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Abstract

Biodegradable microneedles (MNs) are currerttging developed to painlessly facilitate the
effective permeation of therapeutic substances across the skin barrier. As sugar glasses are
utilised in nature to protect proteins and other delicate structures upmthydration such
materials may be an apppriate substrate for the preparation of biodegradable MNs. The aim

of this work was to investigate for the first time the feasibility of preparing biodegradable MNs
from sugar glasses and to test their potential utility ébug delivery applications.

Solid sugar products were fabricated from 32 different solutions containing a range of
individual sugars and binary sugar combinations, utilising a low temperature dehydration
methodology. Subsequently, a novel vacuforming micromoulding methodology sa
developed and optimised to produce sugar glass microneedle (SGMN) arrays from silicon
master structures. The sugar materials and MN structures were characterised using a variety
of microscopic, thermal and-ray diffraction analyses. The ability of SI&dMto puncture
human skin was assesg$in anin vitro skin mode] whilst SGMNacilitated drug delivery was
investigated using modified static Fratype diffusion cells. A range of model substances
including methylene blue (MB) dye, ibuprofen sodium {IBlulforhodamine B (SRB), FBEA

andi -3+ £ I Ol 2-gahweie m&rpayated within SGMN arrays. Furthermore, novel SGMN
adhesive patches ataining SRB within theackingonly were fabricated usingilicone and
acrylate adhesives. Loitgrm stabilty of SGMN arrays was assessed under a rahddfering
storage conditions.

Initial characterisation studies suggested that ragstalline sugar material was formed from
anhydrous trehalose and sucrose (75:2%/9b sugar solutions. This finding wastical to

future SGMN fabrication and incorporation of model substangitkin the material. Process
optimisation led to fabrication of SGM# with strong morphological fidelity to master
structures, which reliably penetrated human skin to facilitate fusifon of MB dye.
Furthermore, SGMNs were shown to dissolve rapidly and complietélyman skin and deliver

MB, IBU, SRB and FHBSA to the deeer skin layers. iBusion study data suggested that
SGMN arrays incorporatiragrange ofmodel substances &litated permeation across skin in a
bolus delivery manner. Additionally, it was found that SGMN adhesive patches were able to
O2y iNRf LISNX¥YSIFGA2Y 2F {w.3X | Y2RSt K&RNRLIKA
were shown to stabilise enzyme funatiality at approximately 40 % of initial activity over a 3
month period when stored under desiccation. Elevated humidity and temperature storage
was detrimental to SGMN morphology, with 10 % relative humidity &2Beingoptimal for

MN preservation.

Overall, this study suggests the utility of SGMNs for the stable incorporation and effective
intra- or transdermal delivery of a range of model substances, including hydrophilic and
macromolecular molecules. Furthermore, it was shown that a novel SGhidsiae patch

may provide the capability to control drug release across skin. Sugar glasses demonstrated a
stabilising effect upon a functional protein cargo, although it appeared that storage conditions
had a strong influence upon physical SGMN stability.
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1 General introduction

1.1 Overview

Drug delivery systems thaarget specific body sites or provide controlled deliveave long
been a goabf pharmaceutical scientistdanger 1998 Advances irgenetic engineering and
biotechnologyhave led to the generation opotent, therapeuticallyactive, large molecular
weight, hydrophilic moécules many of which are peptides and proteingAmsden and Goosen
1995. Althoughoral deliveryof thesemedicamentss desirable, theyend to be extensiely
degraded in thdiver andgastrointestinal tract if given via this route. eHce, there is a need

for alternative routes of administration and suitable drug delivery systéBngwn et al. 2006

This study was motivated by the opportunity to investigate delivery of a range of model

substances acrasskin via a novehicroneedle patcldrug delivery device.

Transdermal drug delivery has emerged as an attractive option to deliver medicaments to the
body. Drug release can be easily controlled and systemic delivery via this route bypasses
hepatic degradationlLanger 1998 However,as this chpter details, passive transdermal
delivery is limited by the extraordinary resasice ofhumanskin to the ingress of exogenous
material. In an attempt to overcome the skimarrier, variousenhancement techniques have
beenproposed, which will be discusskherein Onetransdermal deliery system in particular,
described as a mioneedledevice hasbeen the focus otonsiderableresearch activity wer

the past 10-15 years Sincethe B G & YA ONR y S S Refd By Hedlryl(eCakHenTy eth y (i NP
al. 1999, a plethora of microneedldesigns and devices have bdanestigated. Each othese
permutations has a number of advantages and limitations which will be explored in this

chapter.

Amorphous sugars are utilised in natufeotts 1994 and the pharmaceutical industiritani
et al. 1999 to help preserve the delicate nature of proteins and otHabile biological
structures during dehydrationThis chapter provigs a introduction to molecular glags and
their unique properties for macromolecule stabilisatioisubsequently, it was hypotheesis
that sugar glasses may provide a suitable material for the stable incorporation of a wide
variety of molecules including peptides and proteinA. final discussionis providedin this
chapterto reiterate the key aspects of this work amal rationalise the investigationof sugar

glases forbiodegradablemicroneedlefabrication
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1.2 Human skin

1.2.1 Biological tinction

The integument of the human body, the skin barrier, is one of the most vital organs in
determining survival. Although it appearslatively basic andhomogenous, human skin is
extremely complex and provides many different function$e Pprimaryrole of the skin is a
physical barrier to protect the delicate internal portion of the body from its surroundings
(Barry 1983 This barrier prevents the introductioaf foreign substancesito the body whilst
preventing excessive loss ohportant endogenous materials, such as wai@rown etal.
2006. The protective or barrier function protects the body from a diverse range of potentially
harmful external stimuli including micrarganisms, chemicals, electrical or mechanical shock,
radiation and heat. Additionallyhé skin serves a mbanical function to contain body fluids
and therefore it is involved in the regulation of body temperatimg controlling water loss
through sweating The skin is also an important site efnthesis and metabolisnof
compounds,such as vitamin Dan impotant factor in calcium regulation. Previtamin D3 is
formed by photosynthesis of a cholesterol precursor in skin in the presence of sunlight
(MacLaughlin et al. 982). Subcutaneous adipose tissue is vital to the protection of internal
organs from mechanical injury and also serves as an energy stopedoesses such deeat
production (Cinti 2009. Other functions of the skiinclude sensation opotentially harmful
external stimuli viaskinreceptors,includingtactile (ressure), pain anfieat, and the disposal

of chemical wastegssuch as ureajia glandular secretion®arry 1983

1.2.2 Structure andanatomy

Human skin covers a surface areapproximately1.8 nf and constitutes 16 % of body weight
(Gawkrodger 2008Bmaking it the heaviest single organ of the body. It combines with the
mucosal linings of the respiratory, digestive, and urogenital tracts to form a capsule which
separates the internal body structures from the external iemvment (Barry 1983 To
provide the functiondescribed abovehuman skin comprises threestinct layers. The outer
layer, termed the cellular epidermispnsists oftells which aréiochemically active, stratified

and avasculaKermici et al. 1977 Beneath the epidermis lies tliermis mainly comprised

of connective tissue, and at the base of the dermis lies the fatipcutaneous laye(Barry

1983, Figire 1.1.
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Figurel.l Diagrammaticross section of human skitemonstrating layered assembly

Adapted fromsource(Williams 2003

Each of the layers in ki L1 has a different role to play in skin function and hence the
structure varies widely throughout the tissue. In the context of this work, skin is regarded as a
barrier to cuaneous drug delivery anavill be discussed in these termsThe composite
structure of the skin permeability barrier is indicated kjscrete skinlayers the stratum
corneum @pproximately 10 um), the viable epidermis gpproximately 100 um), and the

papillarydermis @pproximatelyl00-200 um)(Scheuplein and Blank 1971

1.2.2.1 Epidermis

The epidermis is defined as a stratifisquamous epitheliunfGawkrodger 2008 It forms a
multi-layered envelope that varies in thickneskepending upon anatomical locatipnanging
from about 0.8 mm on the palms and the soles down to 0.06 mm on the eydlidds which
provide epithelial tissue, keratinocytes, differ from those of all other organs in that as they
ascend from the proliferative layer of basal cells they change in an ordered fashion from
metabolically active dividing cells to dense, dead, #rized protein (Barry 1983 The
epidermis is therefore further divided into several layers or strata starting with the basal layer
or stratum basale just above the dermis proceeding upward throughstieousand the

granular layergo the top layer, the stratum corneum (S@Yickett and Visscher 2006 These
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four layers therefore represent theariousstages of maturation of keratin by keratinocytes

(Gawkrodger 2008 Theprocess can be seen in &ig1.2.

Stratum corneum

Stratum basale / am

Figurel.2 Diagrammatic representation of the epidermis showing discrésgyers.

Dermis .

Adapted from source(Wickett and Visscher 2006

1.2.2.2 Stratum corneum

The cells of the Sfepresent the terminal point in keratinocyte differentiatiqckert 1989

This layer is formed and otnuously replenished by the slow upward migration of cells from

the germinative basal layer of the epidermis to the SC. This complex process includes gross
dehydration and polymesation of the intracellular material, resulting finally in keratin fille
biologically inactive, shrunken cell$Scheuplein and Blank 1971 During the trani$ion
keratinocyteslose approximately 7@ of dry weight and become flattenedHence, he
terminal corneocyte is a flattened polyhedron witthardened andhickened cell envelope
containing involucrinEckert 1989 andcytoplasm replaced by keratin tonofibrils in a matrix
formed from keratohyalin granuleGawkrodger 2008 Corneocytes of the SC are uniquely
adapted to providing a prettive barrierfor the human bodybefore they are eventually

sloughed from the skin surfa¢Eckert 1989during desquamation

During the transitionalprocess, a change in the physical state of the tissue and a
commensuratechange in its diffusivity occurA transformationoccursfrom an aqueous fluid

medium, containingapproximately 70 % watefAnderson and &ssidy 1978 characterised
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approximately by liquigstate diffusion G2 | RNEBE &ASYA a2t AWwhichai$ SNI G

characterised by a much lower fibtgpe diffusivity(Scheuplein and Blank 1971When dry,

the SC is a very dense tissue, about 1.8ng’ (Barry 1983, and providegor the mechanical
strength of tre epidermis through its multicellular anatomy and the overlap of adjacent cells
(Scheuplei and Blank 1971

Hence, his extremely thinayeris the ultimate stage in the epidermal differentiation process
(Naik et al. 200)) forming a laminate bcompressed keratifilled corneocytes (terminally
differentiated keratinocytes) anchored in a lipophilic matf@hristophers 1971Elias 1981
Elias 1988 Consequently, the SC is a heterogeneous membrane consisting of approximately
20 % lipids, 40 % keratsad protein and 1% 20 % water(Anderson and Cassidy 1973The
lipids of this extracellular matrix argpartly derived from membraneoating granules
(Gawkrodger 200Band aredistinctive in many respectfGray et al. 1982 Firstly,they
provide the onlycontinuous phase (and diffugigpathway) from theskin surface to the bassf
the SC Their composition ¢omprisingceramides, fredatty acids and cholestetpis unique
among biomembraneand particularly noteworthy is thabsence of phospholipidsHowever,
despite adeficit of polar bilayerforming lipids, the SC lipids exist msiltilamellar skeetsand
the predominantly saturated, longchain hydrocarbon tails facilitate ahighly ordered,
interdigitated configuration This arrangement of lipids allowlermation o gelphase
membrane domains aspposed to the more usual (and more fluid apdrmeable) liquid

crystalline membrane systentNaik et al. 200D

The SQarchitecture as a wholbas been proposed tplay acriticalrole in the barrier function
of the epidermis(Potts and Francoeur 19R1The staggereatorneocytearrangemenin a lipid
continuum (similato a brick and mortar assembl{Elias 198\lis suggested tbestowa highly
tortuous lipoidal diffusion pathwayendering the membrane 106imes lesspermeable to
water relative to most other biomembrang®otts and Francoeur 1991 Due to its highly
specialised structure,he SCis known to exhibit selective permeability and allows only

relatively lipophiliccompounds to diffuse into the lower layers of skBrown et al. 2006

1.2.2.3 Stratum granulosum

As Figre 1.2 shows, below thé&C lies the stratum granulosunThecells in this layecontain

electrondense keratohyalin granule® which thestratum granulosunowes its namdEckert

5
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1989. These granulesontain profilaggrin, the higinolecularmass precursor of the protein
filaggrin, which is thought toid in aggregation of keratin filamen{®ale et al. 1986 Also
present are the lipidilled lamellar (membrane coating) granules thaeatually fuse with the
plasma membrane and release their lipid contents into the extracellular s(iEcEs et al.
1988 ® CKAA f1 &SN Aa 2F4GSy NBTSsmatsRyranu@dsumt a4 |

defines a region between living cells and dead ker@irry 1983

1.2.2.4 Stratum spinosum

Immediately above the basal layer is the stratum spinosum. This layer is riueei the
spinelike appearance of the cell borders in histological sectiwhich are causedby the
presene of numerous desmosomes formed betweendjacent cells (Obland 1958
Desmosomes are intercellular bridges that fotimough adherence of adjacent cytoplasmic
SEGSyarzya (y26y | & &aLAYySa& 2 NlgryldNhe@pidednis dé
whilst tissue fluid fills the capillary space between desmosomes to separate neighbouring cells

and permit nutrients and oxygen to pass outwa(Barry 1983

1.2.2.5 Stratum basale

The stem cell population okeratinocytes isfound attached to the basal lamina, which
separates the dermdayer from the epidermigEdert 1989. These undifferentiatedells lack

the obviousbiochemical and morphologit markers that are expressed bglls in the upper
epidermal layers.Typicallystem cells are columnar andplete with keratin filaments around

the nucleus Junctions between adjacent cells, described as desmosomes, and
hemidesmosomes (junctions between basal cell and béeaaina) (Eckert 1989 can be
observed Mitosis of the basal cells constantly renews the epidermis and this proliferation in
healthy skin balances the loss of dead horny cells from the skin surface. The epidermis thus

remainsrelativelyconstant in thicknesgEckert 198%

Other cell types found within the basal layer include melanogyierkel cellsand dendritic

cells Melanocytes are most numerous on the face and other exposed sites and make up 5
10% of the basal cell population. These cells synthesize melanin and transfer it via dendritic
processes to neighbouring keratinocytaderkel cellsare found infrequently in the basal layer
and are closely associated with terminal filaments of cutaneouse® appearing to have a

role in sensation(Gawkrodger 2008 The most important antigerpresenting cell of the

6



Chapter 1
epidermis, formed frona dendritic cell lineage, is the Langerhans c@lhese cells are vital to
the immune function of the skin as they engulf exogenausaterial, process it into
immunogenic peptides, and present it to T lymphocytéélliams and Kupper 1996 Whilst
these cells normally reside within the epidermigpon activation during an inflammatory
response, they can mobilise and migrate to the lymphatic system of the demmigravel to

regional lymph node&ripke et al. 19900 bring about asystemidmmune response.

Below the basal cell layer lies the complex derepidermal junction, which constitutes an
anatomic functional unit(Briggaman and Wheeler 19¥¢5 The junction spans four
comporents: (1) the basal cellggdma membrane with its speciais$ attachment devices, the
hemidesmosomes(2) the lamina lucidg3) the basal laminaand (4) the fibrous components
below the basal lamina, which include anchoring fibrils, dermal microfibnidles, and
O2ftl 3Sy FAONARL & CKS aolasSYSyid YSYoNIySé
lamina(Barry 1983.

1.2.2.6 Dermis

The dermis is a tough supportive connective tissue matrix found immediately below and
intimately connected with the epidermig&awkrodger 2008 It can be divided into two layers,

the reticular (lower) and the papillary (uppdayer. The papiary layer is approximately 100

200 um in thickness and is attached to the basal lant@taeuplein and Blank 1971 The
dermis is typically -5 mm thick and hence makes up the bulk of the Barry 1983 It is
essentiallyan agueous mediurnomposedof a matrix of connective tissue woven from fibrous
proteins (appraimate composition, collagen 75 %, elastin 4af@a reticulin 0.4 %) which
embed in an amorphous ground substance of mucopolysaccharide providing about 20 % of the
mass (Wilkes et al. 1978 The ground substance contains a variety of lipid, protein and
carbohydrate materials, with the most important being the mucopolysaccharides hyaluronic
acid and dermatan sulphate (chdroitin sulphate BjBarry 1983 Collagen and elastin fibres
found throughout the dermis provide strength and elastiditythe tissue(Gawkrodger 2008

The dermal matrix supports blood vessels, nerves and lymphatics and is penetrated by skin
appendages including sweat glands, apocrine glands and pilosebaceougBaritg 1983

Sweat glands and hair follicles which extend fro8th RSN A & KI @S 6SSy RSa
pathways for transdermadrug delivery. However, theseutes account for less than 0.1 % of

the total surface area for passive diffusion and hence their contribution to drug delivery is

negligible(Scheuplein and Blank 1971Therefore the barrier function of human skin is widely

7
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thought to be a faction of the SCalthoughit has been found that the aqueous tissues of the

viable epidermis and dermis provide a residual resistance to drug trangpotts and Guy
1992.

1.2.2.7 Hypodermis (subcutis)

The hypodermis consists of subcutaneous fat that spreads all over the majority of the body as
a fibrofatty layer. The cells manufacture and store lipids in large quantities and bundles of
collagen fibres weave between the cells to provide flexible linkages between underlying
structures and superficial skin layers. The subcutis provides a thermal barrtkra

mechanical cushion and ishigh energydepot (Barry 1983

1.2.3 Factors governing percutaneous absorption

There is now a body of evidence whitiforms passive diffusion of medicaments across

human skin. Permeation of sméalydrophilic molecules is governed by the ratkepartition

into the lipid lamellae of theSC. Conversely, smajldnophobic molecules are rate controlled

by partition from the SC into the aqueoenvironment of theviable epidermigBrown and

Langer 1988 Additionally permeation of drugs decreases with increasing molecular sizé

500 Da is widely consicered as the upper limit for passive diffusio(Brown et al. 2006

Further, because the SC is composed of metabolically inactive cells, no active transport

mechanisms exist in this layer and therefore passive sliffu dictates the rate of permeation

in conventional cutaneous delivery systern(cheuplai and Blank 1971 Therefore, as

equation 1 showsdrug absorption from passive transdermal systems can becriteed by

simple diffusion mathematis(Hadgraft and Lane 2006

J =KD (€pn € Cred)

h (Equation 1)

¢CKS NIdS 2F LISN¥YSIGAZ2Y | ONE a &Flyfnfet alF1®hEs & CA (

describes steadgtate flux per unit area)( in terms of the partition of the permeant between

the applied fornulation and the skinK), its diffusion coefficientl) in the lipid lamellaeof

diffusional path length (h), the applied concentration of the permeant in the veliglg,(and

the concentration of the permeant in the body, or in the case ofiranitro study, receptor

phase (Ce) (Hadgraft and Lan€006. The partition coefficient ) is a measure of the

willingness of a permeant to leave its vehicle and partition into the SC.

8
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OperationallyKis defined as the octanol / water partition coefficeit4), or its logarithm, log
P (Williams 2003 The greater the lod?, the more lipophilic themolecule and the more
readily it will partition into the SC lipidsK, D and h can be represented together as the
permeability coefficiently), as shown in equation 2.
K=PD
h (Equation 2)
Furthermore, @ empirical relationship exists betweé&pandmolecular weight (MW) and |og

as shown irequation 3(Potts and Guy 1992
logK, (cm sec') =-6.3 + 0.71 log Ky ¢ 0.0061- MW (Equation 3)

From equation 3t can be deduced thdbg K, decreases with increasing MWhich generally
correlates with increasing molecular volume (MVhe relationship between thBand MV is
exponential(Potts and Guy 1992and therefore it can be argued that MW decreasgby

decreasindd and hence thapermeaion of larger molecules is restricted by theirdar size.

In mostin vitro transdermaldiffusion studiesc.cis much smaller than,,, and equaton 1 is

simplified to equatiort.
J=K, Capp (Equation 4

Hence, he maximum flux of a compound is achieved wiegpis equal to the solubilityimit of
drug in the applied formulatiofHadgaft and Lane 2006 Additionaly, it has been shown that
relatively simple processesuch askin occlusionleadto elevated hydration of the SC thereby
facilitating permeationof model compounds includinsteroids(Wester and Maibach 1983 A
similar effect can be achieved pbfysical disruption of the SC barrier, for exampjeadhesive
tape stripping, which has been shown tdncrease passive transdermalrug delivery
(Scheuplein 1976 Therefoe, if the barrier properties of the SC are efficierdigenuated

delivery of a wide range of drug molecules is theoretically feasible.
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1.3 Cutaneoudrug delivery

1.3.1 Scopeof drug delivery approach

As discussegreviously the delivery ofhydrophilic andlarger MW molecules across the SC
barrier 5 extremely limited Consequentlya wide variety of different techniques aimed at
enhancing the permation of these substanceacross skimhave been developed The advent

of biotechnology in thelatter half of the 28 century has led to the generation of
therapeuticallyactive, largeMW (>500 Da) polar and hydrophilic moleculeMost of these
macromolecuds are peptides and proteinsbut they also include nucleic acids, vaccines,
hormones and antibodie@Brown et al. 2006 This class of materials tends to be extensively
degraded by enzymes in tHer andgastrointestinal tract if given by oral delivery; hence,
there is a need for alternative routes of administration and suitable drugvel® systems
(Brown et al. 2006 Qutaneous déivery of these drug molecules presents a potentially

attractive alternative deliveryoute.

1.3.2 Advantages and limitations of cutaneous delivery

For the majority of drugs theonventioral route of drug deliverys via the oral route This
route of delivery is desirable as a wide range of medicaments can be formulated into tablets
and capsules, it is convenient, it is easy to,usesteffective, pain freeand requires no
specialist training to administgPark et al. 2006 However, drug administration via the oral
route can result in variable systemic levels of the active form of the drug, both within and
among individuals, as a result of the variable absorption or release of drug from the
formulation, differences in food intaker initial entry of drug into the portal circulatiq®haw

et al. 197§. In addition,degradation and metabolisrin gastrointestinal fluidswhich have
extremely low pHH2), and hepatic firs{pass elimination via enzymatic metabolism and biliary

excretion(Benet et al. 199§ can limit oral drug delivety

Orally inactiated molecules and macromoleculesuch as proteins, are usually administered
by hypodermic injection, which avoids the gastrointestinal tract but causes pain, requires
medical expertiseéo administer(Davis et al. 2004 and introduces the risk of infection. Both
oral and hypodermicoutes of deliery also have added limitations as bolus delivery methods,
where the full dose of drug is introduced into the body at once. To prevent irritating and
potentially toxic effects of initial high doses and ghbrapeutic effects as drug concentration

decaysat later times, tablets and injections often need to be administered multiple times per

10
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day or, in some cases, prolongeslease formulations can be use@Park et al. 2006
Consequently, the potentiaéxists for developinga minimaly invasive, seladministered
delivery systentapable of delivering range of drug molecules, includibglogically active

macromoleculegSullivan et al. 2008where oral bioavailability is law

Tranglermaldrug delivery offers the potential taddressmany of theaforementionedissues.
Transdermal patches can be formulated to provide controlled reledsthe medicament
across skin whilghere is an extensive underlying capillary network availabtesystemic drug
delivery. This route of delivery also bypasses the liver and gastrointestinal tract and hence
does not degrade macromolecules delivered in this mani@onaugh andMaibach 1999
Prausnitz 2001 However, dlivery across intact skigt therapeutic rategpermits transport of
a very limited number ofmall, quite lipophilic moleculeonly and excludes transporof
biotherapeutics, due to their large si8ullivan et al. 2008 Proteins, in particular, being
hydrophilic macromolecules, do not passively permeate across skin, and penteation
enhancement strategies are needed to enable delivery into and acrosbatreer (Li et al.
2008.

The challenge of cutaneous drug delivery therefore is to forneukatdevice containing a
hydrophilic orbiological therapeutic medicament into a stable tipat acceptable form which

provides controlled delivery across skin at therapeutically relevant rates.

11
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1.4 Traditional and novetutaneousdrug delivery methods

Transdermal delivery is a term that should be restricted to the situation in which #esolu
diffuses through the skin and into the systemic circulatiorexert a therapeutic effect. In
contrast, dermal ortopical delivery should only be used to defimkkug targeting to
pathological sites within thekin,thereby ensuring minimal systemic absorptigBrown et al.
2006. To achieve these goals a number of permeation enhancement techniques have been

investigaed to facilitateskin drug delivery.

1.4.1 Passive methods

Passive methodologies of cutaneous drug delivery include conventional means of applying
drugs2 a1 Ay adzOK Fa 2AyaGYSyidasz ONSI| Yhesdoshef a = |
forms have been developed and/or modified to enhance the driving force of drug diffusion
(thermodynamic activity) and/or increase the permeability of the giBrown et al. 2006

Examples are discussed below.

1.4.1.1 Chenical penetration enhancers

Chemical pnetration enhancer§CPEs)nay act by one or more of three main mechanisms
(Barry 1983

1. Disruption of the highly ordered structure €ipid.

2. Interaction with intercellular protein.

3. Improved patrtitiofing of the drug, ceenhancer or solvent into th8C

Classes of pendtion enhancer includegnionic surfactants, cationic surfactants, zwitterionic
surfactants, norionic surfactants, fatty acidéatty esters, fatty amines, azodike compounds
and sodium salts of fatty acigkarande et al. 2005 Eachenhancer act by altering one ofhe
three main pathwaysdescribed The key to altering the polar pathway is to cause protein
conformatianal change or solvent swelling, Wdtithe fatty acid enhancers increaige fluidity

of the lipid protein portion of theSC(Pathan and Setty 2009 Some enhancers act dioth
polar and norpolar pathway by altering the multilaminate pathway for penetratidq®athan
and Setty 200P Penetration enhancerfiave demonstrated efficacy in increasing systemic
drug deliveryboth in vitro andin vivg for example, caffeine serum concentration in rats was
many times greater when Transcuidnd oleic acid were present in the topical formulation

compared to an aquags solutionalone(Touitou et al. 199%

12
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The major drawback d@PESss that theycan be irritatingto skin and this behaviour is related
to the ratio of hydrogen bonding to polar interactions. Hydrogen bonds are of significant
importance in holding the proteins in their native structures and competitive bonéhom
CPEs can potentially altehe native hydrogen bonding in proteins leading to unfolding.
Consequently, irritation potential scales directly with hydrogen bonding abiftyCPEs
(Karande et al. 2005

1.4.1.2 Supersaturated systems

This technique is an attractive option as it provides the potential for enhanced penetration of
drug without dsturbing the lipids of the SC. Instead it relies on raising the activity of a
substance within its formulation beyond that of its solubility lifffellett et al. 199y For
example, it lasbeen shown thathe flux of piroxicam increases linearly with the degree of
saturation within a single vehicl@ellett et al. 1994 However, due to the nature of these
systemghey are inheently unstable and in many instances the drug tends to crystailisef

solution(Pellett et al. 199Y.

1.4.1.3 Prodrugs /metabolic approach

The use of prodrugs to facilitate transdermal drug delivierplves direct covalent bonding of
a lipophilic moietyto a hydrophilic permeant via conjugation to primary and secondary
amines, hydroxyls, and other functional groups of the drug to form a pro@Bumdgaard
1992. Numerous examples are nowailable demonstrating enhancetklivery of hydrophilic
compounds across skin due to attachment of lipophilic groufise lipophilic groups improve
partitioning of the parent compound into the SC lipids and are then cleawvedoby enzymes
within the epidermis to render the drug free and actigd@msden and Goosen 1995Specific
examplesinclude small molecules, such &adluorouracil (Sasaki et al. 1990and alsccertain
macromolecules, for example thyrotropmeleasing hormongMgss and Bundgaard 1990
where significarly greaterpermeation of prodrug was observed in comparison to the parent
molecule alone.Furthermore, the lipophilic pranoiety can preserve the functionality of the
parent compound within the bloodstream prior to the drug reachingthisrapeutic site of
action (Mgss and Bundgaard 1990 Drawbacks to this approach includemitations on
molecular size, and variablenzymatic cleavage from patient to patient resulting in

irreproduciblebioavailability(Amsden and Goosen 1995
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1.4.1.4 Liposomes and other vesicles

Liposomes are colloidal particles, typically consisting of phospholipidscrenesterol
Thesdipid molecules formconcentric bimolecular layers that may entrap and deliver drugs to
the skin (Barry 200). Research effod into liposomes initially foaed on their use as drug
carriers totarget particular organs within biological organisr{feendler and Romero 1977
Weinstein et al. 1979 Liposomes were subgeently applied to topical drug administration
(Mezei and Gulasekharam 19809 I NI @ NB L2 NILIia 02y Of dZRSR G Kl
able to penetrate and cross biological membranegth some selectivii (Mezei and
Gulasekharam 1980howeverthis was later shown not to be the case in intact gi@ohreier
and Bouwstra 1994Touitou et al. 1994 Most reports citea localising effect whereby ¢h
vesicles accumulatedrugs in theSCor upper skin layer§Mezei and Gulasekharat©8Q
Touitou et al. 1994 This effect is not entirely redundant however, these systemsnay be

used to build up a drug resasir within the skin.

1.4.2 Active methods

To overcome theextraordinarybarrier of the SCseveral attempts have been madecentlyto

develop novel strategies for deliveling drugs across skirfAl-Qallaf and Das 2008 Passive
methods of skin deliverjnave shown a number of limitations and particularpermeation
enhancement is onlyglemonstratedfor solutes with aMW of approximately500 Da(Bos and
Meinardi 2000. This excludesnany of the new larggViW biopharmaceuticalsjncluding
peptides and proteingBrown et al. 2006 Thishas led tothe development ofalternative
active techniques These methods oénhancement involve th use ofan external energy

sourceto act as a driving force and/or reduce the barrier nature ofEB6wn et al. 2006

1.4.2.1 lontophoresis

lontophoresisinvolves the application of a low level electric current either directly to the skin
or indirectly via the dosage form to enhance permeation of the dally applied therapeutic
agent (Wang et al. 1998 A small electrical current (usugl <500 microamperes cf) is
utilised to facilitate the trarsfer of charged drugs acroskin. Charged species are repelled
into and through the skin as a result of an electrical potential across the membrane; the
efficiency of this process is dependenn the polarity, valency and ionic mobility of the
permeant as well as on the composition of the delivery formulation and the current profile.

Typically, two electrolyte chambers containing electrodesse of which contains the iores
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therapeutic molecud of similar polarity, i.e. cationic drug in anodal chamber) are placed on the
skin surface and driven by a constant current source. The magnitude of current determines
the amount of charge generated in the circuit and, in turn, the number of ions tratespo
across the skin. This method ensures a controlled and efficient form of drug delivery as the
amount of compound delivered is directly proportionalthe quantity of chargpassedNaik
et al. 2000. Increase in drug permeation can be attributed to either one or a combination of
the following mechanisms;electrorepulsion (for charged solutes), eleasmosis (for
uncharged solutes) and electropertubatiofor( both charged and unchargedBrown et al.
2006. lontophoretic systemdiave beenapproved mainly for administering drugs into the
body for medical purposes and specialised uses such as diagnosis of medical conditions (e.g.,
cystic fibrosis) and glucose monitorin@rown et al. 2006 In respect totherapeutic
macromoleculeshowever, delivery by iontophoresis may be limited to proteins with a
maxinum MW of 10- 15kDa(Li et al. 2008 These devicemust also be designed to enhance
patient complianceby utilising a patienfriendly, portable and efficient iontophoretic system
(Brown et al. 2006 Further, potential drawbacks to the techihogy have been noted For
example, application oflinically acceptableurrents, currently set at 0.5 mA ci(Brown et
al. 2008, have been shown to decrease skin electrical resistance possibly dredl iamage

which is not fully reversibl@Burnette and Ongpipattanakul 1988

1.4.2.2 Hectroporation

Electroporation involves the application of high voltage pulses to induce skin perturbation
(Brown et al. 2006 It has been proposed that transient pores are generated during
electroporation, which may account for the increase in skin permealfiMyaver et al. 1999
High voltages, typically greater thd®0 volts and short treatment durations (milliseconds)
are most frequently employedn this technique Other ekctrical parameters that affect
delivery include pulse properties such as waveform, rate, and nurf@rga et al. 1999 The
technology has beemised successfully to enhance the skin permeability of molecules with
differing lipophilicity andsize. Model compounds delivered hawaaged from relatively small
molecules such agalcein CAl (Prausnitz et al. 1993to macromoleculesvith a MW up to
40kDa(Guy et al. 198¢ Enhanced delivery of naked DNA to the skin has been achigved
vivoin ahairless nouse modelwith a 100- fold stimulation of gene expression compared
that obtained by intradermal injectioriZhang et al. 2002 However,in vivo studies have
demonstrated advege effects of the technique including erythema and oeddRrausnitz et

al. 1993 and stimulation ofmuscle contractionEscobaChavez et al. 2009vhich bring into

guestion the longterm utility of the methodology
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1.4.2.3 Abrasion

Abrasion techniques involve the direct removal or disruption of the upper layers of the skin to
facilitate the permeation of topically applied medicaments. The delivery potential of skin
abrasiontechniques are not restricted by the physicochemical properties of the (Bugwn

et al. 2006 as the SC barrier is negatedre¥ous work has illustrated that such methods
enhance and control the delivery of hydrophilic permesfibr examplevitamin C(Lee et al.
2003, vaccinesand biopharmaceutical@viikszta et & 2002 Mikszta et al. 2008

1.4.2.4 Ultrasound

Ultrasound is defined as any sound having a frequency greater than 16 kHz. Passage of these
waves through skin causecompression and expansion afater resulting in pressure
variations. Such variations can cause cavitation, fluid flow, mixing (which reduces the
boundary layer thickness) and temperature elevatifitost 1993 For ultrasound drug
delivery to be successful, the waves must act on the SC to facilitate the permeation of
macromolecularsubstancegAmsden and Goosen 19051t has been found that a water
soluble tracer was located within the hydrophilic portion of the lipid lamellae of the SC
following ultrasound treatmen{Bommannan et al. 1992a This suggests that the ultrasound
facilitated pathway for watesoluble drugs is therefore via the extracellular route, although
delivery via hair follicles and sweat ducts may also be impoifamsden and Goosen 1995
Ultrasound has been shown to increase permeation of a range of model medicaments
including smallMW salicylic acidlBommannan et al. 1992band macromolecular insulin
(Tachibana and Tachibana 199However, again questions have arisen over the safety and
reversibility of ultrasound delivery as it has been shown that high energy depasitiver
prolonged perds alterepidermal morphologyBommannan et al. 1992aFurther, due to the
nature of the techniquegollapse cavitation may occur as the ultrasonic intensity increases
which can be damaging to cells and vesi¢May and Allen 2002 Subsequently, this process
leads toan intensity and exposure time dependent increase in body tissue temperftaumn

and Kost 2004 constituting a further risk factor.

Numerous other methodologies have been explored fccemvent the human skin barrier.
These mclude magnetophoresigMurthy 1999, needless injectionwhich involves firing of
drug particles across skin at supersonic spgedagbridge et al. 1998aser treatment(Lee et
al. 2003 and radio frequency thermal ablation (Sintov et al. 2008 Workers havealso

examined combirations of active enhanement methods, for exaple iontophoresis and
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microporation(Badkar and Banga 2002nd have shown that these approaches cameh
more efective than either technique used aloiiBrown etal. 200§. However, itis apparent
that each of these techniques suffers from limitatioard to date there is not one fully

optimised system for enhancing cutaneous drug delivery.
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1.5 Microfabricated microneedles

1.5.1 Definition

The concept of a micreeedle (MN) array was first proposed by Gerstel and Place in the 1970s
(Gerstel and Place 19Y.6 Microneedles ee perceived asa novel, hybridcutaneousdelivery
approachaimed at achievinghe delivery efficacy of hypodermic injections and the safety and
patient compliance of the transdermal mdt (Sullivan et al. 2008 Microneedles have
significant advantages over other enhancement strategies as they form microconduits, or
channels, across the SC, deieure 1.3. Furthermore, theylo not rely onapplication of a
sophisticated external energy sourcedahremicaimanipulationto disrupt theskinbarrier.

] Sweat duct
Microneedle

device Stratum
corneum
Microneedle .
Viable
channel ] .
epidermis
Nerve .
ending Dermis
Sweat gland
Hair follicle

Blood vessel

Figurel.3 Schematic view of human skin ardicroneedle array.

Adapted from sourcéLv et al. 2006

Thesharp tips and short lengthf MNsreduce theprobability of encountering a nerve, and
hencethey provide a minimally invasive means to transport molecules with various physical
and chemical properties intthe intradermal layer of skif\Wu et al. 2008 Theoretically,
deliveringdrug just under the SC causes no pain since #drgenendings appear deeper within
the skin Figure 1.3 Furthermore it is very effective for drug delivery as the presence of a
large number of capillariewithin the dermal layehelps efficientabsorption of drugs into the

vascuiar system(Lv et al. 2006
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1.5.2 Microneedle permutations

1.5.2.1 Sold microneedles

Leveraging techniques from the microelectronics indusegrly MN arrays were typically
fabricated from silicon(Henry et & 1998 Ji et al. 2006McAllister et al. 2003Moon and Lee
2005 Wilke et al. 2006Wu et al. 2008 and metal (Gill and Prausnitz 20QTi et al. 2010
Martanto et al. 2003t SolidMNs have been shown to increase skigrmeability byorders of
magnitude for a diverse range of compounds. One of the earliest reports of enhanced
transdermaldrug permeatiorfollowing MN treatment was bidenry et al. In this stud30 x 20
conicalsilicon MN arrag, containing MNs with a lengf 150um, were inserted intohuman
epidermal membranen vitro for 10 secs or 1 h. Microneedle application was shown to
increase permeabtly of a model permeantCAL by four orders of magnitudeeompared to
untreated memlvane. Furthermore, it was found that enhanced permeability occurred
rapidly, within 1 h, and was maintainéor up to a period of 5 ffHenry et al. 1998 Additional
studies conducted utilising the same silicon MN arrays were conducted by McAllister et al. In
an analogous set ypermeation of model medicaments a@® human epidermahembrane
were investigated. In these studiesilicon MNs were inserted and maintaingdsitu This was
shown to increas@ermeability to awide range of molecules includingAL.inaulin andTexas

red labelledbovine serum albumifBSA)y orders of magnitude.In addition, f was found

that MN insertion and removal increasgermeation by gurther order of magnitude foall
compoundsand facilitated delivery of nanoparticles withdeameterof up to 50 nm(McAllister

et al. 2003. Additionally, fustum tipped pyramidalibcon MNs vith a length of 28Qum have
been shown to facilitate diffusion ohanoparticleswith a diameterof up to 150um across

human epidermal membrangCoulman et al. 2009

Furthermore,in vivostudies have showtransdermaldelivery ofinsulinto diabetic rats usin@
dimensiona) tapered stainless sat MNs measuring 1000m. Due to the length of these
needles, and application utilising a pneumatic insertion device, they penetrated deep into the
dermal layerMartanto et al. 200k Once inserted, a glass chamber was fixed in place around
the MN array and a commercially available solution of human insulin paced into the
chamber. Following defined time periods, MNas were removed from the skiand the
insulin solution remained in contact with the skin for 4Ntartanto et al. 2003 In a manner
analogous to subcutaneous injection, Miértion for 10 mis facilitated decreases in blood
glucose levelsip to 80 % over8 h, with no apparent lag timefollowing cutaneous insulin

application (Martanto et al. 2004 Additionally, it was foundthat a single, shortMN
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application(10 secs) producethe greatest decrease in blood glucogMartanto et al. 2004
Other groups have investigated stainless steel Mi¥gutaneous macromolecule delivery. For
example, Lin et al. utilised MNweasuring 43Qum for the delivery ofoligodeoxynucleotide
(ODN)rom an ageous geformulation (Lin et al. 200 Pretreatment of hairless guinepigs
with MNs, or application of integrated MN patches, with and without iontophoretic
enhancement, permittd delivery of ODN over a 24 h period at therapeutically relevant rates
(Lin et al. 2001 Ding et al. investigated transcutaneous immunisation by application of
diphtheria toxin &d influenza subunit vaccines to the shaved abdonwmaice following MN
application(Ding et al. 200P An initial prime dose was applied followed by two booster doses
and blood samples were taken at each time point. Antibodies generated to diphtheria toxin
were shownto increase signifantly following solid MNacilitated vaccine deliver§Ding et al.
2009. However, all these studies involved application of MN devices and the drug faromula
in a multistep process. In a clinical settingis may lead to complication for the ender and

result in variations in the dose administered

1.5.2.2 Coated microneedles

Anapproach toachievemore integrated delivery ofmedicaments via solid MN structurestis

coat the drug formulation oto the surface of needle@Cormier et al. 2004Han et al. 2009

Kim et al. 2011Matriano et al. 2002 Widera et al. 2006Zhu et al. 2009 This technique has
been widely investigated for intradermal vaccination purpgsasgeting immunocompetent

cells within skinsuch as Langerhans cellBor exampleMatriano et al. found that 33@um

long titanium MNsdry-film coated with ovalbumifOVA)produced immune gésponses up to

50 times greater than those observed following the same subcutaneous or intramu@ddjar
dose ina hairless guine@ig model(Matriano et al. 2002 In another approachyan Jin et al.
fabricated bi@ompatibke polycarbonate MN structurewith a length of 50Qum onto which

they smeared a solution of OVA in PBS. These devices were applied to the shaven back areas
of mice in a seriesf 3 injections and serum levelgere found to be similar to conventional
needle delivery following the third injectiofYan Jin et al. 2009 More recently,Kim et al.
found that inactivated influenza virus solutionpelioated onto solid metal MNand airdried
elicited large immunogenic responses in mi¢kim et al. 201l Optimisation of the coating
formulation for nfluenza viruswas achieved usingehaloseas an excipient. Subsequently,
the viruswas shown to retain reasonable activity over aipd of 1 month when dried onto

MNs andretained the ability to elicit significant antibodytres in vivo (Kim et al. 2011
Coated MNs prepared in this manner have been shown to protect animals from subsequent

lethal viral challengéKim et al. 201]1Zhu et al. 200Q Additionally, oatings have been shown
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to dissolve within minutesn situ (Zhu et al. 200pto rapidly deliver drug into the skin.The
success of these devices has culminated iRhase 2clinical trial of a titanium MN patch
coatedwith human parathyroid hormonanalogue teriparatide (TPTDfabricated by Zosano
Pharma for the treatment of osteoporosis in postmenopausal wor@osman et al. 2030
Injectable TPTD is currently licexisfor treatment of osteoporosis in the US, but d#ical
efficacy is limitedby practical factorgFraenkel et al. 20Q6such aspoor adherence to dajl
subcutaneousnjection (Cosman et al. 2030 The patchin this studyconsisted of 1300 MNs
with an average length of 190m coatedwith TPTDon their tipsand an adhesive backing
(Cosman et al. 2030 165 postmenopausal womewere enrolled and it was found thathe
MN patch significantly increased lumbar spine bone mineral density (BB months
compared to placebo. Inddition, it was shown that the patch provided a significantly greater
total hip BMD compared to both placebo asdbcutaneousTPTD injectiofCosman eal.
2010. The only negative aspect of this study was the lack ofdligh of participants using

subcutaneousnjection treatment(Cosman et al. 2030

1.5.2.3 Hollow microneedles

Hollow MNs fabricated fronsilicon(Stoeber ad Liepmann 2000glass(Martanto et al. 2006
McAllister et al. 2003Wang et al. 2006and metal (Davis et al. 2005have allowed
microinjectian into skinthrough needle apertures Silicon MNs with a channel diameter of
40um and a length of 20@m have demonstrated fluid transporin vitro into chicken thigh
(Stoeber and Liepmann 2000 Furthermore microinjection experiments were performed in
diabetic, hairless rats whereby insubolution was delivered by a singlehollow glass MNo
the dorsal skin.In this study MNs were appliedo anaesthetisechnimals and penetrated to a
depth of 500¢ 800um usng a circular drilling motion Up to 32uL of dug solution waghen
injected into the skinunder a pressure of 10r 14 psi for 30 mingMcAllister et al. 2008
Decreases iblood glicose levels up to 70 %Wver a 5 h periodsuggested theefficacy of
microinjection(McAllister et al. 2008 Similarin vivomicroinjection studiesvere performed
utilisingthe sane diabeticanimalmodel and tapered, hollow nickdIN arrays (4 x 4 pattern)
measuring 50Qum in length with a bore of75 um (Davis et al. 2005 This study showed a
47 % reduction in blood glucose level over a 4 h delivagioo which remained relatively
stable for up to 4 hpostdelivery (Davis et al. 2005 More recently, Van Damme et al.
conducted a clinical trial in 180 healthy volunteers utilising 460 long silicon MNs to
investigateintradermal (ID) influenzavaccination(Van Damme et al. 2009 This study found
that there was no significant difference in geometric meiitne, a measure of humoral

immune response to vaccine, between the full dose given intramuscularly compared to either
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20 or 40 % of the dose given VIaMN injection(Van Damme et al. 2009Due to the nature
of the ID injection process, @ reactions at the injection site, such as swelling, were
significantly greatethan those in thelM injection group. However, in both treatment groups
these reactions were mild and generaltarisient(Van Damme et al. 2009! f K2 dz3 K & LIN
LI Ayé gl a aAIYATFAOIYy(Gfte t+AgFRUANR GKS dahIlyENS Wy
was greater following MN injectionlmportantly it was found that the overall mean injection
pain did not vary significantly between treatment groy&an Damme et al. 2009 Hence this
study suggested thaitility and dose sparing capacity of vaccingdministered intraderrally

via MN injection

1.5.2.4 Biodegradable microneedles

BiodegradableMNs have emerged as an attractive alternative to solid MN arrajse term
biodegradable has been usday conventionto distinguish these MNs from the solid MN
permutations discussed previouslhfHowever, in the context of this work biodegradability is
defined in terms of the ability of the MN material to dissolve or degraderinaqueous,
biologicalmedium. These MN®ffer advantage ovethose made from other materials as they
can beproduecd from biodgradable, biocompatible materialand because they can be
formed by mould based fabrication methods that lend themselves to inexpensive and robust
mass prodction (Park et al. 2006 Furthermore, these MN devices provide thetgatial for
incorporation of medicament within the matrix of the array, enabling increased drug loading
and the opportunity for controlled releaseDue to the degradable naturef these devices, a
further advantage is that no sharp MN residusg® left following application(Sullivan et al.
2010. This property provides potential safety benefits over solid MNs and hypodermic
needles which may be raused following administratiorand thereforegenerate biohazardous

waste

Initial studies involving biodegradable MNs were similar to those utilising solid MN arrays. For
example, Park et al. investigated the permeation@ALor fluoresceinconjugated BSA in
agueoussolution acrosfiuman epidermal membrania vitro. Membranes were placed onto a
tissue support and treated with solid bevelkig polyglycolic acid RGA MNs, measuring
600um, prior to loading into Franz diffusion Ite(Park et al. 2006 In these studies it was
found that PGA MNSs, containing 20 or 100 needles, increased the permeation of both model

compounds by a minimum of @rders of magnitude ovefl h (Park et al. 2006 It was
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perceived that solid MNg$abricated from a biodegradable materialould provide a safer

alternative to silicon or metal MNs if they were to break off aadhainin situ

More recently, a similar approach has been utilised to assessability of 500 um long
maltose MNsto facilitate the delivery of a nicardipine hydrochlori@@H)acrosshairlessrat
skin. Studies were conducted baith vitro, using fill thicknessrat skin,and in vivowhereby
skin was prdreated withmaltose MN arrayscontaining 27 needles. Microneedierays were
inserted andleft in situ prior to application of a NH solution containing ethanolt was
determined that the MNs wod dissolve rapidly upon puncture of the SC, due to the high
water content of the underlying epidermal tissiigolli and Banga 2008 These MNs were
shown to significantly increase transepidermal water loss (TEWL) following insertion and
removal, analogous to hypodermic edle insertion(Kolliand Banga 2008 Furthermore,a
significant increase in NH flum vitro and area under the curvan vivowas noted following
maltose MN prereatment of skin(Kolli and Banga 2008In a subsequent study maltose MNs
were shown to insert into rat skim vitro and disolve immediately It was found that the
microchannels remained open for 24 h when covered with a drug soltibovever (Li et al.
2009. Microneedles meaging 500um were shown to significantly enhance the permeation
of large molecular weight antibody, humammunoglobulin G from aqueous solution by
orders of magnituddLi et al. 2009 It was also observed that MNs with a length of 200

did not facilitate delivery to such an extent as 508 long needles, possibly due to ineffective

skin penetrationLi et al. 2009

One of the first reports of model drug incorporation within the structure of a biodegradable
MN device was by Miyano et al. whereby small molecules ascotbgtecoside (ASG), sodium
salicylate (SS) and CAL were mixed into the molten maltose candy @rMNtfabrication
(Miyano et al. 200p Maltose MNscontaining 5 %/,, ASG,measuring 500um in length,
demonstrated sufficient structural rigidity to penetrate human skinivo and wereleft in situ

to deliver drug to the deeper skin layers. This process was not associated with any significant
dermatological problemgMiyano et al. 200p More recently,Lee et al. fabricated maltose
MNs containing ASG and niacinamide at concentrations of 1 % and"A,5&épectively. In

this method an elevated temperature wagainrequired to dissolve the powderddowever, it

was shown that the stability of both drugs was unaffected by the fabrication process and for
up to 2 months storagélLee et al. 2011b These MNs were robust enough to insert into

guineapig skinin vivo to bring about a localised therapeutic effetiee et al. 2011b In a
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separate study, Donnelly et al. addeéiinolevulinic acid (ALA) and BSA powder to molten
galactose before micromouldin@onnelly et al. 2009a Here it was found that substantial
losses of bth 5-ALA and BSA occurred during the fabrication process. This was attributed to a
combination of chemical reaction with the disacchari@@nnelly et al. 2009aand direct
degradation due to elevated processing temperatu(ie et al. 2007. Similar observations
were made by Park et al. following fabrication of synthetic polymer MNs encapsulating CAL or
BSA. This process involved either direct encapsulation of drug within the polymerdviNs
prior encapsulation withincarboxymethylcellulosgCMQ or poly-L-lactide for controlled
release applicationfPark etal. 200§. The polymer MNs were fabricated from syntheqtady-
lactide-co-glycolide(PLGA), a polymer with a melting point of P& and it was found that the
duration of elevated temperat@ required toform these MNs caused a timdependent
denaturation of BSA proteifiPark et al. 2006

An alternative methodology was proposed by Ito et al. whereby a hand drawing process was
utilised to fabricate seltlissolving MNs from various dense glue solutions of chondroitin
sulphate, dextrin and albumin containing erythropoietin hormone (EPTO)ese MNs were
dried under desiccation at low temperature and hence EPO, a biomolecule with a MW of
34kDa, was successfully incorporated and delivenedvo(lto et al.2006. The same workers
later prepared500 um long conicaMNs from dense drug glues containing insylio et al.
2010, ascorbic acidlto Y. et al. 2018) and EP(Ito Y. et al. 2010aby condensing sotions
under vacuum pressur@to et al. 20101to Y. et al. 2010bor a nitrogen gas streaifto Y. et

al. 20103 and dispensing the formulati@into micromoulds. These MNs were dried under
the pressure of a steel plate without elevated temperature. Furthermore, MNs containing
recambinant human growth hormone (rhGH) or desmopressin (DDAVP) were fabricated from
drug glues in a similar manné@fukushima et al. 20)1 It was shown that all MNs in these
investigations successfully penetratédvivorat skin to deliver incorporated medicamertts

bring about a biological effectln a similar study, solid state biodegradable microstructures
(SSBMS) measuring 2Qth were fabricated containing up to 10"%, FITEBSA (66 kDa) and
recombinant protective antigen (rPA; 83 kD&plid state biodegradable microstructures were
fabricated froma carbohydrate and polyvinyl alcohol (PVA) solution prepared by pressure
micromoulding and drying at 32C (Wendorf et al. 201l These SSBM#issolved within
minutes to successfully deliver FIEESA to human skiin vitro and elicied significantly
enharcedimmune responses to rPA compared to control following application toinatévo
(Wendorf et al. 2011
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Further biodegradable MNsvere fabricatedfrom viscous hydrogel formulations afatural
polymeric materials CMC, amylopectin and BSA. Modeigs incorporated were
sulforhodamine B (SRB), BSA and lysozyme added at various final weight concentrations up to
30 %7, (Lee et al. 2008 This study showed that functionahacromolecule, lysozyme,
retained 96 % activity within MN structures following 2 months storage at room temperature
(Lee et al. 2008 Although these MNs appeared to demonstraggod stabilisation of
incorporated protein, it is known that lysozyme is unusually stéPiestrelski et al. 1993and
hence these finding may not be extrapolated tother macomolecular systemsln another
approach,600 um longCMC MNs were fabricated containibd4/,, rhGH utilising a relatively
low-temperature centrifugation casting methodologftee et al. 201la Incaporated
hormone wasstabilised by the addition of trehalose to the formulation amdsshown to elicit
a biological effect botfin vitro andin vivowhen administered to cell culture arfthirlessrat
models respectivelfLee et al. 2010a In vivo,rhGH pharmacokinetics were shown to be
similar to conventionalsubcutaneousinjection and MN application was found to be well

tolerated causing only slight, transient erytherthaee et al. 2011a

In an attempt to incorporate drug substances withapidly dissolvindiodegradable polymer
MNs, mlyvinylpyrrolidone (PVRyas utilised as a matrix substanc®licroneedles containing
sulforhodamine, fluorescently labelled BSA andalactosidasdi -gal) were fabricated by a
vacuum moulding an¢h situ photo-polymerization methodologySullivan et al. 2008 These
750um longMNs demonstrated eéfctive delivery of BSA and functiomagal tofull thickness
pig skinin vitro and were shown to preserveearly 100 % -gal activity following incorporation
within PVP MN structuregSullivan et al. 2008 Furthermore, PVP MNs incorporating
lyophilised inactivated influenza virus vaccwere shown to generate robust antibody and
cellular immune responses in migeovidng complete protection againssubsequentliethal
challenge Polyvinylpyrrolidon®&IN vacination resulted in more efficient lung virus clearance
and enhanced cellular recall responsesmpared to IM injectionfollowing viral challenge
(Sullivan et al. 2000 It was also found that cellular immune responsesre superior
following PVP MN vaccination compared to coated metal MN deli(&uilivan et al. 2000
Additionally, he MNs were shown to almost completely dissolve within 5 minsxinivopig
skin and by 15 minis vivoin mice(Sullivan et al. 2000 Alternatively,Chu et al. investigated
MN structures fabricated from blends of PVA and PVP containing SRB incorporated within the
needles either in a gradient fashion or as a homagers mix throughout the matrigChu et al.
2010. Localisation of SRB within the needle tips facilitated approxetga80 % drug delivery

within 10 mins in excised porcine skin, compared to 20 % with no localisation ofChugt
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al. 201Q. Alternatively, MNs were fabricated from Gantrme®\-139 mucoadhesive qaolymer
containing 1 %/, theophylline Drugfree MNs measuring 60@dm were shown to insert into
human skinn vivoto a depth of approximately 46@m (Donnelly et al. 2011 Loadingabove
1 %'\, had a highly fasticisng effect on the polymer, makinguinsuitable for MN fabrication
(Donnelly et al. 2011 These MNsvere shown to deliver 83 % of incorporated drug cargo
acrossneonatalporcine skinin vitro (Donnelly et al. 2011 Furtherconical shape 60Qm long
MNs were created fronpoly (methylvinylether maleic anhydridepntaining insuh loaded at
two different concentrations. Loading of MNs at both concentrations did not adversely affect
MN morphology or robustness and only slight losses of insulin were incurred during fabrication
(Migalska et al. 201 In vitro analysis of inglin diffusion across dermatomed neonatal
porcine skin demonstrated that only 4055 % of the drug contained within the needles
permeated the skinMigalska et al. 2001 accounting for approximately 1 % of total drug
loading. However,he effectiveness of the MNs to deliver insulim vivoin diabetic rats was
confirmed by a doseélependent decreaseup to 74 %ijn blood glucose levgMigalska et al.
2011).
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A range of exmplar biodegradable MMtructures are shown ifrigurel.4.

Figurel.4 Biodegradable microneedle permutations.

(A) 600um bevelledtip PGA MNs,B) 1500um taperedcone PGA MNEPark et al. 2005 (O 600um
beveklip and O) 750um taperedcone PLGA MNs containing calcein in their (ierk et al. 2006 ©
500 um tetrahedron shaped maltose MNs next to a 26 G hypodermic ndEdiéi and Banga 2008(H
500um pyramidal maltose MN@.i et al. 2009 (G) 1200um tapered conical maltose MNs encapsulating
sulforhodamine BlLee et al. 2011} (H 270um pyramidal galactose MN&onnelly et al. 2009a ()
600 um pyramidal carboxymethylcellulose MN&ee et al. 2008 () 750 um conical polyvinyl
pyrrolidone MNs encapsulating sulforhodamir(@ullivan et al. 2008 and (K 500 pm conical

chrondroitin sulfate MNs partially loaded with Evans blue dye and infittiret al. 2010, (Bar = 100
pm).

To date there have been many different approaches to MN fabrication and cutaneous drug
delivery. Currently, there does not appear to be one fully optimised system howetieth

will be discussed in the next section.
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1.5.3 Advantages and limitations of microneedle technology

The innovation oMN facilitated drug delivery offers the potential to overcome many of the
issues surrounding the complegutaneous delivery of therapeutic proteins and other
hydrophilic nolecules. Microneedledevices hae been fabricated from a varietf materials
and have demonstrated the ability to facilitate enhanced delivery adivaerse range of
different compound across skin Furthermore, dose sparing biological responses have been
noted for specific medicaments, for example intradermal vaccine delixap Damme et al.
2009. Notably, there are now many reports of stalfelecule andiomolecule incorporation
within biodegradable MN structureshich have beerfabricated from a wide rargof both
natural and synthetianaterials. It is perceived that this MN design in particular offers a
number ofadditionaladvantages Firstly, heytend to beformed by mould based fabrication
methods which facilitate a low unit costAs a corollary biocompatible materials can be
utilised which are degraded safely within the bodyhese materials algzermit drug loading
within the devicematrix, potentially facilitatingncreagd loading andstabilisationof labile
medicaments. In addition,hts appoach lends itself to providing controlled drug release
through variatiors in material composition and drug encapsulatignior to incorporation
within the MN structure(Park et al. 2006 Furthermore dissolving MNs offer aattractive
method of delivery as they can be desigihto degradein situ and thereforedo not leave
behind sharp or hazardous waste structurdsis reduces theotential for subsequenneedle

re-useor needlestick injuries from contaminated needlésoccur(Haq et al. 2000

Fom a clinical, patient focesl perspectiveit has been shown thavINs circumvent many of
the issues surrounding hypodermieedle delivery of medicinegBal et al. 2008Haq etal.
2009. Although effective, drug delivery viaypodermicneedleshas a number of potential
drawbackssuch as causing pain and apprehension for the patiélginknecht 19940st 1992
and the requirement of medically trained personnel to deliver the d@avis et al. 2004 In
addition, it has been shown thdtypodermic needlguncture of model membranesn vitro
resultsin significantly greater microbial penetratimmmpared toMN penetraion (Donnelly et
al. 2009). Furthermore, MN insertionin vivo in humansappears to be generally well
tolerated without causing any significant adverse effdetan Damme et al. 2009Hence it is
envisaged thaultimately patients will be able tsafelyuse MN devices in #ir own homes

and will na have torely on visits to hospital and Gargeries for injetions.
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There arehowevera number of ptential issuesover the use of MN devicesEarly solid MN
fabrication methods were often time consuming and expensive due to reliance onstepti
cleanroomintensive processe@ark et al. 200pusing complex dry and wet etch technologies.
Also, if silicon or metal needles were to break off in skin, this could result in possible
complications(Kolli and Banga 2008 Furthermore, slid MN devicedaverelied upon multi
step application proesses where the drug formulation and Midviceare applied separately
This process igndesirable as it makes drug delivery more comex provides a greater
chance for dosing errort® occur. Coated MNs offer the advantage application of both the
dosage fornulation and the MN devicein the sameprocess However, due to the relatively
small surface area of MN arrays, total drug loading is limited to doses in the microgram range
(Zhu et al. 200pthat tend to be delivered in one bolus dose&-urthermore, there is the
potential for a huge loss of coated material upon MN inser{iGormier et al. 2004Yan ih et
al. 2009, resulting in wastage of drugrmulation. To overcome thseissues, biodegradable
MNs have been fabricated as a safer alternativesolid MNs However, the methodologies
utilised for creating these devices have often involved melting of materials at high
temperature to micromould tsuctures (Miyano et al. 2005Park et al. 205). This has made
incorporation of labilebiological moleculeswithin MN structures unfavourable in some
instancegDonnelly et al. 2009&Park et al. 2006 From a pradtal perspective, iwill also be
critical to evaluate microchannel duration in skin tissoevivoto determine channel closure
kinetics and hence ability of dose delivery. Reportgenerally suggest that channels close
within 24 hfollowing MN puncture(Fukushima et al. 201Hagq et al. 200Palthough it has
been shown that channelsill close more rapidlyunless occlusion or some other tedte is
employed to prolong channalpening(Banks et al. 20%XKalluri and Banga 2011 This is a
particularly pertinent issue for controlled releafeom dissolvingMN devicesaimed at

providing prolonged drug release.

The focus of this projeds to investigate the fabrication of biodegradable MN structures at low
processing temperaturéor stable molecule incorporationSugars have beanvestigaed by a
number of researchers andresent a potentially attractive material fdsiodegradableMN
marufacture. Sugar glasses are characterised as an amorphous form of the material and are
extensively utilised in nature to protect delicate biological structu(Estts 1994 during
periods of water stress Sugar glasses can be formed via a numbeiffgrdnt methodologies,
including techniques involving low temperature processeberefore these materiak were

selected as mattractive substrag for biodegradable MN fabrication.
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1.6 Molecularglasses
1.6.1 Definition

The term glass is usually taken$oy O2 YLIJ aa> al ¢ARS NI y3IsS 27
differ widely in chemical composition and physical properties, but which possess the essential
characteristic of having been cooled from a state of fusion to become a solid without
crystallisation. @lss at room temperature can be regarded as a liquid, which is of such a high
viscosity that it SKI @S & I & | {darks\ 2008 & hds berh ptoposedidwavare

that this defintion is too restrictive, and other authors have provided much broader
definitions. A more encompassing interpretation afglasss an amorphous solid in which the
molecules form anon-periodic and norsymmetric networké Theoretically, the molecular
mobility within these glassy state systems is many orders of magnitude lower than in liquid
systemgElliott 199Q. Glasses are formed by rubber to glass transitions that can be generated
by any cooling or drying processes applied to many amorphous compduasien Berg et

al. 1995. The glass transition in amorphous systems itemperature, time- (or frequency),

and compositiordependent, materiakpecific change in physical state, from a "glassy"
mechanical solid to a "rubbery" viscous fluid. In terms of thermodynamics, the glass transition

is operationally defined as a seaborder transition(Slade and Levine 1988

In the past, the study of glasses has almost entirely been dominated by materials scientists.

Hence the considerable progress in ddgpment of novel materials has generally been

confined to glasses based on metals, silicates, oxides, ceramics and polymers. The realisation

that amorphous solids in general, and glasses in particular, also play an interesting and
important role in techologies not necessarily related to matedalcience came relatively late
(Franks 2008 However, it was quickly realised that glass formation had wide and varying
applications, particularly in the biological and pharmaceutical sciences. This is particularly true
in the study of freezalrying formulation, and subsequent product storage, whérées now

well known thatamorphoussugars can stabilise biological molecules such as prof8uisebor

et d. 1997 Uritani et al. 1995 liposomes andipoplexes(Crowe et al. 1985Hincha et al.
2002, and everviruses(Bieganski et al. 1998 evy and Fieldsteel 1982Figurel.5shows the

structure of a sucrose glass formed by fregzging
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Figurel.5 Scanningelectron micrograph of a freeze concentrated aqueous sucrose solution after the

sublimation of iceduring freezedrying.

The cavities denote spaces previously occupied by ice crystals. The filaments represent the glassy

sucrose containing dissolved résal water(Franks2003.

1.6.2 Natural role of sugar glasses and the glass transition temperature

Glass forming sugars have great significance in nature as they are used to protect biological
tissues in the dehydrated statéPotts 1994. It has generally been acceptedathcells
containing sugawusually form a glassy state of sugars under extreme conditi§es et al.

2006. Carbohydrates play an important role in the stabilisation of biological components
under water stress, which can be produced by eitheefiag or drying samples. Proteins and
tissues mainly become damaged under such conditions due to the generation ofskatge
concentrationgradients(Grigera and Bolzicco 2008 Although it is not known precisely how

this method of protection is afforded by carbohydrates, it has been reported that the glass
transition temperature (Tg) of sugars and sugantainingmaterials may be linked to their cell

protection abilities(Buitink et al. 200

It was discovered that carbohydrate glass plays a central role in anhydrofviasis decades

ago (Carpenter et al. 1987%a Anhydrobiosis is defined as the capability of an organism to
survive essentially complete dehydratiooommonly when over 9% of itsbody water is
removed,which results in dry but viable tissues containing as little as¥®dater. The dry
organismmay remain in this unique living state for decades, or perhaps even centuries under
favourable conditions. When water becomes#able once more, the organisrapidly swek

and resums active life (Crowe et al. 1992 It has beensuggestedthat the ability of
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anhydrobiotic organisms and plants to survive extreme dehydration is largely due to their
ability to synthesize high concentrations of disaccharides. These sugars, for example sucrose
or trehalose, serve to protect sensitive biological structures, for expl®, proteins,
membranes, or even whole celis vitro (Guo et al. 2000Leslie et al. 1995via a synergistic
mechanism involving direct interactions with biolacules and glass formatigiBuitink and
Leprince 2004Crowe et al. 1998 Intrinsic characteristics of a hydrophilic glass that are
important to protein stabilisationappear to include its anmphous nature and retarded
dynamicsof the protein relative to physiological conditiongithin the matrix(Cicerone and
Soles 2001 The amorphous sugar appears to replace water molecules which surround the
protein in the physiological state Subsequently his process seems to cause stabilisation of
the native structue of the protein in the dehydrated stat@llison et al. 199). It has been
found that intimate contact is necessary for effective logen bonding to occur, anthis is
only made possible by the amorphous nature of the g{@sserone and Soles 2004 It seems
likely that spatial constraints imposed by the crystalline phase do not allow this, as evidenced
by the observatiorthat proteins are not stabilised in the crystalline phase of an otherwise

effective preservanlzutsu et al. 1994
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1.6.3 Material properties of vitrified glasses

Glassedormed by the rapid cooling of a medire thermodynamically unstable systems in a
higher energy state relative to both the crystalline state and the nrstédle supercooled

liquid state,(Zhou et al. 200)¢ This is represented diagrammadlly in Figure 1.6

\%
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Y Y
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Figurel.6 Phaseadiagram of an amorphous phase showilggass annealed at Ta forudation t.
Tm and § are the melting and glass transition temperatynesspectively Sc and Hc are configurational
SYGNRLER |yR SydKFfLRYX NBaLISOGAGSt ad the gotted & G KS

represents the metastable supercooled liquid g Adapted from sourc€Zhou et al. 200y

The metastable nature of amorphous solids mesathat theyoften exhibit decreased physical
and chemical stabilitfAso etal. 2001 Pikal et al. 1978due to their higher free energy,
enthalpy and entropy(Zhou et al. 200in comparisonto the crystalline state In general
molecular mobility haseen dscussed as a critical factor fdictating physicalstability of
amorphous substanagHancock et al. 1995but it is not the sole prediot (Zhou et al. 207).
Therefore, it is still relatively difficult to predict the stability of amorphous dosage forms
compared to solutiongZhou et al. 200 In many pharmaceutical systems a correlation has
beendemonstratedbetween molecular mobility and chemical stabil{§hamblin et al. 2006
protein aggregation(Yoshioka et al. 2003and crystallisation(Bhugra et al. 2006in the
amorphous state; although not all systemshibitsimilar behavioufLuthra et al. 2008 Zhou

et al. developed this further and stipulated that molecular mobility and also confiigunait

entropy are important in determining the crystallisation tendency in the rubbery g#teu et
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al. 2007. Therefore,at temperaturesabove Tg, it has beepostulated that crystallisation
would be governed by (1) the configurational entropy, because this is sumeaf the
probability of molecules being in the appropriate conformation, and (2) mobility, because this
is related to the number of cadlions per unit timgZhou et al. 200 Water can also affect
the chemical stability of solid protein formulations, and it doks tin at least three ways: (1)
as a solvent, (2) as a reactant in a reaction such as hgispbnd/or (3) as a plasticising agent
Water actsas a plastiser of amorphous solids inducirgy physical transition from a brittle,
dynamically constrainedlassy state to a more mobileybbery statewith decreased viscosity
(Hageman 1992and lowers T¢Nowakowski and Hartel 200Roos and Karel 199)1.b

The stabilising effect of amorphous sugar glass has been explained by the formationgafra s
matrix which acts as a physical barrier between patrticles (particle isolg¢Adison et al. 2000

and strongly reduces diffusion and molecular mobility (vitrificatiit@opold et al. 1994 Both

the physical barrier and the lack of mobility provided by the glassy matrix, prevent aggregation
and degadation of the dried material. Under dry conditions, the glass is maintained as long as
the temperature is kept below the characteristic Tg of the stabilising sugar (deedonge et

al. 2007. Vitrification at Tg effectively locks the liquid structure into amorphoussolid

matrix due tothe densification process which occurs during coolongdrying The rate of
densification is related to the structural relaxation time of the matefidbel et al. 200b

When glass is storeldelow Tg a nonrequilibrium state existsand this, coupled with mobility

over a longer time scale, leadstothe®d f f SR & LK & & A Ol Physical dgiyigdre LIK S
annealing refers to structural relaxation of the neequilibrium glass toward the metstable
equilibrium or supercooled ligd state, that is the ideal glasBigure 1.6(Zhou et al. 200y
Physical aging relates also to a change in material properties including compliance, stiffness
and brittleness(Struik 1978 which slowly evolve with time due to the densification process
(Noel et al. 208). Above the Tg, the glass moves toward thkber state which has a higher
degree of mobility(de Jonge et al. 200,7and hence proteins and other biological mol&xs.

begin to losepreservation of their native state within the glass. If annealed properly, as the
excess enthalpy and entropy of thon-equilibrium glass decrease, the molecular mobility
within the glass should also decrease. The rate and extent of this decrease may be important

to chemical anghysical stability within the glagghou et al. 200)/
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In nature the disaccharidérehalose is widelyutilised in anhydrobiotic organismsnd is
generally thought of as having the best biopreservative abilitiesitro (Curtis et al. 2006

¢ NB K | {-Rgiupyradosyh -D-glucopyranoside) is shown in Eig 1.7.

HO...

o

OH  OH

Figurel.7 Molecular structure of trehalose.

Trehaloseis a nonreducing sugar as the two glucose subunits are joined through their anomeric

centres. Adapted from sourcenvw.sigmaaldrich.coraccessed 03/10/20)1

Trehalose is a noreducing disaccharide whose glassy amorphous state can easily be
produced by the rapid quench of its liquid phase and also by rapid dehydration of its dihydrate
form (Tao) (Willart et al. 200). It has been suggested thahigue preservatie propertiesof
amorphoustrehalose include those that invoke either the inclusi@elton and Gil 1994or
exclusion(Carpenter and Crowe 1986f water from the surface of proteins, direct interaction

of trehalose by dhering to the protein(Cordone et al. 1999and intrinsic viscosity effects of

the glass alongSampedro and Uribe 20D4 Theuniquely high Tg of trehalosg@reen and
Angell 1989 has beenascribed tothe latter mechanismof protection and therefore it is
claimed to be responsible for the preservation of functional proteins ingllagsystate (Curtis

et al. 200§. The inherently slow relaxation dynamics of the polyhydroxyl glass is expected to
retard motions ad reactions, both intrinsic and ektsic to the protein that leado degraded

protein function(Cicerone and Soles 2004

Sucrose is a furtheglass forming disaccharide that found widely in nature tgorotect
biological entities. For example, seeds commonly contain a large amount of sucrose, together

with a high poportion of olige and polysaccharides, a combination that has been found to
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elevate the Tg and maintaiseed viability ér longterm storage(Koster and Leopold 1988
This propertyof sucrosehas been realised for some timand the disaccharidehas been
utilised more extensively in the pharmaceutical industry than trehalose, despite the Tg of
trehalose being over 48C higher than that of sucrog&reen and Angell 1989 The structure
of sucrose i(-D-fructofuranosyih -D-glucopyranoside) is similaro ttrehalose, as shown in
Figure 1.8. Sucrose i nonreducing sugaaend consists of a molecule of glucose linked to a

molecule of fructose.

HO

OH (HO

HO O L

OH OH TOH

7 cﬁo“ o)

Figurel.8 Molecular structure of sucrose.

Adapted from sourcenww.sigmaaldrich.conaccessed 03/10/2011).

The benefits of one of these excipients over the other appear to be equjvdeéndent upon

the system under investigationFor example, sucrose has been found to be more effective in
preserving the native structure of lysozyme during lyophilisatfaitison et al. 1999and
freezedried monoclonal antibody stored at®&(Duddu and DalMonte 199/when compared

to trehalose. In addition it has been demonstrated that carbohydrate glasses formed from
combinations of sugars can effectively inhibit crystallisation of the mat@iRabs and Karel
199139.

Subsequently, a&trong focus of this work was to explore the material properties of hufth
these disaccharideand to determine their suitability foforming sugar glassnicroneedles
(SGMN). 1t is envisaged that S@N arrays containingan incorporated drug cargo may

facilitate effectivetransdermal drug delivery.

36


http://www.sigmaaldrich.com/

Chapter 1

1.7 Thesis aim and objectives

Due to theunstable and delicate naturef biotechnology derived pharmaceuticals, such as
proteins, peptides and nucleic acidagy present significant challenges for stable prodanti

and effective and reliable delive(Brown et al 200§. These medicamesthave typically been
administered via hypodermic needle directly into the systemic circulation. Although an
effective means of delivery, this route presents a number of issues and is often not a preferred
method of drug administration by patien{®©st 1992. Due to their smakize MNs offer the
potential to alleviate the pain and blood vessel trauma associated with hypodermic needle
insertion (Haq et al. 200Pand may address some of the current limitations and inadequacies

in the delivery of many of the newer biologically actilrerapeutics on the market.

To date, MNs have been formed from a variety of materials and a number of different
permutations have been investigated for transdermal drug delivery applications. To address
limitations of early solid devices, MNs formearfr biodegradable materials, whereby drug

can be incorporated within the MN matrix, have emerged as an attractive alternative. The aim
of this approach is to stably incorporate medicaments within MN structures using materials

and processes that do not adwely affect the drug cargo.

Sugar glasses are amorphous forms of sugars which have been utilised widely in the
pharmaceutical industry as excipients to aid in preservation of delicate macromolecules during
preparation and storag€Schebor et al. 1997 Furthermore, there are now many reports of
biodegradable MN fabrication utilising carbohydrate substrdteee et al. 2008Vliyano et al.

2005. Therefore, it was hypothesid that sugarglass material presented an attractive
substrate for biodegradable MN fabrication and incorporation of model therapeutic molecules

for transdermal drug delivery.
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1.7.1 Aim

The aim of thisthesis was tofabricate andcharacterise sugar glass material uitiigs low

temperature processing and tovestigate the feasibility omicromoulding biodegradable

sugar glassnicroneedle device The capability of theséevicesto incorporatea range of

model substancesincluding macromoleculegand to deliver themacross human skim vitro

was a key focus

1.7.2 Objectives

1.

10.

11.

Develop a low processing temperature methodology form amorphoussugar glass

materiak.

Characterise ggar glass materialusinga range of different techniquescluding thermal

and xray analysedo determine material properties.

Quantitatively @sesghe stability of model macromoleculeontained within sugar glass

material.

Investigate and optimise fabrication of biodegradable SGMN structures from sugar glasses

utilising a micromouldingnethodology.

Investigate the capacity to incorporate a range of model substances with differing

physicochemical properties within SGMNs.

Qualitatively and quantitatively assess the ability of SGMNs to penetrate human skin

barrier to deliver incorporated distances.

Assess lorwerm stability of sugar glassesnder different conditionsto investigate

optimal storage conditions for SGMNSs.

Quantitative assessment af vitro drug delivery potential of SGMN arrays containing a

small moleculeacross heat separatl epidermal membrane

Quantitative assessment df vitro drug delivery potential of SGMN arrays containing

larger molecular weight moieties across heat separatpitlermal membrane

Investigatein vitro drug delivery potential of integrated SGMN artagnsdermalpatches

containing model drug substance across heat separafgdermal membrane

Assess dissolutioof SGMN arraym situin full thickness human skin vitro.
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2 Characterisation of sugar glasses

2.1 Introduction

In the past,a number of different methoslhave been investigated to formmorphous sugar
glass(SG)materiak. dassically glasses are preged by the rapid cooling of melt, which
bypasses crystallisatigqivillart and Descamps 20P8Below the melting temperature £J the

liquid becomes metastable and the chance of forming a glass strongly depends upon the
persistence of the metastable liquid during the quenching pro¢esédib et al. 1989 This is
shown schematically in Figure 2.1 whéhne time taken for a given amount of crystalline phase

to evolve is plotted as a function of temperature for a typical undercooled melt sy@tétiart

and Descamps 2008

Time

Temperature

Figure 21  Schematic timetemperature transformation diagram for crystallisation during

conventional vitrification.

(Tg = glass transition temperature, Tm = melting temperaturAglapted from sourcgWillart and

Descamps 2008

At the glass transition temperature (Tg) the liquid falls out of equilibrium, which is denoted
during differential scanning calorimetry as a fall in heat capacity during the (¥¢@art and
Descamps 2008 The random disordered state of the liquid phase is frozen within the glassy
matrix, at least to a great extent, arttie atoms within the glass vibrate about these new
frozen points. Hence, a characteristic of glassy phases is an absence of any identifiable
structural pattern detectable by -Kay scattering (Willart and Descamps 2008 This

conventional route to glass formation is demonstrated by pathway (1) in Fig@re Ruring
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formation, the glass is trapped within a local minimum of the potential energy landscape
distribution whose arrangement subsequently dictates the structure of the amorphous phase.
Therefore, the physical state of the glass may vary with the history of the sarspth as
preparation process and subsequent aging. For example, annealing a glass below its Tg or
modifying the cooling rate will affect the relaxation times within the system and have a strong

impact on stabilisation capabilitiggVillart and Descamps 20D8

As stated, a glass can be regarded as a liquid which ibfahigh viscosity that it has the
properties of a rigid elastic solid materig@ranks 2008 The viscosity of such liquids in their
glassy state is usually determined as®*jbises(Kauzmann 1948 Importantly in the context

of this work, ithas been shown that this state mdye achieved via a number of alternative
techniques to the quench of the melt method Other methods includespraydrying,
lyophilisation anddirect milling of solid crystals shown irFigure 2.2 pathway (ZWillart and
Descamps 2008 However, regardless of formation technique, as the Gibbs energy diagram in
Figure 2.2 shows, glassy systems tend to have greater free energy in relation to crystal and
liquid (stable and underaded) states, and hence demonstrate reduced physical stability
(Willart and Descamps 2008

Instability 4
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Figure2.2 Gibbs free enthalpy curve for crystal, liquid and glass.
Paths (1) and (2) correspond to conventional and solid state vitrification pathways respectively.

Adapted from sourcéWillart and Descamps 2098

As Figure 2.2 shay the amorphous product ifn a higher energy state relative to the
metastable supercooled liquid state. Therefore, under usual conditions, the glassyf@am

material is more soluble than any crystalline form of the same compound at a given
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temperature. Hence, solid compounds may either be crystalline or glassy with each state
possessing differing consequential propert{&hamblin et al. 20Q0such as reactiwt(Liu et

al. 2003, solubility, hygroscopicity, and mechanical proper{iésel et al. 200p

As stated previously, glasses can be formed by rubber to glass transitions generated by any
cooling or drying processes applied to many amorphous compofwaaisden Berg et al. 1995
Polyhydroxyy compounds, such as sugars, generally fulfil the requirements of very slow
crystalisation combined with a specific rheology and chemistry. As water is removed from a
dilute solution of the sugar, the viscosity of the resulting supersaturated residue increases
towards the critical 18 - 10" Pas required for vitrification. Howevethe vitrified solid may

still contain up to 50 %,, water in this state and this depends upon the dehydration method
and chemical properties of the solute under investigati(franks 199y Figure 2.3
demonstrates a variety of different methods for the preparation of amomghpharmaceutical

systemgqSurana et al. 2004

Precipitation from Supercooling of the
solution melt

Shock, irradiation Compactionor
orintense grinding —— - | Amorphousstate | «— | compression of
of crystals crystals
Solid-state diffusion- Solventevaporation
controlled reaction (including spray and
(dehydration of freeze-drying
hydrates)

Figure2.3 Some common methods of inducing amorphous character in pharmaceutical systems.

Adapted from sourc€Surana et al. 2004

As Figure 2.3 shows, there are many different routes to the formation of an amorphous solid.
The common feature of all tleroutes is that they form a disordered solid stdf&urana et al.
2004). Howevey it has frequently been reported that there is a local or shrarige order
within the material, despite the absence of lerange crystalline orde(Shalaev and Zografi
2002. It has been proposed that the method of production of the amorphous material is one
of the most important determinants of the ordevithin the structure(Surana et al. 2004nd

hence the tendency for nucleatiomd crystal growti{Shalaev and Zografi 2002
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An aim of this current work was to form amorphous sugar materials without using excessive
temperature or mechanical force. This dictated that a mild processing methodology should be
used to form a glassy sugar system. Therefore, the most attractive touke production of
an amorphous sugar was via dehydration of a sugar solution. However, in amorphous systems
both the surrounding temperature and the substance determine the rate of spontaneous
crystallisation. Crystallisation is governed by two indefent steps: firstly nuclei must form
and then these nuclei must grow to form cryst@auzmann 1948 It has been shown that
slow dehydration of pure sugar solutions at low or ambient temperatures often prosnote
nucleation and crystallisatiofWright et al. 2002 To circumvent this problem, workers have
reported that slow evaporation of 1/1 mixtures of trehalose and sucrose sugar solutions at low
or ambient temperatures appear to result in the formation of a sugar gMsgght et al. 2002
Wright et al. 2008 This approach was an appealing way to attempt production of solid sugar

glassedor micromouldnginto the geometry of a biodegradabimicroneedle array.
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2.2 Chapterobjectives

1.

Explore and optimise formation of amorphous sugar glasses via a low temperature

dehydration technique.

Screen dehydration properties of a number of individual sugar and binary sugar

combination solutions for reliable sugar glass formation.
Explore the residual water content of sugar glasses formed.

Characterise dehydrated sugar products using a number of different techniques

including visual, microscopic, thermal anda¥ based analyses.

Determine optimal sugar glass forming material forodegradable microneedle

fabrication.
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2.3 Materials and methods

2.3.1 Materials

All reagents were obtained from Fisher Scientific Ltd. (Loughborough, UK) and were of

analytical gradeinless stated otherwise.

2.3.2 Methods

2.3.2.1 Preparationof sugar glasses

Dehydrated sugarormulations were prepared using trehalose anhydrous (TR8987%0250,

99 %, varied batchey trehalose dihydrate (TR[).82550250, 99 % minA0251934, sucrose
(SUC)(17714001Q 99.7 %,A024057), maltose monohydrate (MAL) (M/1450/48, >90 %,
0600669, mannitol (MAN)(M/2405/53, 99+ %A0242017 and xylitol (XYL}225980250,
99+9%, A026419%. Briefly, 400mg of sugar (either individual sugars or binamxtures of 25,

50 and 724"/,,) was dissolved in @L of deionised water yielding a 16.7/%wsolution. Each
solution was introduced into a 10@L beaker and allowed to dehydrate in a fume cupboard,
flow rate 0.53 m/s, at room temperature for 24 h followed by 24 h at 5@Fi@enkel et al.
2006. Sugar glasses were examined visually photographed using a digital camera, (Nikon,

Coolpix 5600, Japan), to confirm whether a uniform glass had been created.

2.3.2.2 Determination of residual water content of sugar glasses

Three sugar solutions, (TRA/SUC 75:2R,%9RD/SUC 75:25"%, MAL/TRA'5:25 %/,,) were
formed as in section 2.3.2.1 and dehydrated for 24 h in a fume cupboard at room temperature
followed by 24 h at either 50 or 60 °C. Changes in sample weight were recorded to determine
water loss during dehydration. Following the ini4d@ h of drying, samples were maintained

at 50 or 60 °C until no further weiglkthange was recorded. Once dehydrated to dry weight,

samples were placed under ambient conditions atated up to 360 t{fFraenkel et al. 2006

2.3.2.3 Preparation and sanning electron microscopy of sugar glass films

Polydimethylsiloxane (PDMS) ppelymer, in the form of Sylgar®184 siliconeencapsulan{R
W Greef, GlasgowUH, and curing agent were combined in a 10:1 ratio, mixed and degassed
for 30 mins under 900 m&8 vacuum at room temperature (RT). A PDMS mould of a glass slide

was prepared by covering the slide with PDMS solution, degassing under vacuum (RT 30 mins
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900 mBar), and curing at 100 °C for 1 h. This formed a PDMS well of approximately 1 x 25 x
75mm into which sugar solutions were pipetted and dehydrated for 48 h to form sheets of
sugar glass. Samples were stored under vacuum in a desiccation chamber before analysis. The
samples were manually sectioned transverselgd sputter coated with gold prioto
visualisation using scanning electron microscopy (SEM; Philig8, &hilips Eindhoven, The
Netherlands)Fraenkel et al. 2006

2.3.2.4 Thermal characterisation of sugars

Unprocessed sugars andlisl sugar films of 100 % TRA, 100 % SUC antSURA75:25 Y%,
(prepared as described irestion 23.2.3)were analysed by differential scanning calorimetry
(DSC; Perkiglmer Series 7)Samples(approximately 1Gng)in crimped aluminium pans were
heatedbetween 20 and 220 °C at a rate of 10 °C'niBamplef 5 mg were further analysed
by thermogravimetric analysis (TGA; Petkimer Series 7) in a platinum pan between 20 and
220 °C at a heating rate of 10 °C th{Rraenkel et al. 2006 The content of water withireach
sample was irdrred bymeasuring thepercentage weight loss of theampleat the end of the

heating sequence.

2.3.2.5 Powdered Xray diffraction analysis of sugars

Sugar films were prepared, as described in section 2.3.2.3 and stored in sealed centrifuge
tubes under desiccationuntil analysis. Samples were ground using a pestle and mortar to
produce a powder and mounted into a sample cell. The sample cell was placed inside the
vacuum chamber of a NanostaBruker AXS, Germany) and ama}{ beam was produced by

a Kistalloflex 760 Xay generator (Bruker AXS, Germany). The beam was focussed using two
crosscoupledGobel mirrorsand then reduced in size via a series of three pinholes to produce
an xray beam of 0.4 x 0.8 mm, with a wavelength of 0.154 nm. Each samasl analysed at

two different sample to detector path lengths, 4 and 22 @and the main Xay beam was
passed through each sample cell for 6 h. ThayXscatter pattern from the sample was

collected using a HiStar gas filled detector and an air baokgrimage was also collected.

2.3.2.6 Single crystal Xay diffraction analysis of sugars

Unprocessed sugars andlisl sugar films of 100 % TRA, 100 % SUC an$URA’5:25 ¥,
(prepared as described irestion 23.2.3)F YR GKSy TFAf G§SNBR, wekeNR dz3 K
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analysed bysingle crystal Xay diffraction. Unprocessed sugars were mounted onto wire
loops and placed onto metal stubs for analysis. Sections of sugar film were mounted directly
onto the metal stubs using molten wax. Data from the samples werasured on a Rigaku R
Axis IV image plate mounted on a Rigaku Ru300 rotating anode generatoff@aice 50 kV,
100 mA) using graphiteY 2 y 2 OKNER Y I (i SR (1.BaYanhgstridth Raveleigth yith

Osmic mirrors.
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2.4 Results and discussion

2.4.1 Sugar glas&brication

The formation of sugar glasses has been well described and there are a variety of methods for
producing these materials. A number of different methodologies were considered for
amorphous sugar glass production, and various different methodee vexplored. In the
chosen method, a simple low temperature dehydration technique was utilised to form solid
sugar glasses. The rationale behind using this methodology, described in section 2.3.2.1, was
that the amorphous material would be required tili &in inverse micromould. Therefore, an
amorphous sugar produced by an energetic process, for example crystalline melting or ball
milling, would not be suitable for filling such a mould. Creating a sugar solution and
dehydrating it to create an amorphswglass, as described by Wright et(@right et al. 2003,

was seen as an attractive option for filling these moulds.

Solutions of individual sugars and sugar alcohols, and binary combigatiothese, were
dehydrated to determine those that formed solid sugar glasses and those that crystadised

shown inFigure 2.4
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Figure2.4 Images of dehydratedolid sugar products.

Macro photographic images of sugars following dehydration. (A)r€halose anhydrous (TRA), (B) D
(+) - trehalose dihydrate (TRD), (C) Bhannitol (MAN), (D) D (+)sucrose (SUC), (ERA/MAN 25:75
%", (F) TRA/MN 50:50 %, (G)TRA/MAN 75:25 %, (H) TRD/MAN 25:75 %, (1) TRD/MAN 50:50
%'/ w, (J)TRD/MAN 75:25 %, (K)TRA/SUC 25:75"%4, (L) TRA/SUC 50:50"%, (M) TRA/SUC 75:25
%'/, (N) TRD/SUC 25:75"%, (O) TRD/SUC 50:50"%, (P) TR/SUC 75:25 %, (Q) SUC/MAN 25:75
%'/ w, (R)SUC/MAN 6:50 %/, (S) SUBAN 75:25 %/,

Each of the solutions containing single sugars crystall upon dehydration, as shown in
Figures 2.4A) ¢ (D). This was unsurprising given that crystallisation occurs when sugar
solutions of pure sugars are evaporated slowly at low or ambiimiperatures(Wright et al.
2002. Where a sugar combinationonsisted of two sugar molecules of approximately the
same molecular weight however, for example twisaccharides, a stable solid sugar glass
could be formedFraenkel et al. 20Qgsee Appendix 2 TRA/SUC 75:25"%, Figure 2.4M),
TRD/SUC75:25 %/, Figure 2.4(P) and TRA/SUC 50:50 "%, Fgure 2.4 (L). Similar
observations have been noted by Wright et al. who reported that using a mixture of
disaccharides circumvented crystallisation of sugar solutthmég evaporaton (Wright et al.

2002 Wright et al. 2008 It wasspeculated that sugar combinations containing molecules of
different relative molecular sizdor example a disaccharide and a hexose, suchR&/MAN
50:50 9%/,,, Figure 2.4(F),did not interact during dehydration and therefoi@-crystallised
(Fraenkel et al. 2006 For example, nxtures containing disaccharides and sugar alcohols
failed to form sugar glasses under the same processing conditions. It was speculated that the
low Tg of MAN and XYL, 303 and 247 K respectively, hohdeeeformation of a solid glass
under these conditiongFraenkel et al. 2006 The Tg of these two sugar alcohols is close to
ambient temperature and therefore sugar combinations containing these sugars will have
lower TgqWillart et al. 200§and hence are less likely to form a stable amorphous state under

ambient conditions. Further, sigar combinations containing xylit@ pentosedid not form a
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stable solid product by the end of the dehydration period. This behaviour was attributed to
the hygroscopic nature and extremely low Tg of xylitol making the glass unstabd®rat

temperature and humiditfFraenkel et al. 2006

As disaccharides appeared to be good candidates for amorphous glass formation, another
disaccharide, maltose, was investigated. Solutions of maltose, and combinations with other

sugars, were dehydrated to observe the glass forming propensity ofubes's

(K)
Figure2.5 Images of dehydratedolid sugar products.

Macro photographic images of sugars following dehydration. A}} maltose (MAL), (BMAL/TRD
75:25 %/.,, (C)MAL/TRD 50:50 %, (D) MAL/TRD 255 %,,, (E)MAL/TRA 75:25 %, (F)MAL/TRA
50:50 %/, (G)MAL/TRA 25:75 %,, (H) MAL/SUC 75:25 *%4,, (I) MAL/SUC 50:50 ¥, (J)MAL/SUC
25:75 %/, (K)MAL/MAN 75:25 %, (L)MAL/MAN 50:50 %.,, (M) MAL/MAN 25:75 %,
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As shown in Figur2.5 (B) ¢ (1), the majority of sugar combinations daming MAL, and even
pure MAL Figure2.5 (A), appeared tdorm a solid amorphous product following dehydration.
Once more, sugar combinations containing MAL and a sugar alcohol did not fgtassy
product, Figure2.5 (K) ¢ (M). This supported the data shown in Figutd, and further
suggested that only certain combinations of disaccharides would form amorphous phases

following this method of sugar glass formation.

2.4.2 Determination of residual water content of sugar glasses

To maintain optimal factionality of macromoleglar cargo contained within the matrix of a
SG processing temgratures should be kept lowPrior to the formation of a vitrified glass
heat labile medicaments will not be adequately protected, which is particularly critical for
many proteinswhosefunctionality is dependent upon the working temperature that they are
exposed to.For exampleenzymes will, at certain processing temperatures, denature and lose
their three dimensional conformation and hence their functionalityFor example,i -
galkctosidasehas been shown to bestable up to55 °C (Yoshioka et al. 2003whilst it
denatures at temperatures over @ °C(Ladero et al. 20Q6Yoshioka et al. 2003 Thereforejt

was hypothesied that such an enzym&ould be more stale in a sugar glass formed 30 °C

rather than at 60°C

As the water content of sugar glasses is a key paranggieerningthe structure andstability
of the material, this study compared the residual quantity of water remaining within sugar

glassesreated at both 50 and 60C
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Figure2.6 Analysis of water content in sugar solutions.

Sugar solutions were dehydrated at ambient temperature for 24 h then at, (A) 60 °C until 144 h or (B) 50
°C until 192 h. After 144 or 192 h, solid sugar glasses were maintained under ambient conditions until

288 or 356 h respectively. Changes in sampdéght upon dehydration and storage were used to

determine water content. Data presented as messtandard deviation (S.D.) (n=3).

Figure 2.6 shows the change in water content of three different sugar solutions with
dehydration time, at both 50 and 60 °C. For all sugar solutions the majority of water loss

occurred during the first 24 h. A further 24 h of dehydration at elevated temperaam®mved
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the remaining water to leave a solid glass. This was the case for sugarsotliehydrated at
both 60 °CFigure2.6 (A), and 50 °CFigure2.6 (B). However, the weightf all the sugar
glasses decreased slightly between 48 and 192 hstwiihirtained at 50 °CFigure 2.6B). This
was not observed to sucan extent in the sugar glass solutions treated at 60 °C, where the
minimum water content was achied by 24 h in the heated oveRigure 2.6A). Following re
introduction into ambient conditins, the weight of each of the sugar glasses increased
marginally, returning to the levels observed at 4maenkel et al. 2006 This was expected as

sugar glasses have a hygroscopic na{ig¢mar 1935.

It was deduced that any residual water remaining within the glass at this point must be
intrinsically associated with the material and therefore not able to be removed. Under both
conditions explored, it was apparent that the TRA/SUC 75:2h, %ugar glass retained
approximately 9 %, water in its structure at 48 h. In comparison, the TRD/SUC 7525 %

and MAL/TRA 75:25"%, glasses both contained negligible quantities of water in the solid
glass state. It was speculated that the additional water retained in the TRA/SUC 7%,25 %
sugar glass was due to the association of 2 moles of water to each TRA molecule to form the
dihydrate sugar. This weight increase was not observed in the TRD/SUC 7h;2ic4s as

the trehalose molecule was fully hydrated before dissolufieraenkel et al. 2006

It was not obviousvhy the sugar solutions would behave differentlyritig storage following
production at either 50 or 60 °C. One possible explanation duaNe been that the residual
water content of the sugar glasses formed at®Dwas marginally greater than the residual
water content of the sugar glasses formed at ®D. It is known that water can affect the
stability ofamorphous materialsfor example, it has been shown to have a plasticising effect
on glasses(Lai et al. 1999 Therefore, the increased quantity of water within each of the
glasses formed at 50C could have increased the propensity of the gtasadsorb water
following removal from the oven and subsequent storage under ambientditons.
Importantly, however, even though the water content was seen to increase in these glasses,
the macroscopic structure of the glasses remained the same. There was no obvious
crystallisation of the sugars, or a change towards the rubbery statkeofaterial, and so it

was concluded that théwo different production temperatureslid not have a significant effect

on the overall properties of the glassformed.
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2.4.3 Scanning electron microscopy of sugar glass films

To support the data obtained in Figur@sgl and 2.5 the solid sugar products exe further

examined under SENFjgure 2.7.

Figure2.7 Scanning electron micrographs of transverse sections of dehydrated sugar films.

(A) 100 % TRA, (B) 100 % SUC, (C) 100 % TRD, (D) 100 % MAL, (E) TRA/SUC (F5:TREBUC
75:25 %/, (Bar =500 un) (n = 1).

The solid mass formed from dehydrated single sugars TRA, SUC and TRD suggested an ordered
structure of crystalline natte when transversely sectioneBigures 2.7A) ¢ (C)(Fraenkel et al.
2006. In contrast, SEM imagessiflid sugar transverse sections formed from pure MAL and
combination sugars TRA/SUC 75:2%,%and TRD/SUC 75:25"R4, Figures 2.7D), (E) and (P
respectively, were shown to form a namystalline mass providing no evidence of order. It
was inerestingto note that pure MALFigure 2.7(D), appeared to have a structure more
closely related tahat of the combination sugargigure 2.1B and (F) than the other single
sugar samples. This data supported earlier visual studies where pure MAL soluteareapp

to form an amorphous sugar glass following dehydration, FiguréA. 5ollowing dehydration.

It was not obvious why pure MAL should behave in this waythisitdatabegan to suggest a
correlation between the visual appearance of a sugar prodoldwing dehydration, and its
physical properties. If a sugar product appeared to be glassy and transparent following
dehydration, then under SEM the product looked distinctly different to a solid crystalline mass

and hence this suggested an amorphousunatof the material. However, what was not clear
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was whether the materials formed by the sugar combinations and MAL were less ordered
through their amorphous structure owere more prone to melting under the electron beam.
Nevertheless, these data suppdhe utility of this simple dehydration methodology to form

sugar glasses from selected sugalutions(Fraenkel et al. 2006

2.4.4 Thermal characterisation of sugars

To probe the nature of pure sugar and promising sugar glass forming combg)atiosn
materials were further analysed by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). The DSC scan of a pure TRA dehydrated film is
characterised by two sharp endotherms with peaks at 101 and 214 °C with a third moig poor
defined endothermic region between 130 and 150 F@@ure 2.8A). The weight loss profile
with temperature (TGA) for the same material is superimposed in F8réd) and shows a

total weight loss of approximately 10"% over the heating range. It was observed that the
water loss was greatest over the temperature rangec9D40 °C and hence the endothermic
peaks observed over this range correspond to dehydration of the dihydrate cryState
water was removed from the asnple this left the anhydrous sugar which melted at
approximately214 °C, correlating with literature values for the melting point of the anhydrous
trehalose crystal at 210.5 °@ligashiyama 2002 This suggestechat the hydrated form of

the sugar was formed during the process and that residual water remained within the glass
following dehydration(Fraenkel et al. 2006 We speculate that this residual water was bound

to the trehalose molecule withinhe amorphous structure and hence would not be available
for reaction. This concept is supported by the worlSofana etal. where they suggest that
amorphous trehalose prepared by dehydration may possess residual structural history of the

hydrate from which it was forme(Burana et al. 2004
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Figure2.8 Thermal characterisation of solid sugar films.

DS{solid line) andTGA dashed line) profiles of unprocessed and dehydrated sugars. (A) 100 % TRA
dehydrated sugar film, (B) 100 % SUC dehydratgdrsiilm, (C) unprocessed TRD, (D) unprocessed TRA
(E) TRA/SUC 75:25 %, (F) TRD/SUC 75:25 %, (G) TRA/SUC 75:25 ¥, (following 1 month

desiccated storage)atydrated sugar filrs.

The profiles shown in Figure 2@ and (D) show the DSC and TGA scans of unprocessed TRD
and TRA powder respectively. Unprocessed, Hgare 2.8(D), showed a distinctly different
thermal profile to the dehydrated TRA fiJiRigure2.8 (A), which showed only a single melting
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endotherm at approximately 200 °C, corresponding to melting of the trehalose crystal. As a
corollary, no weight loss was observed through the temperature range, indicating that no
water was present in the sampleUnprocessed TRDxigure 2.8 (C) however, displayed
endothermic peaks and respective weight losses at approximately the same temperatures as
the dehydrated TRA film, further indicating that TRD was formed following dehydration of
aqueous TRA solutioffrraenkel et al. 2006Surana et al. 2004 The thermal profe of pure
SUC dehydratk film, Figure2.8 (B) suggested that no residual water content was contained
within the structure. This was demonstrated by the singtela@hermic peak observed at
191°C, attributed to melting of pure SUC crystal, and no evidence of weight loss by TGA
(Fraenkel et al. 2006 Figure2.8 (B) shows DSC and TGA scans of TRA/SUC 75/25 %
dehydrated film. This film appeared to have a more complex nature than the individual sugar
films. A sharp endothermic peak was observed at 97 °C, corresponding with the loss of water
from the sample, but no other discrete thermal events were observéd.poorly defined
endothermic region was shown between 130 and 170 °C and a gradual weight loss of the
sample was observed from approximately 80 to 220 °C. The thermal behaviour of the
TRD/SUC 75:25"4 dehydrated film,Figure 2.8(F) was shown to be versimilar to the
TRA/SUC 75:25"%4 dehydrated film Figure 2.8(E) (Fraenkel et al. 2006 supporting the
similar apparent nature of the dehydrated producte€¢ Appendix 2. Although there was no
evidence of a distinct endothermic step iretheat flow, indicative of a glass transiti@ffranks
2003, as there were no obvious endothermic peaks at elevated temperatures, it was deduced
that these samples were likely to beon-crystalline in ature. In replicate samples, the
endothermic peak 197 °C was not always observegigure 2.8(G), correlating with the
duration of storage under desiccation following formation of the glass. However, the key
feature in all replicate samples was the absence of endothermic peaks at elevated

temperature(Fraenkel et al. 2006
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2.45 Powdered Xray diffraction analysis

To explore the nature of dehydrated sugar glass films further, samples were analysed by
powdered Xray diffraction analysidrigure 2.9. In this analysis, samples that demonstrated
areas of crystallinity showed distinct dark spotghin the diffraction pattern, for example,
Figure 2.9B). As a camera length of 22 cm was used this method detected the presence of

longer range order within the material, from 0.22 to 300 nm.

A) : e (B) (©)

(D) ' (E) : F
Figure2.9 Powdered Xray diffraction analysis of dehydrated sugar films using a 22 cm camera.

(A) 100 % TRA, (B) 100 % SUC, (C) 100 % TRD, (D) 100 % TRALS(E) 75:25 %, (F) TRISUC
75:25 %'/, (n = 1)

As shown in Figur2.9 the pure sugar dehydrated films TRA and SUC appeared to show distinct
areas of crystallity in their structure, Figures 2.4 and (B) respectively. This supported
previousfindings suggesting that individual sugars formed solid crystalline méskesing
dehydration, Figures 2.4, 2.7 and 2.Bowever, in this study parTRD dehydrated film, Figure
2.9(0), did not appear tademonstratea crystalline nature. This was dontrastto previous
findings, Figures 2.@B) and 2.7(Q, which appeared to showhat the TRD film had a crystal

structure.

In support of previous studies, the puMAL dehydrated film, Figure 2D), appeared to have
a noncrystalline nature, denot by the absence of dark spots in the diffraction pattern. This

behaviour was partly observed within thERA/SUC 75:25"%, and TRD/SUC 75:25"F%
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dehydrated filns, Figures 2.95) and (F) respectively, where a blank diffraction pattern was
generallyobsaved. However, in both Figures ZB and (F) there was evidence of some small
dark spots within each diffraction pattern. This suggested that these combination sugar films
had some evidence of crystallinity within their structure. In a similar matmére pure TRD
film, this result was in contrast to prior studies, Figures 2.4, 2.7 and \®/Rere dehydrated
films formed from sugar combination solutioappeared toform an amorphous solid with no

evidence of crystallinity.

To investigate the shomange order, up to 0.22 nm, within these materials they were viewed
at a sample to camera length ofofn, Figure 2.10. From these scatter patterns it appeared
that over shorter ranges of measurement pure TRA, TROTRAISUC 75:25 %, dehydrated
films were Xray amorphous, Figures 2.18), (O and (E) respectively. In this analysis, it
appeared once more that pure TRD film, Figure 2@0 and in this casenly pure TRA
dehydrated film, Figure 2.10(A), demonstrated an absence of stgllinity which was in
contrast to previous findings. Interestingly, the diffraction patterns of pure MAL andSTRD
75:25 %/,, dehydrated films suggested order within the material over a shorter range. Once

again this behaviour had not been indicateyg previous studies conducted on these materials.

59



Chapter 2

(A)

(B)

©

(D)

(E)

(F)

Figure2.10 Powdered Xray diffraction analysis oflehydrated sugar films using a 4 cm camera.

(A) 100 % TRA, (B) 100 % SUC, (C) 100 % TRD, (D) 100 % WRALS(E) 75:25 Y%, (F) TRISUC
75:25 %', (n = 1)

As discovered during thermal analysis studies, it appeared that the nature of theserdtsuyd
sugar materials was not straightforward. As stated in section 2.1, both the formation
methodology and subsequent storage conditions can affect the nature of amorphous materials
(Willart and Descamps 2008 Therefore, the contrasting data obtained in this study could be
explained by a number of factors including the duration between sugar film formation and
preparation of the sample for analysis. Samples were sent away for analysis and storage
instructiors were given. However, the exact conditions and duration of storage of these
samples prior to analysis were unknown; hence this may have had an effect on the results
obtained. For example, if samples had been exposed to humid or elevated temperature
storage conditions prior to analysis, this may have induced crystallinity within samples.
Conversely, it is known that powdering or milling a sample can induce amorphous behaviour
(Nagahama and Suga 2QG&ithin a sanple due to the shear forces involved. This may have
been a factor within the pure TRD sample, for example, where the sample appeared to be

amorphous in these-ray studies.
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2.4.6 Single crystal Xay diffraction analysis

To develop and explore the powderray diffraction analysis in section 2.4.5, samples were
analysed by single crystalrXy diffraction analysis. In this methodology no powdering of the
sample was required before analysis. The diffraction patterns wdws different sugars are

shown in Figure 2.11.

) ®) © ()

(D) : X ()

Figure2.11 Single crystaK-ray diffraction analysis of sugar samples.

(A)100 % SU@ehydrated film (B) 100 % SUC solution, (C) 100 % SUC pofl)@RA/SUC 75:25 Y,
dehydrated film(glass like partB) TRA/SUC 75:25%, film (crystal part)(n = 1)

As an altered method was used in this experiment, specifically the filtering of sugar solutions
via a 0.2um filter before dehydration, it appeared that an amorphous psterose material

was producedFigure 2.11(A). It was speculated that the filteringrocess removed any
particulates that may have acted as nucleation agents for crystallisation. This was confirmed
by the control solution of pure SUC solution, Figure 2(BJ. which showed a similar

GF Y2NLIK2dza ¢ & NHzOG dzZNB (i 2contrastSpuré SUC pendde, Figidd G S R
2.11(C), demonstrated a purely crystalline scattering pattern. However, the diffraction
pattern obtained from theTRA/SUC 75:25"% sugar filmshowed two distinctly different
profiles in this experiment. From visual observations, it was noted that within this sugar film
there were two distinct areas within the sample. The majority of the sample was optically
transparent and appeared to be anprous however there was one area where discrete

crystals were observed. By orientating the sample within thrayXbeam it was possible to
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analyse both areas of the material. As Figure Z)Ishows, where the transparent part of
the material was analgsl, the structure of the material appeared to be amorphous. However,
when the crystalline portion was analysed, Figure ZB)1the scattering pattern confirmed

that this section of the material contained order within its structure.

These observatianwere encouraging dley confirmed that previous conclusions drawn from
early visual data obtained in Figures 2.4 and 2.5 were likely to be correct. If a sugar
combination appeared to be glassy and transparent, then it was likely to be amorphous,
whereas if crystals were observed in the dehydrated product then it was likely to be

crystalline.

2.5 Conclusion

The aim of this first chapter of work was to produce amorphous sugar glass materials via a low
temperature fabrication technique. Hence, certain & to amorphisation were not
applicable, for example, quenching of the crystalline melt. The rationale for this was twofold.
Firstly, it was speculated that a low temperature methodology would produce sugar glasses
that would be capable of incorporatirtgeat labile medicaments and delicate macromolecules
within their structure. Secondly, it was necessary for the amorphous material to conform into
the geometry of a microneedle array. Therefore, the dehydration of a solution method to
achieve amorphisatn was appealing as it provided the possibility to address both these

issues.

It appeared from early studies that a combination of two disaccharides in solution would be
optimal to produce an amorphous material via this slow dehydration method. Howd#ver,
appeared that particulate matter in solution could still act as a nucleation agent and cause
regions of crystallisation during dehydration. Amorphous sugar glasses formed by this
technique were shown to have a complex nature and they did not appedeneonstrate all

the classical features of a glassy system. However, it was found that where a particular
dehydrated sugar product appeared to be transparent and amorphous the system displayed
an absence of crystal melting orray scattering behaviour; dih characteristics of an
amorphous phase. This suggested that such systems may be suitable for future incorporation

of unstablecompound and fabrication of biodegradable microneedle structures.
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3 Optimisation _of micromoulding technique for biodegradable sugar

glass microneedle array fabrication

3.1 Introduction

3.1.1 Development of micromould fabrication approaches

Arrays of solid MNs have demonstrated effectiveness at enhancing delivempodel
compoundsacross the skin barrier. However, their usage poses a numbgrotntial
problems. Silicon is not an Fapproved biomaterial and therefore may cause regulatory and
safety concerns. Furthermore, broken silicon or metal MNs could cause skin problemiif left
situ in the body. Solid nenoated MNs also require avb-step application process whereby
MNs are applied in a separate process to the dosage form, which is undesirable. Finally,
accurate coating of MNs is not straightforward and these devices only deliver a very small
amount of drug as a bolus dogBrausnitz 2004 Therefore, micromoulding has become a
commonplace methodology to prepare biodegradable MN structures with three dimensional
structures. Some of the earliest reports of micromoulding processes by McAllister et al.
include those utilising silicon, metal é@rpolymer micromoulds. Briefly, silicon moulds were
made by direct etching of silicon wafers to produce cylindrical holes within the wafer. Metal
micromoulds were prepared by electroplating onto solid silicon MN master structures before
removal of the mater by reactive ion etchingMcAllister et al. 2008 Polymer moulds were
produced by coating a layer of PDMS over silicon or polymer master structures and curing.
This later technique is a lewost, repeatable methodology which is now widely used by many
workers(Gittard et al. 2009McAllister et al. 2003Park et al. Q05, 2006 Sullivan et al. 20Q8
Xueqiu et al. 2000 A similar approach has been adopted subsequently where a female
master micromould is etched from SJepoxy photoresist by UV exposure before a male MN
master is fabricated from PDMS. The male master strudtutieen sputter coated with a thin
layer of gold before a second layer of PDMS is coated onto the surface to form an inverse
mould (Chu et al. 2010Lee et al. 2008Park et al. 2007 Alternatively, other groups have
fabricated metal micromouldby etching the inverse shape of an array of MNs into a solid
metal casting mouldKolli and Banga 2008liyano et al. 200p More recently, a silicone
micromould has been reported whereby micromould templates were prepared on the surface
of silicone sheets usg a galvanometebased lasemachine tool. Computeaided design files

were employed to control the laser milling process and thereforaginationswith varying

base diameter, height and interspacing could be produ¢@dnnelly et al. 20001 This
sophisticated process allows much greater cohmoer the geometry of the resulting MN

structures produced. However, the most straightforward and commonly utilised methodology
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for creating inverse micromoulds for biodegradable MN manufacture remains the formation of
a PDMS micromould from a solid masstructure. In this context, it was determined that
generation of PDMS against silicon MN master structures would be employed to fabricate
SGMN arrays.

3.1.2 Micromoulding of microstructures

Once a micromould has been formed it is filled with the desired material to form replicate MN
structures. Various groups have explored different techniques to prepare and fill such moulds.
Metal MNs formed by McAllister et al. were prepared by an elaeposition methodology
whereby a nickel layer was deposited onto polymer or silicon micromdiddallister et al.
2003. Synthetic slovdegrading polymer MNs have been prepared by melting/gigtolic

acid (PGA), polylactic acid (PLApoly-lactide-co-glycolide(PLGA) and using vacuum to draw
the melt into the mould(Chu et al. 201,0McAllisteret al. 2003 Park et al. 20052006) whilst
Takano et al. fabricated polyethylene glycol (PEG) MNs by melting powdered PEG into a
micromachined digTakano et al. 2009 A similar methodology has been utilised to form
natural silk fibroin MNs. Here a heat pireated fibroin solution was poured into the PDMS
micromould, degassed under vacuum, and-éaied for 24 h at room temperature to form

solid MNs (Xueqiu et al. 2010 Alternatively, Park et al. utilised synthetic polymer
microparticles, with and without drug encapsulated, to fill micromoulds. Tharaparticles

were packed into the mould and either heated or ultrasonically welded to fuse the particles
into MN geometries(Park et al. 200 This technique permitted greatecontrol over MN
design, and allowed fabrication of structures with a complex geometry created from multiple

materials using milder processing conditigRark et al. 2007

Another approach to forming polymeric MNs is to use centrifugal force to aid filling of the
inverse micromould with a viscous materiBlonnelly et al. 201;1Donnelly et al. 20094d_ee et

al. 2009. For example, Leet al utilised concentrated hydrogels of ultlaw viscosity
carboxymethylcelluloséCMC), amylopectin and bovine serum albumin (BSA) deposited onto
female micromoulds and placedtina 45° angled rotor at an elevated temperature. This
process formed the hydrogel mixture into the mould, whilst removing residual solvent from
the formulaion, to form a solid MN array containing conical or pyramidal MN arflags et al.
2008. Chuet al. used a combination of vacuum at room temperature followed by
centrifugationto prepare MNs formed from 30, 40 and 50'%pblends of polyvinyl alcohol
(PVA) and polyvinylpyrrolidone (P\(€hu etal. 2010.
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These solutions contain a drug, including both small and large molecular weighteapand
a polymer, such as ondroitin sulphate or dextranwhich is compressed and dried into a
micromould under the pressure of a steel pldfikushima et al. 2011to Y.et al. 2010alto
Y. et al. 2010p In a similar manner, solid state biodegradable microstructures have been
formed by mixing drug powders into polymer / excipient solutions containing PVA, trehalose,
maltitol and hydroxypropyl -cyclodextrin in PBS. These solutions were spread over the
surface of a silicone female micromould and briefly pressurised before drying at slightly
elevated temperature for 1 h. A backing layer consisting of EU®BJRO saltion in alcohol
was pipetted on top of the dried drug formulations before final pressogi and drying at

elevated temperaturdWendorf et al. 201)L

Alternative approaches include polymerisation of polymers within the micromould itself. For
example, Sullivan et al. used a liquid monomer of vinyl pyrrolidone and the-ffaekécal
initiator azobisisobutyroniile applied to the mould surface. Vacuum pressure was used to
draw the solution into the mould before UV light wasmployedto photo-polymerise he
polymer in situ (Sullivan et al. 2008 A similar methodology was utilised by Gittard et al.
where a monomer of eShell 200 polymer was used as the starting maf&iidhrd et al.
2009. Solid maltose MNs have been fabricated by forming a maltose candy and casting the
material into metal micromoulds at elevated temperatui€olliand Banga 20Q8liyano et al.
2005. Finally, Lee et al. recently proposed a sophisticated methodology of forming solid
maltose MNs whereby a stepwise controlled drawing lithography of a viscous solotio
melted maltose monohydrate yielded tapered conical shape MNs with varying le(igtbset

al. 2011D.

As stated, there are now a number of different approaches to forming biodegradable MN
structures using avariety of methodologies. Accordingly, the main focus of this chapter of
work was to investigate and optimise a robust micromoulding technique to reliably fabricate

SGMN arrayasing the low temperature method developed in Chapter 2

3.1.3 Advantages and diadvantages of biodegradable microneedle fabrication techniques

As discussed above, there are now many different approaches to forming replicate MN devices

from master structures. Each approach has its own benefits and drawbacks and therefore
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different micromoulding techniques are used for different applications. For example, earlier
methodologies employing high temperature melting of synthetic polyn{Perk et al. 2006
and powdered maltos¢éMiyano et al. 200pinto a micromould were found to produce robust
MN structures. However, neither group attempted incorporation of labile medicaments within
the matrices of the arrays. More recently, workers found tivadorporation of both small
molecular weight drug and macromolecular protein during melt processing of galactose
powder to form MNs involved substantial drug losses due to temperature elevé@ionnelly
et al. 2009a

Therefore, many attempts have been made to form biodegradable MN structures using
methodologies involving lower processing temperatures. An increasingly popular technique is
the use of centrifugation to fill micromoulds with a viscous polymeric matéCial et al. 2010
Donnelly et al. 20L3;1Donnelly et al. 20094 ee et al. 2008 This methodology provides the
potential for drug incorporation within different portions of the MN array, to facilitate bolus or
sustained release. However, elevated temperatures are often still required for the initial
formation of viscous solutions and removal of residual solvent which may potentially damage
incorporated drug cargo. It has also been found that poheric CMOMINs having the same
dimensions as master silicon or metal MNs do not possess sufficient meghartiperties for

skin insertion and therefore require a reduction meedle aspect ratio(Lee et al. 2008 A
critical objective of this chapter was to investigate the skin fitige capabilities of SGMNs

with the same geometry as the silicon MN master structures.

To try and address these fabrication issues, novel approaches have included the
photopolymerisation of liquid monomerm situ within the micromould itself(Gittard et al.

2009 Sullivan et al. 2008 These systems easily lend themselves to segregation of the base
and MNs for drug incorporation within different portions of the array. This approach allows
flexibility over drug loading and therefore facilitatdsolus and / or controlled release
depending upon the appropriate indication. As these MNs are formed from synthetic
materials, copolymers can be utilised which confer other advantageous properties, for
example an increase in mechanical stren(fhllivan et al. 2008 It has also been shown that
biological activity of incorporated macromolecules is maintained within these sygt&utis/an

et al. 2008. However, there are safety concerns over some larger molecular weight synthetic

polymers, such as polyvinyl pyrrolidone, relating to clearance and kidney damage. It has also
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been shown that not all the small scale features within MN arrays, such as MNatips,
perfectly(Gittard et al. 2009

Other workers have westigated single MNs, of millimetre dimensions, formed from thread
forming polymers produced from viscous solutions at ambient temperafliceet al. 2006.
These MN dvices have shown effective delivery of large molecular weight hornironvévg
however they are formed by hand which is a poorly controlled and-manufacturable
processSullivan et al. 2008 More recent methodolgies utilising a steel plate to dry polymer
solutions into micromoulds have permitted the stable incorporation and delivery of
macromolecular medicaments vivo(Ito et al. 2010Q1to Y. et & 20103. One of the latest
references to biodegradable MN fabrication is the formation of PLGA MNs incorpodatigg
loadedhydrogel particles. When leih situin skin, hydration of the hydrogel particles cause
disruption of the MN maix and cotrolled release ofdrug (Kim etal. 2013. This is an
attractive approach, but one which still requires further optimisation to eliminate issues of
hydrogel toxicity and elevated processing temperatures. As described, each biodegradable
MN fabrication technique has its own merits carsome methodologies now look very
promising, however to date there %ot one fully optimised systemConsequently, a novel
vacuumforming methodology will be explored in this chapter to attempt reliable SGMN

fabrication.
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3.2 Chapterobjectives

1. Develop a rkable methodology for forming micromoulds against silicon MN master

structures for SGMN fabrication.

2. Investigation of MN fabrication from alternative substrates and potentiagimerdion

of micromoulds against these MNSs.

3. Investigation of differenttechniques including vacuufermation, centrifugation,

ultrasonication and compression to micromould biodegradable SGMN arrays.
4.  Optimisation of a micromoulding technique for reliable SGMN array fabrication.

5. Qualitative and quantitative assessment and visualisation of the capacity of SGMN

arrays generated to penetrate human skin barrier.
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3.3 Materials and methods

3.3.1 Materials

All reagents were obtained from Fisher Scientific Ltd. (Loughborough, UK) and were of
analytical gradeunless stated otherwise.

The silicon MN arrays used in this study were supplied by Tyndall National Institute, Cork,
Ireland. Pyramidal MNs were fabricated using se®hing in potassium hydroxide and
subsequent coating with a 08Y | @lafifddn (2Vitke et al. 2005

Human breast skin was obtained from the Aneurin Bevan Health Board Royal Gwent Hospital
(Newport, Wales, UK) following mastectomy or breast reduction surgery with full ethical

committee approval and informed giant consent.

3.3.2 Methods

3.3.2.1 Characterisation of silicon microneedle master arrays

The master MN structures utilised in this study were octagonal pyramid in morphology being
approximately 250 um in length and 200 um at base width. Arrays were cross illucharade

viewed under light microscope (Olympus BX50, Japan) to confirm uniformity and integrity of
the needles. When required, arrays were mounted onto aluminium stubs using adhesive

carbon discs and imaged under SEM as described in section 2.3.2.3.

3.3.2.2 Pdydimethylsiloxane micromoulding

Polydimethylsiloxane micromoulds were created from master silicon MNisor&arrays were
cleaned byultrasonicaton in methanol for 10 mins followed by rinsing in fresh metblaand

air drying forl0 mins. Premixed,degassed PDMS was added to a well containing the master
array, prior to degassing for 30 mins and curing, as described in section 2.3.2.3, to form the
mould. The master array was subsequently removed to yield the MN mould. To visualise
channels within tle micromould, the mould was sectioned transversely and cross illuminated

for viewing under light microscope (Olympus BX50, Japan).

3.3.2.3 Initial fabrication of sugar glass microneedle arrays

A 16.7 %, solution of TRA/SUC 75:25'Rpwas prepared adlescribedin section 2.3.2.1 and

150 plwas pipetted onto the surface of a PDMS micromould. The mould was dehydrated in a
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fume cupboard for 24 h at ambient temperature followed by 24 h at 60 °C. The mould was
cooled to room temperature and the MN array was removwsdhand. The array was viewed
under light microscopy{Olympus BF2, Japanyand then mounted onto an aluminium stub,

sputter coated with gold and imagethder SEMasdescribedn section 2.3.2.3.

3.3.2.4 Investigation of standard deposition fabricatiomethodology

A 16.7 %/, solution of TRA/SUC 75:28"/,, was prepared aslescribedin section 2.3.2.1.
Methylene blue (MBpowder was incorporated at 5%, of final sugar glass weight. 200 pL of

a sugar solution containing 5% MB was pipetted onto the surfacof a micromould and
viewed by digital camera, (Nikon, Coolpix 5600, Japan), and light microscope (Olympus BH
Japan). The micromouldas then placed into a vacuum oven at 300 mBar for 60 mins to form
MNs. The solution was dehydrateas described isection 2.3.2.landthe mouldwasviewed

with time to investigate MN formation. Once formed, sugar glass arrays were removed by

hand and stored in a vacuum desiccator at room temperafgraenkel et al. 2006

3.3.2.5 Optimisation of novel wcuumdeposition methodology

Sugar glassMN arrayswere fabricated usingn improved vacuunioading methodology. A
micromould was placed into a 100 mL conical vacuum flask. The flask was sealed and held
under a vacuum of approximately 100 mBar various timeperiods. 200 pL of a 20"%
solution of TRA/SUC 75:28"/,, was injected onto the mould surface and the vacuum was
then released immediately. The micromould was removed from the vacuum chamber and
dehydrated as described in section 2.3.2.1. Once forr®&MN arrays were removed by hand

and stored in a vacuum desiccator at room temperature. When required, arrays were
mounted onto aluminium stubs, sputter coated with gold and imagader SEMas described

in section 2.3.2.3.

3.3.2.6 Fabrication of sugar microredle arrays

Sugar MNs were fabricated from 200 gliquots of 20 %/, solutions of pure TRA and SUC

sugars utilising the vacuum deposition methodology described in section 3.3.2.5.
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3.3.2.7 Investigation and comparison of novel sugar glass microneedle arrayriation
techniques
A 20 %/, solutionof TRA and SUIG:25%"/,, was prepared and MB powder was incorporated
at 2 %'/, of final sugar glass weightThe solutiowasfilled into PDMS micromoulds using one

of three methodologies

A) Vacuum deposition methodsection 3.3.2.5).The \vacuum was held for 10 mins prior to

sugar solution injection onto mould, as shown in Figure 3.1.

\ Sugar
Rubber L solution

septum

) ™ 1
Vacuum
flask \ \ \\ \ SGMN array

\ \ RAAAAAl
“ \—> \ Dehydration 4

—

o J \\ AERE J \ Y \ \\\\\\] \\ ‘\\\\\\] v

PDMS micromould

Figure3.1 Schematic of vacuurdeposition methodology.

Reproduced fronsource(Fraenkel et al. 2006

B) Buchner funnel vacuufforming method. A PDMS micromould was placed into the base
of a narrow neck Buchner funnel attached to a vacuum purb@0 pL of sugar stution
was pipetted onto the surface of the micromould and a vacuum was drawn through the
funnel for 10 mins. Following this period, the vacuum was released and a furti@€rulL

sugar solution was pipetted onto the mould surface, as shown in Figure 3.2.

I
|,ﬂ T
] ‘ 100 pL sugar m

\[, 0 solution I
' 100 pL sugar
O solution
10 mins
—_— e \\\\\\]
Buchner lVacuum
funnel

Figure3.2 Schematic of Buchner funnel deposition methodology.
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C) 100 pL ofsugarsolution was fpetted onto the micromould surface anthe mould was
placed into a petri diskvithin anultrasonicationbath for 10 mins Following this period, a

further 100 pLsugar solution was pipetted onto the mould surface.

Following formation, all micromoulds were dehydrated as described in se2th@.1 before

removal of SGMN arrays by hand.

3.3.2.8 Fabriation of alternative mastermicroneedle arrag

A variety of potential MN substratesare analysed by light microscop@lympus BX50, Japan)
to investigate the suitability of each for the fabricatiohroaster MN structures. The following

substrates were considered:

A).5 aAONRTAYSu ySSRiS& 6HMI Ho FYR Hp DO
B) 5SNXI NRfftSNK y§

=)
puli
(V)
Q)¢

6t SYyadkK pnn
C) generic sewing needles
D) Monojectt lancets(Sherwood Medical)

Microneedles of various geometries and length00 - 1000 um) were created by inserting a

line of five individual needles through a base plate material. Base materials included flat PDMS
sheets Araldite®fixative and various plastic sheetMN length was controlled by inserting the

tip of each substraténto variouslayers of foldedParafilm® Once inserted, MNs were secured

in place usingAraldite® fixative and cured for 12 hours. Following formation, PDMS was
prepared and formed over the MN arrays to form inverse micromoulds as descrilsedtion
2.3.2.3 SGMNs<ontaining 1 %/,, MB powderwere created against the master MN arrays

using the ultrasonication methodology described in section 3.3.2.7 (C).

3.3.2.9 Sugar glasmicroneedlepenetration of human skin

A previously frozen futhickness skin sample was defrosted for 60 mins. Subcutaneous fat
was removed by blunt dissection and the sample was pinned osenacircularcork board.

The skin surface was patted dry with tissue paper. Sugar glass @aod 8N arrays were
mounted onto flattened 2.0 mL syringe plungers using dosided adhesive tape. Plungers
were applied to the skin in a rolling fashion with downward pressure being applied for 10 secs
and the array being rolled off in the same directias the application. Following application,
the MNs were viewed under light microscopy (Zeiss Stemi -ZQ0Blertfordshire, UKjo

observe structural integrity. 10 pL of a 2'/%MB staining solution was pipetted onto the
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treated skin area and left to mdry for 10 mins. Excess dye was removed with tissue paper

soaked in ethanol prior to viewing under light microsc@psaenkel et al. 2006

3.3.2.10 Measurement of transepidermal water loss

Transepidermal water loss (TEWL) readings were taken diatedy prior to and following MN

array application to skin using a Dermalab® open chamber TEWL apparatus (Cortex
TechnologyHadsund DK). Aong I @ ! bh+! GgAGK 5dzyy S (pdsthdc Ydz i
test was performed on the experimental data using theghPad Prism 5 software package.

In all cases, statistical significance was determined by a value of P &@ébkel et al. 2006

3.3.2.11 Human skin sctioning and staining

Samples of MN treated skin were mounted transversely onto sedtions and covered with
OCT embedding media (RA Lamb, Thermo Fisher Scjdubficefore snap freezing in hexane
and storage at80 °C. Skin samples were removed from the freezer and maintained on dry ice
before cryosectioning (Leica CM305W¢olf Laboratories LimitedYork, UK Sections (10 pm)
were mounted onto glass slides, rinsed in phosphate buffered saline and fixed in acetone.
Slides were stained with eosin andunterstained with hematoxylin prior tapid dehydraion

in an ethanol gradiet and then xylene before permanent mounting in HistomouriNational

DiagnosticsAtlanta,GA, USA(JFraenkel et al. 2006

3.3.2.12 Dissolutionof sugar glassicroneedlesin situ

Ex vivchuman skin was defrosted and prepared as describezbation 3.3.2.9. SGMN arrays
containing 2 %, MB powder were mounted onto syringe plungers and rolled onto the skin.
The plunger was pressed down for 10 secs before being secured in pladeasigiidadhesive
plaster (Robinson Healthcare, Nottinghariteh UK). The arrays were lgft sity, under
ambient conditions, for time periods up to 5 h before removal. Arrays were viewed before and
after application under light microscopy (Olympus-BHlapan). Residual MB was removed

(section 3.3.2.9) prior teisualisation of the skin under light microscdpyaenkel et al. 2006
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3.4 Results and discussion

3.4.1 Characterisation of silicon microneedle master arrays and polydimethylsiloxane

micromoulds

To determine the precise geometry of silicon MN mass&uctures, they were visualised

under light aad scanning electron microscogyigure 3.3.

Figure3.3 Characterisation of silicoMN array master structure.
(A) Macro image of array compared t@&G hypodermic needle and (B) scanning electron micrograph
of (A) (Bar = 100@um). (C) and (D) light photomicrographs of master array from (B) showing (C)

transverse angle and (e faceview (Bar = 10Qum).

The images in Figure 3.3)(@&nd(B) show a silicon master array prepared at Tyndall National
Institute by wetetch fabrication. Silicon MNs are shown in Figure 3)3f@ (D) displaying
the octagonal pyramidal geometry tffie master structure with base width of approximately
200 um and needle length of approximately 250 (Fraenkel et al. 20Q6roviding an aspect
ratio of 1.25.

To form a micromould, prpolymerised PDMS was poured over the surfacehef MIN array.

Due to the low surface tension of the polym@&oe 1963it easily conformed to théow aspect

ratio structure of the master arrays producing inverse micromoulds of the master array that
had a strong correlation to the geometry of the master arfague 3.4(A); an example of a
single channel created within the PDM$cromould is shown in Figure 3(B)(Fraenkel et al.

2006).
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(A)

Figure3.4 Characterisation of PDMS micromould.

(A) macro image of crosbuminated micromouldand B) light photomicrograph dfransverse section

through the micromould showing an individual mould channel (Bar = 100 pm).

The dada shown in Figure 3.4 confirmed the utility of the PDMS micromoulding methodology

to fabricate precise moulds of master MN structures for future replicasimilies

3.4.2 Initial fabrication of sugar glass microneedle arrays

A number of different methodologies were attempted to investigate production of SGMN
arrays. These included methods based upon vacuum formation, compression and
centrifugation of sugar material into micromoulds (data not shown). Ultimately, it appeared
that a relatively simple methodology could be utilised to attempt SGMN array formation.
Sugar solution was pipetted onto the micromould surface and dehydrated for 48 h, as
described previously for sugar glass formation. The aim of this experiment wdséove

whether the sugar solution would naturally flow into the invaginations of the mould.
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Figure3.5 Characterisatiorof initial SGMN arrays.

(A) light plotomicrographof individual crosdlluminated SGMNBar = 100 um) and (B) and)(scanning

electron micrographs of arrgiarrows indicate incompletely formed SGMNS).

As Figure 3.5 {Aand (B) show, the SGMNs that didrm during this experiment generally
formed very well and had strong morphological fidelity to silicon MN master structeigsre
3.3(C). This was encouraging as it suggested the utility of PDMS micromoulds to form SGMN
structures via a simple dehgation procedure. However, certain areas of the MN array did
not form well, correlating with where air bubbles remained entrapped within the micromould.
Therefore, solution was unable to enter those portions of the mould. It was noted that 100 L
of suar solution was sufficient to produce an array of MNs, but it was speculated that the
moulds could be loaded with an increased volume of sugar solution in future to reliably ensure
complete filling of the micromould. Importantly, it was also noted thatuanber of MNs
within the array did not form completely, as shown in Figure 3.5 (C). It was reasoned that poor
MN formation could have been due to small air bubbles remaining entrapped within the PDMS
micromould invaginations, foexample the top righthand MN, Figure 3.5C). Alternatively,

poor MN formation could have been due to damage upon removal from the array; this

appeared likely with the top leftand needle in Figure 3.5 (C).
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3.4.3 Investigation of standard deposition fabricatiomethodology

Toattempt improvement and reproducibility of the SGMN fabrication technique discussed in
section 3.4.2, a number of iterations of the micromoulding methodology were investigated.
Initially, this was based on the work of Park et al. where a vacuum press@@ mBar was
applied for 1620 mins toform PLGA MNs into a PDMS micromoyRhark et al. 2006
Following a number of small optimisation studies (data not shown) a similar methodology to

Park et al. was utilised, section 3.3.2.4ddhe SGMN array shown in Figure 3.6 was produced.

(A) ' (B)

Figure3.6 SGMN array fabricated by the standard vacuum forming methodology.

(A) PDMS micromould containingrray (arrow indicates residual air bubbles remaining within array
basg and (B) SGMN arrgBar = 100Qum).

As Figure 3.6 (Buggess, generally wherSGVINs formed utilising this vacuum methodology
they formed well. However, residual air bubbles (black arrow) remained within the base of the
array, Figure 3.6 (A). To explore reasons for this furtherjrthial stages involved iSGMN
manufacture were studied usin§INs incorporating MBlye. When the sugar solutiomvas
placed onto the mould it initially remained on timeould surface forming a largdroplet with a

high contact angleFigure3.7 (A). It appeared that one of the micromould invaginations
contained any solution at this stagdhis wagxpectedasPDMSs a hydrophobic materiand
becausethe sugar solutionhad a high surface tensionAfter the mouldshad been placed
under vacuum for 1 the sugar solution was observed to halvegunfilling the micromould
invagirations Figure 3.7(B). Theheight and contact angle of thsolution droplet had also
decreasedollowing vacuum exposure. However, it is apparent from Figuf¢B)that not all

of the invaginations were filled with sugar solution (black arrow) at this stage. Following 48 h
dehydation however the sugar glass material appeared to have filled the micromould more

completely as confirmed by light microscopygure 37 (Q(Fraenkel et al. 2006
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(B)

©

®) ()

Figure3.7 Investigation of standard deposition process of SGMN fabrication.

Macro images of a PDMS micromould showing (A) sugar solution containirig,3Vi® powder on

mould surfae (prior to vacuum), (B) mould following processing under 300 mBar vacuum for 60 mins
(arrow indicates empty mould invaginations), (C) lighttpmicrograph of a S@N array within the
micromould following 48 h dehydration. (D) and (E) representative lighit2 G 2 YA ONR I NJ LK a 2 ¥
formed by this process (Bar = 100 um).

To confirm successful formation of SGMNs, newly formed MN arrays were removed from the
PDMS moulds and individual MMWere viewedby light microscopy. Figure 3(D) shows that
S@AVINs that were fully formed hadstrong morphologicafidelity to the master structure,
shown in Figure 3.@C). However, it was noted that only 22 SGMNs were exact replicas of the
36 silicon MN master needles with the remainder being incompletely forrrague 3.7 (E).

This result appeared to be reproducible in subsequent studies and SGMN arrays formed by this
methodology never formed full arrays of 36 needlel. was speculated that the vacuum
applied to the micromould in this methodas irsufficient to reease all of the air trapped

beneath the sugar solution, or that the duration of vacuum applied was insufficient to remove

78



Chapter 3
all the air from within the indentatios This process representdde completion of a number
of studiesaimed atoptimising this vaaum-forming technique and hence it was determined

that this methodology could be improved no furth@raenkel et al. 2006

3.4.4 Optimisation of novel wcuumdeposition methodology

To improve filling of the micromould and overcome the defiencies in formation of a
complete biodegradable SGMN array a novel vacfiomming methodology was developed,
Figure3.1. In the original vacuum oven method (section 3.3.2.4) vacuum pressure was applied
after the sugar solution was placed onto the mouldface. Consequently when the sugar
solution was applied, it appeared that air bubbles remained entrapped within the micromould
invaginations. Following a number of small methodological optimisation studies (data not
shown), a fabrication method (sectioB.3.2.5) was developed whereby a vacuum was
produced within an enclosed chamber before sugar solutions a@plied to the mould surface,
Figure3.1 (Fraenkel et al. 2006

To explore an optimal SGMN array fabrication technique utilising this methodology a number
of different conditions were investigated. In the first instance, a vacuum was drawn within the
flask and the sugar solution was injected onto the mould surfaceddiately. The vacuum

was released immediately, and following dehydration this method produced SGMN arrays as
shown in Figure 3.8 (A). In another technique, the same processes were applied again, except
that the micromoulds were placed into an ultrasorioa bath for 10 mins following vacuum
deposition, producing SGMNs as shown in FigurgB.8 In the final method, a vacuum was
drawn within the flask for 10 mins prior to injection of solution onto the mould. The vacuum
was released immediately and fmlving dehydration the SGMN array in Figure 3.8 (C) was

produced.
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©

Figure3.8 Macro images of SGMN arrays formed by novel vacudeposition techniques.

The following methodologieswere utilised, (A) immediate injection, (B) immediate injection plus

ultrasonication andC) 10 min chamber evacuatidoefore injection(Bar = 100 pm).

As Figure 3.8hows, all of the SGMN arrapsoduced utilising the novel vacuum deposition
methodology had strong morphological fidelity the silicon MN master arrayigure 3.3A).
These results demonstrated the utility of the new miniature vacuum chamber to form SGMN
arrays. As a corollaiy appeared that no air was entrapped within the micromould during
application of the sugar solutioiFraenkel et al. 2006 Again, the individual SGMNs formed
using this improved methodology, Figure 3.9, had identical morphologidalit§i to the

master structureFigure 3.3C).

©)

Figure 3.9 Representative light photomicrographs of individual SGMNs formed by novatuum

deposition techniques.

The followingmethodologiesvere utilised, (A) immediate injection, (B) immediate injection plus

ultrasonication and (C) 10 min chamber evacuation before injection (Bar = 100pum).

The data presented in Figures 3.8 an® appeared to show little difference between the
SGMN arrays produced by each of the methodologies investigated. It appeared that

ultrasonication did not improve MN array forrm@n significantly,Figure 3.8(B), but it was
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noted that the MNs formed follving a prolonged period of vacuum chamber evacuation
Figure 3.9C) did appear to have a closer morphological fidelity to master silicon MNs. Most
importantly however, this process development enabled the precise fabrication of entire
SGMN arrays, i.686 out of 36 replicate structures, Figure 3.10'he novelmethodologyof
chamber evacuation andacuum maintenance during loading of sugar solution onto the
mould reliably formed complete SGMN arrays of 36 needldsat did not contain any
entrapped airasobservedn initial studies. Terefore this methodwas chosen as the process

to take forward for all future studie§-raenkel et al. 2006

Figure3.10 Scanning electron micrograph of SGMN array formed by the novel vacuum deposition

method.

(Bar =1000 pm).

3.4.5 Fabrication of sugar microneedle arrays

As a control, MN arrays were formed from solutions of the individughrs SUC and TRA using
the optimised vacuum methodology described in section 3.4.4. The aim of this study was to
compare the SGMN arrays formed in section 3.4.4 with MN arraymeid from the

component sugars, Figure 3.11

(A)

Figure3.11 Representative macren faceimages of sugar MN arrays within micromoulds.

Arrays werdormed from (A) 100 % SUC and (B) 100 %(fERFesentative oh=3)
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As Figure 3.11 shows, all the arrays formed from both individual sugar solutions appeared to
crystallise upon dehydration (n=3). This behaviour correlated with previous data regarding
dehydration ofsugar solutios, section 2.4.1. However, evenoiligh the sugar solutions were
shown to crystallise, it appeared that some MN structures did form within the PDMS

micromoulds, Figure 3.12.

(A) (B)

© (D)

Figure3.12 Representative light photomicrographs of sugar MNs formed.

Arrays were formed from (A) and (B) 100 % SUC and (C) antio@DYe TRABar = 100 pm)

(representative ohi=3)

a4 aK2gy>-aoNdzGiveekNBNRe ¢ SNB famRiddddSiRmeaoh of e S | NJ
individual sugar solutions. These structures appeared to have some morphological similarity

to the silicon master MNg-igure 3.3(C). However, it was apparent that rowf the MNs

formed from 100% SUC or TRA formed with the same morphological fidelity as the SGMNs
formed in section 3.4.4. It was speculated that this result was due to crystallisation of the
sugar solutions within the PDMS micromould and therefore ingete filling of the
invaginations within the mould during dehydration. This study further supported the use of a
TRA/SUC 75:2%"/ , sugar solution to enable fabrication of sugar MNs with precise replication

of silicon master structures.
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3.4.6 Investigation and comparison of novel sugar glass microneedle array fabrication

techniques

To explore and validate the optimised novel vacuum deposition methodology described in
section 3.4.4 the technique was compared to two other novel micromoulding methesds
described in section 3.3.2.7. Ultrasonication processing had shown potential for SGMN
manufacture, section 3.4.4, and it was speculated that the use of a Buchner funnel may
provide a more simplistic method for vacutiorming SGMNs. Micromoulding invislg the
Buchner funnel was attempted to evaluate whether vacuum force could be utilised to produce
SGMN arrays without a vacuum chamber. This method relied heavily on tha@ssu that

the PDMS polymer haslome porosity and hence that a vacuwould be drawn through the
micromould. Examples of MN arrays formed by each of the techniques are shown in Figure
3.13.
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(1) =(J) (K) (L)
Figure 3.13 Representative light photomicrographs of SGMN arrays formed by novel fabrication

techniques.

Arrays were formed byA ¢ B) Buchner funel, (E¢ F) ultrasonicatiorand (I- J) vacuum deposition
methodologies (Bar = 1000m) (representative ofn=3) Representativeight photomicrographs of
individual SGMNs formed by €CD) Buchner funnel, (G H) ultrasonication bath and (KL) vacuum
deposition methodologiegBar = 100 um). Arrows indicate residual air bubbles remgiwithin SGMN

arrays.

As Figure 3.13 shows, generally all of the individual MNs formed by each of the methodologies
had strong morphological fidelity to the silicon master strucfutigure 3.3C). However, a

numberof MNs were found to be incompletefgrmed on each of the arrays.
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The data in Figure 3.14 show the number of whole MN structures produced using each of the

methodologies.

Number of fully formed MNs

= R N N W W b
o 00 o o1 o O’ o o1 O
1 1 1 1 1 1 1 1 )

Method
Figure3.14 Comparison of SGMN fabrication techniques and MN formation.

Bars demonstrate the number of MN structures formed usilitasonication (black), Buchner funnel
(white) and vacuum deposition (grey) methodologies. Data presessadean standarddeviation
(S.D.) (n=3).

In combination, thedata presented in Figure 3.13 and 3.14, suggested that the vacuum
chamber forming methodology produced the most reproducible SGMN arrays. As shown in
Figure 3.13 (A) and (E), SGMN arrays fabricated using tim&ufunnel and ultrasonication
methodologies did not always produce complete MN arrays. Air bubbles were observed within
the structures of some arrays produced using both these techniques. This meant that the
number of individual MNs formed using eatiethod was consistently lower in comparison

with the vacuumforming methodology, Figure 3.14Although not all of the MNs formed

perfectly using the vacuufforming methodology, for example Figure 3.13 the MN arrays
produced by this technique were thmost reproducible. This study further suggested the

utility of the novel vacuum methodogly described in section 3.3.Zat robust SGMN array

fabrication.

85



Chapter 3
3.4.7 Fabriation of alternative mastermicroneedle arrag

In an attempt b achieve greateflexibility over the morphology and dimensions of SGMNSs,
attempts were made to produce MN arrays from alternative substraté&/orkers have
previously utilised commercially available hypodermal nee{lesbaan et al. 20Q8/erbaan
et al. 2007 and sharpened stainless steel wijéerbaan et al. 20080 fabricate MN arrays.

Therefore, a range of potential MN master substrates were investigated in thdg,st8 shown

in Figure 3.15.
l(A) ‘ (B) ‘ (C) r(o)

Figure3.15 Representative light photomicrographs of potential MN substrates.

Materials examinedncluded (A) 25 G BD Microfimeneedle (B) sewing needle, (C3 SNX I NB f f S NJ
needleand (D)Monojectt lancet needlgBar = 10Qum).

Three differentgauges of BD Microfineneedle were investigated and it was observed that
they all hadexactly the same tip dimensioRjgure 3.15A). The only variation between each
needle was the bore size of the needle shaft. However, this substrate was discounted as
although the needle tips were precisely machined, a needle that had a bore in thee cen
would be no use for PDMS micromoulding. Commercial sewing needles, Figure 3.15 (B), were
found to be poorly machined, and the needle tip geometry was found to vary widely from
needle to needle, Figure 3.16)(And (C). Hence, these needles were disleal from further
analysis. The Dermarollerand Monojecit lancet needles showed more potential for MN
production however. Both types of needle were observed to be manufactured to a much
higher level of uniformity and precision with very fine tip diamsteas shown in Figure 3.15

(C) and (D) respectively.
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To form MN arrays, a range of base plate materials were explored, including flat PDMS sheets,
Araldite®fixative and various plastics, to observe which was the most effective for the creation

of arrays Examples of MNs formed from these substrates are shown in Figure 3.16.

A — (B) © D)

Figure3.16 Representative light photomicrographs dlternative geometry MNs and SGMNs formed

by ultrasonication.

Images depict (A) sewing needle inserted through PDMS base, (B) SGMN replica of (B),samdng
needle with Araldit®base, (D) SGMN replica of (@pfesentative oh=5).

As shown inFigure 3.16 (B) and (D), it was possible to form replica SGMN structures
containing 1%/, MB,2 ¥ (G KS G&GYAONRYSSRf Sa¢ FIFroNROIGSR
optimisation process, it was concluded that neither PDMS nor Ar&aites an optimal bse
material. It waspeculaed that a solid plastic base material may be a better substrate for MN
production as it would be more straightforward to machine and provide easier control of MN

length.

Combining thepreliminaryfindings of this section, aarray of 5 in plane MNs was fabricated
from Monojeci lancet needles using a rigid plastic base material. Female PDMS micromoulds
were formed against the MN master structures and used to fabricate replica SGMN structures.

Examples of SGMNs formed bystprocess are shown in Figure 3.17.
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(A) A (B) L (©)

Figure 3.17 Representative light photomicrographs of SGMNs formed from Monojectancet

needles.

Images depict (A) and (B faceview of SGMNsontainingl %'/,, MB and (C) 90 angleview of SGVIN

(representative oh=5).

As the images in Figure 3.17 demonstrate it was possible to produce SGMNs with alternative
dimensions to theMNs produced utilising silicon MN master structures. As shown, these
SGMNs had a very different geometry and aspect ratio to the pyramidal based SGMNs
produced previously. Although these structurkead arigid glassy tsucture, it was often
observed thathe MNs ap8 I NBR (2 & 0 Sy Riguee@.$MBEand(Cii TlhiekeSsori A LI
for this observation was not clear, but it was speculated that due to the increased depth of the
micromould the SG material may not have fully dehydrated at the needle tips by 48 h.
Therefore, upon removal from the mould, the tips may hawve had the structural rigidity to

maintain their lancet shape and hence collapsed.

In summary, it appeared that it would be possible to form biodegradable SGMNs with different
geometries to the master silicon MNs. However, production of these areays,inverse
PDMS micromoulds, were not trivial and it was concluded that silicon MN shaped SGMNs

would be utilised for all future studies.

3.4.8 Sugar glasmicroneedlepenetration of human skin

To investigate the structural rigidity and skin punctyserformance of SGMNs of these
dimensions the arrays were inserted inexcisedhuman skin. It has been stated that an
inappropriate pitch, or spacing, between individual MNs with thdimensional geometries

will prohibit skin penetration. For examplié the pitch is too short neighbouring needles will
hinder each other from insertioMiyano et al. 2005 It has also been found that MNs formed

from CMC and amylopectin havingetsame dimensions as master silicon MNs do not possess
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sufficient structural rigidity to penetrate human skibee et al. 2008 Other workers have
stated that MNs with a lengtlshorter than 300um are ineffective as shorter needles do not
pierce the skinBal et al. 2008 Therefore, it was an important aim of this work to ascertain

the skn penetration capabilities giyramidal SGMNs.

Methylene blue posstaining of the microchannels geneeak in skin following MN array
application for 16seconds showed that SGMNSgure 3.8 (B), appeared to penetrat human

skin with the same efficacy as silicon MNEgure3.18(A). This demonstrated that SGMNs of
these dimensions possess suitabteuctural rigidity and sharpness to effectively puncture the
SC of human skifFraenkel et al. 2006 Transverse skin sections further confirmed that
SGMNs eitiently circumventedthe SCto facilitate diffusion of MB dye, applied post
appliation, into the epidermal layert-igure 3.8 (D), in a manner analogous to silicon MNs,
Figure 3.18 (C). Whilst master silicon MNs were largely unaffected by the skin application
processFigure3.18(E),Figure3.18(F) showsthat SGMNs were physicallyteled following 10

ses insertion into human skigFraenkel et al. 2006 It was not obvious from this study
whether SGMNs were damaged due to the relatively brittle nature of the material, or partially
dissolved during the application procedsut it rendered their reuse for skin puncturing

purposes unlikelyFraenkel et al. 2006
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(A)

sl D) T —(F)

Figure3.18 Human skin penetration capability of SGMNSs.

MNs were inserted into excised human skin and removed prior to staining with . 2MB dye. En face

images of microchannels following insertion of (A) silicon and (B) SGMN arrays (Bar = 1 mm). Light
photomicrographs of transverse skin sections taken from skin shown in (A) (silicon MNs, panel C) and (B)
(SGMNSs, panel D) respectively (Bar = 100 um). plgbtomicrographs of representative silicon (E) and
sugar glass (F) MNs following rapid (10 seconds) skin insertion (Bar = 100 um).

20 1

*
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15 A
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Intact skin Simneedle Sugarglass
Treatment  ™Mneedle

TEWL (g/h/m2)

Figure3.19 Tranepidermal water loss measurement across human skin following MN treatment.

Both sugar glass (n=3) and silicon MN treatments (n=4) were shown to significantly increase TEWL
versus intact skin (n=3). Data presented as meatafidard error of meanS.E.). *denotes statistical

significance at p<0.05.

Skin puncture performance of MMNeviceswas further assessedy measurement of TEWL

from skin following application. TEWL data confirmed that human skin insertion okliatin
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and sugar glass MNs significlgnp < 0.05) increased water loss oveattof intact nontreated
skin,Figure3.19(Fraenkel et al. 2006

This data demonstrated that pyramidal SGMN with a length of (#80and an intemeedle
spacing of 1 mm were capable of succesgfirlserting into full thickness human skin. This
indicated that MNs formed from sugar glass material were of a sufficient structural rigidity to
penetrate the SC barrier to a similar extent as master silicon MNs. This finding is in contrast to
work carred out by others utilising dissolvable carbohydrate materials for MN manufacture
(Lee et al. 2008 Following skin insertion however, it was apparent that silicon and sugar glass
MNs behaved quite differently. Sugar glass MNs were shown to degrade rapidly and it was
speculated that this may be due to the hygroscopic and / or brittle nature of the material.
Rapid dissolution of natural biodegradable MMsvitro, on the timescaleof seconds, have
been noted by other worker@_ee et al. 2008Xuegiu et al. 201)0and theefore it appears that

sugar glass MNs have similar degradation kinetics.

3.4.9 Dissolutionof sugar glassnicroneedlesin situ

Due to the material properties of gar glass, it was hypothesi$ that SGMNs would dissolve
rapidly and completly within skin to deposit incorporatethodel drug cargo. To test this,
SGMN arrays incorporating 2" MB powder were inserted intex vivohuman skin and left
in situ for various time periods. Figure 3.20 shows the dissolusitatus of the MNs, with
complete dissolutiorbeing evident between 10 minkjgure3.20(B), and 20 minsFigure3.20
(C) following skin insertion(Fraenkel et al. 2006 This data correlates closely with reports
from other workers where biodegradable MNs fabricafedm natural substances have been
shown to dissolve over similar time scales bitlvivo(Fukushima et al. 2011ee et al. 2011b

Miyano et al. 200pandin vitro (Lee et al. 2008Xueqiu et al. 2010
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(B)

(C)

e (D)

Figure3.20 In situdissolutionof SGMNs incorporating 2 %, methylene blue

Representative light photomicrographs of SGMNs: (A) after formation, (B) following 10 mins insertion
into ex vivohumanskin and (C) following 20 mins insertion i vivohumanskin ¢epresentative of

n =4) (Bar = 1 mm). (D) 10 um hematoxylin and eosin stained transverse tissue section of skin showing

a single MN puncture site following 20 mins insertion (Bar06 um) En faceimages of sk after

removal of SGINs incorporating dye at 10 mins (E) and 20 ming@ertion time (Bar = 1 mm).

TheSGMNdabricated in this studwere shown to penetrate th&C of human skifrigure3.20
(D)and to dissolvén situ Figires3.20(E) and (P show the degree of skin staining arising from
dissolution of MNs containing MB within the needle structure at 10 and 20 mins respectively.
These images generally support tS&MN arraylissolution kinetics detailed in Figure 3.2Q)

¢ (C)and further confirm the utility of these MNs for creating microchannels within skin and
releasing material incorporated within the matrix of the ard@aving behind no hazardous

waste(Fraenkel et al. 2006
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3.5 Conclusion

Thefocusof this chapter was to establish a robust micromoulding methodology to fabricate
biodegradable SGMN arrays. It was demonstrated that PDMS micromoulds generated against
silicon MN master structures had strong morphological fidelity to the master strustuiiéis
suggested the utility of the moulds for creating replicate MN structures. Various different
techniques have been reported for filling micromoulds to form biodegradable MN structures.
Here it was shown that modifications to the classical vacuwanobased micromoulding
methodology utilised by other workers facilitated the reliable fabrication of SGMN arrays
against silicon MN masters at a low temperature. A number of different master MN
permutations were fabricated in this chapter and inverse ronioulds were successfully
produced against them. Although these MNs and moulds allowed greater flexibility over MN
length and geometry, it was found that micromoulds produced from silicon MN masters
permitted fabrication of the most reliable SGMN struets. It was demonstrated that these

MN structures had sufficient strength and tip sharpness to effectively puncture human SC
barrier creating microchannels into the deeper skin layers. The SGMNs were shown to dissolve
rapidly in situto facilitate delivey of an incorporated dye into the epidermis. However, as
these studies were investigatéd vitro, it may be that the actual degradatiari SGMNén vivo

is considerably faster. This study suggests the utility of SGMN arrays for the transasr

delivery of potent therapeutics, potentially including hydrophilic macromolecules.
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4 Sability and ncorporation of model substance within sugar glass

microneedles

4.1 Introduction

4.1.1 Incorporation of model substancewithin biodegradable microneedles

A wide variety of biodegradable MN permutations have been reported to investigate the
cutaneous delivery of a range of model substances. Studies have explored both local and
systemic delivery of compounds and medicamevits biodegradable MNs utilising boih

vitro andin vivomodels. In Chapter 3 it was shown that SGMN arrays could penetrate human
skin to facilitate permeation of dye into deeper skin layers. One of the potential benefits of
biodegradable MNs is that dg can be incorporated within the device thereby facilitating
increased drug loading. Accordingly, it was important to establish the characteristics and

limitations of loading within SGMN arrays.

As mentioned previously, other workers have investigdtemrporation of model compounds
within the structure of biodegradable MN devices. Miyano et al. incorporated the small
molecules ascorbat@-glucoside (ASG), sodium salicylate (SS) and calcein (CAL) within molten
maltose candy at concentrations of 5, 40d 10 %/,, respectively. This was found to be the
upper limit of ©ncentrationattainable, as exceeding this quantity decreased the mechanical
strength of the MNs so that they would no longer insert into gkiliyano et al. 200p More
recently, Lee et al. fabricated maltose MNs containing the small molecules ASG and
niacinamide at concentrations of 1 % and 1.% Y4espectively. In a similar manner to that
reported by Miyancet al., this process utilised elevated temperature to dissolve the powders;
although it was found that the stability of these compounds was unaffected by the fabrication
process and for up to 2 months when stored at ambient temperature and relative hymidit
(Lee et al. 2011b

Utilising a fabrication methodology analogous to Miyano et al., Donnelly et al. added 5
aminolevulinic acid @LA) and BSA powder to molten galactose before micromoulding
(Donnelly et al. 2009a In this study it was found that substantial losses of bo#hlL3 and

BSA, approximately 30 and 100 % respectively, occurred during the fabrication process.
Similar observations were made by Park et al. following fabrication of synthetic polymer MNs

enapsulating CAL or BSA. Drug was either directly encapsulated pibhidactide-co-
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glycolide(PLGA) MNs, or first encapsulated within CMC or-pddtide for controlled release
applications(Park et al. 2006 Due to the high melting point of PLGA, and the duration of
elevated temperature required to form these MNs, an&dependent denaturation of BSA
protein was observe@Park et al. 2006 Mechanics of MN insertion were assessed and it was
found that MNs containing 2 %, CAL remained strong enough to insert into skin, whereas
those containing 10 %,, decreased below the failure force required for skin penetraii@ark
et al. 200§. As reliable skin penetration is essential to the utility of MN devices whs an
important finding and suggested that there may be limitations to drug loading within
biodegradable MNs.

Accordingly, it was envisaged that the low temperature SGMN fabrication process developed
in Chapter 3 may facilitate the stabiecorporation of a wide range of model substances. In
support of this concept, there have been a growing number of reports of low temperature
micromoulding methodologies for biodegradable MNs. Ito et al. proposed a process to
fabricate seHdissolving NNs from various dense glue solutions of chondroitin sulphate,
dextrin and albumin containing erythropoietin hormone (EPO). These MNs were dried under
desiccating conditions at low temperature and hence the biomolecule EPO was successfully
incorporated andretained its structure when delivereih vivo (Ito et al. 200§. The same
workers later prepared MNs from dense drug glues containing infitdiret al. 2010, ascorbic

acid (Ito Y. et al. 2010band EPO(lto Y. et al. 2010aby condensing solutions and
micromoulding utilising low temperature processes. All these MNs delivered functional drug
substances capable of producing biologefféctsin viva Furthermore, MNs containing 12 or

22 % recombinant human growth hormone (rhGH) or 4 % desmopressin (DDAVP) were
fabricated from drug glues in a similar manng@fukushima et al. 20)1 These model
substances were shown to be almost completely stable within MN structures for 1 month
when stored at either-80 or 4 °C (Fukushima et al. 20)1 Solid state biodegradable
microstructures (SSBMS) containing 5 and I0,%ITEGBSA (66 kDaand 2, 5 and 10 %,
recombinant protective antigen (rPA; 83 kDa)a carbohydrate and polyvinyl alcohol (PVA)
excipient solution were prepared by pressure micromoulding and drying &C8&/endorf et

al. 201). These SSBMS stably incorporated both proteins for successful transdermal delivery
(Wendorf et al. 2011

To fabricate biodegradable MNs from natural polymeric materials CMC, amylopectin and BSA,

viscous hydrogel formulations were fabricated and model drug was added by hand. The model
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substances investigated were sulforhodamine B (SRB), BSA and lysaidedeat final weight
concentrations of 0.1% 30 %, 20 % and 5 % respectivélge et al. 2008 In contrast to
previous reports, this study found that the addition of 20 % BSA&MC MNs increased the
mechanical strength of the needles in comparison to pure CMC MNs; however, the authors
acknowledged that this may not be the case with other model dr(ige et al. 2008
Furthermore, lysozyme retained almost 100 % activity within MN structures following 2
months storage at room temperaturélee et al. 2008 Alternatively, CMQMNs were
fabricated containing rhGH at 5 "4 utilising a relatively low temperature casting
methodology(Lee et al. 2010a When stored in air under ambient conditions, rhGH contained
within the ne=dles was shown to be stable over a 3 month period maintaining biological

activity (Lee et al. 2010a

Further reports describe MNs fabricated from other synthetic polymeric materials.
Polwinylpyrrolidone (PVP) MNs formed by situ photo polymerisation at ambient
temperature demonstrated effective incorporation and delivery of BSA and functiegalin

vitro and were shown to protect nearly 100i%gal activity following incorporation wiin MN
structures (Sullivan et al. 2008 This suggested that macromolecular drug incorporation
within these MNs would be favourableChu et al. investigate®IN structures created from
blends of PVA and PVP containing SRB incorporated within the needles either in a gradient
fashion or as a homogeneous mix throughout the mgtdiku et al. 2010 The MNs contained

2 ¢ 8 % drug and were shown to reliably insert into excised porcine (€4 et al. 2010
Alternatively, MNs were fabricated from Gant®ZAN139 polymer containing 1 %,
theophylline. It was found that loading above this concentration led to a highly flexible
material tha was unsuitable for MN manufactui@®onnelly ¢ al. 201). However, at 1 %,,
loading, MNs possessed similar mechanical properties to theirdnogloaded counterparts

and were shown to successfully deliver drug across porcinarskitro (Donnelly et al. 2011
Further MNs were created from poly (methylvinylether maleic anhydride)ainimtg insulin
loaded at 2.5 and 10 mg per device. Loading of MNs at both concentrations did not adversely
affect MN morphology or robustness and only slight losses of insulin were incurred during
fabrication (Migalska et al. 2001 These studiesuggested that if formulated correctly
biodegradable MN structures could be produced to stably encapsulate a range of both small

and large molecular weight substances.
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As described, there are many different approaches to biodegradable MN fabrication and
incorporation of model compounds. In this chapter the incorporation of a range of model

substances will be investigated to determine the loading capacity and staliiBMN arrays.

4.1.2 Macromolecule incorporation within sugar glasses

As described, glass forming sugars have great significance in nature as they are used to protect
delicate biological tissues in the dehydrated sté®@etts 1994. Pharmaceutical processes such

as heating, freez¢hawing and freezalrying can potentially denature protein®ritani et al.

1995 through stresses involved in removal of its hydration slietestrelski et al. 1993
Subsequently, it has been shown that certain disaccharides, for example trehalosesamalto
and sucrose protect these molecules in the dehydrated st@&rpenter and Crowe 1988 It

has been suggested that water molecules that surround polar residues within labile
macromolecular assemblies, such as membranes and proteins, in the natural state are
replaced bysugars.Hence this maintains stability when the hydration shell is remq@dwe

and Clegg 1973 It has been proposed that the mode of action of these sugars is to encourage
the retention of the native structure of the protein and prevent unfolding in the dried state
(Prestrelski et al. 1998 Accordingly, it was hypothesid that these materials may be suitable

for biodegradable MN fabrication and stable macromolecule incorporation.

Although many workers have investigated carbohydrates for biodegradable MN mamefact
there are only a few instances of stable macromolecule incorporation within these structures.
Limitations of this approach appear to be the utilisation of elevated temperatures to fabricate
these structures. However, as described in Chapter 2, sgigases can be produced by a
variety of different techniques, which do not always require elevated temperature or force to
cause Vvitrification. A prominent area where the protective capacity of sugars has been
explored is in the study of freearying famulation and subsequent product storageFor
example, addition of trehalose or maltose to phosphofructokinase solution prior to freeze
drying was shown to stabilise the enzyme to a minimum o¥86f its original levelCarpenter

et al. 19873 However, in the context of this work it wesalised that freezedrying would not

be appropriate for filling micromoulds. It was hypottsesi that the low temperature
dehydration process developed in Chapters 2 and 3 would be more appropriate to producing

SGMNSs containing model substances, whias the faus of this chapter.
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4.2 Chapterobjectives

1.

Incorporate a range of model substances within SGMN arrays and investigate limitations

of the system.

Assess the stability of model macromolecule contained within sugar glass material

formed by lowtemperature dehydration.

Investigate the londerm physical stability of sugar glasses (SGs) and SGMN arrays under

varying storage conditions.

Investigate the longerm stability of SGs containing model macromolecule under

varying storage conditions.

Investigate cutaneous delivery of model macromolecule by SGMN arrays.
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4.3 Materials and methods

4.3.1 Materials

All reagents were obtained from Fisher Scientific Ltd. (Loughborough, UK) and were of

analytical gradeinless stated otherwise.
I -galactosidas, product code G6008, was obtained from Sigmaldrich (Poole, UK).

Human breast skin was obtained from the Aneurin Bevan Health Board Royal Gwent Hospital
(Newport, Wales, UK) following mastectomy or breast reduction surgery with full ethical

committee approal and informed patient consent.

4.3.2 Methods

4.3.2.1 Incorporation of model drugs within sugar glass microneedle arrays

A 20 9%/, solution of TRA/SUC 75:25"Rpin dH,O was prepared. Model drugs ibuprofen
sodium (IBU), propranoldbydrochloride (PHCI), bovinserum albumin (BSA), FFBSA and
sulforhodamine B sodium (SRB) (Sigra&drich, Poole, UKyere incorporated at 5, & 10, 1¢

10, 5 and 5 %,, respectively, of final sugar glass weight. Sugar solution containing drug was
magnetically stirred to dissaivthe powders. Additionally, to dissolve 18/%PHCI, solutions

were heated to 50 °C for 10 mins. Once formed, solutions were filtered througdose
acetate0.2 um filter and vacuum formed in PDMS micromoulds as described in section 3.3.2.5.
All arrays were viewed under light microscd@lympus BF2, Japan) A oneway ANOVA with
5dzyy S G Qa Ydzf postlibctBst g petidirmeBl dnzhg experimental dataing

the GraphPad Prism 5 software package. In all cases, statistical significance was determined by

a value of P < 0.05

4.3.2.2 Incorporation of model macromolecule within sugar glass microneedle arrays

A 16.7 %/, solution of TRA/SUC 75:28'Rpwas prepared ¥ dissolving the sugars in 100 mM

sodium phosphate buffer (PB) (Sigrlat RNA OKXZ t 22f S | -yabwhsmate a (i 2 C
up in PB solution at a concentration of 1 U/uL. Stock solution was further diluted with PB to
form a 5 U/10 pL solution. 10pof sugar PB solution was removed from a 1 mL aliquot and
NBLX I OSR g A (K -gahstook [soluf, to Roknf alzblGtiBn with a final enzyme

concentration of 5 U/mL. 200 uL of the solution was vacuum formed into a PDMS micromould,
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as describedn section 3.3.2.5. Following 48 h dehydration, SGMN arrays were stored in a

vacuum desiccator prior to use.

4.3.2.3 Theoretical calculation of microneedle volume

The theoretical volume of the MNs within a 6 x 6 SGMN array was calculated as follows to
determinethe potential drug loading within the MNs alone. The geometry of the silicon MN
master structures used in this work were approximated to a square based pyramid. The

volume of individual SGMNSs fabricated in this study were calculated using Equation 1.
Pyramid volume |iL) = base areaun) x heightgm) x 1/3 1)

Utilising the volume calculated in (1) the mass of sugar contained within the SGMNs of the

array was calculated as shown in equation 2.
SGMN volume x Sugar density x 36 (2)

The theoretical amount oflrug contained within SGMNs was then calculated based on

percentage incorporation.

4.3.2.4 Formationof X-gal staining solutiorfor qualitative i -galactosidase assay

X-galpowder was dissolved in NsiNmethylformamide at a concentration of 40 mg/mL. 2.42 g
tris-hydrochloride buffer (SigmaAldrich, Poole, UKyas dissolved in 8 mL ¢Bl. The pH was
adjusted to pH 8.5 by adding hydrochloric acid (0.5 M) in a-ghiseg manner. The solution

wasthen made up to a final volume of 100 mL using@H
Approximatey 5 mL of >gal staining solution was created using the following formula:

X-gal solution 250puL
K’ ferricyanide (Ill)  42uL
K hexacyanoferrate 42uL
1 MMgC} solution 10uL
TrisHCI buffer 2.5mL

dH,O 2.15mL
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43.25 5 St A @ Sgdiictod@seto human skin via SGMN arrays

A previously frozen full thickness human skin sample was defrosted and prepared as described
in3.329. { Dab | NNJ & a-gaDsegfion48.¢.2, ywete nounted onto the flattened

end of a syringe plunger angplied to defrosted human skin, as described in sec83129.

The arrays were lefin situfor 30 mins before being removed. Upon removal, treated skin
sections were maintained at the &irA | dZA R A Y (1 S NF Hi@ $JSdza RyW3H I Iy OeAHHi
placed into an incubator at 37C for 1 h Following incubation, the samples were removed and

rinsed in PBS containing 4 mmol Mg@ifore fixation in chilled 2 %, glutaraldehyde in PBS /

MgC} solution for 2 h Once fixed, skin sections were rinsed twitéBS / Mgghkolution for

15 mins and transferred into-gfal staining solution. Samples were maintaifredn incubator

at 37°C for 18 h before removal and visualisation of the insoluble bigal ¥roduct.

4.3.2.6 Quantitative ortho-nitrophenyli -D-galactgyranosideassay fol -galactosidase

i -gal activity was quantified by adding 100 pL of samplestandard enzyme solutioto a

reaction vessekquilibrated to 37°C,containing-

Ortho-nitrophenyli -D-galactopyranosid¢ONPG 100 pL

30 mMMgC} solution 100 pL
3.36 M 2mercaptoethanol solution 100 pL
100 mM PB 2.6 mL

Blanks for each sample contained the same reaction components incl@hiRSsubstrate,

but no enzyme.Samples weréncubakd in a water bathat 37 °Cfor 90 mins.  The reaction

was stopped withlL.5 mLsodium carbonate solutiofl M) and 100 pL oénzymesample was

added to each blank solution. 300 pL aliquots of each sample were analysed by UV
ALISOGNRLIK2G2YSGSNI 6Cf d248GFN) hLWiAYlInxX .08D [0
nm. Residual enzyme activity wastimated by linear regression and correlation analysis of

the calibration curve generated. Aogel @ ! bh+! GgAGK . 2YFSNNRYA Q:
post hoctest was performed on the experimental data using the GraphPagin 5 software

package. In all cases, statistical significance was determined by a value of P < 0.05

4.3.2.7 Effect of dehydration surface area on enzyme stability

A 20%"/, sugar saltion TRA/SUC 75:25"% was created by dissolvirthe sugas in PB before

filtering through a cellulose acetate 0.Am filter. Stock solutions 010° U/uLi -gal in PB and
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adal NI t. ¢SNB ONEigal SRtiord gectibhM.B.22) ik Judher PB. 2Sarhples
of 300 puL were pipetted into 96, 24 and 6 well plates (FiSuwentific Ltd, Loughborough, UK)
and dehydratedas described in section 2.3.2.1. Dehydrated products were thdrydeated
with 300 pL dHO andleft for 10 mins to dissolve. Samples were stirred with a [20pipette

tip and the remaining enzyme actiyitvas quantified by ONPG assay, as described in section
4.3.26. All plates were weighed throughout thé8 h dehydration period using a balance
(Sartorius,Goettingen, Germany) Changes in sample weight were recorded and residual

water content was inferred by subtracting the initial powder mass from sample weight.

4.3.2.8 Investigation2 F-galactosidase enzyme stability within sugar glasses

A 16.7%"/, solution of TRA/SUC 75:25"%, was prepared as described in section 4.3.2.2
Solutions ofPB and sugaPB containindl0® U/uLi -gal were created as described in section
4.3.2.7. To form sugar glasse800 uL samples o$olution were dehydrated within 24 well
plates. Samples were Hgdrated as described in section 2.3.2.1, and negative controls were
dehydrated for 24 h at ambient temperature followed by a further 24 h at 90 °C. Control
solution samples were pipetted intopgendorf tubes and sealed to prevent evaporation.
Followingdehydration, samples were #ieydrated with200 uL dH,O and assayed as described

in section 4.3.2.7. The enzyme was quantified by ONPG assay, section 4.3.2.6.

4.3.2.9 |Initial stability study of sugar glass formulation

A 209%"/, solution of TRA/SUC 75:2%'Rpwas created by dissolving sarg inPB. The sation
was filtered througha cellulose acetate 0.Am filter. Solutions of PB and sudaB containing
10° U/uL i -gal enzyme were created and 300 pL samplesre pipetted into 24 well plates
(Fisher Scieniif Ltd, Loughborough, UK)The solutions were dehydrated to form a sddisl
described in section 2.3.2 SGMN arraywere fabricated froma 20 %"/, solution of TRA/SUC
75:25 9%/, as described in section 3.3.2.Dehydrated sampke and SGMNarrays were

stored for a period of 3 months under the following storage conditions:

=

. At room temperature (2@ 2°Q under vacuum desiccatidgilica gel)
. In a desiccatofsilica gel) under refrigeration ¢42°Q
. At room temperature under 6& 5 % relative humidity (RH)

. At 40+ 2°Cunder 75 £ 5 %RH

o A~ W DN

. Under refrigeration (& 2°Q
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Following time points 7 days, 28 days and 3 months solid products wehngdrated with
300pL dHO andassayed as described in section 4.3.5MN arrays wergewed at all time

points under light microscopy to examine needle integrity.

4.3.2.10 Longterm ad a S a & Y Syglactosida@se stability within sugar glasses
A 16.7 %/, solution of TRA/SUC 75:25"%, was preparé by dissolving the sugain PBand a

stock solutiy’ 2-dalenzyme was prepared as described in section 4.2.7@.form sugar
glasses300 uL samplewere pipetted into 24 well plate@-isher Scientific Ltd, Loughborough,
UK) The solutions wer¢hen dehydrated to form a solichs described in sectio.3.21.
Following dehydrationsamples were rdydrated with 0 pLdH,O andassayed as described
in section 4.3.2.7 Further samples were stored under vacuum desiccatitilising Sorbsi®
Chameleo®desiccant YWR International Ltd, Leicestershire,)ldK20 + 2°Cor desiccation
(Sorbsi® Chameleo®)at 4 + 2°Cfor up to 3 months. Samples were-hgdrated as stated
previously and residual enzyme activity w@gsantified at 7, 35 and 95 days following sugar

glass formation.

4.3.2.11 Sugar glass microneediability study
SGMN arrays were formed from fidtered 20 %"/, solution of TRA/SUC 75:25"%4, as

described in section 3.3.2.8Blank sections of SG material were formed by pipetting |200
sugar solution onto flat sections of PDMS and dehydrating asribesl in section 2.3.2.1.

Once fabricated, arrays and SGs were stored under one of the following conditions:

1. Atroom temperature (2@ 2°C) under vacuum desiccatidsorbsiPChameleof®)
In a desiccatofSorbsi®Chameleo®) under refrigeration (& 2°Q
At room temperature undeb.5% RH

At room temperature undet0% RH

a > WD

At room temperature undel5% RH
6. At 37°C under 10 % RH.

Sugar glass MN arrays were viewed under light micros¢@bympus BF2, Japan¥ollowing
7days, 28 days and 3 monthstorage. The water content of SGs were analysed by

thermogravimetric analysis (TGA) (section 2.3.2.4) at the same time points.
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4.4 Resultsand discussion

4.4.1 Incorporation of model drugs within sugar glass microneedle arrays

Previous data in Chapter 3 had shown that MB powder could be incorporated within SGMNs as
a model drug compound. Other workers have incorporated this compound within
biodegradable MN structures as a model medicamghteqiu et al. 2020 It was found that
incorporation of this substance at a concentration of 2 %6lry weight had little effect on the
structural integrity of SGMN arrays formed. However, when incorporated at a concentration
of 5 %/, it was observed that SG material properties changed significantly and lost robustness
(data not shown). Sugar glass MN arrays became very difficult to remove from PDMS
micromoulds and often cracked during the procesgn probe this behaviour further med
substances with widely differing physicochemical properties were incorporated into SGMNSs.
Propranolol hydrochloride (PHCI) is a relatively small molecule, molecular weight (MW)
approximately 296, whilst bovine serum albumin (BSA)le&ge MW protein, approximately

66 kDa in size, as shown in Figure 4.1.

CHs

oo

OH
O™ e
(")

Disulfides ﬁ
ol 1 1l ) 1 {1 —]

50 “‘(100~ 150\‘ 200 250 380 350 40(v 450 500 550 600
L N\ vl,\ |

Phosphoserine  phosphotyrosine Phosphoserine ~ Phosphothreonine

(B)

Figure4.1 Structure of model drugs incorporated within SGMNSs.

Models incorporated include@?) propranolol hydrochloride and (B) bovine serum albumin. Adapted

from source http://www.sigmaaldrich.com/catalog/ProductDetailAccessed 17/01/2012.

Each model drug was incorporated into model sugar solution before being vafromad

into solid SGMN arrays.

SGMN arrays containing PHCI are shown in Figure 4.2. Visually, it was observed that there was

little difference between each of the MN ays formed. Generally all of the SGMNs formed
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had strong morphological fidelity to the silicon master MNs and increasing the content of PHCI

appeared to have little effect on MN structure.

(A)

©

Figure 4.2 Representative light photomicrographs of SGMN arrays containing propranolol

hydrochloride.

Arrays contain (A) %'/, (B) 5%"/,, and (C) 1®46"/,, drug. Images cross illuminated faiisualisation

(Bar = 10um) (representative oh=3).

Although all individual MNs containing PHCI formed well, upon removal of arrays from the
PDMS moulds it was found that SGMNSs incorporating 1Q, BHCI were weaker than the
arrays containing smaller quantities BHCI It was observed that two thirds of the SGMN
arrays incorporating 10 %, PHCI fractured during removal from the moulds, whereas none of
the other arrays were affected during rema. This behaviour was similar to the results
obtained from SGMN arrays incorporating % %VIB powder. Although these were only small
datasets, it was reasoned that incorporation of 5 to 1% %f a small MW model substance
caused loss of gross strucal integrity. This correlated closely with previous findings by
others where incorporation up to 10"%, within biodegradable MNs was feasik{diyano et

al. 2005 Park et al. 2006

In a similar manner, all SGMNs containing ud®%'/,, BSA Figure 4.3appeared to have

good morphological correlation to silicon MN master structures.
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(A)

(B) ©

Figure4.3 Representative light photomicrographsf SGMN arrays containing bovine serum albumin.

Arrays contain (A) %', (B) 5%'/,, and (C) 184"/, protein. Images cross illuminated for visualisation

(Bar = 10um) (representative oh=3).

To further assess differences between the loaded SGMN arrays formed, the number of

individual MNs formed oreach of the arrays was countegigure 4.4.

40 1
35 -
©
qE_) 30 - m Blank
S OPHCI 1%
= 25 A
§ m PHCI 5%
20 -
5 B PHCI 10%
é 15 1 & BSA 1%
2 10 - = BSA 5%
5 - 8 BSA 10%
; N |

SGMN formulation

Figure4.4 Comparison of the number of MNs fully formed on SGMN arrays containing model drugs.

Data presented as meanS.D.

As Figure 4.4 shows, there was no statistical differgiiz®.24)in MN formation between
loaded SGMN arrays and control. This correlated with the similarities in MN structure,
regardless of substance loading, visualised previously (Figures 4.2 and Bu)her, it
appeared that incorporation of model fluorescent cpoundsat 5 %'/, had a negligible effect

on SGMN structure, as Figure 4Hows.
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(A) (B)

Figure4.5 Fluorescent photomicrographs of SGMN array@ntaining fluorescent model substances.

Arrays contained %6/, loading of (A) sulfornodamine B, and (B) FBBA (Bar = 1Q@n).

Therefore, to maintain SGMN array integrity, a maximum of %,%nodel drug was

incorporated within arrays in all future studies.

4.4.2 Theoretical calculation of sugar glass microneedle volume

Due to the relatively small dimensions of the SGMNs fabricated in this work, it was important
to calculate the quantity of drug thaould theoretically be loaded into the MNs alone. Based
upon MN dimensions of 200m base width and 250m height, the total volume occupied by

36 SGMNs (Equation 1) was Oll2 The densities of trehalose and sucrose are approximately
1.58 g/cnt and fence using Equation 2, 36 SGMNSs contain approximately 0.19 mg of sugar. If
drug were incorporated uniformly within these MNs at a concentration of'B,%heoretically

9.5 yug drug would be contained within the needles. If this were extrapolated to ahpat
measuring 50 x 50 mm containing 2500 SGMNs then the amount of drug contained within the

MNs at 5 %, loading would be 65Qg.

Others have calculated that a MN patch containing 00000 bevetip or taperedcone
needles, each with an individual mass of lid) containing 10 %,, drug could theoretically
deliver 100¢ 1000 ug (Park et al. 2006 Further, Lee et al. calculated that 6Qén long
pyramidal MNs formed from various natural polymeric masicontained 25 60 ug matrix
material per needlglLee et al. 2008 Due to restrictions in the concentration of drug that
could be incorporated within the matrix, the authors calculated that doses up to i§G@uld

be contained within a patch of a few hundred MNs. This dose could be increased to between
10 and 100 mdpy loading drug throughout the entirety of the MN device howefleze et al.
2008. Hence, this constrains the number of treatment applications for biodegradable MNs,

but dosesup to 1000ug are appropriate for a number of drugs on the market. These include
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interferon h-2A for hepatitis C, interferon-1A for multiple sclerosis and EPO for anaemia
which have doses of 3By/week, 132ug/week and 10Qug/day, respectivelyPDR 2006 Thus
controlled release of drug would allow treatment for 30 weeks, 7 weeks and 10 days,
respectively(Park et al. 2006 Vaccine delivery presents another very attractive option, for
example, hepatitis B vaccine and influenza vaecequire antigen doses of only 10 and4h
respectively(Park et al. 2006 Therefore, the SGMNs fabricated in this study could find utility

in transdermal delivery of a number of medicaments.

443 5 St A @ SgaldctodEsetd human skin via SGMN arrays

A model macromoleculé,-gal, was incorporated into sodiumphosphate buffer (PB) solution
containing TRA and SUC 75:28/% The solution was vacuuformed into a PDMS
micromould and dehydrated to form a solid SGMN array containing enzyme, as described in
section 4.3.2.2. War glassab | NNJ & & Q& wdid ghgWh yicd havie strong

morphological fidelity to silicon MN master structures, as shown in Figure 4.6.

7N (8)

Figure4.6 Representative lightJK 2 i 2 YA ONR2 IANJ LK & 2 F -galictosidade NNI & 02y i

(A) mtire array (Bar = 1000 um) and (B) individual SGMN within array (Bar = 10€epraséntative of
n=3).

The SGMN arrays shown in Figure 4.6 were mounted onto syringe plungeratppli@as
describedsection 33.2.9, and inserted into human skin. The arrays were maintained under an
occluded environment throughout the experiment to aid dissolution and degradation. Upon
removal of the arrays and-¢al staining of treated skin sectis, the following data were

obtained,Figure 4.7.
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(A) (B) ©

Figure4.7 En facdight photomicrographs of human skin following-galactosidaselelivery via SGMN
and Xgal poststaining.

(Bar =1000 pm)(n=3)

(A) (B)

Figure4.8 Representative light photomicrographs of human skin sectioned transversely following

galactosidasedelivery via SGMNSs.

(Bar = 100um).

As shown in Figure 4.7, each of the SGMN arrays contdirgajpunctured human stratum
corneum (SC) to facilitate the delivery and deposition of enzyme within deeper skin layers.
This was confirmed by the presence of oxidised bhgab&taining product surrounding SGMN
channels, Figure 4.8. However, deposition akyme was not uniform in each case, for
example, as Figure 4.8 (B) shows it appeared that a considerably smaller amount of enzyme
was delivered into this MN channel compared to the channel in Figure 4.8 (A). Although all
SGMN arrays did penetrate humarirsko deliveri -gal, under these conditions deposition of
enzyme appeared to vary between individual treatments. It was reasoned that the variations
observed could be due to a number of issues. Firstly, skin penetration by each array may not
have been uiform which may have led to uneven protein deposition within the epidermis.
Furthermore, the MN channels created may havesealed or become blocked during
subsequent processing. Consequently, there may have been variatipegeétration of Xgal
staining solutioninto the tissue for reaction and postaining of the enzyme. All these factors

may have contributed to the variations in apparénrgalactivity observed.
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insertion into human skin.

All needles were observed to have completely dissolved on each array following 3@Bains 100

um) (representative oh=3)

In contrast to Figure 4.6t was visuallyapparent that all of the MNs on each of the SGMN
arrays had dissolved by the entitbe study, as shown in Figuded. Subsequently it appeared
logical that any viable enzyme contained within the MNs will have been deposited into the
skin, providing that SC penetration occurred in each case. Therefore, this further suggested an
issue with enzyme podtaining within the kin tissue. However, this experiment did
demonstrate that -galremained viable in the sugar glass material throughout the process of

SGMN array fabrication.

4.4.4 Effect of dehydration surface area on enzyme stability

Qualitative results utilising -¥al staining solution had demonstrated thatgal was stable
within SGMN arrays when maintained under vacuum desiccation (section 4.4.3). However,
guantitative assessment df-gal dehydrated within PB and sugar PB solutions appeared to
show that the enzyméost significant activity under certain conditions, even when maiad

within a sugar glass (SG), Figure 4.10
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Figure 4.10 Residualenzyme activity following solution dehydration within wells with differing

volumes.

Fresh enzyme solutions (t=90m) containedi(Ajalin sodium phosphate buffesolution (PBSo) an@)
i -galin sugar buffersolution (SugSajehydrated within96, 24 and6 well plates for 48 {t=49.5 h) to
form PB solid (PBGI) or sugar glass.(8@)a presented as meanSD. (n=3)

Initially, enzyme solutions were dehydrated within 96 well plates and the enzyme was almost
completely denatured under standard dgdiration processing conditiongigure 4.10. This
appeared to contradict previous quaditve data and it was hypothesid that the surface area

to volume ratio of the well plates used for dehydration of enzyme solutions was a key
determinant in residuakenzyme activity. This hypothesis was supported by data shown in
Figure 410 (B) where the enzyme appeared to be more stable in plates with larger well
dimensions. It was reasoned that this may be due to the larger surface area provided for
water evaporaion. This is likely to have facilitated more rapid water loss during the first 24 h
leading to enhanced protein stabilisation within a sugar matrix during the second 24 h

dehydration at elevated temperature.
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The data in Figure 4.10 (A) demonstratedatttenzyme dehydrated in PB solution alone
retained no residual activity following dehydration, regardless of well surface area. This was
expected as phosphateuffer solution alonds not known to protect biomolecules in the liquid
(Leslie et al. 19950r dehydrated statgCarpenter et al. 1987%a During dehydration under
elevated temperature conditions, enzymes, such iagal can become deactivated by
processes such as denaturation (unfolding) ahdrmal aggregatior(Yoshioka et al. 2003
Thermal denaturation is defined as a fimtder phase transition during which the native
folded conformation of the protein is altere(Cordone et al. 1999 leading to inactivation.
However, when the enzyme was dehydrated in the presence of sugars, Figure 4.10 (B), the
volume of the wells appeared to play an important role in enzyme stabilisatis stated,
when a 96 well plate was utilised the enzyme retained little activity following dehydration.
Conversely, when the enzyme was dehydrated in sugar PB in 24 or 6 well plates the sugar
provided significant protection and the enzyme retained 76 8d &4 % residual activity,
respectively. Similar levels of protein recovery following dehydration in the presence of
amorphous stabilising mediums have been noted in other model systems, for example
phosphofructokinasg¢Carpenter et al. 1987&Carpenter et al. 1987tand invertasgSchebor
et al. 1996.

It was speculated that the increased surface area piediby the wells in the 24 and 6 well
plates permitted faster evaporation of the solution and hence a solid SG was formed more
rapidly to stabilise the enzyme. Surprisingly, the enzyme appeared to be slightly less stable
when dehydrated within 6 well plas, the plate with the largest surface area, compared to 24
well plates. In all cases 3pQ of enzyme solution was used, and it was observed that only the

6 well plates had a large enough surface area for the solution to form a distinct droplet in the
centre of the well. However, the reason for decreased protection afforded by SGs in these
wells was not obvious. Consequently, it appeared that the 24 well plates provided the optimal
surface area to volume ratio for solution evaporation and enzyme staklitih and hence were

used in all future studies.

To examine water evaporation kinetjoshanges in enzyme solution weigivere recorded
throughout the experiment. In comparison to the 24 and 6 well plates, it was found that there
was considerably more water present in enzyme formulations contained within 96 well plates
following the first 24 h of dehydration. It was observedtth@proximately 6670 % water

remained within 96 well plates at 24 h, regardless of whether sugar was present or not.
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Conversely, formulations dehydrated in 24 and 6 well plates contained much lower quantities
of water at 24 h. As more water was presevithin the 96 well plate formulations at 24 h, it
was speculated that the enzyme was less likely to have been stabilised during subsequent
temperature elevation. This may have led to denaturation ofghetein within 96 well plates,
Figure 4.10.

4.4.5 Investigation2 T-galactosidasestability within sugar glasses

To further explore the capacity of SG material to stabilise a functional macromoléegés,

was incorporated within PB and sugar PB solutions. These solutions were exposed to the
processing conditions developed to fabricate solid SGs with dehydration at ambient
temperature for 24 h followed by dehydration at an elevated temperature of 50 °Gafor
further 24 h. Enzyme activity at all time points was estimated by linear regression analysis of

standard -galconcentrations, as Figure 4.shows.
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Figure4.11 Exemplar standard curves used in quantitative determinationi cfjalactosidase
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Curves represenfA)i -gal inPBsolutionand6 . #gal in sugaPBsolution. Data presented as meat
SD. (n=3).

It was found that the activity df-galwas very similar regardless of whether it was formulated
into a solution containing sugar or notThis was indicated by the similarity in the slopes
obtained for the calibration curves generated in Figureld.lUtilising these curves sample
enzyme concentrations were estimated following 48 h processing. As stated, sample solutions
were dehydrated over a 48 h period under standard dehydration conditions. Control solutions
were either maintained in sealed &ato prevent solvent evaporation or heated to 90; a
temperature known to denaturé -gal (Ladero et al. 2006 eslieet al. 1999. The stability of

the enzyme following processing is shown in Figure 4.12.
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Figure4.12 { G I 6 A f-ghldc®sidas@&uring dehydration processing and sugar glass formation.

Treatments were as follows; fresh enzyme (t=90 m) in (A) phosphate buffer solution and (B) sugar buffer
solution. Enzyme in (A) phosphate buffer and (B) sugar buffer solution dehydrated under standard
conditions (ambient temperature for 24 h followed by B at 50 °C); Buffer solid 500C and SG 500C
(t=49.5 h), respectively. Enzyme in (A) phosphate buffer and (B) sugar buffer solutions maintained
under standard conditions; Buffer soln. 500C and Sugar soln. 500C (t=49.5 h), respectively. Enzyme in
(A) phophate buffer and (B) sugar buffer solution stored at ambient temperature (20 °C) for 48 h;
Buffer soln. 200C and Sugar soln. 200C (t=49.5 h), respectively. Enzyme in identical formulations as
stated under standard conditions except with dehydration af@or 24 h; suffix 900C. Data presented

as meart S.D. (n=3), denotes statistical significance B&0.05.
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As Figure 4.12 shows;gal was denatured in all treatments processed 30 °C This was
expected a®0 °As known to denature -galand becase it is unlikely that a solid SG will have
formed completely by 24 h to stabilise the enzyme prior to temperature elevati®his
temperature is also close to the Tg of TRA and SUC and hence they will have afforded little
protection to the enzyme at tli temperature(de Jonge et al. 2007 Formation of a solid
dehydrated product appeared to be critical to enzyme protection. This was demonstrated by
the samples heated to 50C where the enzyme was completely denatured when maintained
in PB (Buffer soln. 500C) and sugar PB (Sugar soln. 500C) solutions. oBs®milations were
made by Mazzobre et al. wheregalwas denatured rapidly at 4655 °Cwhen maintained in
liquid phosphate buffefLeslie et al. 1995 Howeverjn the corresponding samples where a
solid product was formedBuffer solid 500C and SG 500C respectively, the enzyme retained
residualactivity following processingsigure 4.12. It was apparent that the residual enzyme
activity remaining within the S80 °Cproduct was significantly greater than that of the Buffer
solid 50°C product though. It has been stated that during drying, the major stress that a
protein must overcome is loss of its hydration shell. This effect can cause irreversible
inactivation upon rehydration(Carpenter and Crowe 1988nless a carbohydrate is present
(Carpenter et al. 1987&Carpenter et al. 1987Prestrelski et al. 1993 Accordingly, it was

surprising that the enzyme retained any activity following dehydrationiwiEB alone.

It was speculated that the enhanced residual enzyme activity within the SG was due to
replacement of evaporated water through hydrogen bonding of sugar to the protein to
prevent dehydratiorrinduced denaturation andinactivation (Carpenter and Crowe 1988
1989. Additionally, there were only small decreases in enzyme activity between freshly
prepared sugar PB solution (Sugar soln.) and enzyme left at ambient temperature for 48 h in
sugar solution (Sugar soln. Z0por incorporated within SG at 3€ These data together
demonstrate the protective functionality of solid TRA/SUC 75:2%,%G oni -gal when

processed below the denaturation temperature of the enzyme.

Furthermore, solutions maintained at ambientn@erature for 48 h showed significantly
greater enzyme stability in sugar PB solution compared to PB alone. This result was
unexpected as solid SG had not been formétbwever, similar effects have been noted by
otherswhere it has been shown that solutes in solution have a protective effect on proteins
undergoing stresses, such as freez{{gster and Leopold 1988 In conclusion, it appeared

that the enzyme was stable during dehydration pregiag when incorporated into the matrix
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of a SG. Although the quantity of enzyme that remained within the glass decreased slightly
compared to the initial concentration, it appeared that the enzyme was protected to a far
greater extent when sugar was pesg in the fornulation. This data demonstratetie utility

of solid SGs to maintaingalviability during airdrying dehydration processes.

4.4.6 |Initial stability study of sugar glass formulation

During the initial 7 days of the study it appeared that SGMNs maintained under refrigeration,
elevated temperature and relative humidity (RH) conditionsstated in section 4.3.2,9vere
completely unstable. Upon visual examination of SGMN arrays itapparent that these
devices would not be stable unless maintained in a low moisture environment. Amorphous
materials are known to be unstable under high humiditfageman 1992Lai et al. 1999
Nowakowski and Hartel 20D2nd elevated temperature environmenf{de Jonge et al. 2007
Hageman 1992and the results observed here support these findings. Further, maltose MNs
were shown to be unsible when stored at a RH of 50 % and dissolved within HdMiggno et

al. 2005. Additionally, galactose MNs were found to dissolve within 1 h at a RH of 75 % and
within 6 h at a RH of 43 fponnelly et al. 2009a In a similar manner, the arrays storeddat

°G Figure 4.13C) and at 60 %R, Figure 4.13A), in this study were both found to be viscous
semisolids whilst the arraptored at 75 %RH and elevated temperatinad completely re

crystallisedFigure 4.13B).

= (A (B) ©

Figure4.13 Light photomicrographs 08§GMN arrays within micromoulds following 7 days storage.

Arrays were stored under JR0+ 2 °Cand 60+ 5 ¥RH, (B) 4@ 2 °C and 7% 5 9RH and (C) # 2 °C.

Arrows irdicate example areas of crystallisatiBar = 1000 pm

It washypothesged that the results observed in Figure 4.13 were due to moisture absorption
from the environment by theSGMN arrays. It waspeculaed that this may be due to the
hygroscopic naturéDittmar 1935 of the SGnaterial being examinedAdditionally, the result

observed with elevated temperature storage, Figure 4.13 (B), could have been due to
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increased molecular mobility within the materi@e Jonge et al. 2007&s these conditions
were closer to the glass transition temperatures of the sugars studied. As none sitbthge
conditions in Figure 4.13 yielded viable SGMN arrays following 7 days storage, these treatment
groups were discontinued. It was rationalised thagalwas unlikely to be stable within the
SG material under these conditions, as it has been shbanenzyme activity is significantly
reduced upon sugar crystallisation at elevated humid@ardona et al. 1997 It is likely that
spatial constraints within the crystalline phase reduce the effectiveness of hydrogen bonding
between protein and sugar leading to reduced stabilisafiantsu et al. 1994 Furthermore,
if MN structurecould not be maintained then it would be impossible to deliver the protein

across skin.

In contrast, SGMN arrays maintained under a desiccated environment appeared to retain their

amorphous structure at 7 days, as Figure &hidws.

(A) 4 (B)

Figure4.14 Light photomicrographs of SGMN arrays following 7 days storage.

Arrays were storedinder () 20 + 2°Cand vacuum desiccatioand (B 4 + 2°Cand desiccatior{Bar =
1000 pn).

It appeared that under desiccated storage environments at both 4 an8QEGMN arrays
maintained their gross structure throughout the studyration. Once more, this is supported

by the work of Miyano et al. where iwvas found that maltose MNs maintained under an
environment of less than 40 %RH retained their morphology over a 3 month géfigdno et

al. 2005. Donnelly et al. made similéindings and observed that the morphology of galactose
MNs stored at 0 %RH did not change throughout 3 weeks stofiagenelly et al. 2009a
However, in this study there were differences noted between individual MNs within the arrays

stored under each of the desiccated conditions. This is shown ireFgLB.
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(A) B

Q ®)

Figure4.15 Representative light photomicrographs of SGMNs following desiccated storage.

Arrays were stored for 5 weekender @) 20 + 2°Cand vacuum desiccatiorand (B 4 + 2 °Cand
desiccationand (C) and (D) 3 months under the storage conditions stated in (A) and (B) respectively.

Images cross illuminated for visualisati@ar = 100 puh

As Figure 4.15 shows, SGMNs maintained under both desiccated storage conditions lost their
pyramidal structure during the study duration. It appeared that SGMNs maintained under
20+ 2 °Cand vacuum desiccationkigure 4.15A) and (C) retained their morphology to a
greater extent than MNs stored unded + 2 °Cand desiccationFigure 4.15B) and (D)
however. This study suggested that neither storage condition was optimal for maintaining
SGMN geometry over a 3 month storage period. The imagesgimeF4.15 appeared to
suggest that the SG material had flowed during the storage period. Microneedles maintained
under both conditions appeared to be more rounded and smooth than freshly prepared MNs.
A similar phenomenon had been observed with thet f8B&MN array formed in Chapter 3. This
array was mounted onto a metallic stub and sputter coated with a thin layer of gold, for SEM
viewing, before being left under ambient conditions for a period of 12 months. The array was
mounted at a 9¢° angle andas Figure 4.16 shows, following this period the glassy material
appeared to have flowed under the force of gravity in a similar manner to a liquid droplet.
From these datait was speculated that this phenomenon may have been due to the relatively

unstabk amorphousnature of SGdeforming during storage
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Figure4.16 First SGMN array fabricated.

Array was sputter coated with gold for SEM viewing and left under ambient conditions for 12 months at
a 90 ° angle (Bar = 1000 pm).

447 ! 434S aa Y-§aadtosidlate stability within sugar glasses

¢2 ljdzZt yiAGrGA@Ste SELX 2NB GKS &il oaghliwag | FF
incorporated into the matrix and its activity was assayed over a 3 month period. In this study

24 well plates were used as these had been shown to provide the nffestige surface area

to volume ratio for dehydration and stabilisation of enzyme in SGs (section 4.4.4). The data
presented in Figure 4.17 shows the residual enzyme activity remaining within dehydrated

samples throughout the study.
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Figure4.17 Stability ofi -galactosidaseén dehydrated formulations stored over 3 months.

Treatments were as follows; fresh enzyme (t=90 m) inp{#&)sphate buffer solution (PBSo) and (B)
sugar buffer solution (SugSo) andzgme maintainedvithin (A) dehydratedPB solid(PBGl)and (B
sugarglass(SG) stored under 4 2 °Cor 20+ 2 °Cand desiccation; 40C and 200C, respectivéipzyme
activity was quantified in fresh solutions and in dehydrated formulations (t=49.5 h) and then at 7 days
(t=217.5 h ), 5 weeks (t=889.5 h) and 3 months (t=2377.5 h) following dehydr&ata. presented as
meanz SD. (n=3).

As Figure 4.17A) shows, -gal was denatured when dehydratetbwlywithin PB alone. This
supported previous findings where the enzyme lost activity when dehydrated withiferb

solution only,Figure 4.12 In contrastfo maintain enzyme activity in commercial formulati
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the enzyme is supplied as a lyoplsits powder containing Tris buffer salts and magnesium

chloride qttp://www.sigmaaldrich.com/catalog/product/sigma/q6008?lang=emfiion=GB

Accessed 27/03/12) to maintaih-gal activity. As hypothesésl, when the enzyme was
contained wthin a SG material, Figure 4.1B), the enzyme retained residual activity
throughout the studyduration. During SG formation(t=49.5 h)there was a small but
significant decrease in initial enzyme activity. This correlated with previous data showing that
dehydration processing 24 well platedlecreased enzyme activity to approximately 76 % of
the freshly prepared stock solutiprFigure4.10 Enzyme activity then decreased further
during the first week of storage (up to 217.5 h). This behaviour is not uncommon as it is
known that chemical deterioration processes can still occur in SG systems stored below Tg, but
at a reduced rat€Streefland et al. 1998 Further, it was speculated that the reduction gal
activity during thefirst week of storage may have been due to annealing of the sugar glass.
This process alters the material properties towards a lower energy state which is under meta
stable equilibrium(Zhou et al. 200 From one week storage onwards, enzyme activity
appeared to remain stable within the glaswhen maintainedunder vacuum or refrigeration
desiccation which supports this hypothesig his data indicated that as long as the SG material
was maintained under a desiccated environment the amorphous material would be stadble
protect the enzyme incorporated within the matr{kraenkel et al. 2006 In this work -gal
enzyme was chosen as a model protein due to its ease of assay. It seems likely that the
protective SG effects observed here may be extrapolatedther proteins however. | -
galctosidase is prone to loss of activity through increase in apparent size which may be due to
covalent bond formation between molecules, aggregation without covalent bond formation or
protein denaturation and unfoldingGuyot and Fawaz 2000 Other proteins such as
interferon, basic fibroblast growth factor, lactalboumin, and casein are known to undergo
similar conformational changes during dehydratiwhich leads to inactivatiofPrestrelski et

al. 1993. It has been postulated that these changes maximise the -itna interchain
hydrogen bonds between polypeptides to replace those bonds lost to wWBtestrelski et al.
1993. Furthermore, lactate dehydrogenase in buffer solution was metaly inactivated
following freezedrying, whereas it maintained approximately 100 % activity when dried in the
presence of sucrose and various other sug@hestrelski et al. 199). Similarly, Lee et al.
recently demonstrated only a 1% loss of recombinant human growth hormone activity
contained within CMC MNs stored under ambient conditidree et al. 201Da This sggests

that a number of proteins may behave in a similar manneri tgal and hence further
optimisation of the fabrication conditions of SGMN arrays may be required for enhanced

macromoleculestabilisation.
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Chapter 4

4.4.8 Sugar glass microneedle stability study

Previous findings had shown that SGMN arrays were physically unstable when stored under
high RH conditions, under refrigeration or at elevated temperature (section 4.4.6). To
investigate the optimal storage conditions for SGMN arrays further, arrays si@med under

the following @nditions, vacuum desiccation 20 °C desiccation ag °G 15 %RH af0 °G
10%RH a0 °C 5.5 %RHt 20 °Cand 10 %RH at 37 °C. Examples of SGMNs formed at the

beginning of the study are shown in Figure 4.18.

(A) (B)

Figure4.18 Representative light photomicrographs of freshly formed SGMNs.

Images cross illuminated for visualisation (Bar = 1f).

As Figure 4.18 demonstrates, SGMNs formed initially had a strong morphological correlation to
silicon MN master structures. This was important to establish as all SGMNs would be
compared to these initial structures throughout the duration of the studpllowing storage

of SGMNs for 7 days the arrays were viewed once more under light microscopy. It was
observed that SGMNSs stored at ambient temperature under 5.5 %RH and 10 %RtCan87

10 %RH were unstable and no MN structures remained on these aatagyslays (data not
shown). However, SGMN arrays stored under desiccation at 4 8¢ a0d 15 9%RrHat 20 °C

did appear to be stable, Figure 4.19

(B) ©

Figure4.19 Representative light photomicrographs of SGMNs stored for 7 days.

Arrays were stored under (A 2 °Cand desiccatioriB)20+ 2 °CGand 15 %RH, (€P+ 2 °Gand vacuum

desiccation. Images cross illuminated for visualisation (Bar b0
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It was apparent from the data presented in Figure 4.19 that the different storage conditions
had distinctive effects on SGMN structure. It appeared that the optimaag®rcondition at
this time point was 15 %RH 20 °C Figure 4.19B), as the MNs within this array retained the
strongest morphological fidelity to the master structuresn dupport of previous findings,
Figure 4.15jt appeared that SGMNs stored undedasiccated environmentrigure 4.19A)
and (C) began to lose their initial morphology within 7 days. It was speculated that there was
an equilibrium relationship established between the moisture in the storage chamber and the
residual water remaining ithin the SGMNSs. Furthermore, it has been shown that storage RH
does not equate to moisture content of amorphous sugars maintained within the environment
at equilibrium (Nowakowski and Hartel 20D2 For example, corn syrup and sucrose glasses
with high surface to volume ratios atjbrated to 80 %RH for one week contained
approximately 9 % total moistur@owakowski and Hartel 2002 Therefore, it may have been
that 15 %RH, which corresponds to an absolute humidity of 2 g/kg &aCZMargetts and
Sawyer 200), provided the optimal storage humidity for stabilisation of the SGMN structure.
When the environment contained a lower mass of water vapour at 5.5 or 10 %RH, this
appeared to causeapid MN degradation, and conversely when excess water was present in
the environment this caused rapid water sorption and dediséiion of the amorphous glass,

Figure 4.13.

To asess the water content of SG material maintained under these conditions, TGA was

performed on the glasses Figure 4.20.
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Figure4.20 Thermogravimetric analysis of sugar glasses under various storage conditions.

Profiles indicate water content of SGs (A) at formation, tech following storage under (B)+ 2 °C and desiccation, (C)£22 °Cand 15 %H, (DR0+ 2 °CGand vacuum
desiccation, (E20+ 2 °Gand5.5 %RH, (F) 2@ 2 °Cand10 YRH, (G) 37 °@nd10 ¥RH.
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As shown in Figure 4.20 (A), the SGs formed initially contained approximaigi, water.
This correlated with previous findings in section 2.4.4, where combination SGs were shown to
contain approximately 5 8 %/,, water. However, once introduced in@nvironments with
differing RH the water content of the SGs appeared to change. Variation in water content was
not large under any of the storage conditions, but it may have had an effect on the subsequent
stability of the SGMN arrays. As stated, SGlmeared to be completely unstable following
storage undeambient temperature ab.5 %RH and 10 %RH or'&and 10 %RH. The profiles
in Figures 4.2@F and (G) showed that both glasses maintained under 10 %RH showed an
increase in water content followg 7 days storage and a slight increase in water content was
shown following storage at ambient temperature abb %RHFigure 4.20E). It was not
apparent why these glasses may have increased in water content, and as the increases were
only small, thedifferences may have been due to experimental variation. Importantly, none of
these storage conditions appeared to stabilise the SGMN structure and hence were

disregarded.

In contrast, it appeared that SGMN arrays remained stable when maintained unsiecaigon

or 15 %RHat ambient temperature. Sugar glasses maintained under ambient temperature and
vacuum desiccation or 15 %RH, Figures 4Q@nd (D), appeared to show thermal profiles
very similarto the initially fabricated SGsigure 4.2qA). This data suggested that the material
was stable under these environments and supported visuakbmtagions of SGMN stability,
Figure 4.19 The SG maintained at°€under desiccation showed a slight decrease in water
content following 7 days storage hower. Similar observations had been made previously,
section 2.4.4, where it appeared that the water content of SGs had decreased following
periods of desiccated storage. This decrease in water content did not appear to be completely
detrimental to the SGIN structure, Figure 4.1@3), but the array was noted to have changed
from being transparent to opaque. It was speculated that this effect may have been due to
the desiccated environment utilised and further removal of water from the SG structure. From
these data it was concluded that the nature and stability of SGMNs formed by low
temperature dehydration was not straightforward. Fabrication technique and thermal history
are known to influence amorphous sugar properti@irana et al. 20Q4and hence it was
speculaed that the process developed for SGMN production may have ledaoutiusual

material properties observed.
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To observe how storage conditions affected SGMN properties over extended periods, arrays
were maintained under these conditions for 3 months. The images in Figure 4.21 depict
SGMNs following 28 days storage. sh®wn, the geometry of each of the SGMNs stored
under each of the environments studied appeared to have changed little in comparison to 7
days storage. It was observed that all MNs on each of the arrays appeared to have taken on a
more rounded appearancdjut that they generally resembled the SGMNs shown in Figure

4.19. Once more, this supported previous fimgk following 5 weeks storageéigure 4.15.

(A) (B) ©

Figure4.21 Representative light photomicrographs of SGMNSs following 28 days storage.

Arrays were stored under (A}t 2 °Cand desiccatioriB)20+ 2 °CGand 15 %RH, (2P + 2 °Gand vacuum

desiccation. Images cross illuminated for visualisation (Bar f#rhQ0

Further sections of SG were examined to determindewaontent at this time pointFigure
4.22. Again, it appeared that the water content of these glasses closelynibset those
obtained at 7 dayskigure 4.19B) ¢ (D). However, it was noted that the content of the SG
maintained at 4°C under desiccation appeared to hawkecreased marginally once more,
Figure 4.22A). This is likely to have been due to the desextanvironment and further

water loss over this period.
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Figure4.22 Thermogravimetric analysis of sugar glasses following 28 ddgsage.

Profiles indicate water content of S@&#dlowing storage under (A £ 2 °C and desiccatip(B 20+ 2 °C
and 15 % RH(Q 20+ 2 °CGand vacuum desiccation

The data obtained following 3 mtrs storage was disrupted prior to SGMN arvégualisation.

As Figure 4.23 shows, all of the arrays viewed at this time point retained no MN structures. It
was noted that each of the arrays had deuel8 R lustroust I LILIS arddthg €uBaces

had become viscous in nature. According to mgpoon the day of assessment and
visualisation, the ambient temperature was approximately°2awhilst the RH was 94 %. As

RH is a measure of the degree of water vapour saturation dMargetts and Sawyer 2007

and as it was a warm day, the air will have contained a relatively large mass of water vapour.
From the results observed, it was speculated that due to the hygroscopic nat®® afaterial
(Dittmar 1935 SGMN arrays had adsorbed and absorbed water from the environment prior to
visualisation. Moisture sorption processes are likely to have caused the rapid dissolution and

change in materigproperties(Nowakowski andHartel 2002 of the SGMNs observed.
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(A) (B)

B

Figure4.23 Representative examples of SGMN arrays stored for 3 months.

Macro images of maysstoredunder (A} + 2 °Cand desiccatiorfB) 20+ 2 °Cand 15 % RHDj 20+ 2 °C
and vacuum desiccatigprior to visualisatiofBar = 10Qum). (C) and (E)dht photomicrographs of the
surface ofarrays (B) and (D), respectivelgemonstrating the absence of discrete microneedle

structures. Images cross illuminated for visualisation purposes.

Due to the suspected adverse effects of the ambient conditions on SGMN arrays, egeasur
were taken to protect SG material from these conditions prior to thermal analysis. As the
profiles in Figure 4.24 show, there was little difference in water content noted at 3 months in
comparison to amples examined at 28 days, Figure 4.Zhis sugested that the material was
stable for up to 3 months under desiccatiordaaind 20°Cand at 20°Cunder 15 %RH. The

small decrease in water content noted in samples stored under desiccatbfCatras

speculated to be due to the mass of desiccantsdili. As the quantity of desiccant was not
standardised between different storage conditions this may have accounted for the decrease

in water content observed in refrigerated samptady.
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Figure4.24 Thermogravimetric analysis of sugar glasses following 3 months storage.

Profiles indicate water content of S@&#dlowing storage under (A £ 2 °C and desiccatip(B 20+ 2 °C
and 15 % RH(Q 20+ 2 °CGand vacuum desiccation
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45 Conclusion

It was an important focus of this chapter to investigate incorporation of model substances
within the structure of SGMN arrays. In line with previous reports, loading of geranh
different model molecules with varying physicochemical properties did not appear to affect
MN stability up to approximately 5"%,. Drug loading at a greater concentration than this,
especially with small molecules, appeared to decrease SGMN ateyrity however. The
activity of a functional model macromoleculegalactosidasgfollowing incorporation within
SGMNs was shown to be stable following vacuum processing and dehydration. Sugar glass
MNs containing enzyme demonstrated sufficistructural rigidity to puncture the human skin
barrier to facilitate delivery of protein into deeper skin layers. This finding was essential to the
future utility of these devices to facilitate transdermal drug delivery of macromolecular drug

substances.

Furthermore,the enzyme was shown to retain activity when maintained within sugar glass
material following storage at ambient or refrigerated temperature under desiccatier a
period of months. Storage conditions were shown to be critical to thegsighl stability of
SGMN structure however. Elevated temperature and humidity appeared to be extremely
detrimental to MN morphology; although conversely a completely desiccated environment did
not appear to be optimal either. Preliminary studies indicathat a storage environment
with a low relative humidity at ambient temperature may be optimal for prolonged SGMN

stability.
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5 Optimisation of in vitro assays to assess sugar glass microneedle drug

delivery

5.1 Introduction

5.1.1 Invitrotransdermal drug delivery

The gold standard for assessing the drug delivery capacityyohawel transdermal delivery
device would be to evaluate its efficacy in human subjects. However, there are many
drawbacks to this form of investigation including cost, ethical approval and the potential for
harm to be caused to the subject. Thereforeyumber ofin vitro andin vivotechniques have
been developed to estimate the drug delivery efficiency of transdermal formulations in model

systems.

In vitro methods are particularly interesting as they remove the necessity to use a living
organism toassess transdermal drug delivery properties. Typically, diffusion cells are used to
assess potentially suitable transdermal formulations and devices. In this set up a model
membrane is sandwiched between the flanges of the donor and receptor chambehe of
diffusion cell and a formulation is applied to the donor phase. Different representative
barriers are used in these experiments, each with their own advantages and disadvantages.
One approach is to use a synthetic membrane that is not of animalnpiigit one which
retains certain characteristics of the human skin barrier. For example, medical grade non
porousSilasti®(polydimethylsiloxane) sheeting has been compared to heat separated human
epidermal membranes in the assessment of oestradiol siffu from saturated and
supersaturated solutions of drug in various-smmvent systemgMegrab et al. 19956 The
rationale for the use of such a model is thditet material represents a simple and inert
membrane to investigate thepermeation of drug from an unstable formulation. Skin
represents a heterogeneous and variable membrane in comparis@ilasti®and therefore

the polymer provides a more prezable barrier in such permeation studi@@onnelly et al.
20093 Megrab et al. 1996 It has also been shown previoustat the permeability of silicone
rubber membrane to a small molecular weight drug, such as salicylic acid, is comparable to
that of human skinfNakano and Patel 1970 Other synthetic model membranes that have
been investigated include hydrophilic, microporous polyethylene membrane for hormone drug
release studies from transdermal phts (Schulz et al. 2030 Once again, this material

provides a more homogenous bigar for assessing drug release kinetics from a formulation.
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Another model barrier that has been used is excised skin tissue of animal origin. For example,
Wang et al. investigated the iontophoretic delivery of hydrocortisone across full thickness
hairless mouse skiWang et al. 1998 Similarly, full thickness porcine skin was @didy
Karande et al. to assess the effect of chemical penetration enhancers on the permeation of
inulin (Karande et al. 2005 These are good models for transdermal permeation as all the
various layers of the skin are present and have not been through harsh processing conditions.
However, the precisekin structure of humans and animals does vary, for example the SC of
mouse skin is much thinner, 5480.3 um compared to 16.& 0.7 um (Bronaugh et al. 1982
and contains considerably more hair follicles, 8588 compared to 1% 1 (Bronaugh et al.

1982 for human skin and therefore it may be hard to extrapolate findings.

It is apparent that both these model barriers bear no relation to the physiology and anatomy
of genuine human skin. The mechanical, hydration and overall barrier properties of all of the
models discussed so far will never be precisely the same as thdsenwdn tissue. This is
particularly critical when assessing mechanical methods for disrupting the skin barrier to
facilitate drug delivery. Therefore, many workers have examined either split thickness human
skin, where the epidermis and a portion of tHermis are utilised, or fully separated epidermal
membrane as a model barrier for transdermal drug delivery stu@dd®meah et al. 20Q9
Prausnitz et al. 1993 The rationale behind the use of these barriers is that the SC provides
the primary barrier to drug transpofBrown and Langer 1988n particular to hydrophilic and
large molecular weighsubstancesand because the dermis provides an artefactual reservoir
and binding site for drugs which have crossed the epidermal barrier and would be removed by
capillaries found within the dermadpidermal layerin vivo (Amsden and Goosen 1995
Accordingly, it was an important focus of this chapter to investigate a rabugitro human

skin model to predict SGMfdcilitated drug delivery across skin.

5.1.2 Establishment of skin barrier integrity by electrical resistance measurement

A critical aspect of assessing drug delivacyosshuman skinin vitro is to determine initial
barrier functionality. Removal and processing of tissue prior to experimentationathdave
damaging effects on barrier function and therefore it is vital to establish integrity prior to study

initiation.
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As stated in section 2.2.2 the SC barrier consists of protein rich corneocytes stacked within
lipid bilayers. The barrier checteristics of the SC have previously been studied by a number
of methods including determination of the rate of tritiated water permeati@ugard et al.
1984 Scott et al. 1991land measurement of transepidermal water Idsteylings et al. 2003
Zhao and Singh 1989 An alternative technique that has been receiving increasing interest is
measurement and variation in electrical properties of the barri€he ordered structure and
low permeability of SC lipids are respims for the high electrical impedance or resistance of
the SC as it forms a relatively roanductive, sempermeable membrane to iongackermeier
et al. 1999. Therefore, electrical impedance measurement across skin is strongly related to its
barrier function (Karande et al. 2006 As a corollary, damage to the lipids of the SC, for
example from chemical irritants, will enable an electrical current to pass through the skin
barrier more easily{Heylings et al. 2003 Hence, skin impedance in the context of this work
was used in its simplest form, by measuring the resistanceladftrors to move from the

donor to the receptor compartment in the presence of an A€ent (Karande et al. 2006

It has been shown previously that the electrical resistance (ER) of intact epidermal barriers
from various biological organisms yar For example, a value of-20 kw for full thickness
mouse skir(Heylings et al. 20Q03epresented the normal range for this skin type and a similar
range of 6- 20 kwwas observed for rat epidermal sk@liver et al. 1988 Other workers have
examined human skin samples from various anatomical sites and found that ER greater than
20 kw cn? was indicative of an intact barri¢€hilcott et al. 1996Lawrence 1997 However,
Davies et al. found that human whole and epidermal membranes both heahmesistance
values of approximately 10vk(Davies et al. 20Q4and Fasano et al. found that epidermal
membrane values ranged from 152 km (Fasano et al. 2002 The differences ngorted are

likely to be due in part to variations in experimental methodology and setup, for example it
has been shown that ERecrease with an increasein cell area(Fasano et al. 20Q2nd ion
concentration in skifOh et al. 1998 What has been suggested is that ER measurenseat
suitable and robust methodology for evaluating skin integrity; there being a strong association
between high water flux and low ER across different spdfilesies et al. 20Q4~asano et al.

2002 Oliver et al. 1988 Importantly, skinterage conditions can be a potential issue when
investigating barrier properties of skin membranes, especially following storage urdenfr
conditions. However, it is generally accepted thta integrity of both full thicknesshuman
skinand epidermal membranes igaffected by storage aR0°C for up to one yeaDavies et

al. 2009.
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The broad aim of this chapter of work was to establish and validate a rdbusitro
methodology for the estimigon of percutaneous drug delivery from SGMN array devices.
Selection of the most appropriate barrier, and establishment of barrier integrity, were critical

factors inassessig the utility of this methodology.

5.1.3 Transdermaldrug delivery systms

The transdermaldrug delivery system (TDDS), match, is an attractive, noninvasive option
(Sullivan et al. 2008or delivering small molecular weighlipophilicdrugsat low flux rates
(Langer 199Bthrough the skin for systemic therapeutic effe@rown and Langer 183
There are numerous advantages associated with transdermal delivefheseinclude
controlled release of drug into the patient, thus potentially enabling a steady Hiee
profile resuling in reduced systemic adverse effects, and the possibilitimproved efficacy
over other dosage formgChong ad Fung 198P Importantly, drugs administered via this
route are not subject tchepaticfirst-pass metabolism. Improved patient compliance arises
from the convenience of application and dose flexibiiAyidet et al. 200l Examples of drugs
currently delivered transdermally includaicotine, fentanyl,ethinylestradiol, norethisterone
acetate, testosterone, clonidine, scopolamine, buprerong, norelgestromin and oxybutynin
(Hadgraft anl Lane 2006 However, most drugs investigated for transdermal drug delivery do
not cross the skin at therapeutically relevant rat@Suyot and Fawaz 20PQ@ue to the

extraordinay barrier function of the SC.

Transdermal patches have broadly been developed into three different categories, namely the
reservoir system, matrix diffusiecontrolled system, and multiple polymer systemThe
reservoir system is a diffusiezontrolled gstem that contains a drug reservoir with a rate
controlling polymer membranéMargetts and Sawyer 2007 In this device, the membrane
that lies between the drug reservoir and the skin controls the rate of release from the drug
reservoir to the skin surfacand zero order drug release is achievalitadgraft and Lane
2006. Converselyin matrix diffusiorcontrolled systems the active drug is containeihin

an adhesivepolymer matrixand the drug is released at a rate governed by the components in
the matrix (Margetts and Sawyer 2007 However, natrix patches in themselves are not
designed to provide true zerorder release because as the drug closest to the skin is released,
the drug deeper within the patch must travel a longer distance to reach the skin. The longer
diffusional path slws the rate of absorption from the patch over time. For most weflighed

matrix patches this is not an issue the decrease in release rate is soal that it does not
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significantly affect the rate of drug absorptiofiHadgraft and Lane 2006 Inter-patient
variability in drug absorption in botpatch systems is minimised by a slow rate of release from
the patch; either by the rate controlling membrane or the adhesive mdflargetts and
Sawyer 200 However, inconventional drugn-adhesive patches, the dual functionality of
the adhesive and reservoir may pose a problem for paigb. A small patch needs high drug
concentrations, but loading the polymer adhesive with drug can compromise its adhesive

properties(Hadgraft and Lane 20pénd lead to drug crystallisation

Conventional cug delivery from passive diffusion controllélDDSsemainslimited because

the barrier propeties of the skin are not fundamentally changedhe SC barrier remains
intact and therefore permits diffusion of only specific exogenous materials with appropriate
properties. For example, patckype transdermal products on the market are employed to
deliver only a small number of drugas mentioned previously These drugs tend to have
similar physicochemical properties including a molecular weight less than 500 Da, sufficient
aqueous and lipid solubility (LogP tseten 1- 3) and high potency, for exargy 10- 30 ng/mL

for nicotine. Althoughpatch systems do not overcome the physicochemical restrictions
discussed, they offer an improvement in dose control, patient acceptance, and compliance

compared with semisolid formulatior{Brown et al. 200p

It was hypothesisd that SGMNSs could be integratédo an adhesive patch system to provide
controlled release of model substances. In Chapter 3 it had was found that SGMNs dissolve
rapidly in situin skin and therefore it was unlikely that control of drug release would be
feasible in these systems. Itaw envisaged that an integrated SGMN adhesive patch may

provide controlled delivery aklatively impermeablenolecules across skin.
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5.2 Chapterobjectives

1.

Investigate the potential for moddlydrophiliccompoundincorporation within adhesive

patch systems.

Fabricateintegrated transdermal adhesive SGMN array patches for percutaneous drug

delivery applications.
Assess the stability of SGMN arrays attached to a range of adhesive backing layers.

Develop the classitastatic type Franz diffusion cell set up for MN penetration and

diffusion studies.

Explore the percutaneous drug delivery efficacy of MN arrays across a number of

different model barriers utilising Franz diffusion cells.

Assessment and validation of ERaserement as a determinant of human skin barrier

integrity.
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5.3 Materials and methods

5.3.1 Materials

All reagents were obtained from Fisher Scientific Ltd. (Loughborough, UK) and were of
analytical gradeinless stated otherwise.

All films and adhesive films were kindly obtained fr8w Drug Delivery Systen(St Paul, MN,

USA.

Acrylate adhesives were generously supplied by Henkel Limited (Berkshire, UK).

Silicone adhesives were generously supplied by Dow Corning (Ml, USA).

Human breast skin was obtained from the Aneurin Bevan Health Board Royal Gwent Hospital
(Newport, Wales, UK) following mastectomy or breast reduction surgery with full ethical

committee approval and informed patient consent.

5.3.2 Methods

5.3.2.1 Fabricationand stability assessmenif SGMN arrays with @hesivebackings

A 20 9%/, solution of TRA and SUG:25%"/,, was prepared and MB powder was incorporated

at 1 %/,, of final sugar glass weight. The solution was filtered using au®.Zilter and
vacuum forme into PDMS micromoulds200 pL of sugar solution was injected onto the
mould surface under vacuum using the methodology describeskation3.3.2.7 (A). Upon
removal from the vacuum chamber, 17080 pL of the solution was pipetted off the surface

of the mould and the solution was dehydrated for 48 h as described in section 2.3.2.1 to form
SGMN arrays with a thin backing layer. Once dried, SGMN arrays were removed using a
cuboidal shaped rod, dimensions 5 x 500 mm, with doublesided adhesive tapattached to

the square end. A variety of SGMN backing materials were attached to the adhesive tape

including:

fabric plaster

waterproof plaster
aAONRBLR2NBx O LIS
CoTram 9699

foam 9733

= =4 =4 =4 -4 -

polyurethane 9832F
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The SGMN array adhesive patches were viewed under light microscope to observe patch and

needle integrity prior to storage under vacuum desiccation.

5.3.2.2 Fabrication and optimisation of drug loaded adhesive patches

Silicone soft skin adhesive (S3AG 79800) and amine compatible silicone Bfiessure
sensitive adhesive (BIPSA 74302 were used to creat®é00 mgsamples of blank adhesives
and adhesives containiny %"/,, ketoprofen (KFA) and propranolol hydrochloride (PHCI). To

create drug loadeddhesives two approaches were used:

a) KFA was dissolved in acetone or ethyl acetate and mixed by hand into part A of the

adhesive kit for 60 secs
b) KFA or PHCI powder was mixed by hand into part A for 60 secs.

An equal mass of part B was added to the mixtures and thoroughly mixed by hand for another

3 mins. Blank adhesives were fabricatedadging equal quantities of part A and B and mixing
GK2NRdAKf& F2NJ o YAyaod £ f | RIOR#eledSlinerih & ( dzNB
square base dish (approximately 5 x 5 cm). Once mixed, SSAs were curé€ firabh and

BIOPSAs were placed into a fume hood at ambient temperature for 2 h.

5.3.2.3 Fabrication of integrated sugar glass microneedle transdermal patltontaining

sulfornodamine B

Sulforhodamine B sodium salt (SRB) was loaded into the adhesivesTa&l@r®7202A
(acrylate adhesive) and BRB®7-4302 (silicone adhesive) at a concentraion of 5,20 A
known amount of dry adhesive was dissolveetinyl acetate and the drug powder was added.
The resulting suspension was magnetically stirred for 30 mins to uniformly disperse the drug.
Once dispersed, the formulation was pipetted onto ScotchpaR?22 release liner and placed

on a flat bed shaker ovright (18 h) to evaporate the solvent. To ensure removal of residual
solvent, the adhesive was then dried for 1 h in an oven &&S&chulz et al. 2030 Once the
adhesive layer had formed, Scotchpa®733 backing layer was placed onto the adhesive and
pressure was applied in a rolling motion. Patches were formed using a biopsy punch with a
diameter of 0.8 cm.This technigue yielded patches containing approximately 5 mg of adhesive

and 250ug SRB
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SGMN arrays with a thin backing layer (formed frompdOof 20 %/, TRA:SUG5:25 %/,
solution) were formed as described in section 5.3.2.1. Release linerenas/ed from the
adhesive patches and they were placed adhesive side down onto the PDMS moulds. SGMN

arrays were removed using a cuboid shaped rod as described in section 5.3.2.1.

5.3.2.4 Investigation of model membranes to assess microneedle facilitatedigidelivery
capabilities
Silastic@Dow Corning, MI, USA) and plasticised PVC film memb(Saeam LINB Y A JzY & NI
were mounted onto semgtircular cork board wrapped in tissue paper and treated with a single
silicon MN array application. Membranegre then mounted between the greased donor and
receptor chambers of static Franz type diffusion cells of known receptor volume (mean volume
3.58 mL) and internal diffusional area (diameter approximately 1 cm). The receptor
compartment was filled with dgassed déonised water §H,O) for PHCI studies or phosphate
buffered saline (pH 7.4) (PBSjgma: Aldrich, Poole, UK) for IBU studies. Positive control cells
in both experiments were treated with a single hypodermic needle @@&pplication. To
asses Silasti®as a model membranbarrier,0.5 mL of a solution of PHCI 0.5 mg/mL dissolved
in dH,O (1.7 mM)(Coulman et al. 20Q9wvas applied to the donor compartment of each cell

andoccluded with a section of Parafiim®

Blank sugar glasses (SGs) and SGs contdirtitlg, IBU were prepared by pipetting 150 pL
sugar or druggsugar solutions, respectively, onto a flat sheet of PDMS and dehydrating as
described irsection2.3.2.1. To assess modelasticised PVC film barrier, blank or drug loaded
SGawere applied to the donor compartment of each cell and occluded with inpdasticised
PVC film. Cells wenglaced on top of a multipoint magnetic stirrer in a water bathd
equilibrated to 37°Cfor at least 30 mins A small magnetic follower was added to each cell
providing a membrane surface temperature agproximately32 °C and continuous agitation
of the receptor solutior(Chabri et al. 2004 200 puL samples were removed from the receptor
phase at time pints 1, 2, 4, 6, 12 and 24 h and the receptor compartmeas replenished
with an equal volume ofiHO or PBSpre-equilibrated to 37°C, a dilution factor which was
accountedfor in subsequent data analysisSamples were stored a20 °C until requiredfor

high performance liquid chromatography (HPLC) analysis.
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For comparisons of multiple treatment groups, a ¢ € ! b h +! gAUK . 2y TSN
comparisonpost hoaest was performed on the experimental data using the GraphPad Prism 5

software packge. In all cases, statistical significance was determined by a valugn0®.

5.3.2.5Investigation of heat separated epidermal membrane to assess microneedle

facilitated drug delivery

A saturated solution of IBU (1871.8 mM) was created by adding exBes$o continuously
agitated 4,0 heated t037°C. A 20 %/, solution of TRA and SUi5:25%"/,, was prepared

and IBU powder was incorporated at 3/%of final sugar glass weight. Previously frozen full
thickness lmman skin from demale donor, age 58 yeanwas defrosted at room temperature

for approximately 1 h before underlying subcutaneous fat was removed by blunt dissection.
The epidermis was isolated by immersion into a water bath at@@or 55 secs followed by
membrane renoval with forceps. Samples were stored-20 °C until required and used
within 2 months of preparation. Before use, membranes were defrosted for up to 20 mins,
and mounted dermal side dowbetween the greased donor and receptor chambers of static
Franztype diffusion cells. The receptor compartment was filled with dega$2B8 and
equilibrated to 37°C in a water bath. Treated membranes were punctured with a single
hypodermic needle (2&)application and 0.5 mL of IBU saturated solution was appligti€o
donor compartment of eacleell and occluded with Parafilm® prevent evaporation. In a
separate experiment, epidermal membranes isolated fréemale donors aged 47 and 80
years, were mounted dermal side down onto a section of Whatman no. 1 filfgergd.5 x 1.5

cm). Membranes were mounted in Franz cells and treated with a single silicon MN array
puncture before 150 pL of the 5 9%/, IBU sugar solution was applied to the donor
compartment. Cells were placed into a water bath and 200 yL samplesrem@/ed from

the receptor phase at defined time points, as described in section 5.3.2.4 and stor20i°at

until required for HPLC analysis.

5.3.2.6 Quantitative analysis of small molecule model drug substances

Samples containing the analyte PHCI were amalyby fluorescence spectrophotometry
(Ctd2aidl NJ hLIGAYLlF nZ . apPusifglacds el folate methodslagy daNE = |
excitation and emission filters set at 280 and 330 nm respectivélyug quantities were
estimated by linear regression and cortéb@ analysis of the calibration curve generated with
a L@ of 1 x 10° mM. IBU sample analysis was performed using revepsebse HPLC
apparatus with the following instrumentation: SCM 1000, pump P2000 and-sautgpler
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AS3000 equipped with a UV20QGfetector (Spectra SysteBh Thermo Fisher Scientific,
Hertfordshire, UK). The GraceSmaRRP @8 5 p column (250 x 4.6 mm) and an isocratic
eluent (pH 3.4) of 75 % methanol, 24 % water and 1 % glacial acetiwa®@dused in this
study. The flow rate waset at 1.5 mL/min and 20L samples were injected onto the column.
The elution time was set for 6 mins and absorbance detection was at a wavelength of 272 nm.
Drug quantities were estimated by linear regression and correlation analysis of the catibratio
curve generated with 4CD of 5 x 10° mM. Error bars shown on permeation profilés all

studiesrelate to the standard error of the mean take intoaccount sample size.

5.3.2.7 Development and optimisation of static type Franz diffusion cells for microneedle

facilitated penetration / permeation studies

SGMN arrays were fabricated from a 2 ¥solution of TRA and SUG:25%"/,, as described
in section 3.3.2.5. The following modifications were made to the classical setup of the Franz

diffusion cell to assess optimal membrane penetration capabilities of SGMN arrays.

5.3.2.7.1 Inverted method

A cylindricashaped metal rod with diameter approximately 1 cm was placed into an upturned
donor chamber. SGMN arrays were placed with their needles facing upwards onto a circular
section (1 cm diameter) of plasticised PVC film and placed onto the end of the redtigh s

of epidermal membrane, mounted dermal side down onto a section of Whatman no. 1 filter
paper (1.5 x 1.5 cm) was then placed SC side down on top of the SGMN array. Pressure was
applied to the membrane for 10 secs using a syringe plunger covereadwébtion of foam

9773 tape. The receptor compartment was filled with degassed PBS and the donor

compartment and SGMN assembly were clamped in peehown in Figure 5.1.

Foam tape

l Plunger applicator
\l Filter paper l/

Epidermis

Clamp

Inversion
filling

Metal rod chamber

Figure5.1 Schematic of inverted SGMN application methodology.

Finally, cells were inverted to displace any residual water bubbles beneath the membrane.
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5.3.2.7.2 Gauze method

A Franz cell was assembled with a disc of polytetrafluoroethyl@@€&FE) material,
(approximately 2 cm diameter, 0.4 cm depth), between the flanges of the donor and receptor
chambers. A circular hole of 1 cm diameter was punched in the centre of the disc with a
slightly larger hole on one side only to create a step.seétion of stainless steel gauze
(Goodfellow Cambridge Ltd., Huntingdon, UK) with a nominal aperture of 0.38 mm, was
fashioned to fit inside the stepped hole. A section of filter paper was placed on top of the
gauze and the epidermal membrane was pladedmal side down onto the filter paper. The
donor chamber was clamped in place and the receptor was filled with degassed PBS. A SGMN
array was mounted onto the flattened end of a syringe plunger and inserted into the donor

compartment and pressed downrfd0 secs into the membrane, as shown in Figure 5.2.

Epidermis l
Filter Donor Plunger applicator
paper 4 chamber
Gauze 7 VVVWVV SGMN array
Clamp —_—
@ Inversion |
- ) filling
PTFE ring —
Receptor
chamber

Figure5.2 Schematic of SGMN application methodology utilising gauze Franz cell insert.

Onceinserted, a 1 cm disc of plasticised PVC film was placed on top of the array.

5.3.2.7.3 PTFE disc method

The same assembly as in 5.3.2.7 (2) was utilised, except that the PTFE disc had 4 holes,

diameter2 mm, drilled into the centre rather than a section of gaumaterial.

All membranes were observddy lightmicroscope Leica Zoom 200(Leica, Scotts Valley, CA,
USA) prior to and following SGMN insertion to determine the penetration profile for each

method.
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5.3.2.8 Assessment and validation of electrical resistance asieasure of epidermal barrier

integrity
Modified static type Franz diffusion cells were assembled with a PTFE ring containing gauze
insert as described in section 5.3.2.7 (2). Heat separated epidermis was prepared as described
in section 5.3.2.5 and mouad onto the modified cells. The donor chamber was secured, and
the receptor and donor compartments were filled with physiological saline (0.9 % NacCl in
water) preequilibrated to 37°C. Once assembled, the electrical resistance (ER) of each
membrane wasneasured with an Agilent U173#Adual display handheld LCR meter (Agilent
Technologies UK Ltd, Edinburgh, UK) using a testing frequency of 1 kHz. Measurements were
taken by inserting the stainless steel cathode probe into the side arm of the receptobenam
and then inserting the anode probe into the donor chamber, taking care not to touch the
membrane. Following stabilisation of the reading, the resistance value was recorded for each
cell. Once the ER assessment for each cell had been completed teatsaof the donor and

receptor compartments was discarded and the skin allowed to aitdeylings et al. 2003
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5.4 Results and discussion

5.4.1 Fabrication of SGMN arrays with alteative backings

As described irsection 3.4.9, SGMN arrays igsohed rapidlyin situ in ex vivohuman skin.
Therefore, it was concluded that they were unlikely to be suitable as controlled release drug
delivery devices. The solid SGMN array bases had also demonstrated poor structural rigidity
upon skin insertion and it was envisaged that ersgr gplication of arrays may be difficult.
Using a traditional transdermal patch devias a template, it was hypothesid that SGMNs

could be attached to a different base material. This material would be a completely different
material to rigid sugar glass that may confer desirable properties upon the SGMN arrays. It
was envisaged that possible benefits may include imeed drug loading within the backing
layer, potential for controlled release of medicament and ease of application forused
However to fabricate stable SGMN arrays with flexible adhesive backings, it was critical to find

a patch system that would n@dversely affect SGMNs attached to it.

A variety of base materials were investigated including generic fabric plaster and waterproof
L FaGSNE aAONRLRNBu GFLIS YR @FNAR2dza oa I RK

adhesive properties andrpven compatibility with human skin.

A (2)

© (D)

Figure5.3 SGMN arrays with alternative backings.

Digital images of SGMNs incorporating%d'/,, MB attached to (A) waterproof plaster and (C)
Microporen tape backings. (B) and (D) light photomicrographs of SGMNs depicted in (A) and (C)
respectively Bar = 100 ph
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Although SGMNs were successfully attached to a fabric plaster backing ther mlats not
have the desired properties of a SGMN base. It was envisaged that the base material would be
flexible, with a smooth and flat adhesive side that would not adversely affect the morphology
of the SGMN array. The fabric plaster fulfilled somthese criteria, but critically the material
was not smooth enough and MNs were observed to be positioned at many different angles
(data not shown). It was hypothesid that such an array would not be effective at
penetrating human SC. As shownFigure5.3 however, SGMN arrays with flexible backings
made from waterproof plaster and Microparetape fulfilled the above criteria to a much
greater extent. Both backing materials were much smoother than the fabric plaster and hence
individual MNs were oriemited in approximately the same direction. However, the
waterproof plaster backing appeared to cause rapid degradation of the SGMN morphology.
Within 15 mins of creationthe MNs were observed tdnave changel shape and become

rounder and less pyramidalsahown irFigure5.4.

Figure5.4 Light photomicrograph of SGMNs with a waterproof plaster backing.

Image shows the rapid alteration in MN morpholathserved.

The rapid alteration in SGMN morphology was attributed to the waterproof nature of the
plaster and it was speculated that it may be causing hydration and degradation of the needles.
In contrast, SGMN arrays attached to Microporape appearedo be much more stable and
SGMNSs attached to this backingigure 53 (D), retained a much closer morphology to the

silicon master structure.

Another factor that became apparent through this study was that SGMN arrays fabricated
from 20pL of sugar soluwn did not always contain a sufficient quantity of material to form a
continuous base layer once dehydrated. Micromould invaginations were full of sugar glass
material, but this did not extend to the entire surface of the mould. It was found that remova

of all 36 MNs formed became problematic, as showRigure5.5(A).
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(A) (B)

©

Figure5.5 Light photomicrographs of SGMN array with a CoTma®699 backing.

(A)En faceof entire SGMN array an@and C) individubSGMNSs contained within arraBdr = 10Qum).

As shown irFigure5.5 (A)a number of MNs near the centre of the array were not removed by
the adhesive backing layer. This data appeared to suggest that a residual continuous base
layer was required for successful removal of all SGMNs from the PDMS micromould. Further,
this study highlighted that CoTran9699 adhesive tape was not an ideal backing material. As
shown inFigure5.5 (B) and (C) SGMNs degraded when attached to this adhesive, and this
process happenetapidy, within 14 days of fabrication and subsequent storagdeasrvacuum

desiccation.

Figures5.6 (A) and5.7 (A) support Figure5.5 (A) indicating that a continuous base layer was
required for successful SGMN array attachment. In both examples, very few of the SGMNs
formed were removed by the backing layer adhesiHowever, the individual MNs remaining

appeared to be stable omach of the adhesive backindgdgure5.6(Q and 5.7 ).

147



Chapter 5

B

©

Figure5.6 Light photomicrographs of SGMN array with a polyurethane 9832F backing.

(A) En faceview of SGMN array andBj transverse view of SGMNBar = 100 pum) and @ individual
SGMN contained within arrgar = 10Qum).

- (A)

—@Q (D)

Figure5.7 Light photomicrographs of SGMN array with a foam 9773 backing.

(A) and (Cen faceview of SGMN array(B) and(D) transverse view of SGMNBar = 100Qum), )
individual SGMN contained within arragdr = 10Qum).

This data appeared to show that SGMNSs could be successfully attached to the correct adhesive
backing layer and that they would remain stalunderdesiccated storage conditionkjgure
5.7(D) and(E). To overcome the issue of incomplete SGMN array removal from micromoulds,

the process was adapted and BQ rather than 2QuL was left on the mould surface before
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dehydration. This quantityfanaterial generally formed an array with a complete base, and

facilitated removal of all MM from the mould, as shown in Figure 5.8.

— ) T LR | ()

Figureb.8 Light photomicrographs of SGMN array with a foam 9773 backing.

(A) En faceview of SGMN array ah(B) transverse view of SGMNs&a( = 100Qm).

From this study, it appeared that SGMN arrays formed from at leagti36f sugar solution
couldreliably and stably be attached to 3M polyolefin foam 9773 tape to form SGMN arrays

with an alternative flexible backing.

In conclusion, it was determined that the stability of SGMN arrays mounted onto a flexible
backing would be a critical issue. Thdity of such a device would depend on the ability to
successfully attach a plurality of SGMNs onto an adhesive backing layer that would not
adversely affect thadelicate andhygroscopic nature of the sugar glass material. These pilot
studies indicatedHat this concept may be feasible with the correct backing material and they
led the way for further studies to optimise the system by fabrication of transdermal patches

from basic principlesas detailed in section 5.4.3.

5.4.2 Fabrication and optimisation ofirug loaded adhesive patches

Soft skin adhesives (SSAs) are intended for adhesion to skin and include a range of products
such as ovethe-counter bandages and scar therapi®@an Damme et al. 2009 Conversely,
BlOpressure sensitive adhesives (PSAs) are intended for transdermal drug delivery products
owing to good chemical stability of the adhesive in the presence of afuometional drugs,
excipimts and enhancers(Laurent et al. 2007 Two model drugs, with differing
physicochemicalproperties, were incorporated into the two different adhesives at a
concentration of 1 %,. When KFA was incorporated within the SSA and heated toature

100°C, dishescontaining the adhesive dissolved and the adhesive did not cure(fldtg not
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shown). This led to modification of the initial processing conditions and the use of a lower

curing temperature of 95C.

(A) (B)

Figure5.9 Images of soft skin adhesives.

(A) Bankadhesiveand @) 1 %/,, PHCI powder loaded SSA.

As shown inFigure5.9 (A), blank SSA formed a uniform transparent adhesive once cured.
When PHCI powder was incorporated at 1/ 9pthe drug initially appeared to dissolve within
the adhesive. Upon curing of the adhesive however, the drug appeareddystallise and an
adhesive was formed that had an opaque natligure 59 (B) This was expected as PHCl is a
water soluble salof abasicdrug and SSA does not contain amine compatible functionality in

its structure.

(A) (B) (©)

Figure5.10 Images of Bl@ressuresensitive adhesives.

(A) Bankadhesive (B 1 %/,, KFA and (C)%"/,, PHCI loaded adhesive samples

Blank BIGPSA adhesive, like blank SSA, formed a transparent adhesive once Figuee
5.10(A). The properties of the two adhesives varggnificantly however, and the BIESA
adhesive formed a much more rigid material than the SSA. Th@8#Chad a lower tack than
the SSA also and this made it easier to hanolhice cured. It was hypothesi that this
property may be useful in future gfications when attaching SGMN arrays to the adhesives.

As shown irFigure5.10(B) when 1 %/, KFA was incorporated within the adhesive the drug
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did not mix well within the matrix and rerystallised rapidly as the solvent evaporated. Again
this was epected as KFA is weak acidand contains no amine functionality. It was
rationalised that the PHCI may integrate better within the BI®A matrix due to itbasic
nature. This outcome was partially observed, as showrigare5.10(C) where no obviog
crystallisation appeared in the adhesive; in contrast to the KFA adhdsiyere5.10 (B).
However, it appeared that the drug remained in a suspended state, as shown by the opaque

nature of this adhesive.

The aim of these preliminary studies wasitwestigate the suitability of various commercial
adhesives for incorporation of model medicaments. These studies suggested that although
drug appeared to crystallise within the cured adhesives, regardless of the physicochemical
nature of the medicamenif may be possible in future work to incorporate a variety of model
drug substances within these adhesives. It was shown that thin adhesive layers containing
medicament could bdabricated and it was hypothesd that these could be utilised as the
basisof an integrated adhesive backed SGMN array patch. This approach would potentially
allow increased drug loading of the patch system and facilitate controlled drug release and skin

adhesion.

5.4.3 Fabrication of integrated sugar glass microneedle transdermatgba&s containing

sulfornodamine B

Sulforhodamine B(SRB) was chosen as a modempound to assess SGMN facilitated
transdermal drug delivery. This molecule has a MW of approximately 600 bogPRaf -0.45
(Kushner et al. 20Q7and is widely used as a modeydrophilic permeant when assessing
active enhanement methods of drug delivery across the (8Gshner et al. 20QBullivan et al.
2008. As demonstrated isection 4.4.1 SRB can successfully be incorporated within the
matrix of SGMN arraysTherefore it was chosen as an ideal moasimpoundfor comparison
with SGMNadhesivepatches in terms of transdermal drug delivery potential. A loading
concentration of5 9%/,, was chosen as percutaneous drug delivery systems are often
formulated containing5 ¢ 10 %"/, drug. It lad also been shown that 5 %, was an
appropriate concentration of drug to incorporate within the matrix of SGMN arrsgstion
4.4.1, and therefore it seemed a logical concentration to work with. The imageguneF.11

show the natue ofthe novel integrated SGMN transdermal patch.
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Figure5.11 Images of novel integrated SGMN transdermal patch.

(A) Blank Duro-Tak® 87202A adhesive patch incorporating 5" SRB Light photomicrographef (B)
en faceview and (C) transverse view of SGMN patch, (D) transverse view of SGMN patch following 6

daysstorage under vacuum desiccati{®ar = 100Qum).

The dimensions of the patch, 0.8 atrameter, were chosen for two reasons. Firstly, the
adhesive backing required a greater surface area than the square 6 x 6 mm dimensions of the
SGMN attached to it. Secondly, the patch had to be small enough to biedpplthe donor

phase of a Franz diffusion cell with a nominal diffusional surface area of 1 cm. As shown in
Figure 5.11 (B) the SGMN array sat well in the centre of the adhesive backing layer leaving a
small area of unoccluded adhesive for skin adhesidfigure 5.11 (B) shows that the SRB
formed discrete particles within the adhesive layer once formed. This suggested that the
solubility of SRB within the adhesive was low and it was speculated that this may provide a

higher thermodynamic potential foransdermal drug delivery from the pat¢Higuchi 1960

As Figure 5.11 (C) shows, SGMN arrays adhered to acrylate adhesive patches and appeared to
retain their morphological structure. This was expected as acrylate adhesives are hydrophobic
materials and because the SGMN arrays were formed fronpl4@olution. Therefore, the

arrays had a slightly thicker base layer which may have improved the stalbitite SGMNs
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attached. The SGMNs also appeared to be relatively stable under vacuum desiccation storage,
Figure 5.11 (D). Due to the flexible nature of the backing material and adhesive layer, the base
of the SGMN array was often observed to crack icg8aFigure 5.1(C) andD), but this did
not appear to adversely affect the structure of individual MNs. This data suggested the utility

of this adhesive to formulate an integrated SGMN transdermal patch system.

5.4.4 Investigation of different modé membranes to assess microneedle facilitated drug

delivery

Various different methodologies for assessing the transdermal drug delivery potential of
topical formulations have been described in the literature. The Franz diffusion cell is a
commonly used tol for assessing such parameters and a number of different model skin
membranes have been utilised. The aim of this section of work was to determine the most

appropriate model membrane for examining the drug delivery potential of MN arrays.

As shownin Figure 512 there was no significant differencé”=0.08)between untreated
Silasti®@membrane and membrane punctured with a hypodermic needle or silicon MN array.
It appeared that penetrating the membrane decreased barrier integrity initially, as
demonstrated by the absence of a lag phase in these treatment groups. However, by the end
of the study it was apparent that even Silagtrmembrane treated with a hypodermic needle
demonstrated little enhancement on total PHCI permeation compared to conffakre was

also large variation in PHCI flux across the membrane, particularly follosiicgn MN
treatment. This result was not unexpected as although the MNs were applied to the
membrane in the same manner each time, and visually inspected to observe membrane
puncture, it may have been possible that not all of the MNs on the arraygdulhgtured the
membrane each time. Also, as Sila®tieembrane was used, any channels made within the

membrane could potentially havetosed upduring the study.
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Figure5.12 Cumulative permeation of PH@kross Silast®membrane.

The square denotes data obtained following no membrane treatment (n=4), the triangle denotes data
from hypodermic needle (2&) treatment (n=4) and the circle frosilicon MN treatment (n=4), the

diamond denotes data from dB (n=3) application Data presented as mean DS

To further investigate this membrane, a follow up study was performed in which Silastic
membranes were treated with one, five or ten hypodermic needle @6ounctures, Figure
5.13. As showrthere was no significant difference between each treatment group compared
to untreated membrane. From these studies, it appeared that punctusitegtic®membrane

had little effect ondiffusion of the small molecule PHCI across the membrane. Therefore, it
was concluded that this model membrane would not be optimal for assessingabiiMated

drug delivery.
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Figure5.13 Permeation profiles of PHCI across hypodermic needle treated Sil@stiembrane.

The data represent permeation following ho membrane treatment (diamonds) and afterdeympdic

needle (26G) puncture 1x (squares), 5x (triangles) and 10x (circleg}a presented as mean 065
(n=4).

Initial penetration studiessuggestd that Silasti® membrane may not be appropriate for
assessing MN facilitated drug deliverynstead another synthetic model barriep)asticised
PVCfilm, was investigated. loomparisonthis membrane displayed quite different properties

to Silasti® as shown irFigue 5.15 This set of experiments utilised an alternative water
soluble analyte, IBU, and analysis was performed by HPLC. A model standard curve is shown in
Figure 5.14.
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Figure5.14 Exemplar standard curve used in quantitative determination of ibuprofen sodium flux

across model barrier.

Data presented as meanSD. (n=3).
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Figure5.15 Permeation profileof ibuprofen from 5 9%/, sugar glasses across plasticised PVC film.

The squaredenotes data obtained following no membrateatment and the diamond denotes data

followingsilicon MN array application. Data presented as me&E(n=10).

As shown irFigures 5.12 andb.15, it appeared that treatment of model membranes with a
silicon MN array was not always reproducible. This was shown by the relatively large standard

error values of ibuprofen flux across the membranes following MN treatment. From this
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study, it was specutad that the plasticised PVC membrane may suffer from the same

penetration and resealing issues as the Sil@stiembrane used in previous studies.

This study did show however, that intact plasticised PVC film formed an impenetrable barrier
to the permedion of ibuprofen from SGs. By 24 h significantly more ibuprofen had diffused
across the membrane treated with a MN array in comparison to untreated membrane. As a
positive control plasticised PVC membranes were punctured with a single (Bgdslermic
needle puncture, Figure 5.16. As shown, following both hypodermic and silicon MN
treatments, there was an initial lag phase up to 1 h, before ibuprofen began to diffuse across
the punctured membranes. By & however, significantlynore ibuprofen had permedad
across the hypodermic treated membrmancontaining the IBU loaded SGigure 5.16

compared to he silicon MN treated membran&jgure 5.15.

Interestingly, it appeared that there was no significant difference in permeation between drug
loaded SG formlation compared to sugar solution contéig the same drug concentration,
Figure5.16. This behaviour was not unexpected as it is known that amorphous systems are in
a higher energy state relative to crystalline materi@bou et al. 200yand hencethat they

demonstrate similar properties to a liqughase
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Figure 5.16 Permeation profile of ibuprofen across plasticised PVC film treated with a single

hypodermic needle (2&) puncture.

Thesquaredenotes data obtained following application ®®4"/,, SGgo the donor chamber Controls
were a blank S@iamond and stock IBU sugar solution used to create "3,96Gs(triangles). Data

presented as meati SE (n=10).

The final modebarrier system investigated wémeat separated human epidermis. It had been
shown that neither Silast®or plasticised PVC membranes were ideal models for assessing
penetration and delivery studieand therefore it was hypothesisl that epidermal membrane

would be the most appropriate model for this investigation.
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As shown in Figure 5.17, after an initial lag phasepgroximatelyl h, ibuprofen began to
permeate the epidermal membranom a saturated solution. B$2 h a mean cumulative
total of 864.4>g ibuprofen had diffused across the membrapeovidinga meanmaximal flux
rate of approximately 104 3 cn?/ hby 24 h Thiscorrelated with previousliterature values
for permeation of ibuprofen fronsaturated agueoussolutiors acoss human epidermisof
approximately85¢ 332> 3 cn?’/ h (AFSaidan 200dand11.8> 3 cn’/ h (Stott et al. 1998 in
the latter paper theSC had been fully hydrated prior to study initiation.

2500 -
2000
1500
1000

500

Cumulative amount permeated {pg/cm?)

0
Time (h)
Mean ft dzE / 6| Permeability | Mean amulative | Lag time (D Percentage
cm?/ h)+ S.D. coefficient amount (h) formulation
(cm/h)x S.D.| permeatedat 6 h permeatedat Qs
(Qe) & Acm) + (%)+ SE
S.E.
104 +11.4 5.4 x10°+0.6 254.3+99.0 14 0.13+0.05

Figure5.17 Permeation profile of ibuproferacross epidermal membrane.

The square denotes data obtained after application of saturated IBU solution and the diamond

denotes data for blandH,O. Data presented as meaSE (n=4).

To observe the effect of membrane petration, other sections ofnembrane were treated
with a single hypodermic puncture and a saturated solution was applied to the donor
chamber. As shown in Figure 5.18, significantly niB®.000) ibuprofen permeated across
epidermal membranes treated with a hypodermic needle camgol to intact membranes.
This was demonstrated byraeanQs of approximately 8443%ig / cnt (Figure 5.18) compared

to approximately 254ug / cnf for untreated membrane (Figure 5.17)Unlike Silasti®
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membranes, it appeared that penetrating epidermal membrane would lead to a significant
increase in drug permeation, confirming the utility of this membrafoe future MN
penetration studies.A plateau in ibuprofen permeation was noté@m 12 h onwards wich
correlated with depletion of the donor formulation (containing approximately 192 0§0BU).
Furthermore,althoughthe solubility of ibuprofen in aqueousolution is low (0.12 mg / mL)
(lervolino et al. 200)) ibuprofensodiumsalt has been incorporated at 16"%, (160 mg / mL)
within water-in-oil liquid microemulsiongSintov and Botner 2006 Therefore, sink conditions
(<10 %of saturationconcentratior) (Ng et al. 201Pwere violated within this studywhich may

alsoaccountfor the plateau in permeation observed

160000 H
140000 A

120000 A

100000 A

.

80000 H

60000 H

40000 H

20000 H

Cumulative amount permeated (pg/cm?)

0

15 20 25
Time (h)

Treatment Mean Qs (ug / cnt) = S.E. Percentage formulation
permeated at Q (%) + £

Hypodermic needle 84434.9+ 16521.1 43.8+8.6

Figure5.18 Permeation profile of ibuprofen from saturated solution across epidermal membrane.

Thetriangle denotes data followingypodermic needle (26)treatment and the squaredenotes data

obtained for no membrane treatmer{patient age 58 years). Data presented as me&f (n=4).

However, when a finite dose and silicon MN array penetration was used as a positive control
treatment to enhance ibuprofen flux, the results deviated from hypothesis.Figsre5.19
shows, there was no significant difference (P=0.29) at 24 h in the duanttiibuprofen

permeation across intact and silicon MN treated membranes.
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10 15
Time (h)

20 25

Treatment

Mean Qs (ug / cnt) + S.E.

Percentage formulation
permeated at Q (%) + £

Silicon MN array

561.9+116.8

37.5+7.8

Untreated membrane

716.9+£112.4

478%7.5

Figure5.19 Permeation profile of ibuprofen from5 %',, IBU loaded stock sugar solution across

epidermal membrane.

The square denotes data following silicon kMéatment and the diamonddenotes data obtained fano

membrane treatmentatient ages 47 and 80 years). Degpresented as meat SE (n=6).

This result was not expected, and suggested that either the classical Franz cell experimental
setup or the model permeant mayot be optimal for assessing Midcilitated drug delivery. If

the silicon MNs did not reliably penetrate the membrane this may account for the similarities
in drug flux observed. Alternatively, the membrane could have been compromised prior to the
beginnhg of the study, possibly due to prolongeériods underfrozen storage conditions.

Finally, due to favourable physicochemical properties, it may have been that ibuprofen

permeated the membrane easily without physical disruption of épédermalbarrier (Stott et

al. 1999. Furthermore, as noted previously in Figure 5.18, as the donor concentration became

depleted, permeation of ibuprofen decreased and a plateau in delivery was observed.
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It also became apparent that standardisation of the initial epidermal barriepgmes was
essential to permeation studies. Agure5.20(B)shows, even though silicon MNs decreased
ER of the epidermal barrier by appearing to penetrate the membrdfigure 5.20 (D),
impedance measurement of the untreated epidermal membranes irh dezatment group
varied significantly (P=0.03). It is known that if skin integrity is compromised priorvitro
percutaneous absorption studies this will affect the permeability of the membrane to test
substanceqScott et al. 1991 Therefore, b make comparisons between treatment groups,

baseline ER measurements would need to be established to ensure standardisation of barrier

integrity.

15 4 30 -
g —9: 25 4
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2 B Untreated E 15
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2 o .
g 51 O Untreated @ 10 4 O Silicon MN
2 2 treated
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© D)

Figure5.20 Estimation of epidermal membrane penetration.

The black barsepresentelectrical resistance measuremerior to treatment and the white bars
represent data following (A) no treatment or (B) silicon MN treatment. Data presented as frfe@n
(n=6). (C) and (D) representative sections of filter paper supporting untreated and silicon MN treated

membranes espectively.

It has been well characterised that silicon MN arrays reliably puncture human skin to facilitate
drug delivery(Coulman et al. 20QHenry et al. 1998McAllister et al. 2008 In this study a
significant increase in drug flux following MN treatment was oloserved. It was speculated
that this may have been due to inefficient puncture of the membraimajtations of the
experimental setup or that ibuprofen was not the optimal model permeant due to high

passivepermeationof the moleculeacross skin.
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5.4.5 Development and optimisation of static type Franz diffusion cells for microneedle

facilitated penetration / permeation studies

Initial membrane screening studies, section 5.4.4, highlighted that the classical setup of Franz
diffusion cells mayhot be optimalfor assessing MNacilitated percutaneous drug delivery.
Preliminary studies highlighted that without any suppbeneaththe epidermal membrane
within a diffusion cell penetration of the barrier byVIN arrays may be variable. Therefore,
various adaptabns of the classical setup were investigated to provide a platform for the

assessment of SGMN arrays.

Three different modifications were investigated; the inverted method whereby the epidermal
membrane was applied SC down on top of mounted MNs priarelb assembly, the gauze
method where a PTFE ring with a gauze section in the centre was fashioned and the PTFE disc
method whereby small holes were drilled into the disc and clamped between the donor and
receptor flanges. Sugar glass MN arrays were tggpliedin situinto the donor chamber.

Each setup was investigated by the insertion of SGMN arrays into the SC side of the epidermal
membrane. As Figure 5.21 shows, it was not visually obvious which setup provided the most

reliable method for insertiomf SGMN arrays.
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®) ()

Figure5.21 En facdight photomicroscopy images of epidermal membranes.

(A) Uhtreated membrane and membrarfellowing SGMN insertionsing(B) and (Clnverted method,
(D) gauze method, (E) PTFE ring methmedrésentative oh=2). Bar =1000um (black bar) or 50@um
(white bar)

Disregarding the large hole present in Figaral (B) (blacarrow), reasoned to be an aftet
formed during the dismantaling of the Franz cell process, and the remnéatsiofollicles /
sweat ductsFigure 5.21(C), there were no obvious signs of MN channels within any of the
membranes. Variouseasons for this outcome were proposed. It could have been that the
SGMN arrays did not penetrate the membrane in any of the modified setups, or it could have
been that the holes generated were too small to visualise at this magnification. Otherwise, it
could have been that any microchannels formed simply resealed rapidly following MN

insertion; although this seems unlikely as the treated areas were occluded during the study.

To probe the SGMN penetration properties of each methd& dye solutionvas applied to

the SC side of the membrane. The aim was to observe any channels created in the epidermis
by the SGMN arrays. However, as the images in Figure 5.22 show, there was no evidence of
discrete membrane puncture sites which would indicate the SGMNs had inserted into the
membrane. This result was even observed in positive control samples following silicon MN

treatment of themembrane, Figure 5.22 (A).
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(B)

D)

Figure5.22 En facdight photomicroscopy images apidermal membranes following methylene blue

dye staining.

The data show membrane following (A) silicon MN on corkboard treatmenRTBE ring method, (C)
inverted method and (D) gauze method (n=Rj( =1000um).

These investigations demonstrated that it would not be possible to precisely assess the
membrane penetration capabilities of MN arrays by membrane staining and light microscopy

and thereforethat more detailed analyses would be required.

A variety of strategies were used to investigate the penetration efficiency of epidermal
membranes via MN arrays. These included fixing of treated membranes with glutaraldehyde
solution and isualisationunder fluorescence microscopy and environmental SEM imaging
(data not shown). Both these techniques provided some evidence of membrane puncture,
however there was still no obvious pattern of MN penetration. It was concluded that it would
not be possible tmbserve a distinct penetration profile pattern within the membrane using
MN arrays of these dimensions. Following a number of repeat experiments, it was determined
that the gauze method, section 5.3.2.7 (2), provided the best Franz cell modificatioaessas
SGMN epidermal membrane penetration. This conclusion was based on the relative ease of
assembly of this modified cell and because the setup appeared to provide the best support for

application of MNs$n situ
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5.4.6 Assessment and validation of electricedsistance as a measure of epidermal barrier

integrity
As the data in Figures 5.20 abd®3 demonstrate, the methodology described in this work was
appropriate for the assessment of ER of heat separated epidermis. However, it became
apparent that some ofhe skin tissue used in early experiments was not fit for purpose and
had impaired barrier function. This was demonstrated by some of the low initial ER
measurements of intact membrane prior to MN insertion, for example Figures 5.20 (A) and
5.23. A comlation was observed between a low intact membrane resistance value and a
tendency of the membrane to rapidly allow passage of the donor compartment NaCl solution
Ayi2 GKS NBOSLII2N) O2YLI NI YSyilo CKAA afSk{esé
the membrane was poor and therefore visual inspection of the Franz cell became a secondary
marker of skin barrier functicadity. One possible reason for these observations may have
been due to the duration of tissue storage under frozen conditionst sskinown that these
conditions can disrupt barrier function if maintainéat longer than 12 monthgDavies et al.
2004).

Impedance (kQ/cm?)

Treatment

Figure5.23 Electrical resistance measurement of epidermal membrane

(Patient ages archived, 58 and 93 years). Treatments were as follows, intact skin (black bar, n=4), silicon
MN treated (white bar, n=9), 56"/,, IBU loaded SGs (grey bar, n=9) an#", IBU loaded SGMN
treated (hashed bar, n=11). Data presented as n¥e&(D., * denotes significance (P=0.0017).

It wasnoted that impedance measurements of membranes varied greatly between donors and
also within samples from the same donor. For example, the impedance of membranes treated

with flat SGs, Figure 5.23, weresgter than intact membranes measured at the beginning of
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the study, although they all came from the same donor population. Variation in ER
measurement of untreated membrane has been noted previously by other wo(kaszano et
al. 2002 Lawrence 199)and therefore this was not unexpected. To address tlggdsan
initial screening methodology involving ER measurement combined with visual observation of

test cells was developed to determine barrier integrity.

5.5 Conclusion

In summary, this chapter suggests that adhesive layers containing a variety of suspended
model drug substances can be reliably produced. Subsequently, it has been shown that SGMN
arrays fabricated with a thin base layer can be attached to a transderntesac patch
system forpotential percutaneous drug delivery applications. Importantly, the morphology of
the SGMNs appead to be rdatively stable when the array waattached tomodel drug

loaded adhesive backings and stored under vacuum desiccation.

A range of model membranes were assessed for their applicability to SGMN penetration and
diffusion studies. It was shown that human heat separated epidermis was superior to
synthetic membranes in these studies. However, it was found that the classtoal af the

Franz diffusion cell wasohoptimal for investigating MMacilitated transdermal drug delivery.
Although not conclusive, modifications to the classical setup appeared to provide an
enhancement of the application and penetration capabilitidgsMN arrays. In addition, a
reliable methodology for assessing initial epidermal barrier integrity was developed utilising a
combination of visual assessment and electrical resistance measurement. It was envisaged
that these tools together would provida robust platform for future investigation of SGMN

arraypercutaneousdrug delivery potential.
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6 Transdermal drug delivery using sugar glass microneedles

6.1 Introduction

6.1.1 Microneedle facilitated transdermal drug delivery methods

As discussed previously, there are many examples of different biodegradable MN systems in
the literature. The delivery of various drugs has been investigated utilising these systems and
studies have been conducted to determine their potential for transa#r drug delivery.
These studies have been conducted using bothitro andin vivomodels depending upon the
properties of the drug under investigatiorAccordingly, he main focus of this chaptevas to

investigate the drug delivery potential of SGMN arrays utilising aitro human skin model.

Early MN facilitated delivery studies conducted by Henry et al. utilised heat separated
epidermal membrane as a model barrigenry et al. 199Bas it is known to provide the
predominant mechanical barrigfyan Duzee 197380 needle insertion. The egermis was
mounted withinstaticFranz type diffusion cells with the SC facing the donor compartment and
the lower epidermis facing the receptor compartmehtenry et al. 1998 Permeabilities for

MN treated skin were determined for the surface area treated with the MN array only. This
was justified as it was reasoned that, once teghtwith a MN array, drug transport of
impermeable substances would only occur over the area where the needles have been
inserted (Henry et al. 1998 Subsequenil, this approach to permeation data analysis was

utilised inall diffusion studies conducted in this chapter.

The work of McAllister et al. utilised heat separated epiderwiisch was removed from the
diffusion cell and placed on a supported surface prior to MN applicafibcAllister et al.
2003. The rationale behind using epidermal membrane was further developed in this work as
mathematical modelling was carried out by the authors. It was determined that removing the
dermal barrier above the capillaries of the derreglidermal junction may owestimate skin
permeability by a factor of 2, however the use of full thickness skin may underestimate
permeability by a factor of BMcAllister et al. 2008and hence this is why the epidermis alone
was used. This ratiormhas been supported by others who have suggested that the dermis
may provide arartefactual reservoir and binding sita vitro for drugs that would have been
removed by capillaries in the dermepidermal layerin vivo (Amsden and Goosen 1995

Furthermore, shorter lag timeacross full thickness skin have been obsenvedvocompared
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to in vitro following MN insertion It hasbeenspeculated that the increased lag tinre vitro
may bedue to diffusion of the permeant through the entire thicknesstoe skin before
detection in the receptor phaseln vivo,the drug s picked up by the microciulation as soon

as it traverseshe epidermigKolli and Banga 209&nd hence displays shorter lag time.

Park et alutilised a similar methodology whereby cadaver teaparated epidermis was used

as the barrier and was mounted onto layers of tissue paper to act as a mechanical support
before polymer MN treatment. Once treated, the epidermis was placed onto a support mesh
and loaded into the diffusion cel{®ark et al. 2006 Coulman et al. used a similar approach in
which separated epidermal sheets were replaced onto the dermis from which they had been
separated. Silicon MN arraysere mounted onto metal applicators and applied to the
membrane 5 times before they were mounted into Franz diffusion ¢gsilman et al. 2009

In both these experiments, donorokitions containing drug were applied following cell

assemblage.

More recently, workers have investigated drug delivery from biodegradable MNs where the
drug is incorporated within the MN structure itself. Solid state biodegradable microstructures
(SSBMS) containing fluorescein isothiocyasiatgged BSA (FITESA) have been evaluatéd

vitro using split thickness human cadaver siendorf et al. 201l Synthetic dissolving MNs
containing insulin have been examindud vitro by analysing diffusiorof the drug across
dermatomed neonatal porcine skin using modified Franz diffusion cells. Here the skin was
affixed to the donor flanges of the donor compartment before MNs were insgitéidalska et

al. 201). In a similar set of experiments Datly et al. incorporated theophylline into
polymeric MNs and assessed its permeation across dermatomed neonatal porcine skin. The
skin was glued, SC side up, to the donor flanges and supported underneath by dental wax
whilst MNs were inserted; the MN ded was secured in place and the donor and receptor

chambers were assembléBonnelly et al. 201)1

In this work a novel adaptation of the classical Franz diffusion cell setup, as described in
Chapter 5, was utilised to assess the drug delivery potential of SGMN arrays. To date there
does not appar to be a single optimise methodology to investigate MNacilitated
permeation of model substances across skin baiirievitro. In this work a ring of PTFE was

fashioned to fit between the flanges of the donor and receptor compartments of the Franz
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cel. In the centre of the ring there was a 1 Thole with a section of steel gauze placed into
it. In this way the cell could be greased and assembled, complete with the epidermal
membrane, prior to SGMN insertion situ It was envisioned that this rtteodology may
provide a promising alternative to evaluate the transdermal drug delivery potential of MN
devices, and in particular rapidly dissolving biodegradable MNs containing drug. Previous
methodologies have generally fosaed on MN insertion priorat assembly of the Franz cell.
This may lead to more complex assembly of the cell and give rise to the potential for MN
devices to becomalislodged during the process leading itwaccurate initial permeation
measurements. To assess the efficacy of MNenfoance permeation of a substance across
skin the enhancement ratio has been calculated. In this studyetiteancement ratiovas
based on the ratio of ibuprofen flux through SGMN treated skin compared to the flux across

untreated skinusing the following equatio(Donnelly et al. 200&5tott et al. 1998

Enhancement ratie ibuprofen flux through SGMN treated skin / ibuprofen tlwough

untreated skin

Together, the studies detailed here highlight the different approaches to assessing the
transdermal drug delivery efficiency of a number of MN enhancement techniiqueisro. In
this work a novel methodology was developed, asatibed in Chapter 5, to investigate the

transdermal drug delivery potential of SGMN arrays across human skin barrier.

6.1.2 Drug delivery from tansdermaldrug delivery systems

As discussed in Chapter 5, there are now a number of differentI@Eigable. The benefit of
delivering drugs transdermally across skin is fimatertain systemzero-order drug kinetics

may be achieved, that is, a constant amount of drug is delivered per unit time. This situation is
most likely to lead to a stable levet drug in the plasma which is of benefit in treating chronic
conditions. In contrast, firsdrder kinetics, whereby a fixed proportion of the total drug is
delivered per unit time, as in conventional dosage forms, leads to initial peaks followed by
potentially subtherapeutic troughs in drug concentration within the bdgtdge and Robinson
2000. Reservoir patches acapable of providing zerorder deliverykinetics, whereas matrix
patches are not designed to provide true zenaler release. In these systems, as drug closest
to the skin is released, drug contained within the remainder of the patch must teaftether
distance before permeation occurs. With time this gradually increases the diffusional pathway

for drug within the patch and slows releadéadgraft and Lane 2006 Welldesigned matrix
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patches circumvent this problem by minimising the reduction in release rate so that
absorption is not affecteqHadgraft and Lane 2006 Typically this is achieved by high drug
loading within the patch, and often 20 times the drug to be absorbed is contained within the

patch to create a stable conotration gradient(Nitti et al. 2006).

Although drug releas from matrix patches has potential limitations, in general these patches
are the preferred formulation due to their enhanced clinical safety profile over the reservoir
system (Margetts and Sawyer 2007 Accordingly, depending upon the adhesive polymer
utilised and the physicochemical properties of the model drug within the padtchyitro
permeation has beeshown to vary For example, tatively high fluxes of primaquine base
across human skin, approximately id@/cm?/h and 49ug/cm?h, have been noted from two
different acrylate adhesive matrices containing 10 mgicideans and Heard 1999
Alternatively, thepermeation of fentanyl base across human skin from silie2®20 and
polyisobutylene adhesives, loaded at 2 %, were approximately 6 amgdcg’/h, respectively
(Roy et al. 1996 DureTak®2516 acrylate adhesive patches containing 1.5 % levonorgestrel
and 21 % captopril, both stabilised by PVP, facilitated drug fluxes across hairlesis raft sk
approximately 0.6 and 10fg/cm?h, respectively(Jain and Banga 20)10 As these studies
show, some variations in drug permeation from adhesive patches have been demonstrated
vitro; dependent upon the systemnder investigaion. In general, maximal drug flux values

are in the range of micrograms per centimetre squared per hour.

Accordingly, it was of interest in this chapter to investigate pleemeationof large molecular
weight model substances from integjed transdermal SGMN patchasvitro. Furthermore, it
was an aim of this chapter to compare permeation of model substances across human

epidermal membrane from drug loaded SGMN arrays and integrag@dNspatches.
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Chapterobjectives

Quantitative assessment of vitro percutaneous drug delivery potential of SGMN arrays

containing a small molecule across heat separated epidermis.

Quantitative assessment of vitro percutaneous drug delivery potential of SGMN arrays

containing larger ralecular weight moieties across heat separated epidermis.

Investigatein vitro percutaneous drug delivery potential of integrated transdermal

SGMN array patches containing model drug substance across heat separated epidermis.

Assess dissolution kinetics®GMN arrays situin full thickness human skin vitro.
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