be required. 
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Increasing the sonication time can also reduce particle size by increasing shear stress 

which results in the breakdown of the primary emulsion droplets [300].  

 

The dissolving microneedle based PLGA nano/micro-particle delivery system 

presented here exhibits vast potential as an effective sustained release transdermal 

peptide drug delivery system. To the author’s knowledge, this is the first use of a 

PVP/trehalose dissolving microneedle system as a vehicle for PLGA particle 

delivery designed specifically for the sustained, systemic delivery of therapeutic 

biomolecules. However, further studies into the optimisation of the double emulsion 

particle formulation method are needed to improve particle size consistency and drug 

encapsulation efficiency. In addition, utilising a range of PLGA compositions would 

be required in order to achieve a better drug release profile. 
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CHAPTER 7. CONCLUSIONS & FUTURE WORK 
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7.1. Conclusions 

The results obtained from the characterisation testing of the various PVP/trehalose 

formulations and subsequent statistical analysis has shown the effects each 

component has on the physical properties of each of the formulations. In addition to 

the morphological examination of the moulded microneedle arrays using SEM, the 

parameters of the various formulations investigated included disintegration time, Tg 

and water sorption behaviour. By examining each parameter, the effects of the 

polymer, sugar and plasticiser content was determined and statistical analysis also 

indicated the statistically significant factors for each property. From this analysis, a 

combination of 3:1 PVP/trehalose with 2% w/w glycerol was determined as the 

optimum formulation to proceed with the microneedle study. 

 

The 3:1 PVP/trehalose microneedle formulation was extensively characterised using 

a wide range of techniques to establish the suitability of the formulation for the 

systemic delivery of biological pharmaceuticals such as therapeutic peptides and 

proteins. The results of these experiments indicated that the formulation possessed a 

sufficiently high Tg for prerequisite physical stability, exhibited moisture sorption 

behaviour which would facilitate rapid dissolution once applied to the skin (in 

addition to bolus drug delivery) and arrays cast from this formulation were fully 

formed and consistently representative of the master moulds. In addition, further 

testing was carried out to examine the mechanical strength of the needles to 

determine the fracture force and skin penetration abilities of the arrays. The effect of 

elevated RH on the needle tip sharpness was also examined. The results of the above 

indicated that the PVP/trehalose formulation produced microneedles that were more 

than adequately robust to penetrate the skin, and that kept a sufficient tip radius after 

exposure to relatively high RH conditions. 

 

Coupled with the characterisation tests, fluorescence microscopy confirmed that 

material from the microneedles did not diffuse into the base layer of the array after 

the casting process. As such, drug material embedded in the microneedle shafts 

would be expected to remain in the needles only and no loss of the drug payload 

through diffusion into the base layer would be expected to occur if this was required 

in the drug delivery system.  
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The formulation was tested to determine if a model peptide drug, polymyxin B, could 

be encapsulated in the formulation without any loss of efficacy. A number of 

well/disc diffusion tests were carried out, the results of which indicated that the 

peptide maintained activity during all stages of the formulation process and remained 

unchanged after 70 days encapsulated in the polymer/sugar microneedle arrays.  

Following this, skin diffusion tests were carried out on microneedle arrays loaded 

with polymyxin B to determine the ability of the microneedles to successfully deliver 

the drug payload through porcine skin.  

 

After successfully delivering the polymyxin B peptide, the microneedle arrays were 

loaded with two synthesised peptide analogues of existing therapeutic peptides. 

Fmoc based solid phase peptide synthesis was used to synthesise analogues of 

pentagastrin and sincalide which were then loaded into the microneedle arrays and 

delivered through porcine skin. The dissolving microneedle system successfully 

delivered all three peptides through porcine skin, delivering a greater concentration 

of drug at a higher rate than drug loaded control discs. 

 

The final stage of the research aimed to develop a sustained release peptide drug 

delivery system utilising PLGA particles embedded in the PVP/trehalose dissolving 

microneedles. PLGA particles loaded with polymyxin were successfully formulated 

and incorporated into the microneedle arrays. Although the release profile of the drug 

from the particles over time could not be determined, the activity of the polymyxin in 

the particles was monitored and determined to have been unaffected by the 

formulation process and degradation over time of the PLGA particles. Coumarin 6 

loaded PLGA particles were then utilised in skin diffusion studies to determine the 

ability of the microneedles to successfully deliver particles through the SC and into 

the dermal layers. Fluorescent microscopy and FLD HPLC was utilised to confirm 

that the coumarin 6 particles were successfully administered through the skin by the 

microneedles. In addition, the results indicated that the PVP/trehalose formulation 

itself may also have skin permeation enhancement qualities as particle delivery was 

observed from PVP/trehalose formulation control discs and not from aqueous based 

fluorescent particle dispersion. 

 

 



243 

 

7.2. Future Work 

This study represents the first use of a tertiary formulation consisting of PVP, 

trehalose and glycerol for the fabrication of dissolvable microneedles designed to 

deliver therapeutic peptides transdermally. The characterisation techniques utilised 

provided comprehensive data on the quality of the formulation in respect of the 

envisioned application.  

 

In combination with the characterisation techniques utilised in this study, additional 

studies may also be carried out on the PVP/trehalose formulations utilising Fourier 

transform infrared (FTIR) spectroscopy and solid state nuclear magnetic resonance 

(NMR) spectroscopy to further examine the bonding interactions between the 

polymer, sugar and plasticiser. Studies have been conducted into the characteristics 

of hydrogen bonding between PVP and trehalose [188, 189] and between PVP and 

plasticisers (glycerol and PEG 400) [171, 172, 190] and the effect these interactions 

have on the Tg of the amorphous mixtures. Given the influence that the Tg has on the 

physical stability and stabilising properties of the microneedle formulation [160, 

183], developing a thorough understanding of the molecular interactions within the 

microneedle formulation would help to further develop and optimise the dissolving 

microneedle system. Similarly, further studies utilising DVS to develop a method of 

correlating moisture sorption data with dissolution profile for polymer/sugar 

dissolving microneedles would allow a comprehensive system of tailoring the 

dissolving microneedle for application with a number of therapeutic peptides or 

proteins. Combining these characterisation techniques with statistical analysis would 

allow for the prediction of the properties of various polymer/sugar/plasticiser 

combinations. Such characterisation techniques could potentially be utilised to 

modify and optimise the formulation for the delivery of other biologics and 

macromolecules such as larger peptides and therapeutic proteins. 

 

The results of the drug diffusion studies indicated that the microneedle system was 

especially effective at rapidly delivering lower MW peptides. Further studies 

incorporating smaller peptides (2/3/4 amino acid residues) could be carried out to 

examine if this delivery profile is maintained where smaller peptides with a variety 

of amino acid residues are utilised. 
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Further optimisation of the microneedle mediated PLGA particle based sustained 

release system would be required to increase the encapsulation efficiency and 

facilitate controlled drug release of the particles. Investigating different combinations 

of PLGA in relation to molecular weight and feed ratio in conjunction with 

optimisation of the particle formulation process would allow for more controlled and 

predictable drug release due to PLGA degradation and more uniform particle size. 

The factors affecting PLGA particle formulation and subsequent drug loading are 

many and varied and as such, extensive research into this area would be required. In 

addition to the experimental factors (such as the PLGA used, emulsification 

parameters, sonication times, drug loading concentrations and evaporation 

conditions), interactions between the peptides and the PLGA could be examined to 

determine the effects on adsorption of the drug into the particles and subsequent 

release profiles. 

 

The relatively low encapsulation efficiency associated with emulsion methods of 

particle formulation may be overcome through the investigation of other methods 

such as phase separation, spray drying, spray freeze drying, electrospray and 

supercritical fluid technologies. Further investigation into the use of such techniques 

may result in higher drug encapsulation but may need to be weighed against potential 

drawbacks such as residual solvents, particle aggregation, fragile particles and 

extended formulation times to name a few [282]. 

 

It is evident from the literature that microneedle technology has a wide range of 

potential drug and vaccine delivery applications. A recurring issue which is 

associated with these systems, however, is that reproducible manufacture at 

commercial scale can be challenging. Utilising high-precision materials deposition 

technologies, such as 3-D printing, is one promising route which could be used to 

overcome these issues. At the forefront of this area of research is the deposition of 

biomolecules without any loss of activity. The effective PVP/trehalose based 

dissolving microneedle formulation developed in this study, which has been designed 

specifically for the encapsulation and delivery of biomolecules could be readily 

utilised in such strategy and could lead to a viable commercial application of this 

exciting, new drug delivery technology. 
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