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Summary 

Conventional drug delivery methods, such as oral and parenteral have many 

problems that may be potentially overcome by advanced drug delivery methods like 

enhanced transdermal drug delivery. Delivery across skin offers many advantages 

compared to oral or parenteral routes e.g. non-invasive, avoiding first-past 

metabolism, improved bioavailability and reduction of systemic side effects. 

Microneedle (MN) are minimally-invasive devices that painlessly by-pass the skin's 

stratum corneum, which is the principal barrier to topically-applied drugs. 

Polymeric MN delivery systems were designed and evaluated to transdermally 

deliver two model drugs, the small water soluble drug ibuprofen sodium and the 

large protein ovalbumin (OVA). A range of hydrogel forming materials for MN 

production was evaluated to identify the most suitable super swelling hydrogel MN 

array that are hard in the dry state but, upon insertion into skin, rapidly take up 

interstitial fluid. The MN themselves contain no drug, but instead drug are loaded 

into lyophilized patches. Novel super swelling hydrogel forming MN arrays were 

fabricated from aqueous blends containing 20% w/w poly(methyl vinyl ether co 

maleic acid) (Gantrez® S97), 7.5% w/w poly(ethylene glycol) (PEG) and 3% sodium 

carbonate (Na2C03). In addition, dissolving MN arrays loaded with a high dose of 

non-potent therapeutic drug were fabricated from aqueous blends of 70% w/w 

Gantrez® AN 139 (pH 7) and 30% ibuprofen sodium. Successful drug delivery was 

achieved in this research work using novel polymeric MN, super swelling hydrogel 

MN and dissolving MN. The in vitro studies has been shown first ever example of 

polymeric MN being loaded with a NSAIDs, in which MN arrays of 0.5 cm2 

delivered 33 mg ibuprofen sodium in 24 hours. The novel concept of super swelling 

hydrogel MN integrated with lyophilized patches loaded with ovalbumin was 

evaluated. They enabled the sustained delivery of the ibuprofen sodium and 

ovalbumin both in vitro and in vivo. Furthermore, gamma sterilization is not required 

to reduce microorganism loading but to satisfy the regulators. Gamma sterilization 

can be done without compromising polymeric MN properties. Finally, hydrogel 

forming MN arrays can be successfully and reproducibly applied by human 

volunteers given appropriate instruction so the use of MN applicator devices may not 

be necessary, thus possibly enhancing patient compliance. 
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Chapter I: Introduction 

1. 1. In troduction 

The method by which a drug is delivered has a great effect on its efficacy. Drugs 

have therapeutic concentration range within which maximum effect is derived . Drug 

delivery is the methods or means used for administering of drug into the systemic 

circulation of the body to achieve a therapeutic effect in humans (Kaparissides et aI. , 

2006; Tiwari et aI. , 2012). Drug delivery technologies modify drug release profile, 

absorption and distribution for the benefit of improving product efficacy and safety, 

as well as patient convenience and compliance (Kaparissides et aI. , 2006). 

The conventional drug delivery methods are oral, parental and topical. While they 

are widely used, they have many problems that may be potentially overcome by 

advanced drug delivery methods such as nanotechnology (Florence, 2012), nasal and 

enhanced transdermal drug delivery (Donnelly et aI. , 2012). Delivery across skin 

offers many advantages compared to oral or parenteral routes e.g. a non-invasive, 

avoiding first-past metabolism, improved bioavailability and dosing schedule, and 

reduction of systemic side effects. Skin however is highly impermeable to most 

molecules on the basis of size, hydrophilicity, lipophilicity and charge (Li et aI. , 

2011 ). 

1.2. Skin 

Skin is the most accessible organ of the body with a large surface area of 1. 7 m2 and 

compromising 10% of total body mass of an average person. The primary function of 

the skin · is to provide protective barrier between the body and the external 

environment (Benson & Watkinson, 2012; Kalluri & Banga, 2011) which protects 

against the permeation of ultraviolet (UV) radiation, chemicals, allergens, 

microorganisms and the loss of water (Benson & Watkinson, 2012). Skin can be 

divided into three regions: (1) the outermost layer, epidermis, which contains stratum 

corneum, (2) the middle layer, dermis, and (3) the inner most layer, hypodermis 

(Figure 1.1) (Lambert & Laurent, 2008; Gratieri et aI. , 2013). Therefore, the skin 

form s a complex membrane with a non-homogenous structure. It contains and 

protects the internal body organs and fluid s, and exercises environmental control 

over the body in respect of temperature and, to some extent, humidity. In addition, 

the skin is a communicating organ, relaying the sensations of heat, cold, touch, 

pressure and pain to the central nervous system (Lambert & Laurent, 2008). 
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Figure I . I . Skin structure showing three major regions : epidermis, dermis and hypodermis (with the 

thickness range) . Taken from Lambert & Laurent, (2008) 

1.2. 1. Epidermis 

The epidermis is the outermost layer of the skin and varies in thickness from about 

0.06 mm on the eyelids to about 0.8 mm on the palms of the hands and soles of the 

feet (Benson & Watkinson, 2012). It is multi-layered regions of epithelial cells. 

Viable epidermis is often referred to the epidermal layers below the stratum corneum 

(Benson & Watkinson, 2012; Donnelly et al. , 2012). 

It is in a constant state of renewal. The inner layers are composed of living and 

rapidly dividing cells, whereas the cells in the outer layer are dead and flattened. The 

epidermis does not have any direct source of blood veins to provide nutrition for it. 

Therefore, epidermal cells must take nutrients and remove waste by diffusion across 

the epidermal/dermal layer to the cutaneous circulation in the dermis (Benson & 

Watkinson, 2012). 

The main cells of the epidermis are the keratinocytes, which synthesize the protein 

keratin . Protein bridges called desmosomes connect the keratinocytes, which are in a 

2 



Chapter I: Introduction 

constant state of transition from the deeper layers to the superficial. Keratin cells 

accumulate and crosslink with the other keratin cells in the cytosol during their 

maturation. Afterward when the older cells die, this network of keratin fibroses 

remains and provides a tough and hard protective layer in epidermis, called 

protective keratinized layer. This layer is waterproof and airtight. It prevents most 

substances to enter the body or leave from the body (Sherwood, 2007). 

Cell types that exist in the epidermis are (Mackie, 2002): 

Keratinocytes; these are the main cell types in epidermis (95% of cells), 

Melanocytes; these are the pigment producer cells and found in the basal 

layers of epidermis, 

• Langerhans cells; these cells are important immunological cells and can be 

found in the mid dermis as well, 

• Merkel cells; these cells are found in the basal layer of epidermis and are one 

part of amine precursor and decarboxylation system. 

The five separate layers of the epidermis (Figure 1.2) are formed by the differing 

stages of keratin maturation, namely from inside to outside; stratum germinativum 

(basal layer), stratum spinosum, stratum granulosum, stratum lucidum and stratum 

corneum (Gawkrodger, 2002). 

StraJum 
lucidum 

StraJum /' 
basaJe 

\ 

- StraJum conreum 

/ StraJum spinosum 

Base-me-nt 
me-mbrane-

Figure 1.2. Layers of the epidermis are stratum germinativum, stratum spinosum, stratum granulosum, 

stratum lucidum. and stratum corneum. Taken from (http: //cyhsanatomyl.wikispaces.comlEpidermis.) 

1.2.2. Stratum corneum 

The Stratum corneum (SC) is the outermost layer of epidermis and has a thickness of 

10-20 )J.m when it is dry and low hydration (10 - 20% compared) (El Maghraby et 

aI. , 2008; Benson & Watkinson. 2012). The se has been described as a "bricks and 
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Chapter i- introduction 

mortar" arrangement (Figure 1.3). In this model the keratin rich corneocytes (bricks) 

are sitting in the intracellular lipid rich matrix (mortar) (El Maghraby et aI., 2008; 

Alexander et al. 2012). The Corneocytes (the bricks) lack nucleus and create 85 % of 

stratum corneum and intracellular lipids (15%) are arranged in 15-20 layers. Water in 

the stratum corneum is associated with the keratin in the corneocytes. Although 

small amounts of water are present in the intercellular polar head group region 

(Benson & Watkinson, 2012; Alexander et al. 2012). 

Transcellular route 

Fatty ac>d Aqueous Ceratnlde 

Intercellular [ --::-~;.-=-~=;..~-~ -
space _-_-..:--..:-_-:.. ___ -__ 

-- --..;;;""-~:------

Llptd 
Liptd Aqueous Cl>olesterol Tnglycerioa M inimaJltpid Keralln 

Figure 1.3. Brick and mortar model of the stratum corneum with a simplified lamellar organization of 

intercellular domains showing the major stratum corneum lipids. Also shown the possible drug 

permeation pathways through intact stratum corneum; the transcellular or the tortuous intercellular 

pathways. 

1.2.3.Dermis 

The dermis is about 2-3 mm in thickness and the predominant components of it are 

collagen fibers and a smaller amount of elastin which gives tensile strength and 

elasticity to the skin and also provides support for nerve and vascular networks 

(Ross, 2003; Benson & Watkinson, 2012). Blood vessels found in dermis provide 

nutrients for both dermis and epidermis. Dermis plays a major role in temperature 

regulation. Nerves present there are responsible for pressure and pain sensations 

(Sherwood, 2007). In addition to elastin fibers, blood vessels and nerves, salt, water, 

lymphatic cells and sweet glands are parts of dermis (El Maghraby et aI., 2008). 

There are three appendages that originate in the dermis; sweet glands, sebaceous 

glands and hair follicles and enfold in the epidermis. Sweat glands release a dilute 

salt solution into the surface of skin. The evaporation of this solution makes skin cool 
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Chapter l: Introduction 

and this is important for temperature regulation of both body and skin. Sebaceous 

glands secret sebum which protects and lubricates the skin and maintains the skin 

surface pH of 5 (Benson & Watkinson, 2012) 

Cell types found in dermis are (Benson & Watkinson, 2012; Mackie, 2002): 

• Fibroblasts: collagen producing cells 

• Melanocytes: responsible for pigment production 

• Macrophages: scavenger cells 

• Mast cells: responsible for immunological reactions 

1.2.4. Hypodermis 

Hypodermis or subcutaneous is the inner layer of skin and consists of a layer of fat 

cells. It is the contact layer between skin and the underlying tissues in body such as 

muscles and bone. Therefore, its primary functions are protection against physical 

shock and heat insulation (Sherwood, 2007). Blood vessels and nerves connect to the 

skin by subcutaneous layer (Benson & Watkinson, 2012). 

1.2.5. Skin permeation pathways 

Molecules can basically permeate through skin by two different pathways (Figure 

1.4) (El Maghraby et aI. , 2008; Alexander et aI., 2012). 

• The transappendegeal route: In this route the molecules should permeate 

through skin by permeation through sweat glands and across the hair follicles. 

The number of molecules which can penetrate through this pathway is very 

limited. 

• The transepidermal pathway: In this pathway molecules should pass through 

stratum corneum as multi-layered barrier. This pathway has two 

micropathways; the intracellular micropathway and the transcellular 

micropathway. 

Percutaneous absorption is penetration of substance into various layers of skin and 

permeation across the skin into systemic circulation (Donnelly et aI., 2012; Dhote et 

aI., 2012). The percutaneous absorption is a step wise process that includes: 

• Penetration: The entry of a substance into a particular layer. 

• Permeation: The penetration from one layer into another, which is different 
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Chapter 1· Introduction 

both functionally and structurally from the first layer. 

• Absorption : The uptake of a substance into systemic circulation. 

d matrix 

~y 
acid 

Cell 

:':: ::-:: ::::: . :.:-i.: : :': : . .:': :": 

•• - * .• -•• ~-•••• - _ •• -. - -- - - - - -

-. eO :':4'::~:':;:.;:>:-::::':: 

Ceramide 
Aqueous 

Cholesterol 
Lip.ds Aqueous 

Figure lA. Diagrammatic representation of penetration pathways along with its differentiation in the 

major routes that is intercellular and the tortuous intercellular pathways which are depicted on the 

upper right corner. Taken from Escobar-Chavez et at. , (2012) . 

1.3. Transdermal drug delivery 

Transdermal drug delivery is a method of delivering drug systemically by applying a 

drug formulation on top of intact and healthy skin. The drug initially penetrates 

through stratum corneum and then passes through the deeper epidermis and dermis 

without drug accumulation in the dermal area. When drug reaches the dermal area, it 

becomes available for systemic circulation (Donnelly et aI., 2012). 

Transdermal delivery has many advantages over other conventional routes of drug 

delivery such as oral , parenteral (Donnelly et aI. , 2012; Arora et aI. , 2008 ; Tuan

Mahmood et aI. , 2013): 

It can provide a non-invasive alternative to parenteral routes, 

• The large and readily accessible surface area (1-2 m2
) of skin allows many 

placement options for transdermal absorption. 

Self-controllable and can provide constant blood levels In the plasma for 
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Chapter i. introduction 

drugs with a narrow therapeutic window, thus minimizing the risk of toxic 

side effect or lack of efficacy. 

• Improve patient compliance because of reducing dosing frequency 

• It is suitable for patients who are unconscious or vomiting and rely on self

administration 

• Avoiding first-past metabolism, improved bioavailability and dosing 

schedule, and reduction of systemic side effects. 

However, the use of transdermal drug delivery is limited by the restrictions imposed 

by the lipophilic barrier (SC). Only small and potent drugs are suitable candidates for 

the transdermal drug delivery owing to the low permeability of skin. Transdermal 

delivery is currently restricted to around 20 drug molecules that are approved by the 

Food and Drug Administration for delivery by transdermal patches (Table 1.1). For 

example, fentanyl for pain management and nicotine for smoking cessation 

(Prausnitz, Mitragotri, & Langer, 2004). These approved molecules are all of low 

molecular weight « 500 Da), have adequate solubility in both water and oil and 

require a low daily dose to be administered (Choy & Prausnitz, 2011; Teo et aI. , 

2006). Properties required for good skin permeation include high but balanced 

octanol: water partition coefficient (log P of drug should be in the range 1-3) and a 

low melting point which correlates with good solubility, melting point of drug should 

be below 200°C ( Teo et al., 2006). The limited permeability of molecules that do not 

possess the above properties is due to the outermost layer of the skin the se (Barry, 

2001; Park et aI. , 2013). This ' dead ' layer of tissue has the ability to prevent the 

permeation of foreign compounds including drug molecules and therefore acts as a 

very effective barrier (Park et aI. , 2013 ; Naik et aI. , 2000). 

7 



Chapter /. Introduction 

Table I.I.Currently Approved Transdermal Drug Delivery Systems. 

Year Generic (Brand) Names Indication 

1979 Scopolamine (Transderm Scop~ Motion sickness 

1984 Clonidine (Catapress TTS®) Hypertension 

1986 Estradiol (Estraderm~ Menopausal symptoms 

1990 Fentanyl (Duragesic®) Chronic pain 

1991 Nicotine (Nicoderm®, Habitrol®, Prostep~ Smoking cessation 

1993 Testosterone (Androderm~ Testosterone deficiency 

1995 Lidocaine/epinephrine (Iontocaine®) Local dermal analgesia 

1998 Estradiollnorethindrone (Combipatch~ Menopausal symptoms 

1999 Lidocaine (Lidoderm®) Post-herpetic neuralgia pain 

2001 Ethinyl estradiollnorelgestromin (OrthoEvra~ Contraception 

2003 Estradiolllevonorgestrel (Climara Pro~ Menopause 

2003 Oxybutynin (Oxytrol~ Overactive bladder 

2004 Lidocaine/ultrasound (SonoPrep~ Local dermal anesthesia 

2005 Lidocaine/tetracaine (Synera~ Local dermal analgesia 

2006 Fentanylliontophoresis (Ionsys~** Acute postoperative pain 

2006 Methylphenidate (Daytrana~ ADHD 

2006 Selegiline (Emsam~ Depression 

2007 Rotigotine (Neupro~ Parkinson's disease 

2007 Rivastigmine (Exelon®) Dementia 

2008 Granisetron (Sancuso~ Chemo-induced emesis 

2009 Oxybutynin (Gelnique®) Overactive bladder 

2010 Buprenorphine (Butrans~ Chronic pain 

**denotes products that were approved and later removed from the market 
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Chapter 1: Introduction 

In order to enhance drug permeation of the skin, a number of chemical and physical 

methods have been investigated (Figure 1.5). Chemical penetration enhancers, such 

as Azone and I-a-Iecithin showed inconsistent results in terms of drug permeation 

and inflammatory reactions (Fang et aI., 2003). The peptide magainin is a natural 

pore former and it can be used to increase skin permeability (Kim et aI., 2007). 

Physical methods such as ultrasound, iontophoresis (JP) and electroporation have 

been also investigated (Conjeevaram et aI., 2002; Joshi & Raje, 2002; Park et al. , 

2013). 

Approaches for transdermal drug delivery 

I 
I I 1 

Formulation Physical energy Stratum 

optimisation application 
corneum 
ablation 

~ ____ L _____ r-----J------- -------'-----~ , , , 
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, mo I IcatlOn : , ' , , -----J ------ ------1- -----. L.. - - - - - - [ - - - - -

,- - - - - - - - - -, ,- - - - - - - - - - - -, ~ - - - - - - - - - - -, 
, Chemical . , '. , 
, .: ' ElectroporatlOn ': RadlOfrequency , 
, penetration " , , 
~ ----J ------ ~ -----1- -----. L - - - - - - ] - - - - -

,- - - - - - - - - - - ,- - - - - - - - - - - -, ~ - - - - - - - - - - -, , 
Encapsulation :' Sonophoresis ': Thermal poration : 

~ - - - - - - - - - - -' ' , , - ~-----1------· '-------]-----
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~-----r-----
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Jet injections , L ___________ _ 

Figure 1.5. Approaches aiming at facilitation of drug transport across the skin. 

1.3.1. Sonophoresis or phonophoresis 

Application of ultrasound at frequencies of 20 kHz - 16 MHz as a physical enhancer 

for systemic drug delivery is termed sonophoresis (Polat et aI., 2010; Park et aI., 

2013; Adamo et al. 2013). It is effectively delivered various types of drugs regardless 

of their electrical characteristics by increasing skin permeability including 

hydrophilic and large molecular weight drugs. However, the mechanism of action is 

still not clearly understood. There are many possible mechanisms of sonophoresis 
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Chapter /.. Introduction 

include thermal effects by absorption of ultrasound energy and cavitation effects 

caused by collapse and oscillation of cavitation bubbles (Figure 1.6) in the ultrasound 

field but cavitation is believed to be the predominant mechanism (Park et aI. , 2013; 

Adamo et al. 2013). Recent studies have demonstrated the feasibility of delivering a 

wide range of therapeutics like proteins, hormones, vaccines, liposomes and other 

nanoparticles through treated skin (Polat et aI. , 2010; Park et aI., 2013; Lakshmanan 

et aI. , 2013). However, challenges remain in terms of availability of easy-to-use 

devices, gaining a full understanding of how the technology operates, broadening of 

the range of drugs that can be delivered and to fully evaluate its safety profile (Polat 

et al. , 2010; Park et al., 2013). Singer et al. (1998) showed that low-intensity 

ultrasound caused only minor skin reactions in dogs, but high-intensity ultrasound 

was capable of inducing second-degree burns. 
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Figure 1.6. Schematic sketching of cavitation occurring in a variety of sites such as coupling medium, 

skin surface, and skin tissue. Cavitation occurs preferentially at the interface between keratinocytes 

and lipid bilayers . Taken from Park et aI , (2013). 

1.3.2. Velocity based devices 

Jet injections, either powder or liquid, employ a high-velocity jet with velocities 

ranging from 100 to 200 m/s to puncture the skin and deliver drugs by using a power 

source (compressed gas or a spring) (Figure 1.7). Jet injections have been used for 

more than 50 years for parenteral delivery of vaccines, as well as small molecules, 

such as anesthetics and antibiotics. Liquid-jet injectors propelled liquid from a nozzle 

with an orifice diameter typically from 50 to 360 !J.m, which is much smaller than the 

outer diameter of a standard hypodermic needle (810 !J.m for a 21 G needle) (Arora et 

aI. , 2007; Mitragotri , 2005 ; Gratieri et aI. , 2013). The jet can be delivered into 

10 



Chapter I.· Introduction 

different layers of skin e.g. intradermal (i.d.), subcutaneous (s.c.) or intramuscular 

(i.m.) regions by changing the jet velocity and orifice diameter (Gratieri et aI., 2013). 

The major advantage of using needle free devices is the concerns about needle 

disposal and accidental needle sticks, which decrease the amount of costly, 

hazardous "sharps" waste. However, the risk of cross contamination is not excluded, 

since splash back of interstitial liquid from the skin may contaminate the nozzle 

(Kelly et al. , 2008). Therefore, the utilize of multi-use nozzle jet injectors (MUNJIs) 

has been terminated and such devices are now only used for multi-dose drug delivery 

to the same individual, e.g., the Tjet® device (Antares Pharma, Inc.) (Table 1.2). 

Powder jet injectors have an advantage over liquid jet injectors of delivering solid 

drugs or vaccines to the skin, so the stability of formulation will be increased and the 

necessity of cold storage will be avoided, which simplifies transportation and reduces 

costs. Powder jet injectors may be formulated . from nano and microparticles 

containing the active or lyophilised drugs and antigens (Cassaday et aI., 2007; 

Gratieri et aI., 2013; Penjet Corporation). However, it has been reported excellent 

bioavailability for a number of drugs, but the intermittent pain and bruising has 

restricted wide acceptance of jet injectors (Mitragotri, 2006). 

Figure 1.7. Examples of jet injectors Stratis® (Pharmajet Corporation). Taken from 

(http ://www.cbsnews.com/8301-504763 162-20 124843-1 0391704Iinfluenza-vaccine-via-jet-injector

fda-says). 
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Table 1.2. Velocity based devices on the market or that have already received FDA clearance 

Product Company Energy source Drug or formulation type 

Sumavel® Zogenix Compressed gas Sumatriptan 

Biojector 2000® Bioject Compressed gas Liquid 

ZetaJet™ Bioject Spring Liquid 

Stratis® Pharmajet Spring Liquid 

Injex30 Injex Pharma Spring Insulin 

Shireen PoreJet Injex Pharma Spring Hyaluronic acid 

PenJecta® 
PenJect 

Compressed gas 
Liquid and lyophilised 

Corporation drugs 

Tjet ® Antares pharma Spring Human growth hormone 

1.3.3. Electroporation 

In electroporation (EP), cells are temporarily exposed to a pulse of intense external 

electric field that leads to "cell poration" (pores in the cell membrane), allowing the 

diffusion of drugs (Gehl, 2003; Denet et aI., 2004; Adamo et aI., 2013; Lakshmanan 

et aI., 2013). Parameters that controlled drug delivery by electroporation are 

summarized in Table (1.3). Usage of high voltage pulses has been shown to increase 

transport across the skin for different molecular weight drugs ranged from small e.g. 

fentanyl, timolol (Preat & Vanbever, 2002; Denet & Preat, 2003) calcein (Prausnitz 

et al., 1993) to high molecular weight, e.g. LHRH, calcitonin, heparin, FITC-dextran 

up to 40 kDa (Bommannan et aI. , 1994; Prausnitz et aI. , 1995; Chang et aI., 2000; 

Lombry et aI., 2000; Lakshmanan et aI., 2013). The major advantages of 

electroporation are inexpensive and drugs overcome the cell membrane barrier field 

(Gehl, 2003). In addition, it is simple to perform and therefore has been extensively 

used in biomedical research. However, the main drawbacks are the lack of 

quantitative delivery, cell death with high fields, damage to sensitive delivery 

materials and limited success in protein delivery (Yi et aI. , 2013; Adamo et aI., 

2013). 
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Table 1.3. Parameters affecting drug transport by skin electroporation copied from (Denet et aI. , 
2004). 

Parameters Increase in Effect 

Electrical parameters Pulse voltage + 

Pulse number + 

Pulse leng!h + 
Physicochemical properties of drug Charge 

Molecular weight 

Li~o~hilicit~ 

Formulation of drug reservoir Competitive ions 

Ionization (pH) + 

Viscosity 

Several physical and chemical methods have been used In combination with 

electroporation to enhance transdermal drug delivery either to increase skin 

permeability by using chemical enhancers and ultrasound or to provide a driving 

force by combining with ultrasound and iontophoresis (Mitragotri, 2000; Charoo et 

al., 2010). It was found that their combinations was more effective compared to each 

of them alone (Charoo et aI. , 2010). 

1.3.4. Laser radiation 

The laser technique has been used in the clinical therapies for the treatment of 

dermatological conditions by destroying the target cells (Gomez et aI. , 2008; Brown 

et aI. , 2008). Due to their capability to thermally ablate the SC by creating vertical 

micro channels or inducing stress waves (photomechanical waves) (Figure 1.8) 

which serve as channels to enhance the delivery of lipophilic and hydrophilic drugs 

into skin layers (Paudel et aI. , 2010; Nelson et aI. , 1991 ; Gomez et aI. , 2008; 

Alexander et aI. , 2013). In addition, such method was used to extract interstitial fluid 

to measure glucose levels in diabetic patients (Lee et aI. , 2001 ; Brown et aI. , 2008). 

However, the degree of barrier disruption is controlled by wavelength, pulse length, 

ti ssue thickness, pulse energy, tissue absorption coefficient, pulse number, time 

duration of the laser exposure and pulse repetition rate (Jacques et aI. , 1988; 

Dhamecha et al., 2010; Lakshmanan et aI. , 2013) . Baron et aI. , (2003) demonstrated 

that pretreatment with the laser followed by lidocaine cream was found to reduce the 
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onset of action of lidocaine to 3-5 mm m human volunteers, whilst 60 mm was 

required to obtain a similar effect in the control group. However, the drawbacks of 

laser are the structural changes in the skin still need to be assessed for reversibility 

and patients safety, especially at the higher intensities that may be needed to enhance 

the transport of large molecular weight therapeutics where evidence of deeper level 

ablation effects exist (Wang et al. , 2004; Kumar & Philip, 2007). 

Figure 1.8. Schematic representation of micro-channels created by ablative fractional lasers in skin . 

The light beam disrupts the major skin barrier, the stratum corneum (SC), and reaches deeper layers 

(dermis). Taken from Lakshmanan et aI. , (2013) . 

1.3.5. Iontophoresis 

Iontophoresis (IP) involves the application of physiologically acceptable direct 

electrical current to create potential gradient, and make ionic drugs pass through the 

skin into the body by its potential gradient (Gratieri & Kalia 2013; Badkar & Banga, 

2002; Gratieri et al. , 2013,· Lakshmanan et al. , 2013). Unlike other transdermally 

enhancement methods, it acts mainly by involving a second driving force the 

electrical potential gradient as companion to the concentration gradient across the 

skin (Gratieri & Kalia, 2013). It has completely different mode of action from 

electroporation (EP) instead of the formation of pores as EP, the ionized form of the 

drug transport through sweat ducts , sebaceous glands, hair follicles and imperfection 

sites in the skin layer in iontophoresis (Lakshmanan et aI. , 2013). The first approved 

commercial iontophoretic patch systems was LidoSite™, which deliver lidocaine for 

fast dermal anaesthesia. The system composed of a disposable pre-filled patch, re

usable battery-powered controller and a flexible interconnect module. A disposable 

pre-filled patch consisted from hydrogel matrix patch integrated Ag/AgCI electrodes 

and a lidocaine hydrochloride/epinephrine dispersion in the positive electrode 

(anode). In addition, sodium chloride was also incorporated to the anodal 

compartment to yield an additional source of cr ions for anodal electrochemistry. 

The system contained the electronic hard ware with an LED user interface that 
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described on the status and operation of the device (Figure 1.9) (Gratierietal et al. , 

2013). 

C 

A .. ""-

Red light ~ 1'. 
On-demand D 

dosing button g ... 
" ... 

B • 
Figure 1.9 . Pre filled Iontophoretic patch systems: (A)Lido Site™ (Vyteris Inc. , Fair Lawn, NJ , USA) 

(Lidosite);(B) IonsysTM (Incline Therapeutics , Inc ., Redwood City,CA, USA) and (C) ZecuityTM 

(NuPathe Inc.,Conshohocken,PA) . Taken from Minkowitz" (2007) and Smithetal , (2012). 

Advantages of iontophoretic delivery include: (Khan et al. , 2011; Gratieri et al. , 

2013) 

• Rapid delivery, 

• Delivery of both ionized and unionized drugs, 

• A voids first pass metabolism, 

• Depending on the applied current it IS enabling continuous or pulsatile 

delivery, 

• Offering precIse control over the amount of drug delivered because the 

amount of drug delivered depends on applied current and duration of applied 

current, 

• Regaining of the skin barrier functions without producing skin irritation, 

• Improving the delivery of polar molecules as well as high molecular weight 

compounds, 

• Ability to be used for systemic delivery, 

• Reducing inter and/ or intra subject variability since the rate of drug delivery 

IS more dependent on applied current than on stratum corneum 

characteristics. 
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1.3.5.1. Iontophoretic transport and its mechanism 

An iontophoretic device comprises a power source and two electrodes (Figure 1.10). 

The drug formulation e.g. (0+ k) containing the charged molecule (0+) is placed in 

the electrode compartment having the same charge. Therefore, this means that a 

positively charged drug is placed under the positive electrode (anode), while a 

negatively charged drug is placed under the negative electrode (cathode). The two 

electrodes are placed at a distal site on the skin. In spite of many different types of 

electrode that can be used , the well-suited and most common electrode is the silver 

and silver chloride (Ag/AgCl). Since it eliminates the sharp decrease in pH 

(Panchagnula et ai., 2000; Tuncer Oegim & Celebi, 2007). 

iontophoresis , 
system 

Epidermis 

Dermis 

Blood 
vessel 

Anode 
(dfUg reservoir) 

.[ 
(+ .1 

Battery 

+ .: . . ~ . .. • 

;' - ', 

Cathode 

Figure 1.10. The basic design of ionotphoretic delivery devices, Drug is placed on the skin under the 

active electrode, with the other electrode positioned elsewhere on the body, and a current « O.5mA) 

passed between the two electrodes effectively repelling drug away from the active electrode and into 

the skin. Taken from (http://www.pijnpolikliniek.info/index.php?page=22&section=2). 

When the cr ions reach at the electrode solution, they react with the Ag to form 

silver chloride precipitate (AgCl), which is deposited at the electrode surface due to 

its low solubility; and consequently releasing an electron (Panchagnula et al., 2000) . 

Then a cation should get out of the compartment into the skin or an anion should 

leave the skin and move into the anodal chamber to keep electroneutrality in the 

anodal compartment. Therefore, in the cathodal compartment, the AgCl is reduced 

by the arrival of electrons from the power supply and yields Ag together with a cr 
ion, which moves into the solution (Barry, 2001) . Because of a net build-up ofNaCl 
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at the cathodal electrode, osmotic flow of water is promoted from the anode to the 

cathode. So this net flow of water is facilitated transfer of neutral molecules across 

the skin (Kalia et aI., 2004). Therefore, the transport of un charged molecules can also 

be facilitated as well as charged molecules by iontophoresis (Pikal, 2001). The 

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

physiological pH, the skin is negatively charged (lain et aI., 2008; Gratieri et aI., 

2013). When iontophoresis is applied, there is a net transport of water molecules 

across the skin, from the anode to the cathode. This electroosmotic flow caused an 

increase in transport of uncharged molecules but the transport of molecules by 

electroosmosis is quite small compared to electrorepulsion (Barry, 2001; Kalia et aI., 

2004). 

1.3.5.2. Factors affecting the iontophoretic delivery of drug 

Several factors influence iontophoresis, including pH of the donor solution, electrode 

type, buffer concentration, current strength and current type (Figure 1.11) (Dixit et 

aI., 2007; Khan et aI., 2011; Gratieri et aI., 2013). 

Factors affecting iontophoretic delivery 
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Figure 1.11 . Factors affecting iontophoretic drug delivery. 
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The molecular size of the solute is an important factor in controlling its feasibility for 

iontophoretic drug delivery and for this reason it governed the transported amount. 

When the iontophoretic delivery of acetate, carboxylate, hexanoate and dodecanoate 

ions was investigated. The flux of smaller and more hydrophilic ions faster than 

larger ions (Miller et ai., 1987; Dixit et ai., 2007; Khan et ai., 2011). A plethora of 

studies correlating flux as a function of molecular weight have been conducted and it 

was found that for electro repulsive iontophoresis, when all other conditions were 

kept constant, transport of compounds decreased with increase in molecular weight 

(chloride> amino acid> nucleotide> tripeptide> insulin) (Green et al., 1991; Green 

et ai., 1992; Van der Geest et ai., 1996; Burnette & Ongpipattanakul, 1987; Dixit et 

al., 2007). 

In spite of the fact that the sign of the charge defined the mechanism by which 

iontophoresis will proceed either electrorepulsion or electroosmosis (Guy et ai., 

2000), the transport of cation was better than anions for amino acids and peptides 

(Green et ai., 1991; Green et ai., 1992). This however is complicated since in order 

to increase the charge this required the pH to be decreased, which in turn will 

directly decrease the electrotransport. In addition, the positive charge on peptide 

caused it to bind tightly to the cell membrane and create a reservoir which in turn 

will decrease the rate at which the steady state flux will be accomplished (Dixit et ai. , 

2007). Generally the compounds which are more hydrophilic in nature are 

considered ideal candidates for optimum flux e.g., the transport of nalbuphine and its 

ester increased as the lipophilicity of the compound decreased (Sung et ai. , 2000). 

The effect of the drug concentration on iontophoretic delivery has been investigated 

on a number of drugs. It was found that a proportional increase in flux with an 

increase in concentration of a number of drugs e.g., metoprolol (Thysman et ai., 

1992), diclofenac sodium (Koizumi et ai. , 1990) and ketorolac (Tiwari et ai. , 2003). 

However, concentration dependent iontophoretic delivery has not been completely 

investigated, some of the studies reporting that the transport of solute was non

linearly proportional to its concentration (Khan et ai. , 2011). 

The influence of pH on the iontophoretic delivery of drugs work in two ways. Firstly, 

the pH in the donor compartment affects the pH of the skin especially if the pH of the 
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skin rises above 4, it will make the skin a permselective membrane. Therefore, the 

carboxylic acid moieties in the skin become ionized and the anodal iontophoresis 

enhances the permeation of cationic drugs. Secondly, the ionization of the drug will 

be also affected by the pH of the donor solution. So at higher pH a weakly basic drug 

will be ionized to a lower extent than its pKa and thus will not flux by 

electromigration process in presence of iontophoresis. Electro-osmosis will be more 

prominent to travel drug across the skin (Phipps et aI. , 1989). A plethora of 

studies have been done on this aspect of iontophoresis the pH dependent penetration 

enhancement of drugs such as insulin (Siddiqui et aI. , 1987) and lidocaine (Siddiqui 

et aI., 1985). Therefore, the optimum pH for iontophoretic delivery of a molecule is 

one where it exists mainly in an ionized form. 

The most important thing in iontophoresis is that the drug ion should carry maximum 

charge across the membrane. Therefore, the ionic strength of a drug delivery system 

has a direct relation to the permeation of drugs. Some studies reported that 

increasingly the ionic strength of the system decreases the permeation rate of drug 

(Srinivasan et aI., 1989; Thysman, et aI. , 1992). Similarly, many peptides widely 

investigated for ionic strength showed a higher flux happening at low electrolyte 

concentration (Morimoto et aI., 1992). Regarding the presence of co-ions, it follows 

that an increase in ionic strength will decrease the flux of a compound; since these 

co-ions are smaller and more mobile than the drug ions itself and can compete with 

the drug ions. So they will decrease in transdermal flux of the drug (Dixit et aI. , 

2007; Khan et aI. , 2011). Consequently, it is better to avoid using the buffering 

agents which used to maintain pH of the donor medium as it is a source of co-ions. 

There is a linear relationship between the current and drug flux ; but the current is 

limited to 1 mA due to patient comfort and safety considerations since by increasing 

current, the risk of nonspecific vascular reactions (vasodilatation) increased (Dixit et 

aI. , 2007; Schriber & Watkins, 1975). In addition, the maximum time could be 

applied not for more than 3 minutes due to local skin irritation and burns. The 

maximum physiological acceptable iontophoretic current is 0.5 mA/cm2 which 

should be used on human beings (Banga,1998). Current density is the amount of 

current delivered per unit surface area. The current should be adequately high to 

provide a desired flux rate but it should not irritate the skin and the drug should be 
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electrochemically stable (Bumette et al. , 1988). The use of continuous direct current 

(DC) can decrease the drugs flux due to its polarization effect on the skin (Lawler et 

al. , 1960). In order to overcome this problem, pulsed DC which is a direct current 

delivered in a periodic manner was used (Banga et al. , 1988). In pulsed DC, the skin 

gets depolarized during "off stage" and back to the initial polarized state. 

The most common electrodes that are used in iontophoresis are aluminum foil, 

platinum and silver/silver chloride electrodes (Khan et al. , 2011). However, the 

preferred one is Agi AgCl since it resists the changes in pH. In addition, the electrode 

materials used for iontophoretic delivery should be harmless to the body and flexible 

to apply closely to the body surface. 

Ideal candidates for iontophoresis should have good aqueous solubility, potent drugs 

that exist in their salt form with high charge density (Gratieri et al., 2013). Therefore, 

iontophoresis is particularly suited to non-invasive delivery of biomolecules on both 

physicochemical and pharmacological grounds. They are generally hydrophilic, 

water soluble, contain ionisable groups and the therapeutic dose is small. The 

maximum molecular weight for iontophoretic delivery has not been extensively 

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

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

1998). In order to deliver molecules greater than 12,000 Daltons another way of 

overcoming the barrier properties of the outermost layer of the skin, the se, needs to 

be sought. However, it was found that a small protein, cytochrome c (12.4 kDa) was 

delivered non-invasively across intact skin (Cazares-Delgadillo et al., 2007) . 

Afterwards, ribonuclease A with isoelectric point of 8.64 (13.6 kDa) was 

successfully delivered across porcine and human skin (Dubey & Kalia, 2010). More 

recently, it was shown that transdermal iontophoresis was also able to deliver 

biologically active human basic fibroblast growth factor (hbFGF; 17.4 kDa) in 

therapeutically relevant amounts corresponding to those used in clinical trials and 

animal studies (Dubey et al. , 2011). A number of other physical approaches such as 

sonophoresis, electroporation, ultrasound and MN are combined with iontophoresis 

in order to enhance permeation of drugs (Table 1.4). 
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Table 1.4. Iontophoresis and other synergistic combination 

Drug 

Tacrine 
Hydrochloride 

Salmon calcitonin 
(SCT) & PTH 
combination 

Insulin 

Oligodeoxynucleotides 

Sodium !lonivamide 
acetate (SNA) 

Prochlorperazine 
edisylate (PE) 

Ropinirole 
hydrochloride 

Combination 

IP + EP 

IP+ EP 

IP + chemical 

enhancer 

IP + chemical 

enhancer 

IP + 

sonophoresis 

IP+MN 

IP+MN 

Results 

Iontophoresis with electroporation and 
stripped skin produced greatest flux 
compared to each technique alone. 

EP enhanced IP induced drug 
permeation by 17 fold in PTH and 3.5 
fold in SCT. 

DMA, EtAC and EtOH having skin 
barrier altering potential produced 
synergism with iontophoresis. 

The synergistic effect increases 
intradermal delivery of 
oligonucleotides but is insufficient to 
deliver such large molecules across 
intact skin. 
The combination increased 
transdermal SNA transport more than 
iontophoresis alone. 
MN when used in conjunction with IP 
significantly enhanced the transdermal 
delivery ofpE 

It showed significantly higher delivery 
of ropinirole hydrochloride compared 
to modulated iontophoresis alone 
(84.91 ± 9.21 Jlglcm2

). 

1.3.5.3. Applications of iontophoresis 

Reference 

(Hirsch et aI, 
2005) 

(Chang et aI , 
2000) 

(Pillai et al. , 
2004) 

(Liu et aI , 
2013) 

(Fang et aI , 
2002) 

(Kolli et aI , 
2012) 

(Singh & 
Banga,2013) 

The applications of iontophoresis can be classified into therapeutic and diagnostic 

applications. The most important therapeutic value of iontophoresis lies in its 

capability of enhancing drug delivery through the skin, which makes it easier to 

apply higher dosages in shorter times e.g. delivery of opioids against cancer pain and 

delivery of lidocaine for dermal anaesthesia. Iontophoresis has been used in various 

diagnostic applications, e.g. diagnosing cystic fibrosis and recently for monitoring 

blood glucose levels in diabetic patients (Sieg et al., 2004). The major advantage of 

iontophoresis in diagnostic applications is that there is no mechanical penetration or 

disruption of the skin (Kalia et aI., 2004; Panchagnula et aI. , 2000). 

1.3.6. Microneedles 

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

ranging from 50-900 Ilm in height up to 2000 MN cm-2
, of a variety of different 
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shapes, which are attached to a base support (Figure 1.12). Application of such MN 

arrays to the skin surface can create transport pathways of micron dimensions 

(Donnelly et aI. , 2012 ; Gratieri et aI. , 2013; Prausnitz, 2004; Tuan-Mahmood et aI. , 

2013). Once created, these micropores are orders of magnitude larger than molecular 

dimensions and, therefore, should readily-permit transport of therapeutic molecules 

(Donnelly et aI. , 2012). The advantages of MN are (Gratieri et aI. , 2013; Tuan

Mahmood et aI. , 2013): 

• Large molecules can be administered, 

• Painless administration of the active pharmaceutical ingredient, 

• First-pass metabolism is avoided, 

• Ease of administration, 

• Specific skin area can be targeted for desired drug delivery, 

• Decreased microbial penetration as compared with a hypodermic needle, as 

the MN punctures only the epidermis. 

• Rapid drug delivery can be achieved by coupling the MN with other forms of 

transdermal drug delivery. 

Blood WHets and 
nerwflbres 

< 

< 

< 

Stratum corneum 

Viable epidermis 

Dermis 

Figure 1.12. Schematic representation of (A) MN patch (B) the mechanism of action of a microneedle 

array device . The device perforates the stratum corneum (SC) providing direct access of drugs to the 

underlying viable epidermis, without reaching blood vessels and nerve fibres located in the dermis . 

The concept of MN for use in drug delivery was initially considered a number of 

decades ago with the first patent being filed by Gerstel and Place in 1976 (Gerstel & 

Place, 1976), but it was late into the 1990s before papers were published detailing a 

viable technique due to previous limitations in fabrication. Since that time, interest in 

this method of drug delivery has expanded significantly. According to Kim et ai, 

(2012) the current count of papers detailing the use of MN for drug delivery stands at 
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over 350. These papers describe the delivery of a range of drug molecules v;a a 

number of methods, including vaccines. MN as previously described, are micron

sized projections that can be produced in a range of conformations and materials, 

which offer a new way to deliver drug molecules. In order to facilitate this, Kim et al 

stated 'a MN should be large enough to deliver almost any drug but still be small 

enough to avoid pain, fear and the need for expert training to administer' (Kim et aI., 

2012). As the se is only 15 to 50 ~m thick in the dry state, the MN have been 

developed so they bypass the se but avoid the deeper tissues, which contain nerve 

endings and blood vessels and overcome the drawbacks associated with hypodermic 

needles (Shawgo et aI., 2002; Xie et aI., 2005a). 

1.3.6.1. MN des;gn parameters and structure 

The shape and geometry of MN is critical during design and fabrication. The needles 

must be capable of inserting into skin without breaking and the needles should be of 

suitable length, width and shape to avoid nerve contact (McAllister et al., 2003; Park 

et al., 2005; Yung et al., 2012). The elastic properties of human skin can prevent MN 

from penetration by twisting around the needles during MN application, particularly 

in the case of blunt and short MN (McAllister et al. 2003). Metals are typically 

strong enough whereas polymers must be selected in order to ensure they have 

sufficient mechanical strength. Typical MN geometries vary from 25 to 2500 fim in 

length, 50 to 250 fim in base width and 1 to 25 fim in tip diameter (McAllister et al., 

2003; Yung et al., 2012). 

MN can be categorized in various ways e.g. according to structure, overall shape, tip 

shape, array density, material used for fabrication and applications (Table 1.5). Based 

on the fabrication process, the MN are classified as in-plane MN, out-of-plane MN or 

a combination as seen in Figure 1.13A & B. Considering the in-plane designs, the 

MN are parallel with the machined surface of the substrate (e.g. Silicon (Si) wafer); 

the major advantage of in-plane MN can be easily and accurately controlled the 

production of the MN with various lengths during fabrication process. Whereas in 

out-of-plane designs, the MN are perpendicular to the fabrication surface of Si wafer 

and it is easier to produce in arrays than in plane (Ashraf et aI. , 2011; Donnelly et aI. , 

2012). MN can also be classified as solid or hollow according to the structure (Figure 

1.13 C and D). Hollow MN have an internal bore or lumen which allows flow of 
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fluid/drug. The solid MN have solid lumens and exhibit more strength than hollow 

MN. Solid MN can be classified into coated and dissolving MN. In coated MN, the 

drug particles are coated on the lumen surface and inserted into patient body (Ashraf 

et aI. , 20 11; Donnelly et aI. , 2012). 

Table 1.5 . Categories of MN taken from Ashraf et al. , (2011). 

Structure Overall Shape Tip Shape Material Used Application 

Solid Cylindrical Volcano Single crystal Drug delivery 
Hollow Conical Snake fang silicon Gene delivery 
In-plane Pyramid Cylindrical Polysilicon Blood extraction 
Out-of- Candle Conical Silicon dioxide Fluid sampling 
plane Spike Tapered Silicon nitride Vaccination 

Spear PGA Micro-dialysis 
Square PDMS Cancer therapy 
Pentagonal PMMA Skin treatment 
Hexagonal Glass Cell surgery 
Octagonal Titanium Allergies 
Rocket Tungsten diagnosis 
Star Stainless steel electrodes 

A B D 
\9 

Figure 1.13 . (A) In-plane MN ; (8) Out-of-plane MN, (C) Hollow MN; (D) Solid MN . Taken from 

Ashraf et aI. , (2011) . 

The shape of the MN is very critical and important during design and fabrication. 

MN can be classified on the basis of overall shape and tip shape. Different designs of 

MN have been proposed and fabricated such as cylindrical , canonical, pyramid, 

candle, spike, spear, square, pentagonal , hexagonal , octagonal and rocket shape 

(Ashraf et aI. , 2011). MN have also been reported with various tip shapes like 

volcano , snake fang, cylindrical. canonical, micro-hypodermis and tapered (Figure 

1.14). The tip shape of MN is important for skin penetration, because sharper MN 

have higher potential for penetrating the skin, but larger tip diameters require higher 
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insertion forces , which may be lead to bending or breaking of the needles in the skin 

(McAllister et al. 2000; Arora et al. , 2008 ; Banga, 2009; Teo et al. , 2006). In 

addition, the shape of the tip of hollow MN is essential for the flow rate, the flow 

from a blunt-tip MN supports lower than a bevel-tip MN , because a blunt-tip MN 

compacts the skin and thus has higher risk of clogging (Bodhale et al. , 2010; Luttge 

et al., 2007). To overcome this problem, it should have very sharp tip with the bore 

of the MN off-centred or on the side of the MN. Increasing the number of bores in 

hollow MN will increase the flow rate, nevertheless, this result in decreased strength 

of MN and a reduction in sharpness (Stoeber & Liepmann, 2002). 

B E 

F G H 

Figure 1.14. Shapes of MN (A) Cylindrical ; (B) Tapered tip ; (C) Conical ; (D) Square base; (E) 

Pentagonal-base canonical tip; (F) Side-open single lumen; (G) Double lumen; (H) Side-open double 

lumen. Taken from Ashraf et al., (2011). 

1.3.6.2. MN fabrication methods 

Micro Electro Mechanical Systems (MEMS) technology is the most promlsmg 

method to fabricate the optimal design of MN for specific application as it allows for 

accurate replication of MN to produce extremely precise devices. It was the 

microelectronics industry that allowed the production of these very small structures 

through microfabrication. The earliest MN were manufactured using standard micro

fabrication techniques to etch arrays of micron-size needles into silicon (Henry et al., 

1998). Since then, they have been produced using a range of materials, such as 

ceramic, glass, polydimethylsiloxane (PDMS), dextrin, polymers and metal such as 

stainless steel and titanium . They have also been produced in numerous geometries, 

sizes, and shapes and with or without a bore, allowing use for different applications . 
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Use of MEMS techniques has led to potential applications in biomedical fields 

(called BioMEMS), such as in drug delivery, DNA sequencing devices, biosensors 

and chemical analysis systems (Ashraf et al., 2011; Donnelly et al., 2012). The most 

common substrate material for micromachining is silicon. It has been successful in 

the microelectronics industry and will continue to be in areas of miniaturization for 

several reasons such as it is abundant, inexpensive, and can be processed to 

unparalleled purity. Silicon's ability to be deposited in thin films is also very 

amenable to MEMS (Donnelly et al., 2010; Garland et al., 2011 a; Garland et al., 

2011 b; Kim et al., 2012) 

Most MN fabrication methods are based on the conventional microfabrication 

techniques of adding, removmg, and copymg microstructures utilizing 

photolithographic processes, laser cutting, metal electroplating, silicon etching, metal 

electropolishing and micromolding (Kim et al., 2012). The three basic techniques in 

MEMS technology are the deposition of thin films of material on a substrate, 

applying of a patterned mask on top of a film by photolithograpic imaging and 

etching the films selectively to the mask (Figure 1.15). 

(A) ---- Silicon wafer 

r:-:--:--:-:---:-:-:--:-:----:o --__ Si I i co n ox i d e 
(8) 

(C) iiiiiii ---- Photoresist layer 

(D) 

Positive Resist / '-:.. Negative Resist 

(E) 

(F) 

(G) 

Figure 1.15. Sequential processes in the transfer of a pattern to the substrate surface (A) Si wafer (B) 

Si wafer with oxide coating (C) Spin coated photoresistive material (D) Mask guided UV light 

exposure on the photoresistive material (E) Development process to remove the soluble resist material 

(F) Etching ofSi02 film and (G) Photoresist removal. Taken from Donnelly et al.. (2012) . 
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Thin film deposition 

Thin film deposition involves processing above the substrate surface (typically a 

silicon wafer with a thickness of 300-700 flm). Material is added to the substrate in 

the form of thin films layers, which can be either structural layers or act as spacers, 

later to be removed. MEMS deposition techniques fall into two categories, depending 

on whether the process is primarily chemical or physical (Madou, 1997). In chemical 

deposition, films are deposited because of a chemical reaction between the hot 

substrate and inert gases in the chamber at low or atmospheric pressure. Depending 

on the phase of the precursor, chemical deposition is further classified into plating, 

spin coating, Chemical Vapor Deposition (CVD) (e.g. Low pressure CVD, Plasma

enhanced CVD and Very low pressure CVD), and atomic layer deposition. In 

physical deposition, the raw materials (solid, liquid, or vapour) are released and 

physically moved to the substrate surface e.g. thermal evaporation, sputtering and ion 

plating. The choice of deposition process is dependent upon several factors e.g. 

substrate structure, operating temperature, rate of deposition and source. These films 

layers are deposited and subsequently patterned using photolithographic techniques 

and etched away to release the final structure (Banks, 2006; Madou, 1997). A 

summary of MEMS deposition techniques is found in Table 1.6. 

Table 1.6. Different MEMS Deposition techniques . Taken from Madou, (1997). 

Physical Vapor 
Deposition (PVD) 
techniques 
• Thermal Evaporation 
• Sputtering 
• Molecule-Beam 

Epitaxy 
• Ion Plating 
• Laser Ablation 

Deposition 
• Cluster-beam 

Deposition 

Photolithography 

Chemical Vapor Deposition 
(CVD) techniques 

• Plasma-Enhanced CVD 
(PECVD) 

• Atmospheric Pressure CVD 

• Low pressure CVD (LPCVD) 

• Very low Pressure CVD 
(VLPCVD) 

• Metallorganic CVD 

• Spray Pyrolysis 

Others Deposition 
techniques 

• Eptiaxy 

• Casting 

• Electrochemical 
Deposition 

• Silk-screen 
printing 

• Plasma Spraying 

• Casting 

Photolithography is a technique used to transfer copies of a master pattern, onto the 

surface of a substrate of some material (usually a silicon wafer). The substrate is 

covered with a thin film of some material, e.g. silicon dioxide (Si02) , on which a 

pattern of holes will be formed . There are different types of lithography such as 
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photolithography, electron beam lithography, ion beam lithography or X-ray 

lithography. Diamond patterning is also an option for lithography. A thin layer of an 

organic polymer known as photosensitive or photoresist, which is sensitive to 

ultraviolet radiation (UV), is then deposited on the oxide layer. A photomask, 

consisting of a glass plate (transparent) coated with a chromium pattern (opaque), is 

then placed in contact with the photoresist-coated surface (Madou, 1997). The wafer 

is exposed to the illumination; the simplest form is the use of UV, transferring the 

pattern on the mask to the photoresist, which is then developed. The radiation causes 

a chemical reaction in the exposed areas of the photoresist of which there are two 

types; positive and negative. In positive photoresists, the chemical bonds are 

strengthened by UV radiation whereas in negative photo resists are weakened. 

During the development processes, the rinsing solution removes either the exposed 

areas or the unexposed areas of photoresist either by wet (using solvent) or dry 

(using vapour phase or plasma) and leaving a pattern of bare and photoresist-coated 

oxides on the wafer surface. After that the unwanted photoresist left behind the 

development process is removed by oxygen plasma treatment (Banks, 2006; 

Donnelly et al., 2012; Madou, 1997). The final oxide pattern is then either a positive 

or negative copy of the photo-mask pattern and used as a mask in subsequent 

processing steps. In MEMS, the oxide used as a subsequent mask for either further 

additional chemical etching creating deeper 3D holes or new layers on which to build 

further layers, resulting in an overall 3D structure or device (Banks, 2006; Madou, 

1997). 

Etching 

Etching is a technique to cut the unprotected parts of a material's surface by using 

strong acid or physical process to create a design in it and can be divided into two 

categories: wet etching or dry etching. The selection of any of the abovementioned 

methods largely depends on the material of construction and the type of MN 

(Donnelly et al., 2012). It is used to etch the thin films previously deposited and/or 

the substrate itself. In wet etching the material is removed by immersion of a material 

(typically a silicon wafer) in a liquid bath of a chemical etchant. These etch ants 

classified into isotropic or anisotropic . Isotropic etchants attack the material at the 

same rate in all directions. Wet etch processes can lead to undercutting, resulting in 

an isotropic etch profile where the vertical etch rate is approximately equal to the 
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horizontal etch rate. A mixture of hydrofluoric acid (HF), nitric acid (HN03) and 

acetic acid (CH3COOH) is the most common form of isotropic silicon etches but 

isotropic etchants are limited by the geometry of the structure to be etched (Banks 

2006). On other side anisotropic etchants etch material at different rates in different 

directions, so it is faster in a preferred direction. Potassium hydroxide (KOH) and 

tetramethyl ammonium hydroxide (TMAH) are the most common anisotropic 

etchant. Structures formed in the substrate are dependent on the crystal orientation 

of the substrate or wafer. The dry etching technology can be divided into three 

classes called reactive ion etching (RIE), sputter etching, and vapour phase etching. 

The most common form for MEMS is reactive ion etching (RIE), which involves 

purely physical processes and uses energy in the form of radio frequency (RF) power 

to drive the chemical reaction (Banks, 2006). 

Deep Reactive Ion Etching (DRIE) is a higher-aspect-ratio, up to 50: 1, etching 

method that involves an alternating process of high-density plasma etching in 

combination with CVD. This process, called BOSCH, was patented by Laermer and 

Schilp at Robert Bosch GmbH in 1994 (Laermer & Schilp, 1996). For silicon, DRIE 

is one of the most important promising technologies for high volume production. 

Although the BOSCH process provides a tool to optimize fabrication parameters to 

achieve high etch rate, high aspect ratio, straight sidewalls and small sidewall 

scalloping. The probability of getting non-vertical, tapered sidewalls is limited 

(Roxhed, Griss & Stem me 2007). MN can also be classified as solid, coated, 

dissolving, or hollow according to the structure. 

1.3.6.2. Strategies for MN-based Drug Delivery 

MN manufactured using a variety of materials such as metals (Gill & Prausnitz. 

2007; Matriano et al. , 2002), silicon (Gardeniers et al. , 2003), glass (McAllister et 

al., 2003), nonbiodegradable polymers (kim et aI. , 2012) and biodegradable 

polymers (Park et al. , 2005) have been used for enhancing transdermal drug delivery. 

Four main approaches, with one using hollow MN and the other three utilising solid 

MN, have been utilized, as shown in Figure 1.16. 
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Skin pretreatment - 'poke and patch ' 

Skin pre-treatment produces micro-conduits through which molecules are able to 

travel (Banga, 2009; Singh et al., 2010). Drugs are contained within a patch or a 

semi-solid topical formulation that is applied over the area where the MN were 

applied (Prausnitz, 2004). This method is suitable for both localised delivery to the 

target tissue but also systemic delivery. The delivery of drugs via this method 

initially investigated the feasibility of delivering molecules such as calcein (623 

Daltons), across the skin with and without using MN. An increase in permeability of 

around 10,000-fold was observed when MN were applied for 10 seconds, whilst 

application of the MN for 1 hour prior to removal resulted in a 25,000-fold increase 

in calcein permeability (Henry et al., 1998). NaItrexone delivery was investigated 

across both guinea pig and human skin by the delivery of drugs to human skin by this 

method. After application of the MN, elevated levels of naItrexone in the plasma 

were observed for 3 days following, compared to non-treated MN skin. Permeability 

of the guinea pig skin to the hydrophilic naItrexone hydrochloride was augmented 

10-fold with similar results observed for human skin (Banks et ai., 2008). 

B 

c 

D 
Figure 1.16. Schematic illustration of different modes of MN application across the skin. (A) Solid 

MNs applied and removed to create micropores followed by the application of a traditional 

transdermal patch. (B) Solid MNs coated with drug molecules applied for instant delivery. (C) 

Polymeric MNs which remain in skin and dissolve over time to deliver the drug encapsulated within 

the MNs. (D) Hollow MNs for continuous drug delivery or body fluid sampling. Taken from Arora et 
aI., (2008). 
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More recent work has produced data relating to the localised delivery of 

phenylephrine (PE) to the anal sphincter muscle using MN for the treatment of faecal 

incontinence. Pretreating human cadaver skin with an array of 50 MN resulted in a 6-

fold increase in the amount of PE delivered, with a 100 MN array increasing the 

amount delivered by 10-fold compared to without MN treatment (Baek et al., 2011). 

A further application of this approach has been in the delivery of 5-aminolevulinic 

acid (ALA) used in photodyanamic therapy, which involves the combination of 

photosensitisers and light to kill target cells (Dai et al., 2009; Donnelly et al., 2008). 

Topical delivery of ALA has shown good clearance rates and is not associated with 

cutaneous photosensitivity and therefore can treat superficial lesions successful. 

Deeper lesions however are resistant to this method of delivery as ALA is 

hydrophilic and therefore can only penetrate the top layers of tissue. Pretreatment of 

murine skin with silicone MN for 30 seconds and then the application of ALA

containing patches showed no significant change in ALA levels in deeper tissues but 

there was a reduction in application time and the ALA dose necessary to produce 

high levels of the photosensitiser protoporphyrin IX in skin (Donnelly et al., 2008). 

Dissolving, swelling or porous MN - 'Poke and release ' 

This method of delivery involves application of the MN, which either can 

dissolve/swelling or contain pores, through which drug will diffuse into systemic 

circulation. The materials from which the MN are produced act as drug depots 

holding the drugs until the trigger for release occurs, i.e. dissolution or swelling (Van 

der Maaden et al., 2012). 

Drug that is encapsulated within MN is delivered into tissue quickly upon insertion 

dissolving MN into the skin. Both sugars and polymers have been utilized to produce 

these MN with the degradation of the structures overtime resulting in no fragments 

left in the skin or hazardous waste (Migalska et al., 2011; Sullivan et al., 2008). 

Initial studies involving dissolving MN employed organic solvents and elevated 

temperatures for production, which caused concern in relation to the stability of 

drugs especially those of a proteinaceous nature (Park et al., 2006; Sullivan et al. , 

2008). Sugars such as maltose and galactose were used to fabricate MN but elevated 

temperatures of over 100°C were required to produce molten forms of sugars known 

as caramels (Donnelly et al., 2009a). Alternatively, Lee et al. , (2008) used polylactic 
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acid (PLA), carboxymethyl cellulose (CM C), and amylopectin as dissolving 

materials for the delivery of a range of molecules to the s~in. These MN formulations 

with drug only in the needle shaft were hypothesized to be useful for bolus dosing 

due to rapid dissolution, confirmed by the study of sulforhodamine in the porcine 

skin 5 minutes after insertion of the MN (Lee et aI., 2008). Prolonged release from 

these systems is not possible due to the small loading capacity of the MN. In order to 

extend the delivery life of the system, drugs were also incorporated into the backing 

layer or just into the backing layer and not the needles, meaning a reservoir of drug 

was available. Prolonged release of over one day was observed with CMC MN 

containing sulfohordamine. Encapsulation of the protein, lysozyme, inside the MN 

matrix was also shown no adverse effects on the secondary structure (Lee et al., 

2008). The encapsulation of other drugs such as erythropoietin and enzymes within 

dissolving MN has been shown to retain the activity of the drugs even after 2 

months of storage, which is encouraging (Ito et al., 2006; Lee et al., 2008; Sullivan 

et al., 2008). In a study by Li et al., (2009) the maltose MN dissolved within one 

minute while the microconduits formed remaining open for 24 hours, allowing the 

rapid delivery of monoclonal antibodies. 

Hydrogels are macromolecular polymeric materials that are cross-linked to form a 3-

D network that permits the retention of relatively large volumes of water and not 

dissolving in an aqueous environment (Peppas et al., 2000). Release from these 

structures can be controlled by alteration of the polymer or polymer content that in 

turn affects the swelling behaviour (Hennink & van Nostrum, 2002; Hoffman, 2002). 

In a recent study conducted by Kim et al., (2012) hydrogel microparticles were 

incorporated into the hydrophobic polymer, poly(lactic-co-glycolic) acid. Insertion 

into porcine cadaver skin resulted in the microparticles swelling and release of 

rhodamine across the skin (Kim et al., 2012). 

Donnelly et al., (2012) demonstrated MN from hydrogel forming polymeric systems 

(PMVE/MA and PEG) (Figure 1.17). Such arrays are hard in the dry state but, upon 

insertion into skin, take up interstitial fluid and form continuous, aqueous pathways 

from attached patch-type drug reservoirs to the dermal microcirculation. The MN 

themselves contain no drug, but instead are connected to a conventional matrix-type 

transdermal patch. Drug can thus diffuse through the swollen MN which act as a 
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continuous unblockable conduit between drug reservoir and dermal microcirculation. 

Importantly, drug delivery is no longer limited by how much drug can be loaded into 

the MN themselves, so delivery of greater doses over longer time periods is now 

possible. In an alternative application, the MN can be used to extract skin interstitial 

fluid for diagnostic or therapeutic monitoring purposes. This design can also serve as 

a method to deliver hydrophobic drugs as well as hydrophilic. This technology has 

the potential to overcome the limitations of conventional MN designs and greatly 

increase the range of type of drug deliverable transdermally. Using this novel MN, 

sustained delivery of molecules of different molecular weights have been shown such 

as, bovine serum albumin (67,000 Da), insulin (6000 Da), theophylline (180 Da), 

metronidazole (171 Da), caffeine (194 Da) and methylene blue (320 Da) (Donnelly 

et ai., 2012). 

Figure 1.17. Hydrogel forming MN for transdermal drug delivery . 

Porous MN have been manufactured from both non-biodegradable and biodegradable 

materials. Due to the weakness of these structures compared to solid MN, 

biodegradable materials being favored (Park et ai. , 2007). Since the structural 

weakness may result in fracturing of the needles therefore if non-biodegradable 

materials were used fragments of the material may be left in the skin. A progression 

on this technology incorporates a solid silicone MN with a macroporous silicone tip. 

Macroporous silicone is biodegradable and therefore this overcomes the problem 

non-biodegradable tip fragments being left in tissue. and therefore offering an 

alternative method of drug loading (Ji et al., 2006). 
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Coated MN - 'coat and poke' 

Coated MN can provide extremely quick drug delivery, in some cases within one 

minute. The most common method for producing these MN is to dip-coat the needles 

in the drug solution once or repeatedly (Bariya et al., 2012). Drug delivery is limited 

due to the small dimensions of the MN shaft and tip and therefore area for coating is 

typically low (i.e. up to 1mg) due to smaller MN arrays, (Gill & Prausnitz, 2007b) 

therefore this method is normally reserved for potent drug molecules such as 

vaccines (Banga, 2009). Thick layers of drug coating are not feasible as low skin 

delivery efficiency has been shown resulting from a blunting of the MN and 

therefore poor penetration (Chen et al., 2009; Cormier et al., 2004; Matriano et al., 

2002; Xie, et al., 2005). Both hydrophilic and hydrophobic drugs along with 

microparticies, proteins, DNA and RNA have been delivered in this manner 

(Cormier et al., 2004; Gill & Prausnitz, 2007; Xie et al., 2005). 

Continuous drug delivery using hollow MN - poke and flow' 

Hollow MN are used to deliver drug solutions via the 'poke and flow ' method, which 

involves insertion of the MN into tissue and then a drug solution can be transported 

through the bore of the MN in similar fashion to a hypodermic needle (Gardeniers et 

al., 2003; Wang et al., 2006). Due to the limited amounts of drug that could be 

administered by the other conformations of MN, hollow MN were developed (Bariya 

et al. , 2012). Passive diffusion of the drug solution may occur through the MN, but 

active delivery allowing more rapid rates of delivery. Active delivery requires a 

driving force, a syringe was used to drive the solution through the MN into the tissue 

but some studies have combined the MN systems with a pump or pressurised gas 

(Amirouche et al. , 2009; Gupta et al. , 2009; McAllister et al. , 2003). This method of 

delivery however does have distinct shortcomings in that flow rates are normally less 

that 300 nL min- I (Martanto et al., 2006; Roxhed et al., 2008; Wang et al., 2006), 

with higher rates of administration in the order of flL min- I requiring the 

incorporation of hyaluronidase into the formulation to degrade the skin collagen 

fibres (Martanto et al. , 2006). Also as the bore of the MN is small, there is a risk of 

blockage, which would therefore prevent further delivery of drug solution (Jiang et 

al., 2009). 

A study conducted by Gupta et al. , (2012) utilised a single hollow MN to deliver 

34 



Chapter I: Introduction 

local anaesthesia, lidocaine. This method of delivery was compared to the 

conventional mode of using a hypodermic needle to deliver the lidocaine 

intradermally. Results showed that the subsequent levels of local anaesthesia were 

the same for each method but patient satisfaction with the MN technique was much 

greater due to a reduction in pain observed determined by VAS pain scores. 

Consequently, 77% of the participants favored MN and 80% indicated that they did 

not deem the MN to be painful. Insulin delivery through hollow MN has been 

investigated by a number of research groups. A study conducted by McAllister et al., 

(2003) studied the micro infusion of insulin through hollow MN to diabetic, hairless 

rats. A drop in blood glucose levels of over 70% from was observed in comparison to 

preinfusion levels and also compared to control rats infused saline, and those with 

insulin solution applied topically. In a similar experiment carried out in male Sprague 

Dawley hairless rats using metal MN, the post infusion blood glucose level was 

reduced by 47% in comparison with the preinfusion levels. Negative control 

investigations showed that topical insulin without MN produced undetectable levels 

of plasma insulin (Davis et al., 2005). 

1.3.6.3. Other MN applications 

Regarding application, MN can be classified into many types because different types 

are suitable for specific applications. The suitable length of MN for drug delivery is 

from 100 Ilm to 900 or 1100 Ilm (Donnelly et ai., 2012), but for blood sampling or 

extraction the suitable length of MN is 1100 Ilm to 1600 Ilm (Ashraf et ai. , 2010). 

Solid MN are suitable for cell surgery, drug delivery, blood extraction, vaccination, 

fluid sampling, and cancer therapy (Donnelly et ai. , 2012). 

Monitoring of analytes in biological fluids represents an important aspect of modern 

day healthcare. This may be in the form of drug level measurements, as in 

therapeutic drug monitoring, or could involve the monitoring of key biomarkers for 

diagnostic purposes or in the management of disease states. Little true progression, 

however, has been realised within clinical practice with regards to the methods used 

to extract these analytes and, for most measurements, conventional blood sampling 

remains routine, despite the renowned drawbacks associated with this invasive 

method . For example, hypodermic needles are associated with risk of needle-stick 

injuries and, cross-contamination, such as 37.6% of Hepatiti s B infections, 39% of 
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Hepatitis C infections and 4.4% HIV/AIDs infections among world healthcare 

workers (Rapiti et al., 2005). Premature neonates, in particular, can exhibit blood 

volumes as low as 80 mllkg, making blood sampling to any degree is far from ideal 

and frequent sampling increasing the risk of anaemia (Koren, 1997). From the 

patient's perspective, minimally-invasive sampling offers less discomfort and could 

offer significant benefits for those with needle-phobia and low sample volume issues. 

Minimally-invasive monitoring methods include the use of reverse iontophoresis 

(Leboulanger et aI., 2004; Bouissou et aI., 2009; Ching et al., 2011; Ebah et aI., 

2012), reverse iontophoresis combined with electroporation (Lee et al., 2010), low 

frequency ultrasound (Paliwal, Ogura & Mitragotri, 2010), capillary microdialysis 

(Kim et aI., 2008; Nielsen et aI., 2009) and by pore creation using a near infrared 

laser (Venugopal et aI., 2008) to name just a few. ISF monitoring is common practice 

and an alternative technique to blood extraction (Liu et aI., 2005; Wang, Cornwell & 

Prausnitz, 2005). While the majority of minimally-invasive extraction methods 

remove ISF, MN have been explored for both blood and interstitial fluid (ISF) 

sampling, with some claiming an adaption to either matrix possible. For ISF, MN 

penetration depths of 50-150 ~m have been reported satisfactory, whereas arrays 

designed for blood extraction should offer much larger penetration depths, with 

values of around 400 ~lm (Khanna et aI., 2008). Others report penetration values as 

large as 1 mm (Gardeniers et aI., 2003) or 1500 urn (Chaudhri et aI., 2010) as 

necessary for successful blood withdrawal. A penetration depth of 325 ~m (Mukerjee 

et ai., 2003) is unlikely option to guarantee successful blood access however, 

considering penetration into the dermis is required for blood capillary targeting, with 

investigations recording that the epidermis possibly extends as far as 400 ~m below 

the skin (Donnelly et aI., 2012). Various different approaches to monitoring using 

MN have been proposed including the use of hollow arrays for fluid collection and 

analysis, solid arrays for pre-treatment and subsequent fluid collection, as well as 

integrated options which negate the need for fluid removal entirely. Regardless of the 

approach, to represent a valuable alternative to current practice the MN device must 

be capable of successful and reproducible penetration without fracture, and enable 

accurate measurements of the target analyte. 
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1.3.6.4. Mlcroneedle applicator 

For effective performance of MN In drug delivery applications, regardless of the 

type, material, height and density, it is essential that they penetrate into the skin with 

the highest reproducibility. Due to the inherent elasticity and irregular surface 

topography of the skin, the reproducibility of MN penetration is a problem. 

Therefore, in order to achieve reproducible MN penetration into skin, MN 

applicators could be very useful (Figure 1.18). Table 1.7 summarized MN applicators 

patented by different companies. 

Table 1.7. Microneedle applicators patented by different companies. Taken from (Thakur et al., 2011) 

Company 

Clinical 
Resolution 
Laboratory Inc 

Alza Corporation 

Corium 
international Ltd 

3M Innovative 
Properties 
Company 

3M Innovative 
Properties 
Company 

3M Innovative 
Properties 
Company 

3M Innovative 
Properties 
Company 

Description of MN applicators 

Microneedle Therapy System (MTS) device to 
stimulate collagen production for treatment of 
visible signs of skin ageing. The device consists 
roller discs with plurality of discs, stacked together, 
containing protruded MNs from each discs. 
Similar to previous one but the applicator consists 
of an impact spring that is housed between the cap 
and piston of the applicator main body. 
The MNs are present on the inner portion (under the 
button) of the applicator and the outer portion is 
placed on the skin and pressed towards the skin for 
MN to puncture the skin surface. 
Described an elastic-band type of MN applicator, 
that is secured in place by wrapping around the 
person's arm, and pulled away from the arm to a 
suitable distance and released causing MN 
penetration. 
Described a non-skin-contacting applicator capable 
of sensing, at a controlled distance from the skin 
surface, and propelling an array of MNs across this 
distance and into the skin. 
Described a flexible sheet type applicator, with MN 
arrays attached under the flexible sheet. Upon 
application of force the flexible sheet undergoes 
stepwise motion to create micro-pores on skin 
surface. This device is also associated with a an 
audible prompt. 
Invented a MN patch type applicator with a 
collapsible element made of a thermoplastic 
material. 
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Figure 1.18 . MN applicators from different companies. (A) MicroCor™ applicator. Taken from Gary, 

(2009). (B) Zosano's Macroflux® (i) applicator loaded with patch (ii) applicator activated (iii) patch 

delivered to the site. Taken from Zosanopharma® (2009),(C) ADMINPATCH® MN array applicator. 

Taken from Nanobiosciences® (2009). (D) MicronJet® MN device. Taken from Nanopass® (2009). 

(E) BD Soluvia™ applicator, Taken from BD, (2009). (F) MTS-Rollers™ applicator. Taken from 

Microneedle®, (2009). 

There are currently a number of companies working towards commercialisation of 

their respective MN technologies , including Zosano Pharma, Corium, Nanopass, 3M, 

and Beckton-Dickinson. Zosano Pharma are currently preparing to enter a pivotal 

Phase III clinical trial using the Macroflux® technology developed by Alza. A solid 

drug-coated MN patch system (MN height 190 /-lm) for the delivery of parathyroid 

hormone in the treatment of severe post-menopausal osteoporosis will be used 

(Daddona et aI. , 2011) . There appears to be a high likelihood of positive outcomes, 

based upon extremely encouraging and relatively large-scale Phase 11 results . 

Importantly, Zosano Pharma have incorporated an applicator system as an essential 
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component of this delivery system. This applicator applies a consistent, pain-free 

force, and has been optimized for easy use by elderly patients. Furthermore, focus 

study groups (288 post-menopausal women with osteoporosis aged 60-85 years) 

were conducted to evaluate patient perception of this technology, with positive 

outcomes noted. It was highlighted that 93% of patients liked the patch concept 

"extremely well", whilst 90% rated it as easy to use, as exemplified by the fact that 

82% of patients were capable of applying the patch correctly the first time without 

any help. ' Indeed, it appears that incorporation of the applicator device lead to 

enhanced patient acceptability and faith in the device as a drug delivery system. 

NanoPass technologies Ltd have conducted a number of clinical trials demonstrating 

effective, safe, and painless intra-dermal delivery of local anaesthetics, insulin, and 

influenza vaccine via their MicronJet@ technology (hollow MN device). Similarly, 

3M's micro structured transdermal system (MTS), having either solid or hollow MN 

has shown promising results in several pre-clinical studies investigating delivery of 

proteins, peptides and vaccines. 

Given the ever-increasing evidence available within the academic and patent 

literature that MN of a wide variety of designs are capable of achieving successful 

intradermal and transdermal delivery of conventional drugs, biopharmaceuticals, 

vaccines and active cosmaceutical ingredients, it is envisaged that the already 

concerted industrial effort into development of MN devices will now intensify. 

Furthermore, novel applications of MN technology are likely to come to the 

forefront. The ability of MN arrays to extract bodily fluids for drug and/or 

endogenous analyte monitoring is particularly interesting. The ability of MN-based 

devices to both deliver and extract molecules across the skin in a minimally-invasive 

manner opens up the possibility for the development of a closed-loop responsive 

device, with a MN-based delivery component delivering a therapeutic molecule in 

response to information provided by a MN-based monitoring component. As 

technological advances continue, MN arrays may well become the pharmaceutical 

dosage forms and monitoring devices of the near future. However, there are a 

number of barriers that will firstly need to be addressed in order for MN technology 

to progress. 
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The ultimate commercial success of MN-based delivery and monitoring devices will 

depend upon not only the ability of the devices to perform their intended function, 

but also their overall acceptability by both health care professionals (eg doctors, 

nurses and pharmacists) and patients. Accordingly, efforts to ascertain the views of 

these end-users will be essential moving forward. The study by the Birchall Group in 

this regard was highly-informative (Birchall et al., 2011). The majority of health care 

professionals and members of the public recruited into this focus-group-centred 

study were able to appreciate the potential advantage of using MN, including reduced 

pain, tissue damage, risk of transmitting infections and needle stick injuries, 

feasibility for self administration and use in children, needlephobes and/or diabetics. 

However, some concerns regarding effectiveness, means to confirm successful drug 

delivery (such as a visual dose indicator), delayed onset of action, cost of the 

delivery system, possible accidental use, misuse or abuse were also raised. Several 

other possible issues (accidental or errors based) and interesting doubts regarding 

MN use were discussed in this study. Overall, the Group reported that 100% of the 

public participants and 74% of the health care professional participants were 

optimistic about the future ofMN technology. 

From a regulatory point of view, currently little is known about the safety aspects 

that would be involved with long term usage of MN devices. In particular, studies 

will need to be conducted to assess the effect that repeated microporation has upon 

recovery of skin barrier function. However, given the minimally-invasive nature of 

the micropores created within the skin following MN application, especially in 

comparison to the use of a hypodermic needle, and the fact that statistically it is 

highly unlikely that MN would be inserted at exactly the same sites more than once 

in a patient ' s lifetime, it is envisaged that MN technology will be shown to have a 

favourable safety profile. Indeed, skin barrier function is known to completely 

recover within a few hours of MN removal, regardless of how long the MN were in 

place (Gupta et aI. , 2011). Local irritation or erythema (reddening) of the skin may 

be an issue for some patients. Since the skin is a potent immunostimulatory organ. 

Infection is an important issue that has not discussed in relation to use of MN-based 

systems, since they, by necessity, puncture the skin ' s protective stratum corneum 

barrier. However, Donnelly et al., (2009) showed that microbial penetration through 

MN-induced holes is minimal. Indeed, there have never been any reports of MN 
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causing skin or systemic infections. Alternatively, since the micropon!s are aqueous 

in nature, microorganisms may be more inclined to remain on the more hydrophobic 

Se. It IS important to classify MN either as injections or 

topicalltransdermallintradermal delivery systems, since this will determine whether 

the final product will need to be sterilised, prepared under aseptic conditions or 

simply host a low bioburden. In addition, any contained microorganisms may need to 

be identified and quantified, as may the pyrogen content. 

1.4. Conclusion 

A wide variety of MN types and designs have been shown to be effective for the 

transdermal delivery of a diverse range of molecules, both in vitro and in vivo. The 

potential now exists to greatly expand the range of types of drugs that can be 

delivered effectively across the skin. This will significantly enhance the value of the 

transdermal delivery market and will be increasingly important over the coming 

years as the number of new drugs of biological origin continues to increase. Small 

scale clinical trials have highlighted the minimally invasive nature of MN-based 

systems, causing no pain, minimal irritation and complete skin recovery within a few 

hours. Vaccine-loaded MN arrays have been shown to elicit a greater immune 

response in comparison to conventional injections and have a number of key 

advantages over the use of hypodermic needles. The ability of microorganisms to 

traverse MN-induced skin pores within the skin has been found to be minimal and 

with a lower incidence for occurrence when compared to the skin damage caused 

through hypodermic needle skin puncture. MN devices also have the potential for use 

in non-invasive therapeutic druglanalyte monitoring and the possibility for closed 

loop delivery systems may become important moving forwards. Focus group studies 

have identified key areas that need to be addressed by the MN community in order 

for the technology to progress. These include a means to ensure reproducible MN 

application in every patient every time and confirmation of successful device 

insertion. A significant number of small and large industry players are presently 

engaged in clinical trials with the aim of commercialisation of their respective MN

based devices. Future studies will be needed to address potential regulatory concerns 

over the use of MN devices, as well as focusing on the design and development of 

processes to enable a low cost, efficient means for MN mass production. 
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Overall, the future for the MN sector appears to be very bright, with rapid expansion 

in fundamental new knowledge feeding industrial development. In due course, it is 

hoped that MN-based technological advancements will lead to enhanced disease 

prevention, diagnosis and control, with concomitant improvement in health-related 

quality of life for patients worldwide. 
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Aims and Objectives 

The overall goal of this thesis was design and evaluation of polymeric microneedle 

(MN) delivery systems. Two model drugs were investigated, namely the small water 

soluble drug ibuprofen sodium and the large protein ovalbumin (OVA). In order to 

study the efficacy of their delivery from MN, analytical methods had to be first 

developed and validated. 

The next aim was to evaluate a range of hydrogel forming materials as candidates for 

MN production. The formation of so called super swelling materials, capable of rapid 

uptake of fluid and substantial volume increases were an objective that was 

investigated very closely. Electrical characterization of hydrogel formulation was an 

important objective, since it led on to studies of MN/iontophoresis (IP) combinations 

for enhanced transdermal drug delivery. The ability of novel dissolving, swelling and 

super-swelling MN on in vitro and in vivo delivery of ibuprofen sodium and OVA 

was also studied in details. 

Since MN penetrate into viable skin, an area of the body that is normally sterile, 

microbial content and sterilization of MN was investigated. Furthermore, the impact 

of gamma irradiation on the physicochemical properties of polymeric MN (hydrogel, 

super-swelling and dissolving MN) was also investigated. The final aim was to 

assess, for the first time, the influence of pharmacist intervention and the use of a 

patient information leaflet (PIL) on self-application of hydrogel-forming MN arrays 

by human volunteers without the aid of an applicator device. Since it will be 

important for ultimate commercial success of MN that patients can use them in their 

own home. 
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Chapter 2: Pharmaceutical analysis 

2.1. Introduction 

Pharmaceutical analysis is an essential part in drug development process to 

determine the identity, content, purity and stability of raw materials, excipients and 

active pharmaceutical ingredients (APls). There is a difference between analysis of 

the active ingredients used to cure, treat or prevent any specific disease and analysis 

of pharmaceutical preparations. Since pharmaceutical dosage forms (ointments, 

suspensions, tablets, lotions, etc.) consist of one or more active substances and at 

least one excipient. 

Non-steroidal anti-inflammatory drugs (NSAIDs) are common medicines used to 

treat the symptoms of arthritis such as swelling, stiffness or a painful in the joints. 

There are nine classes of NSAIDs agents and COX inhibition analgesic potency 

varies inter- and intra-class . Ibuprofen, the 2-arylproprionic acid derivative, was the 

first non-aspirin NSAIDs that became available over the counter (OTC). It is well 

tolerated and is available in oral and topical dosage forms (Moore, 2007). 
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Figure 2. 1. Biosynthesis of arachidonic acid and the cyclooxygenase (COX) pathway . Taken from 

(http ://www.medscape.com/viewarticle/448279_2) 
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lbuprofen is the safest NSAIDs in terms of gastrointestinal toxicity such as nausea, 

vomiting, gastric ulceration and bleeding (Henry & McGettigan, 2003), with such 

complications being rare and generally associated with the higher prescribed doses 

(such as in arthritis), rather than the lower OTC doses (Moore, 2007). Ibuprofen has 

a chiral centre and is extensively used as an analgesic, especially in case of 

inflammation for relieving symptoms of rheumatoid arthritis, acute and chronic pain, 

gout, fever and headache (Table 2.1) (Moore, 2007; Rainsford, 2009). There are two 

major metabolites for ibuprofen; 2-hydroxy- and 2-carboxy-ibuprofen, it is 

metabolized by oxidation in the liver (Moore, 2007; Rainsford, 2009). Ibuprofen 

appears to exert its pharmacologic actions by inhibiting cyc\ooxygenase and thus 

blocking the first step in the synthesis of prostaglandins (Rainsford, 2009). 

Table 2.1 Chemical structures and physical properties of ibuprofen sodium. Taken from 

(http;llwww.pharma-ingredients.basfcomlproducts.aspx?prd=30260589) 

Ibuprofen sodium 

ONa 
Chemical structure 

Molecular weight 228.26 g/mol 

Solubility at 25°C 100 mg/ml 

pKa 4.91 

Melting point 76°C 

Pharmaceuti cal Tablets 

formulation Suspensions 

Gels 
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For rapid pain relief, it is desirable to have a formulation with a rapid rate of 

absorption (Mehlisch & Sykes, 2013). It is well documented that there are three 

ibuprofen salts, ibuprofen sodium, ibuprofen lysine and ibuprofen arginate, are more 

rapidly absorbed than formulations of free ibuprofen acid (Geisslinger et al., 1989; 

Dewland et aI., 2009). Sodium ibuprofen dihydrate (ibuprofen sodium) was shown to 

be bioequivalent to the lysine and arginate salt forms. Many studies have proved that 

faster absorbed formulations lead to faster onset of analgesia (Desjardins et aI., 2002; 

Mehlisch et aI. , 2002; Dewland et al., 2009). Measuring the concentrations of 

ibuprofen sodium in plasma is crucial to assess treatment efficacy and toxicity. 

Several high performance liquid chromatography (HPLC) and GC methods have 

been described for the measurement of ibuprofen sodium in plasma (Sochor et al. 

1995, Ganesan et al. 2010, Kang et al. 1998, Battu & Reddy, 2009). However, these 

studies were limited by the low recovery, complicated sample preparation 

procedures, required large sample volumes up to 2 ml leading to difficulties in 

pharmacokinetic studies in small animals, neonates and children (Sochor et al. 1995, 

Ganesan et al. 2010, Kang et al. 1998, Battu & Reddy, 2009). Therefore, they are not 

suitable . for routine quantification of ibuprofen sodium. The analytical method 

should be able to quantify ibuprofen sodium from PBS samples obtained from in 

vitro release and stability study as well as from plasma sample obtained from in vivo 

experiments. 

A model antigen water soluble protein ovalbumin (OVA) was chosen in this project 

to incorporate into lyophilized and electro-responsive patches in order to investigate 

the feasibility of microneedle (MN) arrays to deliver high molecular weight 

compounds into systemic circulation. The quantification of OVA was carried out 

using two methods, which were Sandwich Enzyme-linked Immunosorbent Assay 

(ELISA) and Micro BCA ™ Protein Assay. Recently, attention has been paid to the 

ELISA as an analytical technique with the potential to become an alternative or a 

complementary method to traditional means such as HPLC. This due to potential 

advantages such as providing fast, sensitive and cost-effective tools for setting the 

method of analysis (Yang et aI., 2008). However, HPLC is considerably more 

expensive than ELISA as HPLC seems to require extensive clean-up and regular 

maintenance (Kyung et aI., 2009; Fujii et ai., 2007). Moreover, a recent validation 

study carried by Migalska et ai. , (2011) revealed that using HPLC for protein 
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quantification is very problematic. The authors reported the high susceptibility of 

HPLC procedure vary according to the change in room temperature led to variation 

in the retention time and therefore compromised the production of reliable data 

(Migalska et aI. , 2011). Thus, ELISA appears to be an alternative technique that can 

provide a reliable, inexpensive and rapid assay for quantifying large number of OVA 

samples during the release studies. 

In this Chapter, an automated highly sensitive HPLC method was developed and 

validated for the quantification of ibuprofen sodium in PBS and plasma. It is 

important to establish an assay capable of quantifying ibuprofen sodium at lower 

concentrations to be able to quantify the amount of ibuprofen sodium in biological 

fluids . At the same time, it is expected that this method would be efficient in 

analyzing large number of plasma samples obtained for pharmacokinetic, 

bioavailability or bioequivalence studies after therapeutic doses of ibuprofen sodium. 

Validation is conducted to demonstrate whether the procedure chosen is acceptable 

for its intended purpose and to ensure that all measurements made in the future 

during routine analysis allow the achievement of reliable and high quality data 

(Rozet et aI., 2007). Validation studies were performed according to the guidelines of 

the International Conference of Harmonization (ICH). In addition, an optimized 

procedure for detection of OVA either in solution or plasma via ELISA methodology 

was also investigated. 

2.2. Aim and Objectives 

The study aimed to develop and optimize a sensitive and reliable method to quantify 

ibuprofen sodium during in vitro and in vivo studies. To achieve this aim, various 

developments and optimization procedures were carried out in order to analyse 

ibuprofen sodium either in solution, after being incorporated and released from MN in 

vitro or from plasma samples using HPLC. The objectives were to develop a simple 

HPLC-UV method, with adequate selectivity and sensitivity, for quantification of 

ibuprofen sodium and validate the methodology using the current guidelines 

available for bioanalytical method validation. 
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Furthermore, the study aimed to use a sensitive and reliable method to quantify OVA 

during in vitro and in vivo studies. For quantification of OVA in both lyophilized and 

electro-responsive patches, ELISA and Micro BCA ™ Protein Assay were utilised. 

2.3. Materials and Apparatuses 

Ibuprofen sodium was purchased from Sigma-Aldrich, Steinheim, Germany. 

Potassium dihydrogen phosphate pH 4.6 was purchased from Process Measurement 

and Analysis Ltd. 

Methanol and acetonitrile isocratic HPLC grade were purchased from VWR 

International Leuven, Belgium. 

Phosphate buffered saline pH 7.4 tablets were purchased from Oxoid Limited, 

Hampshire, England. 

Syringe filter (0.2 /J.m) cellulose acetate, Chromacol Ltd, Herts, UK. 

Micro BCATM Protein Assay Reagent Kit was obtained from Pierce Biotechnology, 

Rockford, IL, USA. 

Monoclonal anti-chicken egg albumin (ovalbumin) antibody produced in mouse 

(moAb), ovalbumin (albumin from chicken egg, grade IIV), fish gelatine, a costar 96 

well flat-bottom EIA/RIA plate and phosphate buffered saline with Tween® 20, pH 

7.2, tablet were obtained from Sigma, St, Louis, MO, USA. 

Polyclonal anti-ovalbumin conjugated with horse-radish peroxidase (HRP) produced 

in rabbit was provided by Gene Tex® Inc Alton Pkwy, Irvine, USA. 

Tetramethylbenzidine substrate (TMP) was obtained from Sigma-Aldrich, Steinheim, 

Germany. 

SuperBlock® T20 was purchased from Thermo Scientific, Rockford, IL, USA. 

Phosphate buffered saline tablet form pH 7.4 was purchased by Oxoid. 

All other chemicals were of analytical reagent grade 

Sonication of the mobile phase was performed using Decon® FS300b sonicating 

water bath. 

HPLC analysis was carried out on the HPLC Agilent Technologies 1200 Series 

consisting of Agilent degasser G1312B, Agilent Binary Pump SL G1312B, Agilent 

auto standard injector HiP-ALS SL G 1367C, Agilent column thermostat TCC SL 

G1316B and Agilent Variable Wavelength Detector SL G1314C (Agilent 

Technologies UK Ltd, Stockport, UK). Data acquisition and analysis were performed 

using Agilent Rapid Res® software. 
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An Agilent Eclipse XDB-C 18 (5 Jlm pore size, 4.6 x 150 mm) analytical column 

fitted with a guard cartridge of matching chemistry. 

Vacuum filtration of the aqueous mobile phase was performed using a Fisherbrand® 

FB70155 vacuum pump and Whatman® cellulose nitrate membrane filters O.2Jlm 

pore size purchased from Whatman, Maidstone, England. 

The water utilised was purified using an Elga PureLab MAXIMA system, Vivendi 

Water Systems Ltd., Bucks, UK. 

A Zymark TurboVap® LV Evaporator Workstation provides simultaneous 

evaporation of up to 50 samples, Business & Industrial, Healthcare, Lab & Life 

Science, Lab Equipment, UK. 

2.4. Methods 

2.4.1. Instrumentation and chromatographic conditions 

HPLC analysis was carried out on RP-HPLC, using an Agilent 1200 series system. 

The column used was an Agilent Eclipse XDB-C 18 (5 Jlm pore size, 4.6 mm width 

and 150 mm length) fitted with a guard cartridge of matching chemistry used as the 

stationary phase. The mobile phase was 60:40 methanol: 10 mM potassium 

dihydrogen phosphate (PH 4.6), with a flow rate of 1 mllmin and a run time of 30 

min per sample. UV detection was at 220 nm for ibuprofen sodium. 

Chromatographic separation was achieved usmg reversed phase chromatography 

with isocratic elution. The mobile phase solutions were degassed and filtered through 

a 0.2 Jlm filter prior to use. The column temperature was 25°C and the autosampler 

temperature was 25°C. A 50 JlL aliquot of the extracted and cleaned sample was 

injected into HPLC. 

2.4.2. Stock solutions and working standards of ibuprofen sodium in P BS 

A stock solution of 1 mg/ml ibuprofen sodium was prepared by dissolving 100 mg of 

ibuprofen sodium in 100 ml of PBS pH 7.4 and sonicated for approximately 15 min 

to ensure complete ibuprofen sodium dissolution. The working standards at the 

concentrations of 400 Jlg/ml, 300 Jlg/ml, 200 Jlg/ml, 100 Jlg/ml and 50 Jlg/ml were 

prepared by further dilutions of the stock solution with appropriate volumes of PBS. 

Ten microliters of each of the six working standards were further diluted with 190 
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fig/m I of PBS to produce final concentrations of the calibration standards in the 

concentration range of 20 fig/m I to 2.5 fig/m!. All calibration standards at the 

concentrations of 20 fig/ml, 15 fig/ml , 10 fig/ml , 5 fig/ml and 2.5 fig/ml were filtered 

using a syringe filter (0.2 fim) prior injecting onto the HPLC. 

2.4.3. Extraction procedure 

Rat blank blood for assay method development was obtained from healthy Sprague

Dawley rats. Blood was collected via heart puncture with a heparinised syringe into 

Ethylenediaminetetraacetic acid (EDTA)-coated tube . Plasma separation was 

performed by centrifuging the blood at 3000 Relative Centrifugal Force (RCF) for 10 

min in a refrigerated centrifuge (4°C). Plasma samples were stored at -80°C prior 

analysis. Ten microliters of ibuprofen sodium working standard solutions (200 

fig/ml) was added to the 190 fil blank plasma. The sample was vortex mixed for 10 

sec in a polypropylene Eppendor~ tube (2 .0 ml capacity) and 0.5 ml of acetonitrile 

was added. The sample was vortex mixed for 10 min and centrifuged at 14,000 RCF 

for 10 min at 4°C. The acetonitrile (ACN) extraction procedure was repeated to 

ensure optimum extraction of ibuprofen sodium. The sample mixture was placed in a 

disposable glass culture tube and the extract dried under a stream of nitrogen at 35°C 

for 50 minutes using a Zymark TurboVap® LV Evaporator Workstation. The residue 

was then reconstituted in 200 fil PBS in a polypropylene Eppendor~ tube (l.5 ml 

capacity), vortex mixed for 30 seconds and centrifuged at 14,000 RCF for 10 min at 

room temperature. The supernatant was transferred into an auto sampler vial and 50 

fiL was injected onto the HPLC column. 

2.4.4. Standard solutions for ibuprofen sodium analysis in rat plasma 

A stock solution of the ibuprofen sodium was prepared by dissolving 100 mg in 50 

ml of PBS to produce a concentration of 2000 fig/ml and it was further diluted with 

appropriate volumes of PBS to produce a concentration of 400 fig/m I (working 

standard solution). The working stock solutions were prepared by further dilution of 

stock solution with appropriate volumes of PBS to produce the concentrations of 

300, 200, 100, 75 , 50 and 25 fig/m!. 
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Ten microliters of the each ibuprofen sodium working standard solutions were added 

to 190 ,.d of blank plasma to produce final plasma concentrations of 2.5, 5, 7.5 , 10, 

15 and 20 )lg/ml for the calibration standards. 

2.4.5. Method validation 

The parameters assessed for the purpose of method validation were as follows: 

selectivity, linearity, lower limit of detection (LoD), lower limit of quantification 

(LoQ) accuracy and precision, recovery and stability to the recommendations from 

the International Conference on Harmonisation of Technical Requirements for 

Registration of Pharmaceuticals for Human Use (ICH) Validation of Analytical 

Procedures: Text and Methodology Q2(R 1) (2005) for assay procedures. 

2.4.6. Selectivity and specijicity 

According to ICH (2005), the ability of the analytical method to differentiate and 

quantify an analyte in the presence of other components which may be expected to 

be present in the sample is known as selectivity. So selectivity is the ability of the 

analytical method to differentiate and measure an analyte in the presence of other 

components (interferences). This was conducted using three independent different 

sources of blood from three rats. 

Selectivity of HPLC analytical method is demonstrated by analysing plasma samples 

versus plasma samples that were spiked with ibuprofen sodium (n=3) to a final 

concentration equals the determined lower limit of quantification. All the sample 

preparation procedures and the HPLC settings should be the same for both blank and 

spiked samples. 

2.4. 7. Linearity 

The linearity of the developed method was assessed by creating calibration curves 

for ibuprofen sodium over 3 consecutive days. Each calibration curve consisted of at 

least 5 points to cover the expected range for a compound. Calibration plots were 

constructed for peak area versus the analyte concentration in order to evaluate the 

relationship between the two parameters. Linear regression analysis was performed 

to determine the slope, intercept and correlation coefficient of the calibration lines. 
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2.4.8. Limit of detection and limit of quantification 

The representative calibration curve was used to determine the limits of detection 

(LoD) and quantification (LoQ) of the method as described by ICH Guidelines, 

(ICH, 2005). The LoD is the lowest concentration that can be obtained from the 

measurement of a sample that contains the analyte and can be distinguished from the 

concentration obtained from the measurement of a blank sample. The LoD of a 

chromatographic method may be determined as follows, using Equation 2.1; 

LoD 
3.30-

S (2.1) 

Where (J' is the standard deviation of the response (peak area) of the data used to 

construct the regression line and S is the slope of that line. The limit of quantification 

is the lowest quantity of the analyte that can be determined (quantified) with 

acceptable precision and accuracy under the determined operational conditions. 

Similarly the LOQ may be determined using Equation 2.2. 

LoQ 

2.4.9. Accuracy and precision 

lOo

S (2.2) 

The degree of proximity of the determined value to the true value (concentration) of 

the analyte is known as the accuracy of the analytical method. While precision of an 

analytical method is defined as the closeness of repeated individual measures of the 

analyte (ICH guideline, 2005). Inter and intra-day accuracy and precision of the 

developed method were calculated using the data collected within day and between 

days constructed calibration curves. Three concentrations were tested in terms of 

accuracy and precision; lower, middle and higher quality control (QCs). Intraday (in 

single day) accuracy and precision were calculated using three replicates at each 

concentration from a single day run, while inter-day accuracy and precision were 

calculated using one replicate at each concentration from three consecutive days 

runs. 
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The accuracy was expressed as the mean percent relative error (RE%) , while 

precision was expressed as the percent coefficient of variation (CV%). An accepted 

accuracy or precision according to ICH guideline should be within 15% of the actual 

value for the quality control samples. However, for the lower limit of quantification, 

an accepted deviation should be equal or less than 20%. 

2.4.10. Recovery 

The recovery of an analyte is calculated as the ratio detector response from certain 

amount of ibuprofen sodium that were added to and extracted from plasma to the 

detector response obtained for the aqueous solution containing the same amount of 

the. Recovery will not necessarily be 100%. However, the recoveries of the analyte 

should be consistent and reproducible. 

2.4.11. ELISA method 

Monoclonal anti-chicken egg albumin (ovalbumin) antibody produced In mouse 

(moAb) was diluted in O.IM bicarbonate buffer, pH 9.6 to the optimized 

concentration of 2.5 Ilg/ml. An aliquot (50 Ill) of anti-ovalbumin was dispensed into 

the plate and incubated overnight at 4°C. The plate was filled with washing buffer 

0.05% v/v Tween-PBS and soaked for 30 seconds before discarded. This process was 

repeated 5 times. Then, the plate was turned onto absorbance paper to remove any 

remaining buffer. The plate was blocked with SuperBlock® T20 buffer (150 Ill/well) 

and incubated for 2 hours at room temperature. For the calibration curve, OVA 

solutions were freshly prepared at a concentration of I mg/ml in PBS produced 

concentrations of 1 Ilg/ml to 10 ng/ml. A 50 III of sample was dispensed into wells, 

each sample was analysed in triplicate. The plate was covered and incubated for 1 

hour at room temperature. The plate was washed and incubated with rabbit anti 

chicken OVA polyclonal antibody conjugate with HRP at the optimized 

concentration of 5 Ilg/ml in SuperBlock® T20 buffer for 1 hour at room temperature. 

After the plate was washed, 50 III of TMP was added to each well to detect antibody 

binding and incubated for 15 min. Colour development was ended using 50 Ill/well 

of 4.0 M HCI and optical density (OD) was measured at 450 nm using a micro plate 

reader spectrophotometer. 
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2.4.12. Micro bicinchoninic acid (BCATM) Protein assay reagent kit 

The content of obtained OVA solutions from patches were determined using standard 

curve obtained from known concentrations of OVA standard solutions ranging from 

(2- 40 J..lg/ml). The assay was carried out using a Micro BCA ™ Protein assay reagent 

kit. The BCA working reagent (WR) was freshly prepared before analysing the 

samples. 

2.4.13. Statistical Analysis 

Mathematical characterisation of the relationships between the x and y variables in 

the representative calibration plots was performed using least squares linear 

regression, following analysis of residuals. Linearity was calculated by linear 

regression analysis. Means, standard deviation and CV% were calculated usmg 

Microsoft® Excel 2007 (Microsoft Corporation, USA). 
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2.5. Results 

Subsequent to the development and optimisation of the extraction and 

chromatographic methods, a method validation was in place to emphasize that the 

developed method is adequate for the intended clinical intervention, and it meets the 

essential method validation requirements determined by (lCH guidelines, 2005). The 

analytical procedure was validated in terms of linearity, LoQ, intra-day and inter-day 

precision and accuracy, specificity, selectivity, extraction recovery, matrix effect and 

stability. All validation experiments were designed according to the principles 

outlined in the FDA industry guidance on bioanalytical method validation and ICH 

guideline (lCH guideline, 2005). 

In the present study, under the described chromatographic conditions, the retention 

time for ibuprofen sodium was 18 min at the detection wavelength of 220 nm. The 

chromatographic condition gave sharp, symmetrical and well resolved peaks for 

ibuprofen sodium in PBS. In addition, ibuprofen sodium and the matrix of plasma 

were completely separated from each other. 

During method development using standard solutions for determination of ibuprofen 

sodium in PBS pH 7.4, chromatographic conditions based on the structure and 

polarity of the target compound were employed. A mobile phase ratio of 60 % 

methanol and 40% potassium dihydrogen phosphate buffer (PH 4.6) was used. HPLC 

analysis was carried out on reverse phase HPLC C18 with a flow rate of I ml/min, 

and a run time of 30 min per sample. In addition, UV detection was at 220 nm for 

ibuprofen sodium. The chromatogram for ibuprofen sodium (15 J.lg/ml) standard 

solution in PBS, compared to the chromatogram of PBS is shown in Figure 2.2 and 

Figure 2.3, respectively. The analyte of interest was found to be well resolved using 

the chromatographic conditions described above. No interfering peaks were observed 

in the blank PBS chromatograms when overlaid with chromatograms of PBS spiked 

with drug of interest. Calibration curves for each analyte were individually 

constructed by least-squares linear regression analysis of a seven point calibration 

curve by plotting analyte peak area to its nominal concentration. Calibration curve 

properties for ibuprofen sodium in PBS solution were determined by linear 
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regression and correlation analyses (Figure 2.4). LoO and LoQ for ibuprofen sodium 

in PBS was also calculated (Table 2.2) . 
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Figure 2.2. Chromatogram obtained by injection of a 50 fll aliquot of a sample containing 15 /lg/ml 

ibuprofen sodium standard solution. 
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Figure 2.3 . Chromatogram obtained by injection of a 50 fll aliquot of a sample containing PBS alone . 
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Figure 2.4. Calibration curve for the determination of ibuprofen sodium in PBS solution at 220 nm 

(means ± SD., n=5). 

Table 2.2. Calibration curve properties for Ibuprofen sodium quantification method as determined by 

linear regression and correlation analyses and lim'its of detection and quantification of ibuprofen 

sodium 

Slope y-Intercept LoD (/-lg/ml) LoQ (/-lg/ml) 

103.27 10.576 0.9996 0.992 1.25 

Rat plasma samples spiked with PBS standard solutions of ibuprofen sodium at 

different concentration (400 )lg/ml, 300 )lg/ml, 200 )lg/ml, 150 )lg/ml, 100 )lg/ml, 75 

)lg/ml and 50 ~lg/ml). Accuracy and precision were investigated by at three levels 

(Low QC (3.75 ~g/ml), Middle QC (10 ~g/ml) and High QC (20 ~g/ml) in a single 

day and over three different days. Coefficient of variation (CV%) and bias were 

calculated to evaluate the precision and accuracy of the method. Then a sample clean 

up procedure needed to be developed in order to have a cleaner extract as described 

in section 2.4.3. Therefore, spiked plasma sample was processed to minimize the 

interference produced by the endogenous peaks in plasma. The solvent extraction 

method was used to ensure optimum extraction of ibuprofen sodium. Different 

solvents were used to extract ibuprofen sodium such as methanol and acetonitrile. It 

was found that the acetonitrile was better than methanol in terms of plasma matrix 

effect; less endogenous peaks from plasma were appeared in the chromatogram by 

using acetonitrile since methanol more water soluble. So the degree of matrix effect 

was sufficiently low to produce acceptable data by using acetonitrile. A 
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chromatogram of blank plasma extracted with methanol and acetonitrile is shown in 

Figure 2.5 and Figure 2.6, respectively. Chromatograms showing the result of 

separation of spiked rat plasma of ibuprofen sodium at two concentrations levels (7 .5 

and 15 Ilg/ml) are shown in Figure 2.7 and Figure 2.8, respectively . 
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Figure 2.5 . Chromatogram showing the result of extraction and separation of rat plasma using 

methanol as extraction solvent at 220 nm wavelength. 
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Figure 2.6. Chromatogram showing the result of extraction and separation of rat plasma using 

acetonitrile as extraction solvent at 220 nm wavelength . 

57 



Chapter 2: Pharmaceutical analysis 
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Figure 2.7. Chromatogram showing the result of separation of spiked rat plasma of ibuprofen sodium 

(7.5 l1g/ml) within the linear range monitored at 220 nm. Retention time of ibuprofen sodium was 19 

mm. 
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Figure 2.8. Chromatogram showing the result of separation of spiked rat plasma of ibuprofen sodium 

(15 l1g/ml) within the linear range monitored at 220 nm. Retention time of ibuprofen sodium was 19 

mm . 

In the analysis of ibuprofen sodium in plasma, ibuprofen sodium was found to be 

completely separated and no interfering peaks were observed in the blank plasma 

samples from at least three different rat blood sources. This indicated that the method 

exhibited selectivity with satisfactory resolution of the peaks and the analyte of 
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interest were not affected by the presence of expected impurities or endogenous 

compounds (Figure 2.9). 
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Figure 2.9. Chromatogram showing the selectivity of extraction and separation of spiked different rat 

blood sources of same concentration of ibuprofen sodium (1 0 ~g/ml) monitored at 220 nm . Retention 

time of ibuprofen sodium was 19.3 min . 

The linear regression model was used to describe the concentration-response 

relationship. According to that model , the back calculated values from the QCs 

response were the most accurate and reliable. The deviation from the best fitted 

regression line was ± 15% for all the calibration point. The linearity of the response 

as described in Figures 2.10 - 2.13 were found to be acceptable and reproducible 

over the calibration curve range. The mean slope for the calibration curves for 

ibuprofen sodium in plasma is described in Table 2.3. 
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Table 2.3 Results of three calibration curves for ibuprofen sodium in plasma (mean ± SO) , n=3. 

Replicate 
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Figure 2.10. Representative calibration plot of plasma samples spiked with ibuprofen sodium for the 

first day, n=3. 
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Figure 2.11. Calibration curve plasma samples spiked with ibuprofen sodium for the second day,n=3. 
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Figure 2.12. Calibration curve plasma samples spiked with ibuprofen sodium for the third day, n=3 
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Figure 2. 13 .Calibration curve of average plasma samples spiked with ibuprofen sodium for the three 

days, n=3. 

The LoO and LoQ were calculated using the equations described previously in the 

method (Equation 2.1 and 2.2). The LoO and LoQ for ibuprofen sodium in plasma 

are shown in Table (2.4). 
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Table 2.4 LoO and LoQ for ibuprofen sodium in plasma, n=3 

Day LoD (J.lg/ml) LoQ (Ilg/ml) 

1 0.85 2.57 

2 0.61 1.86 

3 0.72 2.17 

Mean 0.7 2.2 

S.D. 0.1 0.4 

CV% 16.6 16.2 

Inter and intra-days accuracy and precIsion for ibuprofen sodium was estimated 

using the data from the three days validation at three QC levels (low QC, middle QC 

and high QC). The results for plasma was summarised in Table 2.5 - 2.6. All inter 

and intra-days accuracy and precision measures obtained from the three days 

validation results were satisfactory and were within the allowed range (less than 15% 

for QCs and less than 20% for LOQ). 

Table 2.5. Intra-day accuracy and precision of ibuprofen sodium in human plasma, n=3 

Concentration of QC plasma standard 

Replicates 
Low QC Middle QC High QC 
(3.75 ~g1mQ (lO~g1ml) (20 ~g1ml) 

3.67 9.89 20.27 

2 3.68 9.61 20.82 

3 3.66 9.12 20.62 

Mean± S.D 3.66±0.01 9.54 ± 0.38 20.57 ± 0.28 

Accuracy (%) 94.68 91.21 102.91 

Precision (%CV) 1.30% 4.00% 0.31% 
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Table 2.6. Inter-day accuracy and precision of ibuprofen sodium in human plasma, n=3 

QC sample Day Mean ± S.D Accuracy% CV% 

Low QC 
Day 1 3.84 ± 0.49 102 11.83 

(3.75Ilg/ml) 
Day 2 3.59 ± 0.06 99 1.74 

Day 3 3.66 ± 0.01 98 0.32 

Middle QC Day 1 9.49 ± 0.34 94 3.66 

( IO llg/ml) 
Day 2 9.56 ± 0.38 95 4.00 

Day 3 9.54 ± 0.38 95 4.06 

High QC Day 1 20.74 ± 0.26 103 1.29 

(2O llg/ml) 
Day 2 20.59 ± 0.39 102 1.93 

Day 3 20.57 ± 0.28 102 1.37 

The recovery of the method was satisfactory to ensure that ibuprofen sodium can be 

accurately analysed at three QCs levels. The recovery of the each analyte was 

reproducible, reliable and consistent. The table 2.7- 2.9 below show the recovery of 

ibuprofen sodium at the three QCs levels from plasma. 

Table 2.7. Recovery ofibuprofen sodium from plasma, (Mean ± S.D), n =3 . 

QC sample 

High QC 

Middle QC 

Low QC 

Bioanalytical 
Conc. of 

Replicates 
(lJ.glml) 

20.54 
21.05 
20 .64 

9.75 

9.64 

9.1 

3.84 

4.31 

3.4 

Day one 

Mean Analytical 
Bioanalytical Conc. 

% Recovery 
Conc. ± S.D. unextracted 

(lJ.glml) soln. (lJ.glmI) 

20.74 ± 0.26 20.51 ± 1.03 10l.l1 ± 5.03 

9.49 ± 0.34 10.37 ± 1.65 91.53 ± 16.86 

3.84 ± 0.45 3.56 ± 0.23 107.92 ± 5.56 
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Table 2.8 . Recovery of ibuprofen sodium from plasma, (Mean ± S.D), n =3 . 

Day two 

Bioanalytical Mean 
Analytical 

Conc. 
QC sample 

Conc. of Bioanalytical 
unextracted % Recovery 

Replicates Conc. ± S.D. 
soln. 

(~g/ml) (~g/ml) 
{l!g/mQ 

20.27 

High QC 21.04 20.59 ± 0.39 20.51 ± 1.03 100.40±5.17 

20.48 

9.89 

Middle QC 9.67 9.56 ± 0.38 10.37 ± 1.65 92.00 ± 17.29 

9.14 

3.72 

Low QC 3.66 3.65 ± 0.06 3.56 ± 0.23 102.53 ± 6.00 

3.59 

Table 2.9. Recovery ofibuprofen sodium from plasma, (Mean ± S.D), n =3. 

Day three 

Bioanalytical Mean 
Analytical Conc. 

Conc. of Bioanalytical 
QC sample 

Replicates Conc. ± S.D. 
unextracted soln. % Recovery 

(l!g/ml) (l!g/ml) 
(~g/ml) 

20.27 

High QC 20.83 20.57 ± 0.28 20.51 ± 1.03 100.29 ± 5.64 

20.62 

9.89 

Middle QC 9.61 9.54 ± 0.38 10.37± 1.65 92.00 ± 17.28 

9.12 

3.68 

Low QC 3.69 3.67 ± 0.01 3.56 ± 0.23 103.14 ± 6.63 

3.66 

Figure 2.14 shows the representative calibration curve of OVA, while Table 2.10 

presents calibration curve properties together with LoD and LoQ of OVA allowed by 

this method. The curve was linear in the concentration range investigated, which was 

from 0.01 to 1 Ilglml of OVA in PBS. As can be seen in Table 2.10, the R 2 value of 

0.9918 showed that there was a high correlation between absorbance and OVA 

concentration within the concentration range studied. The lower limit of 

quantification (LoQ) is the lowest concentration that can still be quantified accurately 

(Armbruster et af. , 1994). 
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Figure 2.14. Representative calibration curve for spectrometric determination ofOYA (Means ± SO, 

n= 9). 

Table 2.10. Calibration curve properties for spectrophotometric determination of OY A and LoO and 

LoQ of this compound allowed by this method. 

Slope y-Intercept LoD (l1g/ml) LoQ (l1g/ml) 

0.1399 0.039 0.9918 0.001 0.01 

Table 2.11 details the results obtained from investigations into accuracy and 

precision: repeatability and intermediate precision of the spectrophotometric 

determination of OVA. The repeatability of the method for quantification of OVA in 

PBS ranged between 1.28% and 9.79%, whereas intermediate precision was found to 

be between 4.02% and 13.08%. Levels of accuracy were between 96.52% and 

101.56% for repeatability and also between 88.49% and 97.52% for intermediate 

precision. The lntra- and inter-assay CV are a measure of the variation of the result 

for the same sample evaluated repeatedly in the same day run and in separate day 

runs, respectively. The aim for any assay is to produce the smallest possible 

coefficient of variation. 
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Table 2.11 . Inter-day accuracy and precision of OVA (Mean ± S.D, n=3). 

QC samples 
Mean concentration ± 

CV(%) 
Accuracy 

S.D (%} 
Repeata bility 

0.1 0.09 ± 0.01 5.88 96.52 

0.4 0.39 ± 0.06 9.79 97.09 

1.01 ± 0.02 1.28 101.56 

Intermediate precision 

0.1 0.08 ± 0.01 4.02 88.49 

0.4 0.39 ± 0.05 9.36 97.52 

0.96 ± 0.18 13.08 96.76 
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2.6. Discussion 

Determination of ibuprofen sodium in whole blood, plasma and urine has been used 

for many years as an analytical tool for assessing treatment efficacy and toxicity. A 

variety of methods have been reported in the literature to analyze ibuprofen sodium, 

such as, direct titration with sodium hydroxide (potentiometric titration), 

transmission fourier transform infrared spectroscopy (Khaskheli et aI. , 2012), 

capillary electrophoresis (Cherkaoui & Veuthey, 2000, Donato et al. 1994, Fanali 

2000), HPLC (Ganesan et al. 2010, Save, Parmar & Devarajan 1997), UV 

spectroscopy, fluorescence spectroscopy (Valderrama & Poppi, 2011) and flow 

injection infrared analysis (Matkovic, Valle & Briand 2005). 

Over the past decades, HPLC has been used in the analysis of pharmaceuticals, drugs 

and plant extracts (Sochor et al. 1995, Save, Parmar & Devarajan 1997). HPLC is 

used in identification and purification of compounds. HPLC has normal and reversed 

phase modes of operation. In the normal phase, silica gel packing with polar 

constituents allows attraction of polar compounds of the mobile phase while the non

polar solvent moves through the column faster. Where in the reversed phase, the 

stationary phase is non-polar while mobile phase is polar thus it has affinity for the 

non-polar component and the polar solvent moves through the column faster (Meyer 

et aI., 1994). The analysis of drugs either in pharmaceutical preparation or blood 

through HPLC is used worldwide for quality control of pharmaceuticals. However, 

the pretreatment of the sample especially blood sample might be difficult and time 

consumIng. 

The HPLC method shown here has been successfully applied in analysing PBS 

samples obtained from in vitro release and plasma samples obtained from in vivo 

experiment. The chromatographic condition gave sharp, symmetrical and well 

resolved peaks for ibuprofen sodium in PBS . No interfering peaks were observed in 

the blank PBS chromatograms when overlaid with chromatograms of PBS spiked 

with ibuprofen sodium. Determination of ibuprofen sodium in rat plasma was found 

to be challenging due to the presence of endogenous compounds in these biological 

samples. HPLC analysis of ibuprofen sodium in plasma generally needs several pre

treatment processes to improve reproducibility and separation efficiency. In addition, 

pre-treatments are necessary to prevent column clogging as well as to prolong the 
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column lifespan. The proteins are often precipitated with the organic solvents. In this 

study, solvent-based extraction/precipitation by using organic solvent was applied to 

precipitate the endogenous protein and extract the target compound, ibuprofen 

sodium. The best solvent for extractions of the target compound should be chosen 

based on the polarity. Moreover, there are also practical concerns when choosing 

extraction solvents such as cost, toxicity and flammability. In addition, the volatility 

of the organic solvent is important. Solvents with low boiling points like ether are 

often used to make isolating and drying the isolate material easier, For example, 

ether boiling point = 35°C so evaporation to collect the solid is fast. The extraction 

solvent must do two things; it must totally disrupt the binding of the compound to 

protein and so precipitate the proteins. In addition, it must extract the compound of 

interest quantitatively and leave behind in the aqueous medium. At the beginning, 

methanol was chosen as the extraction solvent in the procedure, out of the other 

solvents tested, due to solubility properties of ibuprofen sodium in alcohol, but there 

were a lot of plasma matrix background in the chromatogram. Therefore, acetonitrile 

was then used instead of methanol in the final extraction procedure due to low 

polarity comparing with methanol. Consequently, the less endogenous protein will be 

extracted and the less noise from matrix effect was observed and highest recovery 

(Figure 2.5 and 2.6). 

In this developed method, a good chromatographic separation was achieved within 

19 minutes by using a reverse phase (C18) column since ibuprofen sodium is polar 

compound. On this column ibuprofen sodium well separated from the endogenous 

protein substances and showed suitable retention time and good peak shape. In term 

of the chromatographic conditions, the isocratic approach was employed in 

determining ibuprofen sodium in PBS and rats plasma. 

The representative calibration curve for the analysis was linear (R2 = 0.9933) in the 

range 2.5 to 20 J.lg/ml of ibuprofen sodium. The limits of detection and quantification 

for ibuprofen-sodium, as determined from the calibration curve, were 0.7 J.lg/ml and 

2.2 J.lg/ ml , respectively. Sochor et aI. , (1995) reported a limit of detection of 

approximately 10 J.lg/ml, 5 times greater than that found in this study. The method 

used here was found to be reproducible, as shown in Table 2.5 and 2.6, with a C.Y. 
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between 0.32 % and 11.83% for inter-day variation and between 0.31 % and 4% for 

intra-day variation. Levels of accuracy were between 94 and 102% for inter-day 

variation and between 91 and 102% for intra-day variation. 

Ibuprofen sodium was found to be stable under ambient conditions of temperature 

and lighting. The peak area corresponding to a 20 ~glml plasma extract solution of 

ibuprofen sodium was 100% of its original area after 56 hours storage under such 

conditions. So ibuprofen sodium solutions can be stored for 56 hours in the 

autoinjector prior to injection without underestimation of the degradation product. 

Finally, the developed method was applied to the analysis of ibuprofen sodium in 

plasma samples collected from rats. The Aim of this was to investigate the delivery 

of ibuprofen sodium from MN arrays in vitro and in vivo which is described in 

details in Chapter 6. Each analytical run consisted of QC samples, calibration 

standards and processed samples. Calibration curves were also generated for 

ibuprofen sodium in each analytical run. 

The sandwich ELISA was chosen among other ELISA assays to overcome a 

potential problem which could happen with direct ELISA, since OVA may show 

some denaturation by interacting in solid phase systems (Kilshaw et al., 1986) and 

especially on plastic, which could affect its detection by the ELISA. The authors 

suggested that the native conformation of the protein can be maintained by coating 

the plate with antibody before adding the protein. Additionally, sandwich ELISA 

could also be suitable for the purpose of this study since the protein would be mixed 

with polymer or in mixture, as with this technique it does not need to be purified 

before analysis and the assay can be very sensitive to detect OVA (Breton et al., 

1989). 

The study initially followed the Rolland et a!., (2008) protocol to quantify OVA. 

However, some modifications were made to the protocol in order to establish a 

sensitive assay. First, OVA and the rabbit anti-chicken OVA polyclonal antibody 

HRP conjugate concentrations were optimized. A rabbit anti chicken OVA 

polyclonal antibody conjugate with HRP dilution of 5 Ilg/ml was selected because it 

induced strong detection at lower concentrations of OVA. Due to high background 

signals, further optimization for the MoAb was thus carried out. The dilution of 
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polyclonal antibody was confirmed after optimizing Mo Ab at a dilution of 2.5 Ilg/ml 

and strong detection was obtained with low background signals. 

It appears from the ELISA assay validation results that CV% in the same day run 

was less than 10%, indicating sufficiently precise of the assay. However, for inter

assay runs, the CV% result was higher than 10% at low concentration (0.1 Ilg/ml), 

meaning low degree of reproducibility at lower concentration. However, it is 

documented that intra- or inter-assay variability of less than 10 to 15% is generally 

acceptable for an immunoassay (Steiner et aI., 2003). In order to reduce the assay 

variability and increase its precision, ensuring the consistence procedure of preparing 

reagents, samples, washing steps and adhering to time were taken strictly into 

consideration. Nevertheless, some factors are not easily overcome such as the 

unstable room temperature, variation between plate and vials used to prepare the 

samples could also inherently affect the assay. For that reason, it was decided to run 

freshly prepared calibration curve with each experiment in order to ensure an 

accurate analysis for the obtained data. Moreover, the obtained data still indicate a 

considerable degree of precision and reproducibility between and within analytical 

runs for the described methods. Finally, these results also indicated that the ELISA 

assay showed very high specificity for OVA detection. No interferences were found 

for the porcine skins that were used during the release studies. The mean OD results 

were 0.06 ± 0.005. The high specificity of this method could be attributed to the type 

of technique that used in this study. Sandwich ELISA is considered to have a high 

specificity among other types of ELISA (Voller et aI., 1978). Since two specific 

antibodies are used in this type of ELISA to capture the antigen which would 

minimize the possibility of cross reactivity or interference of another components 

that could be found in the analysed mixture. 

2.7. Conclusions 

A simple analytical procedure for simultaneous analysis of ibuprofen sodium in rat 

plasma has been successfully developed and validated according to the 

recommended guidelines using HPLC. During method development, achieving a 

clean sample with best recovery for ibuprofen sodium proved to be challenging 

without loss in amount of the target compound. However, the compound quantified 

with acceptable accuracy and precision using the analytical method developed. The 
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analytical method shown here has been successfully applied in analysing PBS 

obtained from in vitro ibuprofen sodium release from Franz cell and stability study 

and plasma obtained from blood in rat for in vivo experiment. 

Sandwich ELISA is one of the most powerful immunochemical techniques for 

quantifying proteineous molecules such as the model OVA used here. This method 

offers several advantages and is widely employed in research and for routine 

applications in diverse range of applications from clinical medicine to the food 

industry. It can be concluded that the sandwich ELISA assay developed in the 

present study was reliable, economical and showed an acceptable sensitivity. Results 

obtained indicate that this method could detect even small amounts of OVA during 

release studies in vitro and in vivo. However, a freshly prepared standard curve 

should be run with each assay to ensure generation of accurate results. 
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Chapter 3. Characterization of hydrogel films intended to be used as polymeric microneedle 

3.1. Introduction 

Hydrogels are three-dimensional crosslinked polymer networks composed of 

hydrophilic homo- or hetero-co-polymers . They are swollen in water or biological 

fluids by absorbing and retaining substantial amounts of aqueous solutions. Their 

capability of imbibing large amounts of water is attributed to the presence of 

hydrophilic groups, such as -OH, -S03H,-CONH- and -CONH2 in polymers 

forming hydrogel structures (Byme & Salian, 2008). In spite of their high water 

absorbing affinity, hydrogels show a swelling behaviour instead of being dissolved in 

the aqueous solution as a result of the cross links present in the hydrogel structure. 

They have been used as biomaterials because of some common physical properties 

that strongly resemble living tissues which are their high water content, low 

interfacial tension with water or biological fluids and their soft consistency (Lin & 

Metters, 2006). 

Hydrogels can be classified into two categories based on crosslinking 1) physical 

crosslinked (entanglements) and 2) chemical crosslinked (covalent bond and tie

points). Since the chemical or physical nature of the crosslink junctions are 

responsible for retaining hydrogel structure. Physical networks have transient 

junctions that arise from either polymer chain entanglements or physical interactions 

such as ionic interactions, hydrogen bonds or hydrophobic interactions, in contrast 

chemically crosslinked networks have permanent junctions which is attributed to 

covalent bond (Rastello De Boisseson et aI. , 2004; Amsden, 1998; Ganji et aI., 2010; 

Hoffman, 2002). 
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Figure 3.1. Swelling and release of the drug occurs under certain external stimuli from responsive 

hydrogel. 
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There are many polymers that have been used for the preparation of hydrogels; either 

from natural or synthetic sources. Polymers from natural sources e.g. polysaccharides 

and proteins have a number of advantages over synthetic polymers; biocompatible, 

biodegradable, abundant and susceptible of enzymatic digestion in the body. 

Synthetic polymers are chemically stronger than natural one but their mechanical 

strength provides the durability and slow degradation rate which should be balanced 

through optimal design (Tabata, 2009). 

Hydrogels that are used for biomedical purposes such as, controlled drug delivery 

systems (Kopecek, 2009), contact lenses, surgical implants and scaffolds for cell 

(Kashyap et aI., 2005) should be biocompatible and often biodegradable. The above

mentioned applications are dependent upon the swelling behaviour of hydrogels 

which, in turn, are controlled mainly by crosslinking density (Sunil & Surinderpal, 

2006). The swelling capability ofaxerogel (dry hydrogel) is dependent on the 

number of hydrophilic groups and crosslink density. The higher number of the 

hydrophilic groups, the higher swelling percentage so by increasing the crosslinking 

density there is a decrease in the equilibrium swelling due to the decrease in the 

hydrophilic groups. As the crosslinking density increases, hydrophobicity increases 

and correspondingly elasticity of the polymer network decreases. The degree of 

crosslinking depends on many factors such as structural properties, MW (molecular 

weight) and amount of polymer/crosslinking agent (Lin & Andrew, 2006; Thakur et 

aI., 2009). Depending upon the hydrogel type, their swelling ratio are dramatically 

changed, due to changes in external pH, temperature, ionic strength and 

electromagnetic radiation (Langer & Peppas, 2003). 

When drug loaded hydrogels come into contact with interstitial fluids, water 

penetrates into the hydrogel and release the drug. Hydrogels can be classified into 

three different categories in terms of solute diffusion, namely, macroporous 

hydrogels, microporous hydrogels and nonporous hydrogels. The pore size of 

macroporous hydrogels range from 200 A to 1000 A, microporous hydrogels range 

from 50 to 200 A (Peppas & Korsmeyer, 1987). 

The present Chapter provides the description of crosslinking of polyethylene glycol 

(PEG) of different MW, with poly(methyl vinyl ether-co-maleic acid (PMVEIMA), 
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which resulted in hydrogels of varying degrees of swelling in phosphate buffer saline 

(PBS). Mechanical properties of hydrogels are very important for pharmaceutical 

applications. Changing the degree of crosslinking has been utilized to achieve the 

desired mechanical property of the hydrogel. However, a lower degree of 

crosslinking of the system creates a more brittle structure (Peppas et ai, 1997). 

Furthermore, this study describes the effect of hydrogel crosslink density upon the 

swelling kinetics and electro-responsive nature of the hydrogel, such that a 

formulation with the highest degree of swelling and greatest enhancement in solute 

permeation following the application of an electric current could be identified for 

subsequent microneedle (MN) production. 

3.2. Aims and Objectives 

The overall aim of this Chapter was to evaluate the potential development of a novel 

hydrogel MN forming system, based upon a PEG-crosslinked PMVEIMA 

formulation, for MN mediated electrical transdermal drug delivery. The ideal 

characteristics of such a system would be formulations that show good mechanical 

strength and high conductivity upon immersion in fluid. In addition, hydrogel films 

should exhibit the highest degree of swelling to deliver low MW as well as high MW 

drugs. The intention is to obtain electrically responsive hydrogel systems suitable for 

the production of a novel hydrogel forming MN mediated iontophoretic transdermal 

drug delivery. 

The present study provides the description of the swelling kinetics, network 

parameters, ionic conductivity and solute permeation of PEG-cross linked PMVEIMA 

films. Furthermore, the influence of decrease crosslinking time on swelling kinetics 

and network structures parameters was investigated. The mechanical and electrical 

properties of hydrogel films were also investigated to achieve materials with good 

mechanical properties to be used as MN. 
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3.3. Materials and Apparatus 

3.3.1. Materials 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000) was a gift from Ashland, Kidderminster, UK. 

Poly(ethylene glycol) (PEG, molecular weight 10,000 daltons) and Polyethylene 

Oxide (PEO) 20,000 35,000, and 100,000 Da was purchased from Sigma-Aldrich, 

Steinheim, Germany. 

Phosphate Buffered Saline tablets pH 7.4 (PBS) were obtained from Oxoid Ltd., 

Hampshire, UK. 

3.3.2. Apparatus 

Dielectric analyzer, DEA 2970, TA Instruments, Delaware, USA. 

Digital micrometer, Hilka Pro-Craft, Ltd. TA Instruments, Surrey, UK. 

TA-XT2 Texture Analyser, Stable Microsystems, Haslemere, UK. 

Silver/silver chloride segment 0.8 mm diameter x 8 mm length, total wire length 70 

mm, In Vivo Metric, Healdsburg, CA, USA. 

Silver wire 1.0 mm diameter x 70 mm length, Sigma-Aldrich, Steinheim, Germany. 

Phoresor II, lomed, Lake City, FL, USA. 

Hygrometer Testo 608-H 1, Testo, Ltd., Hampshire, UK. 

Analytical balance, APX-60, Denver Instruments, Colorado, USA. 

Parafilm®, Pechiney Plastic Packaging, WI, USA. 

Digital Camera, IXUS 80 IS Canon, Beij ing, China 

Oven, Gallenkamp hotbox oven with fan; Sanyo- Gallenkamp PLC, Leicester, UK. 

Centrifuge, Jouan C312 laboratory centrifuge; DJB Labcare, Bukinghamshire, UK. 

Poly(ester) film , one-side siliconised, release liner (FL2000™ PET 75 ~ 1 S) was 

obtained from Rexam Release B.V, Apeldoom, The Netherlands. 

Glisseal® N vacuum grease was purchased from Borer Chemie, Zuchwil, 

Switzerland. 

3.4. Methods 

3.4.1. Preparation of hydrogels films 

A stock solution consisting of a 30% w/w aqueous solution of PMVE/MA was 

prepared with de ionized water. Aqueous polymer blends were prepared from 

PMVE/MAH, by addition of the required amount to ice cold water with vigorous 
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stirring. This was heated between 95 and 100°C until a clear solution was produced, 

thus yielding the free acid form, PMVE/MA, via hydrolysis (McCarron et aI. , 2004) 

Following cooling, the required amount of crosslinking agents could then be added to 

the required quantity of PMVEIMA and subsequently adjusted to the final weight 

with water. This blend was then centrifuged at 3500 rpm for 15 min. Films were then 

prepared by slowly pouring the aqueous blend (30 g) into a mould consisting of a 

release liner (with the siliconized side up) secured to a perspex base plate with a 

stainless steel clamp. Once assembled, the internal dimensions available for casting 

were 100 x 100 mm2
. The mould was placed on a levelled surface to allow the blend 

to spread evenly across the area of the mould. The cast blend was dried for 48 hrs at 

room temperature (Figure 3.2). After drying, the films were cured at 80°C for 6, 18, 

and 24 hrs to induce chemical crosslinking between PMVE/MA and PEG. Films 

were removed from the mould by simply peeling the release liner, with attached film, 

off the base of the mould. 

PMVE/MA+PEG+Water 

Layer order 
/ "- T ~ Wing-nuts 

/ - - , 
/ " T :;. Steel template " . . '" / Release liner / • \ 

i 

1 Prespex base 

Casting for 48h 
~ 

L-" -/ 
/" 

/ Oven 80iC // 
( - -

24h 
Films after casting Dry crosslinked film 

Figure 3.2. Schematic representations of casting and crosslinking film 

3.4.2. Swelling affilms in PBS 

Prepared films were cut into 1 cm2 portions for swelling studies and weighed at zero 

time in dry state (mo), and then swollen in PBS. PBS (PH 7.4) was selected as the 

medium to more closely resemble interstitial fluid than distilled water, used as the 

swelling medium in other studies of this material (Thakur et aI., 2009). 
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Table 3.1. Formulation composition of the PEG-crosslinked PMVE/MA films 

PMVE/MA Code PEG or PEO (KDa) PMVE/M: PEG 

F1 100 3:2 
F2 100 3: 1 
F3 100 2:1 
F4 35 120(1:1) 3:2 

13%w/w F5 35120(1:1) 3: 1 
F6 35/20(1:1) 2: 1 
F7 10 3:2 
F8 10 3: 1 
F9 10 2:1 

F10 100 3:2 
F 11 100 3:1 
F12 100 2: 1 
F13 35/20(1:1) 3:2 

l1%w/w F14 35120(1:1) 3: 1 
F15 35/20(1:1) 2:1 
F16 10 3:2 
F17 10 3: 1 
F18 10 2: 1 
F19 100 3:2 
F20 100 3: 1 
F21 100 2:1 
F22 35/20(1 :1) 3:2 

9%w/w F23 35 120(1:1) 3: 1 
F24 35/20 (1 :1) 2: 1 
F25 10 3:2 
F26 10 3: 1 
F27 10 2: 1 

3.4.3. Swelling experiment 

3.4.3.1. Swelling mechanism 

In a typical swelling experiment, crosslinked films (1.0 x 1.0 cm) were weighed at to 

as mo (xerogels) and were then swollen in PBS for 48 hours at room temperature 

taken out at different time intervals; surface water was removed between filter papers 

and finally weighed as mt. 

Equation (3.1) 
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% Ewe x 100 % Equation (3.2) 

To examine the controlling mechanism of the swelling process of PEG-crosslinked 

PMVE/MA hydrogels, the following second order kinetic model (Equation 3.3) was 

used to process the experimental data (Peniche et aI., 1997): 

liS = A + Bt Equation (3.3) 

where, A is the reciprocal of the initial swelling rate of the hydrogel, ra, or lI(ksSe/) , 

where ks is the swelling rate constant, and B is the inverse of the degree of swelling 

at equilibrium, Seq. To analyse the kinetic model, liS versus t graphs were plotted and 

respective swelling rate parameters were determined (Thakur et aI., 2009). 

3.4.3.2. Dynamics of water sorption 

The dynamics of the water sorption process IS usually investigated either by 

monitoring the change in physical dimensions of the swelling hydrogel or by 

knowing the amounts of water imbibed by the hydrogel at various time periods. In 

the present work, the latter procedure was followed. For this purpose the swelling 

hydrogel was taken out at different time intervals and its weight was recorded. For 

the kinetics analysis of the results, Equation 3.4 was applied (Sunil & Surinderpal, 

2006). 

.M'r n 
-- = kt 
M 

Equation (3.4) 

The portion of the water absorption curve with a fractional water uptake (M/Moo) less 

than 0.60 was analyzed with Equation (3.4). Mr is the mass of water absorbed at time 

t, Moo is the water uptake at equilibrium. k is a gel characteristic constant, which 

depends on the structural characteristics of the polymer and its interaction with the 

solvent and n is the swelling exponent, describing the mechanism of penetrant 

transport into the hydrogel. The constants nand k may be calculated from the slopes 

and intercepts of the plots of In(M/Moo) versus In l from the experimental data. The 

value of n provides an indication of the water transport mechanism. When n= 0.5, the 

swelling process is of Fickian nature and is diffusion controlled while the value of n 

between 0.5 and I suggests non-Fickian diffusion or more specifically anomalous 
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diffusion. When n becomes exactly equal to unity, then the diffusion is termed case 

Il diffusion. In some cases the value for n has been found to exceed unity and it is 

called super case II transport (Ritger & Peppas, 1987; Bajpai, 2010). 

3.4.3.3. Network parameters 

Hydrogel network structure characterization is a complex procedure because of the 

many types of possible networks, including, regular, irregular, loosely/highly cross

linked and imperfect networks. As a result of these variations in the network 

structure, only average values for the cross-linking density and MW between 

crosslinks are represented using different experimental or theoretical methods 

(Peppas, 1987). In the present study, the number average MW between cross-links, 

M c , was determined using equilibrium swelling theory, M c (Equi ), rather than 

glass transition temperature. The magnitude of M c affected the mechanical and 

physical properties of crosslinked polymers. The volume fraction of a polymer, rP , in 

the swollen state describes the amount of liquid that can be imbibed into a hydrogel 

and is described as a ratio of the polymer volume to the swollen gel volume 

(Equation 3.5 and 3.6). 

-d VrP X 
M c (£qui ) = p s 2 

[ In (1 - rP) + rP + XrP ] Equation (3.5) 

r d (m 1 d l - I 
~=Il+-P - ' --PI 

L d, m b d, J 
Equation (3 .6) 

Here, Vs is the molar volume of water (18 cm3/mol), rP is volume fraction of polymer 

in the hydrogel, X is the Flory-Huggins polymer-solvent interaction parameter. In the 

above Equation, ma and mb are the mass of polymer before and after swelling and dp 

and ds are the densities of polymer and solvent, respectively. The density of the 

polymeric films was calculated using the following formula; dp = w/SX, where ; X is 

the average thickness of the film , S is the cross-sectional area and w weight of the 

film (Marcia et a/. , 2004). The polymer water interaction parameter (x) reflects the 

thermodynamic interaction in hydrogels, which in turn indicates the change of 
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interaction energy when polymer and solvent mix together. The X parameters of 

hydrogels can be obtained experimentally via Equation (3.7) (Tuncer et aI., 2006): 

1 ~ 
x=-+-

2 3 
Equation (3 .7) 

Equation (3.7) neglects the Mc dependence of the X parameter, and therefore, this 

equation indicates that the X values are always 2: 0.50. 

In the present study, crosslink density, Ve, was determined using Equation (3.8). Ve 

represents the number of elastically effective chains, totally induced in a perfect 

network, per unit volume. Where, NA is Avagadro's number (6.023 x 1023 mole-I) 

(Sunil & Surinderpal, 2006). 

Equation (3.8) 

3.4.4. Mechanical properties of the swollen hydrogelfilms 

The mechanical properties of the swollen hydrogels were determined using a TA

XT2 Texture Analyser in compression mode (Fallows et aI. , 2012; lones et aI. , 

2002). The setup is shown in Figure 3.4. Film thickness was determined prior to 

testing using a digital micrometer. The samples were prepared with surface area 1 

cm2 then swollen in PBS until equilibrium (24 hours) and a square-based tubular 

probe Cl cm2 surface area, length 150 mm) was compressed once into each sample. 

During this experiment, twenty different formulations were characterised by Texture 

Analyzer in swollen state to study the role of crosslinker PEG MW, concentrations of 

PMVE/MA and crosslinking time on mechanical strength of the hydrogel films . It 

was verified that all the formulations chosen have high capacity to absorb solvent 

since the lowest value for swelling ratio was 2000%. The experiments were 

conducted at room temperature and all analyses were performed using three replicate 

samples. Hardness, compressibility and adhesiveness were derived from the force

time plots produced by the Exponent software Cv 6.0.2.0, stable Micro Systems, 

Surrey UK). 
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Texture Analyzer 
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Swollen hydrogel 

Figure 3.3. Texture Analyzer in Texture Profile Analysis (TPA) compression mode 

3.4.5. Conductivity measurements of swollen hydrogel films 

Ionic conductivity of the hydrogel films was determined by dielectric analyzer 

(DEA). The hydrogel films were swollen to an equilibrium state and were then cut 

into a disc shape of 24 mm diameter using a cork borer. Measurements were carried 

out using DEA with the hydrogel disc placed onto a parallel plate ceramic sensor. 

The experiment was performed at 37°C, with dry nitrogen gas adjusted to a flow rate 

of 50 ml min- I and ionic conductivity measured at a frequency of 1 kHz. 

3.4.6. Swelling under an applied electric field 

To investigate the effect of ionic conductivity and PEG MW on hydrogel swelling 

under an applied electric field, 1 cm2 portions of crosslinked films of F7 6 hrs, F 16 6 

hrs, and F18 24 hrs were placed into 30 ml of PBS and an electric current (0.5 mA) 

applied to the bathing solution for a continuous period of 5 hrs, and % swelling was 

calculated. Silver/s ilver chloride electrodes were used as the cathode, and silver wire 

(1.0 mm diameter x 70 mm) used as the anode. A commercially available power 

supply (Phoresor ll) was used to deliver the current. 

3.4.7. Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra for uncrosslinked PMVE/MA , F 16 6 hrs and F 18 24 hrs films were 

recorded at 25°C (General Electric QC500 spectrometer) using a 5 mm probe and 

operating at 126 MHz for carbon_ with CDCl 3 as solvent. Solid-state I3C NMR 
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spectra were obtained under CP/MAS and DP/MAS conditions on a Varian UNITY 

Inova spectrometer with a 7.05 T Oxford Instruments magnet and a 7 mm "standard" 

MAS probe (Doty Scientific Instruments) operating at 300 MHz. A film sample (200 

mg to 250 mg) was placed in a double-bearing rotor made of zirconia. The spinning 

speed was set in the range 4800-5000 Hz. Cross polarisation (CP) experiments 

favour rigid samples, while direct polarisation (DP) experiments favour flexible 

samples. Magic angle spinning (MAS) overcomes chemical shift anisotropy. NMR 

was done by the EPSRC facility at Department of Chemistry, Durham University. 

3.4.8. Three-month storage stability of hydrogel films under ICH conditions 

To evaluate the storage stability of the hydrogel films, two different types of 

hydrogel F 16 6 hrs and F 18 24 hrs films were exposed to different relative 

humidities (RHs) and stored in a temperature controlled environment. Three sets of 

films were packaged as outlined and stored at either room temperature (bench-top 

condition) and under intermediate ICH conditions at 30 ± 2°C and 65% ± 5% RH 

(ICH guideline, 2003). 

• 3 x packaged in moisture-impermeable, heat-sealable poly(propylene) foils at 

room temperature (43% represented the bench-top RH of the laboratory), n=3 

• 3 x packaged in moisture-impermeable, heat-sealable poly(propylene) foils 

with 1.5 g desiccant at 30°C ± 2°C and 65% ± 5% RH, n=3 

• 3 x packaged in moisture-impermeable, heat-sealable poly(propylene) foils at 

30°C ± 2°C and 65% ± 5% RH, n=3 

When the allotted time had elapsed, the films were removed at predetermined 

intervals of 1,2 and 3 months and analysed (n=3 in each case). Films were weighed 

at to for swelling studies and then swollen in 30 ml sterile PBS, pH 7.4. 

3.4.9. Permeation studies 

To investigate the diffusion behaviour of the two model solute molecules in PEG

crosslinked PMVEIMA hydrogel membranes, permeation studies were performed 

(Table 3.2). 
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Table 3.2. Physical properties of model drugs, (Stevens & Stevens, 1979 ; Matsuyama et al., 1997) 

Solute Ibuprofen sodium Ovalbumin 

Molecular weight (g/mol) 228.26 45,000 

Hydrodynamic radius (A) 3.8 30.5 

Solubility in water at 25°C (mg/ml) 100 50 

In the permeation studies with ibuprofen sodium and ovalbumin side-by-side type 

diffusion cells were used. These consist of donor and receptor half-cells, of 3.4 ml 

volume with an effective diffusional area of 63.64 mm2
. A water jacket surrounded 

the cells and was maintained at 37°C and solutions were agitated at a speed of 600 

rpm using small magnetic stirrers. The hydrogel membranes were pre-swollen in 

PBS to an equilibrium state and were then cut into a disc shape of 9 mm2 diameter 

using a cork bore. Each membrane was then clamped between the two-half cells and 

covered with Parafilm® to prevent evaporation. A 3.0 ml solution of known solute 

concentration (I mg ml' I) in PBS was added to the donor side of the diffusion cell 

and 3 ml PBS was added to the receptor side (Figure 3.4). 
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Figure 3.4. Illustration of side-by-side diffusion cell setup to study permeation of solute across 

swollen hydrogel membrane Taken from (http://www.permegear.comlfranz.htm). 

At predetermined time intervals, the contents of the receptor cell were removed and 

replaced with an equal volume of degassed pre-warmed PBS . The aliquots of 

ibuprofen sodium removed were analyzed using High performance liquid 

chromatography (HPLC). The aliquots of ovalbumin were analyzed usmg 
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Bicinchoninic Acid (BCA) Protein Assay. Membrane thicknesses were measured 

using a digital micrometer after removing the hydrogel membrane from the side by 

side diffusion cells. The solute permeability coefficient, P, was determined for each 

model drug using Equation (3.9) (Cho et aI., 1999): 

( 2e,) 24 In 1-- = - p, 
Co V 

Equation (3.9) 

Here, Cl is the solute concentration in the receptor cell at time t, Co is the initial 

solute concentration in the donor cell, V is the cell volume, A is the effective area of 

permeation and P is the membrane permeability coefficient. A plot of - (V/2A) • In 

(l-2C/Co) versus t yields a slope from which the value the permeability coefficient 

was calculated (Cho et aI., 1999), or it can be calculated by using Equation (3.10) 

(Ghosh & Jasti, 2004). 

Q = PACot Equation (3.10) 

Since the cumulative amount permeating the barrier (Q) at a given time (t) can be 

quantified and (Co) the concentration of donor chamber and (A) the diffusional area 

are usually known, the permeation coefficient (P) can be obtained from the slope of a 

plot of cumulative permeation of diffusant vs. time. A typical plot of permeation 

study is shown in Figure 3.5. 
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Figure 3.5. A typical plot of permeation study copied from (Ghosh & Jasti, 2004) . 
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The diffusion coefficient, D, was obtained from the permeability coefficient, P, and 

the solute partition coefficient, Kd, according to Equation (3.11). L is the swollen 

membrane thickness. 

PL 
D =--

K d 

Equation (3.11) 

As shown in Figure 3.5 , the cumulative permeation curve has two portions. The 

initial portion of the curve represents non-steady state diffusion and the linear portion 

corresponds to steady state diffusion. The non-steady portion of the curve can be 

described mathematically by Fick's second law, while the linear portion can be 

expressed by Fick' s first law. The time required to reach steady state is called the lag 

time (tLaJ. The lag time can be determined by extrapolating the linear portion of 

permeation vs. the time curve to the time axis. With lag time, Equation (3.12) is 

rewritten as (3.13) (Ghosh & Jasti, 2004). 

Q = [DKrACo(t - tJ]1 L Equation (3.12) 

Or 

Q = PACo(t - tJ Equation (3.13) 

The lag time can be calculated by Equation (3.14) (Ghosh & Jasti, 2004): 

Equation (3.14) 

3.4.10. Statistical analysis 

Dynamic equilibrium swelling data was analysed usmg one-way Analysis of 

Variance (ANOVA), with Tukey ' s HSD post-hoc test used to compare the means of 

different groups. Ionic conductivity, mechanical data and stability study were 

analyzed by one way analysis of variance (ANOV A) followed by Dunnett's multiple 

comparison test. In all cases p < 0.05 was used to denote statistical significance. 
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Drug release data was analysed using paired (-tests. In all cases p < 0.05 was used to 

denote statistical significance. 

3.5. Results 

Swelling behaviour of films containing aqueous blends of 9%, 11 %, & 13% w/w 

PMVE/MA: PEG (10 KDa, mixture of 20135 KDa (1:1) and 100 KDa) with 3:2, 2:1 

and 3: 1 molar ratios (Table 3.1) was investigated and compared with the control 

formula F18 (15% w/w PMVE/MA:7.5% w/w PEG) (Thakur et ai., 2009). The 

percentage of swelling over time is shown in Figure 3.6, 3.7 and 3. 8. Hydrogels cast 

from aqueous blends containing 13% w/w PMVE/MA crosslinked with PEG 100 

KDa 3: 1 showed the highest percentage swellings. The percentage swellings of 

hydrogels with polymer to crossl inker ratios of 3: 1 were significantly (p < 0.05 in 

each case) higher than those with ratios of 2: I or 3:2 at the same concentration of 

PMVE/MA e.g at 13% w/w. By comparing between same formula (same MW of 

PEG and ratio of PMVE/MA to PEG) with different crosslinking time, the 

percentage of swelling ofFl 6 hrs, Fl 18 hrs and Fl 24 hrs was 2525 ± 193, 1117 ± 

19 and 1025 ± 54%, respectively. Therefore, it was observed that increasing 

crosslinking time decreased the swelling%. 

Regarding the MW of crosslinker PEG, hydrogels cast from aqueous blends 

containing 9, 11 and 13% w/w PMVEIMA crosslinked with PEG 100,000 showed 

the highest percentage swellings, followed by hydrogels containing PEG 20,000, 

35,000 and PEG 10,000, respectively, as determined using Equation (3.1) e.g. the 

percentage of swelling of F2 18 hrs (PEG 100 KDa) and F9 18 hrs (PEG 10 KDa) 

was 2756 ± 182% and 1117 ± 19%, respectively. In addition, similar trend was also 

observed with hydrogels cast from aqueous blends containing different concentration 

of 13%, 11 % and 9 % w/w PMVE/MA crosslinked with PEG. The swelling 

percentage was higher for the hydrogels containing 13% w/w PMVE/MA followed 

by 11 % w/w and 9% w/w. For example, the % swelling of hydrogels cast from 

aqueous blends containing 13%, 11 % and 9% w/w PMVE/MA were 2797 ± 54 % 

(F7 6 hrs), 2022 ± 44% (F16 6 hrs) and 1091 ± 290% (F25 18 hrs), when the 

hydrogels contained PEG 10,000 in the 3:2 ratio, respectively. 
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Figure 3.6. Percentage swelling of hydrogels with different compositions of 13%w/w PMVE/MA and 

PEG of MW (A) 100 KOa, (8) 20 and 35 KOa (1: I) and (C) 10 KOa, Mean ± SO, n = 3. 
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The % EWC values presented in Table 3.3 were calculated from the swelling studies 

using Equation (3.2). The % EWC values ranged from 812% to 2947%, 433% to 

1970% and, 594% to 2204% for hydrogels containing PMVE/MA 13%, PMVE/MA 

11 % and PMVEIMA 9%, respectively. The % EWC values followed a similar 

pattern to the percentage swelling results, where the hydrogels containing 9, 11 and 

13% w/w PMVEIMA crosslinked with PEG for 6 and 18 hrs and/or with crosslinking 

ratio 3:1 showed the highest percentage of % EWC. For example, the % EWC of 

hydrogels cast from aqueous blends containing 13% PMVEIMA were 945 (Fl 24 

hrs), 881 (F4 24 hrs) and 812 (F7 24 hrs), when the hydrogels contained PEG 

100,000, PEG 20,000/35,000 and PEG 10,000, in the 3:2 ratio, respectively. While 

the %EWC of hydrogels cast from aqueous blends containing 13% PMVE/MA were 

2212% (F 1 6 hrs), and 2645% (F7 6 hrs), when the hydro gels contained PEG 

100,000, and PEG 10,000, in the 3:2 ratio, respectively. In addition, Table 3.3 also 

shows that the initial swelling rates were between 2.2 and 55 min-l. The initial 

swelling rates were higher for the hydrogels containing PEG 100 KDa, crosslinker 

ratio 3: 1 and/or crosslinking time 6 hrs. So the initial swelling rates of hydrogels 

crosslinked for 6 hrs were significantly greater (p < 0.05) than those of hydrogels 

crosslinked for 24 hrs e.g. the initial swelling rates of F12 6 hrs and F12 24 hrs was 

55 and 12.5 min-1
, respectively. This means that greater numbers of ester links 

between PEG and PMVEIMA will form upon heating, resulting in a highly 

crosslinked system. As a result, using PEG 100 KDa or crosslinking time 6 hours 

instead of 24 hours showed higher degrees of equilibrium swelling and higher initial 

swelling rates, due to the reduced extent of crosslinking. 
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Table 3.3a. Swelling characteristics of PEG-crosslinked PMVE/MA hydrogels. 

Code %EWC rj 
a k.. 10-sb Seq % C 

FI 6hrs 2212 18.0 0.3 2500 

18hrs 1003 10.3 0.7 1250 

24hrs 945 7.2 0.6 1111 

F2 6hrs 

18hrs 2974 27.3 0.2 3333 

24hrs 2684 18.8 0.2 3333 

F36hrs 

18hrs 1006 10.3 0.7 1250 

24hrs 1131 8.2 0.4 1428 

F4 6hrs 

18hrs 829 5.8 0.6 1000 

24hrs 881 5.8 0.6 1000 

F56hrs 

18hrs 2458 21.7 0.2 3333 

24hrs 1753 16.6 0.4 2000 

F6 6hrs 

18hrs 1160 11.4 0.6 1428 

24hrs 970 6.8 0.6 1111 

F7 6hrs 2645 2.2 0.0 3333 

18hrs 752 8.8 1.5 769 

24hrs 812 8.1 1.0 909 

F8 6hrs 

18hrs 1883 13.0 0.2 2500 

24hrs 1541 9.4 0.2 2000 

F9 6hrs 

18hrs 1073 10.1 0.6 1250 

24hrs 891 6.6 0.5 1111 

FIO 6hrs 1038 16 1.6 1000 

18hrs 530 9 3.6 500 

24hrs 537 10 3.6 526 

FII 6hrs 

18hrs 

24hrs 946 12 1.2 1000 

Fl26hrs 1914 56 0.9 2500 

18hrs 1105 13 1.0 1111 

24hrs lOll 13 1.0 I1I1 

FI3 6hrs 905 34 4.1 909 

18hrs 535 21 7.4 526 

24hrs 402 15 10.8 370 

FI4 6hrs 

18hrs 1005 15 1.2 1111 

24hrs 963 9.8 1.2 909 
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Table 3.3b. Swelling characreristics of PEG-crosslinked PMVE/MA hydrogels. 

Code %EWC rj a k,. lO-5b Seq % C 

Fl56hrs 

18hrs 1038 17 l.l 1250 

24hrs 1030 15 1.0 1250 

FI6 6hrs 1970 34 0.8 2000 

18hrs 789 12 lA 909 

24hrs 720 9 1.3 833 

FI76hrs 

18hrs 918 13 lA 1000 

24hrs 514 5 1.6 555 

FI86hrs 

18hrs 619 4.2 0.8 7 14 

24hrs 433 3.7 1.6 476 

FI9 6hrs 1925 21.3 0.3 2500 

18hrs 1001 10.8 0.7 1250 

24hrs 974 7.8 0.5 1250 

F206hrs 

18hrs 

24hrs 2204 17.0 0.2 3333 

F21 6hrs 2054 21.6 0.1 2500 

18hrs 1206 12.8 1.1 1428 

24hrs 664 3.9 2.9 666 

F22 6hrs 1351 40.0 2.0 1428 

18hrs 594 15.6 4.0 625 

24hrs 630 15 .1 3.9 625 

F23 6hrs 

18hrs 

24hrs 1708 13.5 0.2 2500 

F246hrs 

18hrs 1543 10.7 0.3 2000 

24hrs 1708 5.6 0.3 1428 

F256hrs 

18hrs 953 7.5 0.6 III I 

24hrs 822 5.5 0.6 1000 

F26 

F276hrs 

18hrs 1331 20A 0.7 1666 

24hrs 1000 8.1 0.7 I111 

a (g water/g gel)/min); beg gel/g water)/min; C(g water/g gel). 
(-) Dissolved 
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Table 3.4 shows that the diffusional exponents, n, for all the hydrogels were> 0.5 as 

calculated from Equation 3.5 which indicated that the transport mechanism MW as 

almost non-Fickian. The constants nand k were calculated from the slopes and 

intercepts of the plots of In(MtlM) versus In(t) from the experimental data, and they 

are given in Table 3.5 . 

Table 3.4. The relationship between n and the drug transport mechanism through a polymer 

n Type of transport Time dependence 

0.5 Fickian diffusion t ·05 

0.5 < n < 1 
Non-Fickian or t n·l 

anomalous diffusion 

n = 1 Case II 
Zero order 

(time independent) 

n> 1 Super case II t n·l 

The glass transition temperature of a crosslinked film, glassy in nature, is above 

room temperature (Thakur et aI., 2009). Consequently, the polymer chains within the 

network are not sufficiently mobile to permit immediate penetration of the solvent 

into the polymer core. Therefore, the relative differences in swelling rates seen 

between different hydrogels are due to different solvent diffusion rates (RdifJ) and 

polymer relaxation rates (Rrelax) (8ajpai, 2001). 
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Table 3.5a. Swelling rate and diffusion characteristics of PEG-cross linked PMVE/MA hydrogels 

Code k 
D x 10-6 

Mechanism n 
(m2/s) 

FI 6hrs 0.90 4.90 0.64 Anomalous 

18hrs 1.38 6.33 0.82 Super case n 
24hrs 0.90 4.90 0.64 Anomalous 

F2 6hrs 

18hrs 1.35 6.89 0.46 Super case n 
24hrs 1.39 6.80 0.41 Super case n 

F36hrs 

18hrs 1.21 6.30 0.68 Super case n 
24hrs 1.25 6.83 0.69 Super case n 

F4 6hrs 

18hrs 0.90 5.00 0.70 Anomalous 

24hrs 0.85 4.61 0.63 Super case n 
F5 6hrs 

18hrs 1.41 6.86 0.46 Super case n 
24hrs 1.33 6.97 0.47 Super case n 

F6 6hrs 

18hrs 0.91 4.90 0.49 Super case n 
24hrs 0.98 5.41 0.68 Anomalous 

F7 6hrs 1.32 6.43 0.60 Super case n 
18hrs 0.95 4.68 0.60 Anomalous 

24hrs 1.07 5.26 0.55 Super case n 
F8 6hrs 

18hrs 1.52 7.20 0.42 Super case n 
24hrs 1.22 6.39 0.51 Super case n 

F9 6hrs 

18hrs 0.95 5.01 0.47 Anomalous 

24hrs 1.00 5.55 0.61 Case n diffusion 

FIO 6hrs 0.87 4.36 0.44 Anomalous 

18hrs 0.70 3.50 0.46 Anomalous 

24hrs 0.75 3.71 0.45 Anomalous 

FII 6hrs 

18hrs 

24hrs 1.00 5.08 0.29 Case n diffusion 

FI26hrs 1.00 5.13 0.36 Case n diffusion 

18hrs 0.88 4.50 0.36 Anomalous 

24hrs 0.88 4.63 0.40 Anomalous 

FI3 6hrs 0.72 3.20 0.20 Anomalous 

18hrs 0.62 2.80 0.27 Anomalous 

24hrs 0.54 2.47 0.25 Anomalous 

FI4 6hrs 

18hrs 1.22 5.60 0.27 Super case n 
24hrs 1.20 5.96 0.26 Super case n 
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Table 3.5b. Swelling rate and diffusion characteristics of PEG-cross linked PMVE/MA hydrogels 

Code n k 
D x 10.6 

Mechanism {m2/s} 
FI56hrs 

18hrs 0.85 4.20 0.33 Anomalous 

24hrs 0.86 4.20 0.34 Anomalous 

FI6 6hrs 0.97 4.60 0.33 Anomalous 

18hrs 0.72 3.74 0.35 Anomalous 

24hrs 0.62 3.50 0.45 Anomalous 

F176hrs 

18hrs 1.16 5.57 0.33 Super case n 
24hrs 1.00 5.55 0.36 Case n diffusion 

F186hrs 

l8hrs 1.18 6.05 0.36 Super case n 
24hrs 1.09 5.76 0.38 Super case n 

F19 6hrs 1.33 6.42 0.36 Super case n 
18hrs 0.98 5.10 0.34 Anomalous 

24hrs 1.10 5.80 0.37 Super case n 
F206hrs 

18hrs 

24hrs 1.12 5.96 0.17 Super case n 
F21 6hrs 1.22 5.60 0.33 Super case n 

18hrs 0.98 4.66 0.34 Anomalous 

24hrs 0.69 3.47 0.34 Anomalous 

F22 6hrs 0.89 4.06 0.17 Anomalous 

18hrs 0.57 2.84 0.21 Anomalous 

24hrs 0.56 2.70 0.20 Anomalous 

F23 6hrs 

18hrs 

24hrs 1.21 6.30 0.20 Super case n 
F246hrs 

18hrs 1.33 6.80 0.34 Super case n 
24hrs 1.29 6.80 0.35 Super case n 

F256hrs 

18hrs 0.99 5.37 0.35 Anomalous 

24hrs 1.00 5.80 0.36 Case n diffusion 

F26 

F276hrs 

18hrs 1.33 6.50 0.34 Super case n 
24hrs 1.32 7.00 0.33 Super case n 

(-) Dissolved 

Table 3.6 displays different characteristic network parameters of the hydrogels. The 

polymer volume fraction is described as a ratio of the polymer volume to the swollen 

gel volume, showed values ranging from 0.03 to 0.15. The number average MW 
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between crosslinks, M c , increased with increasing PEG chain length and the free 

volume also increased and the volume of fraction of po lymer decreased. The values 

of number average MW, M c (Equi ), determined by equilibrium swelling were 

observed to be increased by decreasing crosslinking time e.g. F 13 6 hrs and F 13 24 

hrs were 46453 and 885,764 g mor l 
, respective ly. The crosslink density, Ve. 

determined using Equation (3.8) was significantly increased (p < 0.05) with decrease 

in the chain length/MW/ratio of PEG and/or increasing crosslinking time (Table 3.6). 

For example, the crosslink density of hydrogels crosslinked with PEG 100 KDa was 

between 0.01 x 1018 and 4.40 x 1018
. For hydrogels crosslinked with PEG 10 or 

20/35 kDa crosslink density was between 0.01 x 10 18 and 16 x 1018 ,but for the same 

formula at different cross linking time e.g. F7 6 hrs ,F7 18 hrs and F7 24 hrs were 

0.02 x 1018 ,1.08 x 1018and 1.10 x 1018
, respectively. 

Table 3.6a. Network parameters of PEG of different MW - crosslinked PMVEIMA hydrogels 

Code <I> 'X Mc * 106 (g.mor l
) Ve * 1018 

Fl 6hrs 0.07 0.52 2 0.50 

18hrs 0.07 0.52 0.44 

24hrs 0.07 0.52 0.50 

F2 18hrs 0.19 0.56 5 0.24 

24hrs 0.03 0.50 5 0.01 

F3 18hrs 0.07 0.52 1.6 0.44 

24hrs 0.06 0.51 2.7 0.27 

F4 18hrs 0.08 0.52 0.8 0.84 

24hrs 0.08 0.52 1.0 0.75 

F5 18hrs 0.03 0.50 34 0.02 

24hrs 0.04 0.51 10 0.07 

F6 18hrs 0.06 0.52 1.8 0.36 

24hrs 0.08 0.52 0.9 0.71 

F7 6hrs 0.03 0.50 51 0.02 

18hrs 0.10 0.53 0.4 1.80 

24hrs 0.09 0.52 0.6 1.10 

F8 18hrs 0.04 0.51 12 0.06 

24hrs 0.05 0.51 4 0.14 

F9 18hrs 0.06 0.52 2 0.36 

24hrs 0.08 0.52 0.70 

FIO 6hrs 0.07 0.52 2 0.40 

18hrs 0.12 0.54 0.1 4.80 

24hrs 0.12 0.52 0.1 4.40 

FII 24hrs 0.08 0.52 0.9 0.78 
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Table 3 .6b. Network parameters of PEG of different MW crosslinked PMV E/MA hydroge!s 

Code <I> X Mc * lOb (g.mor 1
) Ve * 10 18 

FI26hrs 0.03 0.51 28 0.03 
18hrs 0.06 0.51 .., 

0.24 .) 

24hrs 0.06 0.52 2 0.28 

FI3 6hrs 0.08 0.52 0.8 0.86 

18hrs 0.13 0.54 0.1 6.10 

24hrs 0.17 0.55 0.04 16.00 

FI418hrs 0.07 0.52 I 0.56 

24hrs 0.08 0.52 0.7 1.01 

FI5 18hrs 0.07 0.52 0.40 

24hrs 0.06 0.52 0.38 

FI6 6hrs 0.04 0.51 17 0.04 

18hrs 0.08 0.52 0.7 0.97 

24hrs 0.09 0.53 0.4 1.50 

FI718hrs 0.09 0.52 0.6 1.10 

24hrs 0.15 0.55 0.06 9.60 

FI818hrs 0.11 0.53 0.3 2.30 

24hrs 0.15 0.55 0.1 4.50 

FI9 6hrs 0.03 0.51 26 0.03 

18hrs 0.06 0.52 2 0.30 

24hrs 0.06 0.52 2 0.29 

F20 24hrs 0.03 0.50 41 0.02 

F21 6hrs 0.03 0.51 30 0.02 

18hrs 0.06 0.52 I 0.36 

24hrs 0.11 0.53 0.2 2.80 

F22 6hrs 0.05 0.51 6 0.13 

18hrs 0.11 0.53 0.2 3.10 

24hrs 0.11 0.53 0.2 2.60 

F23 24hrs 0.04 0.51 12 0.05 

F24 18hrs 0.04 0.51 12 0.06 

24hrs 0.05 0.51 6 0.13 

F25 18hrs 0.07 0.52 0.42 

24hrs 0.08 0.52 0.7 0.94 

F27 18hrs 0.05 0.51 0.3 0.19 

24hrs 0.07 0.52 0.1 0.48 

Texture profile analysis is a method that has received attention since some years ago 

for the characterization of pharmaceutical and polymeric systems. The most common 

parameters derived from the TPA curve are the hardness, compressibility and 

adhesiveness which are shown in Figure (3 .9) (Friedman et aI. , 1963 ; Fallows, et aI. , 

2012). 
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Figure 3.9. Texture profile analysis (http://cdavies.wordpress.coml2007/03 /02/physicochemical 

properties-of-starch/) 

From the resultant force distance plot (Figure. 3.9) many parameters are derived that 

may be related to the performance of the sample. These parameters include (Ferreira 

et aI. , 2006; lones et aI. , 2002): 

• Hardness is the maxImum force at the first significant break in the curve 

during the first compression cycle and a measure of the resistance of the 

formulation to probe depression. 

• Compressibility is the work required to deform the product during the first 

compression cycle of the probe. 

• Adhesiveness is a measure of the work necessary to overcome the attractive 

forces between the surface of the sample and the surface of the probe 

The thickness, as observed from the Figure 3.10, increased by increasing in polymer 

content of plasticized films in both state dry and swollen. Films with 13%w/w 

PMVE/MA showed the highest increase in thickness followed by 11 % and 9% at 

different ratio with PEGs of various MW . For example, PEG (MW 100 KDa) 

showed the highest increase in the mean film thickness, at 3:2 ratios with 13% 

PMVE/MA when compared to any other formulations. 
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Figure 3.10. Average thickness of PEG-crosslinked PMVE/MA hydroge ls (Mean ± S.D, n=5). 

Although measurIng of hydrogel swelling is straightforward, meaSUrIng the 

mechanical properties of swollen hydrogels has been challenging. In general, swollen 

hydrogels are weak and rubbery; they contain pores of different sizes (Omidian et aI. , 

2007). In this experiment, twenty different formulations were characterised by 

texture analyzer in swollen state. It was verified that all the formulations chosen have 

high capacity to absorb solvent since the lowest value for swelling ratio was around 

2000% by using (TPA). During the texture profile analysis test that was performed to 

the hydrated hydrogels, the obtained results were directly translated by the software 

as a plot representing the force applied by the probe versus time. Figure 3.3 shows 

the principle of the TPA test. 

The hardness values presented in the Table 3.7 and Figure 3.11 ranged from 0.07 ± 

0.00 to 0.3 ± 0.1 N . Considering these values of hardness, it was possible to detect an 

increased hardness of the hydrogel when the crosslinking time was 24 hours 

comparing with crosslinking time 6 hours. The hardness of F18 24hrs is significantly 

greater (p < 0.05) than all other formulations e.g. F6 18 hrs, F8 18 hrs, F8 24 hrs, F14 

18 hrs, F 15 18 hrs, F 18 24 hrs, F23 24 hrs, and F24 18 hrs were 0.25 ± 0.02, 0.17 ± 

0.0 I , 0.23 ± 0.02 , 0.19 ± 0.02 , 0.29 ± 0.03 , 0.3 ± 0.1 , 0.28 ± 0.1 and 0.16 ± 0.07 N , 

respectivel y. And for 6 hours crosslinking time F I 6 hrs and F 19 6 hrs were 0.07 ± 

0.02 and 0.06 ± 0.009 N, respectively. This higher hardness at 18 and 24 hours 

crosslinking time is due to higher crosslink densities . There were some formula 

crosslinked at 18 and 24 hours and showed low hardness value like 6 hours, for 
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example, F2 18 hrs, F2 24 hrs and F5 18 hrs were 0.07 ± 0.02, 0.06 ± 0.04 and 0.04 ± 

0.005 N, respectively. This may be explained by the decreased crosslinker content 

within such a system because in all of these formula a ratio for PMVE/MA: 

crosslinker 3: 1 ratio, as it was hypothesised that the decreased crosslinker content 

within such a system, causing a reduced presence of ester links which will decrease 

the crosslink densities. 
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Cl) 

c: 1.5 
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1 "' :I: 
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Figure 3.11. Hardness of PEG-cross linked PMVE/MA hydrogels at different concentration, (Mean + 

S.D, n = 5). 

Compressibility describes the work required to compress the hydrogel through a 

fixed distance which was 5 mm. The compressibility values presented in Figure 3.12 

were obtained from TPA ranged from 0.06 ± 0.001 to 0.51 ± 0.019 N.mm. The 

compressibility of PEG-crosslinked PMVEIMA hydrogels increased as a function of 

the crosslinking time like the hardness, e.g. F6 18 hrs, F8 18 hrs, F8 24 hrs, F14 18 

hrs, and F23 24 hrs, were 0.51 ± 0.019, 0.3 ± 0.04, 0.41 ± 0.05, 0.33 ± 0.04, and 0.44 

± 0.1 N.mm, respectively. The compressibility of the control formula F18 24 hrs was 

significantly greater (p < 0.01) than all other formulation. This is because a lower 

crosslinking time or a lower PEG content produces less crosslink points in the 

swollen polymeric network and decreases the crosslink density, resulting in a higher 

porosity. 
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Figure 3.12. Average compressibility of PEG-cross linked PMVE/MA hydrogels at different 

concentration, (Mean + S.D, n = 5). 

Finally, the values of adhesiveness were of zero to all the formulations examined. 

This means that when the probe redraws from the samples these didn ' t adhere to the 

base of the mobile probe. 

Dielectric anal yzer (DEA) measure the relative mobility of charged sites In a 

polymer. Charged sites in a polymer are typically ions and dipoles. The mobility of 

ions and dipoles is measured by applying a sinusoidal voltage to the sample and 

measuring the current. Figure 3.13 shows the ionic conductivity of hydrogels with 

different compositions of PMVEIMA crosslinked with PEG of different MW swollen 

to equilibrium in PBS at 37°C. It was found that, there was a significant difference (p 

< 0.01) in the ionic conductivity between the control formula F 18 24 hrs and the 

other formulas. For example, the ionic conductivity ofFl8 24 hrs, FI 6 hrs, and F16 

6 hrs were 14.40 ± 0.2, 17.11 ± 0.01 , and 17.18 ± 0.02 mS/m, respectively. However, 

it is interesting to note that the hydrogels that showed the highest percentage of 

swelling had almost the same ionic conductivity. 
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Figure 3.13. The ionic conductivity of swollen hydrogels with different compositions of PMVE/MA 

and PEG of different MW to equilibrium in a solution of PBS , (Mean + SD, n = 5). 

Based upon the equilibrium swelling and ionic conductivity studies, a formulation 

producing a hydrogel of high swelling and conductivity F7 6 hrs, F16 6 hrs, and F18 

were identified to investigate the effect of electric current upon the electro

responsive nature of these hydrogel systems . As can be seen in Figure 3.14 there was 

a significant (p <0.05) increase in the swell ing of F7 6 hrs, F 16 6 hrs, and F 18 24 hrs 

hydrogel systems following the application of a current for 6 hours. For example, the 

% swelling of F7 6 hrs was 884.8 ± 49% and 661.3 ± 15.4% following swelling in a 

PBS solutions with, and without current application, respectively. Similarly, the % 

Swelling of F 18 24 hrs was 495.8 ± 23% and 334.5 ± 18.0% following swelling in a 

PBS solution with, and without current application, respectively. 
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Figure 3.14. Swelling of hydrogel films with and without the application of an electric current. (Mean 

+ SO, n=5). 
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The 13C-NMR cross polarised spectrum of an unplasticized film cast from 

PMVE/MA is shown in Figure 3.15, with associated assignments of carbon atoms. 

For the I3C NMR spectra the carbonyl group is characterized by a peak between 175 

and 177 ppm. 
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Figure 3.15 . J3C- NMR cross polarised solid-state spectrum of poly(methyvinylether-co-maleic 

anhydride) film , with associated assignments of carbon atoms. 

A direct polarisation spectrum could not be obtained for the rigid film. The solid 

state 13C- NMR spectra obtained for PMVE/MA films crosslinked with PEG F18 24 

hrs and F16 6 hrs are shown in Figures 3.16 A and B, respectively. From Figure 3.16, 

the carbonyl carbon (C6) at 177 ppm is observed and is the most downfield of all the 

carbons due to the electronegativity of the oxygen group. The methyl carbon (C3) is 

assigned to the peak at 77 ppm, which has been significantly shifted downfield in 

relation to a standard methyl group due to the attached oxygen group. Bands at 57, 
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49 and 41 ppm are assigned to methine carbons (C2, C4 and Cs). Finally, the 
methylene carbon, Cl has the lowest frequency signal at a position of approximately 
31 ppm. The peak at 70 ppm in the 13C_NMR suggests that there is OCH3 group 
present which indicates that crosslinking happened between PMVE/MA and PEG. 
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Figure 3.16. Directly polarised solid-state IJC-NMR spectra of (A) films cast from aqueous blends 
containing 15% w/w PMVE/MA and 7.5% w/w PEG 10 KDa crosslinked for 24 hrs and (B).films cast 
from aqueous blends containing 11 % PMVE/MA and 7.5% w/w PEG 10 KDa crosslinked for 6 hrs. 

104 



Chapter 3: Characterization of hydrogel films intended to be used as polymeric microneedle 

Short-term stability tests were carried out for hydrogel films packaged in the 

moisture-impermeable, heat-sealable poly (propylene) foils closure system proposed 

for marketing under intermediate ICH conditions for three months with and without 

desiccant. In addition, it carried out on packaged films at room temperature (the 

bench-top condition). So there are three sets of hydrogel films were packaged and 

stored as outlined in section (3.4.8). 

After subjecting to three months stability studies, hydrogel films were analyzed by 

carrying out swelling experiment. Figure 3.17 shows the change in the swelling% of 

F16 crosslinked for 6 hours over time during the stability studies. The swelling% of 

F16 crosslinked for 6 hours before subjecting to stability studies was 2375% ± 165%. 

When stored at 30°C and 65% RH with and without desiccant, the swelling% of F 16 

cross linked for 6 hours, did not show any significant changes over three months of 

stability study. For example, the swelling% of F 16 was 2631 % ± 78% (on day 30), 

2631% ± 414% (on day 30), 3030% ± 365% (on day 90) and 2432% ± 55% (on day 

90) respectively, which was statistically not significant (p > 0.05 in each case) 

compared to 2375% ± 165% (at zero time). In addition, there was no significant 

change (p > 0.05 in each case) in swelling% values was observed among F 18 

crosslinked for 24 hours when stored at 30°C and 65% RH with and without 

desiccant. For example, the S% was 1157% ± 117% (at zero time) which did not 

change after subjecting to stability studies 1119% ± 33% (on day 30), 1095% ± 

160% ( on day 30), 1105% ± 30% ( on day 90), and 1071 % ± 106% (on day 90), 

respectively. Moreover, the swelling% after leaving F16 at bench top laboratory 

condition for 3 months 2587% ± 55% was not statistically different (p > 0.05 in 

each case) to swelling% values at zero time 2375% ± 165%, and 30 days 2716% ± 

166% . Similarly, the swelling% of F18 was 1157% ± 117% (at zero time), which 

did not change significantly (p > 0.05 in each case) to 1033% ± 10% and 1148% ± 

11 % (at I and 3 months) respectively, when stored at bench top laboratory 

condition, as shown in Figure 3.17. 
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Figure 3.17. % Swelling of hydrogel films following sampling at different time intervals during 

stability studies of optimised formula FI8 crosslinked for 24 hours and F 16 crosslinked for 6 hours. 

(Mean ± SO, n=3). 

There are two types of diffusion cells used in the permeation studies side by side and 

Franz-cell type diffusion cells. In the present study, side by side diffusion cells were 

used. A solution of known solute concentration was added to the donor side of the 

diffusion cell and solvent or buffer solution added to the receptor side which is 

removed partially or completely and replenished with solvent or buffer solution at 

predetermined time intervals. When the receiver chamber is refilled again with 

solvent or a solution without drug, this is maintained (Creceiver = 0) at a minimum level 

which is called sink condition. To maintain sink condition, the concentration of a 

model drug in the receiver chamber should be kept at least 10% below of its 

concentration in the donor chamber (Ghosh & Jasti , 2004). 

Figure 3.18 (A-B) shows the permeation of ibuprofen sodium and ovalbumin across 

equilibrium swollen PEG-cross linked PMVEIMA hydrogel membranes in side-by

side diffusion cells. The permeation % of ibuprofen sodium after 24 hours was 47 ± 

6% and 33 ± 5% across hydrogels prepared from aqueous blends containing 11 and 

15 % w/w of PMVE/MA, respectively. Therefore, the permeation % of solutes 

decreases with increasing the concentration of PMVE/MA, PEG and crosslinking 

time. 
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The permeation % of ovalbumin after 24 h was 17 ± 4%, and 3 ± 0.9%, across 

hydrogels prepared from aqueous blends containing 11 and IS% w/w of PMVE/MA, 

respectively. The percentage permeation of ibuprofen sodium and ovalbumin after 24 

hours was 33 ± 6% and 3 ± 0.9% across hydrogels prepared from aqueous blends 

containing IS% w/w of PMVE/MA:7.S PEG, respectively. The results indicate that 

increase in the hydrodynamic radius (p < O.OS) significantly decreased the solute 

permeation, through the swollen hydrogel membranes. In addition, the permeation % 

of ibuprofen sodium and ovalbumin after 24 hours was 47 ± 6% and 17 ± 4% across 

hydrogels prepared from aqueous blends containing 11 % w/w of PMVE/MA:7.S 

PEG, respectively. 
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Figure 3.18. % Solute permeated (A) ibuprofen sodium and (8) ovalbumin across swollen hydrogel 

membranes prepared form aqueous blends (F 18) and (F 16). (Mean ± SD, n=4). 
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Figure 3.19 . % Solute permeated across swollen hydrogel membranes prepared form aqueous blends 

CA) F 18 24 hrs containing 15% w/w of PMVE/MA :7 .5% PEG and (8) F 16 6 hrs containing 11 % w/w 

ofPMVE/MA :7.5% PEG .(Mean ± SO, n=4) . 

Permeability was calculated by the Equation (3.9 and 3.10). The diffusion coefficient 

was obtained from the permeability P, the solute partition coefficient Kd, and the 

membrane thickness L in the swollen state . Their relationship is shown in the 

Equation (3.11). Table 3.7 shows the values of P. D, lag time and Kd for the model 

drugs through the two different hydrogel films determined. The permeability 

coefficient, P, of ibuprofen sodium was significantly higher than that of ovalbumin. 

For example, the P of ibuprofen sodium and ovalbumin through the hydrogels 

prepared from aqueous blends containing 15% w/w PMVE/MA:7.5% PEG 

crosslinked for 24 hours was 1.63 x I O-sand 0.37 x 10-5 cm S-I , respectively. This trend 

is very similar to D which was observed for two different types of hydrogel. For 

example_ for hydrogel s prepared from aqueous blends containing 15% w/w 
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PMVE/MA the D value of ibuprofen sodium and ovalbumin was 6.1 x 10.7 cm2 
S·l 

and 3.5 x 10.7 cm2 
S· l, respectively. 

Table 3.7. Permeation study parameters of solutes across the PEG-crosslinked PMVE/MA hydrogels. 

Model Membrane Px10·s, D xlO·7
, 

drug 
t Lag (min) 

(cm.s· l
) 

Kd (cm 2.s·l
) 

Ibuprofen 
FI824hrs 45 .5 1.63 0.27 6.1 

sodium 
FI66hrs 28.9 5 0.25 9.6 

Ovalbumin F1824hrs 78 .5 0.37 0.11 3.5 

Fl66hrs 36 0.9 0.12 7.7 

The partition coefficients (Kd) of solutes are shown in Table 3.8. The Kd values of 

solutes were lower but not significantly difference (p >0.05) for hydrogels prepared 

from aqueous blends containing 11 % w/w of PMVE/MA. For example, the Kd values 

for ibuprofen sodium were 0.25 and 0.27 for hydrogels prepared from aqueous 

blends containing 11 %, and 15% w/w of PMVE/MA, respectively. 

3.6.Discussion 

Hydrogels are cross-linked hydrophilic polymers capable of imbibing large volumes 

of liquid, due to their network structures, crystalline regions or entanglements. The 

driving force for the swelling process is a balance of forces of osmotic, elasticity, 

electrostatic and entropy favoured dissolution of polymer in water (Omidain & Park, 

2008). The swelling behaviours and network parameters of polymeric hydrogels are 

essential in their design and evaluation as potential as drug delivery platforms. 

In order to achieve the aim, films with variable PMVEIMA to crosslinker ratio and 

different MW of the crosslinker were prepared. It has been reported that PMVE/MA 

films crosslinked at a 2:1 ratio, 15%PMVE/MA : 7.5%PEG, using PEG with MW 

10,000 Daltons exhibited the highest swelling capacity and mechanical strength 

(Thakur et af. , 2009). This may be explained by the increased chain length and 

higher average MW between crosslinks exhibited by the higher MW crosslinker, 

causing greater spacing between the polymer chains in the network and so enabling 
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better accommodation of swelling. Based on this theory, films were prepared using 

PEG 10 kDa or higher, with an expected further increased swelling capacity. 

Therefore, PEG 20, 35 and 100 KDa were used. 

The hydrophilic/hydrophobic balance of the hydrogels, MW of crosslinker, 

cross linking time and the degree of cross-linking (crosslinking density), are the 

important parameters that control the swelling process (Thakur et al., 2009). Hence, 

this study revealed that decreasing the crosslinking time from 24 hrs to 6 hrs was the 

most important factor in increasing the swelling ratio e.g. the swelling percentage for 

F7 6 hrs and F7 24 hrs was 2537% and 841 %, respectively. 

The pH responsive swelling behaviour ofPMVE/MA hydrogel is due to ionization of 

the functional groups in the hydrogel, which depends on the pH of the surrounding 

medium. A PMVEIMA is anionic polymer; the increased in ionization contributes to 

electrostatic repulsion and the hydrogel swells to a high degree. A highly swollen 

hydrogels contain large amounts of unbound water, which permits solute release 

(Kim et al., 2002). When a xerogel begins to absorb water, the first water molecules 

entering will hydrate the most polar hydrophilic groups, leading to primary bound 

water. When polar groups are hydrated, the network swells and exposes hydrophobic 

groups, which also interact with water molecules and leads to secondary bound water 

(hydrophobically bound water). After the polar and hydrophobic sites have interacted 

they will imbibe additional water due to osmotic driving force of the network chains 

towards infinite dilution (Gulrez et al. , 2011). The additional swelling water that is 

imbibed after the primary water occupies ionic and polar sites and assumed to fill the 

space between the network chains and the centre of large pores is called free water or 

bulk water. This additional swelling is opposed by covalent or physical cross links, 

which leads to an elastic network reaction. Therefore, there are two opposite forces 

in swollen hydrogel (elasticity force against the favourable osmotic force) which 

prevent its deformation. At equilibrium, there is no additional swelling in hydrogel 

since both forces are balanced (Hoffman, 2002; Ganji et al., 2010). 

When a hydrogel matrix is exposed to an aqueous medium, water will be absorbed 

by the hydrogel. Two different areas may be distinguished, i.e. , water penetration 
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into the hydrogel matrix and the drug release from the hydrogel matrix. For a 

hydrogel matrix without of drug, water penetration will depend on how fast polymer 

chains will relax. Therefore, water penetration will be controlled by diffusion and 

relaxation depending on the water content of the hydrogel matrix in the different 

regions (Omidain & Park, 2008). 

The swelling kinetics of crosslinked polymers is dependent on the penetrant diffusion 

rate and polymer chain relaxation. In ionic polymer networks, the polymer relaxation 

is greatly affected by the ionization of the polymer chain. An increase in the 

electrostatic repulsion leads to chain relaxation. Therefore, the swelling mechanism 

becomes more relaxation-controlled as hydrogel ionization becomes dominant. This 

explains why in swelling medium (PBS) pH 7.4, PMVEIMA networks swelled by a 

relaxation-controlled mechanism. Depending upon the dynamics of polymer 

swelling, Fickian or non-Fickian drug transport may be observed. In Fickian 

diffusion, the rate of penetrant absorption shows a linear increase as a function of the 

square root of time. In this case, the glass transition temperature (Tg) of polymer is 

below the experimental temperature so the polymer chains have a high mobility and 

the water penetrates easily in the rubbery network. Therefore, the solvent diffusion 

rate is slower than the polymer chain relaxation rate (Rdiff« Rrelax). Non-Fickian or 

anomalous transport appears when the Tg of polymer is above the experimental 

temperature. In this case, the polymer chains are not adequately mobile to allow 

penetration of penetrant into the polymer core. The non-Fickian diffusion classified 

into two classes: "Case II transport" and "anomalous transport" (Satish, et ai., 2006). 

Case II transport is observed when the penetrant diffusion is very rapid compared to 

polymer chain relaxation (Rctiff» Rrelax), where the rate of mass uptake is directly 

proportional to time. The anomalous transport is dominated when the penetrant 

diffusion and polymer chain relaxation rates are comparable. 

The higher swelling exhibited by the PMVEIMA:PEG (3: I) ratio, crosslinking time 6 

hours and/or using PEG 100 KDa which possibly attributed to lower numbers of 

hydroxyl groups per unit mass reacting with PMVE/MA (Garland et ai., 2011). Since 

the number of moles of reactive hydroxyl groups on low MW PEG is relatively 

higher. It means that greater numbers of ester links between PEG and PMVEIMA 

will form upon heating, which led to highly crosslinked system (Thakur et ai., 2009). 
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Accordingly, increasing the MW of the crosslinking agent, PEG, decrease content of 

crosslinker and/or decrease crosslinking time to 6 hours, increases the porosity of the 

hydrogel. In addition, polymer:crosslinker ratio alteration did not yield any 

perceptible patterns. 

The present study demonstrated the significance of decreasing crosslinking time on 

the swelling properties of PMVE/MA hydrogels whatever the MW of PEG or 

concentration of PMVE/MA. Because of decreasing the numbers of ester links 

between PEG and PMVE/MA and producing hydrogel networks with lower crosslink 

density and higher average MW between two consecutive crosslinks. Accordingly, 

such materials exhibited higher swelling rates. Since hydrogel films that showed the 

highest degree of swelling will be able to deliver a wide range of dugs including, 

large MW drugs like proteins. Therefore, the highest swollen films were selected for 

further evaluation of mechanical strength, ionic conductivity and swelling with 

electrical current. 

Texture profile analysis (TPA) was developed in the early 1960s to study the 

mechanical properties of foods and their relationship to the texture of foods. In this 

technique, a solid probe is twice depressed into the sample under examination to a 

defined depth at a defined rate, allowing a defined recovery period between 

successive compressions (Jones. et aI. , 2002) but for swollen hydrogel the 

parameters of the first compression cycle were important. The most common 

parameters derived from the TPA curve are the peak force during the first 

compression cycle which is defined as hardness, the maximum force at the first 

significant break in the curve during the first compression cycle, compressibility is 

the positive area of the compression (first area). The negative force area of the 

compression cycle, adhesiveness, is defined as the work necessary to pull the plunger 

away from the sample (Friedman et aI. , 1963; Ferreira et aI. , 2006). 

Such a parameter have been used in the development of pharmaceutical semisolid 

systems to provide information relating to, for example, the ease of expression of the 

product from the container, the spreadability of the product on the substrate (e.g. 

skin, mucosa) and , interestingly, the potential bio-adhesive properties of the 

formulati on and the mechanical properties of swollen polymer (Ferreira et aI. , 2006) 
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Ferrari et aI. , (1994) described the use of the Texture Analyser to characterize gel 

strength and linked increased gel hardness to the degree of crosslinking of 

polysaccharide gels. The use of TP A for the mechanical characterization of 

polymeric gels has many advantages, including applicability to a wide range of 

sample types, short analysis time and little time required for method development 

(lones et al., 2002). The values of adhesiveness were of zero to all the formulations 

examined. This means that when the probe redraws from the samples didn't adhere 

to the base of the mobile probe. This is explained by PEG working as a crosslinker 

rather than a plasticizer in the films, which were hard at room temperature rather than 

elastic. 

Each increase in crosslinking density in hydrogel films altered their mechanical 

properties, resulting in increased hydrogel hardness, increased work required to 

compress each hydrogel to a fixed distance (compressibility) and no effect on 

adhesiveness of the hydrogel to the analytical probe. All the formulations proved to 

be rigid at room temperature but when hydrated presented significantly low value (p 

< 0.05) of hardness and compressibility when compared with the control formula 

F 18 24 hrs. This means that some samples exhibit poor mechanical properties and 

cannot withstand subsequent deformations without breaking their structure. 

In dielectric analysis, a sample is placed between two gold electrodes, and then the 

sample is subjected to an oscillating sinusoidal electric field (Figure 3.20). The 

applied voltage produces alignment or induction of dipoles in the material which 

results in polarisation within the sample and causes a small current to flow which 

leads the electric field by a phase difference (Hilker et al. , 2010). 
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Figure 3 .20. The electrical field created by applying a sinusoidal voltage to the lower electrode 

A dipole is a chemical bond that has unbalanced distribution of charge in a molecule. 

One part is partially negative and the other partially positive. Permanent dipoles exist 
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In the absence of an applied electrical field; and are caused differences in 

electronegativity of the bonded atoms (e.g. C=O, C-N). Induced dipoles are those 

created by the applied electrical field which causes redistribution of electrons shared 

between bonded atoms with similar negativity. PMVEIMA is electrically conductive 

due to their uninterrupted and order n conjugated backbone. The degree of 

conductivity depends on the density and mobility of electrons which act as charge 

carriers (Svirskis et aI. , 2010). In addition to the effect of swelling capability on the 

conductivity of a hydrogel it has been shown that the concentration and ratio of a 

crosslinking agent to the polymer fraction are all important parameters that should be 

considered in the formulation of a conducting hydrogel. Conductivity of 

the hydrogel decreased with increasing crosslinking density (Aouada et aI., 2006). 

The response of an electrically responsive hydrogel is dependent upon a number of 

factors, including formulation conductivity (lm et al., 2010), degree of crosslinking 

and hydrogel swelling capability (Sheppard et al., 1997). As a result, by decreasing 

PEG MW, the number of free hydroxyl groups increases. Accordingly, this resulted 

in increased number of crosslinks with PMVEIMA (Thakur et al., 2009). For 

example, PEG 100 kDa cross-linked hydrogels showed higher degree of equilibrium 

swelling, due to the reduced extent of cross-linking, followed by PMVEIMA-PEG 

20/35 kDa and then PMVE/MA-PEG 10 kDa hydrogels. Similarly, this could be the 

explanation for the greater percentage swelling observed for PMVE/MA-PEG 

hydrogels composed of a 3:1 ratio, in comparison to those of a 3:2 or 2:1 ratio. This 

means that increasing crosslinking time showed greater numbers of ester links 

between PEG and PMVE/MA will form upon heating, resulting in a highly cross

linked system. The stability of those films that crosslinked for 6 hours is not known, 

so stability study was performed to see if the cross linking density increase with time 

or not. 

The reaction between PEG and difunctional acids has been well documented (Zhao 

& Milton Harris, 1998) and the esterification reaction occurred. A direct polarisation 

spectrum of the crosslinked film , obtained experimentally, strong evidence for the 

crosslinking ability of PEG. There was a well resolved cross polarisation spectrum, 

suggesting increasing rigidity of the PEG-PMVE/MA system. This may be ascribed 

to the formation of an ester linkage between PEG and PMVE/MA. This is supported 
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by the presence of new upfield band of the carbonyl carbon (C- 0 bond) a carbon 

singly bonded to oxygen, which have been induced by the formation of an ester bond 

at 70 ppm. 

The stability of hydrogel films were evaluated under storage conditions that test its 

thermal stability and sensitivity to moisture or potential for solvent loss. Sensitivity 

to moisture or potential for solvent loss is not a concern for drug products packaged 

in impermeable containers that provide a permanent barrier to passage of moisture or 

solvent. Thus, stability study for products stored in impermeable containers can be 

conducted under any controlled or ambient humidity condition (ICH guidline, 2003). 

The FI6 crosslinked for 6 hours, and FI8 crosslinked for 24 hours were subjected to 

short-term stability studies and the swelling % was determined. The swelling %, 

irrespective of the formulation and crosslinking time, remained almost the same, 

even after storing at 30°C and 65% RH with and without desiccant for 3 months. 

However, when stored at laboratory bench top condition, the swelling % of two 

formulations was not significantly changed. The swelling % didn't change when 

stored at 30°C, 65% RH and laboratory bench top condition suggested that the 

crosslinking density (ester bond) of the hydrogel remained constant. Due to the low 

crosslinking density of hydrogel films (FI6) crosslinked to 6 hours only it was 

expected that, when stored in controlled environment (such as 30°C and 65% RH in 

this case) or at laboratory condition, the swelling% decreased comparing to zero 

time. Surprisingly, the degree of crosslinking remained constant over 3 months 

which confirmed by swelling%. Finally, this preliminary short-term stability studies 

indicates that these hydrogel films were stable at both conditions over the 3 months 

studied. 

The most commonly used method to study diffusion process in pharmaceutical 

research is the permeation method (Ghosh & Jasti 2004). The experimental set up for 

permeation method consists of donor and receptor half-cells of two chambers 

separated by diffusional membrane. In the present study, it was necessary to swell 

the crosslinked hydrogels formula (F 16 and F 18) to equilibrium before performing 

the permeation studies to investigate the permeation of small and high molecular size 

(MW and hydrodynamic radius). Because of the substantial changes in dimensional 
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of swelling hydrogels when immersed in the solvent until become fully swollen 

hydrogel (Heung et al., 1998; Bell & Peppas, 1996). Ibuprofen sodium and 

ovalbumin were used as a model drugs. This solutes selected were of increasing 

hydrodynamic radius, 3.8 and 30.5 A, respectively. Ibuprofen sodium was analyzed 

by using HPLC method while ovalbumin was analyzed by BCA. 

The % permeation of solute, the permeability (P), diffusion coefficient (D), lag time 

(tlag) and partition coefficient (Kd) were calculated from permeation studies. The 

permeability depends on both solute and membrane properties. The solute size, 

membrane mesh size, crosslink density of hydrogel membrane, pH of medium, 

temperature and also the affinity of the solute with membrane may affect the 

permeation of the solute (He & Lee, 2004; Am Ende et al.,1995). In the present 

permeation study, only the temperature and pH were maintained constant but other 

factors were changed, e.g. two different hydrogels formula and different solutes with 

significantly different molecular size were used. Generally, it was found that 

increasing the PMVE/MA content caused a decrease in the permeation of ibuprofen 

sodium and ovalbumin, irrespective of their molecular size. The transport of the drug 

within a swollen hydrogel affected mainly by the size of water filled spaces between 

hydrogel polymer chains which is making pathway and allowing the diffusing drug 

molecule to pass. Therefore, any factor which affects the dimensions of these spaces 

will have a direct effect on the movement of the solute such as the molecular size of 

the drug model in comparison to the size of the openings between polymer chains 

and polymer chain mobility (Amsden, 1998; Suloff, 2002). In homogeneous 

hydrogels, the polymer chains have a high degree of mobility, where in 

heterogeneous hydrogels, there is a great inter-polymer interaction and subsequently 

the polymer chains have limited mobility at the molecular level. So the openings 

between chains can be considered constant in size and location, same as in the 

hydrogel films used here (Muhr & Blanshard, 1982). 

Practically, the diffusion of a drug through a hydrogel decreases as cross-linking 

density increases, as the molecular size of the drug increases and as the volume 

fraction of water within the hydrogel decreases. Crosslink density is one of the most 

important structural parameters which control the properties of hydrogel films by 

varying the PMVE/MA content in the hydrogel , decreasing crosslinking time and/or 
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by changing the MW of the crosslinker PEG. They have inverse relationship with 

permeabi I ity. 

The partition coefficient (Kd) of solutes between the hydrogels and buffered solution 

measure the solubility of the solute in the membrane. A high value of Kd indicates 

high solubility of solute molecule in the hydrogel membrane which means that there 

is a possible interaction between the solute molecule and the polymer chains, thus the 

solute molecule is easily soluble in the hydrogel. A low value of Kd means that a 

solute molecule has limited solubility in the hydrogel membrane (Hongyan et aI., 

2004). 

The diffusion coefficient was calculated, based on the permeability and partition 

coefficient. Diffusion and permeability coefficients of two solutes through the 

lightly-crosslinked hydrogels prepared from aqueous blends containing 11 % w/w of 

PMVE/MA were higher than those through highly-crosslinked hydrogels prepared 

from aqueous blends containing 15% w/w PMVE/MA. In addition, ibuprofen 

sodium, ionic solute at pH 7, which has the smallest molecular size of 3.8A, showed 

the highest permeation. The transport of ovalbumin through the swollen hydrogel 

films was lower than ibuprofen sodium due to their greater size and MW. There are 

various models describing solute diffusion in hydrogels and the suitability of each of 

the models depends primarily on the nature of the polymer making up the hydrogel. 

It is divided into two groups one of them applicable to hydrogels composed of 

flexible polymer chains (i.e., homogeneous hydrogels) and the second one consist of 

rigid polymer chains (i.e. heterogeneous hydrogels) (Amsden, 1998). In 

hydrodynamic theory, the Stokes-Einstein Equation was used to describe the 

diffusion of solute through hydrogel, in an ideal aqueous medium, which predicts 

that permeability decreases as a linear function of hydrodynamic molecular radius 

(Amsden, 1998). In addition, according to the free volume theory, the rate of solute 

transport is determined by the size of water-filled spaces between hydrogel polymer 

chains which allow the diffusion of a solute molecule (Amsden, 1998). However, in 

the present study, ovalbumin showed limited permeation and diffusion. Therefore, 

these results are indicative of the fact that the permeation or diffusion of the solute is 

affected by the solute size and crosslink density of the hydrogels. 
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3.7. Conclusion 

The present Chapter provides the description of crosslinking of polyethylene glycol 

(PEG) of different MW, with poly(methyl vinyl ether-co-maleic acid (PMVE/MA), 

which resulted in hydrogels of varying degrees of swelling in PBS. Hydrogels 

containing PMVE/MA crosslinked with PEG for 6 hours showed the highest degree 

of swelling at equilibrium, followed by hydrogels crosslinked for 18 and 24 hours. 

Furthermore, swelling behaviour of hydrogel was studied with and without an 

external electric field. Since the response of an electrically responsive hydrogel is 

dependent upon a number of factors, including formulation conductivity, degree of 

crosslinking and hydrogel swelling capability. 

In conclusion, when PMVE/MA cross linked with PEG for 6 hours crosslinking time, 

this produced networks with lower crosslink density, which exhibiting higher 

swelling rates and greater ionic conductivity in comparison to PMVE/MA 

crosslinked for 24 hours. The more open network structure of low crosslink density 

hydrogels enables solute permeation to occur more readily and the greater ionic 

conductivity of these formulations allows a greater solute permeation enhancement 

to occur when subjected to an external electric field. So larger number of drug 

molecules can be delivered through hydrogel. In addition, this study indicates that 

the crosslinking time is crucial parameter that controls the swelling process. 

Moreover, the preliminary short term stability studies indicates that these hydrogel 

films irrespective of crosslinking time, the %swelling remained almost the same and 

were stable over the 3 months studied. From the results in this study, it is clear that 

solutes of either low or high MW, ibuprofen sodium (228 Da) and ovalbumin 

(45,000 Da), have the ability to permeate across the hydrogels of F 16 6 hrs and F 18 

24 hrs. In addition, it may be readily enhanced through the application of an electric 

stimulus across these hydrogels. In particular, F 16 6 hrs film showed high percentage 

of swelling, good mechanical strength and high conductivity upon immersion in fluid 

in comparison with the control formula F 18 24 hrs. Consequently, formula F 16 6 hrs 

may be suitable for the production of novel hydrogel forming MN devices for MN 

mediated iontophoretic transdermal drug delivery like therapeutic peptide and protein 

agents. 
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Chapter 4. A novel microneedle strategy for systemic protein delivery 

4.1. Introduction 

There have been more than 130 therapeutic proteins approved by the Food and Drug 

Administration (FDA) for clinical applications (Sivasubramanian et aI., 2013; 

Mullard, 2011). For the development of a successful protein delivery system, it is 

essential to understand its physicochemical characteristics, such as molecular size, 

conformational stability, pharmacokinetics, pharmacodynamics, biological half-life, 

immunogenicity as well as dose requirement (Cleland, Daugherty & Mrsny 2001, 

Davis, 1999). In addition, a number of challenges and requirements have to be 

addressed since proteins differ in respect to biochemistry and structure from small 

molecular weight pharmaceuticals. Proteins possess complex, three-dimensional and 

highly ordered structures. Any changes in structure of a protein can affect its 

physiological and pharmacological properties (McCrudden et al., 2013; Lu, Yang & 

Sega 2006; Florence & Attwood, 2011). There are many obstacles associated with 

protein delivery. For example, the chemical and physical stability of proteins can be 

reduced by exposure to elevated temperatures, ionic strength and changes in pH 

(Frokjaer & Otzen, 2005). Many routine manufacturing steps involve some of these 

conditions, which could lead to loss of biological activity of the target proteins 

(Tuan-Mahmood et aI. , 2013; McCrudden et aI. , 2013) . 

The most common route of administration for peptide and protein is parenteral 

injection. The oral delivery of protein drugs is limited by pre-systemic rapid 

enzymatic degradation and poor penetration of the intestinal mucosa and epithelium. 

Even when bypassing the strongly acidic environment of the stomach, the intestines 

have significant obstacles to systemic uptake (McCrudden et aI. , 2013; Bakhru et aI., 

2013). As a result of low oral bioavailability of protein drugs, the main route for 

administration of therapeutic proteins systemically is by injections. However, due to 

their inherent characteristics such as short biological half-lives, rapid renal clearance 

and susceptibility to proteolytic enzymes, proteins should be administered by 

frequent injections and therefore associated with poor patient compliance 

(McCrudden et aI. , 2013 ; Sivasubramanian et aI. , 2013). Patient compliance is the 

most important concern in the treatment of any disease; therefore, much effort 

needed to develop sustained protein delivery systems to prolong their therapeutic 

effect following administration and on bolus demand. Subsequently, new routes of 
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protein delivery have been investigated as an alternative to needle injection and to 

improve patient compliance. In particular, enhanced transdermal drug delivery has 

the potential for future routine peptide and protein delivery e.g. microneedle (MN) 

and iontophoresis (IP) . 

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

drug molecules, a means of disrupting the barrier properties of the stratum corenum 

(SC) must be sought. With this intention MN have been developed that can 

painlessly penetrate the se and create micro-pores through which drug molecules 

can readily permeate to the dermal microcirculation for absorption. MN consist of a 

plurality of micron-sized needles, generally ranging from 25 to 2000 flm in height, of 

a variety of different shapes and composition (e.g., silicon, metal, sugars and 

biodegradable polymers) (Tuan-Mahmood et aI. , 2013). Even though the concept of 

MN was first conceived in 1976, it was not possible to make such micron-sized 

medical devices until the first exploitation of microelectromechanical systems 

(MEMS) for this purpose in 1998 (Henry et aI. , 1998). In recent years, MN of 

varying designs have been produced from silicon, metal, carbohydrates and polymers 

using various microfabrication techniques (Henry et aI. , 1998; Prausnitz, 2004). 

However, not all MN geometries are able to pierce the skin at reasonable forces 

without breakage or causing of tissue damage (Ji et ai. , 2006). The main factors 

influencing the force necessary to penetrate the skin and the force MN can withstand 

before fracture are: needle geometry, needle height, tip radius, base diameter, wall 

thickness, wall angle, material properties and needle density (Davis et ai. , 2004; 

Donnelly at ai. , 2012). Moreover, when considering MN penetration into tissue, the 

issue of skin elasticity and its effect upon the reproducibility of MN piercing must be 

addressed . It has been demonstrated that the elastic nature of the skin results in its 

indentation and compression during MN insertion which, in turn, either completely 

prevents MN penetration or leads to incomplete piercing (Martanto et al., 2006 a; 

Martanto et al., 2006 b; Verbaan et ai. , 2007; Verbaan et ai. , 2008). In order to 

achieve successful MN insertion into skin without breaking, penetration forces have 

to be high enough to overcome resistive skin forces. In addition, the MN themselves 

have to be mechanically strong enough to withstand shear forces in the tissue. 

Therefore, to design MN capable of piercing the skin in a safe and reliable manner, 
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the ratio between fracture force and penetration force should be maximised (Park et 

aI., 2007). 

This Chapter involves the fabrication of a novel super swelling hydrogel MN from 

aqueous blends of Gantrez® S97 and the pore forming agent sodium carbonate 

(Na2C03) using a laser-engineered micro-moulding process. Hydrogel MN, once 

inserted swell rapidly, and extensively, without dissolving, allowing rapid 

transdermal drug delivery through the swollen matrix. However, these polymeric 

MN should be strong, with low insertion force, high fracture force and should 

maintain their structural integrity at ambient conditions before application and once 

swollen in skin so as to allow fully intact removed. Therefore, MN should be tested 

in terms of their mechanical strength, skin insertion force, and in-skin behaviour. The 

use of water-soluble and biodegradable polymers eliminates the risk of leaving 

biohazardous sharp waste in the skin, as well as guaranteeing safe MN disposal by 

mechanical destruction or dissolution in a solvent (Park et aI., 2005; Prausnitz & 

Langer, 2008). It is a challenge to incorporate proteins into a hydrogel polymer 

matrix. Many problems may be encountered during preparation including protein 

denaturation by exposure to elevated temperatures and pressures, ionic strength and 

changes in pH. To address these problems, lyophilized patches loaded with a protein 

model were also fabricated. Lyophilisation (or freeze drying) is a stabilizing process 

in which the sample is frozen then a reduction of the solvent content by sublimation 

and followed by desorption to values that will no longer allow biological growth 

(Sastry & Nyshadham, 2005; Biradar, Bhagavati & Kuppasad, 2006; AIHusban, 

Perrie & Mohammed, 20 10; Hirani, Rathod & Vadalia 2009). When lyophilized 

patches in contact with moisture, it instantaneously disintegrates to release the drug 

due to the highly porous microstructure of the matrix (Sastry & Nyshadham, 2005). 

The purpose of using lyophilized patches is two-fold, to enhance protein stability and 

due to its hygroscopic nature (high solid content and full of pores) so it draws water 

into the super swelling hydrogel MN, swelling them more quickly and to a greater 

extent thus enhancing delivery of protein. Super swelling hydrogel MN with high 

water content was viewed as potential efficacious protein delivery tools. Then in 

vitro release from an integrated system of super swelling hydrogel MN and 

lyophilized patches loaded with ovalbumin (OVA) was evaluated. Swollen hydrogels 
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offer effective area for the diffusion of protein which can easily diffuse through a 

hydrogel matrix from lyophilized patches. 

4.2. Aims and Objectives 

The aim was to evaluate a range of hydrogel forming materials for MN production. 

The formation of so called "super swelling" materials, capable of rapid uptake of 

fluid and substantial volume increases were an objective that was investigated. The 

ability of a novel hydrogel forming MN arrays, to facilitate the transdermal delivery 

of a model protein OVA from lyophilized patches was investigated. To achieve this 

aim, the effect of pore-forming agent, sodium carbonate (Na2C03), on the swelling 

kinetics and release of OVA, from PEG-cross linked PMVE/MA hydrogels was 

investigated. Super swelling hydrogel MN produced should be able to demonstrate 

sufficient mechanically strength to penetrate skin, with low insertion force and high 

fracture force, but at the same time swell greatly within a short period of time in skin. 

This study demonstrated work done to examine the diffusion properties of super 

swelling hydrogel using OVA as a model protein. In addition, different formulations 

of lyophilized patches (freeze dried tablet) loaded with OVA were prepared using 

freeze drier. Then the patches were evaluated for hardness, weight variation, 

thickness and friability. After that, the in vitro and in vivo release of OVA from 

lyophilized patches integrated with super swelling hydrogel MN was also 

investigated. 

4.3. Materials and Apparatus 

4.3.1. Materials 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000) was a gift from Ashland, Kidderminster, UK. 

Polyethylene glycol of molecular weight 10,000 Daltons, Sigma-Aldrich, Steinheim, 

Germany. 

Gel Nu PAGE® 10% w /v Bis- Tris gel, NuPAGE® MES, SDS Running Buffer 

(20X), See blue® plus 2 prestained standard and nitrocellulose membranes were 

obtained from Invitrogen Ltd, Paisley, UK. 

Diaminobenzidine (DAB), mercaptoethanol, bromophenol blue and brilliant Blue R-

250, Tween 20 were provided from Sigma, St, Louis, USA. 
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Trehalose was obtained from Merck Darmstadt, Germany. 

Micro BCA ™ Protein Assay Reagent Kit was obtained from Pierce Biotechnology, 

Rockford, IL, USA. 

Monoclonal anti -chicken egg albumin (ovalbumin) antibody produced in mouse 

(moAb), ovalbumin (albumin from chicken egg, grade IIV), fish gelatine, and a 

costar 96 well flat-bottom EIA/RIA plate, phosphate buffered saline with Tween® 

20, pH 7.2, tablet were obtained from Sigma, St, Louis, MO, USA. 

Polyclonal anti-ovalbumin conjugated with horse-radish peroxidase (HRP) produced 

in rabbit was provided by Gene Tex® Inc Alton Pkwy, Irvine, USA. 

Tetramethylbenzidine substrate (TMP) was obtained from Sigma. 

SuperBlock® T20 was purchased from Thermo Scientific, Rockford, IL, USA. 

Phosphate buffered saline tablet form pH 7.3 was provided by Oxoid. 

Silicone elastomer, LSR9-9508-30, Polymer Systems Technology, Wycombe, UK. 

4.3.2. Apparatus 

Oven, Gallenkamp hotbox oven with fan; Sanyo- Gallenkamp PLC, Leicester, UK. 

Centrifuge, Jouan C312 laboratory centrifuge; DJB Labcare, Bukinghamshire, UK. 

GXMGE-5 USB Digital Microscope; Laboratory Analysis Ltd, Devon, UK. 

Digital Camera, IXUS 80 IS Canon, Beijing, China. 

Analytical balance, APX-60, Denver Instruments, Colorado, USA. 

Parafilm®, Pechiney Plastic Packaging, WI, USA. 

All other chemicals were of analytical reagent grade. 

Sterilin Petri Dishes, Sterilin Limited, UK. 

TA.XT-Plus Texture Analyser, Stable Micro Systems, Surrey, UK. 

Electric dermatome, Integra Life Sciences TM, Padgett Instruments, Plainsboro, NJ, 

USA. 

Stainless steel springs, Springmasters Ltd, Redditch, UK. 

EX1301 OCT Microscope, Michelson Diagnostics Ltd, Kent, UK. 

VivoSight® high resolution OCT Scanner with handheld probe, Michelson 

Diagnostics Ltd, Kent, UK. 

ImageJ® image process ing programme, National Institute of Health, USA. 

Ability Photopaint® Vers ion 4 .14 Ability Plus Software Ltd, Crawley, UK. 

The advantage bench-top Freeze-Dried , Virtis, UK. 

Hygrometer Testo 608-H I, Testo, Ltd. , Hampshire, UK. 
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BluLase® Micromachning System, Blueacre Technology, Dundalk, Ireland. 

Laser, Coherent Avia, Coherent Inc., Pittsburgh, USA. 

Galvanometer, Scanlab hurryScan® 10, SCANLAB Inc., Munich, Germany 

A computer interface board, Scan lab RTC4 card, SCANLAB Inc., Munich, Germany 

Tablet moulds were a gift from Warner Chilcott, Lame, UK. 

4.4. Methods 

4.4.1. Fabrication of laser-engineered silicone MN moulds. 

Laser-engineered silicone micromould templates were prepared on the surface of 1.0 

mm thick silicone sheets. Briefly, silicone elastomer (LSR9-9508-30, Polymer 

Systems Technology, Wycombe, UK) was poured into a custom-made aluminium 

mould (1.4 mm x 40 mm x 340 mm) and cured overnight at 40°C. A laser-machine 

tool (BluLase® Micromachning System, Blueacre Technology, Dundalk, Ireland) 

with a laser (Coherent A via, Coherent Inc., Pittsburgh, USA) emitting a beam having 

a wavelength of 355 nm and a pulse length of 30 ns, which is variable from 1 - 100 

kHz, was then employed. The maximum average power of the laser was 7 W, giving 

deliverable pulse energy of 175 uJ. The energy distribution of the beam was 

Gaussian shaped, with a M2 value < 1.2. The M2 factor is a standard measure of 

laser beam quality. A diffraction-limited beam has an M2 factor of 1, and is 

a Gaussian beam. Smaller values of M2 are physically not possible. The M2 factor of 

a laser beam limits the degree to which the beam can be focused. Accordingly, the 

smaller the M2 value, the smaller the focal spot and the more efficient the processing. 

M2 values less than 1.5 are desirable for laser micromachining applications. The laser 

was controlled by BluLase® LasControl® computer software (Blueacre Technology, 

Dundalk, Ireland), which allows the operator full control of the laser power and 

repetition rates, as well as controlling the stages by G-Code (functions in the 

numerical control programming language). An illustration of the system set-up is 

shown in Figure 4.1. 
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Figure 4.1 Illustration of setup of the laser engineering process. 
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The laser beam was directed by a sequence of three-mirrors through an aperture and 

into a galvanometer (Scanlab hurryScan® 10, SCANLAB Inc. , Munich, Germany), 

which is driven by a computer interface board (Scanlab RTC4 card, SCANLAB Inc., 

Munich, Germany) . The galvanometer allows a laser beam to be positioned within a 

field of view of 40 mm x 40 mm. The Scan lab RTC4 card is a computer interface 

board. which provides synchronous, interference-resistant control of scan systems 

and lasers in real time. 

The galvanometer can be controlled by either importing a CAD (computer-aided 

design) file directly onto the control computer, or the system directly through the 

graphical user interface. The use of a CAD-controlled galvanometer negates the need 

for the type of masks used in excimer-based projection laser patterning. The material 

to be processed (silicone sheet) is placed on the stage (under the galvanometer) and 

held stationary by a vacuum chuck while being machined. To remove any debris, an 

air assist was used to blow ablated material into an extraction unit. The laser beam 

was focused to a spot size of 14.0 /-Lm and scanned at a speed of 4000 mm/s over the 

surface of the silicone sheet in the pattern determined by the CAD file. A major 

advantage of the laser drilling process is that needle height and density are not 

restricted by the manufacturing process itself. Through a process of 2.5 D laser 

milling. MN moulds with a varied base diameter. height and interspacing can be 

produced. 
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Silicone elastomer micromoulds were prepared usmg custom-made aluminium 

containers with fitted aluminium stubs in the centre. The silicone elastomer was 

carefully poured into the aluminium container, so that the level of the silicone was 

approximately 5 mm above the surface of the aluminium stubs. To eliminate 

entrapped air, the containers were centrifuged for 15 minutes at 3500 rpm before 

curing overnight at 40.0°C. The silicone elastomer mould was then removed from the 

aluminium container by gently pressing a metal rod against an opening in the base of 

the device. The laser-engineered micromould templates were cut in dimensions to 

exactly fit the silicone mould. The templates were then glued into the mould using 

silicone elastomer, which was cured at 40°C for 40 minutes (Figure 4.2). In order to 

clean the prepared moulds, they were sonicated in warm water for 30 minutes. This 

process could be used to produce MN arrays possessing different geometries (Figure 

4.3), where all parameters are variable. 
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Figure 4.2 Diagrammatic representation of the steps involved in preparation of laser-engineered MN 

arrays. A Teflon® slab is attached to an aluminium stub using cyanoacrylate glue (A). Silicone is 

added to the mould and centrifuged at 3500 rpm for 15 min (8) . After curing overnight, the contents 

of the aluminium container are removed by pressing a metal rod against the aluminium stub (C). 

Silicone mould is carefully peeled away from the aluminium stub (D). A laser-engineered silicone 

sheet is attached to the bottom of the silicone mould using cyanoacrylate adhesive (E). Aqueous 

polymer gel is transferred to the silicone mould (F) . The mould is centrifuged and upon hardening, 

the silicone mould is carefully peeled away from the MN array (G). Side-walls of MN arrays were 

cut-off by means ofa hot scalpel blade (H). 
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a .4---- Microneedle array 
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Aspect ratio = aid (heightof MN/width of MN) 

Figure 4.3 Diagrammatic representation of a microneedle array and its geometrical parameters: (a) 

height of MN in array (b) interspacing of MN tips ( c) interspacing of MN bases (d) width of MN at 

base. 

4.4.2. Preparation o/Gantrez® S97 hydrogel films 

A stock solution consisting of a 40% w/w aqueous solution of Gantrez® S97 was 

prepared with de ionized water. The desired amount of Gantrez® S97 was added 

slowly to water and mixed by a homogenizer speed of 300 -700 rpm for 3 hours to 

yield a clear solution. The blend was allowed to set overnight to avoid bubbles 

formation. Gantrez® S97 hydrogels were prepared by adding the required amount of 

PEG 10,000 and subsequently the pore forming agent Na2C03 added then the blend 

adjusted to the final weight with water. This blend was then centrifuged at 3500 rpm 

for 15 minutes. Films were then prepared by slowly pouring the aqueous blend (30 g) 

into a mould consisting of a release liner (with the siliconized side up) secured to a 

Perspex base plate with a stainless steel clamp. Once assembled, the internal 

dimensions available for casting were 100 x 100 mm2. The mould was placed on a 

levelled surface to allow the blend to spread evenly across the area of the mould. The 

cast blend was dried for 48 hours at room temperature. After drying, the films were 

cured at 80°C, 24 hours to induce chemical crosslinking between PMVE/MA and 

PEG. Films were removed from the mould by simply peeling the release liner, with 

attached film , off the base of the mould . 
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Figure 4.4 Gantrez® S97 hydrogel films. After drying for two days at room temperature, the films 

were cut from the frame, cut into 1 cm 2 pieces and then incubated at 80°C for 24 h to allow 

cross linking to take place. 

4.4.3. Fabrication of super swelling hydrogel forming MN arrays 

Super swelling hydrogel forming MN arrays, containing aqueous blends of20% w/w 

Gantrez® S97 and 7.5% w/w PEG 10,000 were prepared by diluting the 40% w/w 

Gantrez® S97 stock solution and mixing it with the required amount of PEG 10,000 

solution and subsequently 3% w/w Na2C03 added. After that 500 mg of the blend 

were poured into the moulds, centrifuged at 3000 rpm for 15 min and dried at room 

temperature for 48 hours. Subsequently, the moulds were heated at 80°C for 24 

hours. Upon cooling, the MN arrays were removed from the moulds. 

4.4.4. Fabrication of hydrogel forming MN arrays 

Aqueous blends containing 15% w/w Gantrez® AN139 and 7.5% w/w PEG, 10,000 

were utilized to fabricate MN by using laser-engineered silicone micromould 

templates (control formmula) (Donnelly et aI. , 2011; Donnelly et aI., 2012). MN 

were crosslinked (esterification reaction) by heating at 80°C for 24 hours (Thakur et 

aI. , 2012 ; Thakur et aI. , 2010), and the sidewalls formed by the moulding process 

removed using a heated blade. In addition, hydrogel forming MN arrays from (F 16), 

containing aqueous blends of 11 % w/w Gantrez® AN 139 and 7.5% w/w PEG 

10,000 (selected on the basis of the results obtained from the swelling, ionic 

conductivity and drug permeation studies conducted from previous chapter) were 

prepared as control formula (Figure 4.5). 
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Figure 4.5. Hydrogel forming MN arrays (F 16), containing aqueous blends of 11 % w/w PMVE and 

7.5% w/w PEG 10,000 crosslinked for 6 hrs . 

4.4.5. Optical coherence tomographic (OCT) assessment of MN penetration 

The penetration characteristics of 19 x 19 MN arrays following insertion into excised 

neonatal porcine skin was determined using OCT. Neonatal porcine skin was 

obtained from stillborn piglets and immediately « 24.0 hours after birth) excised and 

trimmed to a thickness of 700.0 flm using an electric dermatome. Skin was then 

stored in aluminium foil at -20.0°C until further use. The skin was then placed onto a 

sheet of dental wax for support. MN were inserted using manual application for 30 

seconds, and immediately viewed using an EX1301 OCT Microscope (F igure 4.6) . 

.. 11 • 

Figure 4 .6. Image of EX 130 I OCT Microscope Michelson Diagnostics Ltd, Kent, UK 

The swept-source Fourier domain OCT system has a laser centre wavelength of 

1305.0 ± 15.0 nm, facilitating real time high resolution imaging of the upper skin 

layers (7.5 flm lateral and 10.0 flm vertical resolution). The skin was scanned at a 

frame rate of up to 15 8-scans (20 cross-sectional scans) per second (scan width = 

2.0 mm). 30 images were analysed using the imaging software ImageJ®. The scale of 
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the image files obtained was 1.0 pixel = 4.2 f!m, thus allowing accurate 

measurements of the depth of MN penetration, the width of pore created, and the 

distance between the MN base plate and the stratum corneum (Figure 4.7). To allow 

differentiation between MN and skin layers false colours were applied using Ability 

Photopaint® Version 4.14. In all instances, five replicates were performed. Super 

swelling and F16 hydrogel MN arrays (Height = 600 f!m, Width = 300 f!m, 

Interspacing = 50 f!m) were inserted into neonatal porcine skin using manual 

application. 

c -~.~ cpidCl1nis 

Figure 4.7. Diagrammatic representation of the measurements recorded from the aCT images of MN 

penetration into neonatal porcine skin, namely (a) the distance between the lower MN base plate and 

the stratum corneum, (b) the depth of MN penetration into the skin and (c) the width of the pore 

created in the skin. 

4.4.6. Penetration characteristics and dynamic in-skin alterations in the dimensions 
in vitro 

The effect of the force of application used for MN insertion into neonatal porcine 

skin was assessed using the method described above. Briefly, super swelling 

hydrogel MN arrays (Height = 600 f!m , Width = 300 f!m, lnterspacing = 50 f!m) 

were inserted into neonatal porcine skin using the developed spring activated 

applicator at varying forces of 4 N, 7 N, 11 N, and 16 N/array, and the penetration 

characteristics visualised using optical coherence tomography, as described above. 

The EX 1301 OCT Microscope was used to visualise the in situ swelling of the MN, 

in real time, whilst in full thickness neonatal porcine skin (1.0 mm), at varying time 

intervals over a 3 hours period. As these experiments were being conducted within 

the offices of Michelson Diagnostics . 
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4.4.7. Mechanical characterisation of super swelling microneedle arrays 

Measurement of axial fracture forces 

In order to determine the axial forces (parallel to MN shaft) necessary for mechanical 

fracture of the MN, arrays of 19 x 19, were fixed to the tip of a moveable cylindrical 

probe (length 5 cm, cross-sectional area 1.5 cm2
) of the Texture Analyser using 

double-sided adhesive tape. An axial compression load was then applied. The test 

station pressed the MN arrays against a flat aluminium block at a rate 0.5 mm S-l 

with defined forces for 30 seconds, as shown in Figure 4.8. The pre-test and post-test 

speeds were 1.0 mm S-l, and the trigger force was set at 0.049 N. MN were subjected 

to defined forces of 0.05, 0.18, 0.36, 0.71 and 0.9 N per needle (i.e., 18.05, 64.98, 

129.96, 256.31 and 324.9 N per 19x 19 MN array). All MN of each array were 

visually examined using the digital microscope before and after fracture testing and 

changes in height were recorded by using the digital microscope's computer software 

(View Solutions Inc. version 100 I, GE-5 Digital Microscope). 

:\Io"eable aluminium 
probe 

_\lumillium block 

Figure 4.8. Illustration of Texture-Analyzer set-up for the determination of fracture forces of the MN 

arrays. 

Measurement of skin penetration forces 

The force required for skin penetration of super swelling hydrogel MN was 

determined using dermatomed piglet skin. Stillborn piglets were obtained from a 

local farmer. To obtain 400 - 500 /lm thick skin, the piglets where dermatomed using 
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the electric dermatome. Before performing penetration studies, the skin was shaved 

using a disposable razor. The dermatomed skin was then placed on laboratory film 

(Parafilm®), which was then fixed on a flat dental wax sheet. Arrays of super 

swelling hydrogel MN were glued to the tip of the moveable cylindrical probe of the 

Texture Analyser. The test station, in compression mode, then pressed MN arrays 

against the dermatomed piglet skin at a speed of 0.5 mm/s for 30 seconds with 

known forces of 0.05, 0.18 and 0.9 N/needle. Following MN removal, methylene 

blue solution (1 % w/v) was applied to the skin surface and left for 15 minutes. The 

solution was then gently wiped off, first with dry tissue paper and then with saline 

and alcohol swabs. The surface of the stained skin was then photographed using the 

digital camera and the percentage number of holes (micro-conduits) was determined 

by visually counting the methylene blue stained micro-conduits. 

Break strength and flexibility of MN arrays base-plates 

MN may be applied at different forces and at different body sites. So a degree of 

flexibility is required to allow efficient penetration of all the MN in an array without 

breaking the base-plate, therefore, it is important to know break strength and 

flexibility of MN base-plates. The break strength and the degree of flexibility tests of 

the MN base-plates were performed with a novel distance-force test using the 

Texture Analyzer, previously calibrated with a 2.0 kg load weight. MN base-plates of 

10 x 10 mm were placed on two aluminium blocks, which were previously fixed on 

the working stage of the Texture Analyzer. For all measurements the Texture 

Analyser was set in compression mode and an aluminium probe (5.5 cm in length), 

with a blunt-end (1 mm thickness) was accelerated towards the MN base-plates at a 

test speed of 1.0 mm/so Only results from MN base-plates that were observed to 

break in the middle region during testing were measured. From the peak maximum 

of the force-distance curve, the break strength of the MN base-plates was noted. In 

addition, to determine the maximum allowed degree of flexibility before breaking a 

mathematical equation was used to determine the degree of flexibility of the MN 

base-plates, as shown in Figure 4.9. All tests were carried out at ambient conditions 

of22 ± 2°C and a relative humidity of 43 ± 2% (measured using Hygrometer) . 
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Figure 4.9. Illustration of the (A) Texture Analyzer set-up, (8) Method of measuring the degree of 

flexibility of the crosslinked MN base-plate film (C) Equation used to determine the degree (angle) of 

flexibility of the crosslinked MN base-plates. 

Transverse failure force of MN arrays 

In order to investigate the mechanical strength of the out-of-plane super swelling MN 

arrays, a transverse fracture force test was performed. In each case, the transverse 

failure forces (perpendicular to MN shaft) of MN arrays (19 x 19) were measured 
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with the Texture Analyzer, in compression mode, previously calibrated with a load 

cell of 2.0 kg. A compound table for a micro drill device, consisting of four T slots, 

for clamping the MN , and equipped with fine adjustment wheels on the front and 

left-sides, was employed, as shown in Figure 4.10. A specially-designed aluminium 

probe (3.7 mm thickness at the tip) was moved towards the MN arrays (fixed 

perpendicularly to compound table) at a test speed of 0.05 mm/so The position of the 

MN array was fine adjusted so that the probe fractured the MN at a fixed point on 

their height. From the peak maximum of the force-distance curve, for each row of 

MN (19 in each row) in an array, the force required to fracture a single-MN was 

determined by simply dividing by 19. All MN of each array were visually examined 

using a digital microscope before and after fracture testing and changes in height 

recorded. The percentage decrease in MN height was then reported. All tests were 

carried out at ambient conditions of 22 ± 2°C and a relative humidity of 43 ± 2% 

(measured using hygrometer). 
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Figure 4 . 10 . Illustration of the Texture-Analyzer set-up for the determination of the transverse failure 

forces of the MN arrays. 
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4.4.8. Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra for un-crosslinked Gantrez® S97 and super swelling films were 

recorded at 25°C (General Electric QC500 spectrometer) using a 5 mm probe and 

operating at 126 MHz for carbon, with CDCl3 as solvent. Solid-state I3C NMR 

spectra were obtained under CP/MAS and DP/MAS conditions on a Varian UNITY 

Inova spectrometer with a 7.05 T Oxford Instruments magnet and a 7 mm "standard" 

MAS probe (Doty Scientific Instruments) operating at 300 MHz. A film sample (200 

mg to 250 mg) was placed in a double -bearing rotor made of zirconia. The spinning 

speed was set in the range 4800-5000 Hz. Cross polarisation (CP) experiments 

favour rigid samples, while direct polarisation (DP) experiments favour flexible 

samples. Magic angle spinning (MAS) overcomes chemical shift anisotropy. NMR 

was done by the EPSRC facility at Department of Chemistry, Durham University. 

4.4.9. Preparation of lyophilized patches 

A range of lyophilized patches loaded with OVA were prepared and evaluated. The 

one that contained 10% w/w gelatin, 40% w/w mannitol, 10% w/w NaCI, 1 % w/w 

sucrose and 0.5% w/w OVA was chosen for further evaluation since it exhibited 

good morphology and mechanical strength. Ovalbumin was dissolved in distilled 

water, followed by the addition of gelatin , mannitol, NaCI and sucrose then mixed by 

speed mixer 3000 rpm for 60 sec, and sonicated at about 40°C in the sonicator for 60 

min. A 500 mg of the resulting solution was dosed into a tablet mould (Figure 4.11), 

frozen at -80°C for a minimum of sixty minutes and lyophilized in the Freeze-Drier 

(Figure 4.12) according to the following regime; primary drying for forty eight hours 

at a shelf temperature of -40°C, secondary drying for ten hours at a shelf temperature 

of 20 °C and vacuum pressure of 50 mTorr. 

Figure 4.1 I. Tablets moulds used in the advantage bench-top Freeze-Dried, Virtis, UK 
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Figure 4. 12. The advantage bench-top Freeze-Dried system, Virtis, UK 

4.4.10. Evaluation o/lyophilized patches 

Weight variation test 

Twenty patches were selected randomly, weighed individually and their average 

weight was calculated to determine the weight uniformity. The percentage deviation 

of each tablet from the average weight was determined and the standard deviation 

was calculated. 

Determination 0/ OVA content 

Five of the lyophilized patches loaded with 2.5 mg OVA were weighed individually. 

The samples for analysis were prepared by dissolving each array in PBS. Then, the 

content of obtained OVA solutions were determined using standard curve obtained 

from known concentrations of OVA standard solutions ranging from (2- 40 ).lg/ml) . 

The assay was carried out using a Micro BeA ™ Protein assay reagent kit and 

Ell SA. 

Thickness 

The thickness of the tablets was determined by using calipers. Five patches were 

used and average values were calculated. 
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Hardness 

Hardness indicates the ability of a tablet (patch) to withstand mechanical shocks 

while handling. The hardness of the tablets was determined using Copley Hardness 

Tester (Figure 4.13). It is expressed in kg/cm2
. The hardness of lyophilized patches 

(freeze drier tablets) was determined using hardness tester then the mean and 

standard deviation were calculated. 

e COPLllV 

Figure 4.13 . Tablet hardness tester, Copley scientific, UK 

Friability test 

For friability test, twenty patches from were weighed and placed in the friabilitor 

(Figure 4.14). The patches were initially weighed (Wo) and transferred into 

friabilator. The friabilator was operated at 25 rpm for 4 minutes or run up to 100 

revolutions. The tablets were weighed again (W). The % friability was then 

calculated by, % Friability = (W-Wo/Wo)*100% . 

. -..v 

Figure 4.14. Friability Tester, Copley scientific, UK 

138 



Chapter 4: A novel microneedle strategy for systemic protein delivery 

4.4.11. Sodium dodecyl sulphate- polyacrylamide gel electrophoresis (SDS-PAGEj 

Changes in the primary structure of OVA were investigated using SDS-PAGE after 

being incorporated into freshly prepared lyophilized patches. OVA standard solution 

was prepared at concentration 100 flg/ml in PBS. lyophilized patch was dissolved in 

PBS to obtain a final concentration of 100 flg/ml. Samples were resolved through 

Gel Nu PAGE® 10% w/v Bis- Tris. First, the samples were prepared by mixing 20fll 

with 10fll treatment buffer (ddH20 16 ml, 0.5 M Tris, pH 6.8 5 ml, 50% glycerol 8 

ml, 10% SDS 8 ml, 2-P mercaptoethanol 2 ml (add immediately before use), 

bromophenol blue, 10% v/v acetic acid). Then, the samples were heated for 10 min at 

97 QC then cooled to room temperature before loading onto the gel. The loading step 

was started by loading the see blue® plus 2 prestained standard (IX) at volume of 7 

fll. Then, 10 fll of standard OVA and OVA incorporated into lyophilized patch were 

loaded onto the gel. The gel was electrophoresed at 200 volts for approximately 1 

hour until the tracking dye front (Bromophenol blue) moved to the bottom of the gel. 

The gels were stained with Coomassie brilliant blue (Coomassie Blue Stain 10% v/v 

acetic acid, 0.006% (w/v) Coomassie Blue dye and 90% H20) for 2 hours. Then, the 

gel page was then soaked in destaining buffer (destaining solution 10% v/v glacial 

acetic acid, 20% v/v methanol , 70% ddH20) overnight to remove the stain from 

solution. The molecular weight of the OVA band was compared with the standard 

molecular weight marker which is 45 kDa. 

4.4.12. Fabrication of occlusive adhesive patch 

An occlusive adhesive patch was designed to prevent fluid evaporation from the 

outer baseplate of the MN array during in vivo study. Duro-tak® adhesive grade 387-

2054, a hydrophobic pressure sensitive adhesive, was first prepared as the adhesive 

layer of the patch. A layer of siliconised release liner was secured around a large 

glass tile, with siliconised side up. Layers of Scotch™ tape, 50 flm thick, were then 

applied along the length of each side of the covered tile to form parallel runners to 

achieve the desired width. Five layers of tape were applied on top of each other on 

each side to produce a total thickness of 250 flm . The adhesive was then poured on 

one end of the covered tile in a 'T' shape and a glass rod used to smear the adhesive 

over the area with its ends in continuous contact with the runner to produce an 
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adhesive film of 250 Ilm thick (Figure 4.15). The resultant film was then left to dry 

overnight. After drying, the Scotchpak™ film was then secured over the adhesive 

film to produce a three-tiered system of liner-adhesive-occlusive backing (Figure 

4.15). Prior the setup of in vivo release experiment, patch portions were cut to a 

desired size and the liner removed prior to attachment to an integrated system of MN 

and lyophilized patches . 

Glass Rod 

A ~ 

A.------->to~ 

! 
/ 

Release liner covered 
glass ble 

... r--r-- --

~ 

'----.. r--s 

Duro-Take 
387-2054 

cotch TU tape 

B ...------= Liner 

..------- AdheSive 

~ __ "'''~". mm 

FigureA.15 . (A) Adhesive Film preparation and (B) Layer order in occlusive adhesive patch . 

4.4.13. ELISA methodfor detection of OVA releasedfrom lyophilized patches 

Monoclonal anti-chicken egg albumin (ovalbumin) antibody produced In mouse 

(moAb) was diluted in 0.1 M bicarbonate buffer, pH 9.6 to the optimized 

concentration of 2 .5 Ilg/ml. An aliquot (50 Ill) of anti-ovalbumin was dispensed into 

the plate and incubatedu overnight at 4°C. The plate was filled with washing buffer 

0.05% v/v Tween-PBS and soaked for 30 seconds before discarded. This process was 

repeated 5 times. Then, the plate was turned onto absorbance paper to remove any 

remaining buffer. The plate was blocked with SuperBlock® T20 buffer (150 Ill/well) 

and incubated for 2 hours at room temperature. For the calibration curve, OVA 

solutions were fre shly prepared at a concentration of 1 mg/ml in PBS produced 

concentrations of 1 Ilg/ml to 10 ng/ml. A 50 III of sample was dispensed into wells, 

each sample was anal ysed in triplicate. The plate was covered and incubated for 1 
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hour at room temperature. The plate was washed and incubated with rabbit anti 

chicken OVA polyclonal antibody conjugate with horse-radish peroxidase (HRP) at 

the optimized concentration of 5 Ilg/ml in SuperBlock® T20 buffer for 1 hour at 

room temperature. After the plate was washed, 50 III of TMP was added to each well 

to detect antibody binding and incubated for 15 min. Colour development was ended 

using 50 Ill/well of 4.0 M HCl and optical density was measured at 450 nm using a 

micro plate reader spectrophotometer. 

4.4.14. In vitro release from an integrated system of lyophilized patches and super 

swelling hydrogel MN 

In vitro ovalbumin delivery experiment was performed USIng the Franz cell 

apparatus. Briefly, neonatal porcine skin was obtained from stillborn piglets and 

immediately «24 hours after birth) excised, and trimmed to a thickness of 350 Ilm 

using an electric dermatome. Skin was then stored in aluminium foil at -20°C until 

further use. Neonatal porcine skin samples were shaved carefully so as not to damage 

the skin and pre-equilibrated in phosphate buffered saline pH 7.4 (PBS) for 15 

minutes before beginning the experiments. A circular specimen of the skin was 

secured to the donor compartment of the diffusion cell using cynoacrylate glue with 

the stratum corneum side facing the donor compartment. This was then placed on top 

of dental wax, to give the skin support, and MN arrays inserted into the centre of the 

skin section, using a spring activated applicator at a force of 11 .0 N per array. Then 

the lyophilized patches was placed on the top of MN and a circular steel weight 

(diameter 11.0 mm, 3.5 g mass) was then placed on top of the patch. Furthermore, a 

piece of laboratory film (Parafilm®) placed over the Franz cell lid. With MN arrays 

in place, donor compartments were mounted onto the receptor compartments of the 

Franz cells. At predetermined time intervals, a 300 fll sample was collected via the 

side arm of the Franz cell and the receiver compartment immediately replenished 

with an equivalent volume of release medium. All samples were analysed using 

ELISA. 

4.4.15. In vivo evaluation 

Prior to experimentation rats were acclimatised to laboratory conditions for a 7 day 

period. All animal experiments throughout this study were conducted according to 

the policy of the federation of European Laboratory Animal Science Associations 
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and the European Convention for the protection of vertebrate animals used for 

experimental and other scientific purposes, with implementation of the principles of 

the 3R's (replacement, reduction, refinement). 

Super swelling hydrogel MN arrays (composed of 361 (l9x 19) needles perpendicular 

to the base. The MN were of conical shape, 600 flm high with base width of 300 flm 

and 50 flm interspacing) and were manually inserted into the skin at a site on the 

rat's back. In order to keep the MN array in place for a 24 hours period and provide 

occlusion of the administration site, an adhesive frame was applied on top of the MN 

baseplates. The lyophilized patch was placed on the top of MN. Then an occlusive 

adhesive patch was designed to prevent fluid evaporation from the outer baseplate of 

the MN array. So an occlusive patch was applied on top of lyophilized patches. The 

occlusive patch was prepared as described in section 4.4.10. To prevent animals from 

removing the applied patch, patches were secured to the skin with an elasticated 

tubular bandage (Tubigrip) was placed around the area of MN application. After 

application of an integrated system of super swelling MN arrays and lyophilized 

patches, blood samples were collected at different time points over a 24 hours period 

by lateral tail vein prick. Blood OVA levels were expressed as blood OVA levels and 

calculated values were plotted against time to obtain blood OVA level-time profiles. 

4.4.16. Statistical Analysis 

Data was analyzed using the Student's Hest, one-way ANOVA, Mann-Whitney and 

Wilcoxon tests to compare between groups. A p value less than 0.05 was considered 

as a significant difference. 
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4.5. Results 

Figure 4.16 shows a screenshot of the machine strategy for an array of needles (11 

x 11 array, base diameter of 600 )J.m, height of 600 )J.m and interspacing of 300 )J.m) 

(A), as well as a close up of a single needle-shaped hole (8). Digital microscope 

(GXMGE-5 digital microscope, Laboratory Analysis Ltd, Devon, England, UK) 

images of a MN micromould (11 xli array, base diameter of 600 )J.m, height of 600 

)J.m and interspacing of 300 )J.m) as well as a single MN mould are also shown in 

Figure 4.16 (C and D) . 
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Figure 4 .16 (A) MN array (11 x 11) pattern drawn on the system for laser engineering of holes into 

silicone sheets. (8) Strategic image of a single hole . (C) Digital microscope image of laser-engineered 

silicone micromould (11 x 11 ) on 1.0 mm thick silicone sheet. (D) Digital microscope image of a 

single hole . 

To facilitate observation of the shape of the holes machined by the laser into the 

transparent silicone sheets. scanning electron microscope (JEOL JSM840, Tokyo, 

Japan) images of cross-sectioned moulds were produced, as shown in Figure 4.17 A. 
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Initial testing produced MN arrays with roughened surfaces (Figure 4.178). As the 

laser beam is scanned in a given direction, successive pulses overlap each other. The 

percentage of overlap is determined by the scan speed of the galvanometer and the 

repetition rate of the laser. Roughness can occur, due to a low percentage overlap of 

the laser beam. To ensure a smoother surface, the percentage overlap of successive 

laser pulses was optimized at 95%, which produced MN as shown (Figure 4.17C). 

The time taken to machine an array of 11 x 11 needles with 300 Ilm width at base, 

600 Ilm height and 300 Ilm interspacing was approximately 5.4 minutes. Cleaning 

the entire micromould down to the tip of each MN indentation was found to be a 

crucial step in preparation of uniform, consistent, MN arrays. 

c 

Figure 4.17 (A) SEM of the cross-section of a silicone micromould after laser engineering, revealing 

cone-shaped holes . (8) MN arrays prepared from aqueous blends containing 20% w/w Gantrez® AN 

139 with 50 I1m height showing roughened outer surface. (C) MN arrays prepared from aqueous 

blends containing 20% w/w Gantrez® AN 139 with 300 I1m height showing optimised surface 

characteristics. 

In the previous Chapter, hydrogels films swelling studies and permeation results 

enabled the early elimination of various formulations and selection of one formula 

(F 16) for further evaluation to be prepared as MN . In this Chapter, a range of 

hydrogel formin g materials for MN production was evaluated. The formation of so 
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called "super swelling" materials, capable of rapid uptake of fluid and substantial 

volume increases was investigated. Various formulations of super swelling hydrogel 

films formulation that contain the pore forming agent such as Na2C03 were prepared. 

A summary of some hydrogel formulations were detailed in Table 4.1. Results 

indicated that the addition of Na2C03 caused higher %swelling values. Also, it 

showed that changing PMVE/MA pH from 2 to 4 and addition ofNa2C03 dissolved 

the film. After evaluation of these results, film prepared from 20% w/w Gantrez® 

S97, 7.5% w/w PEG and 3% w/w Na2C03 was selected for further evaluation when 

prepared as MN. 

Table 4.1. Summary of the super swelling hydrogel formulations, (Mean ± SD, n=3) 

Formulation no. 

Control formula 
(Singh et aI., 2009) 

2 

3 

4 

Ingredients 

Gantrez® AN139 15% 
PEG 7.5% 

Gantrez®S97 15% 
PEG 7.5% 

Gantrez® S97 20% 
PEG 7.5% 
Na2C033% 

Gantrez® AN139 15%, pH 4 
PEG 7.5% 
Na2C033% 

Gantrez® AN139 16%, pH 4 
PEG 6% 
Na2C033% 

%Swelling at equilibrium 

1071 ± 106 

918 ± 13 

1708 ± 125 

Dissolved 

Dissolved 

Figure 4.18 shows the swelling results of super swelling hydrogel films in PBS. The 

hydrogel with pore forming agent showed greater initial swelling and reached 

equilibrium more quickly than the control formula 15% PMVE/MA: 7.5% PEG. For 

example, after 1 hour, the %swelling of hydrogels prepared from aqueous blends 

containing was 1119%; whereas it was 250% for control formula. Hydrogels 

prepared from aqueous blends containing 3% w/w Na2C03 showed a significant (p < 

0.05) increase in % swelling e.g. the equilibrium % of swelling was 1157% and 

1708% for control and super swelling formula, respectively. In addition, initial rate 
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of swelling (ri) values were comparable to that of the percentage swelling (Table 

4.2). For example, hydrogels prepared from aqueous blends containing 3% Na2C03 

and control formula showed ri value of 53.2 and 3.7 min- I, respectively. Figure 4.19 

shows the liner regression plots derived from swelling curves using Equation (3.3) 

and the swelling parameters are shown in Table 4.2. 
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Figure 4.18. Percentage swelling of super swelling hydrogel 20% w/w PMVEIMA, 7.5% w/w PEG 

and 3% Na2C03, (Mean ± SO, n=3). 

To examine the controlling mechanism of the swelling process of super swelling 

hydrogel 20% w/w PMVEIMA, 7.5% w/w PEG and 3% Na2C03, the second order 

kinetic model (Equation 3.3) was used to process the experimental data. To analyse 

the kinetic model, liS versus I graphs were plotted and respective swelling rate 

parameters were determined. Figure 4.19 shows representative linear regression plots 

of the swelling curves derived from Equation (3 .3). As can be seen from Table 4.2 

diffusional exponent, n, was 0.76 by using Equation (3.4), indicating an Anomalous 

mechanism of water uptake. In addition, diffusion coefficient (Di) was 2.47 x 10-6 

cm2 min-I. The volume fraction of polymer, ~, determined using Equation (3.6), 

showed value 0.045, the number average molecular weight between crosslinks, Mc, 

determined by Equation (3 .5), was 6793627 g/mol. The crosslink density, Ve, 

determined using Equation (3 .8) was 1.08 x 10
19

• 
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Figure 4.19. t/S versus t swelling curves of super swelling hydrogel 20% w/w PMVE/MA, 7.5% w/w 

PEG and 3% Na2C03, (Mean ± SO, n=3). 

Table 4.2. Swelling mechanisms and diffusion coefficients of PEG-crosslinked PMVE/MA hydrogels 

n D l/J X Mc eq Ve 

0.7614 2.47E-06 0.045963 0.515321 6793627.296 1.08E17 

After evaluation of these results, two formulations were selected for further 

evaluation when prepared as MN, super swelling formula prepared using 20% w/w 

Gantrez® S97, 7.5 % w/w PEG and 3% w/w Na2C03 and Formula 16 6 hrs from 

Chapter 3. Both of them formed properly in terms of needle shape but F 16 was 

elastic in comparison with the super swelling formula which was harder than F 16 

(Figure 4.20). OCT was used to investigate the ability of MN to penetrate skin 

without bending or breaking during insertion into the skin. 

Figure 4.20. Super swelling MN arrays as (A) xerogel and (B) after swelling in PBS for 3 hours. 
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··OCT was used to visualise the depth of the pore created within the skin immediately 

following insertion of MN of F 16, super swelling and control formula into neonatal 

porcine skin. From the OCT study, it was found that the penetration of MN into 

neonatal porcine skin was 49.9 ± 2.7% ,77.9 ± 4.5 % and 77.5 ± 4.5 % for F16 , 

control formula and super swelling MN, respectively, using gentle finger pressure 

force. 

Table 4.3. Effect of MN height upon penetration characteristics into neonatal porcine skin (Mean ± 

SO, n = 5) 

F16 Control Super swelling 

Height (Ilm) 600 600 600 

Penetration depth (Ilm) 299 ± 16 467 ± 27 465 ± 28 

Penetration (%) 49.9 ± 2.7 77.9 ± 4.5 77.5 ± 4.5 

It can be seen that there was a significant difference in the depth of penetration into 

skin (p < 0.01) between F 16 and control formula. While there was no significant 

difference (p> 0.05) between super swelling and control formula. In particular, F16 

MN only penetrated to a skin depth of approximately 299 ).lm, whilst significantly 

greater penetration depths of 467 ).lm, respectively, were achieved using control and 

super swelling formula (Table 4.3). OCT has enabled identification of a suitable 

formulation (super swelling formula) for drug and protein delivery that may be 

appropriate for the production of hydrogel-forming MN devices. Since the aim of 

this Chapter is to transdermally deliver a model protein to the systemic circulation, 

and super swelling MN were capable to penetrate to a higher depth than F16, further 

characterizations of super swelling formula were also carried out. 

An array of super swelling MN 19 x 19 (Height = 600 ).lm, Width = 300 ).lm, 

Interspacing = 50 ).lm) was used in investigating the change in height of individual 

MN, before and after the compression test. Figure 4.21 shows a decrease in the 

height of super swelling hydrogel forming MN with increase in the fracture forces 

applied. In general, the reduction in MN height was linear with increase in the forces 

applied. For example, the percentage of reduction in MN height was 1.61 %, 13.28%, 

14.60%,25.54% and 42.94% when the applied forces were 0.05, 0.18, 0.36, 0.71 and 
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0.90 N per needle, respectively. So with increasing forces, a greater reduction in the 

MN height was recorded. These MN were hard in nature but not brittle. Figure 4.22 

shows the digital microscope images of the MN after subjecting them to fracture 

force by axial load. It is important to note that regardless the applied force, super 

swelling MN did not break or shatter during the insertion into the skin. 

Figure 4.21. The percentage reduction in height of hydrogel -forming MN (20% Gantrez® S-97, 7.5% 

PEG 10,000, 3% Na2C03) tested as a function of compression forces of 0.05, 0.18 , 0.36 , 0.71 and 0.9 

N per needle (Mean + SO, n=3) 

Pre-force application 

O.OSNlNeedle O.lSN INeedle O.36NlNeedle O.71NlNeedle O.9NlNeedle 

Figure 4.22. Digital microscope images of hydrogel-forming MN (20% Gantrez® S 97, 7.5% PEG 

10,000, 3% Na~C03 ) following the application of different fracture forces (0.05 , 0.18, 0.36, 0.71 and 

0.9 N/needle). These images are representative of the comparative decrease in the height of MN 

observed following the application of the different fracture forces (Scale bar represents 300 ~m) . 
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Skin penetration of super swelling MN was investigated using dermatomed piglet 

skin (approximately 350 - 450 /lm thicknesses) and the percentage number of holes 

(micro-conduits) created by the MN arrays was determined after staining with 

methylene blue. In general, with increasing applied forces, the penetration efficiency 

of the MN also increased (Figure 4.23). The micro-conduits created by the MN 

arrays are clearly visible at each of the applied forces. In the case of the 0.9 N/needle 

applied force , the micro-conduits created could be traced onto the surface of the 

laboratory film (Parafilm®) placed beneath the dermatomed piglet skin. This 

indicated that at this highest insertion force, the depth of penetration was at its 

greatest. 

O.OSN/Needle O.18N INeedle O.9NlNeedle 

Figure 4.23. Digital images showing micro-conduits in skin following application of fracture forces of 

0.05 , 0.18 and 0.9 N/needle, respectively. In most cases, the skin was stained post-MN application but 

in some instances, the skin was stained pre-MN application (e.g. 0.36 N/needle application). 

The mean forces required to break the hydrogel MN base-plates of super selling MN 

was 4.86 N. The average angle of bending, before breaking, of MN base-plates for 

F3 was 0.17°. The higher angle of bending represents higher degree of flexibility of 

the MN base-plates. The application of a force (perpendicular to the MN shaft) of 

approximately 0.05 N per MN caused transverse failure of MN 600 urn in height, 

such that the MN height was reduced by approximately 36 %. There are two ways 

for MN insertion to the skin either by using 'gentle finger pressure' or the spring

activated applicator at predetermined force. It can be seen from Table 4.4 that there 

was difference between the applicator which was capable of providing a consistent 

application force in the range of 4 - 16 N and gentle finger pressure. 
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Table 4.4. The etTect of force of application upon the resultant penetration characteristics of super 

swelling MN (height 600 ~m, width 300~m, interspacing 50 ~m) into neonatal porcine skin. (Mean ± 

SD, n = 10). 

Force MN penetration 

(N/array) depth (/-lm) 

4 201 ± 31 

7 322 ± 35 

11 430 ± 20 

16 571 ± 8 

Manual 465 ± 28 
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209 ± 10 

214±17 

219 ± 8 

228 ± 12 
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11 

Force (N) 

Base plate/Stratum 

corneum distance (/-lm) 

398 ± 31 

277 ± 35 

169 ± 20 

29 ± 8 

134 ± 28 

16 Manual 

Figure 4.24. The effect of application force upon the resultant penetration of MN (l9X 19 , height 600 

Ilm, width 300 ~m, interspacing 50 ~m) into neonatal porcine skin, in vitro. (Means + SD, n = 10). 

The investigation of MN penetration depth in vitro revealed that the MN penetrated 

skin to a depth of approximately 90% of the MN shaft length, leaving a gap between 

stratum corneum and MN base-plate at applicator force 16 N/array. From the OCT 

study, it was found that the % penetration of MN into neonatal porcine skin was 33.5 

± 5.2%, 54.3 ± 5.7%, 72.7 ± 2.6%, 95.2 ± 1.8% and 77.5 ± 4.7 % for 4,7, 11, 16 
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N/Array and manual application, respectively. Figure 4.25 show the depth of MN 

penetration into neonatal porcine skin. 

Figure 4.25. False colour 20 still images of 19x 19 MN (600 x 300 x 50) following insertion into 

porcine skin at an application force of 4 N, 7 N, 1I N, 16 N and manual. (Scale bar represents 300 

Ilm). 

The swelling of super swelling MN in skin, in real time was investigated in vitro 

over 3 hours. The MN exhibited an approximate 40% increase in height after a 

period of 3 hours (Figure 4.26 and Table 4.5). 

o 30 min 60 min 180 min 

Figure 4 .26. False colour images of the in vitro swelling profile of 19x 19 MN (600 x 300 x 50 Ilm) in 

neonatal porcine skin over a 3 hour period, as assessed by optical coherence tomography (Scale bar 

represents 300 Ilm in each case) 
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o 60 mill 

Figure 4.27. aCT visualisation of the pore residing within the skin after insertion MN immediately 

and after 60 min. Scale bar represents a length of 300 /lm . 

Table 4.5. In vitro neonatal porcine skin swelling of hydrogel forming MN arrays of 19x 19 MN (600 

x 300 x 50 /lm) ( Means ± SD, n = IS). 

Time MN depth in skin 
(min) (IJ.m) 

0 465.25 ± 28.25 

30 578.08 ± 22.74 

60 609 .50 ± 35.13 

180 697.27 ± 41.63 

In NMR, cross polarisation (CP) experiments favour rigid samples, while direct 

polarisation (OP) experiments favour flexible samples . Magic angle spinning (MAS) 

overcomes chemical shift anisotropy. The J3C-NMR cross polarised spectrum of a 

film cast from Gantrez® S97 is shown in Figure 4.28 . The solid state J3C- NMR 

spectra obtained for Gantrez® S97 films crosslinked with PEG 10,000 Da and 

a2C03 are shown in Figure (4.29) . 
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Figure 4.28. \3C-NMR cross polarised solid-state spectrum of 20% w/w Gantrez® S97 film, with 

associated assignments of carbon atoms. 

I~ 
\ 
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Figure 4.29. Directly polarised solid-state \3C-NMR spectra of films cast from aqueous blends 

containing 20% w/w Gantrez® S97 crosslinked with 7.5% w/w PEG 10 KDa and 3% w/w pore 

forming agent Na2C03' 
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Different formulations of patches loaded with ovalbumin were prepared using freeze 

drier are shown in Table (4 .6) . The one that contained 10% gelatin, 40% mannitol , 

10% NaCI , and 1 % sucrose was the best in terms of morphology, strength and 

dissolution (Figure 4.30) . The components were dissolved in water and held at 40°C 

for 60 min in the sonicator. Then 500 mg of the resulting solution was dosed into a 

tablet mould and frozen at -80°C for a minimum of sixty minutes and freeze-dried 

according to a regimen in section 4.4.9. Then the tablet was evaluated for hardness, 

weight variation, thickness and friability. 

Table. 4 .6a. Tablet Formulations used to create lyophilized patches. 

Formulation code Ingredient 

FI 

F2 

F3 

Gelatin 10% 

Mannitol 30% 

Sucrose 10% 

Gelatin 5% 

Mannitol 40% 

NaCII0% 

Gelatin 5% 

Mannitol 5% 

Sucrose 25% 
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Table. 4.7b. Tablet Formulations used to create lyophilized patches. 

Ingredient 

F4 Gelatin 10% 

Mannitol 3% 

NaCII0% 

Sucrose 10% 

F5 Gelatin 1 % 

Mannitol 15% 

NaCII0% 

Sucrose 15% 

F6 Gelatin 1.2% 

Mannitol 20% 

NaC120% 

F7 Gelatin 3% 

Mannitol 10% 

NaCII0% 

Sucrose 10% 

Morphology 
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Regarding weight variation test, patches were obtained of uniform weight with 

acceptable weight variation of BP specification 0.32 ± 0.008 gm. The drug content 

found in the range of99 - 102 % (acceptable limit) and the hardness of the patch was 

found between 6.60 - 7.20 kg/cm2
. The tablet thickness ranged from 4.09 - 4.15 mm. 

Friability of tablet was found below 1 % indicating good mechanical resistance. 

Table 4.7 . physical evaluation parameters ofOYA loaded lyophilized patches (Mean ± S.D.). 

Parameter Mean ± S.D. 

Weight (gm) 0.32 ± 0.008 

Hardness (Kg/cm2) 6.90 ± 0.30 

Thickness (mm) 4.12 ± 0.03 

% Friability 0.47% 

Figure 4.30. Digital image of (A) the formulated lyophilized patches used that contains 10% Gelatin, 

40% mannitol , 10% NaCl, 1 % sucrose and 0.5% OY A exhibited high porosities (8). 

Stability of OV A after loading into lyophilized patches was investigated. Changes in 

the primary structure of OVA were analyzed using SDS-PAGE after being 

incorporated into freshly prepared lyophilized patches. The primary structure of 

OVA (45 kDa) was analysed after loading into lyophilized patches freshly prepared 

and compared to standard solution of OV A 100 Ilg/ml. In this analysis no bands were 

observed for OVA at 1 and 10 Ilg/ml, but after increasing the concentration to 100 

Ilg/mL two bands observed under 45 kDa were seen for standard OVA solution and 

OVA incorporated in tablet (Figure 4.31) . Therefore, OVA incorporated into 

lyophilized patch was stable. 
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Figure 4.31 . SOS-PAGE analysis of standard OVA solution and OVA incorporated in lyophilized 

patches prepared from aqueous blends of 10% gelatin, 40% mannitol , 10% NaCI, 1 % sucrose and 

0.5% OVA. Band 1 molecular weight ladder; band 2 (100 J..lg/ml ) OVA dissolved in PBS; band 3 

OV A incorporated in lyophilized patches (freeze dried tablet) (100 J..lg/ml ). 

Figure 4.32 illustrates the permeation profile of ovalbumin released across neonatal 

porcine skin following the combination of OVA loaded lyophilized patches and 

super swelling hydrogel MN arrays. Total OVA content of the lyophilized patches 

was 2.5 ± 0.15 mg. It was found that the arrays delivered 1.24 ± 0.12 mg OVA over a 

24 hours period. This equates to 49 ± 5.18% of OVA being delivered. 
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Figure 4.32. In vitro release of ovalbumin across dermatomed neonatal porCIne skin (350 J..lm) 

following application of a super swelling hydrogel MN/lyophilized patches loaded with 2.5 mg OVA 

(Means ± SO, n = 5). 
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On the basis of the in vitro drug release results, it was determined that the integrated 

system of super swelling hydrogel MN array and lyophilized patches appeared to be 

suitable system for further evaluation of its performance in vivo. This is due to the 

fact that the super swelling hydrogel forming MN array system proved to be capable 

of enabling the sustained delivery of ovalbumin over a 24 hours period. At the 

initiation of the in vivo experiments, careful thought and consideration was given to 

determine the most effective strategy for the application and adherence of MN 

arrays. Firstly, to ensure that coarse hair did not interfere with MN penetration and 

adherence to the skin, animals were shaved using an electric hair clipper 24 hours 

prior to MN application. Furthermore, depilatory cream was applied to the skin for a 

period of no more than 1 minute to remove any residual hair, thus leaving a flat clean 

skin surface (Figure 4.33). 

Figure 4.33. Digital images highlighting (A) rat before shaving after application of depilatory cream 

followin g hair trimming with electric clipper, and (B) clean, flat skin surface. 

Secondly, it was decided that the best site for the application of super swelling 

hydrogel MN arrays may be on the animals back, just off from the spinal region 

(Figure 4.34). The reasons for this are two, it would be more difficult for the animal 

to scratch the MN off this area and also to ensure that pulsating of the abdominal 

cavity could not potentially cause MN to detach from the skin during the course of 

the experiment. 
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A 

Figure 4.34. Digital images highlighting the application (A) and positioning (B) of a MN array on a 

rat in vivo. 

The reason that MN arrays were manually applied to the animals in vivo, was due to 

the fact that the spring activated applicator was developed for specific use with in 

vitro Franz cell experimental designs. Following application of the drug loaded patch 

to the MN array (Figure 4.35), an occlusive adhesive backing layer was adhered 

around the skin area. This was done to prevent moisture loss from the MN/drug 

patch, and also to act as a protective barrier to prevent the animals from removing the 

device during the course of the investigations (Figure 4.36). 

Figure 4.35. Digital image showing a rat following application of the drug loaded patch to the MN 

array. 
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Figure 4.36. Digital image showing a rat with an occlusive adhesive backi ng layer ad hered around the 

MN/patch system . 

An elasticated tubular bandage (Tubigrip®) was placed around the area of MN/patch 

application (Figure 4.37). [t was found that, in adopting this method, the animals 

were much more relaxed, and did not attempt to tamper with or remove the MN 

device at all over a 24 hours period. 

Figure 4.37. Digital image showing the method employed to keep MN devices in place over the 

duration of investigations. 

Figure 4.38 shows the results obtained from the in vivo studies involving the 

application of a super swelling hydrogel MN array with an attached OVA loaded 

lyophilized patches for a 24 hours period. It can be seen from Figure 4.39 that 

detectable levels of OVA were delivered into the systemic circulation of the rat 1 

hour after application of the super swelling hydrogel forming MN device . 

Furthermore, the application of the super swelling hydrogel forming MN array 

enabled sustained transdermal delivery of OVA over the 24 hours period 
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investigated, resulting in maximal plasma concentrations of OVA was 42.36 ± 17.01 

ng/ml at 1 hour. 
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Figure 4.38. In vivo OVA plasma concentration profile following the application of an integrated 

system of super swelling hydrogel MN arrays and lyophilized patches loaded with OV A for 24 hours 

in a rat model. (Means ± SO, n=3). 

Following maximal plasma concentrations, OVA plasma levels were found to be 

almost constant until 24 hours 23.61 ± 4.84 ng/ml. This is indicated that an integrated 

system of MN and lyophilized patches worked as sustained release system of OVA. 

Importantly, the super swelling hydrogel MN arrays remained fully intact during the 

24 hours period of application, as well as upon subsequent removal (Figure 4.39). As 

can be appreciated from Figure 4.39, upon removal of the MN array at the end of the 

24 hours period of investigation, the MN had successfully absorbed interstitial fluid 

to form a swollen hydrogel matrix, thus enabling the permeation of OVA across the 

skin and into the systemic circulation and avoiding polymer deposition in the skin. 

Figure 4.39. The super swelling hydrogel MN arrays remained fully intact during the 24 hours period 

of application, as well as upon subsequent removal. 
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4.6. Discussion 

Transdermal delivery is currently restricted to around 20 drug molecules that are 

approved by the Food and Drug Administration for delivery by transdermal patches. 

For example, fentanyl for pain management and nicotine for smoking cessation 

(Prausnitz, Mitragotri, & Langer, 2004). These approved molecules are all of low 

molecular weight « 500 Da), have adequate solubility in both water and oil and 

require a low daily dose to be administered (Choy & Prausnitz, 2011; Teo et aI., 

2006). Other properties required for good skin permeation include high but balanced 

octanol: water partition coefficient and a low melting point which correlates with 

good solubility (Teo et al., 2006). The limited permeability of molecules that do not 

possess the above properties is due to the outermost layer of the skin the stratum 

corneum (SC) (Naik et al., 2000). 

The concept of MN for use in drug delivery was initially considered a number of 

decades ago, with the first patent being filed by Gerstel and Place in 1976 (Gerstel & 

Place, 1976), but it was late into the 1990s before papers were published detailing a 

viable manufacture technique, due to previous limitations in fabrication. Since that 

time, interest in this method of drug delivery has expanded significantly. MN as 

previously described, are micron-sized projections that can be produced in a range of 

conformations and materials, which offer a new way to deliver drug molecules. In 

order to facilitate this, Kim et al2012 stated 'a MN should be large enough to deliver 

almost any drug but still be small enough to avoid pain, fear and the need for expert 

training to administer. As the se is only 15 to 50 I-lm thick in the dry state, the MN 

have been developed so they bypass the se but avoid the deeper tissues, which 

contain nerve endings and blood vessels and so overcome the drawbacks associated 

with hypodermic needles (Sachdeva & Banga; 2011; Teo et aI., 2006). 

Recently, a wide variety of materials have been used to fabricate MN, such as, 

stainless steel, dextrin, glass, ceramic, maltose, galactose, PLGA, PLA and various 

polymers (Aoyagi et aI., 2007; Han et aI., 2007; Sullivan et al., 2008). Clearly, any 

such materials used in the fabrication of MN are desired to be hard and should 

demonstrate suitable physical characteristics to ensure adequate puncturing of the se 
without needle failure. Importantly, these MN should be mechanically strong and 
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maintain their physical properties during fabrication, packaging, storage and 

handling. The first report of using biodegradable polymers for the fabrication of MN 

arrays was in 2003 (McAllister et aI., 2003). Polymeric MN have been made by a 

variety of mould-based techniques, including casting (Perennes et al., 2006), hot 

embossing (Han et al., 2007), injection moulding (Sammoura et al., 2007), 

investment moulding (Lippmann et al., 2007) and micromoulding (Lee et al., 2008). 

However, the present study constitutes the description of polymeric MN prepared 

from aqueous polymer blends by micromoulding using laser-engineered moulds. 

Laser micromachining is an ideal technology for use in medical device manufacture. 

By choosing the appropriate wavelength and pulse width, the ablation process can be 

either material selective, in that one material will be ablated faster than another 

material, or non-material selective, in that all material will be machined at a similar 

rate. The laser process is inherently non-contact, which allows it to be used in the 

dust free and sterile environments necessary for medical device manufacture. Finally 

the running costs of laser units, in particular diode-pumped solid state COPPS) lasers, 

are relatively low. Traditional methods of laser micromachining, such as 248 nm 

excimer based mask projection techniques (Aoyagi et aI., 2007) allow the creation of 

precise shapes in polymer materials. However, the time to prototype is limited by the 

creation of masks and all but the simplest of shapes, such as holes or squares, cannot 

be manufactured in a timely manner. As a scalable production process, the use of 

mask technology is well proven (Madou, 2002). However, the cost of consumables 

such as masks and gas refills makes excimer-based processing a high cost option. 

Replacing mask projection-based beam delivery with galvanometer-based beam 

delivery is fast becoming the standard method of high throughput, low cost laser 

micromachining. Galvanometer-based laser micromachining allows the position and 

onloff pulsing of the laser beam to be determined by a standard computer aided 

design (CAD) file. The galvanometer consists of two mirrors that can position the 

beam to either a given point within a field of view or, more importantly, scan the 

laser beam within the field of view. Therefore, the laser beam can trace out a CAO

based design onto the work piece, without the need for masks. This makes it ideal for 

fast prototyping and is scalable to production volume runs. The lack of consumables, 

such as masks, also makes it a cheaper option. 

164 



Chapter 4: A novel microneedle strategy for systemic protein delivery 

For the first time, this present study has introduced the concept and production of a 

new class of polymeric MN systems, super swelling hydrogel MN arrays, based upon 

a PEG crosslinked Gantrez® S97 formulation and pore forming agent. Unlike 

conventional polymeric MN, which may be used to merely puncture the skin prior to 

the application of a drug containing formulation, or drug loaded polymeric systems 

which dissolve following insertion into skin, once inserted into the skin super 

swelling MN will rapidly absorb skin interstitial fluid to form a swollen hydrogel 

matrix. As such, this forms aqueous channels for the migration of drugs from an 

attached reservoir matrix through the MN channel and into the viable epidermis / 

dermis. 

It has previously been shown in Chapter 3 that permeation of solutes across 

equilibrium swollen hydrogels is dependent upon the solute's hydrodynamic radius. 

Protein molecules, despite their relatively large hydrodynamic radii can permeate 

through hydrogels with high porosity. Porous hydrogels systems have been prepared 

by different method such as, freeze-drying, solvent casting /particle leaching and gas 

foaming technique (Annabi et al., 2010; Singh et al., 2012). The foaming process 

implies gas bubble generation dispersed throughout a polymer to generate a porous 

structure (Annabi et al., 20 I 0; Singh et al., 2012; Chevalier et al., 2008). The 

polymer chains are crosslinked around gas bubbles created by foaming/blowing 

agent which is a substance that is mixed into the polymer mixture and generates a 

gas/bubble (Annabi et al., 2010; Singh et al., 2012). Bubble size can be altered by 

the nature and concentration of foaming agent. Pore-forming agents can be 

categorized as: (l) physical foaming agents that released from a presaturated gas 

polymer mixture such as nitrogen and carbon dioxide and (2) chemical foaming 

agents that decompose or react to form a gas such as NH4HC03, Na2C03 and 

NaHC03. Pore forming agents provide numerous water channels, therefore, 

improving the swelling rate, the most commonly used blowing agent is sodium 

bicarbonate due to its ability to generate CO2 in mildly acidic solutions (Annabi et 

al., 2010; Chevalier et al., 2008). The advantages of these pore-formers are that they 

are safe, inexpensive and easy to use (Singh et al., 2012; Annabi et al., 2010). 

The previous chapter demonstrated the significance of changing the molecular 

weight of PEG, the ratio of Gantrez to PEG and crosslinking time on the swelling 
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properties of hydrogels. Previous studies carried out using Gantrez crosslinked with 

PEG revealed that the increase in the NaHC03 leaded to an increased swelling of the 

hydrogels and affected the time to reach the hydrogel's equilibrium swollen state 

(Singh et aI., 2012). The addition of NaOH or Na2C03 will interact with the 

Gantrez® S97 carboxylic groups, by forming sodium salts (or carboxylate anions), 

blocking them from interacting with PEG, reducing the degree of crosslinking (ester 

bond formed), thus, increasing the % swelling (Peppas et aI., 2000). Sodium 

carbonate will produce interconnected pores inside hydrogels via decomposition to 

CO2 and H20, which enhance the swelling percentage in comparison with hydrogels 

prepared in the absence of a blowing agent. 

NaOH + R-COOH ------------> R- COO~a+ + H20 (no gas formation) 

Porous super swelling hydrogels were evaluated for their swelling and network 

parameters. MN arrays were fabricated from these hydrogels and its application as a 

novel transdermal drug delivery device was evaluated. In addition, F 16 (containing 

aqueous blends of 11% w/w Gantrez® ANI39 & 7.5% w/v PEG 10,000) cross linked 

for 6 hours instead of 24 hours from previous chapter was fabricated as MN array. 

Therefore, these formulas were selected to fabricate and tested for penetration depth 

as MN arrays before conducting drug release experiments. It was clearly revealed 

that these formulas were formed properly in terms of needles shape at room 

temperature and swell to high degrees in PBS. 

In order for the successful development of MN, it is important to know the exact 

depth of penetration and the dimensions of the microchannels created within the skin. 

MN puncture has been confirmed by different techniques, by measuring trans

epithelial water loss (TEWL) following MN removal (Bal et aI. , 2008), by applying a 

coloured dye to the skin surface (Verbaan et aI., 2008), histological examination for 

a biopsy of the MN punctured skin (Wang et al., 2006), confocal laser scanning and 

OCT. The first two techniques, TEWL and coloured dye, do not give any 

information about the exact depth of MN penetration. In addition, the limitations of 

con focal laser scanning is that its maximum optical penetration depth is 200 /lm , as 
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well as it is dependence on the diffusion of a fluorescent dye. Currently, OCT has 

been used to visualise the penetration depth of MN array in real time in situ 

(Coulman et aI. , 2011; Donnelly et aI. , 2010) and to determine dynamic in-skin 

alterations in the dimensions of soluble and hydrogel forming MN arrays after 

insertion into neonatal porcine skin (Enfield et aI. , 2010; Donnelly et aI. , 2012). 

OCT is a non-invasive optical imaging technique that maps the variation of reflected 

light from a biological sample (Mogensen et al. , 2009). The major advantages of 

OCT are that no prior sample preparation is needed, thus removing the need for the 

addition of a dye or radiolabelled marker to the system. Moreover, it is capable of 

penetrating to depths up to 2 mm within the skin and provides cross-sectional 

imaging of the epidermis and upper dermis in vivo (Donnelly et aI. , 2010; Fercher, 

2010). A Plethora of studies showed that MN did not fully penetrate the skin during 

MN application (Donnelly et aI., 2010; Coulman et al. 2011). This is due to the 

compression of dermal tissue when MN array was inserted to skin and also the 

geometry of the MN. In addition, when considering MN penetration into tissue, the 

issue of skin elasticity and its effect upon the reproducibility of MN piercing must be 

addressed. 

The elastic nature of the skin results in its indentation and compression during MN 

insertion which, in turn, either completely prevents MN penetration or leads to 

incomplete piercing (Verbaan et aI. , 2008; Martanto et al., 2006; Wang et al., 2006; 

Verbaan et al., 2007). The investigation of MN penetration depth in vitro revealed 

that the F 16 was not as good as super swelling formula. Since the fabricated MN 

penetrated skin to a depth of approximately 49% of the MN shaft length, comparing 

with control and super swelling formula which penetrated to a depth of 

approximately 77% (Figure 4.25) . This was attributed to the elasticity and flexibility 

of F 16 comparing with super swelling formula which were hard enough to penetrate 

skin deeply without breaking or bending. In order to deliver drug molecules, Kim et 

al 2012 stated a MN should be large enough to deliver almost any drug but still be 

small enough to avoid pain, fear and the need for expert training to administer. 

Therefore, super swelling formula was used for further evaluation as drug delivery 

system of proteins. 
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Super swelling hydrogels are capable of imbibing large volumes of liquid, due to 

their network structures. This system was found to exhibit quick swelling and good 

mechanical strength. Addition of the mentioned pore forming agent led to an increase 

in the water uptake capacity of the hydrogel, as Singh et al., (2012) showed for 

hydrogels prepared with different percentages of NaHC03. However, 3% w/w 

Na2C03, which was tested for the first time in Gantrez® S97/PEG hydrogels, was 

shown to cause a higher swelling in comparison to Gantrez® S97-PEG hydrogels 

alone. Super swelling hydrogels exhibited non-Fickian or anomalous transport. In 

this case, the polymer chains are not adequately mobile to allow penetration of water 

into the polymer core. The anomalous transport is dominated when the diffusion and 

relaxation rates are comparable (RIiff ;:::: Rrelax) (Siepmann & Peppas, 2012). 

Super swelling MN tested for fracture force indicated that the decrease in the height 

of the MN was approximately linear with increase in the force applied. MN were 

relatively strong, when tested under an axial load. Moreover, these MN were hard in 

nature but not brittle, as can be seen in Figure 4.22. The tips of the MN compressed 

uniformly towards the MN itself, it did not shatter or damage the base-plate of MN. 

In contrast, sugar MN fabricated from solutions of AP, CMC, PVA, galactose, and 

HEC showed higher percentage decreases in the height of the MN, compared to 

super swelling MN for the same applied forces (Donnelly et al., 2009). After that an 

extensive OCT-based evaluation the penetration characteristics (depth of MN 

penetration, width of pore created in the skin) of super swelling MN in vitro was 

performed. Moreover, OCT was also used to assess, in real time, the in vitro swelling 

kinetics of super swelling MN over three hours. To ensure successful and 

reproducible MN penetration occurs, it is necessary that a suitable applicator is 

designed. A spring-activated applicator design was used to insert the MN into skin 

through simple adjustment of the spring used for applicator activation. It was found 

that MN penetration could occur at even the lowest utilised force of 4 N/array. The 

width of the pore created in the skin was noted as being independent of the force 

used for MN application while the depth of MN penetration achieved was dependent 

upon application force used. OCT experiments revealed no marked differences in the 

width of created micropores, regardless the utilised force. This result corresponds to 

Garland et al. , (20 11). It is importance also to note that OCT can be used to 

investigate in situ swelling of MN in real time. Previously, determination of in real 
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time in vitro and in vivo swelling kinetics of MN at a variety of time intervals would 

have required the MN to be removed from the skin, and the dimensional changes 

observed via light microscopy. Moreover, the need for a large number of replicate 

experiments using this method, it could potentially lead to an inaccurate estimation 

of the true MN length. OCT showed that super swelling MN arrays (MN height 600 

/lm, width at base 300 /lm, and interspacing 50 ).tm) exhibited an approximate 40% 

increase in height after a period of 3 hours. 

NMR spectroscopy is a powerful and versatile technique for determining molecular 

level structure. There are many advantages of NMR, it can be used to the vast 

majority of samples and the resolution is very high it can detect even the small 

differences in the electronic movement of atoms (Kalinowski et aI., 1988). From 

Figure 4.28, the carbonyl carbon (C6) at 177 ppm is observed and is the most 

down field of all the carbons due to the electronegativity of the oxygen group. The 

methyl carbon (C3) is assigned to the peak at 77 ppm, which has been significantly 

shifted downfield in relation to a standard methyl group due to the attached oxygen 

group. The reaction between PEG and difunctional acids has been well documented 

(Zhao & Milton Harris, 1998) and the esterification reaction occurred. A direct 

polarisation spectrum of the crosslinked film, obtained experimentally, strong 

evidence for the crosslinking ability of PEG. There was a well resolved cross 

polarisation spectrum, suggesting increasing rigidity of the PEG-PMVEIMA system. 

This may be ascribed to the formation of an ester linkage between PEG and 

PMVE/MA. This is supported by the presence of new upfield band of the carbonyl 

carbon (C-O bond) a carbon singly bonded to oxygen, which have been induced by 

the formation of an ester bond at 70 ppm. 

OVA is a phosphorylated and glycosylated globular acidic protein of molecular mass 

45 KDa which has a single polypeptide chain of 385 amino acid residues (Nisbet et 

al.,1981; Stein et al., 1991). The sequence has six cysteines with a single disulfide 

bond (4 free sulfhydryl groups and one disulfide bond). In addition, the amino 

terminus of the protein is acetylated (Huntington & Stein, 2001). It has an isoelectric 

point of 4.9. So at pH 4.75, the protein is neutral and the hydrophobicity of the OVA 

contributes in the lateral organization. At alkaline pH 7, the protein net charge is 

negative and the electrostatic repulsion In OVA hinders contacts 
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between ovalbumin molecules (Ianeselli et aI., 2010; Pezennec et aI. , 2000). The 

av A is commercially available and has been used in basic and clinical research as a 

model antigen (Widera et al., 2006; Bowersock et al., 1999). To achieve successful 

protein delivery a stable formulation is required. Therefore, lyophilized patches 

loaded with av A was fabricated and characterized. 

Lyophilisation (or freeze drying) is a stabilizing process in which the sample is 

frozen then a reduction of the solvent content by sublimation and followed by 

desorption to values that will no longer allow biological growth (Sastry & 

Nyshadham, 2005; Biradar, Bhagavati & Kuppasad, 2006; AlHusban, Perrie & 

Mohammed, 2010; Hirani, Rathod & Vadalia, 2009). There are three major steps ofa 

process, namely freezing, primary drying, and secondary 
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Figure 4.40. Schematic illustration of a typical lyophilisation, the stages of a lyophilization process 

are : I) freezing, 2) primary drying, and 3) secondary drying. 

The first step, freezing is the process of ice crystallization from supercooled water 

and initiated by cooling the shelves, on which the samples are placed, to the desired 

freezing temperature e.g -80°C (Costantino & Pikal, 2005). The majority of the water 

has been separated from the solute upon completion of freezing; so the freezing step 

is the major dehydration step in lyophilisation (Pikal , 2002). Next step is primary 

drying, wherein the majority of the water is removed from the product by 

sublimation, which is initiated by introducing vacuum in the chamber (Costantino & 

Pikal , 2005). In order to allow for sublimation, the chamber pressure has to be 
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reduced below the saturated vapour pressure of ice (Franks, 1998). The sample still 

contains some bound unfrozen water that has to be removed by desorption at higher 

temperatures during secondary drying (Franks, 1998). Shelf temperature is gradually 

increased, in order to avoid product collapse, to temperatures between 20°C and 

40°C (Franks, 1998). The secondary drying rate is mainly determined by the 

diffusion rate of water from the bulk to the surface (Jennings, 1999; Tang & Pikal, 

2004). 

The most commonly used method for preparing solid protein pharmaceuticals is 

lyophilization. The tablets of different formulations were prepared (Table 4.6). The 

choice of formulation was influenced by the preliminary results which showed that 

phase separations or brittleness. The formulated tablets used in this study consisted 

of 10% w/w gelatin, 40% w/w mannitol, 10 % w/w NaCI, 1 % w/w sucrose, as 

excipients which exhibited a high porosity, strength and hardness. Two major 

components incorporated into lyophilized patches. The first major component form 

the matrix, which provide the tablet shape, mechanical support and physically entrap 

the active drug during the freeze drying process such as gelatin, dextran, dextrin, 

polyvinylpyrrolidone and alginate (Biradar, Bhagavati & Kuppasad 2006; Virley & 

Yarwood, 1990; Sastry, Nyshadham & Fix 2000; Darkwah, 2011). The second 

component includes sugars (e.g. sucrose, lactose) and polyols (e.g. mannitol) to 

enhance the mechanical properties. In addition, to achieve the desirable 

disintegration and mechanical properties, high concentrations of sugars and polyols 

are required (Chandrasekhar et aI., 2009; Seager, 1998). Moreover, both of them are 

responsible for forming the highly porous matrix structure of the dosage form. In this 

study, gelatin and mannitol were used to prepare lyophilized patches. Gelatin is 

produced by partial hydrolyses of collagen and contains a large number of glycine, 

proline and 4-hydroxyproline residues and acts as a glassy amorphous compound, 

provides strength in a product and used as a stabilizer, binder and thickener 

(Chandrasekhar et aI., 2009; Seager, 1998) 

Mannitol (a sugar alcohol) provides crystallinity, hardness and elegance (Sastry et 

aI. , 2000). It is also act as cryoprotectant (lyoprotectant), polyhyroxy molecules that 

protect freeze-dried substances (Figure 4.41). Water is used as solvent to induce the 

porous structure upon sublimation (Sastry et aI., 2000). The addition of sodium 
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chloride in the formulations improved tablet porosity and tablet morphology of the 

formulations . The differences in porosity upon addition of sodium chloride to the 

lyophilized formulation are due to the differences in swelling behaviour of gelatin in 

the presence of monovalent ions. The presence of sodium chloride reduced the cross

linking in gelatin during gelation which consequently influenced tablet porosity 

(Jones et al., 2011). 

OH OH 

HO 
OH 

OH OH 
Figure 4.41. Chemical structure of mannitol. Taken from http://commons.wikimedia.orglwiki/File:D

Mannitol_structure.png. 

The stability of OVA should be maintained during the fabrication process, storage 

and after release. Therefore, possible changes in primary and secondary structure of 

OVA and its content were tested. To help prevent damage to the peptide, sucrose was 

used to protect the OVA. Sucrose has been used in many studies as a protein 

stabilizer during the drying process (Chang et ai. , 1996; Kadoya et ai., 2010). 

Freezing and drying may induce different stresses that impact protein stability during 

lyophilization. Therefore, a protein stabilizer should be used to protect a protein from 

freezing (cryoprotection) or dehydration (Iyoprotection) denaturation. Number of 

studies has shown that certain additives can stabilize proteins structure during 

lyophilization and rehydration (Jennings, 1999). In particular, carbohydrates, 

disaccharides, are the most effective stabilizers. It has been suggested that the 

hydroxyl groups of the sugar molecules act as water replacements in the dried state. 

Therefore, the stabilization of proteins in sugar matrixes due to a thermodynamic 

mechanism according to which sugar molecules stabilized the native protein 

structure by "water replacement" mechanism (Prestrelski et ai. , 1993). 

Alterations in the integrity of the peptide was analysed by gel electrophoresis, 

specifically using the routine SOS-PAGE methodology under reducing conditions to 
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ensure complete denaturation of the protein. Initially, the primary structure of OVA 

(45 kDa) was analysed after loading into lyophilized patches. In this original analysis 

no bands were observed for OVA at 1 and 10 J.lg/ml, but after increasing the 

concentration to 100 J.lg/ml, two bands just under 45 kOa were seen for standard 

OVA solution. Band was also observed for OVA incorporated into freshly prepared 

lyophilized patches. SOS-PAGE results indicated that OVA did not degrade or 

aggregate to prevent proper electrophoretic motility, kept active and stable in the 

lyophilized patches. 

In the current study, the ability of super swelling MN arrays prepared from aqueous 

blends of 20% w/w Gantrez® S97, 7.5% w/w PEG 10,000 and 3% w/w Na2C03 to 

increase transdermal OVA delivery from lyophilized patches was evaluated. As 

outlined above, encapsulation of OVA in the lyophilized matrix did not expose the 

drug to damaging conditions, which was reflected in OVA content analysis. There 

was no loss of OVA was observed during the recovery experiments from tablet 

loaded with 2.5 mg of OVA, 100% recovery. 

The BCA kit is designed to detect and quantify total protein non-specifically, which 

could lead to overestimation of the amount of OVA released by measuring different 

proteins released while puncturing the skin with the MN. While BCA assay was 

used, as the standard method of protein quantification, to quantify the amount of 

OV A released from super swelling MN and lyophilized patches loaded with OVA 

across porcine skin, this method however was not accurate in quantifying OVA 

specifically. This was confirmed by applying MN alone (with no patch) to the skin, 

which resulted in absorbance readings which were almost the same as those 

generated from an integrated system of MN and tablet loaded with OVA. It was 

concluded that use of BCA assay for the quantification of the amount of protein 

released across the skin is not reliable. For specific quantification of the OVA 

released from patch across the skin, sensitive and selective sandwich ELISA was 

chosen owing to its much higher sensitivity but for quantification or determination 

the amount of OVA after incorporated into the lyophilized patches BCA kit was used 

at the beginning. BCA kit overestimated the amount of OVA in lyophilized patches 

due to the presence of gelatin which is protein as well (matrix effect). So ELISA was 

used to quantify the OVA content of lyophilized patches. 
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Drug release from solid systems, made of polymer and drug loaded patches, is a 

basic concept for studies on controlled drug delivery. The most interesting class of 

polymers in this application is hydrogels. System based on hydrogels and drug 

loaded patches, during the in vitro tests, once immersed in the solvent mimicking the 

body fluid , starts to uptake water from the surroundings. Then the absorbed water 

causes a number of phenomena: hydrogel swelling, polymer plasticization (lowering 

of the glass transition temperature), diffusion coefficient increase and erosion of drug 

loaded patch. Therefore, the drug can diffuse through the hydrated hydrogel and then 

it can be released (Censi et al., 2012). 

The results from the in vitro release studies across dermatomed neonatal porcine skin 

(350 Ilm) revealed that OVA release was appreciably high through the use of super 

swelling hydrogel forming MN arrays with an integrated OVA loaded patch. 

Furthermore, the super swelling hydrogel MN array device was capable of providing 

a sustained transdermal OVA delivery over a 24 hours period. In particular, the total 

cumulative amount of OVA permeating after 24 h was found to be approximately 

1248 Ilg. In addition, the cumulative amount released after 30 min was 483 Ilg which 

equates to 19% of the total amount of OVA. This is due to their high initial swelling 

rate and consequent high water content since the percentage of swelling after 30 min 

is 686%. Therefore, super swelling MN, once inserted into skin swell rapidly, and to 

a marked extent, without dissolving, allowing rapid transdermal drug delivery 

through the swollen matrix. Then swollen hydrogels offer effective area for the 

diffusion of protein which can easily diffuse through a hydrogel matrix from 

lyophilized patches. Subsequently swollen MN array allow the lyophilized patches 

which are in contact with the MN to become infused with interstitial fluid. Due to the 

hygroscopic nature of the lyophilized patches, this fluid uptake is extremely fast 

facilitating rapid dissolution of the tablet into the MN array and subsequently 

through the aqueous channels created by the individuals needles and thus into the 

skin. It is by this means that the protein compound in the tablets enters the body into 

the systemic circulation. 

Different types of drug transport processes can be affected drug release out of a 

delivery system. This might include drug dissolution, the uptake of water into the 

system, drug diffusion out of the device, swelling of the system, erosion of the drug 
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reservoir and osmotic effects (Sackett & Narasimhan, 2011; Siepmann & Peppas, 

2012). If many of these processes occur and one of them is much slower than all the 

others, this one is called the rate-limiting step for the drug release. So the 

mathematical description of the drug release rate can be very much simplified, only 

the slowest mass transport (rate limiting) step needs to be considered. In most cases 

the drug diffusion is the rate limiting step, in others it is only play a major role in 

combination with other processes like polymer swelling, reservoir erosion or 

polymer degradation (Sackett & Narasimhan, 2011; Censi et aI. , 2012; Siepmann & 

Peppas, 2012). 

The controlled drug release from hydrogel based matrices was intensively explained 

in an overview by Siepmann & Peppas, (2001). Higuchi, (1961) described the drug 

release and his equation is probably the most famous and the most used to describe 

drug release processes. However, it was obtained under some restraints: Cl) the 

diffusivity is constant, (2) there are no swelling (3) the device is not significantly 

eroding during drug release and (4) there is the perfect sink between the drug system 

and the dissolution medium. So the Higuchi equation is not applicable to matrices 

made of hydrogels and drug patches, which are subject to swelling of the hydrogel 

chain, erosion of the drug patch and also exhibit diffusivity sensible to the solvent 

uptake. The relation of Higuchi equation is a drug release proportional to the square 

root of time. After that Peppas, (1985) proposed the use of a model build by the sum 

of two different powers of time, accounting for the pure diffusivity phenomenon. 

Therefore, if n = 0.5 , the release is governed by Fickian diffusion, if n = 1, molecules 

are released by surface erosion, while both mechanisms play a role if n has a value 

between 0.5 and 1. In the super swelling hydrogel system n = 0.76 which indicates 

that the release is governed by the diffusion and the erosion of drug from the matrix 

(Siepmann & Peppas, 2012). Korsmeyer et al. (1986) developed a model, describing 

the diffusion of a drug through a swellable polymer. The model was applied to the 

hydrophilic polymer containing a water-soluble drug, where the water is sorbed and 

the drug is desorbed. Colombo et aI. , (1999) reported a value of 0.73 for the 

exponent n, indicating anomalous drug transport from the swellable matrix by 

applying the power law to release data of a very water-soluble drug, buflomedil 

pyridoxal phosphate from HPMC-based matrix tablets. Swelling-controlled systems 

depend mainly on water uptake and changes in drug diffusivity within the matrix. In 
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these systems, as swelling increase, n values could be increased. Due to increase the 

polymer flexibility and make pores size bigger, which result in higher drug mobility 

with sometimes n values that exceed 1 (Siepmann & Peppas, 2012). 

The in vitro release results suggest that super swelling hydrogel forming MN array 

are perfectly suited for proteins molecules that require a highly swollen hydrogel 

system to transport through. As such, it was decided to evaluate the performance of 

the super swelling hydrogel forming MN array device in vivo using rat model. Prior 

to initiation of the in vivo experiments it was necessary to ensure that the ELISA 

method employed for the detection of OVA during the in vitro release studies would 

be suitable for the quantification of OVA in plasma samples. Whole blood was 

obtained during the sacrifice of a control rat, and spiked with a series of OVA 

solutions to cover an appropriate concentration range. This method was sufficient for 

the analysis of OVA at plasma concentrations of 10 - 1000 ng/ml (r2 value of 

0.9906), with limits of quantification for OVA being 10 ng/ml, respectively. 

The in vivo investigations were conducted using rats. In agreement with the in vitro 

investigations, it was found that following application, the MN were capable of 

absorbing sufficient skin interstitial fluid to form a mechanically strong, swollen 

hydrogel network thus enabling the significant and sustained transdermal delivery of 

OVA, from an integrated lyophilized patches, in vivo. Maximal plasma 

concentrations of OVA found within the systemic circulation 1 hour after MN 

application, and then reached constant concentrations of approximately 24 ng/ml 

until 24 hours. So strong burst release was observed after 60 minutes. Subsequently 

release of the remaining OVA was lower and sustained release predominantly 

controlled by the swelling of the polymeric hydrogel chain and erosion of the 

reservoir (lyophilized patches) (Siepmann & Peppas, 2012). 

There is no previous studies have demonstrated a synergistic enhancement in the 

transdermal delivery of through the combination of MN and lyophilized patches. So 

for the first time an integrated system of MN and lyophilized patches was 

investigated for the transdermal delivery of a protein model. In addition, IP has 

considerable potential for the continuous and/or pulsatile transdermal delivery of 

macromolecular peptides. Therefore, these super swelling MN arrays may enable on-
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demand bolus delivery when used in conjunction with IP which could mimic 

hypodermic injection. It was found that the electrically responsive nature of these 

hydrogel forming MN led to a dramatic increase in insulin transport when such 

systems were combined with IP (Donnelly et al., 2012). So the rate of delivery will 

not be under the control of the skin, it can be modified by the responsive nature of 

the hydrogel system following the application of an electric current. This could be of 

great benefit to protein delivery, whereby a convenient injection is painful. 

4.7. Conclusion 

The present study demonstrated the feasibility of OVA encapsulation within 

lyophilized patches prepared from 10% Gelatin, 40% mannitol, 10% NaCl, 1 % 

sucrose. Incorporation of OVA into patches did not lead to the loss of its structure 

which proved by SOS PAGE. The novel concept of super swelling hydrogel MN 

integrated with OVA loaded lyophilized patches was evaluated. Super swelling 

hydrogels are capable of imbibing large volumes of liquid, due to their network 

structures. Super swelling hydrogels exhibited non-Fickian or anomalous transport. 

In the super swelling hydrogel n = 0.76 which indicates that the release is governed 

by the diffusion and the erosion of drug from the matrix. Swelling controlled systems 

depend mainly on water uptake and changes in drug diffusivity within the matrix. In 

these systems, as swelling increase, n values could be increased and exceed 1. 

Therefore, super swelling MN, once inserted into skin swell rapidly, and to a marked 

extent, without dissolving, allowing rapid transdermal drug delivery through the 

swollen matrix. Subsequently swollen MN array allow the lyophilized patches which 

are in contact with the MN to become infused with interstitial fluid. Due to the 

hygroscopic nature of the lyophilized patches, this fluid uptake is extremely fast 

facilitating rapid dissolution of the tablet into the MN array and subsequently 

through the aqueous channels created by the individuals needles and thus into the 

skin. It is by this means that the protein compound in the tablets enters the body into 

the systemic circulation. 

The in vitro OVA permeation experiments indicated that the using of an integrated 

system of super swelling MN and lyophilized patches significantly enhanced OVA 

transdermal delivery. In addition, in vitro OVA permeation experiments revealed that 
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super swelling MN arrays were capable of the sustained delivery of OVA over a 24 

hours period. This study highlights the potential for a combinatorial approach using 

MN and lyophilized patches to successfully deliver protein molecules across the 

Stratum corneum. On the basis of the in vitro permeation results the hydrogel 

forming MN device was further evaluated for its performance in vivo. The results 

from the in vivo investigations suggest that these super swelling hydrogel forming 

MN arrays may enable the sustained release of protein to meet basal daily 

requirements. The potential for this novel MN device to enable the sustained delivery 

of large protein species was highlighted from the results obtained during in vivo 

investigations. Importantly, the super swelling hydrogel MN arrays remained fully 

intact during the 24 hours period of application, as well as upon subsequent removal 

thus eliminating polymer deposition in the skin. 
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Chapter 5: Fabrication and characterization of an electro-responsive microneedle patch 

5.1. Introduction 

The poor oral bioavailability of proteins requires that they be administered mainly by 

parenteral routes. Moreover, the short plasma half-lives of these drugs means they 

typically require repeated injection, leading to poor patient compliance (Brown, 

2005). These factors have lead to the search for novel delivery methods, such as 

transdermal administration through intact skin (Figure 5.1) (Fox et al., 2011; Samant 

& Bhaskar, 2012; McCrudden et al. , 2013). The delivery of therapeutic agents to 

systemic circulation via skin requires a delivery mechanism, to facilitate permeation 

of drugs through stratum cornum (SC) (Fox et al., 2011; Samant & Bhaskar, 2012; 

McCrudden et al. , 2013). Iontophoretic delivery is one such method that has been 

successfully used to introduce protein drugs into the systemic circulation through 

intact skin including gonadotropin releasing hormone and its analogues, somatostatin 

analogues and calcitonin (Tokumoto et al. , 2006; Dubey et al., 2011; Dhote et al. , 

2011; Mutalik et aI., 20]3; McCrudden et al. , 2013). 

FormUlation 
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Encapsulation 

Physical energy 
. application 

Iontophoresis 

Stratum comeum 
ablation 

Stratum corneum 
physical 

per1tmaton 

Figure 5. 1. Schematic representation of approaches aimed at the facilitation of protein delivery across 

the skin. Taken from McCrudden et aI, (2013) . 

Iontophoresis (JP) involves the application of a physiologically acceptable electric 

potential less than 0.5 mA/cm2 to increase transport of drugs into and across the skin 
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(Riviere & Heit, 1997; Jadoul et al. 1999; Tokumoto et al. , 2006; Dixit et al., 2007; 

Dhote et aI. , 2011). It is ideal for neutral or polar drugs containing ionisable groups. 

The application of constant electrical current enhances the transdermal transport of a 

charged drug molecule due to electro-repulsion force between the drug and the 

electrode charges (Dixit et aI., 2007; McCrudden et al., 2013). The isoelectric point 

of mammalian skin falls within the range 4 to 4.8 and skin is negatively charged 

under physiological conditions (Marro et al., 2001; Padula et aI., 2005). This perm

selectivity favours cation transport. Therefore, it means that application of the 

electric current at physiological pH results in a convective solvent flow (i.e., 

electroosmosis) in the direction of ion motion (in the anode-to-cathode direction) to 

neutralise membrane charge. Therefore, cation molecules are transported by both 

electro-migration and electro-osmosis (Dixit et al., 2007; Gratieri & kalia, 2013). 

Many factors influence iontophoresis, including pH of the donor solution, electrode 

type, buffer concentration, current strength and current type. So it can be classified 

into four main groups, physio-chemical properties, drug formulation, experimental 

factors and biological factors (Riviere & Heit, 1997; Jadoul et aI., 1999; Tokumoto et 

aI., 2006; Dixit et al., 2007). 

The major advantage of iontophoresis is that the amount of drug delivered is 

proportional to the quantity of charge passed. Therefore, it mainly depends on the 

magnitude of the applied current, the duration of the applied current and the area of 

the skin surface in contact with the active electrode (Kalia et aI., 2004; Nava-Arzaluz 

et al. , 2012). Other advantages include an improved onset time, decrease lag time 

and also more rapid offset time as once the current is turned off there is no further 

transport (Djabri, Guy & Delgado-Charro, 2012; Kalia et aI., 2004). Moreover, the 

current profile can be customized to achieve the desired continuous or pulsatile 

delivery (Kalia et aI., 2004). The maximum molecular weight for iontophoretic 

delivery is less than 12,000 Da (Banga, 1998; Nava-Arzaluz et al., 2012). In order to 

deliver molecules greater than 12,000 Da another way of overcoming the barrier 

properties of the outermost layer of the skin should be investigated. Various 

combinational iontophoresis techniques, such as ultrasound, microneedle (MN), 

chemical enhancers and electroporation have been used for enhancing transdermal 

drug transport (Dhote et aI. , 2011; Nava-Arzaluz et al., 2012). An electrically 

assisted transdermal delivery can decrease plasma fluctuations by maintaining 
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sustained therapeutic plasma concentrations in addition to reducing the Cmax , which 

resulting in reduced extent of side effects related to the drugs (Saluja et aI., 2013). 

Electrically-responsive patches are prepared from polyelectrolytes (polymers which 

contain ionisable groups along the backbone chain) so they are pH-responsive, as 

well as electro-responsive. Polyelectrolytes are synthetic as well as naturally

occurring polymers, include hyaluronic acid, chondroitin sulphate, carbo mer, 

xanthan gum and calcium alginate. The synthetic polymers are acrylate and 

methacrylate derivatives (Murdan, 2003). To-date, a wide variety of electrically

responsive hydrogel systems have been investigated, including hydrogels based upon 

poly(acrylamide), gum arabic, hydroxyethyl methacrylate, collagen and chitosan 

(Murdan, 2003). 

In this study, MN were coupled with IP in order to deliver a model protein ,OVA, 

with a molecular weight of 45 kDa and isoelectric point of 4.27 (Ianeselli et aI., 

2010). In the previous Chapter, the passive delivery of OVA from an integrated 

system of lyophilized patches and MN was evaluated. It was capable of providing 

sustained delivery of protein. Therefore, in order to deliver on-demand bolus dose of 

protein following the application of an electric current to the MN, electro-responsive 

patches intended for use In electrically assisted transdermal drug delivery was 

investigated. This patch IS polymeric, flexible , water permeable, electrically 

conductive. In particular, the mechanical , dielectric properties and in vitro 

transdermal release of (OVA) was evaluated. 

5.2. Aims and Objectives 

The primary aim of this study was to evaluate the ability of super swelling hydrogel 

MN arrays coupled with IP to facilitate the transdermal delivery of a model protein, 

OV A from electro-responsive patch. Such a system would be capable to be used in 

electrically assisted transdermal drug delivery of OVA and delivering an on-demand 

bolus dose of protein following the application of an electric current to the MN array. 

In addition, it is capable of providing sustained delivery of protein to meet a patient 

basal protein requirement and to reduce incidence of side effects. 
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The present Chapter provides the description of the fabrication of electro-responsive 

patch prepared from aqueous blends of 10% w/w PMVE/MA: 5% w/w TPM and 

loaded with different concentration of OVA, the effect of OVA loading on 

mechanical properties of the formed films, namely, the tensile strength (r), 

percentage elongation at break (t:) and on the dielectric properties of transdermal 

patch. In order to produce a system capable of delivering OVA to the systemic 

circulation. Patches based on such films have been successfully used for drug 

delivery to the oral cavity (Good, 1983) and to the vulva for photodynamic therapy 

(PDT) of vulval intraepithelial neoplasia (V£N) (Donnelly et af., 2005). 

5.3. Materials and Apparatus 

5.3.1.1k1aterials 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000) was a gift from Ashland, Kidderminster, UK. 

Polyethylene glycol of molecular weight 10,000 Daltons, Sigma-Aldrich, Steinheim, 

Germany. 

Tripropyleneglycol methyl ether (TPM) (DowanoFM TPM), Sigma Aldrich, Dorset, 

UK. 

OVA (albumin from chicken egg, grade 4) was provided from Sigma, St, Louis, 

USA. 

NaOH pellets was purchased from VWR International Ltd. Poole, England. 

Poly(ester) film, one-side siliconised, release liner FL200QTM PET 75 /l 1 S) was 

obtained from Rexam Release B.V., Apeldoom, The Netherlands. 

Glisseal® N vacuum grease was purchased from Borer Chemie, Zuchwil, 

Switzerland. 

Millipore water was used throughout the study. 

Parafilm®, Pechiney Plastic Packaging, WI, USA. 

5.3.2. Apparatus 

Analytical balance, APX-60, Denver Instruments, Colorado, USA. 

A silver wire acting as the anode; 1.0 mm diameter x 70 mm, Sigma Aldrich, 

Steinheim, Germany. 
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A silver-silver chloride electrode (acting as the cathode; silver-silver chloride 

segment 0.8 mm diameter x 8mm length, total wire length 70 mm, In Vivo Metric, 

Healdsburg, CA, USA. 

Power supply Phoresor II, Iomed, Lake City, FL, USA. 

TA-XT2 Texture Analyser, Stable Microsystems, Haslemere, UK. 

Dielectric thermal analysis, DETA, DS6000 Dielectric Thermal Analyser, Lacerta 

Technology Ltd, UK. 

Dynamic Mechanical Thermal Analysis, DMTA Tritec 2000, Triton Technology, 

Nottingham-shire, UK fitted with a liquid nitrogen cooling accessory. 

Differential Scanning Calorimeter (DSC 2920) with refrigerated cooling system, TA 

Instruments, Surrey, UK. 

Attenuated Total Reflectance-Fourier Transform Infrared (A TR-FTIR) spectroscopy, 

Accutrac FT /IR -4100 Series, J asco, Essex, UK. 

Hygrometer Testo 608-HI, Testo, Ltd., Hampshire, UK. 

Digital micrometer, Hilka Pro-Craft, Hilka, Ltd., Surrey, UK. 

5.4. Methods 

5.4.1. Modification of Gantrez® ANJ39 pH 

The required amount of poly methyl vinyl ether co maleic anhydride (PMVEIMAH) 

was added to ice-cooled water (reagent grade 1), to produce a 30% w/w of polymer 

stock solution, at room temperature and stirred vigorously to ensure complete 

wetting and prevention of aggregates. The mixture was then heated and maintained 

between 95 and 100°C until a clear solution was formed. The mixture was then 

allowed to cool. The pH of unmodified Gantrez® AN 139 solution is approximately 

pH 2. Therefore, pellets ofNaOH were added to produce Gantrez® AN139 gel of pH 

7 which proved by gel-filled pH electrode. 

5.4.2. Fabrication of super swelling hydrogelforming MN arrays 

Super swelling hydrogel forming MN arrays, containing aqueous blends of 20% w/w 

Gantrez® S97 and 7.5% w/w PEG 10,000 were prepared by diluting the 40% w/w 

Gantrez® S97 stock solution and mixing it with the required amount of PEG 10,000 

solution and subsequently 3% w/w Na2C03 added . After that 500 mg of the blend 
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were poured into the moulds, centrifuged at 3000 rpm for 15 min and dried at room 

temperature for 48 hours. Subsequently, the moulds were heated at 80°C for 24 

hours. Upon cooling, the MN arrays were removed from the moulds. 

5.4.3. Preparation of 0 VA loaded electro-responsive transdermal patches 

Electro-responsive patches containing OVA were prepared using a casting method, 

from aqueous blends containing 10% w/w Gantrez® AN 139 and 5% w/w 

tripropylene glycol methyl ether (TPM). The required amount of OVA to produce 

patches with loadings of 1, 0.5 , 0.1 , 2.5 mg/cm2 and blank without OVA was 

dissolved in the appropriate amount of PBS necessary to dilute 30%w/w Gantrez® 

AN139 stock solution to 10%w/w Gantrez® AN139. Next, the required amount of 

TPM was added and then centrifuged the gel for 15 min at 3000 rpm. After 

centrifugation. an aliquot (4.5 g) of the gel containing OVA was cast into a glass 

rectangular mould (internal dimension of 30 mm x 50 mm) positioned on levelled 

surface. Electro-responsive patches were prepared by slowly casting the drug loaded 

gel into a pre levelled mould , lined with a release liner to facilitate removal of the 

film. This was left to dry for 24 hours in a constant air flow at 25°C. 

Figure 5. 1. Casting mould used for preparation of electro- responsive patch . 
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Figure 5.2. An electra-responsive film containing 2.5 mg cm·2 OV A prepared by the casting method. 

5.4.4. Determination of Tensile Properties 

The mechanical properties of the electro-responsive patches, namely, the tensile 

strength (r) and percentage elongation at break (c) were evaluated with a TA-XT2 

Texture Analyzer, previously calibrated with a 2.0 kg load weight (Figure 5.3). The 

film thickness was determined with a digital micrometer or caliper at six different 

points along the film , and the mean thickness was reported. The electro-responsive 

patch were cut into strips of 50.0 x 5.0 mm and grasped between upper and lower 

flat-faced metal grips surface-laminated with a smooth rubber for better hold. The 

initial distance between the grips was set at 20.0 mm, and this distance, therefore, 

represented the length of the film under stress. A crosshead speed (15) of 6.0 mm/s 

was used for all measurements. The results were derived from the load- strain profile 

(Figure 5.4), with propriety software (Exponent, V 3.0.4.0, Stable Micro System). 

Only results from electro-responsive patch that were observed to break in the middle 

region of the test strip during testing were measured. All tests were carried out at 

ambient conditions of 22 ± 2°C and a relative humidity of 43 ± 2% (measured using 

Hygrometer®). The equations for the determination of the tensile properties of the 

electro-responsive patch are given below. 
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Figure 5.3. Stable Microsystems T A-XT2 texture analyser in tensile mode. The film under test is 

clamped between upper and lower flat-faced metal grips laminated with smooth rubber grips. 

The resultant force-time profiles were analysed using propriety software (Dimension 

3.7E). Only results from electro-responsive patch that were observed to break in the 

middle region of the test strip during testing were used. The percentage elongation at 

break, Eb, of tested electro-responsive patch was determined using Equation 5.1 

(Radebaugh, 1992). 

(5 .1 ) 

Where E is the extension to break of the film and Lo is its original length. The break 

strength, B, of tested electro-responsive patch was determined using Equation 5.2 

(Radebaugh, 1992). 

(5.2) 

Where F is the break force of the film and AR is its cross-sectional area. Results were 

reported as the mean (± S.D.) of three replicates. 
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Figure 5.4 . Graph of tensile stress-strain curve of a polymeric film. 

5.4.5. ATR-FTlR Spectral studies 

Attenuated total reflectance (A TR)-Fourier transform infrared (FTIR) spectroscopy 

was used for the study of electro-responsive patches loaded with different 

concentration of OVA. A FTIR Accutrac FTIIR-4100 Series equipped with 

MIRacle™ diamond ATR was used at room temperature. Film segments of 1.0 cm2 

were clamped between the stage of the sample holder and a digital torque controller. 

Samples were kept under known pressure and were monitored on the digital display 

of a built in force gauge, measuring true force on the sample. The samples were 

scanned and recorded in the region of 4000 to 400 cm-I at a resolution of 4.0 cm-I 

and a gain of 16. 

5.4.6. Determination o/Glass Transition Temperature 

The glass transition temperatures (Tg) of electro-responsive patches loaded with 

and 0.5 mg/cm2 OVA and blank without OVA at pH 2 and 7 were determined using 

5-10 mg dried electro-responsive patch run in a sealed aluminium pan in modulated 

mode (mDSC). All samples were initially equilibrated at 10°C, heated under nitrogen 

from 10°C to 70°C at a heating rate 10 °C/min, a modulation period of 60 sand 

modulation temperature amplitude ± 1°C. The midspan temperature of the step 

change in the heat flow curve was chosen as Tg. The DSC was calibrated with the 
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melting temperature of indium. Results were reported as the mean (± S.D) of five 

replicates. 

5.4.7. Dynamic Mechanical Thermal Analysis (DMTA) 

A Tritec 2000 DMT A fitted with a liquid nitrogen cooling accessory was used for the 

analyses. The DMT A experiments for electro-responsive patches were measured 

using a Tritec 2000 DMT A. The films were cut into a rectangular shape and loaded 

into a metal pocket fabricated from a sheet of stainless steel. The pocket was then 

clamped directly into the instrument. One end of the pocket was clamped to the rigid 

frame while the other was attached to the moving driveshaft. The sample dimensions 

were measured using electronic digital caliper with a width, length, and thickness of 

5 mm, 10 mm, and 0.5 mm, respectively and then inserted into the Triton DMTA, 

operated in the tension mode. The DMTA furnace, which encased the clamping area 

completely, was used to apply the temperature program. A small tube, positioned 

close to the sample (Figure 5.5) behind the middle of the pocket, contained the 

platinum resistor sensor used to record the temperature of the sample. The pocket 

was subjected to a bending oscillatory motion in and out of the plane, forcing 

horizontal shearing of the film between the two plates of the pocket. The 

experimental parameters employed in this study were a dynamic displacement of 

0.05 mm under a frequency of I and 10Hz, heating from -25°C to 50°C and 0 to 

100°C at a rate of 3 and 5 °C/min for pH 2 and 7, respectively. The storage modulus 

and Tan delta values were recorded and plotted against temperature for 1 and 10Hz 

frequencies. Data was presented in Microsoft Excel format, which allowed easy 

export. 

Figure 5.5. A Tritec 2000 DMA (Triton Technology, ottinghamshire, UK) fitted with a liquid 

nitrogen cooling accessory. 
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5.4.8. Dielectric thermal analysis (DETA) 

Dielectric thermal analysis was performed using the DETA equipped with a stainless 

steel parallel-plate cell (diameter, 33 mm; typical gap, 0.1 mm). 10mm diameter 

discs were cut from film. Measurements of the dielectric constant, permittivity or 

dielectric constant (e') , dielectric loss (e"), and tan delta (tan d) were made at 

different frequencies in the range 1-100 kHz, At 32°C and heating rate of °C Imin. 

Dielectric measurements were then continuously made at constant nitrogen gas 

purge. The technique used involved placing a sample between two gold electrodes 

and exposing it to an electric field . Applying a sinusoidal voltage to the lower 

electrodes created the field. This produced polarization within the sample, causing 

oscillation, which was at the same frequency as electric field , but with a phase angle 

shift. Samples are typically thin sheets, electro-responsive patch which are held 

between parallel plate electrodes as shown in Figure 5.6. 

It is important to ensure that perfect contact between the sample and the electrodes is 

achieved. Therefore, samples ideally need to be smooth surfaced with no 

undulations. Generally, thinner samples are better than thicker ones (2 mm or less is 

ideal in many cases). The electrodes of the Triton DETA are normally spring loaded 

to maintain a positive contact with the sample through the thermal profile. They can 

be locked into place if required to avoid squeezing fluid samples out. 

Figure 5.6. A dielectri c thermal analyser (OS6000 OETA, Lacerta Technology Ltd,UK) 
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5.4.9. Sodium dodecyl sulphate- polyacrylamide gel electrophoresis (SDS-PAGE) 

Changes in the primary structure of OVA were analyzed using SDS-PAGE after 

being incorporated into freshly prepared electro-responsive patches. OVA standard 

solution was prepared at concentration 100 Ilg!ml in PBS. Electro-responsive patch 

and lyophilized patches was dissolved in PBS to obtain a final concentration of 100 

Ilg!ml. Samples were resolved through Gel Nu PAGE® 10% w/v Bis- Tris. First, the 

samples were prepared by mixing 20111 with 10111 treatment buffer ( ddH20 16 ml, 

0.5 M Tris, pH 6.8 5 ml, 50% glycerol 8 ml, 10% SOS 8 ml, 2-~ mercaptoethanol 2 

ml (add immediately before use), bromophenol blue, 10% v/v acetic acid). Then, the 

samples were heated for 10 min at 97 QC then cooled to room temperature before 

loading onto the gel. The loading step was started by loading the see blue® plus 2 

prestained standard (IX) at volume of 7111. Then, 10111 of standard OVA and OVA 

incorporated into freeze drier tablet were loaded onto the gel. The gel was 

electrophoresed at 200 volts for approximately 1 hour until the tracking dye front 

(Bromophenol blue) moved to the bottom of the gel. The gels were stained with 

Coomassie brilliant blue (Coomassie Blue Stain 10% v/v acetic acid, 0.006% (w/v) 

Coomassie Blue dye and 90% ddH20) for 2 hours. Then, the gel page was then 

soaked in destaining buffer (destaining solution 10% v/v glacial acetic acid, 20% v/v 

Methanol, 70% ddH20) overnight to remove the stain from solution. The molecular 

weight of the OVA band was compared with the standard molecular weight marker, 

which is 45 kOa. 

5.4.10. Micro BCATM Protein assay 

Five of the electro-responsive patch loaded with 2.5 mg OVA were weighed 

individually. The samples for analysis were prepared by dissolving each array in 

PBS. Then, the content of obtained OVA solutions were determined using standard 

curve obtained from known concentrations of OVA standard solutions ranging from 

(2- 40 J..I.g!ml). The assay was carried out using a Micro BCA ™ Protein assay reagent 

kit. The BCA working reagent (WR) was freshly prepared before analysing the 

samples. 

5.4.11. Iontophoresis protocol 

For all iontophoresis experiments, a commercially available power supply (Phoresor 

II, lomed, Lake City, FL, USA) was used to deliver a current. The anode was placed 
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in the donor chamber and the anode was inserted into the receptor compartment to 

perform anodal iontophoresis. A constant direct current (DC) of 0.5 mA/cm 2 was 

applied for 6 hours. This iontophoresis protocol was used for OVA permeation 

studies. 

Figure 5.7 . Phoresor II Iontophoretic drug delivery system. Taken from (http ://itm-40910-iomed-

pm700---phoresor-ii-iontophoretic.surplusmedicalequipmentsolutions.com/). 

5.4.12. In vitro OVA permeation studies across dermatomed neonatal porcine skin 

In vitro OVA delivery experiments were performed using the Franz cell apparatus . 

Briefly, neonatal porcine skin was obtained from stillborn piglets and immediately 

«24 hours after birth) excised, and trimmed to a thickness of 350 Ilm using an 

electric dermatome. Skin was then stored in aluminium foil at -20oe until further use. 

Neonatal porcine skin samples were shaved carefully so as not to damage the skin 

and pre-equilibrated in phosphate buffered saline pH 7.4 (PBS) for one hour before 

beginning the experiments. 

A circular specImen of the skin was secured to the donor compartment of the 

diffusion cell using cynoacrylate glue with the stratum corneum side facing the 

donor compartment. This was then placed on top of dental wax, to give the skin 

support, and then super swelling MN arrays inserted into the centre of the skin 

section, using a spring activated applicator at a force of 11 .0 N per array. For 

evaluation of super swelling MN arrays, following MN application, a I cm2 section 
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of 2.5 mg OVA loaded electro-responsive patch was attached to the base of the MN 

array. A circular steel weight (diameter 11.0 mm, 3.5 g mass) was then placed on top 

of the an integrated device. Furthermore, a non electro-responsive putty material 

(BluTac®) was placed on top of the weight, and a piece of laboratory film 

(Parafilm®) placed over the Franz cell lid prior to mounting onto the receptor 

compartment of the Franz cells. For studies involving the application of an electric 

current, a silver wire (acting as the anode; 1.0 mm diameter x 70 mm) was placed on 

top of the MN array base / OVA loaded electro-responsive patch, with a silver-silver 

chloride electrode (acting as the cathode; silver-silver chloride segment O.S mm 

diameter x Smm length, total wire length 70 mm) placed into receiver medium via 

the side arm of the Franz cell. A commercially avai lable power supply (Phoresor II) 

was used to deliver a current of 0.5 mA for a 6 hours period. At predetermined time 

intervals, a 300 fll sample was collected via the side arm of the Franz cell and the 

receiver compartment immediately replenished with an equivalent volume of release 

medium. All samples were analysed using ELISA. 

Power Supply 

Active el tctrode + £Itctncel Wlrt 

Figure 5.8. Schematic illustration of experimental set up employed during iontophoretic 

investigations. 

5.4.13. EL/SA method 

Monoclonal anti-chicken egg albumin (ovalbumin) antibody produced In mouse 

(moAb) was diluted in 0.1 M bicarbonate buffer, pH 9.6 to the optimized 

concentration of 2.5 flg/ml. An aliquot (50 fll) of anti-ovalbumin was dispensed into 

the plate and incubated overnight at 4°C. The plate was filled with washing buffer 
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0.05% v/v Tween-PBS and soaked for 30 seconds before discarded. This process was 

repeated 5 times. Then, the plate was turned onto absorbance paper to remove any 

remaining buffer. The plate was blocked with SuperBlock® T20 buffer (150 f!l/well) 

and incubated for 2 hours at room temperature. For the calibration curve, OVA 

solutions were freshly prepared at a concentration of 1 mglml in PBS produced 

concentrations of 1 f!glml to 10 nglml. A 50 f!1 of sample was dispensed into wells, 

each sample was analysed in triplicate. The plate was covered and incubated for 1 

hour at room temperature. The plate was washed and incubated with rabbit anti 

chicken OVA polyclonal antibody conjugate with HRP at the optimized 

concentration of 5 f!glml in SuperBlock® T20 buffer for 1 hour at room temperature. 

After the plate was washed, 50 f!l ofTMP was added to each well to detect antibody 

binding and incubated for 15 min. Colour development was ended using 50 f!lIwell 

of 4.0 M HCI and optical density (OD) was measured at 450 nm using a micro plate 

reader spectrophotometer. 

5.4.14. Statistical analysis 

Thermal analysis was analysed using a one way analysis of variance (ANOV A) with 

Tukey' s HSD post-hoc test used to compare the means of different groups. Tensile 

properties and in vitro studies were analysed using paired Student's Hest. In all 

cases, p < 0.05 was taken to represent a statistically significant difference. 
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5.5. Res u/ts 

Electro-responsive patch cast from aqueous blends of Gantrez® AN-139 and TPM at 

pH 2 and 7 was fabricated and characterized to be used as a drug reservoir delivery 

system intended for use in iontophoresis. Tensile strengths of electro-responsive 

patches increased significantly (p < 0.0 I) with the changing pH of the casting blend 

from 2 to 7, while the percentage elongations at break showed a significant decrease 

(p < 0.001), as shown in Figure 5.9. For example, electro-responsive patch cast from 

blends containing 10% w/w Gantrez® AN-139 and 5% w/w TPM had a tensile 

strength of 1.2 ± 0.2 compared to 10.2 ± 0.23 Nm-2 (x 106
) at pH 7 films, and the 

elongation at break at pH 2 was 548.9 % ± 123% compared to 7.2 % ± 1.02% at 

pH 7. OVA addition to the casting blend produced similar, not significant (p> 0.05), 

reductions in tensile strengths at 0.1 and 0.5 mg/cm2 concentration, but significant (p 

< 0.05) decreased in case of I mg/cm2 and similar, not significant (p > 0.05) 

decreased in percentage elongations at break at 0.1 and 0.5 mg/cm2 concentration, 

but significant (p < 0.05) decreased in case of I mg/cm2
. Figure (5.9) also shows 

that, as the pH increased in electro-responsive patches cast from aqueous blends of 

plasticized Gantrez® AN-139, their tensile properties also changed significantly. 
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Figure 5.9. Influence of changing pH and OY A concentrations on tensile strength of freshly prepared 

electro-responsive patch cast from aqueous blends of 10% % w/w Gantrez® A - 139 and 5% w/w of 

TPM loaded with different concentration ofOY A. (Mean + S.D .. n = 3). 

High molecular weight molecules. like OVA to the electro-responsive patch affected 

the elongation% which decreased but not significantly (p > 0.05) in case of 0.1 and 
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0.5 mg/cm
2 

and significantly (p < 0.05) in case of 1 mg/cm2 e.g. the e!ongation% of 

electro-responsive patch loaded with 0, 0.1, 0.5 and 1 mg/cm2 was 543% ± 123%, 

494.8% ± 33%, 420.7% ± 10% and 308.3% ± 69%, respectively, (Figure 5.10). 
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Figure 5.10. Influence of changing pH and OVA concentrations on % elongation to break of freshly 

prepared electro-responsive patch cast from aqueous blends of PMVE/MA and 5% w/w of TPM 

loaded with different concentration of OVA. (Mean ± S.D., n = 3). 

Electro-responsive patches cast at pH 2 and 7 were subjected to thermal analysis 

using DSC to measure glass transition temperature. The glass transition temperature 

of 10% w/w Gantrez® AN-139 and 5% w/w of TPM loaded with 2.5 and 1 mg/cm2 

OVA and blank without OVA at pH 2 and 7 was measured. Figure 5.11 shows 

superimposed differential calorimetry Rev heat flow versus temperature plots for 

electro-responsive patch cast from blends containing 10% w/w Gantrez® AN-139 

and 5% w/w TPM at pH 2 and 7. The glass transition temperature of the formed 

films , as defined by the midspan temperatures of the step changes in the heat 

capacity curves, was observed to increase from around 19°C to around 30°C, 

respectively, It was difficult to measure glass transition temperature for electro

responsive patches loaded with OVA by mDSC. Therefore, DMTA was used to 

measure Tg of the electro-responsive patches as it is more sensitive than DSC (Jones 

et aI. , 2012). 
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Figure 5.11. mDSC of electra-responsive patch pH 2 and 7 with heating rate of3 °C Imin. 

The DMTA response for the films is shown in Figure 5.12 - 5.15 . A dramatic change 

in both the storage modulus and tan (5 signals of the amorphous samples can be seen 

between looe and 400 e and 33°e to 65 °e for electra-responsive patchat pH 2 and 7 

loaded with different concentration of OVA, respectively. 
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Dynamic Properties vs Temperature 
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Fiigure 5.15 . DMTA of electro-responsive patch pH 7 loaded in steel pocket with heating rate of 3 

QC/min and frequency of 1 and 10Hz. 

Changing of pH from 2 to 7 caused a significant increase (p < 0.01) in (Tg) of cast 

electro-responsive patches from 14.83 ± 2.43°C to 33.2 ± 2.41°C, and from 23.10 ± 

2.40°C to 36.22 ± 1.87°C to at 1 and 10Hz, respectively. Moreover, it was observed 

that the addition of OVA to the electro-responsive patch caused a significant increase 

(p < 0.05) in Tg of electro-responsive patch from 14.83 ± 2.43°C to 24.45 ± 4.40°C 

and 33.2 ± 2.41 °C to 54.6 ± 4.40°C at pH 2 and 7, respectively. While there is no 

significant difference (p > 0.05) between the electro-responsive patch loaded with 

different concentration of OVA but at same pH , e.g. the glass transition temperature 

for I and 2.5 mg/cm-2 at pH 2 was 23.23 ± 2.23 °C and 24.45 ± 1.41 °C, at 1 Hz 

frequency and 29.35 ± 2.33°C and 31.85 ± 2.36 QC, at 10Hz, respectively. In 

addition, there was no significant difference (p > 0.05) in Tg between of electro

responsive patch loaded with the 1 and 2.5 mg/cm-2 OVA at pH 7, e.g. the glass 

transition temperature was 52.83 ± 4.10 °C and 54.6 ± 4.40 °C at 1 Hz, respectively. 

DMTA measures miscibility in binary and higher order systems (lones et ai. , 2012). 

DMTA measures solubility and miscibility between polymeric components or 

between drug and po lymer. From Figure 5.15 , it is obvious that there is immiscibility 

between polymer and TPM at pH 7. If the mixture is composed of miscible 

components, a sing le tan delta maximum will be observed (lones et ai. , 2012). 
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Figure 5.16 Glass transition values assigned by Tan delta max for electro-responsive patch loaded 

with different concentration of OV A at pH 2 and 7 (Mean ± S.D., n=3). 

The A TR-FTIR spectra of the electro-responsive patch without OVA cast from 10% 

w/w Gantrez® AN 139: 5% w/w TPM at pH 2 and 7 and those cast from blends 

containing both 0.5 and 1 mg OVA were scanned in the region of 4000- 600 cm- I, as 

shown in Figures 5.17. Carboxylic acids generally show IR absorption at 1750 to 

1650 cm- I whereas carboxylate ions usually display stretching bands at 1610 to 1550 

and 1420 to 1300 cm- I. Figure 5.17 shows superimposed ATR-FTIR spectra for 

electro-responsive patch cast from aqueous blends containing electro-responsive 

patch at pH 2 and 7. In the electro-responsive patch cast at pH 2, the carbonyl 

stretching band was centred around 1704 cm- I. By changing cast pH to 7, shifts in the 

carbonyl stretching band were observed to 1559 cm- I and another stretching band 

appear around 1398 cm-I which indicating formation of carboxylate ion. 
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Figure 5.17. A TR-FTIR spectrum of 10% w/w Gantrez® AN139: 5% w/w TPM electro-responsive 

patch cast at pH 2 and 7. 

To study the ionic conductivity of the samples, DETA was used . The study was 

carried out in the frequency range 1 kHz to 100 kHz. The film of plasticised 

Gantrez® AN 139 (pH 2 and 7) loaded with different concentration of OVA was 

sandwiched between two electrodes. The dielectric response is described by the 

complex permittivity (EX) which consist of two component, EX = E'- iE", where (e') 

is a real permittivity and (E") is an imaginary permittivity. Moreover, E' and E" are 

the storage (dielectric constant) and loss (dielectric loss) of energy in each cycle of 

applied electric field , respectively. Figure 5.18 show the frequency dependence of 

real E' (dielectric constant) for the film of TPM-plasticised Gantrez® AN139 (pH 2 

and 7) loaded with different concentration of OVA at 32°C temperature. Similar 

behaviour was observed for the imaginary component E" (dielectric loss) for the film 

TPM-plasticised Gantrez® AN 139 (pH 2 and 7) loaded with different concentration 

of OV A at 32°C temperature (Figure 5.19). The values of E' and E" were relatively 

high at low frequency but at high frequency attained a constant value. 
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Figure 5.18. Real dielectric constant (at 32°C) of 10% Gantrez® AN 139: 5% TPM loaded with 

different amount ofOYA at pH 2 and 7 (Mean + SD, n=5). 
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Figure 5.19. Imaginary dielectric constant (at 32°C) of 10% Gantrez® AN139:5 %TPM loaded with 

different amounts of OV A at pH 2and 7 (Mean + SD, n=5). 

The ionic conductivity was performed at a fixed temperature of 32°C, which 

represents the temperature of the skin and at various frequency ranged from 1 KHz to 

100 KHz. Figure 5.20 show the significant difference (p < 0.05) in ionic conductivity 

of un-plasticized and TPM plasticized film especially at high frequency 100 KHz. 

Figure 5.21 shows the frequency dependence of ionic conductivity for plasticised 

PMVE/MA electro-responsive patch loaded with different concentration of OVA (0, 

0.1.0.5. I and 2.5 mg/cm\ 
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Figure 5.20. Ionic conductivity of un-plasticized (Gantrez® ANI39 alone) and TPM plasticized 

patches at 32°C, (Mean + SD, n=5). 

From Figure 5.21 it is also clear that the ionic conductivity values were found to be 

increased with increasing frequency, pH and OVA concentration. The ionic 

conductivity values range from 22.7 ± 0.36 ,25 ± 0.60 , 32.9 ± 1.25 to 41.7 ± 1.4 x 

10-4 mS/m at 100 KHz for plasticized patches loaded with different concentration of 

OVA 0, 0.1 ,0.5 , and 1 mg/cm2 ,respectively at pH 2. In addition, at pH 7 the ionic 

conductivity values followed a similar pattern of plasticized electro-responsive patch 

at pH 2 e.g. the ionic conductivity values were 64.5 ± 15 and 86.5 ± 14 x 10-4 mS/m 

at 100 KHz, for 0 and 1 mg/cm2
, respectively. It is obvious also that there was 

significant difference (p < 0.05) between OVA loaded and unloaded patches at both 

pH 2 and 7 e.g. The ionic conductivity for 0 and 1 mg/cm2 were 22.7 ± 0.36 and 

41.7 ± 1.4 x 10-4 mS/m at 100 KHz, respectively. Moreover, as frequency increased, 

the ionic conductivity increased . For example, the ionic conductivity of plasticized 

electro-responsive patch at pH 2 loaded with 1 mg/cm2 OVA at 3 and 100 KHz was 

9.6 ± 0.9 and 41 .7 ± 1.4 xl 0-4 mS/m, respectively. 
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Figure 5.21. Ionic conductivity of Gantrez® AN139 :TPM film loaded with different concentration of 

OV A at different pH 2 and 7, at 100 KHz. (Mean + SD, n=5). 

Stability of OVA after loading into electro-responsive patch was investigated. 

Changes in the primary structure of OVA were analyzed using SDS-PAGE after 

being incorporated into freshly prepared patch. The primary structure of OVA 

(45 kDa) was analysed after loading into freshly prepared patch and compared to 

standard solution of OVA (lOO J.lg/ml). In this analysis no bands were observed for 

OVA at 1 and 10 J.lg/ml, but after increasing the concentration to 100 J.lg/ml, bands 

observed under 45 kDa were seen for standard OVA solution and electro-responsive 

patch (Figure 5.22). As can be seen from Figure 5.22, only the OVA standard 

solution that was non-manipulated with Gantrez® polymer ran through the SDS

PAGE gels had a band. Moreover, bands were not observed for the OVA samples 

after being incorporated into electro-responsive patch that contains high molecular 

weight polymer Gantrez® AN139. 
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Figure 5.22. SDS-PAGE analysis of standard OVA solution, OVA incorporated into electro

responsive patch and lyophilized patches prepared. Band 1 molecular weight ladder; band 2 (100 

Ilglml) OVA dissolved in PBS; band 3 OVA incorporated into lyophilized patches (100 Ilg/ml) and 

band 4 OVA incorporated into electro-responsive patch (100 Ilg/ml ) . 

Figure 5.23 illustrates the permeation profile of OVA released across neonatal 

porcine skin following application of OVA loaded electro-responsive patch and 

super swelling hydrogel MN arrays for 24 hours. The total cumulative amount of 

OVA permeating after 24 hours was found to be approximately 1267 flg. Figure 

(5.24) illustrates the permeation profile of OVA released across neonatal porcine 

skin following the combination of OVA loaded electro-responsive patch and super 

swelling hydrogel MN arrays with anodal iontophoresis. It was found that the 

combination of anodal IP and MN led to the significant increase in OVA permeation, 

in comparison to MN (p < 0.01) alone . In particular, the cumulative amount of OVA 

permeated across neonatal porcine skin at 6 hours was found to be 380.27 ± 43.01 

and 652.61 ± 81.86 flg for MN and MN+ IP delivery strategies, respectively. This 

equates to 15.21 ± 1.72% of OVA being delivered through the use of the passive 

release from OVA loaded patches in combination with super swelling hydrogel MN 

array without lP, whilst the combination of anodal iontophoresis and a MN array 

delivered 26.10 ± 3.27%. 
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Figure 5.23 . In vitro release of OVA across dermatomed neonatal porcine skin (350 Ilm) following 

application of super swelling hydrogel MN/electro-responsive patch loaded with 2.5 mg OVA for a 

period of24 hours (Means ± SD, n = 5) . 
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Figure 5.24. In vitro release of OV A across dermatomed neonatal porcine skin (350 Ilm) following 

the combination of an electric current of 0.5 mA for a period of 6 hours and an integrated system of 

super swelling hydrogel MN/electro-responsive patch loaded with 2.5 mg OVA (MN+IP), or passive 

release from an integrated system of super swelling hydrogel MN/electro-responsive patch. (Means ± 

SD, n = 5) 

Figure 4.25 show in vitro release of OVA following the combination of an electric 

current of 0.5 mA for a period of 15 min with a super swelling hydrogel MN/drug 

patch device (MN+IP), or passive release from a super swelling hydrogel forming 

MN/drug patch device alone. Whilst detectable amounts of OVA did permeate after 

3 minutes in both cases passive release from MN array aione and in combination 

with lP, but the amount permeated was very low during first hour. Attributed to the 
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time taken by the MN to take up water and swell. Since the polymer chain within the 

hydrogel are not sufficiently mobile to permit immediate release of OVA. Figure 

5.26 show the difference in in vitro release from super swelling MN/lyophilized 

patch and super swelling MN/electro-responsive patch over 24 hours. 
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Figure 5.25 . In vitro release of OVA across dermatomed neonatal porcine skin (350 ~m) following the 

combination of an electric current of 0.5 mA for a period of 15 min with a super swelling hydrogel 

MN/drug patch device (MN+lP), or passive release from super swelling hydrogel MN/OV A patch 

device alone. (Means ± SO, n = 5) 
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Figure 5.26. In vitro release of OVA across dermatomed neonatal porcine skin (350 ~m) from super 

swelling hydrogel MN/electro-responsive patch loaded with 2.5 mg OVA and super swelling hydrogel 

MNIIOV A lyophilized patches loaded with 2.5 mg OV A. (Means ± SO, n = 5). 
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5.6. Discussion 

Following the successful development of a range of techniques to enable sustained 

controlled release, such as matrices with controllable swelling, diffusion or erosion 

profiles (Sershen & West, 2002). There has been a recent interest in the development 

of so called " intelligent" drug carriers (Murdan, 2003). An intelligent, responsive 

drug delivery system is one, which once implanted into the body, has the ability to 

release drug in a pulsatile or staggered fashion, typically in response to local changes 

in the environment, or following activation by an external stimulus (Sershen & West, 

2002). 

The use of an electric field as an external stimulus is a method that has been 

successfully employed to enhance the amount of released drug and the precise 

controls (Juntanon et al. , 2008). Electro-responsive polymers can be used to prepare 

materials that swell or shrink in response to an electric field (Roy et al., 2010). 

Electro-responsive hydrogels are normally composed of polyelectrolytes (polymers 

that contain relatively high concentrations of ionisable groups along the backbone 

chain) and an insoluble, swellable polymer network containing fixed charge sites 

(Kaewpirom et al., 2006). Furthermore, electro-responsive hydrogels have been 

widely investigated as matrices for sensing and responding to an electric stimulus, 

enabling drug release to occur in a pulsatile manner, or in a release rate determined 

as a function of the applied electric protocol (lm et al. , 2010; Niamlang & Sirivat, 

2009; Malay et al. , 2009). 

The present study aimed at establishing the efficacy of super swelling hydrogel MN 

arrays coupled with IP for the transdermal delivery of proteins, with particular 

emphasis placed upon developing the most suitable electro-responsive patch system 

capable of providing both the sustained delivery of OVA (i .e. to meet a patients basal 

protein requirements such as hormones) and electrically facilitated on-demand bolus 

dose of protein delivery e.g insulin or vaccine delivery. Formulating protein delivery 

system remains challenge to maintain their stability and biological activity (Brown, 

2005 ; McCrudden et aI. , 2013) . Due to the pain and discomfort associated with 

protein injections many attempts have been made to develop more convenient way of 

protein administration (Brown, 2005) . The transdermal route has been extensively 

investigated as potential route for non-invasive protein administration. The major 
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challenge associated with transdermal protein delivery, to date, has been lack of 

protein permeation across the se due to their hydrophilic nature and high molecular 

weight (McCrudden et aI., 2013). Numerous strategies have been described to 

address skin impermeability, including: chemical, electrical and physical methods, 

such as penetration enhancers (Chen et aI., 2006), iontophoresis (Langkjaer et aI., 

1998; Kanikkannan et aI., 1999; Pillai & Panchagnula, 2003) ultrasound (Smith et 

aI., 2003; Park et aI., 2008) and drug carriers such as transfersomes (Cevc et aI., 

1998). Nevertheless, most of the traditional approaches are not good for example; 

penetration enhancers facilitated oral protein delivery by selective, reversible 

opening of tight junction of epithelial cells but the transient opening of the junction is 

not selective and thus permits the passage of nontherapeutic or even toxic 

compounds from gastrointestinal tract (McCrudden et aI., 2013). 

Application of MN arrays to biological membranes creates aqueous microchannels 

large enough for the unobstructed passage of macromolecules across the skin 

(Kaushik et aI., 2001; Banga, 2009). MN have the potential to improve the therapeutic 

efficacy of a protein or peptide by providing an approach that is safe, free of pain and 

most importantly overcomes the stratum corneum barrier of the skin (DeMuth et al., 

2012). Moreover, the potential of various types of MN such as solid MN, hollow MN 

and polymeric MN for enhancing the transcutaneous delivery of various compounds and 

especially large hydrophilic molecular compounds has already been established 

(Migalska et al., 2011; Widera et al., 2006). 

Ovalbumin has been the most commonly-employed model antigen during 

evaluations of MN efficacy (Table 5.2). Previous studies, in which MN with OVA 

coating localized to MN tips, resulted in overall delivery efficacy of 48-58% (Widera et 

ai., 2006). Matriano et al., (2002) reported that the delivery of protein into the skin 

increased gradually with prolonging the application times of MN arrays coated with 

OVA (Matriano et ai., 2002). However, the amount of drug that can be coated is 

limited by the small size of the MN. MN-mediated transdermal delivery of OVA to 

hairless guinea pigs in vivo was reported by Widera et al,. (2006). Chen et aI., (2009) 

reported that silicon MN arrays succeeded in OVA delivery to the mice. The 

obtained anti-OVA antibody levels following administration of MN were comparable 

with those achieved after intramuscular injection. Cormier et aI., (2004) 
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demonstrated successful transdermal deiivery of desmopressin (Mw = 1.1 kOa) 

coated onto the Macroflux® array. One of the major problems with currently 

available dissolving MN is the deposition of the polymer in the skin which may be 

overcome by using of super swelling hydrogel system since it removed fully intact 

from skin after application for 24 hours. 

Table 5.2 Results of some in vitro and in vivo delivery studies performed with MN 

MN 
Type 

Grooves-embedded 
MN of poly-L
lactic acid 

Silicon dry-coated 
MN 

MN composed of 
embeddable 
chitosan MN and a 
poly(lactide-co-d,l -
lactide) (PLA) 
supporting array 

Model 

In vivo mice 

In vivo mice 

In vitro and 
in vivo rat 

Outcome 

MN coated with ovalbumin render 
higher antibody response as the 
number and depth of grooves 
Increase. 
Patches with 20,000 microprojections 
per cm2

, less than 100 /J.m in length, 
offer a rapid release of ovalbumin, 
while the coating remains intact 
during skin insertion. 
Embeddable chitosan MN are a 
promIsing depot for extended 
delivery of encapsulated antigens to 
provide sustained Immune 
stimulation and improve 
immunogenicity. 

Reference 

(Chen et al , 
2009) 

(Matriano et 
ai.,2002) 

(Chen et al, 
2013) 

In the current study, the ability of super swelling hydrogel MN arrays and IP to 

increase skin permeability to OVA was evaluated. Electro-responsive patches 

formulations from aqueous blends of PMVE/MA possess many properties, such as 

an electrically conducting interface, moisture-activated, electro-responsive and 

platform drug delivery was investigated (Woolfson et aI., 1995; McCarron et aI., 

2004; McCarron et aI. , 2005). The anhydride ring of PMVE/MAH confers rigidity on 

the system because of two carbon atoms in the polymer backbone ring. A decrease in 

the (Tg) of only lOoC from high Tg of the dry powder (151°C) is seen. When 

anhydride moiety is hydrolysed to the corresponding free acid form (PMVEIMA) 

(McCarron et aI. , 2004). Cast of electro-responsive patches from Gantrez® AN139 

polymer alone without plasticizer were very brittle. Therefore, these electro

responsive patches require the addition of a suitable plasticizer such as glycerol in 

the casting blend (McCarron et aI. , 2004). TPM was effective plasticizer for 
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Gantrez® AN I 39-based films, since it lowering the Tg of Gantrez® AN 139 based 

films in direct proportion to the TPM concentration (Figure.5.28) (McCarron et aI. , 

2004; McCarron et aI. , 2005). Electro-responsive patch was fabricated from 

Gantrez® AN139 and TPM then loaded with a model protein OVA 

Figure.5.28.Tripropylene glycol methyl ether (TPM). Taken from 

http://www.vvchem.com/selllcas:20324-33-8,1002048 .html 

In structural terms, TPM has one hydroxyl group and no acid groups, so it is capable 

of plasticizing PMVEIMA, rather than crosslinking it (Gudeman & Peppas, 1995; 

McCarron et aI. , 2004). Physical and electrical characterization of electro-responsive 

patch intended for use in electrically assisted transdermal drug delivery was 

investigated. Changing casting gel pH and the concentration of OVA produced 

substantial alteration in the tensile properties of electro-responsive patch 

subsequently cast (Figure 5.9 and 5.10). At acidic pH values, electro-responsive 

patches exhibit a substantial plastic character (Figure 5.30) which gradually 

disappears as the pH is raised to 7 (Moss et al. , 2006). At pH 7, the resulting electro

responsive patches exhibited hard and tough characteristics. 
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Figure 5.28 . Typical load/time profiles for 10% w/w Gantrez® AN139 and 5% w/w TPM at pH 2 and 

7 showing the effect of casting gel pH on the tensile properties of the patches. 
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As the pH increased, tensile properties gradually changed. At pH 7, the elongation to 

break shortened and the tensile strength began to increase which may be responsible 

for producing hard and brittle films. This is explained by changing in 

physicochemical properties of Gantrez® AN139 when altering cast gel pH. At pH 2 

the Gantrez® AN 139 is in the unionized form. As the pH is increased up to 7 the 

Gantrez® AN 139 is present in an ionized form (ionization of carboxylic group on the 

Gantrez® AN 139 monomer) which may be responsible for altering in the tensile 

properties of electro-responsive patches at different pH. In addition, the nature of 

drug (i.e. ionized or unionized) in casting gel at different pH values e.g. at pH 2, 

OVA will be positively charged while at pH 7 it will be negatively charged since 

isoelectric point of OVA 4.25. The viscosity of Gantrez® AN139 was increased by 

increasing pH from 2 to 7. This is possibly because of increased intra- and inter

molecular hydrogen-bonding within Gantrez® AN139 at lower pH since degree of 

ionization of the carboxylic acid groups of the Gantrez® AN139 is low (Tsuchida, 

1982). Moreover, there was incompatibility and immiscibility between the 

components in the casting gel at pH 7 (TPM and Gantrez® AN139 copolymer), 

which may be responsible for producing a hard and brittle formulation at pH 7 (Moss 

et aI. , 2006). To elucidate the compatibility of polymer and plasticizer components of 

casting gel a study of polymer plasticizer interactions by differential scanning 

calorimetry (DSC) and DMTA was conducted. 

The glass transition is a relaxation process, through which the solid glass becomes 

less rigid over this region (Gearing et al., 2010; Price, 2002; Jones et aI., 2012). This 

is due to the molecules undergoing a transition from a rigid state (with long 

relaxation times) to one where they are mobile (short relaxation times) (Price, 2002; 

Jones et aI., 2012). Measurement of Tg of proteins and high MW polymers is 

frequently difficult, because the transition is very weak (Katayama et aI. , 2007). 

Rapid development in scanning technology for differential scanning calorimetry 

(DSC) allows measurements on materials where the thermal events are hard to 

measure by conventional DSC (Gearing et aI., 2010; Katayama et aI., 

2007). Therefore, mDSC has been used for determination of Tg but sometimes has 

difficulty in detecting Tg in some materials due to weak Tg or the presence of much 

greater melt or eutectic events (Katayama et aI., 2007). this has given rise to the 

claim that DMT A can often be one thousand times more sensitive for determination 
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of Tg in samples where there are only trace amount of polymers present (Gearing et 

al. 2010). It is possible to distinguish between the Tg, which is frequency 

dependent, and the melting point (T m) which happens independently of the vibration 

frequency (Gearing et aI., 2010: Royall et aI., 2005; Jones, 1999; Jones et aI., 2012). 

The Tg for electro-responsive patches loaded with OVA were poorly resolved by 

mDSC, but were clearly observed by DMTA. The Tg by DMT A may be expected to 

be at a higher temperature than that derived from mDSC as the Tg varies with the 

applied frequencies that are used, while DSC is performed without frequency 

oscillation (Gearing et aI., 2010; Royall et aI., 2005). In general, the lower the 

frequency of oscillation the sharper the Tan delta peaks and the lower glass 

transition temperature (Steendam et aI., 2001; Royall et aI., 2005). 

Dynamic mechanical thermal analysis (DMTA) measures phase morphology 

transitions (melts, crystallizations, alpha transitions (glass) and beta transitions) of 

materials by vibrating the material sinusoidally at a constant frequency and 

monitoring the stiffness and damping with respect to temperature (Gearing et aI., 

2010; Royall et aI., 2005). In addition, DMTA measures the mechanical properties of 

a sample as a function of temperature and frequency of applied oscillatory stress (or 

strain) (Royall et aI., 2005; Jones, 1999; Jones et aI., 2012). The test sample is loaded 

into the instrument and then subjected to an oscillating stress, measured as a 

force/area;Pa. Strain is a dimensionless quantity. Therefore, as strain is 

dimension less, the storage modulus will have units of Pa, and it represents the 

resistance of the sample to strain (Royall et aI., 2005; Jones et aI., 2012). Most of the 

pharmaceutical samples behave viscoelastically to an applied stress. Therefore, in 

DMTA experiments, under the oscillating strain will lag behind the applied 

oscillating stress by a phase angle (b). Thus, the resulted modulus is complex, 

consists of storage modulus component corresponding to the sample's elastic 

response and loss modulus corresponding to the viscous component. Viscoelastic 

materials will exhibit phase angles (0-90°). The ratio between these parameters 

storage modulus and loss modulus gives the damping parameter (tan b). Tan b is 

proportional to the dissipated mechanical energy mainly as heat to the stored 

mechanical energy for each cycle (Jones, 1999; Gearing et aI. , 2010). The electro

responsive patch exhibit classic viscoelastic behaviour. The main features of the 
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glass-to-rubber transition include a dominant viscous component (G" > G' (loss 

modulus Istorage modulus)) and a spectacular dependence of viscoelastic functions 

on time or temperature at pH 2. 

The DMT A experiments were carried out using a frequency of 1 and 10Hz. The Tg 

is a relaxation process, thus it is expected to have a high dependency on the 

frequency of measurement, which is illustrated in Figure 5.12-5.15 that show the 

onset and peak temperatures for the transition are promoted as the frequency is 

increased. Simply, when a sample is heated in a DMTA, the glass transition region is 

observed when the molecules of the glass have sufficient mobility that their 

relaxation times approach the frequency of the oscillating stress. If a higher 

frequency is imposed, more thermal energy is required to reach this point and the 

glass transition region falls at a slightly higher temperature. Thus the rate of 

oscillation has a corresponding influence on the temperature at which the glass 

transition is activated (Craig & Reading, 2010; Royall et aI., 2005). Therefore the 

data presented here confirms to the literature concerning conventionally operated 

DMT A, whereby the glass transition temperature increases as a function of 

frequency. 

DMTA can act as an effective tool in characterizing the miscibility between the 

components in the films. If the blend is composed of miscible components, a single, 

fused, tan 8 maximum will be detected (Jones et aI., 2012). In contrast, with samples 

in which phase separation occurs, each phase will exhibit a characteristic relaxation 

and the position of the glass transition will not be composition dependent. Lafferty et 

aI., (2002), investigated the homogeneity within cast and sprayed electro-responsive 

patch prepared from different components of polymethylmethacrylate 

Eudragitlethylcellulose aqueous dispersions. Miscibility of PMVEIMA with TPM 

and water is related to the formation of hydrogen bonds (H-bond) between carbonyl 

groups (C=O) of the repeating units of the PMVE/MA chain and hydroxyl groups 

(OH) of the TPM and water molecules (Sengwa et aI., 2008). At pH 7, TPM is not 

freely soluble in the casting gel matrix which leads to phase separation and may 

potentially disrupt the polymer plasticizer interaction in solution. After that, further 

evaluation of the dielectric properties was also investigated since these patches will 

be used in electrically assisted transdermally drug delivery. 
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Pharmaceutical materials are ideal candidates for study by dielectric spectroscopy, 

since they do not tend to conduct electricity well (Storey & Y men, 2011). The 

dielectric property indicates the amount of charge that can be stored by a material so 

it can be used as an indicator to prove that the increase in conductivity is due to an 

increase in the charge carriers or free mobile ions. If dielectric property of the 

material increases, the amount of charge stored by the material will also increase 

(Rajeswari et aI. , 2011; Storey & Ymen, 2011). In dielectric spectroscopy, two 

electrodes are attached to the sample and the dielectric analysis involves the 

measurement of the response of a sample to an applied electric field. Since most of 

pharmaceutical samples contain dipoles, the response considered to be a combination 

of two processes rearrangement of dipoles bonds and charge carriers movement 

through the system by conduction processes (Sutananta et al. 1995; Storey & Ymen, 

2011). The most important aspect of dielectric spectroscopy is that the applied 

electric field is not static but oscillates in sinusoidal way (Storey & Ymen, 2011). 

In this study, the technique of low frequency dielectric spectroscopy has been used as 

a means of characterizing the physical structure of electro-responsive patches. Low 

frequency dielectric spectroscopy is sensitive to molecular mobility and structure, 

non-invasive, and employs only mild stresses in order to measure the sample 

properties (Craig, 1992; Sutananta et aI., 1995). This study was largely involved with 

monitoring the change in dielectric constant, dielectric loss and ionic conductivity 

within a wide range of frequencies rather than monitoring the temperature dependent 

behaviour. 

All the £' and £" plots show typical dielectric behaviour which was high at low 

frequency followed by a relatively constant value at high frequency (Figure 5.20 and 

5.21). Similar results have been reported by Hema et aI. , (2007) for PVA and PVP. It 

was found that such high values of £' and £" at low frequency caused by the electrode 

effects and the interfacial effects within the bulk of the film (Reddy et aI., 2006; 

Storey & Ymen, 2011). The interfacial effects or Maxwell-Wagner-Sillars (MWS) 

polarization within the bulk of the sample is due to trapping of charge carriers at 

interfaces within the bulk of the sample interfacial (Reddy et al. 2006; Storey & 

Y men, 2011). On the other hand, the electrode effects or space charge is a 

polarization occurs at the interface between sample and electrodes (Craig & 
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Tamburic, 1997; Storey & Ymen, 2011). Since at low frequencies the charges have 

time to accumulate at the borders of the conducting regions causing e' to increase. In 

contrast, at higher frequencies the charges do not have time to accumulate due to the 

very fast periodic reversal of the electric field that leads to no excess ion diffusion in 

the direction of the electric field. Therefore, the interfacial polarization due to the 

charge accumulation decreased (Reddy et aI., 2006). As a result of it, it was found 

that the Maxwell-Wagner-Sillars (MWS) polarization and space charge polarization 

play an important role in the dielectric behaviour of films (Storey & Ymen, 2011; 

Sutananta et al. 1995; Kuang & Nelson, 1997). 

Ionic conductivity frequency dependent, as the frequency increased, the ionic 

conductivity increased. Since more and more charge accumulation occurs at the 

electrode at low frequency, leads to a decrease in the number of mobile ions and to a 

decreased in conductivity at low frequency. On the other hand, the mobility of charge 

carriers is so high and as a consequence the conductivity increased with frequency 

(Ramesh & Arof, 2001). The addition of plasticizers significantly increased the ionic 

conductivity. Since plasticizers enhance the ionic conductivity by decreasing the 

glass transition temperature of the polymer electrolyte and as the result of that the 

segmental mobility will be increased. In addition, it increased the dissociation of the 

salt, so increasing the number of mobile carriers (Ramesh & Arof, 2001). Several 

researchers have provided different explanations for the conduction process in the 

polymer electrolyte system. Sutananta et aI., 1995 reported that the conductivity 

depends on the mobile ion concentration, the vibrational frequency of the mobile 

ions at equilibrium and the entropy of activation. At pH 7 the ionic conductivity 

increased by increasing the OVA concentration, because the PMVE/MA and OVA 

both are negatively charged so inter-polymeric, intra-monomeric and OVA 

polymeric interactions is limited since high electrostatic repulsion will occur. 

The finding that the conductivity of the formulation can affect the electro-stimulated 

movement of solutes is in agreement with previously reported findings whereby it 

has been shown that the iontophoretic delivery of a drug may be hindered by the 

presence of high concentrations (more than 15% v/v) of cosolvents (such as 

propylene glycol) in the formulation , a fact that has been attributed to a decrease in 

the conductivity of the drug solution (Jadoul et al., 1999). Similarly, regarding the 
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iontophoretic delivery of sodium nonivamide acetate from a range of polymer 

formulations, it was found that the delivery decreased with the reduced conductivity 

of the formulation at high viscosity (Fang et al. , 1998). Im et al. , (2010) had also 

shown that the release profile of a drug loaded polyethylene oxide I pentaerythritol 

formulation following application of an electrical stimulus may be increased by 

enhancement of the formulation conductivity through the addition of multi-walled 

carbon nanotubes. 

A TR-FTIR spectroscopy provided insight of inter-polymer and intra-polymer that 

takes place due to hydrogen bonding between the carbonyl groups of the PMVEIMA 

and the hydroxyl groups of the TPM. Hydrogen bonding may be within the same 

molecule (intramolecular hydrogen bonding) or, more likely, between neighboring 

molecules (intermolecular hydrogen bonding). Such interactions have been reported 

previously, where poly(vinyl alcohol) forms hydrogen bonds with PMVE/MA and 

hydrogen bonds form between PMVE/MA chains (Labuschagne et a!., 2008). 

Notably, free hydroxyl groups usually absorb strongly in the 3650 - 3585 cm- I 

region of the infrared region of the electromagnetic spectrum (Socrates & Socrates, 

2001 ; Marcia et al. , 2004). As a consequence of hydrogen bonding, O-H is shifted to 

lower energy (lower frequency) (Socrates & Socrates, 2001). In addition, while non

hydrogen bonded O-H stretches are sharp, but the presence of hydrogen bonding 

results in the peak being broadened. Therefore, the hydrogen bonds that form 

between PMVE/MA chains groups and TPM cause a shift in their respective 

wavenumbers. However, even in electro-responsive patch cast from blends 

containing 10% (w/w) PMVE/MA and without TPM, the hydroxyl region was 

shifted to 3497 cm· l . The general increase in the flexibility of the electro-responsive 

patch observed with increasing polymer concentration was suggestive of the self

plasticizing effect of the polymer itself because of enhanced hydrogen-bonding 

interactions (Rocco et al. , 2001). The viscosity of PMVE/MA was increased by 

increasing pH from 2 to 7. This is possibly because of increased intra- and inter

molecular hydrogen-bonding within PMVEIMA at lower pH since degree of 

ionization of the carboxylic acid groups of the PMVE/MA is low (Tsuchida, 1982), 

thus leaving fewer groups available for intermolecular hydrogen-bonding with TPM. 

Also, intra-molecular repulsion due to negatively charged carboxylic groups is 

reduced with reduced ionization, allowing for more intra- and intermolecular 
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hydrogen bonding within PMVE/MA (Moolman et ai., 2005) . Based on the 

characterization of the patches, it was found that electro-responsive patch loaded 

with 2.5 mg OVA cast at pH 2 which has Tg 32°C resemble to the skin temperature 

and the highest ionic conductivity was the most suitable patch to be used in 

electrically assisted transdermally drug delivery. Therefore, this patch was used in in 

vitro study to investigate the ability of the system to deliver a model protein OVA. 

Alterations in the integrity of OVA were analysed by gel electrophoresis, specifically 

using the routine SDS-PAGE methodology under reducing conditions to ensure 

complete denaturation of the protein. SDS-PAGE was used to monitor changes in the 

primary structure of the OVA (45 kDa) after being incorporated into patch prepared 

from 10% w/v PMVE/MA: 5% w/w TPM. Moreover, bands were not observed for 

any of the OVA samples after being incorporated into electro-responsive patch. 

Therefore, it was assumed that 10% gradient SDS-PAGE failed to detect OVA 

incorporated into patch, which suggested that either the protein had degraded or 

aggregated in a way that prevented proper migration of OVA through the gel. 

However, given that no bands or smears were visible further down the gel, this 

indicates that degradation was not the cause of the lack of bands and gives further 

weight to aggregation as a possible reason. This was in agreement with the findings 

of SlGtter, (2011), who reported that OVA conjugated to trimethyl chitosan (TMC) 

was not detectable using SDS-PAGE. It was assumed in the current study that the 

high molecular weight of PMVEIMA (l080 kDa) (Garland et ai., 2011) could be the 

reason that OVA did not migrate through the gel. 

From in vitro permeation experiments, super swelling hydrogel MN arrays with 

electro-responsive OVA loaded patch were capable of providing a sustained 

transdermal OVA delivery over a 24 hours period. In particular, the total cumulative 

amount of OVA permeating after 24 hours was found to be approximately 1267 Ilm. 

In addition, in vitro permeation studies were conducted to determine how the 

combination of anodal iontophoresis with super swelling hydrogel MN arrays would 

influence the rate and extent of OVA delivery across neonatal porcine skin. Anodal 

IP was chosen due to the fact that OVA is positively charged at the pH 2 of the 

electro-responsive patch system employed. MN significantly decreased mean skin 

resistance from 260 ± 27 k.o. versus 160 ± 19 kO., (Wing et ai. , 2013). Furthermore, 
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the direction of electro-osmotic flow in the anode to cathode direction would 

facilitate the permeation of OVA across the skin during an anodic JP protocol. It was 

found that the combination IP with an integrated system of OVA loaded patch and 

super swelling hydrogel MN arrays had a significantly greater OVA permeation in 

comparison to the passive release system. For example, the cumulative amount of 

OVA permeating across neonatal porcine skin after 6 hours was found to increase 

from approximately 380 flg for the passive release from an integrated device to 652 

flg for the integrated device in combination with lP, equating to an approximate 2-

fold enhancement in OVA permeation (Figure 5.24). There are a number of factors 

that lead to the over-riding benefit of the super swelling hydrogel MN system and 

electro-responsive patch for electrically facilitated drug delivery. Firstly, the creation 

of a continuously open pathway, of low electrical resistance, caused by the formation 

of hydrogel channels across the skin prolongs the period over which JP may enable 

enhanced drug permeation. Secondly, as evident from Chapter 3, the application of 

an electric current causes a dramatic increase in the swelling of hydrogel forming 

MN array, thereby increasing the available MN surface area through which OVA can 

permeate across into skin. Finally, the nature of the electro-responsive behaviour of 

OVA loaded patch. From Figure 5.25, it appears that the combination ofIP and MN 

arrays may be more suited for the sustained delivery rather than bolus delivery of 

protein species whereby there was no significant difference in the delivery from MN 

alone and the combination of JP and MN arrays. This is attributed to the lag time 

taken by the super swelling MN to take up water and swell gradually to allow the 

delivery of OVA through the aqueous channels created. The aim of the study was to 

decrease the lag time by using of IP so improved onset time and consequently IP can 

be used in combination with MN to mimic injection for a bolus protein delivery. On 

the other hand, the in vitro release results revealed that OVA transport across 

neonatal porcine skin was appreciably increased through the use of the lyophilized 

patches comparing with electro-responsive patch (Figure 5.26). For example, the 

cumulative amount of OVA permeating across neonatal porcine skin after 24 hours 

was found to increase from approximately 943 flg for the release from electro

responsive patch to 1248 flg for the lyophilized patches. As such, it was decided not 

to evaluate the performance of JP and super swelling hydrogel MN arrays with 

electro-responsive patch device in vivo. 
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5.7. Conclusion 

In the present study the feasibility of super swelling hydrogel MN arrays to deliver 

OV A form electro-responsive patch in vitro was evaluated and if the combination of 

super swelling hydrogel MN with anodal IP could lead to enhanced OVA delivery to 

mimic injection. Practically, all studied properties (tensile properties dielectric 

properties and thermal analysis) were affected by changing pH. The increase of pH 

from 2 to 7 caused reduction in the tensile properties of film. In this study, the 

technique of low frequency dielectric spectroscopy has been used as a means of 

characterizing the physical structure of electro-responsive patches. Low frequency 

dielectric spectroscopy is sensitive to molecular mobility and structure, non-invasive, 

and employs only mild stresses in order to measure the sample properties. This study 

was largely involved with monitoring the change in dielectric constant, dielectric loss 

and ionic conductivity within a wide range of frequencies rather than monitoring the 

temperature dependent behaviour. Moreover, the ionic conductivity of the electro

responsive patch with higher protein concentration was greater for both electro

responsive patch cast at pH 2 and 7. The electro-responsive patch exhibit classic 

viscoelastic behaviour. The main features of the glass-to-rubber transition include a 

dominant viscous component (G" > G/ (loss modulus /storage modulus)) and a 

spectacular dependence of viscoelastic functions on time or temperature at pH 2. It 

can be concluded that electro-responsive patch loaded with 2.5 mg OVA cast at pH 2 

which has glass transition 32°C resemble to the skin temperature and the highest 

ionic conductivity is the most suitable patch to be used in electrically assisted 

transdermally drug delivery. Therefore, this patch was used in in vitro study to 

investigate the ability of the system to deliver a model protein OVA. 

The in vitro OVA permeation experiments indicated that super swelling hydrogel 

MN arrays with electro-responsive OVA loaded patch capable of providing a 

sustained transdermal OVA delivery over a 24 hours period. Furthermore, the 

synergistic effect of MN and iontophoresis arrays led a two-fold enhancement in the 

cumulative amount of insulin permeating across neonatal porcine skin after 6 hours. 

In addition , it was found that the electrically responsive nature of these super 

swelling hydrogel MN and patches led to a dramatic increase in OVA transport when 

such systems were combined with IP. It appears that the combination of IP and MN 
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arrays may be more suited for the sustained delivery, rather than bolus delivery of 
protein species whereby there was no significant difference in the delivery from MN 
alone and the combination of IP and MN arrays over 6 hours. This is attributed to the 
lag time taken by the super swelling MN to take up water and swell gradually to 
allow the delivery of OV A through the aqueous channels created. 
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6.1. Introduction 

Non-steroidal anti-inflammatory drugs (NSAIDs) are some of the most regularly 

consumed over-the-counter medications available. lbuprofen was developed during 

1960s as a 'super aspirin' for the treatment of rheumatoid arthritis, which was as 

effective as current alternatives, but safer. First synthesized in December 1961, 

ibuprofen was found to have unusual gastrointestinal tolerability (Bramlage & 

Goldis, 2008; Frolich & Fricker, 2006). The half-life of ibuprofen in plasma is about 

2 hours and it is extensively bound to plasma proteins (99%) (Wiria & Suyatna, 

2007). Hepatic biotransformation by hydroxylation and carboxylation results in two 

inactive metabolites, which are eliminated after conjugation to glucuronic acid. The 

excretion of ibuprofen is rapid and complete; more than 90% of an ingested dose is 

excreted in the urine as metabolites or their conjugates (Potthast et al., 2005; Wiria & 

Suyatna, 2007; Bramlage & Goldis, 2008). The most common route for 

administration of ibuprofen is oral and peak plasma concentration is observed after 1 

to 2 hours. There are, however, circumstances that may prohibit administration by 

this route, such as in the extremely young and old, in stroke patients, and in 

individuals who have difficulty swallowing tablets. 

The skin, with its plentiful dermal microcirculation, presents an attractive alternative 

to oral administration to circumvent these issues. While topical gel formulations of 

ibuprofen are also available, the lipophilicity of the molecule, coupled with the 

barrier function of the skin's outermost layer, the stratum corneum (SC), probably 

limits its permeation. Permeation enhancers can be included in topical formulations 

to improve permeability (Lee et ai. , 1993), although the ibuprofen content of topical 

formulations is generally quite low (5 - 10%), and application by this route achieves 

plasma concentrations of 5 - 15% of those achieved by systemic delivery (Jorge, 

Feres & Teles, 2011). Rectal preparation may have some delay in reaching peak 

plasma concentrations. However, ibuprofen is absorbed quite efficiently from 

suppositories with a bioavailability of 73% (Wiria & Suyatna, 2007). 

Physical penetration of the se can facilitate avoidance of this innate barrier and its 

lipophilic nature . Microneedle (MN) mediated delivery is an emerging technology 

that has the potential to overcome the barrier function of the se and deliver 
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pharmaceuticals directly to the subdermal tissue for absorption into the systemic 

circulation. First demonstrated by Henry and colleagues, who reported 10,000-fold 

enhancement of calcein delivery in vitro by their novel mechanism (Henry et aI. , 

1998), investigations into the potential of MN as novel delivery devices has seen 

system used to deliver a range of substances transdermally, including small 

molecules (Kole et aI., 2011), macromolecules, including insulin (Migalska et al. 

2011), and vaccines (Kommareddy et aI., 2012; Naito et aI., 2012; Vrdoljak et aI. , 

2012). 

Polymeric MN, on the other hand, are dissolvable in the skin, and can be used to 

deliver water-soluble molecules transdermally, whilst avoiding the requirement for 

disposal of hazardous sharps. Polymeric MN formulated from the Gantrez® AN-139 

(copolymer poly(methyl vinyl ether/maleic acid (PMVE/MA) have been used 

extensively to deliver small molecules such as theophylline (Donnelly et aI., 2011) 

and metronidazole (Kole et aI. , 2011), hydrophobic photosensitiser-Ioaded 

nanoparticles (Donnelly et al., 2010) and proteins (Migalska et aI., 2011). 

Macromolecular delivery can be augmented by coupling MN treatment with 

iontophoresis (Garland et aI., 2012). 

Donnelly et al. , (2012) prepared MN from hydrogel-forming polymeric systems. 

Such arrays are hard in the dry state but, upon insertion into skin, take up interstitial 

fluid and undergo a transition to form discrete in situ hydrogel bulbs. The MN 

themselves contain no drug, but instead are connected to a conventional matrix-type 

transdermal patch. Drug can thus diffuse through the swollen MN which act as a 

continuous unblockable conduit between drug reservoir and dermal microcirculation. 

Importantly, drug delivery is no longer limited by how much drug can be loaded into 

the MN themselves, so delivery of greater doses over longer time periods is now 

possible. In an alternative application, the MN can be used also to extract skin 

interstitial fluid for diagnostic or therapeutic monitoring purposes. The hydrogel MN 

are removed fully intact after application even for a longer application time so there 

is minimal polymer deposition in the skin and specialized means of waste disposal 

would not be required like hypodermic needles. 

223 



Chapter 6: Transdermal delivery of ibuprofen sodium in vitro and in vivo 

No NSAID-loaded polymeric MN have been described as yet. In guinea pigs, non

specific COX inhibition with diclofenac (3% topical gel) following MN application 

resulted in prolonged micropore persistence, the authors concluding that this 

phenomenon could be exploited to maximise drug delivery transdermally (Banks et 

aI., 2011). Application of MN coated with a ketoprofen gel to the back of a rat 

resulted in plasma ketoprofen concentrations that were approximately three-fold 

higher than in rats that received topical ketoprofen gel only (So et aI. , 2009). 

Brogden et aI., (2012) also showed that micropore lifetime created by MN can be 

extended with simple topical administration of NSAIDs (a non-specific 

cyclooxygenase inhibitor). Since rapid healing of the micropores created prevents 

further drug delivery. 

There are three ibuprofen salts, namely ibuprofen-sodium, ibuprofen-lysine and 

ibuprofen arginate (Dew land et aI., 2009). It is well documented that ibuprofen 

sodium was shown to be bioequivalent to the lysine and arginate salt forms. In 

addition, ibuprofen lysine and ibuprofen arginate, are more rapidly absorbed than 

formulations of free ibuprofen acid (Geisslinger et aI., 1989; Schleier et aI., 2007). 

A plethora of studies has shown that faster-absorbed formulations lead to faster onset 

of action (Geisslinger et aI., 1989; Desjardins et aI., 2002; Klueglich et aI., 2005; 

Schleier et aI., 2007). Therefore, ibuprofen salt was used in this study. 

6.2. Aims and Objectives 

The aim of the current study is to transdermally deliver non potent high dose 

therapeutic agent (ibuprofen sodium), based upon either a dissolving soluble MN or a 

novel super swelling hydrogel MN. Furthermore, the overall objective of this study 

was to identify the most suitable polymeric MN systems to enable the prolonged and 

sustained delivery of ibuprofen-sodium and capable of delivering an on-demand 

bolus dose of ibuprofen-sodium following the application of an electric current 

iontophoresis (JP) to the MN array. In addition, identification of the most 

mechanically robust MN formulation, based on the assessment of their axial needle 

failure force and skin penetration test. Once identified, the in vitro release of 

ibuprofen sodium from dissolving MN was also investigated. Moreover, fabrication 

of drug loaded patch-type reservoirs by using freeze drier was evaluated as well as in 

vitro investigations of the super swelling hydrogel MN efficacy in delivering 
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ibuprofen-sodium from integrated patches across skin . The tolerance testing of the 

individual components used in in vivo transdermal delivery of ibuprofen-sodium to 

the skin was performed to determine if they caused irritation to the skin of rats before 

starting in vivo experiments. Furthermore, in vivo performance of the optimized 

polymeric MN delivery system was also evaluated. 

6.3. Materials and apparatus 

6.3.1. Materials 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000) was a gift from Ashland, Kidderminster, UK. 

Polyethylene glycol of molecular weight 10,000 Daltons, Sigma-Aldrich, Steinheim, 

Germany, UK. 

Gantrez® S-97 and Gantrez® MS-955 were gifts from ISP Corp , Surrey, England. 

Eudragit® Sand L were obtained from Rohm GmbH & Co.KG, Pharma Polymers, 

Darmstadt, Germany. 

Ibuprofen sodium was purchased from Sigma, Dorset, UK. 

Potassium dihydrogen phosphate pH 4.6 was purchased from Process Measurement 

and Analysis Ltd. 

Methanol and acetonitrile isocratic HPLC grade were purchased from VWR 

International Leuven, Belgium. 

Phosphate buffered saline pH 7.4 tablets were purchased from Oxoid Limited, 

Hampshire, England. 

NaOH pellets was purchased from VWR International Ltd. Poole, England 

PB 150, PB 200 and SG3 PB Gelatins were purchased from Treforrest Industrial 

Estate, UK. 

Pearelitol® mannitol was purchased from ROQUETTE UK Ltd, Weldon Industrial 

Estate, UK. 

Poly (vinyl) alcohol (98-99% hydrolysed) (PVA), was obtained from Sigma Aldrich, 

Dorset, UK. 

Alginic acid sodium salt from brown algae, Sigma Aldrich, Dorset, UK. 
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6.3.2. Tools and instruments 

TA-XT2 Texture Analyzer, Stable Microsystems, Haslemere, UK. 

Digital micrometer, Hilka Pro-Craft, Hilka, Ltd., Surrey, UK. 

Oven, Gallenkamp hotbox oven with fan; Sanyo-Gallenkamp PLC, Leicester, UK. 

Centrifuge, Jouan C312 laboratory centrifuge; DJB Labcare, Bukinghamshire, UK. 

SpeedMixerTM DAC 150 FVZ-K, Synergy Devices Ltd., UK. 

GXMGE-5 USB Digital Microscope; Laboratory Analysis Ltd, Devon, UK. 

Jouan C312 laboratory centrifuge, DJB Labcare, Bukinghamshire, UK. 

Digital Camera, IXUS SO IS Canon, Beijing, China. 

Analytical balance, APX-60, Denver Instruments, Colorado, USA. 

Parafilm®, Pechiney Plastic Packaging, WI, USA. 

Silastic® 92S0160E silicone elastomer, Dow Coming, Wiesbaden, Germany. 

Modified Franzdiffusion cells, FDC-400 flat flange, 15 mm orifice diameter, 

mounted in triplicate on an FDCD diffusion drive console providing synchronous 

stirring at 600 rpm, Crown Glass Co. Inc., Sommerville, NJ., USA. 

Electric Dermatome, PADGETT Model B, Integra Lifesciences, PADGETT 

instruments, Plainsboro, NJ, USA. 

Moisture-impermeable, heat-sealable poly(propylene) foils, Transparent Film 

Products Ltd., Newtownards, N. Ireland. 

Agilent 1200 Series Binary HPLC system, Agilent Technologies UK Limited, 

Stockport, UK. 

TGA, thermogravimetric analysis TA Instruments Universal Analysis 2000, version 

4.4A. 

Rheometer AR 1500, TA Instruments, Surrey, England. 

The advantage bench-top Freeze-Dried, Virtis, UK. 

Power supply, Phoresor II, lomed, Lake City, FL, USA. 

A silver wire acting as the anode; 1.0 mm diameter x 70 mm, Sigma Aldrich, 

Steinheim, Germany. 

A silver-silver chloride electrode (acting as the cathode; silver-silver chloride 

segment O.S mm diameter x Smm length, total wire length 70 mm, In Vivo Metric, 

Healdsburg, CA, USA. 

Heparinised tubes, Microvette CB®300, Sarstedt, Leicester, UK. 
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6.4. Methods 

6.4.1 Prehminary formulation 

A number of different polymers were investigated to prepare dissolving MN system 

loaded with high amount of the low molecular weight drug (ibuprofen sodium) e.g. 

Eudragit S, Eudragit L, Polyvinyl alcohol (PV A), Polyvinylpyrrolidone (PVP), 

Poly(lactic acid) (PLA), Alginic acid, Gantrez® MS-955, Gantrez® S97 and Gantrez® 

AN139. 

6.4.2. Fabrication of dissolving MN 

A mass of ibuprofen-sodium and the appropriate mass of Gantrez® neutralized to pH 

5 and 7 in case of S97 and AN 139, respectively, were added, followed by mixing of 

the formulation using a SpeedMixerTM for I min at 3000 rpm (Figure 6.1) until a 

smooth, homogenous mixture was achieved (Figure 6.2A). Then, 300 mg of the 

formulation was added to laser-engineered silicon MN moulds, and centrifuged at 

3500 rpm for 15 min (Figure 6.28), before being allowed to air dry at room 

temperature for 36 hours, following which mass loss due to drying was measured. 

The MN arrays were removed from the mould by gently squeezing the corners of the 

mould. 

Figure 6.1. SpeedMixerTM DAC 150 FYZ-K, Synergy Devices Ltd., UK 
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Figure 6,2, (A) A smooth, homogenous mixture of Gantrez® AN 139 (pH 7) and ibuprofen-sodium in 

70%:30% proportion using a SpeedMixerTM for 1 min at 3000 rpm , (8) Then, 300 mg of the 

formulation was added to laser-engineered silicon MN moulds, and centrifuged at 3500 rpm for 15 

min, before being allowed to air dry at room temperature for 36 hours, 

6.4.3, Rheological characterization 

Continuous flow rheological assessment of the gels was performed usmg a TA 

Instruments AR 1500 Rheometer fitted with a 40 mm diameter steel parallel plate 

(the plate diameter was selected according to the consistency of the sample). The gel 

sample was transferred to the base plate of the Rheometer, followed by lowering of 

the plate. Excess gel was removed before initiating the test. Flow rheology was 

conducted at 25°C in continuous ramp mode with the shear rate increased from 0 to 

50 l i s, Viscosity was determined by applying the Power law. 

Dynamic (oscillatory) rheological were also performed using a Rheometer AR 1500 

at 25°C with 4 cm parallel plate geometry (dependent on sample consistency). 

Samples of each formulation were applied to the lower stationary plate of the 

Rheometer and allowed to equilibrate for at least 2 min prior to analysis. Initially, the 

linear viscoelastic region for each system was identified following a stress sweep 

from 0,1 Pa to 50 Pa at frequencies of 10Hz as the region where stress was directly 

proportional to strain, and the storage modulus (G') remained constant. All frequency 

sweep analysis was investigated over the frequency range of 0.1 - 10 Hz following 

application of a constant stress (30 Pa). The storage modulus (G'), loss modulus 

(G' '), and loss tangent (tan delta) were calculated using TA instruments software. In 

each case, the dynamic rheological properties offive replicates were determined. 
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6.4.4. Mechanical characterisation of microneedle arrays 

In order to determine the axial forces necessary for mechanical fracture of the MN, 

arrays of 3 x 3, were fixed to the tip of a moveable cylindrical probe (length 5 cm, 

cross-sectional area 1.5 cm
2

) of the Texture Analyser using double-sided adhesive 

tape. An axial compression load was then applied. The test station pressed the MN 

arrays against a flat aluminium block at a rate 0.5 mm S-l with defined forces for 30 

seconds. The pre-test and post-test speeds were 1.0 mm S-l, and the trigger force was 

set at 0.049 N. MN were subjected to defined forces of 0.05, 0.4, 0.5, and 1 N per 

needle (i.e., 0.45, 3.6, 4.5 and 9 N per 3 x 3 MN array). All MN of each array were 

visually examined using the digital microscope before and after fracture testing and 

changes in height were recorded by using the digital microscope's computer software 

(View Solutions Inc., version 1001, GE-5 Digital Microscope). 

6.4.5. Measurement of skin penetration forces 

The force required for skin penetration of ibuprofen-sodium MN arrays was 

determined using dermatomed piglet skin. Stillborn piglets were obtained from a 

local farmer. To obtain 400 - 500 Ilm thick skin, the piglets where dermatomed using 

the electric dermatome. Before performing penetration studies, the skin was shaved 

using a disposable razor and stained with methylene blue solution (l % w/v). Then 

the solution was then gently wiped off, first with dry tissue paper and then with 

saline and alcohol swabs. The dermatomed skin was then placed on laboratory film 

(parafilm®), which was then fixed on a flat dental wax sheet. Arrays of MN were 

glued to the tip of the moveable cylindrical probe of the Texture Analyser. The test 

station, in compression mode, then pressed MN arrays against the dermatomed piglet 

skin at a speed of 0.5 mm/s for 30 seconds with known forces of 0.4 and 0.5 

N/needle. The surface of the stained skin was then photographed using the digital 

camera and the percentage number of holes (micro-conduits) was determined by 

visually counting micro-conduits. 

6.4.6. Stability study 

Four week stability testing of MN formulated using either from Gantrez® AN139 

(pH 7) or S97 (pH 5). MN were unpackaged or packaged in moisture-impermeable, 

heat-sealable poly(propylene) foils and then subjected to 40°C and 75% relative 

humidity for I , 2, 3 or 4 weeks (n=3 in each case). When the allotted time had 
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elapsed, the MN were removed from the cabinet. Each MN was dissolved and made 

up to 100 ml sterile PBS in a volumetric flask and two 10-fold dilutions were 

subsequently carried out in sterile PBS. The drug content of each MN was analysed 

by RP-HPLC, using an Agilent 1200 series system. The area under the curve (AUC) 

for each MN was compared to those of known concentrations of ibuprofen-sodium 

run on the same day. The theoretical weights of each MN (determined from the 

recorded MN weights upon manufacture) were compared to the actual weights as 

determined by HPLC (using the formula for a straight line) and the percentage 

recovery of ibuprofen sodium in each case was determined from these two weights. 

6.4.7. Determination of water content 

The percentage water content of the ibuprofen sodium MN was determined with a 

Q500 Thermo Gravimetric Analyser (TGA). Samples of 5.0- 10.0 mg were heated 

from ambient temperature to 600DC at a heating rate of 10 DC/min. Nitrogen flow 

rates of 40 mllmin (balance purge gas) and 60 mllmin (sample purge gas) were 

maintained for all samples. The data from thermogravimetric analysis experiments 

was analyzed with TA Instruments Universal Analysis 2000 software, version 4.4A. 

6.4.8. lvfN in-skin dissolution kinetics 

The dissolution rate of MN (19x 19 arrays at 600 /-tm height) loaded with ibuprofen

sodium prepared from 30% w/v Gantrez® AN139 was investigated. Dermatomed 

neonatal porcine skin samples were shaved carefully to avoid damaging the skin. The 

skins were pre-equilibrated in PBS pH 7.3 for 15 min before beginning the 

experiments. A circular specimen of the skin was secured to the donor compartment 

of the diffusion cell using cynoacrylate glue with the stratum corneum side facing the 

donor compartment. This was then placed on top of dental wax, to give the skin 

support and MN arrays inserted into the centre of the skin section, using a custom

made applicator device (11 N) same as in vitro set up. To ensure that MN arrays 

remained within the skin, a circular steel weight (diameter 11.0 mm, 3.5 g mass) was 

placed on top of the MN arrays. With the MN arrays in place, donor compartments 

were mounted onto the receptor compartments of the Franz cells. MN arrays were 

then kept in place within the skin for a period of 0, 0.5,1, 5, 15 and 30 min before 

being gently removed. Once removed from the skin, MN were viewed using a digital 

light microscope. 
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6.4.9. Fabrication of an integrated system of drug loaded patch /super swelling MN 

6.4.9.1 . Fabrication of super swelling hydrogel forming MN arrays 

Super swelling hydrogel forming MN arrays, containing aqueous blends of 20% w/w 

Gantrez® S97 and 7.5% w/w PEG 10,000 were prepared by diluting the 40% w/w 

Gantrez® S97 stock solution and mixing it with the required amount of PEG 10,000 

solution and subsequently 3% w/w Na2C03 added. After that 500 mg of the blend 

were poured into the moulds, centrifuged at 3000 rpm for 15 min and dried at room 

temperature for 48 hours. Subsequently, the moulds were heated at 80°C for 24 hours 

in order to induce crosslinking between PEG and PMVE/MA. Upon cooling, the MN 

arrays were removed from the moulds. 

6.4.9.2. Fabrication of drug loaded patches with high dose ofibuprofen sodium 

Various formulations of gelatin and mannitol were evaluated for their potential use in 

lyophilized patches loaded with a high dose of ibuprofen sodium. Lyophilized 

patches prepared from 10% w/w gelatin, 3% w/w mannitol and 40%w/w ibuprofen 

sodium were the best one. All of the ingredients were ground in a mortar. After that 

water was added to the dry ingredients, mixed by speed mixer 3000 rpm for 60 sec 

and sonicated at about 40°C in the sonicator for 15 min. Then a 500 mg of the 

resulting solution was dosed into a tablet mould, frozen at -80°C and then 

lyophilized in the Freeze-Drier according to the following regime; Table 6.1 . 

Table 6.1 . Freeze drying regimen. 

Temperature (0C) Time (min) Cycle 

-40 30 Ramp 

-40 60 Hold 

-30 30 Ramp 

-30 60 Hold 

-20 30 Ramp 

-20 60 Hold 

-10 30 Ramp 

-10 60 Hold 

0 30 Hold 

10 60 Hold 

25 60 Hold 
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6.4.10. Stability study on MN and lyophilized patches 

Four week stability testing of super swelling MN arrays and lyophilized patches were 

carried out under two conditions: 

• Ambient conditions approximately 25°C (RT) and 43% relative humidity 

• Accelerated conditions 40°C and 75% relative humidity 

Lyophilized patches, MN and an integrated device of MN with drug loaded patches 

were packaged individually in moisture-impermeable, heat-sealable packaging (n=3 

in each case) (Table 6.2). When the allotted time had elapsed, the samples were 

removed from the cabinet and were photographed. The MN arrays which had been 

packaged with patches were assayed for ibuprofen-sodium in order to deduce 

whether storage under the conditions outlined above could cause leaching of the drug 

from the patch into the appended MN array. Patches alone and MN which had been 

packaged with patches were dissolved in 100 ml sterile PBS and two 10-fold 

dilutions were subsequently carried out in sterile PBS. The drug content of each 

patch was analysed by RP-HPLC, using an Agilent 1200 series system. 

Table 6.2. Storage conditions at which the stability study was carried out. 

Ambient conditions 

3 x MN with 1.5 g desiccant 

3 x MN + 3 x patches with 

1.5 g desiccant 

3 x patches with 1.5 g desiccant 

6.4.11. In vitro release of ibuprofen sodium 

Accelerated conditions 

3 x MN with 1.5 g desiccant 

3 x MN + 3 x patches with 

1.5 g desiccant 

3 x patches with 1.5 g desiccant 

For the dissolving MN arrays, MN were removed from the mould by gently 

squeezing the corners of the mould, and sidewalls of the array were removed using a 

heated scalpel blade (Figure 6.3). Excised porcine skin from stillborn piglets was 

used as a model for drug release studies. Skin sections of 350 flm and 700 flm were 

excised using a dermatome and were stored at -20°C until use. The hair was removed 

from the epidermal surface of the skin using a disposable domestic razor (Bic), and 

was allowed to equilibrate in pH 7.4 PBS. Drug release time course was performed 

using Franz cell apparatus as previously described. Briefly, sections of skin were 

scalpel-cut to match the diameter of the Franz cell donor compartments, and affixed 
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to the donor compartment on the se side using cynoacrylate adhesive, rendering the 

se available for MN application. The capacity of the receiver compartments of 

replicate Franz cells was assessed by measurement of the mass of water they could 

accommodate at room temperature (mean capacity 12.1 ml). The MN array was 

placed on top of the se and penetration of the skin was ensured using a custom-made 

applicator device (11 N). The MN array was overlayed with a pressure-sensitive 

adhesive, Duro-Tak occlusive layer, and a cylindrical 5 g stainless steel weight was 

placed on top of this. The donor compartment was clamped onto the receiver 

compartment, and the donor compartment was sealed using Parafilm. Then, 1 ml 

syringes were used to remove 300 !ll Franz cell contents at the appropriate time 

points, and 300 !ll PBS was added to replace this. Samples were stored in 1.5 ml 

polystyrene tubes. For an integrated system of super swelling MN and lyophilized 

patch, in vitro release was performed as previously described in Chapter 4. Briefly, a 

circular specimen of the skin was secured to the donor compartment of the diffusion 

cell using cynoacrylate glue with the stratum corneum side facing the donor 

compartment. This was then placed on top of dental wax, to give the skin support, 

and super swelling hydrogel MN arrays inserted into the centre of the skin section, 

using a spring activated applicator at a force of 11.0 N per array. Then the 

lyophilized patch loaded with ibuprofen-sodium was placed on the top of MN and a 

circular steel weight (diameter 1l.0 mm, 3.5 g mass) was then placed on top of the 

patch. Furthermore, a piece of laboratory film (Parafilm~ placed over the Franz cell 

lid. Prior to quantification of Franz cell drug content, samples were centrifuged for 5 

min at 12,000 x g using an Eppendorph Minispin centrifuge. 

Figure 6.3 . photomicrograph of a 19x19 MN array of 70% w/w Gantrez® AN 139 :30% w/w ibuprofen 

sodium after sidewall removal. 
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6.4.12. Cathodal iontophoresis 

A cathodal iontophoresis coupled with dissolving MN array may increase skin 

permeation of ibuprofen sodium. For in vitro study, a silver wire (acting as the 

anode) was placed into receiver medium via the side arm of the Franz cell and a , 

silver-silver chloride electrode (acting as the cathode) placed on top of the dissolving 

MN loaded ibuprofen-sodium. A commercially available power supply was used to 

deliver a current of 0.5 mA for a 6 hours period. At predetermined time intervals, a 

300 fll sample was collected via the side arm of the Franz cell and the receiver 

compartment immediately replenished with an equivalent volume of release medium. 

All samples were analysed using the developed RP-HPLC method. 

6.4.13. Tolerance study 

The tolerance testing of the individual components used in in vivo transdermal 

delivery of ibuprofen sodium to the skin was performed. In order to determine 

whether the used transdermal delivery components caused irritation to the skin of 

rats, the tolerance study was carried out as follows: 

• 2 x Super swelling MN only applied to the backs of 2 rats with occlusive 

dressing and medical tape used to keep them in place 

• Adhesive patches only applied to the backs of 2 rats with medical tape used 

to keep them in place 

• 4 x dissolving MN (without needles i.e. baseplates) only applied to the backs 

of 2 rats with occlusive dressing and medical tape used to keep them in place 

• 2 x lyophilized patches applied to the backs of 2 rats with occlusive adhesive 

patch (as described in section 4.4.1 0, Chapter 4) and Micropore ™ (5 cm 

width) medical tape used to keep them in place 

6.4.14. In vivo evaluation 

Prior to experimentation all male Sprague dawley rats were acclimatised to 

laboratory conditions for a 7 day period. All rat experiments throughout this study 

were conducted according to the policy of the federation of European Laboratory 

Animal Science Associations and the European Convention for the protection of 

vertebrate animals used for experimental and other scientific purposes, with 

implementation of the principles of the 3R' s (replacement, reduction, refinement). To 
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assess in vivo performance of dissolving ibuprofen-sodium and super 

swelling/lyophilized patches, MN were applied to healthy rats in an analogous way 

of super swelling MN as described in section (4.4.13) in Chapter 4. After application 

of MN arrays, a 0.25 ml aliquot of blood drawn from the tail vein was collected into 

heparinised tubes at different time points over a 24 hours period. Plasma samples 

were obtained by centrifuging the collected blood samples at 3,000 rpm for 10 min at 

4°C. All plasma samples were processed to extract ibuprofen-sodium and then 

analysed using HPLC as described in Chapter 2. 

6.4.15. Statistical analysis 

Data was analyzed using the Student's Hest, one-way ANOV A with post- hoc 

comparisons, and Mann-Whitney to compare between groups. In all cases, p < 0.05 

denoted significance. Statistical Package for the Social Sciences, SPSS 18.0 version 

2.0 (SPSS, Inc., Chicago, IL), was used for all analyses. 
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6.5. Results 

In this study, various potential polymers which could be employed in the preparation 

of a novel dissolving MN system loaded with high dose ibuprofen sodium were 

investigated. The polymers tested are summarized below in Table (6.3). From this 

study, it was obvious that most of the polymer used were not be able to form MN for 

example, Eudragit® S, Eudragit® L and alginic acid. On other hand, Gantrez® AN I 39 

and S97 were the best polymers used to prepare polymeric microneedle loaded with 

high dose of ibuprofen sodium. 

Table 6.3.a. Formulations of ibuprofen sodium polymeric microneedle arrays tested. 

No. Formulation 

2 

3 

4 

50% w/w Poly(lactic acid) 

(PLA) 

50% w/w ibuprofen sodium 

30% w/v Eudragit®S 

30% w/w ibuprofen sodium 

30% w/v Eudragit® L 

30% w/w ibuprofen sodium 

30% w/v PVP 

30% w/w ibuprofen sodium 

MN morphology 

236 

Comments 

Very sticky MN 

Separation into two 

phases 

Most but not all of 
the MN formed in the 
array but they seemed 
to be very shallow 
Lacked smooth 
appearance. 

Insoluble clumps in 
the polymer gel itself 
and subsequently in 
the MN formulation. 
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Table 6.3.b Formulations ofibuprofen sodium polymeric microneedle arrays tested. 

No. Formulation 

5 30% w/v Polyvinyl 

alcohol (PV A) 

30% w/w ibuprofen 

sodium 

6 20% w/v Gantrez® MS-

955, pH 6 

30% w/w ibuprofen 

sodium 

7 70% w/w from (5%) 
Alginic acid 
30% w/w ibuprofen 

sodium 

8 60% w/w from 5% 
Alginic acid 
30% w/w ibuprofen 

sodium 

9 70% w/w from 10% 
Alginic acid 
30% w/w ibuprofen 

sodium 

MN morphology 

c ..... "'"" 

.............!I 

237 

Comments 

Insoluble clumps in 
the polymer gel itself 
and subsequently in 
the MN formulation. 

These MN were 
extremely brittle 

Separation of polymer 
and drug. MN broke 
into pieces when 
removed from moulds . 

MN broke into pieces 
when removed from 
moulds. 

Obvious separation of 
polymer and drug. 
Individual MN were 
bent and broke off 
when the arrays were 
removed . 
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Table 6.3.c Formulations ofibuprofen sodium polymeric microneedle arrays tested . 

No. 

10 

11 

12 

13 

14 

Formulation 

60% w/w from 10% 

Alginic acid 

40% w/w ibuprofen 

sodium 

70% w/w from 15% 

Alginic acid 

30% w/w ibuprofen 
sodium 

60% w/w from 5% 

Alginic acid 

40% w/w ibuprofen 
sodium 

30% w/w PYP pH 6.90 

40% w/w ibuprofen 
sodium 

30% w/w PYP 

2.5% w/w Eudragit® L 

pH 7.02 

40% w/w ibuprofen 
sodium 

MN morphology 

238 

Comments 

Individual MN were bent 
and broke off when the 
arrays were removed. 

Although the arrays were 
not as brittle, individual 
MN broke off or 
remained in moulds. 

Formulations either 
didn ' t solidify in moulds 
or MN arrays were 
completely brittle when 
removed. 

MN cracked when 
removed from the mould. 

Most of the needles 
arrays didn ' t form. The 
MN also cracked when 
removed from mould 
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Table 6.3.d Formulations of ibuprofen sodium polymeric microneedle arrays tested. 

No. 

15 

16 

17 

18 

19 

Formulation 

25% w/w PVP 

10% w/w Eudragit<E S 

pH 7.30 

40% w/w ibuprofen 

sodium 

30% w/w PVP 

1.25% w/w Eudragit® 

S 

40% w/w ibuprofen 

sodium 

30% w/w PVP 

1.25% w/w Eudragit® 

L 

40% w/w ibuprofen -

sodium 

70% w/w Gantrez ® 

S97 pH 7 

30% w/w ibuprofen 
sodium 

70% w/w Gantrez ® 

S97 pH 5 

30% w/w ibuprofen 
sodium 

MN morphology 

239 

Comments 

MN did not crack 
when removed from 
the mould but the 
upper 
quite 
lacked 

surface was 
lumpy and 

smooth 
appearance. 

Most of the MN arrays 
formed but they were 
very shallow it cracked 
when removed from 
the mould (very 
brittle ). 

Most but not all of the 
MN formed in the 
array but they seemed 
to be very shallow 

MN arrays didn't form 
properly In terms of 
needles shape and 
height 

Good 
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Table 6 .3.e. Formulations of ibuprofen sodium polymeric microneedle arrays tested . 

No. 

20 

Formulation 

70%w.w Gantrez ® AN 139 

pH 7 

30% 

sodium 

w/w ibuprofen 

21 30% w/w PVP 

2.5% w/w Eudragit® L 

40% w/w Ibuprofen 

sodium 

22 25% w/w PVP 

10% w/w Eudragit® S 

40% w/w Ibuprofen 

sodium 

23 60% w/w PVA 

40% w/w Ibuprofen-

sodium 

MN morphology 

240 

Comments 

MN arrays form properly 

were removed . 

nsoluble clumps in the 
ymer gel itself and 

uently in the MN 
ulation. 

needles were bent 
broke off when the 

were removed. 
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Formulation plays a significant role in any drug delivery system. The current study 
was designed to look at the different formulation of dissolving ibuprofen-sodium MN 
from various polymers such as PVA, PVP, PMVE/MA and Eudragit® S or L. From 
Table (6.3), it was identified two formulations for dissolving MN. Therefore, the 
formulations with the best physical characteristics (upon removal from the mould, 
hard but not brittle) and needles shape chosen for further studies, were 30% w/w 
ibuprofen-sodium: 70% w/w Gantrez® AN139 (PH 7) and 30% w/w ibuprofen
sodium: 70% w/w Gantrez® S97 (pH 5). Most of Gantrez® S97 at pH 7 MN arrays 
didn't form properly in terms of needle shape and height (Figure 6.4.a). In addition, 
some of them were without needles or part of needles were left inside moulds after 
drying (Figure 6.5). In contrast, the formulation that produced the MN arrays from 
Gantrez® AN 139 (pH 7) and Gantrez® S97 (pH 5) had good mechanical strength and 
shape and they easily removed from the MN moulds (Figure 6.5.b and c). 

A 8 c 

Figure 6.4. (A) Gantrez ® S97 (pH 7): ibuprofen sodium (70%:30%) IIXII MN array, (B) Gantrez® 
S97 (pH 5): ibuprofen sodium (70%:30%) 11 X 1I MN array; (C) Gantrez® AN 139 (pH 7) :ibuprofen 
sodium (70%:30%) IIX 11 MN array. 

Figure 6.5. (A) Ilxll and (B) 3x3 MN moulds after removing ofibuprofen sodium MN containing 
Gantrez~ S97 (pH 7): ibuprofen sodium (70%:30%). 
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Formulations subjected to a wide range of shearing stresses, which may be within 

destructive and non-destructive regimes. Candidate polymeric Gantrez® AN 139 and 

Gantrez® S97 formed gel systems when they mixed with ibuprofen sodium before 

pouring them into the MN moulds and their rheological and mechanical properties 

was determined. By understanding these properties, polymeric systems may be 

developed as drug delivery platforms for use as MN drug delivery systems, which 

possess acceptable flowability properties to pour it in the MN moulds and goes down 

during centrifugation to form proper needles. Viscosity of a polymer solution 

depends on concentration, size (i.e., molecular weight) of the dissolved polymer, pH, 

temperature, ionic strength and additives at a given shear rate. Gantrez® S97 had 

greater viscosity than Gantrez® AN139. The viscosity of Gantrez® AN139 and 

Gantrez® S97 at pH 2 was 43 ± 4 and 68 ± 10, respectively (Figure 6.6). The 

viscosity of Gantrez® increased by adding NaOH, since it converted from free acid (

COOH) form to salt or neutralized form (-COO~a+). The unneutralized solution had 

very low viscosities comparing with neutralized one e.g. viscosity of Gantrez® 

AN139 30% w/w at pH 2 and 7 was 43 ± 4 and 643 ± 71 Pa.s, respectively. While 

viscosity of Gantrez® S97 30% w/w at pH 2 and 7 was 68 ± 10 and 869 ± 122 Pa.s, 

respectively. The viscosity of Gantrez® S97 (30% w/w) at pH 5 was significantly 

lower than pH 7, 665 and 870 Pa.s, respectively. There was no significant difference 

between the viscosity of Gantrez® S97 (30% w/w) at pH 5 and Gantrez® AN139 

(30% w/w) at pH 7. By comparing between both types of Gantrez® S97 more viscous 

than AN 139 at both pH 2 and 7, because of the higher molecular weight of Gantrez® 

S97. Viscosity of Gantrez® AN 139 (PH 7) and Gantrez® S97 (PH 5) significantly (p 

< 0.001) decreased after a adding of sodium salt of ibuprofen. This is due to the 

dampening of the electrostatic repulsion caused by the presence of excess 

electrolytes from sodium salt of ibuprofen (Figure 6.7). 
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Figure 6.6 . Viscosity of un-neutralized 5% w/w Gantrez® AN 139 and Gantrez® S97 at pH 2. 
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Figure 6.7. Viscosity of 30%w/w Gantrez® AN 139 and S97 at pH 2, 5 and 7 as gel in MN formulation 

loaded with ibuprofen sodium in (70%:30%) proportion. 

In flow rheometry, all formulations exhibited pseudoplastic flow (shear-thinning 

behavior). Representative flow rheograms of MN mixture gels composed of 

Gantrez® AN 139 (pH 7): ibuprofen sodium (70%:30%) and of gels composed of 

Gantrez® S97 (pH 5): ibuprofen sodium (70%:30%), are presented in Figure 6.8. 
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Figure 6.8. Flow rheograms of gels composed of Gantrez® S97 (pH 5): ibuprofen sodium and 

Gantrez® AN 139 (pH 7): ibuprofen sodium in (70%:30%), All gels show pseudoplastic (shear

thinning) behaviour. 

Polymers exhibit viscoelastic behaviour which is directly related to molecular 

structure and formulation differences. Oscillatory rheological measurements must be 

conducted in the linear viscoelastic region. The linear viscoelastic region was 

identified as the region where stress was directly proportional to strain and the 

storage modulus (G ' ) remained constant. As can be seen from Figure (6.9) the linear 

viscoelastic region was in frequency range 0.1-10 Hz. Therefore, all oscillatory 

rheology experiments conducted in frequency range 0.1-10 Hz. 
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Figure 6.9. The effect of oscillatory frequency on the storage modulus of formulation containing 

Gantrez® AN 139 : ibuprofen sodium (70:30), (A) the linear viscoelastic region was identified as the 

region where stress was directly proportional to strain and (8) the storage modulus (G") remained 

constant in frequency range 0.1-10 Hz. 

The viscoelastic properties of the polymer gels were influenced by which type of 

Gantrez:R: and the oscillatory frequency. In this study, the storage (G) and loss 

modulus increased as a function of frequency (Figure 6.10) , and a widely used 

property of viscoelastic materials called loss tangent or tan (8), defined as the ratio 
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between the loss modulus and the storage modulus, is used. The storage modulus is 
larger than the loss modulus in both formu lations, indicating solid-like behavior 
(Table 6.4 and 6.5). At the low frequency in Gantrez® S97, the loss tangent was more 
than one and for Gantrez® AN139 was 0.90 which indicates viscous like behaviour at 
the beginning then it starts to solidify with time. 
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Figure 6.10 . Frequency dependence of the storage and loss modulus (G ' and G" ) for Gantrez® S97 
(pH 5) : ibuprofen sodium formulations (70%:30%) and Gantrez® AN-139 
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Table 6.4 . Oscillatory rheometry of Gantrez® S97 (pH 5) : ibuprofen sodium formulations 
(70%:30%), (Mean ± SO, n = 5). 

Frequency (Hz) G' (Pa) G" (Pa) Loss tangent 

0.10 659.8 ± 22 744.6 ± 15 1.12 ± 0.02 

0.60 1796.2 ± 44 1642.2 ± 39 0.91 ± 0.02 

1.09 2485.8 ± 60 2080.2 ± 48 0.83 ± 0.01 

1.59 3015.4±74 2385.8 ± 55 0.79 ± 0.01 

2.08 3452.8 ± 86 2624.0 ± 59 0.75 ± 0.01 

2.58 3834.0 ± 94 2819.8±64 0.73 ± 0.02 

3.07 4166.6± 105 2985.2 ± 66 0.71 ± 0.01 

3.57 4467.6±113 3130.8 ± 68 0.70 ± 0.02 

4.06 4737.4±118 3260.4 ± 70 0.68 ± 0.02 

4.56 4987.6 ± 123 3377.8 ± 72 0.67 ± 0.01 

5.05 5217.0 ± 130 3483.8 ± 73 0.66 ± 0.01 

5.55 5433 .6 ± 133 3582.2 ± 75 0.65 ± 0.02 

6.04 5636.0 ± 140 3674.0 ± 77 0.65 ± 0.00 

6.54 5828.6 ± 143 3759.2 ± 77 0.64 ± 0.00 

7.03 6009.0 ± 143 3838.4 ± 78 0.63 ± 0.00 

7.53 6182.6± 147 3914.0 ± 79 0.63 ±0.01 

8.02 6347.2 ± 148 3986.4 ± 78 0.62 ± 0.01 

8.52 6504.0 ± 151 4054.4 ± 78 0.62 ± 0.01 

9.01 6652.0 ± 153 4116.2 ± 79 0.61 ± 0.01 

9.51 6798.2 ± 155 4176.4 ± 78 0.61 ± 0.01 

10.00 6935.8 ± 156 4236.2 ± 80 0.61 ±0.01 
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Table 6.5. Oscillatory rheometry of Gantrez® AN139 (pH 7): ibuprofen sodium formulations 
(70%:30%), (Mean ± SO, n = 5). 

Frequency (Hz) G' (Pa) G" (Pa) Loss tangent 

0.10 654.2 ± 43 591.8 ± 45 0.90 ± 0.01 

0.60 1523.6± 103 1216.2 ± 126 0.79 ± 0.03 

1.09 2006.6 ± 153 1539.6 ± 176 0.76 ± 0.03 

1.59 2372.6 ± 195 1771.0±212 0.74 ± 0.03 

2.08 2675.8 ± 233 1957.2 ± 244 0.72 ± 0.03 

2.58 2938.2 ± 267 2112.2±271 0.71 ± 0.03 

3.07 3172.6 ± 299 2247.2 ± 293 0.70 ± 0.03 

3.57 3383.6 ± 325 2367.2±317 0.70 ± 0.03 

4.06 3577 .6± 354 2475.2 ± 335 0.69 ± 0.03 

4.56 3756.0 ± 377 2574.2 ± 353 0.68 ± 0.03 

5.05 3926.6 ± 408 2663.8 ± 369 0.68 ± 0.02 

5.55 4079.4 ± 423 2747.0 ± 385 0.67 ± 0.02 

6.04 4232.0 ± 440 2824.4 ± 400 0.67 ± 0.03 

6.54 4376.4 ± 466 2901.6±413 0.66 ± 0.02 

7.03 4509.2 ± 490 2969.4 ± 429 0.66 ± 0.02 

7.53 4646.6± 514 3041.0 ± 445 0.65 ± 0.02 

8.02 4767.8 ± 533 3099.0 ± 454 0.65 ± 0.02 

8.52 4898.2 ± 565 3166.2 ± 476 0.64 ± 0.02 

9.01 5010.8 ± 583 3219.6±485 0.64 ± 0.02 

9.51 5122.2 ± 593 3274.6 ± 497 0.64 ± 0.02 

10.00 5240.4 ± 624 3332.6 ± 510 0.63 ± 0.02 

Fracture force tests were performed to determine the mechanical strength of the 
ibuprofen sodium MN fabricated from AN 139 pH 7 and were compared to MN 
fabricated from Gantrez® S97 pH 5. When tested under an axial load, irrespective of 
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the type of formulation (Gantrez® S97 pH 5 or AN 139 pH 7). There was no 

significant difference (p > 0.05) in the decrease of heights of MN, which indicates 

that all of these MN were relatively strong (Figure 6.11 and 6.12). In addition, these 

MN were hard in nature and not brittle. The percentage reduction in MN height 

following application of a compression force of 0.36 N per MN was found to be 

26.50 ± 3.20%, and 28.48 ± 1.78% , at compression force 9 N per MN 56.4 ± 

2.63%" and 56.39 ± 5.28%, for ibuprofen sodium MN from Gantrez® AN139 pH 7 

and Gantrez® S97 pH 5 , respectively. 
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Figure 6.11 . Percentage reduction in height of MN arrays prepared from aqueous blends containing 

70% w/w Gantrez® AN 139 pH 7 or Gantrez® S97 pH 5: 30% ibuprofen sodium following application 

of a different compression forces of 0.045 , 0.36 , 0.45 and 9 N per needles. (Means ± SO, n = 5) 
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Figure 6.12. Digital microscope images of ibuprofen sodium MN fabricated from Gantrez® S97 pH 5 

after application of different fracture force (0.05 , 0.4, 0.5 and 1 N/needle) which represents a 

comparative decrease in the height of MN following fracture forces. Scale bar represents a length of 

300 Ilm. 

249 



Chapter 6. Transdermal delivery of ibuprofen sodium in vitro and in vivo 

Skin penetration of the MN was investigated using dermatomed piglet skin 
(approximately 400 Ilm thicknesses) and the percentage number of holes (micro
conduits) created by the MN arrays was determined after applying the force. In 
general, increasing the forces applied per MN array increased the penetration 
efficiency of the MN, as shown in Figure 6.13 A and B. The micro-conduits created 
by the MN array are much more clearly visible at higher forces applied compared to 
the lower forces. For example, the percentage numbers of micro-conduits, created 
after penetration tests, were around 90% and 100% at insertion forces of 0.40 and 
0.50 N/needle, respectively. Micro-conduits could also be traced on the surface of the 
laboratory fi Im (Parafi Im ®) (Figure 6.13 C and D), underneath dermatomed piglet 
skin, which indicates that, at higher insertion forces, the depth of penetration was 
higher. 

Figure 6.13. (A)&(8) Digital images showing micro-conduits on skin after application of fracture 
force OA & O.SN/needle, respectively and (C)&(D) their respective images on laboratory film 
(Parafilm®) created following insertion of MN, at OA and O.SN/needle. Respectively. Scale bar 
represents a length of 200 Ilm. 

Four week stability testing of MN formulated using Gantrez® AN 139 (pH 7) and 
Gantrez:}Q S97 (pH 5). MN were packaged in moisture-impermeable, heat-sealable 
poly(propylene) foils and unpackaged, subjected to 40°C and 75% relative humidity 
for I. 2. 3 or 4 weeks. When the allotted time had elapsed. the MN dissolved in 100 
ml sterile PBS and two 10-fold dilutions were subsequently carried out in sterile 
PBS. The drug content of each MN was analysed by RP-HPLC. The percentage of 
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ibuprofen sodium was recovered from Gantrez® S97 and Gantrez® AN139 MN 
immediately following manufacture 101 ± 2.7% and 101 ± l.8%, respectively. After 
first week, the Gantrez® S97 MN whether packaged or not, are more hygroscopic 
than the Gantrez® AN 139 MN (Figure 6.14). In spite of the phenotypic differences 
between the two MN formulations after storage for 1 week at 40°C and 75% 
humidity, there was no loss of ibuprofen from the MN, using either formulation. 
There was no significant difference (p = 0.22) in the recovery % of ibuprofen sodium 
from packaged, unpackaged Gantrez® S97, packaged and unpackaged Gantrez® 
AN139 MN after storage for one week was 103 ± 5.7%,100 ± 12%,99 ± l.6% and 
114 ± 12%, respectively. Following two weeks storage, a loss of approximately 30 ± 
4% ibuprofen sodium was recorded in the case of the Gantrez® S97 MN which had 
been packaged in the moisture impermeable foil. In addition, a loss of only 25 ± 1 % 
ibuprofen sodium was recorded in the case of the Gantrez® S97 MN which had not 
been packaged in the moisture impermeable foil. While there was no significant 
difference (p = 0.19) in the recovery of ibuprofen sodium from Gantrez® AN 139 MN 
which had been packaged or not in the moisture impermeable foil after two weeks 
storage at 40°C and 75% relative humidity in which the %recovery was 98 ± 1.62% 
and 98 ± 0.62%, respectively. 

AN-139 

Unpackaged 

5-97 Unpackaged 

Figure 6.14. Gantrez® S97 and Gantrez® AN 139 MN which had stored in plastic bags following 1 
week storage at 40°C and 75% relative humidity. 

Following four weeks storage, a loss of approximately 25 ± 15% ibuprofen sodium 
was recorded in the case of the Gantrez® S97 MN which had been packaged in the 
moisture impermeable foil and a loss of 17 ± 8% ibuprofen sodium in the case of the 
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Gantrez® S97 MN which had not been packaged in the moisture impermeable foil. 
So it did not show any significant changes (p> 0.05) in the percentage of ibuprofen 
sodium recovery comparing with the second week. While the %recovery of 
ibuprofen sodium from packaged and unpackaged MN fabricated using Gantrez® 
AN139 were 98 ± 3.4% and 102 ± 5.6% after three weeks which was statistically not 
different (p = 0.47) compared to 101 ± 1.8% immediately following manufacture. In 
contrast, a significant drop (p = 0.04) in the %recovery of ibuprofen sodium was 
observed among packaged and unpackaged MN fabricated using Gantrez® S97 after 
four weeks. For example, the %recovery of ibuprofen-sodium from MN fabricated 
using Gantrez® S97 MN was 101 ± 2.7% (at zero time, Figure 6.15) which change to 
77 ± 12% and 71 ± 15% (Day = 28) from packaged and unpackaged MN, 
respectively. Figure 6.16 shows the percentage of ibuprofen sodium recovery over 
four weeks during the stability study. Based on the stability study, it was decided to 
use dissolving MN fabricated from Gantrez® AN 19 since the recovery of ibuprofen 
sodium was 100% after 4 weeks and not hygroscopic as S97. Therefore, further 
analysis of Gantrez® AN 139 MN formula was done. 
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Figure 6.15. Percentage recovery of ibuprofen sodium from Gantrez® S-97 and Gantrez® AN139 
MN following manufacture i.e. these MN were not packaged or stored (Mean + S.D., n=3) 

252 



140 

E 120 
.2 
." 
0 ... 100 C 
.! 
0 80 ... 
Il. 
:;, 
:e 

60 .... 
0 
>-... 
III 40 > 
8 
~ 20 ';t. 

0 

1 

Chapter 6: Transdermal delivery of ibuprofen sodium in vitro and in vivo 

T 

2 3 4 

Weeks no. 
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Gantrez~ AN139 Packaged 
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Figure 6.16. Percentage (%) recovery of ibuprofen-sodium from Gantrez® S97 and Gantrez® AN 139 

MN following 4 weeks storage at 40°C and 75% relative humidity, either packaged or stored 

unpackaged (Mean + S.D. , n=3) 

TGA is used to determine the weight change of a material with temperature change. 

This could be through dehydration at low temperatures, the evaporation of low 

molecular weight organics, or thermal decomposition. The water content of the 

ibuprofen sodium MN array from Gantrez® AN139 pH 7 was 10.65 ± 0.23 %. Figure 

6.17 shows the water content of the ibuprofen sodium MN array. The bound and free 

water of the ibuprofen sodium MN array was 7.22 ± 0.64% and 3.50 ± 0.53 %, 

respectively. 

~ +O~~~-lToo~~~~~r-~~~m~~~-~~~~~~~~~~600 2 

Temperature ('C) 

Figure 6.17. Water content (%) of the ibuprofen sodium MN array from Gantrez® AN 139 (pH 7) 
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Dissolution of ibuprofen sodium MN over a 30 minute period was investigated by 
photomicrographs. The MN arrays were app lied to 350 Ilm neonatal pig skin in the 
same manner as the drug release experimental protocol, and were removed from the 
Franz cell apparatus at the indicated times, before photomicrographs were captured 
(Figure 6.18). The needles start to dissolve from 30 seconds and completely 
disappear after 5 minutes . 

T30 S 

T15 m 

T
30m 

Figure 6.18 . Dissolution of polymeric MN loaded with ibuprofen sodium over a 30 minutes period 

Ibuprofen sodium content in the dissolving MN arrays was analyzed by the 
developed RP-HPLC method. Content analysis revealed that 100% of ibuprofen 
sodium incorporated at a theoretical amount of 90 mg per array was recovered from 
MN. Figure 6.19 illustrates the permeation profiles of ibuprofen sodium released 
from dissolving MN prepared from aqueous blends of 70% w/w Gantrez® AN 139 
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(pH 7) across dermatomed neonatal porcine skin (350 Ilm thick). Ibuprofen sodium 
was detected by HPLC analysis in the receiver compartment of the Franz cells 15 
mins following application of MN arrays, and concentration increased in a time
dependent manner until the end of the release experiment (24 hours) in both 350 Ilm 
and 700 Jlm skin sections. MN arrays delivered a total of 33.41 mg of ibuprofen 
sodium in 24 hours in 350 Ilm skin and 10.21 mg ibuprofen sodium in 700 Jlm skin. 
Each MN arrays contain a total of 37.24 ± 2.25 mg of ibuprofen sodium. 

The theoretical mass and ibuprofen content of the MN alone was calculated using the 
formula for the volume of a cone; 

Volume ofa cone = 1/31Cr2h, where h = 600 Ilm 

r = 150 Ilm 

Volume of one MN projection = 1/31C.(l50l600 = 14.14 Jlm
3 

A 19x 19 MN array comprises 361 individual MN projections; so the volume of all 
MN projections is 5104.17 Jlm3

. Based on an assumption made that the formulation 
shares the properties of water in that 1 cm3 = 1 g, each MN arrays lose 38.29 ± 
0.89% on drying (i .e. 62% remains) ; therefore, mass of all MN projections (dry) is 
3164.59 Jlg and the ibuprofen sodium content after drying is 48.6 ± 0.73%. 
Therefore, the amount of ibuprofen sodium in dry MN is 1537.99 Jlg. The time 
required to deliver 1530 Ilg ibuprofen sodium was 16 min in 350 Jlm skin and 121 

min in 700 Jlm skin. 
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Figure 6.19 . Cumulative release of ibuprofen from soluble MN through 350 /lm and 700 /lm thick 

skin over a 24 h period (n=6, Mean ±SD.). 

To assess the quantity of ibuprofen sodium that remained undelivered to the Franz 

cell after 24 hours, a release experiment was performed as before (using 350 ~m 

skin); after 24 hours, the Franz cell contents were sampled, and ibuprofen sodium 

content was analysed by HPLC in the routine manner. The mass of formulation that 

remained on the surface of the skin was retrieved by gentle scraping, and was 

dissolved in ml of PBS (37°C), diluted accordingly, and analysed by HPLC. 

Similarly, any ibuprofen sodium that remained on the adhesive backing was 

quantified by placing the occlusive backing in I ml PBS (37°C), followed by dilution 

in PBS and HPLC. Analysis revealed that 80.84% of the ibuprofen sodium in the 

array was delivered to the Franz cell, 1.93% remained on the surface of the skin, and 

11.04% remained on the occlusive dressing. The unaccounted for 6.19% of the 

ibuprofen sodium loaded into the formulation but not detected in the Franz cell or on 

the skin or occlusive dressing is presumed to remain in the skin (Figure 6.20). 
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• Theoretical loading 

Mass balance on patch 

• Delivered in 24 h 

• Mass balance on skin 

Figure 6.20. Assessment of the mass of ibuprofen sodium remaining undelivered after a standard 24 

hour release experiment. 

Figure 6.21 illustrates the permeation profiles of ibuprofen sodium following 

cathodal iontophoresis, at a current strength of 0.5 mA and current duration of 6 

hours, from dissolving MN prepared from blends of 70% w/w Gantrez® AN 139 and 

30% ibuprofen sodium. It was found that the combination of cathodal IP and MN led 

to the enhancement in ibuprofen sodium permeation, in comparison MN alone but 

not significantly (p > 0.05). In particular, the cumulative amount of ibuprofen 

sodium permeated across neonatal porcine skin at 6 hours was found to be 26646 ± 

4302 and 31980 ± 7746 /lg for (MN) alone and (MN+IP) delivery strategies, 

respectively. 
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Figure 6.2 I. In vitro release of ibuprofen sodium across dermatomed neonatal porcine skin (350 Jlm) 

following the combination of an electric current of 0.5 mA for a period of6 hours with dissolving MN 

(MN+IP), or passive release from dissolving MN alone (Means ± SO, n = 5) 
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Figure 6.22 showed in vitro release of ibuprofen-sodium following the combination 

of dissolving MN and cathodal JP (MN+IP) for a period of 15 min and passive 

release from dissolving MN alone. The amount of ibuprofen sodium permeated from 

the combination of (MN+IP) was significantly higher (p < 0.05) than MN alone at 1, 

5 and 10 minutes. 

strategies. 
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Figure 6.22. In vitro release of ibuprofen sodium across dermatomed neonatal porcine skin (350 /lm) 

following the combination of an electric current of 0.5 mA for a period of 15 min with dissolving MN 

(MN+IP), or passive release from dissolving MN alone (Means ± SO, n = 5) 

In Chapter 4, an integrated system of super swelling hydrogel MN and lyophilized 

patches was successfully used to deliver high molecular weight. Therefore, in this 

Chapter. it was investigated the ability of this system to deliver high dose low 

molecular weight drug like, ibuprofen sodium and compared it with the dissolving 

MN. Various formulations of lyophilized patches were prepared but the one that 

contain 3 % mannitol , 10 % gelatin and 40 % drug was selected for further 

investigation (Figure 6.23). Three different types of gelatin samples from PB gelatins 

were used to prepare lyophilized patches. In particular, PB 150 and PB 200 and SG3 

gelatin which have different bloom strength were used to prepare lyophilized patches 

loaded with high amount of ibuprofen sodium. These were each used in drug 

formulations (3 % mannitol ; 10 % gelatin ; 40 % ibuprofen sodium) and patches were 

prepared. Of the three formulations, only those containing the gelatin of highest 

258 



Chapter 6. Transdermal delivery of ibuprofen sodium in vitro and in vivo 

Bloom strength (Cryogel SG3) formed patches which did not erupt when subjected 

to the freeze drying process. For this reason, the patches made using this formulation 

were those which could be used in the subsequent experiments. 

Figure 6.23. Image of the formulated lyophilized patches used that contains 10% Gelatin SG3 , 3% 

mannitol and 40% ibuprofen sodium. 

An in vitro release study was performed to investigate the best gelatin to be used in 

fabrication of lyophilized patch. As can be appreciated from Figure 6.24, ibuprofen 

sodium did permeate across neonatal porcine skin when patch formulation was 

tested. The study revealed that the cumulative amount of ibuprofen sodium delivered 

across neonatal porcine skin after 24 hours was 47 ± 7 mg, which accounted for 39% 

of the actual loading of ibuprofen sodium. Lyophilized patches contained a total of 

119 ± 10 mg of the drug. Release study was also carried out using drug loaded 

patches formulated with PB 150 and PB 200 and compared to SG3 gelatin. Although 

the two formulations of them result approximately same release at 24 hours, in the 

case of the formulation containing the Cryogel SG3 gelatin, the release profile of the 

drug is faster than either of the other two tablet formulations prepared using PB 150 

and PB 200 gelatin (Table 6.6) . These results indicate that the tablets containing SG3 

gelatin formed better patches and elicited a faster drug release profile than either of 

the other two patches formulations prepared using PB gelatin (PB 150 and PB 200) 

tested in similar release experiments. The drug release results generated using 

formulations containing each of these three gelatin samples are presented in Figure 

6.24. 

259 



Chapter 6. Transdermal delivery ofibuprofen sodium in vitro and in vivo 

60000 
Ci ........ SG3 gelatin 
::1.. ..... PS 150 gelatin 
E 40000 ...... PS 200 gelatin :::2 
:t; 
~ 
~ 
J!! 20000 
0 
~ 

Cl. 
:::2 
.0 

500 1000 1500 2000 
Time (min) 

Figure 6.24. Comparison of the cumulative release of ibuprofen sodium using super swelling Gantrez® 

S97 MN arrays and lyophilized patches containing 3 % mannitol; 10 % SG3 gelatin (PB gelatins) and 

40 % ibuprofen sodium, 3% mannitol; 10 % PB 150 gelatin (PB gelatins) and 40 % ibuprofen sodium 

and 3 % mannitol; 10 % PB 200 gelatin (PB gelatins) and 40 % ibuprofen sodium through 350 !lm 

thick skin over a 24 hours period (n = 5, Mean ±S.D.). 

On the basis of the in vitro drug release results. it was determined that the lyophilized 

patches containing 3 % mannitol, 10 % SG3 gelatin (PB gelatins) and 40 % 

ibuprofen sodium to be used for further evaluation of its performance in vivo. 

Table 6.6. Summary of ibuprofen sodium delivery at various time-points using super swelling 

hydrogel MN with different lyophilized patches. 

Time SG3 PB150 PB200 

15 min Approx. 0.7 mg Approx. 0.02 mg None detected 

30 min Approx. 2.4 mg Approx. 0.04 mg None detected 

60 min Approx. 5.2 mg Approx. 1.5 mg Approx. 0.04 mg 

24 h Approx. 47 mg Approx. 30 mg Approx. 44 mg 

Four weeks stability testing of super swelling MN arrays and the lyophilized patches 

(3% mannitol. 10% SG3 gelatin and 40 % ibuprofen sodium) were carried out under 

two conditions ambient conditions (25°C. 75% RH) and accelerated conditions 

(40°C. 75% RH). Figures 6.25 are images of the various MN and lyophilized patches 

photographed pre and post-stability testing. The MN arrays which had been 
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packaged with lyophilized patches were assayed for ibuprofen sodium in order to 

deduce whether storage under the conditions outlined above could cause leaching of 

the drug from the lyophilized patch into the appended MN array. After one month 

super swelling hydrogel MN were tested for their ability to swell and compared with 

swelling result from freshly prepared MN. In addition, ibuprofen sodium loaded 

lyophilized patches was quantified by HPLC after one month storage. 

Figure 6 .25 . Image of (A) MN with desiccant pre-stability test and (8) post stability test after one 

month , (C) patches with desiccant pre-stability test and (D) post stability test after one month at 

ambient conditions 

The MN which had been packaged with lyophilized patches were swollen in 100 ml 

PBS to quantify the amount of ibuprofen sodium leached into the MN (Figure 6.26). 

It was found that there was no ibuprofen sodium detected in those MN which had 

been packaged with patches indicating that there were no leaching effects into the 

MN arrays over time under the conditions tested. 

Figure 6.26. Images of (A) dry super swelling MN after one month (post stability testing) and (8) 

super swelling MN which had been swollen in 100 ml P8S and assayed for drug leaching effects after 

storing it at accelerated conditions . 

261 



Chapter 6: Transdermal delivery of ibuprofen sodium in vitro and in vivo 

Lyophilized patches which had been packaged with MN were then assayed in order 

to determine the percentage recovery of ibuprofen sodium from them following 

incubation under the indicated conditions. The results are presented below (Figure 

6.27). There was no decrease in ibuprofen content under two ambient and accelerated 

conditions after 4 weeks from both packaged and unpackaged. 
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Figure 6.27. Percentage (%) recovery of ibuprofen-sodium from patches post-stability testing. Patch 

(Amb): Patches stored with desiccant under ambient conditions. Patch (Acc): Patches stored with 

desiccant under accelerated conditions. MN + Patch (Amb): MN and patches stored together with 

desiccant under ambient conditions. MN + Patch (Acc): MN and patches stored together with 

desiccant under accelerated conditions (Mean ± S.D. n =3). 

Swelling tests on those MN which had been packaged without lyophilized patches 

were then carried out. MN stored under either ambient or accelerated conditions 

exhibited no significant differences (p > 0.05) in swelling capabilities post-storage. 

The swelling capabilities of these MN were then compared to the freshly prepared 

MN of the same formulation. There was no significant difference (p> 0.05) between 

them (Figure 6.28). The equilibrium swelling percentage for MN which had been 

packaged without lyophilized patches and stored under either ambient or accelerated 

conditions compared with freshly prepared MN was 2150 ± 86 , 2100 ± 57 and 2095 

± 325%, respectively. 
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Figure 6.28 . Swelling tests on those MN which had been packaged without patches. Ambient: Those 

MN stored under ambient conditions. Accelerated: Those MN stored under accelerated conditions and 

freshly prepared MN. (Mean ± S.D. n =3). 

For tolerance study, as a means of determining whether any of the individual 

components of the transdermal delivery systems caused irritation to the skin of the 

animals. Upon removal of the applied MN, patches or dressings following 24 hours, 

photos of the animals were taken over a period of 7 days to detail the effects of the 

application on their skin and to determine if any irritation had occurred. Photos one 

day pre-application (upon treatment of the skin to remove fur), immediately 

following removal of the applied components and on designated days following 

removal were taken. The skin of the rats sometimes has a distinct mottled pattern. 

This is completely normal and not unexpected. This pattern does fade over time. The 

outline of the MN arrays can be clearly seen on the back of the rat immediately 

following removal of the arrays (Figure 6.29A). The distinct red markings which are 

visible are not signs of irritation on the skin but rather the micropores in the skin 

which were created by the needles on the MN arrays (Figure 6.298). The areas 

around where the MN arrays were applied were fading, even after only 2 hours skin 

recovery time. There is no longer evidence of the MN array application on the skin 

after only 24 hours. Some residual glue (brown residue) from the occlusive dressing 

used can be seen on the skin (Figure 6.29D). The skin has completely recovered and 

fur is beginning to return on those areas shaved pre-experimentation after 2 days. 
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The skin on these animals has completely recovered as exemplified by the extensive 

hair regrowth on their backs. 

Figure 6.29. Digital image showing (A) Pre-application of super swelling hydrogel MN (8) 

immediately following removal of the arrays from the back of rat , (C) after only 2 h, (D) I day post 

MN removal , (E) 6 days post MN removal and (F) 10 days post MN removal. 

For occlusive adhesive patches, tolerance study was also done. After shaving rat 

adhesive patch was applied and removed after 24 hours. Upon removal of the applied 

adhesive patches following 24 hours application (Figure 6.30A). Although there was 

evidence of some glue residue from the occlusive dressing remaining on the back of 

the rat used immediately following removal. there was no redness on the skin thus 

indicating a complete lack of skin irritation (Figure 6.30C). The skin is completely 

clear with no red or irritated areas after 5 days post adhesive patches removal. As the 

hair continues to grow back on the backs of these animals, there is no indication of 

any skin irritation (Figure 6.30F). 
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Figure 6.30. Digital image showing (A) Pre-application of occlusive adhesive patches only without 

MN (B) immediately following removal of the arrays from the back of rat , (C) after only 2 hours, (D) 

4 days post, (E) 5 day post and (F) 7 days post adhesive patches removal. 

Regarding dissolving MN, two baseplate MN were applied on rat and removed after 

24 hours . There was absolutely no redness or irritation evident upon removal of the 

dissolving MN (Figure 6.31 A). A tacky feel on the skin indicated that some residual 

glue had remained on its back (Figure 6.31 B). The skin has no evidence of irritation 

after one day removal. There is evidence of some dried glue remaining on the back 

of the rat (Figure 6.31 D). This would undoubtedly all be removed following 

continued grooming of the animal. 

265 



Chapter 6.· Transdermal delivery of ibuprofen sodium in vitro and in vivo 

Figure 6.3 1. Digital image showing (A) Pre-application of dissolving MN baseplate (B) immediate ly 

following removal of the arrays from the back of rat, (C) after only 2 h and (D) 4 days post- removal 

of dissolving MN . 

There were two distinct circles evident on the back of the rat immediately following 

removal of the lyophilized patches (Figure 6.32). This may simply have been due to 

the pressure exerted on the patches under the occlusive dressing and of course the 

fact that these patches did not dissolve but rather remained in place over the course 

of the 24 hours. The pressure marks on the back of the rat have faded extensively 

after 2 days (Figure 6.32C). 

Figure 6.32. Digital image showing (A) pre-application of the lyophilized patches (B) immediately 

following removal of removal of the patches from the back of rat. (C) after 2 days and (D) 4 days 

post- removal of the patches. 

266 



Chapter 6. Transdermal delivery of ibuprofen sodium in vitro and in vivo 

On the basis of the in vitro drug release results , it was determined that dissolving MN 

prepared from 70% w/w Gantrez® AN 139 (pH 7):30% w /w ibuprofen sodium to be 

the most suitable dissolving MN system for further evaluation of its performance in 

vivo. In addition, the Cryogel SG3 gelatin was the best of the three PS gelatin 

samples received from PS gelatins in terms of tablet formation and subsequent 

results of drug release experiments to be used for in vivo experiment as well. 

At the initiation of the in vivo experiments for dissolving MN , careful thought and 

consideration was given to determine the most effective strategy for the application 

and adherence of MN arrays. Firstly, to ensure that coarse hair did not interfere with 

MN penetration and adherence to the skin, animals were shaved using an electric hair 

cl ipper 24 hours prior to MN app lication. Furthermore, depilatory cream was applied 

to the skin for a period of no more than 1 minute to remove any residual hair, thus 

leaving a flat clean skin surface (Figure 6.33). 

Figure 6.33. Digital images highlighting (A) rat before shaving after application of depilatory cream 

following hair trimming with electric clipper, and (B) clean, flat skin surface. 

Secondly, it was decided that the best site for the application of dissolving MN arrays 

may be on the animals back. just off from the spinal region (Figure 6.34). The 

reasons for this. are two it would be more difficult for the animal to scratch the MN 

off this area. and also to ensure that pulsating of the abdominal cavity could not 

potentially cause MN to detach from the skin during the course of the experiment. 
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Figure 6.34 . Digital images highlighting the application (A) and positioning (B) of dissolving MN on 

a rat in vivo. 

Following application of dissolving MN arrays, an occlusive adhesive backing layer 

was adhered around the skin area as described in Chapter 4 . This was done to prevent 

moisture loss from the MN, and also to act as a protective barrier to prevent the 

animals from removing the device during the course of the investigations (Figure 

6.35). An elasticated tubular bandage (Tubigrip) was placed around the area of MN 

application. The integrity of skin barrier function after treatment to remove hair was 

proven by comparing transepidermal water loss measurements on the same patch of 

skin both before and after treatment. 

Figure 6.35. Digital image showing a rat with an elasticated tubular bandage around the MN, the 

method employed to keep MN devices in place over the duration of investigations. 

Figure 6.36 shows the results obtained from the in vivo studies involving the 

application of four dissolving MN. The average ibuprofen sodium content in each 

dissolving MN was 76.4 mg. Therefore as each rat had four dissolving MN applied , 

each had an average total of 305.6 mg ibuprofen sodium applied in this experiment. 

It can be seen from Figure 6.36 that the use of dissolving MN arrays resulted in a 
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relatively high, yet progressive increase in plasma concentration level of ibuprofen 

sodium within 4 hours, and then it reached maximum concentration which was 321 

Ilg/ml. Furthermore, the use of dissolving MN enabled sustained transdermal 

delivery of ibuprofen sodium over the 24 hours period investigated, resulting in 

plasma concentrations 249 Ilg/ml at 24 hours. 
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Figure 6.36 In vivo ibuprofen sodium plasma concentration profile following the application of 

dissolving MN arrays prepared from 70% w/w Gantrez® AN 139 (pH 7):30% w/w ibuprofen sodium 

for a 24 hours in a rat model. (Means ± SO, n = 4) . 

As can be clearly seen, there was no residual dissolving MN left on the adhesive 

frames following 24 hours application (Figure 6.37). There was no evidence of any 

irritation on the skin of the animal. 

Figure 6.3 7. Digital image showing (A) MN removal (8) from the back ofrat with no irritation on the 

skin and (C) the adhesive frames post-removal with no residual dissolving MN left on the adhesive 

frames following 24 hours application . 
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Three days post experimentation, images of the back of the rat indicate that there is 

no irritation of damage to the skin and this is confirmed by the re-establishment of 

hair growth (Figure 6.38). In addition, the rats are interacting with each other and 

behaving as normal such as grooming each other and themselves. 

Figure 6.38. Digital image showing (A) ' the back of the rat after MN removal with no irritation on the 

skin and (B) the rats are interacting with each other as normal after 3 days post experimentation 

On the basis of the in vitro drug release results, it was determined that the integrated 

system of super swelling hydrogel MN array and lyophilized patch device appears to 

be suitable system for further evaluation of its performance in vivo. Lyophilized 

patches were cut before in vivo study to around 1 cm2 in order to match the area of 

MN after cutting their sidewalls (Figure 6.39). Each rat had two super swelling MN 

and two lyophilized patches applied in this experiment. 

Figure 6.39. Digital image showing lyophilized patch after cutting it to around 1 cm 2 to match the area 

of cut sidewalls super swelling MN. 

Figure 6.40 shows the results obtained from the in vivo studies involving the 

application of 2 super swelling MN with an attached 2 lyophilized patch. The 
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average ibuprofen sodium content in each lyophilized patch following sidewall 

removal was 107.22 mg. Therefore as each rat had two super swelling MN and 

patches applied, each rat had an average total of 214.44 mg ibuprofen sodium applied 

in this experiment. It can be seen from Figure 6.40 that the use of super swelling MN 

resulted in a relatively lower plasma concentration comparing with dissolving MN. 

The maximum plasma concentration of ibuprofen sodium permeating after 6 hours 

was found to be approximately 111 ± 61 f.l,g/ml. after that this system showed 

sustained release over 24 hours but a slight decrease in plasma concentration 

observed at 24 hours (p > 0.05) from III ± 61 f.l,g/ml at 6 hours to 84 ± 40 f.l,g/ml at 

24 hours. While in case of dissolving MN , constant plasma concentration maintained 

258 ± 117 f.l,g/ml from 6 hours to 249 ±79 f.l,g /ml at 24 hours. 

200 
c 
~ 
a. 
~ 1 50 

~'[ 
.2 ~ 
i! E 100 
E :::I 

~:g 
5 ...... 

5 0 

o 
o 2 4 6 8 10 1 2 14 1 6 18 20 22 24 

Time (hrs) 

Figure 6.40 . Average plasma ibuprofen sodium concentrations over 24 hours following application of 

2 x super swelling MN arrays in combination with 2 x lyophilized patches (Means ± SD, n=4) . 

Lyophilized patches of half this mass and therefore containing half the amount of 

ibuprofen sodium were also prepared. Following sidewall removal, the average 

amount of ibuprofen sodium in each of these patches was 63.6 mg. These patches 

were deemed to be easier to apply to the rats and due to the fact that they were of 

approximately half the thickness of the original patches. they were also more 

hygroscopic, thus leading to the potential for more rapid drug delivery. This potential 

was assessed in in vivo experiments when four patches with an average total mass of 

254.4 mg ibuprofen sodium were applied to the rats. Figure 6.41 shows the results 

obtained from the in vivo studies involving the application of 4 super swelling MN 

with 4 attached half thickness lyophilized patch. It can be seen from Figure 6.41 that 

the use of super swelling MN resulted in a relatively lower plasma concentration 
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comparing with dissolving MN. Importantly, at the end of the 24 hours experimental 

period all MN on an array were removed fully intact from the rats (Figure 6.42). It 

was found that the attachment of lyophilized patch to a super swelling hydrogel MN 

array enabled sustained transdermal delivery over a 24 hours period. The maximum 

plasma concentration of ibuprofen sodium permeating after 4 hours was found to be 

approximately 151 ± 53 ~g/ml, which is not significantly (p > 0.05) lower than the 

321 ± 174 ~g/ml delivered over a 4 hours period by the dissolving MN system. In 

add it ion, both systems showed sustained release over 24 hours but in case of super 

swe ll ing/drug patch device plasma concentration decreased significantly (p < 0.05) 

from 135 ± 13 ~g/ml at 6 hours to 78 ± 23 ~g/ml at 24 hours. In case of full 

thickness lyophilized patches, there was a delay in ibuprofen sodium release when 

compared with half thickness lyophilized patches and dissolving MN. Since 

maximum plasma concentration was achieved at 6 hours while in half thickness 

lyoph ilized patches and dissolving MN at 4 hours but there was no significant 

difference (p = 0.36) in the maximum plasma concentration e.g. 151 ± 53 ~g/ml and 

111 ± 61 ~g/ml for half and full thickness lyophilized patches, respective ly. 
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Figure 6.41. Average plasma ibuprofen sodium concentrations over 24 hours following application of 

4 x super swelling MN arrays in combination with half thickness lyophilized patches (Means ± SO, 

n=4). 
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Figure 6.42. Digital image showing fully intact super swelling MN during and immediately following 

MN removal after 24 hours. 

The recommended dose of ibuprofen sodium in rats is 7.5 to 30 mg/kg (Jenkins, 

1987; Liles & Flecknell. 1992). Therefore, the dose of rat average mass 250 g is 7.5 

mg/day. Each 1 ml of Nurofen® oral ibuprofen suspension contains 20 mg. It was 

decided to dose rats 0.75 ml/day (Figure 6.43). 

Figure 6.43. Digital image showing oral dosing of rat with Nurofen® oral suspension 

Figure 6.44 shows the mean plasma concentrations of the control ibuprofen oral 

formulation (Nurofen~ oral suspension). The maximum plasma concentration was 

216 ± 69 Ilg/ml after one hour. Throughout the first hour post dose, the plasma 

concentration for oral formulation was higher than dissolving MN and super swelling 

MN/patch formulation 40 ± 9 Ilg/ml and 45 ± 20 Ilg/mJ, respectively, (p > 0.05), 
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considered extremely significant. While the plasma concentration following 

application of dissolving MN and super swelling MN/patch kept increasing until 

reach maximum plasma concentration 321 ± 174 Ilg/ml and 151 ± 53 Ilg/ml at 4 

hours and then provide sustained release until 24 hours. On the other hand, plasma 

concentration dropped significantly after 4 hours post oral suspension administration 

to concentration below the lower limit of quantification (2.2 Ilg/ml). In addition, it is 

considered very significant (p < 0.01) from dissolving MN and super swelling 

MN/patch which had plasma concentration 249 ±79 Ilg/ml and 78 ± 23 Ilg/ml at 24 

hours, respectively. 
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Figure 6.44. Average plasma ibuprofen sodium concentrations over 24 of four rats following oral 

dosing with 0.75 ml Nurofen® suspension (20 mg/ml suspension) (Mean ±S.O, n= 4). 
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6.6. Discussion 

Insertion of MN into skin forms temporary micropores which help the delivery of 

drugs that are unable to passively diffuse through the stratum corneum (Van der 

madam et aI., 2012; Vrdoljak et aI., 2012). MN penetrate the skin into the viable 

epidermis, thus avoiding contact with nerve fibers and blood vessels that reside 

primarily in the dermal layer. First generation of MN, fabricated from silicon, metals 

or organic polymers, were designed to create the channels in the skin into which the 

drug diffused through it (Henry et aI., 1998). However, fabrication of silicon MN 

arrays is relatively expensive and requires clean room processing (Banga, 2009). In 

addition, silicon MN are brittle in nature and may break and remain within the viable 

skin tissue during the application process (Prausnitz, 2004). Recently, MN arrays 

have been manufactured from biodegradable and biocompatible materials that fully 

incorporate drugs and dissolve in the skin, thus eliminating sharps waste, like 

hypodermic needles (Kolli & Banga, 2008; Park et aI., 2006; McGrath et aI., 2013). 

Sugars and polymers have been used to formulate dissolvable MN due to 

biocompatibility and the release kinetics of these materials (McGrath et aI., 2013). 

Clearly, any materials to be used in fabrication of MN should demonstrate suitable 

physical characteristics to ensure adequate puncturing of the stratum corneum 

without needle failure. Importantly, these MN should be mechanically strong and 

maintain their physical properties during fabrication, packaging, storage and 

handling. The major advantage of dissolvable MN, it can incorporate a higher drug 

load comparing with coated MN and it eliminates all sharps waste since the needles 

dissolve once inserted into the skin. 

In the current study, the ability of polymeric MN arrays to increase skin permeability 

to ibuprofen sodium was evaluated. Two different scenarios were investigated, 

namely: the efficacy of dissolving MN prepared from aqueous blends of 70% w/w 

Gantrez AN 139 (PH 7) and loaded with 30% ibuprofen sodium and the ability of 

super swelling hydrogel MN prepared from aqueous blends of 20% w/w Gantrez® 

S97, 7.5% w/w PEG 10,000 and 3% w/w Na2C03 to increase transdermal ibuprofen

sodium delivery from patches. 

The information presented in this Chapter represents for the first time a high loading 

OTC NSAlDs has been incorporated into a transdermal MN device. NSAlDs are 
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some of the most regularly consumed over-the-counter medications available. 

Although most preparations are taken orally, situations exist that necessitate 

administration by an alternative route. The skin, the body's largest organ, is an 

attractive candidate site for application, as it is easily accessed, and has a plentiful 

sub-dermal microcirculation for drug delivery. The transdermal route has been 

extensively investigated as potential route for non-invasive NSAIDs administration. 

The major challenge associated with transdermal NSAIDs delivery, to date, has been 

lack of NSAIDs permeation across se due to its hydrophilic nature and high drug 

dose. Microneedle arrays are devices that contain micron scale projections that are 

capable of breaching the se to enhance drug delivery. Such technology has not been 

studied in detail for the delivery ofNSAIDs. 

Gantrez® is a series of copolymers contain alternating units of methylvinylether and 

maleic anhydride. Gantrez® derivatives are bioadhesive material, color dispersant, 

dental adhesive, excipient in oral tablets, complexing agent, emulsion stabilizer, 

excipient in transdermal patches, film-forming agent and viscosity increasing agent 

(ISP Brochures, 2005; Salman & Gofii, 2012). Film properties and solubility can be 

modified by the type and degree of neutralization, allowing formulation across 

product lines from regular hold to super hold and from a natural, soft feel to a firmer, 

harder holding finish (Salman & Gofii, 2012). 

Table 6.7 shows the different types of commercially available Gantrez® polymers. 

Gantrez® AN series polymers are typically supplied as the anhydride powders with 

different molecular weights (Gantrez® AN-11911391169) and as a water-insoluble 

white powder that can be easily hydrolyzed by heating 80°C to produce a transparent 

solution of the water-soluble free acid (Gantrez® S). Gantrez® S series acidic 

polymers available in either solution or powder form with different molecular 

weights (Gantrez® S97 BF Solution ST/ Gantrez® S97 BF Powder/ Gantrez® S96 BF 

Solution ST). Whereas, Gantrez® MS series are available as mixed sodium and 

calcium salts which are supplied as a powder and can be slowly hydrolyzed in water 

with high viscosity and adhesion. In addition, Gantrez® ES series are available as 

ester forms , namely Gantrez® ES 225 (monoethyl ester), Gantrez® ES 425 

(monobutyl ester) and Gantrez® ES3351 (isopropyl ester); these copolymers are 

water-insoluble but they are water-soluble when neutralized by bases in aqueous 
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solution, and they are supplied as alcoholic solutions. The Gantrez® copolymers 

show excellent film-forming, adhesion properties and mucoadhesive properties 

(Andrews et aI., 2009). Thus many research groups have used Gantrez® copolymers 

in the preparation of bioadhesive or extended release excipient in different 

mucoadhesive-based formulations (Garland et al., 2012; Andrews et aI., 2009; Wang 

et aI., 2013). 

Table 6.7. Molecular weights of various commercially available copolymers of poly(methylvinyl 

ether/maleic anhydride) (ISP, USA, 2005). 

Grade 

Gantrez® AN-119 

Gantrez® AN-139 

Gantrez® AN-169 

Gantrez® S-96 BF 

Solution ST 

Gantrez® S-97 BF 

(Powder) 

Gantrez® S-97 BF 

Solution ST 

Gantrez® MS-995 

Gantrez® ES-225 
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A range of blends of ibuprofen sodium/Gantrez® AN 139 were prepared and used to 

fabricate MN arrays using well characterized manufacture method (Donnelly et aI. , 

2011). The mechanical properties of the resultant arrays were judged, and the 

formulation that comprised 30% ibuprofen sodium, 70% ( pH 7) Gantrez® AN 139 

and 30% ibuprofen sodium, 70% ( pH 5) Gantrez® S97 were chosen for further 

study, as the MN it produced had the integrity to penetrate excised pig skin, and a 

sufficiently high drug content to facilitate high delivery. Increasing the drug content 

above 30% produced arrays with a more powdered consistency, and MN incapable of 

penetrating the skin. Formulations with lower drug content possessed were 

sufficiently rigid to penetrate the skin, but lacked the high ibuprofen sodium content 

that was desired. 

Viscosity of a polymer solution depends on concentration, molecular weight, pH, 

temperature and additives at a given shear rate (Marrucci & lanniruberto, 2000). For 

polyelectrolytes polymers, the viscosity will also depend on other variables like the 

ionic strength of the solution and, possibly, pH. The Gantrez® S97 has higher 

molecular weight than Gantrez® AN 139. Therefore, Gantrez® S97 had greater 

viscosity than Gantrez® AN 139. At low molecular weight the molecules do not form 

a network. They behave 'individually', and the viscosity starts growing with 

increasing molecular weight since it becomes an entangled network (Ferry, 1980). In 

the dry state, Gantrez® molecule is tightly coiled, but when dispersed in water the 

molecule begins to hydrate and partially uncoil, exposing free acidic moieties. 

Therefore, the un-neutralized dispersions have low viscosities (Gantrez® AN 139 and 

S97). Once a neutralizer such as sodium hydroxide was gradually added to the 

dispersion , thickening gradually occurred and viscosity increased. Neutralization 

ionizes the Gantrez® molecule, generating negative charges along the polymer 

backbone, and the resultant electrostatic repulsion creates an extended three

dimensional structure (fully uncoiled). Therefore, the viscosity of Gantrez® increased 

by adding NaOH, since it converted from free acid form (-COOH) to salt or 

neutralized form (-COO-Na+) as seen in Figure (6.45). The un-neutralized solution 

(coiled state) had very low viscosities comparing with neutralized one. 

278 



OH 
I 
c=o 

Chapter 6: Transdermal delivery of ibuprofen sodium in vitro and in vivo 

A 
OH 
I 
t;:"o 

NaOH 

c - O 

B 

c=O 

c=o 

Figure 6.45 . Schematic Depicting Molecule of (A) Gantrez® polymer in free acid form (Coiled State), 

and (B) in neutralized (salt) form . 

The pKa of ibuprofen is 4.4, so at pH 5 to 7, the drug is mostly ionized. In this pH 

range, Gantrez® is mostly in the monosodium form (Moss et aI., 2006). Viscosity 

significantly (p < 0.00 I) decreased after a adding of sodium salt of ibuprofen to the 

neutralized form of Gantrez® ANI39 and S97. This is due to the dampening of the 

electrostatic repulsion caused by the presence of excess electrolytes from sodium salt 

of ibuprofen. The viscosity of polyelectrolytes polymers is decreased sharply with 

increasing ionic strength. The explanation is that, at low ionic strengths, the counter

ions of the polyelectrolyte are dispersed in the solvent and far away from the chains; 

hence like charges of the same chain are no longer electrically screened by the 

counter-ions and will repel each other. The chains become longer and more rigid 

(Figure 6.46) and the viscosity correspondingly increase (Amorim et ai. , 2007). 

e e 

e 

e 

e 

a) b) 

Figure 6.46 . A polyelectrolyte carrying negative charges along the chain. a) at high ionic strength 

(obtained by adding NaCl for example) the chain is coiled up. b) at low ionic strength the chain 

extends due to repulsion of the negative charges bound to the chain . 

To accurately evaluate the relationships between molecular structure and viscoelastic 

behavior requires, rheological measurements should be conducted in the linear 

viscoelastic region. Linear viscoelastic regions where the viscoelastic properties are 

independent of imposed stress or strain levels. There are two methods for 
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determining a polymer's linear viscoelastic region, creep and dynamic oscillation. In 

the present study, dynamic oscillation was used to determine the linear viscoelastic 

region. The linear viscoelastic region was identified as the region where stress was 

directly proportional to strain and the storage modulus (G') remained constant range 

from 0.1-10 Hz (Figure 6.8). The principle of an oscillatory rheometer is to prompt a 

sinusoidal shear deformation in the sample and then measure the resultant stress 

response. In oscillatory rheology experiment, the sample is placed between two 

plates. While the bottom plate is rotated, the top plate remains stationary. A time 

dependent strain on the sample is imposed. 

Formulations designed for use in the fabrication of MN should optimally be easy to 

flow to be able to pour it in the MN moulds and form needles properly during 

centrifugation. Since Gantrez® S97 (pH 7) has viscosity greater than Gantrez® 

AN 139 (pH 7), some of the needles were not form properly and left inside MN 

moulds. Storage and loss modulus increased as a function of oscillatory frequency, 

but the extent of this was relatively small and was indicative of the plateau region. 

Increased in G', G" may be ascribed to increased polymer entanglement and 

interchain association (lones et al., 2001). All gel systems exhibited tan delta values 

that were lower than unity which indicated that G' exceeded G" over the entire 

frequency range 0.1-10 Hz. This is evidence that these systems existed as entangled 

polymer networks in which a three-dimensional structure has been established as a 

result of polymer chain interpenetration and the time dependent development of 

secondary bond (lones et aI., 2001; Andrews et al., 2006). Consequently, the 

physical network developed within Gantrez gels was a function of oscillatory 

frequency and is due exclusively to physical entanglements of adjacent polymer 

chains. The storage modulus of all gels displayed only slight frequency dependence, 

a characteristic of systems in which a high degree of connectivity exists between 

polymer chains. In particular, both Gantrez® MN formulation (AN 139 & S97) and 

ibuprofen-sodium offered particular promise as platforms for dissolving MN drug 

delivery due to their elasticity, particularly, acceptable flow properties thereby 

enabling needles formation properly after pouring into the MN moulds. 

Park et al. , (2005) studied the fracture force of 0.23, 0.18 and 0.09 N per needle for 

PLGA MN (in arrays of 30-35 MN) of 700, 1000 and 1500 Ilm heights, respectively. 
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The fracture force increased with decrease in the MN height. In addition, PLGA MN 

with base diameters of 100 and 200 ).tm showed a mean fracture forces of 0.08 and 

0.20 N per needle, respectively. Therefore, fracture force of MN is dependent upon a 

number of factors, such as, material, shape, aspect ratio (height: base-width) and 

arrays of MN. In the present study, all the MN tested was the same shape with 600 

Ilm in height and 300 Ilm base width, but fabricated from different materials, 

Gantrez® (AN 139 and S97). It was observed that the novel dissolving MN either 

made from AN 139 or S97 loaded with high dose ibuprofen sodium had same axial 

fracture forces (Figure 6.11). So both MN systems had same mechanical strength. 

Dissolving MN arrays prepared from either Gantrez® AN139 or S97 and 30% 

ibuprofen sodium are capable of penetrating the SC of the skin at relatively Iow 

forces (Figure 6.12). However, it was found that increasing the forces applied per 

MN array increased the penetration efficiency of the MN. In general, an increase in 

the speed at which MN were applied to the skin surface resulted in a decrease in the 

force required for insertion into the skin. Therefore, the experiment run at constant 

speed 0.5 m/so This is in agreement with previously reported findings, where it has 

been shown that the use of a high velocity (1-3 m/s) applicator enabled more 

reproducible MN insertion into dermatomed human skin when compared to manual 

MN insertion (Verbaan et ai, 2008). the natural elasticity of the skin may counteract 

the penetration of MN into the skin when the MN are inserted slowly into the skin 

(Verbaan et aI., 2008; Crichton et aI., 2010). The dissolving MN were strong enough 

to penetrate skin at low force 0.4 N/needle and even penetrate the parafilm 

underneath dermatomed piglet skin, which indicates that, at higher insertion forces, 

the depth of penetration was higher. 

Stability studies revealed that the MN arrays, prepared from two different Gantrez® 

materials, when stored at 40°C and 75% relative humidity (accelerated condition) 

show different behaviour. The ibuprofen sodium content of the MN arrays fabricated 

from Gantrez® AN 139 was found to be the same after storing for 4 weeks at 40°C 

and 75% RH. There was no statistically significant (p > 0.05) change in the 

ibuprofen sodium content from Gantrez® AN 139. However, MN fabricated from 

Gantrez® S97 absorbed so much moisture (as shown in Figure 6.13), that all MN 

became deformed, soft and rubbery in nature. Although moisture impermeable foil 

packing was used in this stability study, this foil may have been designed for use at 

281 



Chapter 6.· Transdermal delivery of ibuprofen sodium in vitro and in vivo 

ambient temperature and humidity rather than the excessive 40°C and 75% RH 

employed in this four week study. In the field of food preservation, it has been 

observed that moisture-impermeable packaging can result in the development of high 

humidity inside the packaging (Yang, 1998) which may also have been a factor in the 

dissolution of the Gantrez® S97 MN recorded here. The addition of desiccants to the 

packaging when preparing samples for stability studies will aid in the process of 

keeping all packaging conditions moisture free. Polymeric materials which are 

hard/glassy at room temperature will have glass transition temperature (Tg) values 

above room temperature and polymeric materials which are soft/rubbery in nature 

will have Tg values below room temperature (Veiga et aI., 2005). Therefore, the MN 

turned from a hard/glassy state to being softlrubbery in nature suggested that the 

drastic drop in the T g of MN when stored at 70% RH. In addition, MN fabricated 

from Gantrez® S97 showed high water contents after storing for 2 weeks at 70 % 

RH. Due to the high absorption capacity of Gantrez® S97 comparing with AN139. It 

possesses moisture activated properties (Gupta, Gaud & Ganga, 2011). It was 

expected that, when stored in a moist environment (such as 70% RH in this case) the 

material is likely to absorb moisture. For this study such high humidity was selected 

to represent the average outdoor humidity. Therefore, in practice when patients apply 

such kind of MN (in transdermal drug delivery) a suitable water-impermeable 

backing layer is vital to prevent moisture absorption from the environment. However, 

moisture absorption by Gantrez® S97 was more than AN 139 caused deformation of 

MN shape. Finally, this preliminary short-term stability studies indicates that the 

storage of MN is crucial for their performance. Based on stability study results, it 

was decided to use dissolving MN fabricated from Gantrez® AN139. The water 

content of the dissolving MN was not significantly high. Similar studies have 

reported water acting as a plasticizer of poly (vinyl alcohol) films (Park et aI., 2001). 

Consequently, the water present in the dissolving MN fabricated from Gantrez® 

AN 139 may have acted as a synergistic plasticizer. 

Following insertion into the skin it is fundamentally important that the behaviour of 

dissolving MN systems is characterized and understood. As such, the present study 

constitutes a comprehensive evaluation of the in-skin dissolution of soluble 70% 

Gantrez® AN 139 and 30% ibuprofen sodium MN arrays. The rate of needles 

dissolution was around 100% of the MN dissolved within the first 5 min following 
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insertion into skin (Figure 6.17). To study the dissolution profile of MN were 

inserted into dermatomed porcine skin with gentle force applied by applicator 11 N 

in order to simulate the in vitro scenario. The original purpose of study was to 

determine the time required for the MN to dissolve when attached to the skin surface. 

Previously reported findings have shown that the complete dissolution of soluble MN 

arrays can range from minutes to hours, depending upon the composition and water 

solubility of the polymeric system employed (Lee et al., 2008; Chu et al., 20 10; Lee 

et al., 2011). The delivery of ibuprofen sodium to the skin is based upon the 

dissolution of polymeric MN after being exposed to the interstitial fluid. The rate of 

MN dissolution upon insertion into porcine skin in this study was taken less than 5 

minutes but it may be affected by different factors. One of these factors is the force 

of application used to insert MN into the skin which may be not sufficient to 

overcome the skin elasticity and therefore ensure good insertion in the skin. 

Moreover, using the applicator was led to fast dissolving of MN, this could be due to 

the deep insertion of MN into the skin after using the applicator which allowed MN 

to expose to the skin fluid and therefore dissolve faster. 

In the current study, the ability of polymeric MN arrays to increase skin permeability 

to ibuprofen sodium was evaluated. Two different scenarios were investigated, 

namely: the efficacy of MN prepared from aqueous blends of 70% w/w Gantrez® 

AN 139 (PH 7): 30% w/w ibuprofen sodium and the ability of super swelling 

hydrogel MN prepared from aqueous blends of 20% w/w Gantrez® S97:7.5% w/w 

PEG 10,000: 3% w/w Na2C03 to increase transdermal ibuprofen sodium delivery 

from patches. The freeze drying process used in the present study to manufacture 

ibuprofen sodium loaded patches was found to be suitable for encapsulation of high 

dose ibuprofen sodium in the matrix of lyophilized patches. 

An integrated system of super swelling hydrogel MN and lyophilized patches was 

successfully used to deliver high molecular weight (ovalbumin) in vitro and in vivo. 

Therefore, the ability of this system to deliver high dose ibuprofen sodium was 

investigated. rn this chapter, various formulations of lyophilized patches were 

prepared but the one that contain 3 % mannitol, 10 % gelatin SG3 and 40 % drug 

was selected for further investigation. Three different types of gelatin samples from 

PB gelatins were used to prepare lyophilized patches. 
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Gel strength is expressed in (gram) Bloom. Commercial gelatins may vary from low 

Bloom «150) medium Bloom (150 - 220) to high Bloom (> 220) types. Bloom is 

linked to mechanical elasticity of the gel and is used to classify gelatin types. These 

were each used in drug formulations (3% mannitol; 10 % gelatin; 40 % drug). Of the 

three formulations , only those containing the gelatin of highest Bloom strength 

(Cryogel SG3) formed patches which did not erupt when subjected to the freeze 

drying process. In addition, in vitro results of the three formulations showed that the 

formula that contains SG3 had faster release than other two formulas. For this reason, 

the patches made using this formulation were those which could be used in the 

subsequent experiments. The fabrication process of lyophilized patches involved 

casting from 10% gelatin, 3% mannitol and 40% ibuprofen sodium gel into moulds 

and process them for 14 hours at freeze drier. The employed preparation approach 

did not require harsh conditions, such as elevated temperatures, which could destroy 

the structure of ibuprofen sodium. The gentle nature of the fabrication process was 

mirrored in the ibuprofen sodium content analysis (100% recovery) . 

Regarding the stability study, there was no loss of ibuprofen-sodium from any of the 

drug loaded patches following incubation under either ambient or accelerated 

conditions. In addition, there was no apparent leaching of drug from patches into MN 

in those instances where both were packaged together. There was no loss in the 

inherent rigidity of the MN post-testing and they displayed comparable swelling 

characteristics to non-stability tested MN. 

The MN arrays employed in drug delivery experiments comprised 19x19 MN, 

totaling 361 MN per array. Optimization of MN geometries performed previously 

also suggested that the 600 Ilm height, 300 Ilm base diameters with 50 Ilm base 

separation used in these studies was the optimal geometry for se penetration 

(Donnelly et al. 2011). Although transdermal ibuprofen sodium preparations are 

currently available, evidence has shown that these gels are unsuitable for systemic 

delivery of the anti-inflammatory (Jorge, Feres & Teles 20 11). One report suggested 

that rival ibuprofen-containing topical products varied five-fold in terms of ibuprofen 

delivery (Hadgraft, Whitefield & Rosher 2003). The high drug content of dissolving 

MN formulation represents a clear advantage of polymeric MN over the typically 
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low drug content of these topical applications . Additionally, it is possible that 

transdermal delivery of NSAIDs could abrogate the gastrointestinal side-effects 

associated with this class of drug (Whitefield, O'Kane & Anderson 2002). 

The MN arrays used in this study succeeded in delivering 33 mg of ibuprofen sodium 

from a 0.49 cm2 device in 24 hours. The 350 Ilm skin model is probably closer to the 

human in vivo situation, as the proximity of the underlying PBS should mimic the 

dermal microcirculation that is no longer present in excised skin; this would not be 

reached by 600 Ilm MN in 700 Ilm skin. Assuming drug release from our arrays is 

linear in relation to surface area, a 22.4 cm2 array (with matching formulation and 

MN density) would deliver 120 mg ibuprofen sodium in 30 min. A round array with 

such a surface area would have a diameter of 5.34 cm, and could be suitable for 

application on the upper arm or small of the back. The majority of the ibuprofen 

sodium present in the device was delivered to the Franz cells, and that which 

remained undelivered was accounted for in mass balance assays. Active agent 

delivery to the skin from creams can be as low as 0.3% (Bariya et al. 2012), so 

delivery of 80% of the ibuprofen sodium content of dissolving MN arrays can be 

seen as extremely impressive. Moreover, in vitro permeation studies were also 

conducted to determine how the combination of cathodal iontophoresis with 

dissolving MN system would influence the rate and extent of ibuprofen sodium 

delivery across neonatal porcine skin. Cathodal JP was chosen due to the finding that 

it enabled a greater amount of ibuprofen sodium delivered from MN across neonatal 

porcine skin in comparison to cathodal JP. This is due to the fact that ibuprofen 

sodium is negatively charged at the pH 7 of the dissolving MN system employed 

within these investigations. It was found that the soluble PMVEIMA system had an 

electro-responsive behaviour. For example, the cumulative amount of ibuprofen 

sodium permeating across neonatal porcine skin after 6 hours was found to increase 

from for the soluble MN array in combination with JP. However, the cumulative 

amount of ibuprofen sodium permeating across neonatal porcine skin after 6 hours 

was found not significantly different (p > 0.05) from MN alone. On the other hand, 

the in vitro release results suggest that dissolving MN system are perfectly suited for 

molecules that require sustained delivery. As such, it was decided to evaluate the 

performance of the dissolving MN system device in vivo using rat model. 
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The second polymeric system under investigation for the transdermal delivery of 

ibuprofen sodium is the so-called super swelling hydrogel MN. This novel concept is 

based upon idea that in the dry state is hard and capable of stratum corneum 

disruption, whereas in contact with the tissue absorb interstitial fluid and swell. The 

super swelling hydrogel MN are integrated with a drug-containing reservoir, which is 

fabricated by freeze drying process (lyophilization) so that even heat-susceptible 

biomolecules are not destroyed. After swelling of the super swelling hydrogel MN in 

the skin, continuous aqueous pathways are formed and diffusion of the drug from the 

reservoir can occur. The proposed delivery system does not limit the amount of drug 

that can be delivered, as well as eliminates the potential issue of micropore closure as 

MN remain in place during drug administration. The proposed delivery system does 

not limit the amount of drug that can be delivered, as well as eliminates the potential 

issue of micropore closure as MN remain in place during drug administration. Unlike 

the drug-loaded soluble MN, it was found that the super swelling hydrogel MN were 

capable of sustained transdermal delivery of ibuprofen sodium, with approximately 

47 mg of ibuprofen-sodium delivered after a 24 hours period. This is greater than the 

33 mg delivered over the same period for the soluble system but not significantly (p 

> 0.05). Therefore, based on the in vitro results it was decided to evaluate the 

performance of the two systems in vivo using a rat model. 

Prior to initiation of the in vivo experiments it was necessary to ensure that the HPLC 

method employed for the detection of ibuprofen sodium during the in vitro release 

studies would be suitable for the quantification of ibuprofen sodium in plasma 

samples. As described in Chapter 2, this method was validated for the analysis of 

ibuprofen sodium at plasma concentrations of 2.2 - 20 ~g/ml. 

In the present study, the feasibility of the dissolving MN loaded with ibuprofen 

sodium to deliver ibuprofen sodium in vivo was evaluated and if super swelling 

hydrogel MN prepared from aqueous blends of 20% w/w Gantrez® S97, 7.5% PEG 

10,000 and 3% Na2C03 could lead to enhanced ibuprofen sodium delivery. 

Transdermal administration of ibuprofen sodium released form dissolving MN and 

super swelling MN/ loaded patches into rats resulted in the comparable ibuprofen 

sodium plasma levels to that obtained after commercially available oral suspension 

after one hour. However, application of these ibuprofen sodium loaded patches and 

dissolving MN onto the rat skin in vivo resulted in gradually increased in plasma 
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concentration until 4 hours then slightly decreased and maintained constant plasma 

concentration until 24 hours. This indicates that such systems are capable of 

providing sustained transdermal ibuprofen sodium delivery. Furthermore, the super 

swelling MN had successfully absorbed skin interstitial fluid to form a swollen 

hydrogel matrix, thus enabling the migration of ibuprofen sodium from the reservoir 

patch across the MN array and into the skin. Whilst previous studies have 

demonstrated the ability of pretreatment MN to interrupt the SC barrier and to 

enhance transdermal drug delivery of topically applied NSAIDs (diclofenac, 

ibuprofen and ketoprofen) (Stahl et aI. , 2012), there are a number of notable 

advantages of the MN technology developed in this thesis. Importantly, all the super 

swelling MN on the array were removed fully intact at the end of the experiment. 

This may be of importance as MN technology moves forwards towards 

commercialization, given that the regulatory authorities, healthcare professionals and 

ultimately patients may have concerns about local or systemic reactions that may 

occur if portions of the needle were to break within the skin. In addition, it is 

considered an alternative administration route for those patients with a phobia of 

swallowing tablets and the delivery of medication by this way will not elicit pain or 

irritancy. Regarding clinicians, it presents an alternative route of administration for 

ibuprofen sodium e.g. stroke patients, young patients, elderly patients etc. and no 

sharp waste. 

6.7. Conclusions 

This study has highlighted the potential of MN technology to deliver one of the most 

commonly taken OTC pharmaceuticals available. This technology has the potential 

to delivery large quantities of ibuprofen sodium across the skin's barrier layer, and 

without pain and irritation. Two different scenarios were investigated, namely: the 

efficacy of dissolving MN prepared from aqueous blends of 70% w/w Gantrez 

ANI39 (pH 7) and loaded with 30% ibuprofen sodium and the ability of super 

swelling hydrogel MN prepared from aqueous blends of 20% w/w Gantrez® S97, 

7.5% w/w PEG 10,000 and 3% w/w Na2C03 to increase transdermal ibuprofen 

sodium delivery from lyophilized patches. A range of blends of ibuprofen sodium 

and different potential polymer were prepared and used to fabricate dissolving MN. 

The physical and mechanical properties of the resultant arrays were judged, and the 
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formulation that comprised 30% ibuprofen sodium and 70% Gantrez® AN 139 (pH 7) 

was chosen for further study. It was hard enough to penetrate excised pig skin, and 

had sufficiently high drug content. 

This study has been shown the first example of polymeric MN being loaded with a 

NSAID, in which MN arrays of 0.5 cm2 delivered 33 and 10 mg ibuprofen sodium in 

24 hours in 350 and 700 Jlm skin, respectively (potentially 660 mg delivered using a 

10 cm2 patch). Short-term stability showed that the storage of ibuprofen sodium 

loaded polymeric MN for 30 days at accelerated conditions did not have an adverse 

effect on ibuprofen sodium stability. The in vitro ibuprofen sodium permeation 

experiments indicated that dissolvable MN significantly enhanced ibuprofen sodium 

transdermal delivery. In addition, the combination of cathodal IP and soluble MN led 

to enhancement in the cumulative amount of ibuprofen sodium permeating across 

neonatal porcine skin but not significantly. Detectable amounts of ibuprofen sodium 

did permeate after I minute in both cases passive release from MN alone and in 

combination with lP, but it was found that the combination of cathodal IP and 

soluble MN led to a dramatic increase in the amount permeated in the first 10 

minutes. After that there was no significant difference between the two strategies. 

The novel concept of super swelling hydrogel MN integrated with ibuprofen sodium 

loaded patches (3% w/w mannitol, 10% w/w SG3 gelatin and 40 % w/w ibuprofen 

sodium) was also evaluated. Four weeks stability test ing were carried out under two 

conditions ambient conditions (25°C; 45% RH) and accelerated conditions (40°C, 

75% RH). There was no loss of ibuprofen sodium from any of the drug loaded 

patches following incubation under either ambient or accelerated conditions. 

Moreover, there was no apparent leaching of drug from patches into MN in those 

packaged together. Stored super swelling MN displayed comparable % swelling to 

freshly prepared MN. In vitro ibuprofen sodium permeation experiments revealed 

that hydrogel forming MN arrays were capable of the sustained delivery of ibuprofen 

sodium over a 24 hour period, with the cumulative amount of ibuprofen sodium 

delivered appreciably increase in comparison to the use of ibuprofen sodium loaded 

soluble MN arrays (47 mg ibuprofen sodium in 24 hours). Since a higher amount of 

ibuprofen sodium can be loaded into the patch approximately 200 mg/patch while 90 

mg/MN . On the basis of the in vitro permeation results both strategies were further 
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evaluated for their performance in vivo and compared to commercially available oral 

dosage form. The results from the in vivo investigations suggest that both strategies 

enabled the sustained release of ibuprofen sodium. Transdermal administration of 

ibuprofen sodium released dissolving MN and super swelling MN/loaded patches 

into rats resulted in the sustained ibuprofen sodium plasma levels over 24 hours 

compared to that obtained after a commercially available oral suspension. However, 

application of these ibuprofen sodium loaded patches and dissolving MN onto the rat 

skin in vivo resulted in gradually increased in plasma concentration until 4 hours then 

slightly decreased and maintained constant plasma concentration until 24 hours. 

This study revolutionised the route of delivery of ibuprofen sodium and has paved 

the way for other NSAIDs to be incorporated into polymeric MN. PMVE/MA 

polymer metabolism and fate e.g. how is it degraded and where is it deposited. In 

addition, how to determine low polymer concentrations by what experimental means 

can be detected e.g. GPC or ELSD. Moreover, the ability to quantify the 

concentration of polymer in rat plasma and organs post-experimentation in vivo 

should be also investigated. 
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Chapter 7: Microbiological examination of microneedle 

7.1. Introduction 

The major growth drivers in transdermal delivery development are: greater patient 

acceptance leading to wider market penetration, lowered development costs and 

introduction of new technologies instigating market growth. A main challenge to 

successful clinical use of hydrophilic, high molecular weight "biotech" molecules is 

drug delivery. Due to enzymatic degradation and poor gastrointestinal absorption, the 

parenteral route is presently the only option. Microneedle (MN) based transdermal 

delivery has the ability to effectively overcome these problems and can also 

eliminate transdermal dosing variability, because of inter-patient differences in skin 

thickness and intra-patient skin variability, since they completely bypass the skin 

barrier Stratum cornum (SC). Therefore, MN could greatly improve market size by 

eliminating dependence of efficient transdermal transport on drug physicochemical 

properties, allowing a wide range of drugs to be delivered transdermally. 

As MN projections are typically no longer than 700 Ilm, the pain-perceiving nerves 

of the skin are not reached. Safety studies have reported that penetration of human 

skin (200 and 400 Ilm MN) elicited enhanced transepidermal water loss and mild 

erythema of skin, but that these symptoms were slight and short-lived (Bal et aI., 

2008). Similar symptoms were observed when 'Nanopass Technologies' MicronJet® 

was used to administer influenza vaccine (Van Damme et al. 2009). Micropores 

created by MN were less liable to act as access points for opportunistic skin-dwelling 

microorganisms than holes introduced by hypodermic needles (Donnelly et aI., 

2009), and skin's barrier function recovered significantly five minutes following 

removal of 559 Ilm maltose MN, and completely by 3 - 4 hours (Kalluri & Banga, 

2011). When the opinions of a small cohort of the general public and healthcare 

professionals on MN technology (following a five minute introductory technology 

briefing) were sought, positive opinions were expressed by both groups (100% and 

74% respectively) (Birchall et aI., 2011). 

In this thesis, three different types of polymeric MN have been described hydrogel, 

super swelling and dissolving MN. Hydrogel and super swelling MN rapidly imbibe 

skin interstitial fluid upon insertion to form continuous, aqueous channels between 

the dermal microcirculation and an attached patch-type drug reservoir. Soluble MN 

dissolve once inserted into skin and start releasing drug. Hydrogel forming MN 
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initially act simply as a tool to pierce the SC barrier and then function as a rate

controlling membrane, allowing sustained delivery of high doses of therapeutic 

molecules. Importantly, hydrogel and super swelling MN are removed fully intact 

from skin, leaving no polymer residue behind. After skin insertion they are softened, 

by fluid uptake, then precluding re insertion upon removal (Donnelly et aI., 2012). 

MN have been designed to be minimally invasive and to date there have been no 

reports of any skin or systemic infections (Tuan-Mahmood et aI., 2013), since MN 

penetrate into viable skin, an area of the body that is normally sterile. This leaves a 

question of whether MN require sterilization or aseptic manufacture. MN devices are 

not equivalent to conventional transdermal patches, since they are not simply applied 

to the skin surface. In that MN function principally by breaching the skin's protective 

SC barrier and often reach the viable epidermis and dermis. Such areas of the body 

are normally sterile. Accordingly, it is necessary that MN do not contain 

microorganisms capable of causing skin or systemic infection. It may also be 

important that MN are sterile to avoid immune stimulation, especially considering 

the rich immune cell population in the viable epidermis and dermis (Al-Zahrani et 

aI., 2012). In this Chapter, for the first time, the microbial content of polymeric MN 

before and after sterilization and the efficiency of gamma sterilization method to 

sterilize polymeric MN were investigated. 

In this study, it was intended to investigate the bioburden of three MN formulations 

after their manufacture under normal laboratory conditions. Total viable counts and 

specific microorganism identification tests on the MN formulations were performed. 

From these results, it is essential to gain an insight into the quantities and types of 

microorganisms present in MN and, therefore, what patients could be potentially be 

exposing themselves to with the insertion of such devices. The British Pharmacopeia 

(BP) test for preservation by spiking the MN formulations with known quantities of 

Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Candida 

albicans and Aspergillus brasiliensis was also performed. The MN formulations 

utilized contain no preservative so a fall in microbial numbers would indicate some 

intrinsic anti-microbial properties of the MN. The BP has defined standards that 

medical devices must adhere to. As MN are not yet specified in the BP, they were 

compared the results to the standards defined for cutaneous application. All of these 
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tests will be repeated on MN that have been terminally gamma sterilized. In order to 

compare both sets of results to see if sterilizing MN reduces the quantities of 

microorganisms present and increases patient safety. 

7.2. Aims and objectives 

The aim of this study is to investigate the bioburden of polymeric MN formulations 

since MN penetrate into viable skin, an area of the body that is normally sterile. 

Furthermore, the effect of gamma irradiation on the swelling, dissolution properties, 

mechanical properties and drug content of irradiated polymeric MN (hydrogel, super 

swelling and dissolving MN) was also investigated. 

7.3. Materials and apparatus 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000) was a gift from Ashland, Kidderminster, UK. 

Polyethylene glycol of molecular weight 10,000 Daltons, Sigma-Aldrich, Steinheim, 

Germany, UK. 

Poly(ester) film, one-side siliconised, release liner, FL2000 PET 75 1 S, was obtained 

from Rexam Release B.V. Apeldoom, The Netherlands. 

Millipore water was used throughout the study. 

Ibuprofen sodium was obtained from Sigma Aldrich, Dorset, UK. 

Centrifuge, Jouan C312 laboratory centrifuge; DJB Labcare, Bukinghamshire, UK. 

All other chemicals used were of analytical reagent grade. 

Escherichia coli A TCC® 11303, Staphylococcus aureus NCTC 10788, 

Pseudomonas aeruginosa NClMB 8626, Candida albicans NCPF 3179 and 

Aspergillus brasiliensis IMl 149007 were obtained from LCG Standards, Middlesex, 

UK. 

SpeedMixerTM, DAC 150 FVZ-K, Synergy Devices Ltd., UK. 

Orbital incubator, Gallenkamp, UK. 

7.4. Methods 

7.4.1. Fabrication of hydrogel -forming MN arrays 

In order to fabricate the hydrogel-forming MN, approximately 0.5 g of aqueous 

blends of gels (15% w/w Gantrez® ANI39 & 7.5% w/w PEG 10,000) were carefully 

poured into a mould and the aluminium lid screwed on. To ensure that the gel 
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reached the tips of the MN mould, the containers were centrifuged for 15 minutes at 

3500 rpm. After centrifugation, hydrogel MN were dried at room temperature for 48 

hours. The micromould containing the formed MN was then heated at 80°C for 24 

hours to induce ester-based crosslinking between PEG and Gantrez® AN 139. Upon 

cooling, the moulds containing the hydrogel MN arrays were removed. 

7.4.2. Fabrication of super swelling hydrogel-forming MN arrays 

Super swelling hydrogel forming MN arrays, containing aqueous blends of 20% w/w 

Gantrez® S97 and 7.5% w/w PEG 10,000 were prepared by diluting the 40% w/w 

Gantrez® S97 stock solution and mixing it with the required amount of PEG 10,000 

solution and subsequently 3% w/w Na2C03 added. After that 500 mg of the blend 

were poured into the moulds, centrifuged at 3000 rpm for 15 min and dried at room 

temperature for 48 hours. Subsequently, the moulds were heated at 80°C for 24 

hours. Upon cooling, the MN arrays were removed from the moulds. 

7.4.3. Fabrication of dissolving MN arrays 

A suspension blend of ibuprofen sodium was prepared from stock solution 30% w/w 

Gantrez® AN 139 (pH 7) and ibuprofen sodium in 70%:30% proportion. A mass of 

ibuprofen sodium and the appropriate mass of Gantrez® AN 139 was added, followed 

by mixing of the formulation using a SpeedMixerTM for 1 min at 3000 rpm until a 

smooth, homogenous mixture was achieved. Then, 300 mg of the formulation was 

added to laser-engineered silicon MN moulds, and centrifuged at 3500 rpm for 15 

min, before being allowed to air dry at room temperature for 24 hours, following 

which mass loss due to drying was measured. The MN arrays were removed from the 

moulds by gently squeezing the corners of the mould. 

7.4.5. Gamma irradiation sterilization 

Gamma irradiation from a Cobalt-60 source was conducted at Agriculture and Food 

Science. Hydrogel, super swelling and dissolving MN loaded with ibuprofen were 

exposed to dose 25 kGy (2.5 MRads) and the exposure times were 14 hours. The 

temperature was monitored during exposure and did not exceed 30°C. Sterilization 

was conducted at room temperature (20-23°C). 
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7.4.6. Total aerobic microbial count according to EP 

The MN materials were subjected to an enumeration of microorganisms test, 

conducted in accordance with the European Pharmacopeia (EP) (European 

Pharmacopoeia, 2012). The EP test was performed to determine the "total aerobic 

microbial count" (TAMC) and "total yeasts and moulds counts" (TYMC) for the 

unsterilized aqueous hydrogel mixture and crosslinked MN. For this general 

microbial content test, hydrogel samples, both the unsterilized aqueous gel used in 

MN formulation (5 g) and the sterilized crosslinked MN (10 MN), were extracted in 

a buffered sodium chloride-peptone solution (500 ml) at pH 7 for 30 min. Moreover, 

dissolving MN loaded with ibuprofen sodium solution, both the gel used in MN 

formulation (5 g) and the sterilized MN arrays (10 MN), were dissolved in a buffered 

sodium chloride-peptone solution (500 ml) at pH 7 for 30 min. Assuming the total 

number of viable cells in the original sample is concentrated. So the easiest way to 

produce well-separated colonies within the area of the agar plate is by 

performing tenfold serial dilution. 

Using Petri dishes 9 cm in diameter, 15-20 gm of a liquefied agar medium suitable 

for the cultivation of bacteria (Muller-Hinton agar, MHA or Casein soya bean digest 

agar) or fungi (Sabouraud glucose agar, SDA) at about 45°C was added to each Petri 

dish and allowed to solidify. Then a measured volume of not less than 0.1 ml of the 

sample prepared was spread over the surface of the medium. At least 2 Petri dishes 

for each medium and level of dilution were used. The plates were incubated at 30-

35°C (20-25°C for fungi) for 5 days, unless reliable counts were obtained in a shorter 

time. Plates corresponding to dilution and showing the highest number of colonies 

less than 300 (100 for fungi) were selected and the average number of the counts was 

taken and the number of colony forming units (cfu) per gram or millilitre was 

calculated (European Pharmacopoeia, 2012). 

7.4.6.3. Testfor specified microorganism 

A sample of 1 in 10 dilution of not less than I g of the product to be examined was 

used to inoculate a suitable amount of casein soya bean digest broth and mixed. A 

sample was incubated at 30-35°C for 18-24 hours, Then a measured volume of not 

less than 0.1 ml of the sample prepared was subculture on a plate of cetrimide agar. 
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The plates was incubated at 30-35°C for 18-72 hours. Growth of colonies indicates 

the possible presence of P. aeruginosa (The product complies with the test if 

colonies are not present). The results were reported in triplicate. 

A sample of 1 in 10 dilution of not less than 1 g of the product to be examined was 

used to inoculate a suitable amount of casein soya bean digest broth and mixed. A 

sample was incubated at 30-35°C for 18-24 hours, Then a measured volume of not 

less than 0.1 ml of the sample prepared was subculture on a plate of mannitol salt 

agar. The plates was incubated at 30-35°C for 18-72 hours. Growth of yellow/white 

colonies surrounded by a yellow zone indicates the possible presence of S. aureus 

(The product complies with the test if colonies are not present). The results were 

reported in triplicate. 

7.4.7. Sterility test 

Sterilized hydrogel, super swelling and dissolving MN loaded with ibuprofen sodium 

were subjected to sterility test, conducted in accordance with the European 

Pharmacopeial test (European Pharmacopoeia, 2012). For this test, one polymeric 

MN was extracted in sterile phosphate buffered saline (PBS) solution (20 ml) for 30 

min. Sterility test was performed under aseptic conditions which was achieved using 

a class A laminar-air-flow cabinet located within a class B clean-room. The sterility 

test was carried out using the technique of direct inoculation of the culture media 

with MN. Negative controls were included (culture media without the product to be 

examined (MN)). In addition, positive control was also included to make sure that 

the media is suitable for cultivation of microorganism. In direct inoculation of the 

culture medium, 1 ml of the preparation to be examined was transferred directly into 

the culture medium (20 ml) so that the volume of the product was not more than 10% 

of the volume of the medium. The following culture media have been found to be 

suitable for the test for sterility. Soya-bean casein digest medium is suitable for the 

culture of both fungi and aerobic bacteria. In addition, Fluid thioglycollate medium is 

primarily intended for the culture of anaerobic bacteria; however, it will also detect 

aerobic bacteria. 

Fluid thioglycollate medium was incubated at 30-35°C. 

Soya-bean casein digest medium was incubated at 20-25°C. 
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The inoculated media was incubated for 14 days. The cultures were observed several 

times during the incubation period. Shaking or mixing fluid thioglycollate medium 

was minimum in order to maintain anaerobic conditions. At intervals during the 

incubation period, the media was examined for macroscopic evidence of microbial 

growth. If no evidence of microbial growth was found, the product to be examined 

complies with the test for sterility. If evidence of microbial growth was found the 

product to be examined does not comply with the test for sterility. 

7.4.8. Test for preservative efficacy 

Since it is possible that microorganisms could be introduced during manufacture, the 

challenge test was also carried out (British Pharmacopoeia, 2012). To prepare stock 

cultures strains are resuspended In a suitable culture medium. Specified 

concentrations of the test strains were required to determine growth promoting 

properties, growth inhibition and indicative properties in most microbial enumeration 

tests, in tests for specified microorganisms and in sterility testing. These defined 

suspensions were simply prepared by serial dilutions in buffer according to the 

Pharmacopeias. S. aureus and P. aeruginosa were grown overnight on MHA agar in 

an incubator at 35-37°C. Samples from each were added to PBS and the absorbance 

of the suspensions at 550 nm was altered to 0.3 to give a final inoculum of 108 

cfu/ml. C. albicans was grown overnight on SDA agar in an incubator at 25 -27°C. A 

sample was added to PBS and the absorbance of the suspension at 550 nm was 

altered to 1.5 to give a final inoculum of 107 cfu/ml. These counts were verified by 

total viable counts. The A. brasiliensis came with a predetermined count of 5.8x107 

cfu/ml. 

According to the BP, the preparation should be challenged with an inoculum between 

105 to 106 cfu/g/ml of bacteria and fungi and tested over 28 days. Therefore, 10 ilL of 

the microorganism suspensions were added to separate 1.5 ml eppendorfs with 1 gm 

of the MN gel formulations . The polymeric MN were then prepared as described 

above and then added to vials containing 10 ml of PBS pH 7.4. In accordance with 

the BP test for preservation for preparations for cutaneous application, total viable 

counts were performed on the polymeric MN after 2, 7, 14 and 28 days lIsing 

standard plate count methods. Testing of the aqueous gel used to prepare the MN 

gave a result for day O. MN of each formulation were then added to 100 ml of PBS 
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and sonicated for thirty minutes. For each microneedle/PBS suspension, a sample 

was collected, swabbed onto the plates and incubated accordingly. The process was 

repeated but with dissolving the microneedle in 10 ml of PBS. This test was carried 

out on sterilized and un-sterilized MN. Each of the MN formulations was tested for 

the presence of specified microorganism, the sample was culture on MacConkey agar 

to examine the presence of E. coli at 35-37°C for 18-72 hours and the growth of red, 

non-mucoid colonies of gram negative rods indicated its possible presence. For S. 

aureus, the sample was culture on Baird Parker agar at 35-37°C for 18-72 hours and 

the growth of black colonies of gram positive cocci surrounded by a clear zone 

indicated its presence. For P. aeurginosa, the sample was culture on Cetrimide agar 

at 35-37°C for 18-72 hours. It passed the test if there was no growth after the 

appropriate incubation period. For A. brasiliensis and C. albicans, the sample was 

cultured on plates on SDA agar at 25-2rC for 24-48 hours. After one week was 

checked again, the growth of C. albicans was indicated by cream/white colonies 

while A .brasiliensis was indicated by black spore with a yellow surrounding. 

7.4.9. Characterization of gamma-irradiated MN 

7.4.9.1. Swelling study 

For super swelling and hydrogel MN, swelling studies were carried out before and 

after gamma irradiation sterilization. Unsterilized and sterilized MN were weighed at 

10 as mo (xerogels) and were then swollen in PBS for 48 hours at room temperature. 

PBS was selected as the medium to more closely resemble interstitial fluid than 

distilled water, used as the swelling medium in other studies of this material (Singh 

et aI., 2009). Then it taken out at different time intervals, surface water was removed 

between filter papers and finally weighed as mt. 

Equation (7.1) 

7 . .f.9.2. Drug content before and after sterilization 

The ibuprofen sodium content before and after gamma radiation sterilization in 

formed MN was determined by dissolving one of MN array in 100 ml PBS buffer pH 

7. Then tenfold serial dilution was performed (from the resulting dilute solution (I 
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ml) was then diluted with PBS up to 10 ml). The final solution was then analysed by 

high performance liquid chromatography (HPLC). 

7.4.9.3. Mechanical testing of irradiated MN arrays 

Polymeric MN were subjected to mechanical compression tests. The mechanical 

properties were evaluated using a TA-XT2 Texture Analyser (Stable Microsystems, 

Haslemere, UK) in compression mode, as described previously in Chapter 4. 

7.4.10. Statistical analysis 

Where appropriate, statistical analyses of the results were performed with a one-way 

analysis of variance (ANOY A), where p < 0.05 was taken to represent a statistically 

significant difference. When there was a statistically significant difference, post-hoc 

Tukey's HSD multiple comparison test was then performed. Microbial data was 

analysed using the Mann-Whitney U-test. Statistical Package for the Social Sciences, 

SPSS 17.0 version 2.0 (SPSS, Inc., Chicago, IL), was used for all analyses. 

7.5. Results 

There is no classification for MN in the Pharmacopeia as a sterile or non-sterile 

dosage form, since there is no MN based drug delivery products marketed at 

presents. As a result, two microbiological tests were carried out. In particular, total 

aerobic microbial count for non-sterile dosage forms and sterility test for sterile 

dosage form were done. Total aerobic microbial count was conducted according to 

European Pharmacopoeial (EP) standards. According to the EP, the acceptance 

criteria for transdermal patches are 102 cfu/g or cfu/ml for total aerobic microbial 

count and 101 cfu/g or cfu/ml for total yeast microbial count (European 

Pharmacopoeial, 2012). To prepare sample, stock solution was prepared from 10 MN 

in 500 ml of buffered sodium chloride - peptone solution (pH 7). 

Non-sterile aqueous hydrogel formulation and the crosslinked hydrogel MN 

indicated no growth of microorganisms. The number of colony forming unit (cfu) per 

aqueous hydrogels or crosslinked MN arrays in the stock solution (10 MN dissolved 

in 500 ml of buffered sodium chloride - peptone solution pH 7), in MHA and SDA 

plate, was zero (Figure 7.1 and 7.2). This is due to very low number of 
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microorganism (or zero) or the stock solution is too diluted. The experiment was 

repeated with more concentrated stock solutions, ten MN in a volume of 100 ml of 

buffered sodium chloride - peptone solution pH 7 rather than 500 ml, to find out 

exactly which one is the reason . However, the number of (cfu) still remained zero, 

which indicates the absence of viable microorganisms in aqueous gels or crosslinked 

MN arrays. Tests for specific microorganisms (E. coli, S. aureus, P. aeruginosa, C. 

albicans and A. brasiliensis) also showed no growth. 

Figure 7.1. Absence of bacterial growth on MHA plate from solution of sterilized hydrogel MN after 

incubation . 

Figure 7.2. Absence of bacterial growth on SDA plate from solution of sterilized hydrogel MN after 

incubation. 

By comparing between ibuprofen sodium/Gantrez® AN 139 as gel formulation before 

drying and as dissolving MN arrays. It was found that the number of cfu in gel more 

than MN arrays . Many conditions can cause bioburden but fundamentally, water is a 

growth medium for bacteria. Therefore, decreasing water content from ibuprofen 

MN by drying removes a growth medium for bioburden (Table 7.1). 
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There was one cfu in each 0.1 ml, since 10 MN (or 3 g gel) dissolved in a volume of 

SOO ml of buffered sodium chloride - peptone solution pH 7. 

So SOOO cfu per 3 g gel (equal to 10 MN) in stock solution 

i.e. SOO cfu per 0.3 g (equal to I MN) 

Table 7.1. Total aerobic microbial count of unsterilized ibuprofen/ Gantrez AN139 gel (cfu/O.l ml) 

and (cfu/O.3 g) in bacteria cultivation media (Casein soya bean digest agar) plate after incubation 

Replicate no. (cfu/O.tml) (cfu/O.3g) 

1 1 500 

2 1 500 

3 1 500 

4 1 500 

5 1 500 

Regarding test of specific microorganism, a sample was prepared by placing one MN 

in 100 ml of casein soya bean digest broth and incubate at 30-3SoC for 18-24 hours, 

after that the sample was subcultured to cetrimide agar plate and incubated at 30-

3SoC for 18-72 hours to detect the presence of P. aeruginosa. The product complied 

with the test because of absence of colonies on a plate of cetrimide agar which 

indicates the impossible presence of P. aeruginosa in hydrogel and dissolving MN 

arrays (Figure 7.3). 

Figure 7.3. Cetrimide agar plate (specific for cultivation of P aeruginosa) absence of colonies on a 

plate from solution of sterilized dissolving MN after incubation. 

300 



Chapter 7. Microbiological examination of microneedle 

After subculturing of a sample on a plate of mannitol salt agar (MSA) and incubate 

at 30-35°C for 18-72 hours. There was no colony on the MSA plate which indicates 

the absence of S. aureus since the growth of yellow/white colonies surrounded by a 

yellow zone indicates the possible presence of S. aureus (Figure 7.4). 

Figure 7.4. Mannitol salt agar (MSA) plate, specific for cultivation of S. aureus, absence of colonies 

on a plate from solution of sterilized dissolving MN after incubation . 

The sterile pharmaceutical products must be free of viable microorganisms. 

Therefore, pre and post- sterilized MN arrays were examined by performing sterility 

test. Different polymeric MN arrays (hydrogel , super swelling and dissolving MN) 

were analysed using a direct inoculation technique rather than filtration, by utilizing 

two different broths media according to EP standards (European pharmacopoeial , 

2012). Fluid thioglycollate medium was used for the growth and detection of 

anaerobic bacteria. Soybean casein digest medium was used for the detection of 

fungi and aerobes. After that fluid thioglycollate medium was incubated at 30 - 35°C 

and soya-bean casein digest medium was incubated at 20 - 25°C. The samples were 

directly inoculated into test tubes of broth media. After incubation for 14 days a 

representative picture of the tubes containing hydrogel, super swelling and soluble 

MN can be seen in Figures (7 .5- 7.9). The negative control was remained clear 

throughout the entire 14 days testing period. The positive control showed slight 

turbidity in the test tubes on day I which indicates growth in the positive control. All 

M arrays samples on days 7 and 14 showed no growth except for the positive 

control (Table 7.2 and 7.3). 
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Table 7.2. Summary of results of sterility test performed on soya bean digest casein media indicating 

the presence (+) or absence (-) of growth, n = 7. 

MN 

Hydrogel 

Super swelling 

dissolving 

Pre-sterilized Post-sterilized -ve control +ve control 

+ 

+ 

+ 

Table 7.3. Summary of results of sterility test performed on sodium thioglycolyate media indicating 

the presence (+) or absence (- ) of growth, n = 7. 

MN Pre-sterilized Post-sterilized -ve control +ve control 

Hydrogel + 

Super swelling + 

dissolving + 

Figure 7.5. Soya bean casein digest medium (A) containing the negative control (8) sterilized 

hydrogel MN arrays (C) positive control. Tubes remained visually the same over the 14-day testing 

period except positive control. 
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Figure 7.6. Soya bean casein digest medium (A) containing the negative control (8) sterilized super 

swelling MN arrays Cc) positive control. Tubes remained visually the same over the l4-day testing 

period except positive control. 

Figure 7.7. Soya bean casein digest (A) containing the negative control (8) sterilized dissolving MN 

loaded with ibuprofen (C) positive control. Tubes remained visually the same over the 14-day testing 

period except positive control . 

Figure 7.8. Fluid thioglycollate medium (A) containing the negative control (8) sterilized hydrogel 

MN arrays (C) positive control. Tubes remained visually the same over the l4-day testing period 

except positive control. 
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Figure 7.9. Fluid thioglycollate medium (A) containing the negative control (B) sterilized dissolving 

MN loaded with ibuprofen (C) positive control. Tubes remained visually the same over the 14-day 

testing period except positive control. 

In order to evaluate the effectiveness of the preservative system of MN, challenge 

test or preservative efficacy test was done according to BP. This test determines if 

specific microorganisms was added to MN are suitably reduced in number over time. 

This involves the inoculation of MN with different microorganisms. MN were 

challenged using 3 bacteria (Staphylococcus aureus, Escherichia coli, Pseudomonas 

aeruginosa) and 2 fungi (Candida albicans (a yeast) and Aspergillus brasiliensis Ca 

mould)) and the initial concentration of each was determined. The product was then 

incubated for 7 days. On day 7 the level of the challenge organisms were assessed. 

Each of the three MN formulations was tested for the presence of E. coli on 

MacConkey agar, S. aureus on Baird Parker agar, P.aeurginosa on Cetrimide agar 

and A. brasiliensis and C. albicans on SDA agar at 25-27'C for 24-48 hours. The 

acceptance criteria for preservative efficacy according to BP in are shown in Table 

(7.4). The Microbiological examination of specific microorganisms (Escherichia. 

coli. Staphylococcus aureus, Pseudomonas aeruginosa, Candida albicans and 

Aspergillus brasiliensis) in different MN formulation was performed by total aerobic 

microbial plate counts, as well as yeast and mold plate counts. Nonirradiated control 

samples were evaluated initially, microbiological data obtained from control samples 

was clear of all the microorganisms. Therefore, these microorganisms were 

potentially not even present in the MN and sterilization is essential for patient safety. 

Irradiated samples were evaluated immediately after irradiation to determine the 

reduction in total count and also was free of microorganism (Table 7.5). The British 
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Pharmacopeia test for preservative efficacy or challenge test was passed by the 

hydrogel MN formulation for all microorganisms, indicating that the microorganisms 

deliberately added did not survive the process of MN fabrication and crosslinking 

(Table 7.6). This was despite each of the microorganisms added initially being 

detectable in the gels used to prepare the MN. 

Table 7.4. Criteria of acceptance for evaluation of preservative efficacy test in terms of the log 

reduction in the number of viable microorganism against the value obtained from the inoculums. 

Log reduction 
2 days 7 days 14 days 28 days 

Bacteria 
A 2 3 No increase 

B 3 No increase 

A 2 No increase 
Fungi 

B No increase 

The A criteria express the recommended efficacy to be achieved. In justified cases where the A 
criteria cannot be attained, for example for reasons of an increased risk of adverse reactions, the B 
criteria must be satisfied. 

Table 7.5. Results for the test for specified microorganisms on sterilized MN (Mean ± S.D., n= 4). 

Medium Hydrogel Super swelling Dissolving 

MacConkey agar 0 0 0 

Baird Parker agar 0 0 0 

Cetrimide agar 0 0 0 

SDA 0 0 0 
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Table 7.6. Total viable count results for the BP test for preservation against S. aureus, P. aeruginosa, 

A. brasiliensis and C. albicans for pre-sterilized hydrogel MN 

o day 2 days 7 days 
Microorganism Time (cfu/al iquot of gel used to 

(cfu/MN) (cfu/MN) 
prepare MN) 

S.allrellS A 4.8 x 105 0 0 

B 1.4 X 106 0 0 

P.aerllginosa A 0.8 X 105 0 0 

B 2.4 X 105 0 0 

A.brasiliensis A 2.9 X 105 0 0 

B 2.9 X 105 0 0 

C.albicans A 2.1 x 105 0 0 

B 2.1 X 105 0 0 
The A criteria express the recommended efficacy to be achieved. In justified cases where the A 

criteria cannot be attained, for example for reasons of an increased risk of adverse reactions, the B 

criteria must be satisfied. 

To evaluate the effects of gamma irradiation on MN properties, swelling study of 

hydrogel and super swelling MN was investigated. While for dissolving MN, 

dissolution test and quantification the ibuprofen sodium content were also evaluated. 

The effect of gamma irradiation on the swelling property of hydrogel MN was 

examined. Swelling behavior of sterilized hydrogel MN was investigated and 

compared with unsterilized hydrogel MN. Their % swelling over time is shown in 

Figure 7. I 0 and 7.1 I. There was no significant difference (p > 0.05) between the % of 

swelling of unsterilized and sterilized MN arrays in both hydrogel and super swelling 

hydrogel MN. The percentage of swelling of unsterilized and sterilized hydrogel MN 

was 1686 ± 76% and 1646 ± 64%, respectively. In addition, similar trends were also 

observed with sterilized and unsterilized super swelling hydrogel MN. The swelling 

% of unsterilized and sterilized super swelling MN was 248 I ± 325% and 2524 ± 

199%, respectively. 
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Figure 7. 10. Percentage swelling of unsterilized and steri lized hydrogel MN contai ning of 15%w/w 

PMVEIMA and 7.5%w/w PEG oflO kOa, (Mean ± SO, n = 5) 
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Figure 7.11 . Percentage swelling of unsterilized and sterilized super swelling hydrogel MN of 

20%w/w PMVE/MA ® S97 , 7.5% w/w PEG of 10 KDa and 3% w/w Na2CO), (Mean ± SO, n = 5) 

Following gamma irradiation, most of the materials experIence time-dependent 

changes in the colour (Figure 7. 12). One of the major disadvantages of gamma 

irradiation is the possible formation of radiolytic products that leads to discoloration 

in the pharmaceutical product. Disco loration after gamma steri lization arises due to 

formation of two different types of colour centres; ' permanent ' and 

' annealable ' (Clough et aI. , 1996). 
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Figure 7.12. Ibuprofen sodium MN arrays (A) before gamma sterilization and (B) discoloration of 

MN after gamma sterilization 

Ibuprofen sodium content does not change after gamma irradiation sterilization 

process which indicates that ibuprofen is stable and does not affect by gamma 

sterilization but only discoloration of MN array appeared after sterilization (Figure 

7.13). There was no significant difference (p > 0.05) between the content of 

ibuprofen-sodium of unsterilized and sterilized dissolving MN. The percentage of 

recovery of unsterilized and sterilized dissolving MN was 99.6 ± 0.46% and 99.58 ± 

0.33%, respectively. 
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Figure 7.13 . Ibuprofen sodium content in MN before and after gamma sterilization (Mean ±SO, n=6) 

Dissolution study. one dissolving MN loaded with ibuprofen sodium was placed into 

flask containing 20 ml dissolution medium that consisted of PBS solution. 

Dissolution testing was done on the sample subjected to gamma radiation as well as 

on the non-radiated samples. It was found that there is no significant difference (p > 
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0.05) between gamma irradiated sample and unsterilized one. The dissolution time 

for pre-sterilized and post-sterilized MN was 4.39 ± 0.88 and 7.55 ± 1.99 mm, 

respectively. 

Regarding mechanical properties, the sterilized polymeric MN were found to have no 

significant differences (p> 0.05) from all pre-sterilized polymeric MN (Figure 7.14-

7.16). The percentage reduction in MN height following appl ication of a 

compression force of 0.4 N per needle was found to be 15.05 ± 2.53%, and 17.32 ± 

5.49% for pre-sterilized and post-sterilized super swelling hydrogel MN, 

respectively. In addition, the percentage reduction in MN height for dissolving MN 

at compression force 0.5 N per needle was 32 ± 1.8 %" and 34 ± 2.6%, for pre

sterilized and post-sterilized MN , respectively. 
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Figure 7.14. Percentage reduction in height of pre and post-sterilized dissolving MN loaded arrays 

following application of a different compression forces of 0.05 , 0.4 and 0.5 N per needles. (Means ± 

SD, n = 5) 
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Figure 7.15. Percentage reduction in height of pre and post-sterilized hydrogel forming MN loaded 

arrays following application of a different compression forces of 0.05 , 0.4 and 0.5 N per needles . 

(Means ± SD, n = 5). 
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Figure 7.16 . Percentage reduction in height of pre and post-sterilized super swelling hydrogel MN 

loaded arrays following application of a different compression forces of 0.05 , 0.4 and 0.5 N per 

needles. (Means ± SO, n = 5). 

7.6. Discussion 

The minimally-invasive nature of the micropores created within the skin following 

MN application, especially in comparison to the use of a hypodermic needle, and the 

fact that statistically it is highly unlikely that MN would be inserted at exactly the 

same sites more than once in a patient's lifetime. Mean that MN technology will be 

shown to have a favourable safety profile. Indeed, skin barrier function is known to 

completely recover within a few hours of MN removal, regardless of how long the 

MN were in place (Gupta et al., 2011). Local irritation or erythema (reddening) of 

the skin may be an issue for some patients. Since the skin is a potent 

immunostimulatory organ (Alzahrani et aI., 2012). 

Infection is an issue that has long been discussed in relation to use of MN-based 

systems, since they, by necessity, puncture the skin's protective stratum corneum 

barrier. However, Donnelly et al., (2009) showed that microbial penetration through 

MN-induced holes is minimal. Indeed, there have never been any reports of MN 

causing skin or systemic infections. This may be because of the above-mentioned 

immune component of the skin or the skin's inherent non-immune, enzyme-based, 

defences. Alternatively, since the micropores are aqueous in nature, microorganisms 

may be more inclined to remain on the more hydrophobic stratum corneum. 

Regulators will ultimately make the key decisions based on the weight of available 

evidence and the application (eg drug/vaccine/active cosmaceutical ingredient 

delivery or minimally-invasive monitoring), MN-based devices may be classed as 
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drug delivery systems, consumer products or medical devices. From a delivery 

perspective, it will be important if MN are considered as injections rather than 

topical/transdermal/intradermal delivery systems, since this will determine whether 

the final product will need to be sterilised, prepared under aseptic conditions or 

simply host a low bioburden. Any contained microorganisms may need to be 

identified and quantified, as may the pyrogen content. In addition, if sterilization is 

required, then the method chosen will be crucial, since the most commonly

employed approaches (moist heat, gamma or microwave radiation, ethylene oxide) 

may adversely affect the MN themselves and/or any contained active ingredient (eg 

biomolecules). 

The manufacture of a pharmaceutical product or medical device on a commercial 

scale has always presented the industry with the challenge to manufacture a product 

with the sterility assurance level (SAL) approaching that of a terminally sterilized 

product. The terminally sterilized product has a SAL of 6, which translates to a 

statistical probability of finding 1 contaminated unit in 1 million. Sterilization is a 

process that kills all microorganisms like fungi, bacteria, viruses, spore forms except 

prions from a surface, equipment, food, medication or biological culture medium 

(Block, 2001; Kanjickal et al., 2007; Silindir & Ozer, 2009; Fraise et al., 2012). The 

necessity of pharmaceutical products to be sterilized or not depends on their use in 

body like skin, blood, oral (Silindir & Ozer, 2009). However, since there is no 

classification of MN as sterile or non-sterile product, MN could be aseptically 

prepared or terminally sterilized. There are many possible methods that can be used 

for different types of pharmaceutical depending on their physicochemical properties 

and the purpose of the sterilization: autoclave, gamma irradiation, e-Beam, dry heat, 

natural light and microwave (Silindir & Ozer, 2009; Fraise et al., 2012). Their 

advantages and disadvantages are summarized in Table (7.7). These methods are 

classified by different mechanisms of action for the sterilization of product; those 

that act by cold means like gamma irradiation and those that use heat (autoclave, 

microwave). In order to achieve sterilization of MN with minimum loss of 

components or alteration of their properties such as swelling or dissolution, gamma 

irradiation, which has been increasingly used for food industry, medical products, 

pharmaceuticals products and sterile packaging materials (Yaman, 200 I; Martinez

Sancho et al., 2004; Silindir & Ozer, 2009), deserves to be evaluated as a means of 
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sterilizing MN. Gamma irradiation is the most common method for sterilizing 

polymer based medical devices (Dorati et al., 2008). Actually, this method is the best 

choice for the sterilization of polymeric systems intentional for parenteral 

administration (Martinez-Sancho et al., 2004; Dorati et al. 2008). The major 

advantages of gamma sterilization are (1) penetration; the pharmaceutical products 

can be sterilized in their final packages, thus it allows terminal sterilization; gamma 

radiation has about five times the penetration capability than e-beam radiation (2) 

decreasing the level of endotoxin which only can be accomplished by gamma 

sterilization and (3) there is no need for the sterility test after process and the 

pharmaceutical product can be released to the consumer after the sterilization process 

without needing any additional testing (Silindir & Ozer, 2009; Gautriaud et al.,201 0). 

Radiation sterilization is a process using an ionizing radiation (gamma rays) and is a 

terminal sterilization method; Cobalt-60 is typically used as a source of gamma rays 

to ionize chemical bonds (Martinez-Sancho et al., 2004; Dorati et af. 2008; Silindir 

& Ozer, 2009). The main advantage of gamma radiation is applying on drugs without 

any significant rise in temperature (cold method) (Silindir & Ozer, 2009). There are 

two possible mechanisms of action in the killing or eliminating of microorganisms 

by gamma irradiation which can be direct or indirect effect. One of them (indirect 

effect) is the irreversible damage to critical biomolecules (DNA) of the bacterium by 

formation of dimers between pyrimidine bases. The direct mechanism, which is more 

effective, is the ionization of water molecules present in and around the bacteria, 

which produces free radicals that attack macromolecules (H30+ and OH- radicals as 

the radiolysis products) (Yaman, 2001; Martinez-Sancho et al., 2004; Silindir & 

Ozer, 2009). Hydroxyl radicals have a strong oxidant effect and they are responsible 

from 90% of DNA damages. The joining of free radicals with O2 molecules may 

result a series of oxidative reactions ends with highly toxic compound hydrogen 

peroxide. The reason of the high resistance of the spores is the low water content. 

Therefore, formation of OH- radicals will be less which cause low amount of damage 

DNA of bacteria in spore forms (Silindir & Ozer, 2009). The level of the 

microorganisms sensitivity changes depending on the environmental factors, during 

and after the radiation process such as temperature, pH, oxygen, water and ionic 

balance (Martinez-Sancho et al., 2004; Silindir & Ozer, 2009). Although gamma 

sterilization has many of advantages, one of the major drawbacks is the possible 
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formation of radiolytic products that leads to discoloration in the pharmaceutical 

product (Silindir & Ozer, 2009). From pharmaceutical vIew point, gamma 

sterilization is the best choice for heat labile solid-state drugs (Yaman, 2001; 

Martinez-Sancho et aI. , 2004; Silindir & Ozer, 2009). 

It is important to set the minimum sterilization dose that will guarantee the desired 

sterility assurance level for example, 25 kGy is defined as the reference dose that 

provides a SAL of 10-6 according to BP (Silindir & Ozer, 2009). Since the ionization 

of chemical bonds in the bacterium is the same mechanism by which this method of 

sterilization will attack the bioactive macromolecule such as proteins. So it is 

important to balance between the dose of gamma radiation necessary to sterilize a 

pharmaceutical product with an acceptable level of product degradation (Yaman, 

2001). Therefore, it was hypothesized that gamma radiation would be the best choice 

to sterilize MN with the radiation dose of 25 kGy (2.5 MRads). Thus, in the present 

investigation, the influence of gamma irradiation sterilization on MN integrity and 

properties was studied and compared to pre-sterilized MN. There are no any 

harmonized guidelines or classification of MN arrays as nonsterile or sterile 

pharmaceutical product so far. So the microbial examination of MN arrays was done 

by two methods total aerobic microbial count (T AM C) for non-sterile 

pharmaceutical product and sterility test for sterile product. Although the study was 

carried out by more than one test, it offers a good example of a scientific approach to 

the establishment of a quality assurance system, through the development of a new 

product. In spite of having a mechanism of action that necessitates breaching the 

defence barrier of the body, the stratum corneum, application of MN has never been 

associated with skin or systemic infection in the many clinical trials carried out 

involving many thousands of patients (Donnelly et aI. , 2012). However, all of these 

studies employed metal or silicon MN that can be easily rendered sterile by gamma 

irradiation or aseptic manufacture. MN arrays fabricated from aqueous polymer gels 

present many advantages over their first generation counterparts, in that they can be 

loaded with drug substance, rather than simply coated, allowing greater doses to be 

delivered and enhanced control over rate of drug release. Polymeric MN provide 

higher dosing capacity. Aseptic processing can be complex when the excipients used 

for MN fabrication are received in a non-sterile state. 
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Table 7.7. Advantages and disadvantages of sterilization methods (Silindir & Ozer, 2009) . 

Sterilization 
methods 

Dry heat 

Pressured vapour 
(autoclave) 

Ethylene oxide 
(EtO) 

Formaldehyde 

Gas plasma 
(H20 2) 

Peracetic acid 

Gamma radiation 

Advantages 

Non-toxic and safe for the environment. 
Powders, soft parafin, glycerine can be 
sterilized by this method. 

Economic and short processing time. It is 
nontoxic and safe for the environment. 

It is preferable for materials that are 
sensitive to heat. Complete penetration 
depending on the use of the permeable 
gas. It is important to define the SAL 
with the use of biological indicators . 

It is preferable for materials that are 
sensitive to high heats . There is no need 
for ventilation of materials after 
sterilization. 

Hydrogen peroxide is safe for the 
environment and it is also less hazardous 
to work with . Sterilization can be 
achieved in a period between 28 min to 
74 min. There is no need for the 
ventilation. It is proper for the 
sterilization of materials that are 
sensitive to temperature . 

No harm to the personnel and the 
environment. Less damaging process to 
delicate materials than steam 
sterilization, and it is compatible with a 
wide variety of materials-plastics, 
rubber, and heat-sensitive items. It is a 
single-use process; there is no possibility 
of contamination. 

It is an advanced technological method . 
It is a cold method , increase in 
temperature is so slight. It has a high 
SAL. Control of the method is very easy 
that can be made only by the parameter 
of appl ied dose . 
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Disadvantages 

Needs high heats for long periods. 
The penetration of the heat takes a 
long time in large devices . Not 
proper for plastic and proteins. 

Materials that are sensitive to high 
heats and moisture, oily materials 
like soft parafin, liquid materials 
and electrical devices can not be 
sterilized by this method. 

The time of the sterilization and 
ventilation is long. EtO is toxic, 
cancerogenic, flammable, 
explosive. It needs an aeration 
period after the process because 
of the formation of ethylene 
chlorohydrin. 

It is toxic and carcinogenic so it 
can not be used for the 
sterilization of liquids. 

It is not a proper method for the 
sterilization of liquids. Measuring 
the hydrogen peroxide 
concentration within the isolator 
during sterilization cycles in real 
time may also be a problem. 

Only one or a small number of 
instruments can be processed in a 
cycle. Using of the materials after 
sterilization process is not 
possible . 

Dose rate is lower than electron 
beams. It has no dose flexibility. 
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The polymeric MN (hydrogel, super swelling and dissolving) described here appear 

to possess in-built antimicrobial properties, with no viable microorganisms present in 

the content tests and none capable of surviving the micromoulding and crosslinking 

steps in the preservation test. There was no microbial growth evident during storage, 

regardless of conditions. These observations are hardly surprising, given the low pH 

of the hydrogel system (pH 2), the temperature required for crosslinking (24 hours at 

80°C) and the apparent inherent antimicrobial properties of the polymer (Boehm et 

aI., 2012). 

To prove that gamma irradiated MN arrays were sterile, they were extracted in sterile 

solvent (PBS), and inoculated directly to a culture medium and tested by the 

pharmacopoeia sterility test. Sterile pharmaceutical products must be free of viable 

microorganisms. Sterility testing is an important quality assessment tool used in 

sterile drug product quality assurance. Since sterility test provides assurance that the 

product is sterile. Sterility testing is typically done by two methods according to the 

European Pharmacopeia membrane filtration or direct inoculation of the drug 

product into microbial growth media followed by visual inspection for growth during 

incubation period (14 days). A lack of growth (clear test tube) indicates that the drug 

product samples tested were sterile (European Pharmacopoeia, 2012). The test for 

sterility should be done under aseptic conditions. In order to achieve such conditions, 

a class A laminar-air-flow cabinet located within a class B clean-room was used. The 

test environment precautions have to be adapted to avoid contamination, so they do 

not affect any microorganisms which are to be revealed in the test. Then there is the 

concern about incubation duration . The European Pharmacopoeia, 3rd ed. (1997) 

allowed a 7-day incubation period for bacteria, but in 1998 the 4th edition had 

changed this to 14-days for both. This extension was the result of "slow-growing" 

microorganisms might not be able to detect by 7 days incubation period (European 

Pharmacopoeia, 1998). Positive control was also investigated to make sure that the 

media is suitable for the cultivation of microorganism. 

A study was undertaken to determine the effect of gamma irradiation on MN arrays. 

Sterility test was performed on pre-sterilized and gamma irradiated MN arrays. All 

MN types inoculated in the soybean-casein medium were incubated for 14 days in an 

incubator regulated at 20-2S°C. In addition, they also inoculated into the fluid 
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thioglycollate medium and incubated for 14 days in an incubator regulated at 30-

35°C. Negative controls were included (culture media without the product to be 

examined MN. Positive control was done by adding an inoculum of a small number 

of viable microorganisms e.g. Pseudomonas aeruginosa and Staphylococcus aureus 

(not more than 100 cfu) to the culture medium. Positive control was incubated for not 

more than 5 days (European Pharmacopoeia, 2012). Data analysis consisted of visual 

descriptive analysis, considering positive or negative growth according to turbidity 

presented by the tubes in a soybean-casein and fluid thioglycollate medium 

containing gamma irradiated MN arrays. All MN arrays samples and negative 

controls were found to be sterile. While positive controls were turbid which indicate 

of microbial growth and so the media are suitable for the growth of microorganisms 

(European Pharmacopoeia, 2012). 

To elucidate the effect of gamma radiation on the properties of hydrogel, super 

swelling and dissolving MN, the swelling, dissolution, drug content and mechanical 

properties of the MN were examined after gamma radiation of the MN at 25 kGy 

dose and compared with pre sterilized MN. Since it is well known that sterilization 

by gamma irradiation could induce structural changes in both the polymer-based 

delivery systems and on the encapsulated drug, especially if the active ingredient is a 

protein (Montanari et aI., 1998; Jain et aI., 2011; Mohanan et aI., 2012). Irradiation 

can produce denaturation and degradation that affect the integrity and bioactivity of 

the therapeutic agent (lain et aI., 2011). Several studies have reported the effects of 

gamma irradiation on the stability of both polymer and embedded protein (Bittner et 

aI., 1999; Fermindez-Carballido et aI., 2006; Hausberger et aI., 1995) and PLGA 

microspheres entrapping peptides and proteins (Carrascosa et aI., 2003; Schwach et 

aI., 2003; Dorati et aI. , 2005; Puthli & Vavia, 2008; Mohanan et aI., 2012). Although 

gamma irradiation is well established and regularly used for terminally sterilized 

polymeric dosage forms and implants. The high ionization energy may pose an 

important challenge for the sterilization of pharmaceutical products (Martinez

Sancho et aI., 2004; Mohanan et aI., 2012). Therefore, the dose of gamma 

sterilization must be balanced against risk of degradation or formation of new 

products due to high ionization energy as well as the risk of changing formulation 

properties (Mohanan et aI., 2012). 
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The effect of gamma irradiation on the swelling and mechanical properties of 

hydrogel and super swelling MN was examined . The results showed that gamma 

sterilization had not effects on the percentage of swelling of hydrogel and super 

swelling MN. In addition, similar trends were also observed with Eljarrat-Binstock et 

ai., (2007) . Mechanical properties of polymeric MN did not change after gamma 

sterilization which indicates that there was no change in crosslinking density of the 

hydrogel system. Gamma irradiation was found to be the most suitable as 

sterilization method for the hydrogels causing minimal change of hydrogel properties 

(Eljarrat-Binstock et ai. , 2007). This study confirmed the feasibility of sterilizing 

hydrogels and kept their swelling capacities by gamma radiation. While Gautriaud et 

ai. , (20 I 0) reported that gamma irradiation developed crosslinking in the rubber and 

increased its hardness and tensile modulus. Terminal sterilisation by gamma 

irradiation could possibly cause unwanted polymer crosslinking (Seo et ai., 2007) 

and possible drug degradation in dissolving systems (Seo et ai. , 2007). Gamma 

irradiation and chemical crosslinking are the most common methods to fabricate 

hydrogel systems (Razzak et aI. , 2001; Kanj ickal et ai., 2008). Gamma irradiation, 

especially at high doses and longer treatment cycles affected the properties of the 

polymer (Kanjickal et ai. , 2008; Munarin et aI. , 2012; Gautriaud et ai., 2010). Free 

radicals generated by gamma irradiation can cause change in molecular weight due 

to chain scission, and increase crosslinking density of the polymers which lead to 

change in mechanical properties (Nechifor et ai. , 2009 ;Gautriaud et ai. , 2010; Liu et 

ai. , 2012; Munarin et al. , 2012). Munarin et ai. , (2012) showed that higher doses of 

gamma radiation inducing decrease in the intrinsic viscosity, molecular weight and 

modifications in the degree of esterification in pectin structure. Kanjickal et ai., 

(2008) found that gamma sterilization lead to a higher cross linking of the PEG 

hydrogel and hence a reduction in the swelling ratio. While Rau et ai. , (2012) 

demonstrated that the biodegradable PEG-based insoluble hydrogels remains intact, 

preserved three-dimensional and physicochemical properties after sterilizing by 

gamma irradiation. In this study, irradiation of hydrogel was performed at dose of 8-

50 KGy. Therefore, the change in crosslinking density and mechanical properties 

depend mainly on the reactivity of the polymer, irradiation dose and treatment cycle 

of gamma irradiation. 
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Ibuprofen sodium content does not change after gamma irradiation sterilization 

process which indicates that ibuprofen sodium is stable and does not affect by 

gamma sterilization but discoloration of MN array appeared after sterilization. 

Discoloration after gamma sterilization arises due to formation of two different 

types of colour centres; 'permanent' and 'annealable' (Clough et ai., 1996). 

Annealable colour centres are associated with radical species trapped within 

the rigid, glassy polymer matrices. They disappear with time through two 

different mechanisms: one involves reaction with oxygen diffusing into the 

sample from the surrounding atmosphere, while the other involves a non

oxidative, highly temperature-dependent process that can be attributed to 

recombination reactions (Clough et ai., 1995; Clough et ai., 1996; Wall ace et ai. , 

1993). Permanent colour centres in irradiated polymers must correspond to the 

formation of stable, conjugated chromaphores within the polymer. Structural groups 

originally present in the macromolecular (aromatic rings, carbonyl groups) may also 

become a part of conjugated chromaphores (Clough et ai., 1997). From the literature 

it becomes clear that gamma sterilization results in discoloration; the material 

becomes yellow (Klemchuk, 1993; Clough et ai., 1997; Gillen, 1993). Many 

strategies have been published for a reduction of discoloration resulted from gamma 

sterilization, among which the use of "mobilizing agents" (paraffinic oils) (Williams 

et ai. , 1982) and special stabilizer formulations (Clough et ai. , 1995; Gahleitner et 

ai., 2003; Klemchuk, 1993; King, 1996; Massey, 2005). This study highlights the 

efficiency of gamma irradiation method to sterilize microneedle. This is an added 

feature which should further encourage the use of gamma irradiation in sterilization 

of MN arrays. Gamma irradiation with 25 KGy dose was found to be an effective 

method for sterilization of either dissolvable or swellable MN systems. 

7.7. Conclusion 

In the test for specified microorganisms the sterilization process ensured no growth 

of S .GL/reus, A. brasiliensis, C. albicans, E. coli and P. aeruginosa. The MN that 

were not sterile inhibited these microorganisms to virtually the same extent. In the 

test for the total viable counts without the addition of any microorganism the same 

conclusion as above was reached. Regarding the BP test for preservation, the MN 

that were not sterilized passed the BP test for preservation. The results from this 
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study would indicate that these MN formulations will naturally inhibit the growth of 

the microorganisms used and are safe for patient use. However, these tests were 

carried out on a small scale with a select number of microorganisms. Before safety is 

confirmed a larger investigation needs to be conducted with a wider range of 

microorganisms. The drug content, dissolution time and swelling percentage of 

sterilized MN did not change after gamma sterilization. Therefore, the present 

investigation demonstrates that gamma radiation sterilization can be a method of 

choice for polymeric MN. 

In conclusion, progressing towards commercial exploitation and clinical application 

with MN arrays prepared from polymeric gels may not prove as problematic as one 

may assume. The hydrogel and super swelling MN investigated here do, however, 

have prominent advantages over other systems because of the nature of the 

formulation and the heating step required for crosslinking. Therefore, it does not 

appear it will be necessary to prepare the MN aseptically, may be include an 

antimicrobial preservative or employ terminal sterilized by gamma steri lisation in 

order to protect patient safety. As no pharmacopoeial standards currently exist for 

microneedle-based products, the exact requirements for a proprietary product based 

on hydrogel MN are at present unclear. So it is important to work towards a 

comprehensive specification set for MN system that may inform future developments 

in this regard . Basically gamma sterilization is not required to reduce microorganism 

loading but it can be performed to satisfy the regulators without compromising MN 

properties. 
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Chapter 8.· Hydrogel-forming MN arrays can be effectively inserted in skin by selfapplication 

8.1. Introduction 

A 2012 report from Greystone Associates on microneedle (MN) in Medicine: 

Technology, Devices, Markets and Prospects, puts the potential MN drug delivery 

market at just under $400 million globally (Greystone Associates, 2012). Since MN 

are frequently targeted not only to the $20 billion transdermal drug delivery and $25 

billion global vaccine markets, but also to the $120 billion global biologics market, 

significant further growth is anticipated. While the first two MN-based products, just 

recently marketed, Soluvia® and Micronjet®, are based on metal and silicon MN, 

respectively, the current trend in MN-based research has involved recognition of the 

dubious biocompatibility of silicon and the potential for inappropriate reuse of 

silicon or metal MN, which remain fully intact after removal from a patient's skin. 

Consequently, much recent effort has focussed on MN prepared from FDA-approved 

biocompatible polymers (Donnelly et aI., 2012; Tuan-Mahmood et aI., 2013). 

Initially, such systems were prepared from hot polymer/carbohydrate melts. 

However, the high processing temperatures lead to degradation of the biomolecules 

cargoes (Donnelly et al., 2009). Accordingly, an increasing emphasis has been 

placed on MN formulated from aqueous polymer gels (Donnelly et al., 2011; 

Migalska et aI., 2011; Park et aI., 2005; Donnelly et aI., 2012). It has been recently 

described novel hydrogel-forming MN arrays, prepared under ambient conditions 

that contain no drug themselves (Donnelly et aI., 2012). Instead, they rapidly imbibe 

skin interstitial fluid upon insertion to form continuous, unblockable conduits 

between the dermal microcirculation and an attached patch-type drug reservoir. In 

so-doing, it has been overcome one of the noted limitations of dissolving polymeric 

MN, in that delivered doses of biomolecules are no longer limited to what can be 

loaded into the needles themselves (Migalska et aI., 2011; Donnelly et aI., 2012). 

Such hydrogel-forming MN initially act simply as a tool to pierce the stratum 

corneum barrier and then function as a rate-controlling membrane, allowing 

sustained delivery of high doses of biomolecules. Importantly, such MN are removed 

intact from skin, leaving no polymer residue behind, but are sufficiently softened, 

even after I minute of skin insertion to preclude reinsertion, thus further reducing the 

risk of transmission of infection (Donnelly et aI., 2012; Donnelly et aI., 2013). 
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MN devices are not equivalent to conventional transdermal patches, in that they are 

not simply applied to the skin surface. Rather MN function principally by breaching 

the skin's protective stratum corneum barrier and often penetrate into the viable 

epidermis and dermis (Donnelly et al., 2012; Donnelly et aI., 20 10). It is now well 

known that the depth of MN penetration is influenced not only by the force applied, 

but also MN geometry (height, shape, interspacing) and speed of application 

(Donnelly et aI., 2010; Olatunji et aI., 2013; Li et aI., 2010; Davis et aI., 2004). A 

plethora of MN applicator devices have been described and evaluated (Thakur et aI., 

20 11). However, in my experience as pharmacists, even the simplest devices, such as 

inhalers and pessary applicators, can be improperly used by patients and, very often, 

patients are discouraged from using a medicinal product if they perceive its use to be 

overly complex. MN-based products would be most successful, commercially and in 

terms of patient acceptance, if they can be applied by a patient to their own skin 

without an additional applicator device or the need for assistance from a skilled 

medical practitioner. Accordingly, in this study, for the first time, the influence of 

pharmacist intervention and the use of a patient information leaflet on self

application of hydrogel-forming MN arrays by human volunteers was described. 

8.2. Aims and objectives 

The aim of the study was to assess, for the first time, the influence of pharmacist 

intervention and the use of a patient information leaflet on self-application of 

hydrogel-forming MN arrays by human volunteers without the aid of an applicator 

device. 

In the present Chapter, a patient information leaflet was drafted and pharmacist 

counselling strategy devised. Twenty human volunteers applied llxll arrays of 400 

J..Lm hydrogel-forming MN arrays to their own skin following the instructions 

provided. Skin barrier function disruption was assessed using transepidermal water 

loss measurements and optical coherence tomography (OCT) and results compared 

to those obtained when more experienced researchers applied the MN to the 

volunteers or themselves. 
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8.3. Materials 

Gantrez® AN-139, a copolymer of methyl vinyl ether and maleic anhydride 

(PMVE/MAH, Mw = 1,080,000) was a gift from Ashland, Kidderminster, UK. 

Poly(ethylene glycol) (PEG, molecular weight 10,000 daltons) was purchased from 

Sigma-Aldrich, Steinheim, Germany. 

Millipore water was used throughout the study, while all other chemicals used were 

of analytical reagent grade. 

Moisture-impermeable, heat-sealable poly(ester) foils were purchased from 

Transparent Film Products Ltd, Newtownards, UK. 

EX1301 aCT Microscope, Michelson Diagnostics Ltd, Kent, UK. 

VivoSight® high resolution aCT Scanner with handheld probe, Michelson 

Diagnostics Ltd, Kent, UK. 

ImageJ® image processing programme, National Institute of Health, USA. 

Heat sealer, P400/L Impulse Heat Sensor Heat Press, Polybags Ltd, Middlesex, UK. 

VapoMeter®, Delfin Technologies Ltd, Kuopio, Finland. 

8.4. Methods 

8.4.1. Fabrication ofhydrogel-forming MN arrays 

Aqueous blends containing 15% w/w poly(methylvinylether/maelic acid) 

(PMVE/MA) and 7.5% w/w poly(ethyleneglycol) 10,000 (PEG) were utilized to 

fabricate MN by using laser-engineered silicone micromould templates (Donnelly et 

aI. , 2011 ; Migalska et aI. , 2011; Donnelly et aI. , 2012). MN were prepared of three 

heights; 400 flm , 600 flm and 900 flm, each arranged in 11 x 11 configurations on a 

0.5 cm2 area, with a MN-free border to give a final patch area of 1.0 cm2
• MN were 

crosslinked (esterification reaction) by heating at 80°C for 24 hours (Thakur et aI., 

2012; Thakur et aI. , 2010), and the sidewalls formed by the moulding process 

removed using a heated blade. 

MN packages were produced from moisture-impermeable, heat-sealable poly(ester) 

foil , measuring 4.0 cm x 5.0 cm. MN produced were placed in the foil packaging and 

sealed using a heat sealer. The arrays were then stored individually in these packages 

under ambient conditions until required for application. 
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8.4.2. Volunteer recruitment 

Twenty healthy Volunteers (8 men and 12 women) aged between 21 and 23 years old 

from the final year student population at the School of Pharmacy, Queen's University 

Belfast, with no pre-existing skin conditions were recruited to the study by means of 

an email circular. Individuals conducting research projects on MN were excluded 

from the study to reduce subject bias. Volunteers were asked not to apply cosmetic 

formulations to their ventral forearm 24 prior to the study and to avoid hot 

showers/baths or exercise immediately before the study. Volunteers were provided 

with information on the study, the risks associated and the confidentiality of the 

results obtained upon recruitment. The School of Pharmacy Ethical Committee, 

Queen's University Belfast, approved this study. All Volunteers provided fully

informed consent prior to beginning the study. 

8.4.3. Patient information leaflet and counselling 

Patient information leaflets (PILs) are normally supplied with medicinal products 

and medical devices where the patient is expected to use them by themselves at 

home. Upon dispensing such items for the first time to a patient, it is normal practice 

for the pharmacist to provide expert counselling. 

The PIL used in this study (Appendix 8.3) was designed on the basis of existing PILs 

for transdermal patches and devices that require a more descriptive protocol, such as 

inhalers for treatment of asthma. The views of MN researchers, pharmacy practice 

researchers and also of those with no clinical background were considered in the 

design of the PIL. The PIL was then checked for best practice against the criteria laid 

out in "Quality Criteriafor PILs" published by the MHRA (Medicines & Healthcare 

products Regulatory Agency, 2013) to ensure it was of an appropriate standard. 

A strategy for counselling was then developed, again following discussion with MN 

researchers and pharmacy practice researchers. This counselling consisted of details 

about MN technology, removal of the MN array from the impermeable packaging, 

how to hold and apply the MN (force required was described as "pressing an elevator 

button firmly") and finally how to remove and dispose of the array (Table 8.1). 
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Table 8.1. Pharmacist counselling on MN application protocol to human volunteers. Further 

clarification was provided if requested by the volunteers on any aspect of application. 

Pharmacist Counselling Points 

l. "Feel that the MN patch is at the bottom of the packaging before opening. 

Gently pull open the packet, ensuring you do not press on the MN patch 

when doing so, as this may damage the MN" 

2. "Remove the MN patch from the packet, holding it at the sides, ensuring 

you do not touch the MN themselves with your hands or skin. Keep the 

empty packaging for disposal of the patch after use" 

3. "Place your arm on a flat surface, as this may make it easier to apply the 

patch" 

4. "Place the MN patch with the MN facing into your forearm and press on 

the upper side (back) of the patch with your thumb, focussing the 

pressure in the direction of your forearm, as if you were pressing an 

elev.ator button firmly. Hold this pressure for around 30 seconds" 

5. "Stop applying pressure and remove the patch from your forearm, 

holding at the sides again and replace the array into its original package. 

Place the package in the bin provided" 

6. "Any skin redness is only temporary and is not a cause for concern" 

8.4.4. Volunteer application protocol 

The study was conducted at a controlled room temperature of 20°C and a relative 

humidity of 45 ± 5%. The subjects were acclimatised in this room for 15 min prior to 

the start of the experiment. During this time, subjects were presented with the PIL 

and allowed to read the application technique of MN arrays alongside counselling 

from the Researcher (KM, a newly-qualified pharmacist with 1 month experience of 

MN application). Each application used a new MN array. Two circular areas were 

then marked on the right ventral forearm and one on the left ventral forearm and 

numbered I, 2 and 3 respectively (in ball-point pen measuring approximately 1.5 

cm2
). The circular areas were located at similar positions on each forearm. Before the 

Volunteers applied the MN arrays, baseline transepidermal water loss (TEWL) 

values were recorded to give an indication of skin barrier function. TEWL measures 

the outward diffusion of water through the skin and, as such, provides information on 

the barrier status (Giudice & Campbell, 2006). Measurement of TEWL by 
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evaporimeter is often used as an alternative to invasive measures of skin barrier 

obtained by local excision or biopsy. Indeed, the technique has been frequently used 

in MN-based studies, due to its patient-friendly non-invasive nature and capability 

for rapid data generation (Kalluri et aI., 2011; Kalluri & Banga, 2011; Haq et aI., 

2009; Gomaa et al., 20 I 0). TEWL measurements were taken by carefully resting the 

TEWL probe horizontally on the application site, with the probe head vertical and 

perpendicular to the skin, the TEWL values were recorded for a period of 10-15 

seconds and the values expressed in g m-2 h-'. 

Each subject was then presented with the 400 Ilm MN array design within its 

package, and asked to apply the MN to circle 1 on their right ventral forearm for 30 

seconds following the steps detailed in the PIL. Once the subject had immediately 

removed the MN array from their forearm, the TEWL was again measured. This 

circle of skin was then left untouched for 30 minutes before another TEWL reading 

was taken. 

The second MN application was performed on circle 2 on the right ventral forearm, 

this time by the Researcher. A baseline TEWL was taken again before application of 

the array and then immediately after removal of the array and at 30 minutes post

removal. The third MN application was performed on circle 3 on the left ventral 

forearm by the Volunteer again. This time the subject was given no PIL or 

Researcher counselling, but relied on experience from their former application and 

that of the Researcher. A baseline and immediate post-removal TEWL reading were 

measured. Volunteers were revisited after 24 hours to check for any adverse skin 

sensations or reactions during that period. 

8.4.5. Researcher application protocol 

Self-application by the Researcher was conducted in the same environment as that 

detailed in 8.4.4 above. Five circular areas were marked on the researcher's left and 

right ventral forearms (lOin total), at approximately the same location on each 

forearm (marked in ball-point pen, approximately 1.5 cm2
). There was, obviously, no 

requirement for a PIL or counselling in this application protocol. The Researcher 

acclimatised to the environment for 15 minutes prior to application. Prior to 
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application, baseline TEWL values were again recorded for each of the circles. The 

Researcher then applied a 400 flm design MN array for 30 seconds to the circular 

areas on the ventral forearm and, upon removal , a second TEWL reading was taken. 

This was repeated for each of the 10 circles. Each circular area was left untouched 

for 30 minutes before the final TEWL reading was measured. 

8.4.6. Experienced operator protocol 

Self-application by an "Experienced Operator" (AZA, A Lecturer in Pharmaceutics 

with 2 years ' experience of application of MN to human Volunteers in vivo) was 

conducted in the same environment as that detailed in 8.4.4 above. Five circular 

areas were marked on the operator' s right ventral forearm (marked in ball-point pen, 

approximately 1.5 cm\ There was again no requirement for a PIL or counselling in 

this application protocol. The Experienced Operator acclimatised to the environment 

for 15 minutes prior to application. 

Prior to application, baseline TEWL values were recorded for each of the circles. The 

Experienced Operator then applied a 400 flm design MN array for 30 seconds to the 

circular areas on the ventral forearm and upon removal a second TEWL reading was 

taken. This was repeated for each of the 5 circles. Each circular area was left 

untouched for 30 minutes before the final TEWL reading was measured. 

8.4. 7. Questionnaire 

A structured questionnaire, consisting of 7 fixed questions, was devised to consider 

the subjects ' thoughts and opinions of MN technology, and the application process. 

Questionnaires were designed in consultation with MN and pharmacy practice 

researchers and piloted with staff and postgraduate students in the School of 

Pharmacy. Following agreed amendments, and with full ethical approval, the 

questionnaires were administered to the Volunteers once the application protocol was 

complete. The questionnaire was used to discover the thoughts about the public using 

MN for self-application and also the overall opinion about the technology (scale 

strongly positive to strongly negative 1-5). Responses obtained were transferred to 

NVIVO 9® (QSR International Pty Ltd, Doncaster, Australia) and analysed by 

thematic anal ysis, with constant comparison employed throughout. 
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8.4.8. Penetration depth investigation 

Since TEWL indicates the degree of skin barrier disruption rather than MN 

penetration depth or the diameter of the created micropores, and since penetration 

depth and micropore diameter upon application are likely to be important 

determinants of interstitial fluid uptake by, and subsequent drug delivery from, 

hydrogel-forming MN arrays, additional studies were conducted using the 

minimally-invasive skin imaging technique optical coherence tomography (OCT). 

Five additional Volunteers were recruited according to the protocol detailed above. 

Following pharmacist counselling, and having read the PIL during acclimatisation to 

the study environment, the Volunteers applied an array of the 400 flm, 600 flm and 

900 flm MN to each of the three circles marked on their forearms. The Researcher 

and Experienced Operator both did the same. In addition to TEWL measurements, 

taken as before, OCT (VivoSight™ Topical Multi-Beam OCT Handheld Probe, 

Michelson Diagnostics Ltd, Kent, UK) was used, as described previously (Donnelly 

et aI. , 2010; Donnelly et aI., 2012; Donnelly et aI., 20l3), to study MN penetration 

depth and micropore diameter. Data was presented as means (± S.D.) of 10 replicate 

measurements of MN penetration depth and the diameter of the corresponding 

micropore for MN of the same array, where the MN penetration depthimicropore 

diameters were selected at random from the 121 penetrating MN in each array. 

Quantification was performed using the imaging software ImageJ® (National 

Institute of Health, USA). The scale of the image files obtained was 1.0 pixel = 4.2 

flm, thus allowing accurate measurements of the depth of MN penetration and the 

diameter of micropores created. 

8.4.9. Statistical analysis 

Statistical analysis was performed USing Prism 4® for Windows (Graphpad, San 

Diego, USA). Analysis was performed using the Mann-Whitney U-Test. In all cases, 

p < 0.05 denoted significance. 
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s.s. Results 

Table 8.2 shows the influence of Volunteer self-application of MN following 

pharmacist counselling and Volunteer reading of a PIL. TEWL values were 

significantly increased (p < 0.001) following immediate MN removal in both cases, 

with an approximate increase of TEWL of 30% from baseline values. Application to 

the left arm was performed following application of MN to the right arm of 

Volunteers by the Researcher (Table 8.3). 

Table 8.2. Transepidermal water loss (TEWL) values before and after self-application of the 600 ~m 

MN design of hydrogel-forming MN arrays by human volunteers following pharmacist intervention 

with the use of a patient information leaflet. Application to the left arm was performed following prior 

self-application to the right arm and application by the Researcher, also to the right arm, of each 

volunteer. In all cases, MN arrays were held in place during a 30 second application and then 

immediately removed. (Means ± S.D. , n = 20). 

Baseline TEWL reading prior to self
application (g m-2 h- I

) (Right arm) 

TEWL reading immediately after self
application (g m-2 h- I

) (Right arm) 

% increase in TEWL after self
application (Right arm) 

TEWL reading 30 minutes after array 
removal 

% decrease in TEWL 30 minutes after 
removal of array (Right arm) 

Baseline TEWL reading prior to self
application (g m-2 h- I

) (Left arm) 

TEWL reading immediately after self
application (g m-2 h- I

) (Left arm) 

% increase in TEWL after self
application to after (Left arm) 
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9.9 ± 1.24 Range 

13.0 ± 1.7 Range 

31.6 ± 8.4 Range 

9.9 ±I.I Range 

23.2 ± 6.9 Range 

9.9 ± 1.3 Range 

13.1 ± 1.6 Range 

32.5 ± 4.7 Range 

7.6 - 12.3 

10.3-16.3 

8.4 -46.9 

8.3 - 12.1 

6.8 - 41.5 

7.9 - 12.3 

10.9 - 16.0 

25 .0 - 44.0 
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Table 8.3. Transepidermal water loss (TEWL) values before and after Researcher application of the 

600 Ilm MN design of hydrogel-forming MN arrays to human volunteers . In all cases, MN arrays 

were held in place during a 30 second application and then immediately removed. (Means ± S.D., n = 

20). 

Baseline TEWL reading prior to Researcher 
application (g m-2 h· t) (Right arm) 

TEWL reading immediately after Researcher 
application (g m-2 hot) (Right arm) 

% increase in TEWL after Researcher 
application (Right arm) 

TEWL reading 30 minutes after array 
removal 

% decrease in TEWL 30 minutes after 
removal of array (Right arm) 

9.9 ± 1.1 Range: 8.0 - 12.1 

12.9 ± 1.4 Range: 10.5 - 15.7 

30.1 ± 3.4 Range: 18.8 -37.0 

10.1 ± 1.1 Range: 7.6 - 11.9 

21.0 ± 6.5 Range: 16.7 - 28.3 

Researcher application again led to a significant increase in TEWL values, though 

the increase was again in the order of 30% and was not significantly different to the 

results obtained from either of the Volunteer self-applications (p = 0.8392 and 

0.6073 for right arm and left arm, respectively). In all cases, TEWL values had 

returned to almost baseline values 30 minutes post-MN removal, indicating 

restoration of skin barrier function. A similar pattern of TEWL increase was seen 

when the MN were self-applied by the Researcher (Table 8.4). No significant 

difference was found between the increase in TEWL immediately post-MN removal 

when comparing the pooled Volunteer data (self-application to right and left arm) 

with the Researcher self-application data (p = 0.0708). Data obtained for self

application by the Experienced Operator again followed a familiar pattern (Table 

8.5), with no significant difference in the increase in TEWL as compared to the 

pooled Volunteer self-application data (p = 0.0832). 
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Table 8.4. Transepidermal water loss (TEWL) values before and after Researcher self-application of 

the 600 J.lm MN design of hydrogel-forming MN arrays. In all cases, MN arrays were held in place 

during a 30 second application and then immediately removed (Means ± S.D., n = 10). 

Baseline TEWL reading prior to Researcher 
self-application (g m-2 h- I

) (Right arm) 

TEWL reading immediately after Researcher 
self-application (g m-2 h- I

) (Right arm) 

% increase in TEWL after Researcher self
application (Right arm) 

TEWL reading 30 minutes after array 
removal 

% decrease in TEWL 30 minutes after 
removal of array (Right arm) 

9.5 ± 0.4 

12.3±0.5 

28.5 ± 3.8 

9.6 ± 0.6 

21.9 ± 4.2 

Range: 8.9 - 10.0 

Range: 11.8 - 13.5 

Range: 23.7 -35.0 

Range: 8.6 - 10.2 

Range: 17.7 - 28.1 

Table 8.5. Transepidermal water loss (TEWL) values before and after Experienced Operator self

application of the 600 J.lm MN design of hydrogel-forming MN arrays. In all cases, MN arrays were 

held in place during a 30 second application and then immediately removed. Means ± S.D., n = 5. 

Baseline TEWL reading prior to Experienced 
9.9 ± 0.3 Range: 9.6 - 10.3 

Operator self- application (g m-2 h- I
) (Right arm) 

TEWL reading immediately after Experienced 
13.5 ± 0.5 Range: 12.9-13.9 

Operator self- application (g m-2 h- I
) (Right arm) 

% increase in TEWL after Experienced 35.8 ± 2.5 Range: 31.6 -37.6 
Operator self- application (Right arm) 

TEWL reading 30 minutes after array removal 10. I ± 0.4 Range: 9.6-10.7 

% decrease in TEWL 30 minutes after removal 25.0 ± 3.3 Range: 20.2 - 28.9 
of array (Right arm) 

OCT experiments (Figure 8.1) revealed no marked differences in the width of created 

micropores (Table 8.6), regardless of MN height or applicant (Volunteer, Researcher, 

Experienced Operator). However, as MN height was increased, progressive increases 

were seen in the depth of MN penetration beyond the stratum corneum for all 
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applicants (Table 8.6). This was mirrored by progressive increases in TEWL values 

as MN height was increased (Table 8.7). Interestingly, the percentage of the needle 

shaft that penetrated beyond the stratum corneum decreased as MN height increased 

(Table 8.8). This was consistent, regardless of the applicant, with no significant 

differences (p > 0.05 in each case) in percentage penetration between the Volunteers 

and the Researcher, the Researcher and the Experienced Operator or the Volunteers 

and the Experienced Operator at each of the MN heights. 

400 Ilm 600 Ilm 900 Ilm 

Figure 8.1. Exemplar optical coherence tomography images of hydrogel-forming MN of different 

heights (400 lAm, 600 lAm and 900 lAm) following insertion into human skin (Scale bar represents 300 

lAm) . 
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Table 8.6. Influence of applicants and MN height on penetration depth and micropore diameter in 

human skin in vivo upon self-application. In all cases, MN arrays were held in place during a 30 

second application and then immediately removed . Volunteers were counselled by a pharmacist and 

had read a patient information leaflet prior to application . (Means ± SO, n = 10). 

A 

B 

c 

400 /=lm 

Penetration depth (/=lm) Micropore diameter (/=lm) 

Volunteer 1 292.2 ± 17.1 

Volunteer 2 311.6 ± 19.1 

Volunteer 3 288.4 ± 21.0 

Volunteer 4 277.2 ± 17.1 

Volunteer 5 300.4 ± 31.1 

Researcher 307.6 ± 13.1 

Expert Operator 307.6 ± 35.2 

600 /=lm 

179.4 ± 15.3 

203.2 ± 34.2 

202.8 ± 20.1 

229.1 ± 17.5 

194.2 ± 19.0 

200.4 ± 09.0 

200.4 ± 15.0 

Penetration depth (/=lm) Micropore diameter (/=lm) 

Volunteer 1 

Volunteer 2 

Volunteer 3 

Volunteer 4 

Volunteer 5 

Researcher 

Expert Operator 

394.8 ± 27.2 

353.4 ± 18.8 

401.0 ± 12.8 

411.4±19.8 

381.4 ± 20.3 

367.8 ± 32.1 

354.8 ± 30.3 

900 /=lm 

192.2 ± 10.0 

221.4 ± 21.6 

198.0 ± 18.9 

207.0 ± 21.6 

199.4 ± 19.4 

173.0 ± 28.1 

188.1 ± 20.3 

Penetration depth (/=lm) Micropore diameter (/=lm) 

Volunteer 1 466.1 ± 16.2 

Volunteer 2 542.4 ±21.7 

Volunteer 3 496.8 ± 62 .2 

Volunteer 4 517.2 ± 20.7 

Volunteer 5 528.0 ± 55.8 

Researcher 533.4 ± 32.1 

Expert Operator 512.1 ± 23 .8 
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223.2 ±12.8 

175.5 ±22.1 

188.6 ± 23.4 

175.2 ± 12.1 

203.6 ± 22.8 

170.4 ± 26.1 
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Table 8.7. Influence of applicants and MN height on transepidermal water loss following self

application ofMN designs of hydrogel-forming MN arrays. In all cases, MN arrays were held in place 

during a 30 second application and then immediately removed. Each of the 3 application sites had 

TEWL values recorded before application and immediately after removal. 

Volunteers 
n=5 

Researcher 

Expert 
Operator 

Baseline 
TEWL 
reading 
prior to 

self-
application 
(g m-2 h- I

) 

9.6 ± 2.6 
Range: 

6.2 - 13.4 

12.1±1.7 

Range: 

13.5-10.3 

9.9 ± l.l 

Range: 

9.7-11.1 

TEWL 
reading 

immediately 
after self-

application 
of 400 /-lm 
MN patch 

12.0±2.4 
Range: 

9.3-13.9 
Mean 

% increase: 

25 
16.2 

% increase: 

33.9 
13.1 

% increase: 

32.3 

TEWL TEWL 
reading reading 

immediately immediately 
after self- after self-

application application 
of600 /-lm of900 /-lm 
MN patch MN patch 

14.5 ± 4.6 19.5 ± 2_9 
Range: Range: 

10.1-19.2 17.8 - 22.9 
Mean Mean 

% increase: % increase: 

51 103.1 
19.5 22.4 

% increase: % increase: 

61.2 85_1 

16.6 17.8 

% increase: % increase: 

67.7 79.8 

Table 8.8. Effect of applicants and MN height on the percentage of the MN shaft length penetrating 

beyond the stratum corneum upon self-application. (Means ± S.D., n = 10). 

Penetration depth% 

400/-lm 600 /-lm 900 /-lm 

Volunteer 73.5 ± 5.3 70.5 ± 3.5 59.9 ± 4.1 

Researcher 76.9 ± 3.3 69.4 ± 5.8 62_8 ± 3.7 

Expert Operator 75.95 ± 8.8 64.5 ± 5.5 60.2 ± 2.8 

The questionnaire was used to highlight the Volunteers' views on MN, as it is now 

widely accepted that obtaining the opinions of the eventual users of medical 

technology is important and they should have a greater involvement (Abelson et al., 

2003). Volunteer's views on MN are likely to help those involved in MN 
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development towards producing an end product that is acceptable to the general 

patient population. Data was grouped according to identifiable themes and individual 

Volunteer statements summarised and categorised for the purposes of tabulation 

(Table 8.9) . For example, " Would different people apply different amounts of 

pressure to the MN ?" and " What about patients having different skin thickness?" 

became " Inter-patient variability in applying pressure or skin thickness". 

Table 8.9. View and opinions obtained from 20 human volunteers through the structured 
questionnaire . 

Number of Volunteers 
Questions Asked About MN Technology that Stated Answer 

Q1. Do you believe this method of MN application could 
be transferred to the general patient population? 
Yes 20 
Q2. Is pharmacist counselling and a PIL required? 
Yes 20 
Q3. Do you think the use of a placebo MN patch is a good 
idea for demonstration? 
Yes 20 
Q4. What limitations or problems do you think may be 
encountered with the general patient population using 
MN-based medicinal products? 
Inter-patient variability in applying pressure or skin thickness 16 
Not confident the drug had entered the body (compared to 9 
hypodermic injection) 
Potential for misuse and abuse 1 
Can it be applied to immediate release preparations? 19 
Possible high cost of MN compared to hypodermic injection 14 
Q5. What advantages do you think MN-based products 
have over conventional methods? 
Less painful than hypodermic injection 20 
Possibility of self-administration 20 
Less bleeding 12 
Less tissue damage 13 
Less needle stick injuries 18 
Reduced fear of injection 20 
Q6. Who do you believe would derive the greatest benefit 
from MN? 
Children 19 
Diabetics 17 
Needle-phobic patients 20 
Q7. Once you have read the PIL, been counselled and 
applied the MN yourself what was your overall perception 
ofMN? 
Strongly Positive 16 
Positive 4 
Neutral 0 
Negative 0 
Strongly Negative 0 
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All 20 Volunteers stated that MN could be transferred and used by the public 
effortlessly, but only if an appropriate PIL and counselling by a pharmacist was 
available . Furthermore, subjects agreed that the use of a placebo would be good for 
the public to practice before application. Table (8 .9) also displays the Volunteers ' 
perceived advantages of the technology, with the main benefits stated being those 
over hypodermic injection with less painful administration, self-administration, 
reduced fear and needle-stick injuries being raised by all 20 Volunteers. Despite the 
Volunteers being able to recognise the key benefits of the technology, they were also 
wary about some perceived limitations, as 16 Volunteers were unsure if they had 
applied enough pressure to successfully insert the MN and also 9 Volunteers stated 
that if a drug was present they wouldn't be confident that it would have entered the 
body. The majority of Volunteers questioned how much the technology would as 
compared to traditional injections and 14 volunteers questioning whether MN could 
be used as immediate release formulations. In spite of the possible disadvantages that 
were discussed by Volunteers, 80% stated that their overall view of MN technology 
was strongly positive, the remainder being positive, with no negative views 
expressed. 

8.6. Discussion 

MN technology is one of the most promising developments made in drug delivery 
over the past decades and possesses numerous advantages over conventional means 
of transdermal delivery. Drug substances with high molecular weight and/or water 
solubility can now be successfully delivered (Donnelly et ai. , 2012; Kim et ai. , 2012 ; 
Al-Zahrani et aI. , 2012; Tuan-Mahmood et aI. , 2013; Greystone Associates, 2012). 
Furthermore the rate of drug delivery can now almost be exclusively controlled by 
the delivery system as opposed to the stratum corneum (Donnelly et ai. , 2012; 
Donnelly et aI. , 2013). MN also have substantial benefits in that application is 
typically pain free and avoids bleeding (Donnelly et aI. , 2012; Kim et aI. , 2012; AI
Zahrani et ai. , 2012; Tuan-Mahmood et ai. , 2013; Greystone Associates, 2012). 
There is minimal microbial ingress into skin (Donnelly et aI. , 2012; Donnelly et aI., 
2009), meaning MN have never been associated with skin or systemic infection, 
avoidance of needle stick injuries and an ease of disposal for self-disabling 
polymeric MN . The benefits for patients and industry of MN-based products are, 
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thus, very clear, with reduced vaccination risk in the developing world, controlled 

administration of a much greater range of drugs and extensive expansion of the 

transdermal drug delivery market the most immediately obvious. 

Central to the future success of MN technology will be its correct use by patients, 

with reproducible insertion of MN into skin crucial. The recently-marketed Soluvia® 

and Micronjet® devices closely resemble a conventional hypodermic needle and 

syringe, the key differences being the much shorter shaft length for the single 

Soluvia® needle and the four needles for Micronjet®. Accordingly, such devices will 

be inserted into patients ' skin by skilled medical professionals in much the same way 

as a conventional needle, rather than by patients themselves. Therefore, the 

advantages of these systems are likely to be limited to enhanced reliability of 

intradermal vaccination, rather than facilitated at-home use by patients, which is 

where the major market driver is for MN-based delivery technologies. The MN 

devices that will have the greatest patient and commercial benefit are likely to be 

those that more closely resemble a traditional transdermal patch in terms of 

appearance and application/insertion than a traditional injection. The majority of MN 

insertion/penetration studies have to date been conducted using excised animal skin. 

Although this provides essential pre-c1inical data, there are significant architectural 

and immunological differences between animal and human skin (God in & Touitou, 

2007). Therefore, any micropores created in animal models are not completely 

accurate representations of human skin. More recent studies involving the use of ex 

vivo human skin have shown that, while it provides an anatomically relevant model 

for MN research, the excision of the skin from its natural environment results in 

considerable biomechanical changes to the tissue (Ng et ai. , 2009), with loss of skin 

tension and the support of underlying muscle and fat likely to be important. Recently, 

there has been an increase in the number of studies that have examined MN 

penetration in human volunteers (Donnelly et ai., 2012; Donnelly et ai. , 2013; Gill et 

al. , 2008), providing data that can be directly extrapolated to the clinical 

environment. However, the principal goal of such studies has been to evaluate the 

safety, sensation or drug delivery associated with MN insertion rather than the ability 

of human subjects to successfully insert the MN into their own skin (Donnelly et al., 

2012; Donnelly et al. , 2013; Gill et al. , 2008; Bal et al. , 2008). Indeed, it is notable 
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that in all of these studies the research team have applied the MN to the volunteers, 

rather than the volunteers self-applying the MN. In an investigation of the opinion of 

both the public and healthcare professionals of MN technology (Birchall et aI., 

2011), numerous points were raised about the advantages of self-administration; 88% 

of subjects agreed they would be happy to use MN on themselves, provided that 

there was clear instruction, and 84% of participants stated self-administration of MN 

was a significant benefit over hypodermic injection. As no studies have been 

conducted focusing on human subjects' ability to successfully self-insert MN arrays 

into their own skin, it would seem prudent to tests this. Accordingly, this formed the 

basis of the present study. 

Today, no medicinal product or medical device is provided without a PIL and it 

would be irresponsible of healthcare professionals, such as medical doctors and 

dispensing pharmacists, not to counsel their patients on a new medicine or device 

prescribed for them for the first time. Accordingly, a suitable PIL and pharmacist 

intervention strategy were designed and implemented here. These approaches were 

successful, in that application of 400 /lm MN arrays comprised of 121 individual MN 

yielded comparable increases in TEWL values whether the arrays were self-applied 

by the novice Volunteers, the Researcher, who was relatively new to the field, or the 

Experienced Operator. Indeed, the Volunteers caused similar disruption to skin 

barrier function with their very first MN application as they did with their second, 

which also followed application to their skin by the Researcher. Since OCT studies 

indicated that increase in TEWL values was closely related to increasing depth of 

MN penetration into skin, it is likely that Volunteers inserted MN to reasonably 

similar depths to each other, the Researcher and the Experienced Operator following 

pharmacist counselling and having read the PIL. 

In this study, it has been shown for the first time that hydrogel-forming MN arrays 

can be successfully and reproducibly applied by human volunteers given appropriate 

instruction. If these outcomes were extrapolated to the general patient population, 

then use of bespoke MN applicator devices, such as that employed for self

application in clinical trials of Zosano's Macroflux® device (Thakur et aI., 2011), 

would not be necessary, thus possibly enhancing patient compliance. However, a 
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number of factors must be considered in progression from here. The relatively small 

number of subjects participating in the present study were all final year Pharmacy 

students who, despite not having prior knowledge of the application of MN, are well

educated and have extensive clinical knowledge. The MN arrays used here had total 

patch areas of approximately 1.0 cm2
. While patches this size are likely to be suitable 

for vaccination purposes, due to the small doses required, significantly larger patch 

sizes will be required for delivery of non-potent therapeutic agents. Finally, TEWL 

readings can be subject to inter-individual variation and can be affected by the 

anatomical region sampled, as well as ambient conditions. Accordingly, it is 

important now to move forwards from this Pilot Study to carry out a much larger, 

fully-funded, investigation centred on members of the lay public and employing a 

variety of MN designs in terms of MN geometry and patch size, with OCT 

measurements being used to determine the penetration depth of every MN in each 

array. Since the volunteers here were concerned that patients would not know if they 

had applied sufficient pressure, by incorporating low-cost pressure-responsive 

feedback systems into a backing layer that will overly the MN patches. The 

outcomes of this new study will undoubtedly enhance industry and regulatory 

confidence in MN-based products, increasing investment and speeding translation to 

commercialisation and patient benefit. 

8.7. Conclusion 

In the present study, Volunteer self-application of the 400 !lm MN design resulted in 

an approximately 30% increase in skin transepidermal water loss, which was not 

significantly different from that seen with self-application by the more experienced 

researchers or application to the volunteers. Use of optical coherence tomography 

showed that self-application of MN of the same density (400 !lm, 600 !lm and 900 

!lm) led to percentage penetration depths of approximately 75%, 70% and 60%, 

respectively, though the diameter of the micropores created remained quite constant 

at approximately 200 !lm. Transepidermal water loss progressively increased with 

increasing height of the applied MN and this data, like that for penetration depth, was 

consistent, regardless of applicant. 
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Chapter 8.· Hydrogel~orming MN morays can be effectively inserted in skin by self-application 

In conclusion, hydrogel-forming MN arrays can be successfully and reproducibly 

applied by human volunteers given appropriate instruction. If these outcomes were 

able to be extrapolated to the general patient population, then use of bespoke MN 

applicator devices may not be necessary, thus possibly enhancing patient 

compliance. 
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Conclusion 

There has been a substantial Increase In the attention that microneedle (MN) 
technology has received over the last five years, with number of publications 
concerning MN use and evaluation more than tripling since 2005. It is envisaged that 
this will be a continuing trend, with the number of MN focussed academic research 
groups increasing in number and size and an increased attention from industry. It is 
likely that MN technology will be useful for delivering not only the growing number 
of biopharmaceuticals available, but also for small water soluble molecules not 
normally amenable to transdermal delivery, as well as active cosmaceutical 
ingredients. MN have shown promising results in several pre-cIinical studies 
investigating delivery of proteins, peptides and vaccines. The first two MN-based 
products, just recently marketed, Soluvia® and Micronjet®, are based on metal and 
silicon MN, respectively. 

Successful transdermal drug delivery was achieved in this research work using novel 
polymeric MN systems, super swelling hydrogel MN and dissolving MN. The thesis 
covers a series of studies, starting with the fabrication of hydrogel films intended to 
be used as MN and ending with in vivo studies to test the efficacy of MN using 
animal models. The present study has further exemplified a unique fabrication 
method utilising laser-based technology where MN height and MN density can be 
easily altered independently, in contrast to conventional methods of MN production. 
The novel concept of super swelling hydrogel MN was evaluated. Various 
formulations of "super swelling" hydrogel films formulation that contain the pore 
forming agent Na2C03 were evaluated. It was found that aqueous blends of20% w/w 
Gantrez® S97, 7.5% w/w PEG 10,000 and 3% Na2C03 showed greater initial 
swelling in phosphate buffer saline (PBS) and reached equilibrium more quickly than 
other formulas ; the swelling after 5 minutes was 200%. They are capable of imbibing 
large volumes of liquid, due to their network structures and exhibit non-Fickian or 
anomalous transport since diffusion exponent (n) = 0.76. Therefore, super swelling 
MN , once inserted into skin swell rapidly, without dissolving, allowing rapid 
transdermal drug delivery through the swollen matrix . Super swelling hydrogel MN 
possessed ideal properties for the production of mechanically robust hydrogel 
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forming MN. These MN exhibited good mechanical strength and were capable of 

piercing neonatal piglet skin successfully in a uniform and reproducible manner. It is 

important to note also that regardless of the applied force, super swelling MN did not 

break or shatter during insertion into skin. The PMVE/MA polymer is an ideal 

candidate for MN fabrication. Optical coherence tomographic (OCT) evaluation of 

the penetration characteristics (depth of MN penetration, width of pore created in the 

skin) of super swelling MN in vitro was performed. Super swelling MN (19x19, 600 

Jlm height) penetration could occur at even the lowest utilised force of 4 N/array. In 

addition, the width of the pore created in the skin was noted as being independent of 

the force used for MN application while the depth of MN penetration achieved was 

dependent upon application force used. 

Ibuprofen sodium and ovalbumin (OVA) were used in this study to investigate the 

ability of the polymeric MN systems to deliver low and high molecular weight 

molecules. A simple analytical procedure for simultaneous analysis of ibuprofen 

sodium in PBS and plasma has been successfully developed and validated according 

to the International Conference on Harmonisation (ICH) guidelines using high 

performance liquid chromatography (HPLC). The compound was quantified with 

acceptable accuracy and precision using the analytical method developed. Then, the 

analytical method was successfully applied in analysing PBS samples obtained from 

in vitro release and stability studies and plasma samples obtained from in vivo 

experiments. In addition, sandwich ELISA which is one of the most powerful 

immunochemical techniques for quantifying proteineous antigens, such as OVA was 

utilized. Results obtained indicate that this method could detect even small amounts 

of OVA during release studies in vitro and in vivo. 

After that the present study demonstrated the feasibility of OVA encapsulation 

within lyophilized patches prepared from 10% w/w gelatin, 40% w/w mannitol, 10% 

w/w NaCI and 1% w/w sucrose. Incorporation of OVA into the patches did not lead 

to the loss of its primary structure, as proven by gel electrophoresis. The novel 

concept of super swelling hydrogel MN integrated with OVA loaded patches was 

evaluated. Super swelling hydrogels were capable of imbibing large volumes of 

liquid , due to their network structures. Therefore, super swelling MN, once inserted 
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into skin swell rapidly, and to a marked extent, without dissolving, allowing rapid 

transdermal drug delivery through the swollen matrix. Subsequently, swollen MN 

arrays allowed the lyophilized patches which are in contact with the MN to become 

infused with interstitial fluid. Due to the hygroscopic nature of the lyophilized 

patches, this fluid uptake is extremely fast, facilitating rapid dissolution of the 

patches into the MN array and subsequently, through the aqueous channels created 

by the individual needles and, finally, into the skin. The in vitro OVA permeation 

experiments indicated that use of an integrated system of super swelling MN and 

lyophilized patches significantly enhanced OVA transdermal delivery. In addition, in 

vitro OVA permeation experiments revealed that super swelling MN arrays were 

capable of the sustained delivery of OVA over a 24 hours period. This study 

highlights the potential for a combinatorial approach using MN and lyophilized 

patches to successfully deliver protein molecules across the stratum corneum (SC). 

On the basis of the in vitro permeation results, the super swelling hydrogel forming 

MN device was further evaluated for its performance in vivo. The results from the in 

vivo investigations suggest that these super swelling hydrogel forming MN arrays 

were capable of sustained release of protein to meet basal daily requirements. They 

also showed rapid appearance of the protein in plasma, indicating they would also be 

suitable to deliver vaccines quickly. Since the protein has reached plasma, it has also 

reached immune-presenting cells in skin. 

In order to deliver on-demand bolus dose of protein, electrically assisted transdermal 

drug delivery, iontophoresis (IP) was coupled with MN. So the rate of delivery will 

not be under the control of the skin, but rather can be modified by application of an 

electric current. Electrically-responsive patches were prepared from polyelectrolytes 

(polymers which contain ionisable groups along the backbone chain) so they are pH

responsive, as well as electro-responsive. Electro-responsive patches were fabricated 

from aqueous blends of 10% w/w PMVE/MA: 5% w/w TPM and loaded with 

different concentration of OVA. The effect of OVA loading on mechanical 

properties of the formed patches, namely, the tensile strength Cr) and percentage 

elongation at break (c) and on the dielectric properties was investigated. It concluded 

that electro-responsive patch loaded with 2.5 mg OVA cast at pH 2 which has glass 

transition 32°C close to the skin temperature and the highest ionic conductivity was 
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the most suitable patch to be used in electrically assisted transdermally drug delivery. 

Therefore, this patch was used in in vitro study to investigate the ability of the 

system to deliver a model protein OVA. The in vitro OVA permeation experiments 

indicated that super swelling hydrogel MN arrays with electro-responsive OVA 

loaded patch capable of providing a sustained transdermal OVA delivery over a 24 

hours period. Furthermore, the synergistic effect of MN and JP led to a two-fold 

enhancement in the cumulative amount of OVA permeating across neonatal porcine 

skin after 6 hours. It appears that the combination of IP and MN arrays may be more 

suited for the sustained delivery, rather than bolus delivery of protein species, since 

there was no significant difference in the delivery from MN alone and the 

combination of IP and MN arrays in the first 15 minutes. This is attributed to the lag 

time taken by the super swelling MN to take up fluid and swell gradually to allow the 

delivery of OV A through the aqueous channels created. 

This study has also highlighted the potential of MN technology to deliver one of the 

most commonly taken OTe pharmaceuticals available, ibuprofen-sodium. This 

technology has the potential to deliver high dose non potent drug such as ibuprofen

sodium across the skin ' s barrier layer without pain and irritation. Two different 

scenarios were investigated, namely: the dissolving MN prepared from aqueous 

blends of PMVEIMA loaded with high dose ibuprofen-sodium and the super 

swelling hydrogel MN integrated with lyophilized patches. A range of blends of 

ibuprofen-sodium and different potential polymer were prepared and used to 

fabricate dissolving MN. The physical and mechanical properties of the resultant 

arrays were judged, and the formulation that comprised 30% ibuprofen-sodium and 

70% PMVE/MA AN 139 solution (PH 7) was chosen for further study. Each 

dissolving MN loaded with high amount of ibuprofen-sodium (90 mg). These MN 

were hard enough to penetrate excised pig skin and sufficiently had high drug 

content. This study has been the first ever example of polymeric MN being loaded 

with a NSAIDs, in which MN arrays of 0.5 cm2 delivered 33 ibuprofen-sodium in 24 

hours in 350 Ilm skin in vitro (potentially 660 mg delivered using 10 cm2 patch). In 

addition, the combination of cathodal IP and dissolving MN led to enhancement in 

the cumulative amount of ibuprofen-sodium permeating across neonatal porcine skin 

but not significantly. The detectable amounts of ibuprofen-sodium permeated after 1 
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minute in both cases passive release from MN alone and in combination with lP, but 

it was found that the combination of cathodal IP and soluble MN led to a dramatic 

increase in the amount permeated in the first 10 minutes. After that there was no 

significant difference between the two strategies. Short-term stability showed that the 

storage of ibuprofen sodium loaded polymeric MN for 30 days at accelerated 

conditions (40°C, 75% RH) did not have an adverse effect on ibuprofen sodium 

content. Moreover, the novel concept of super swelling hydrogel MN integrated with 

ibuprofen sodium loaded lyophilized patches (3% mannitol, 10% gelatin and 40 % 

ibuprofen sodium) was also evaluated. Four weeks stability testing were carried out 

under two conditions, ambient conditions (25°C; 75% RH) and accelerated 

conditions (40°C, 75% RH). There was no loss of ibuprofen sodium from any of the 

drug loaded patches following incubation under either ambient or accelerated 

conditions. Furthermore, there was no apparent leaching of drug from patches into 

MN in those packaged together. Stored super swelling MN displayed comparable 

%swelling to freshly prepared MN. 

In vitro ibuprofen-sodium permeation experiments revealed that super swelling 

hydrogel MN arrays were capable of the sustained delivery of ibuprofen-sodium over 

a 24 hours period (47 mg ibuprofen-sodium in 24 hours). On the basis of the in vitro 

permeation results, both polymeric MN systems were further evaluated for its 

performance in vivo and compared to commercially available oral dosage form. The 

results from the in vivo investigations suggest that both strategies enabled the 

sustained release of ibuprofen-sodium in contrast to oral dosage form. Transdermal 

administration of ibuprofen-sodium released form dissolving MN and super swelling 

MN/lyophilized patches into rats resulted in the comparable ibuprofen-sodium 

plasma levels to that obtained after commercially available oral suspension after one 

hour. However, application of these ibuprofen-sodium loaded patches and dissolving 

MN onto the rat skin in vivo resulted in gradually increased in plasma concentration 

until 4 hours then slightly decreased and maintained constant plasma concentration 

until 24 hours. The main impact of this study was revolutionised the route of delivery 

of ibuprofen-sodium and paved the way for other NSAIDs to be incorporated into 

polymeric MN. 
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The main advantages of these polymeric systems are the self-disabling nature of 

these devices which may aid in their regulatory approval. Once inserted into skin, 

polymeric systems will either rapidly dissolve, or imbibe skin interstitial fluid upon 

insertion to form continuous, unblockable conduits between the dermal 

microcirculation and an attached patch-type drug reservoir. Post-removal, hydrogel 

MN are removed fully intact from skin, leaving no polymer residue behind, thus 

further reducing the risk of transmission of infection as well as reducing the potential 

for needle stick injuries occurring. They also avoided any problems that could occur 

by repeated polymer deposition in skin by dissolving MN. In addition, specialised 

means of disposal would not be required. In addition, drug delivery is no longer 

limited by how much drug can be loaded into the MN themselves, since super 

swelling hydrogel MN contain no drug, but instead are connected to a transdermal 

patch. So the delivery of greater doses over longer periods of time. This technology 

has the potential to overcome the limitations of conventional MN designs and 

broaden the range of drug that can be delivered transdermally. As such, these studies 

highlight the potential for polymeric MN arrays for the continuous transdermal 

delivery of low and high molecular weight drugs in a non-invasive one-step process. 

Future studies should now focus on PMVE/MA polymer metabolism and fate e.g. 

how is it degraded and where is it deposited. In addition, how to determine low 

polymer concentrations by what experimental means can be detected. Moreover, the 

ability to scale-up the manufacturing process for mass scale production of these 

novel polymeric drug delivery systems needs to be demonstrated. 

From a regulatory point of view, currently little is known about the safety aspects 

that would be involved with long term usage of MN devices. The necessity of 

pharmaceutical products to be sterilized or not depends on their use in body like skin, 

blood, bone or some tissues (Silindir & Ozer, 2009). There are no any harmonized 

guidelines or classification of MN arrays as nonsterile or sterile pharmaceutical 

product so far, so MN could be sterilised, prepared under aseptic conditions or 

simply host a low bioburden. Therefore, the microbial examination of MN arrays 

was done by two methods total aerobic microbial count (T AMC) for non-sterile 

pharmaceutical product and sterility test for sterile product. Although the study was 

carried out by more than one test, it offers a good example of a scientific approach to 
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the establishment of a quality assurance system, through the development of a new 

product. Polymeric MN (super swelling, hydrogel and dissolving) were sterilized by 

gamma irradiation at 25 kGy dose. After that sterility test was performed on gamma 

irradiated polymeric MN arrays. All MN arrays samples and negative controls were 

found to be sterile. In addition, polymeric MN passed TAMe tests. Regarding the 

challenge test, the MN that were not sterilized passed the BP test for preservation and 

in the test for specified microorganisms the sterilization process ensured no growth 

of those microorganisms. The results from this study would indicate that these MN 

formulations will naturally inhibit the growth of the microorganisms used and are 

safe for patient use. The polymeric MN described here appear to possess in-built 

antimicrobial properties. These observations are hardly surprising, given the low pH 

of the gel (pH 2), the temperature required for crosslinking (24 hours at 80°C) and 

the apparent inherent antimicrobial properties of the polymer (Boehm et aI., 2012). 

In addition, the drug content, dissolution time and swelling percentage of sterilized 

MN did not change after gamma sterilization. Therefore, the present investigation 

demonstrates that gamma radiation sterilization can be a method of choice for 

polymeric MN. In conclusion, progressing towards commercial exploitation and 

clinical application with MN arrays prepared from polymeric gels may not prove as 

problematic as one may assume. Basically, gamma irradiation is not required to 

reduce microorganism loading in polymeric MN but gamma sterilization can be done 

to satisfy the regulators without compromising MN properties. 

A plethora of MN applicator devices have been described and evaluated. However, 

in order to gain acceptance from healthcare professionals and patients the most 

simple devices, such as inhalers and pessary applicators, can be improperly used by 

patients and, very often, patients are discouraged from using a medicinal product if 

they perceive its use to be overly complex. MN-based products would be most 

successful, commercially and in terms of patient acceptance, if they can be applied 

by a patient to their own skin without an additional applicator device or the need for 

assistance from a skilled medical practitioner. Accordingly, in this study, for the first 

time, the influence of pharmacist intervention and the use of a patient information 

leaflet (PIL) on self-application of hydrogel-forming MN arrays by human 

volunteers was described. Volunteer self-application of the 400 ~m MN design 
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resulted in an approximately 30% increase in skin transepidermal water loss, which 

was not significantly different from that seen with self-application by the more 

experienced researchers or application to the volunteers. Use of OCT showed that 

self-application of MN of the same density (400 /lm, 600 /lm and 900 /lm) led to 

percentage penetration depths of approximately 75%, 70% and 60%, respectively, 

though the diameter of the micropores created remained quite constant at 

approximately 200 /lm. Transepidermal water loss progressively increased with 

increasing height of the applied MN and this data, like that for penetration depth, was 

consistent, regardless of applicant. In conclusion, hydrogel-forming MN arrays can 

be successfully and reproducibly applied by human volunteers given appropriate 

instruction. If these outcomes were able to be extrapolated to the general patient 

population, then use of bespoke MN applicator devices may not be necessary, thus 

possibly enhancing patient compliance. 
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Appendix SI: Volunteer Information Sheet 

Volunteer Information Sheet 

Study Title: 

Investigating volunteer-to-volunteer variability in self-application of microneedle 

arrays by in vivo assessment of skin barrier function via trans-epidermal water loss. 

Invitation to Participate 

We would like to invite you to take part in a research study. Before you decide you 

need to understand why the research is being done and what it would involve for 

you. Please take time to read the following information carefully. Talk to others 

about the study if you wish. 

What is this study about? 

This study is about the application of polymeric microneedle (MN) patches to the 

skin surface. This innovative strategy of applying arrays of MN on skin surface has 

been used to enhance the topical and transdermal delivery of high molecular weight 

molecules. The MN are pointed needles fabricated into arrays that can create drug 

delivery pathways through the stratum corneum (SC) (outermost skin layer) barrier 

of the skin.MN provide a painless and a minimally invasive means to transport 

molecules through the micropores created into the skin, and the micro-pores close 

very quickly allowing skin barrier function to return to normal. 

Transepidermal water loss (TEWL) is defined as the quantity of water that passes 

from inside a body through the epidermal layer (skin) to the surrounding atmosphere 

via diffusion and evaporation processes . An assessment of epidermal barrier function 

involves the measurement of TEWL using an evaporimeter which provides 

information on permeability barrier status under normal conditions but also detects 

damage in the stratum corneum. An evaporimeter takes measurements of TEWL 

using an extremely small , highly sensitive electrode system through which the water 

vapour is separated through the skin is led i.e . an evaporimeter measures the water 

loss from the skin. The instrument is CE marked and approved for use in humans 
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What is the purpose of this study? 

Microneedles offer a safer and less painful method oftransdermal delivery compared 

to a hypodermic needle and may possibly be used in the future by members of the 

public with minimal training; however they may find application technique difficult 

to grasp at first. 

With an insight of MN eventually reaching the public sector; we intend to assess the 

ability of pharmacy students to successfully apply MN patches to themselves; either 

by following instructions in patient information leaflets alone or accompanied by 

counselling on patch application. This will help determine if MN could be self 

administered by the general public appropriately, furthering research into polymeric 

MN in the School of Pharmacy at Queen's 

The polymeric MNs arrays (11xll) applied to the volunteers will be prepared from 

aqueous polymeric blends containing FDA-approved polymeric materials, namely, 

Gantrez® [poly (methylvinyl ether /maleic anhydride) (15% w/w) and poly (ethylene 

glycol), MW 10,000 daltons (7.5% w/w). These polymers are widely used in a 

diverse range of pharmaceutical and cosmetic formulations, for topical, oral and 

parenteral use. These polymers are well known to be non-toxic and non-irritant. 

Why have I been invited? 

We need 20 human volunteers to perform this assessment of MN array application to 

the skin surface. By selecting these volunteers at random throughout the study period 

we should be able to obtain sufficient scientific data which will then give us an idea 

of inter-subject variability and any trends that may occur. 

Do I have to take part? 

No. It is up to you to decide. We will describe the study and go through this 

information sheet, which we will then give to you. We will then ask you to sign a 

consent form to show you have agreed to take part. You are free to withdraw at any 

time, without giving a reason . 
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What will happen to me if I take part? 

By consenting to take part in this study, you will agree to apply MN arrays to the 

surface of the skin on your upper arm or forearm and allow the investigator to use 

TEWL to measure the skin barrier function after microneedle insertion. 

What are the possible disadvantages and risks of taking part? 

There are no significant disadvantages, side effects or risks due to you taking part in 

this study, other than the time required to participate. You may feel a slight sensation 

of pressure when the MN arrays are being applied. 

What are the possible benefits of taking part? 

There are no clinical benefits to be gained from you participating in this study at this 

time. 

Will my participation in this study be kept confidential? 

Yes. We will follow ethical and legal practice and all information about you will be 

handled in confidence. The details of data collection, storage and use are detailed 

later. 

What will happen if I decide at a later date not to participate in this study? 

If you withdraw from the study, we will not use any data collected up to your 

withdrawal , which will immediately be destroyed. 

What if there is a problem? 

If you have a concern about your participation in this study, you should ask to speak 

with Or. Ryan F Donnelly, Reader in Pharmaceutics (Tel: 028 90972251) 

How will my participation in this study be kept confidential? 

All information which is collected about you during the course of the research will 

be kept strictly confidential. Each volunteer will be randomly assigned a volunteer 

number (01 , 02, etc) and this , along with the volunteer ' s gender, will be the only 

information about them retained . Data obtained, in terms of transepidermal water 

loss (TEWL) and clinical photographs will be associated with each volunteer number 

and will be processed using Excel. The data will be password protected on Kurtis 
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Moffatt's computer for a period of 2 years, to allow completion of his undergraduate 

project. Volunteer details (random volunteer numbers and genders) will not appear in 

the project or in any publications arising from the work. All data relating to this 

study will be destroyed by deletion of the relevant electronic files after a period of 2 

years. Only Kurtis Moffatt and Or. Ryan Oonnelly will review the results of this 

study and they will work together on all publications. Any paper work relating to this 

study will be kept in a locked filing cabinet. If it is decided at any point that this 

information is no longer needed, then all documents will be deleted and paper copies 

destroyed by incineration. All paper work will be destroyed by incineration 2 years 

after completion of the study. 

Who is funding this study and what will happen to the results of this research? 

The project is funded by School of Pharmacy, Queen's University Belfast. The 

results obtained will be written in the thesis and journal publications. 

Who has reviewed this study? 

The Research Ethics Committee of the School of Pharmacy at Queen's University 

Belfast has previously granted approval for such measurements to be obtained by this 

research group in this manner 

Further information and contact details 

If you require further information about this research project or advice about whether 

you should participate, please contact either of the individuals listed below: 

Researcher: Kurtis Moffatt Tel: 028 9336 0219 

Project Supervisor: Or Ryan F Oonnelly Tel: 02890972251 

Thank you for considering to participate in the current research and taking the 

time to read this information. 
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VOLUNTEER CONSENT FORM 

Title of Project: Investigating volunteer-to-volunteer variability in self-application of 
microneedle arrays by in vivo assessment of skin barrier function via 
trans-epidermal water loss. 

Name of Researcher: Kurtis Moffatt, School of Pharmacy, Queen's University, Belfast 

Please 
initial box 

I. I confirm that I have read and understand the information sheet 
for the above study being undertaken. I have had the D 
opportunity to consider the information, ask questions and have 
had these answered satisfactorily. 

2. I understand that my participation is voluntary and that I am free to D 
withdraw at any time without giving any reason, without any consequences, 
real or implied. 

3. I understand that the data collected [Transepidermal Water Loss (TEWL)] during the D 
study will be assessed by Dr. Ryan F Donnelly and 
Kurtis Moffatt 

4. I agree that the data obtained during the study can be retained up to 2 years 
in password protected electronic format and accessible to Kurtis Moffatt 
and Dr. Ryan F Donnelly and can be published in international journals or 
in the project of Kurtis Moffatt 

5. I agree to take part in the above study. 

Name of Volunteer 

Name of Person 
taking consent 

Date 

Date 

Signature 

Signature 
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Appendix 8. 3.· Package leaflet.· information for the user 

I':td.:t~t· k:t'kl: Infonnation I'm" the user 

Microneedle Patch 

Microscopic view of the microneedles 

embedded on the patch 

Images showing the microscopic view of the needles 

compared to viewing the patch by eye 

Re~l(1 all of this leaflet carefully before you apply the patch 

• Keep this leaflet, you may need to read it again 

• If you have any further questions, ask the researcher/pharmacist 

• Only use this patch for the person directed, do not pass it onto others. It may harm 

them. 

In this leaflet 

1. What Microneedle patches are and what they are used for 

2. Where to apply the patch 

3. How to apply the Microneedle patch 

4. Further information 

1. What are Microneedle patches and what are they used for 

Microneedles are patches consisting of extremely small needles used to administer medicine, 

without penetrating the skin and underlying tissue as deeply as traditional hypodermic 

needles (Fig3) . When used for medical purposes, rows of several microneedles are put onto 

tiny patches that are then applied to the skin (121 microneedles or llxll in this case of this 

study). The microneedles make microscopic holes in the surface of the skin to deliver a 

medicine, a process called transdermal drug delivery. They cause minimal pain and trauma 

compared to hypodermic needles (traditionally used for vaccinations and drawing blood). 

Microneedles are used for various medical purposes like immunizations, pain management, 

blood glucose monitoring in diabetics and also the future possibility of making childhood 

immunisations less daunting. They are a relatively new medical technology and are the 

subject of extensive research and study. 

Images showing the size comparison of the microneedle patches to a hypodermic needle 
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Microneedles have several advantages over syringes and hypodermic needles. They are 

virtually painless because they do not go deep enough to touch any nerves, penetrating only 

the surface of the skin, which consequently does not cause bleeding. The limited breakage of 

the skin also means that there is less chance of infection and injury. Additionally these 

patches make it easier to deliver exactly the right amount of a medicine, making it possible 
to use lower doses. 

The size of a microneedle is measured in microns. One micron is one thousandth of a 

millimetre, and the microneedles used are between 400-600 microns in depth' compared to a 

hypodermic needle which can range from 16-38 millimetres i.e. 40-95 times larger than a 

microneedle. Patches coated with microneedles are described as feeling similar to sandpaper 

when touched . (Fig4) 

Images showing the sizes of some microneedle patches 

2. Where to apply the patch 

• Apply the patch to either your upper arm or forearm 

3. "0\\ to Put on a Microneedle Patch 

Step I : Preparing the Skin 

• Wash your hands before application, preferably with an antibacterial soap, 

and then dry. 

• Choose an area of non-irritated, intact skin on your upper arm or forearm. 

o Avoid skin which is red, irritated or has any other blemishes, for instance 

large scars 

• Ensure the area of skin where the patch is to be applied is hairless or nearly hairless. 

• Make sure the area of skin chosen is completely dry , clean and cool. 

• If necessary, wash it with cold or I ukewarm water and dry. Do not use soap, 

alcohol , oil lotions or other detergents on the area of skin 

• After a hot bath or shower, wait until your skin is completely dry and cool 

Step 2 : Opening the pouch 

• Each patch is sealed in its own pouch. 

• Feel that the patch is at the bottom of the pouch before opening, as this will reduce 

the chance of breakage . 

• Gently tear or cut off the edge of the pouch completely (if you use scissors. cut 

where indicated on the packaging) (Fig 5) 
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• Take the patch out and apply it immediately; do not remove the patch from the 

pouch until needed. 

• Do not use if the pouch is open, the patch is damaged or has been dropped . 

• Retain the empty pouch in order to dispose of the patch later. 

Step 3: Application 

• Some may find it easier to rest their arm on a flat surface for application purposes. 

• Ensure that the patch is being held so that the microneedles are pointed towards the 
skin. 

o Try not to touch the microneedles on the patch with your hand. 

• Carefully place the patch onto an area of hairless skin, ideally on the forearm or 

upper arm. 

• Press the patch firmly into the skin. 

• Apply firm pressure on the back of the patch to ensure insertion of the patch in the 

skin. Ensure that pressure is applied is in the direction of the skin 

o Pressure required may be described as "pressing a button on an elevator·' or 

"putting a stamp on a postcard" 

o Do not to apply to much pressure that it causes pain or possibly breaks the 

patch 

• Hold the patch in place for at least 30 seconds and then release pressure. Make sure 

it sticks to your arm 

Images showing the successive steps involved in the application of a microneedle patch to the forearm 

Step 4: Disposing of the patch 

• Remove the patch from the skin, this should not cause any pain. 

• Return the patch to the pouch and dispose of the used patch as per household waste. 

• The skin may appear red or itchy, but will subside within a short time and is of no 

concern 

• As with all medications ensure the patch is kept out of reach and site of children. 

Step 5: Wash 

• Wash your hands afterwards with clean water 
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... Fn .. f1u· .. infonu:ltiol1 

What do Microneedle patches contain? 

There is no active ingredient or medicine in the patches used for experimental purposes. 

The needle size is between 400-600 microns in depth; each patch contains 11 xII 

microneedles 

The patch is comprised of; 

• 15% Gantrez® [poly methylvinyl ether/maleic acid] 

• 7.5% PEG [polyethylene glycol 10,000] 

These polymers are well known to be non-toxic and non-irritant; they are used in a number 

of common known applications; 

• Gantrez® is used in toothpaste, denture adhesives and in nappy/diaper absorbents 

• PEG is used in medicines to prolong their duration of action within the body 
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