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ABSTRACT

The olfactory neuroepithelium is the only part bé tcentral nervous system that is
exposed directly to the external environment. Tloeeg it is the only non-invasive drug
delivery route to the brain. Surface modificatioh RS nanoparticles with chitosan
(C-PS), polysorbate 80 (P80-PS) and polysorbatd-8%+(P80-FCS-PS) changed the
toxicity and distribution of these nanoparticles dliactory mucosae. In addition, a
reduction in nanoparticle diameter from 200nm tar@ncreased nanoparticle mucosal

penetration and possibly also their cellular tayici

In vitro vertical Franz diffusion chamber amd vivo mouse models were adapted to
investigate the transport of nanoparticles via dffactory system. For then vitro
model, preliminary studies found that olfactorytkegplium lined the caudal portion of
the dorsal nasal turbinate in the porcine nasatyavo ensure the scientific validity of
the diffusion chamber studies, it was necessarypitove that the experimental
procedures themselves (without the addition of parles) had no effect on the
mounted tissue. Therefore, viability and cellulasrphology of the dissected olfactory
epithelia were assessed prior to application obparticles to tissues. Alamar Blue™
viability and histological findings showed that tié€usion chamber experiment did not
affect the olfactory tissue when compared to sampiat were not mounted on the
apparatus. Citrate buffer (pH6.0) had significantdguced the viability (PD,sd and
Alamar Blue™) of the porcine olfactory epitheliumangpared to SNS buffer (pH7.4)
but it did not kill it. Citrate buffer may have deped the mucosal pH gradient in the
epithelium. Overall both SNS buffered and citratéféred porcine olfactory epithelia

were suitable for nanoparticle transport studiethénvertical Franz diffusion cell.



Thein vitro andin vivo biological models showed surface modification bhdnged the
distribution of nanoparticles within the epitheliBhere was good agreement between
particle losses from donor chamber, fluorescencerascopy images and stereology
results that C-PS particles adhered to extracellalacus to a greater extent compared
to PS and P80-FCS-PS. P80-PS nanoparticles weza tato the nasal epithelial cells
to a greater extent than C-PS. Nanoparticles wetetnansported to the receiver
chamberin vitro or the olfactory bulbsn vivo. The size of the nanoparticles was also
important. Fluorescence microscopy and stereoldgpwed that greater numbers of
100nm PS and 100nm P80-FCS-PS were taken up intsermifactory epithelial cells
compared to 200nm diameter equivalents. Largerigestmay not have penetrated

mucus as effectively as smaller ones.

Bright field microscopy images of olfactory epittzeldismounted from the diffusion
chamber apparatus after transport study with C-BSomarticles showed that these
particles caused the greatest amount of cellularag® compared to PS, P80-PS and
P80-FCS-PS systems. Greater damage was observefmessively smaller particles.
For example, 20nm C-PS may have accessed subcelarganelles such as
mitochondria to cause cell death by oxidative strétowever, similar findings in the
mouse model were not observed. It was hypothesisgdunlike then vitro model, the
mouse model may have been able to maintain a ptHegaacross the mucous layer by
neutralising the acidity from the citrate bufferings blood borne HC® ions. This
would protect the epithelial cells by causing C4#8Saggregate in the mucus thereby

preventing them from accessing the epithelial cells
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1. INTRODUCTION AND OVERVIEW

1.1 INTRODUCTION
Diseases of the Central Nervous System (CNS) thgtuire drug treatments are

numerous; schizophrenia, meningitis, migraine, pedarkinson’s disease and
Alzheimer’s disease and are all such examples. [@eliyery to the brain, however,
remains problematic because of poor bioavailabiftym the blood due to the
impervious nature of the endothelial membrane séipay the systemic circulation and
central interstitial fluid, termed the Blood Braddarrier (BBB) (Pardridge 1999). This is
a major impeding factor to progress in the fielénke, many potent therapeutic agents
may have been abandoned because sufficient drigslen the brain can not be

achieved via the blood.

A well described strategy to promote BBB penetrai®to derivatise small molecular
weight drugs into pro-drug analogues which are nmip@philic and so allow passive
diffusion of the pro-drugs across the BBB. Theselater converted by enzymes to the
native form (Krishnamoorthy & Mitra 1998). This appch however creates a new
chemical entity which itself requires additionalfetg assessment for regulatory
approval; therefore it can be an undesirable giyate any case, macromolecular drugs
such as peptides and proteins, termed ‘biologer®’too large and too hydrophilic to
penetrate the BBB from the systemic circulation aack rapidly cleared by
gastrointestinal enzymes (if taken orally) or theerd cytochromes. In addition, non-
invasive therapy is also desirable for patientstipaarly for diseases that require
chronic dosing such as those related to demernttirefore, it is beneficial to develop a

non-invasive technique that circumvents the neex/&wmcome the BBB.

12



In recent years it has been shown in the literdnom animal and human investigations
that transport of exogenous materials directly frowmse-to-brain is a potential route for
by-passing the BBB (lllum 2000). This route, ternmditect nose-to-brain (N-B) drug

delivery, involves the olfactory or trigeminal nergystems which initiate in the brain
and terminate at the olfactory neuroepitheliumespiratory epithelium (respectively)

in the nasal cavity. It is the only externally egpd portion of the CNS and therefore
represents the most direct method of non-invasiney énto the brain. The system is not

currently used therapeutically and no productdsrised specifically via this route.

Moreover, the strategy of applying drugs that areapsulated into particulate vectors
(such as synthetic nanoparticles) to the olfacemiyhelium could improve non-invasive
and direct CNS delivery of drugs - including biakxsy If drugs could reach the CNS by
this route then it would not only regenerate inderm previously abandoned drug
compounds but also enable an entirely novel appre@a€NS drug delivery. However,

before it is possible to contemplate aspects of NrBg delivery one must have a
reasonable understanding of nasal anatomy andglbggirelating to the field.

1.2 NASAL ANATOMY AND PHYSIOLOGY

This section describes the rationale for nasal dtelivery in general and the nasal
anatomy and physiology relating to N-B drug delfwveh more detailed discussion of
the nasal physiology and anatomy can be found éeevDe Lorenzo 1970; Mygind

1979; Mygind & Dahl 1998; Lledo et al 2005).

Currently, the nasal route is exploited to deligergs either locally (e.g. decongestants)

or systemically (e.g. the ‘triptans’ for migraind)he nasal route offers many benefits

13



over traditional routes: (i) the process is nomasive and rapid; (ii) the rich vasculature
underlying the nasal mucosa can be used to greatignce the potential for systemic
absorption; (iii) the enzymatic degradation of pegs is reduced compared to oral
delivery; (iv) avoidance of first-pass metabolismashthe potential to considerably
improve bioavailability; and (v) it may improve laigailability where symptom related

factors reduce systemic uptake (e.g. oral anti-esj)et

The disadvantages of the nasal route are thathd€inasal mucosa usually favours the
passive diffusion of a combination of low molecuagight drugs (Sakane et al 1995),
lipophilic (Sakane et al 1991) and unionized molesySakane et al 1994), (ii) the
nasal mucosa retains some enzymatic activity coetptr other mucosae which can
degrade the active compounds however, the captmitgdegradation is less than for
other absorptive tissues (Graff & Pollack 2003)) (iasal congestion due to allergy or
minor infection could effect the bioavailabilty tife product considerably (Mygind &

Dahl 1998); and (iv) local irritation (Charlton &t2007).

With specific reference to N-B delivery, drawbaatempared to systemic delivery
include: (i) toxicity to the olfactory and trigenaihsystems particularly since toxicity in
chronic dosing to these areas is yet to be evalu@® access to and targeting of the
olfactory mucosa may be difficult considering igdatively inaccessible location at the
roof of the nasal cavity in man since it lies avii@ym the usual route taken by inhaled

air (Gizurarson 1990; Ugwoke et al 2001).

1.2.1 The External Nose and the Nasal Cavity

The main functions of the nose are the sense ofi,sthe regulation of humidity and

temperature of inhaled air, and the removal ofdgrgrticulates from the inhaled air. In
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humans, the total surface area and total voluntmtf nasal cavities was derived from
computed tomography (CT) scans as 150%4¢made possible by three protusions or

‘turbinates’ within the cavity) and 13.0ml, respeety (Menache et al 1997).

The filtering of particulates from the inhaled atarts where the nose opens to the
external environment (nasal vestibule). The naaakhyibrissag filter large air-borne
particles. Approximately 1.5 cm from the bottomthé nasal vestibule is the nasal
valve (or internal ostium). This is the narrowesttipn of the upper respiratory tract
and thus accounts for the 50% of the total airwesistance from nostril to alveol

(Mygind & Dahl 1998).

During rest the air is drawn into the nasal cainty laminar fashion at low flow rates.
It is then directed into the medial and inferioraneses (Figure 1.1). The medial meatus
connects to the maxillary sinus through a 2-5mmmaoye(ostium). The maxillary sinus
helps to warm and humidify inhaled air. After pagsthrough the main nasal passage
(cross-section B Figure 1.1), the inspired air thmsses through the nasopharynx

(cross-section C Figure 1.1) and onwards to thadiroand lungs.
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Figure 1.1 Schematic diagram showing the gross araty (in sagittal [left] and frontal [right]
planes) of the human nasal cavities. IT, MT, and STefer to inferior, middle, and superior
turbinates. IM, MM, and SM refer to inferior, middl e, and superior meatuses. MS refers to the
maxillary sinus. Taken from (Croce et al 2006).

The olfactory epithelium is located high in the alasavity in man (Figure 1.1). It partly
overlies the cribriform plate, a bony structurettbantains many pores that allow the
passage of neuronal bundles from the olfactoryhepitm to pass into the CNS (Figure
1.6). Olfactory epithelium may also lie partly dretnasal septum and on the superior
turbinate. It is above the normal path of the awfilwhich means that odorant molecules
normally reach the sensitive receptors by diffusidbhe act of sniffing enhances the
diffusional process by increasing the airflow ratel changing it from continuous to
pulsatile in nature. This behaviour increases tinbulence within the nasal cavity and
therefore allows greater interaction of the ingpiegr with the olfactory region at the

roof of the nasal cavity.
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Figure 1.2 shows a CT scan image (Figure 1.2) iopassing through a plastinised
model of the human nasal cavity (Croce et al 200@)tices appear at high airflow
(231ml/s) in the nasal cavity in the olfactory giand at the head of the inferior
turbinate. The CT scan shows that the vortex inotfectory region had a low velocity
magnitude (0.4m/s). The low velocity may aid odtsaio interact with the olfactory

neuroepithelium by allowing sufficient residenaaéifor the interaction to take place.

Figure 1.2 CT scan of high airflow through a plastiated model of the human nasal cavity.
NV=Nasal Vestibule. VA= Vortex Area. Taken from (Croce et al 2006).

However, the laminar airflow used in this experiinédid not simulate the pulsatile

nature of sniffing. By pulsating the airflow, fueurstudies may provide a clearer
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aerodynamic understanding within the nasal cavityindy the act of sniffing and

therefore its significance to olfaction.

1.2.2 The Structure of Nasal Epithelia

There are two physiologically important epithellrathe nasal cavity relating to drug
delivery, ‘respiratory’ and ‘olfactory’. From a dyudelivery perspective the respiratory
epithelium, which has a rich submucosal blood syp@ particularly important for
systemic drug absorption. Certain regions of thepiratory epithelium also contain
microfold (M) cells whose function it is to presesmtigens found in the mucus to
underlying nasaopharynx-associated lymphoid tighi&LT) structure in thelamina
propria. This initiates an immunological cascade involvifigcells and B cells that
ultimately ends in both systemic and local immumesponses (e.g. mucosal IgA
antibody secretion). This immunological cascade ayseful for the development of
nasal vaccines. In contrast, the olfactory epitmeliiwhich has a surface area of 3%
(~4.5cnf) of the total nasal epithelium and is placed ia thof of the nasal cavity in
man (Morrison & Costanzo 1990) ) contains olfactogurones that ultimately reach

the brain via a number of connections (Mygind 1919gind & Dahl 1998).

There are three structural morphologies of epithali the human nasal cavity: (i)
keratinised stratified squamous found in the nasadtibule; (ii) pseudostratified
columnar located caudally (distal to the nasal ikat); or (iii) stratified cuboidal

situated between the previous two types (Mygindd187ygind & Dahl 1998).

The nomenclature is described in terms of the sludpde individual cells and the
overall structure of the epithelium. Squamous caltsflat and have an irregular shape

(Figure 1.3). They may produce keratin which i®agh insoluble protein that helps to
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protect the underlying tissue from mechanical danagd/or dedydration. Stratified
describes cells that appear in layers of whichdhgerficial layers have lost contact
with the basement membrane. (The basement membaankasal lamina is an
extracellular condensation of mucopolysaccharide @oteins that consists of a dense

filamentous sheet measuring 50-100nm in thickness).

Pseudostratified columnar cells form the respisatpithelium. Columnar cells are tall
and rectangular such that the height exceeds tdéhwaf the cell (Figure 1.3). It is

thought that the shape of the columnar cell hetpsaintain its ‘polarised’ function

(Wright & Alison 1984). For example, columnar cettentain a higher density of
mitochondria at the apical region of the cell preably to facilitate the functions of
active transport and/or cilia motility. Nasal psestiatified epithelia appear to form
different cell layers above the basement membramhedreful examination reveals that
both basal cells and columnar cells maintain tlaiachment to it. The olfactory
epithelium is a modified pseudostratified columeaithelium as described in detail

later (1.2.4 Olfactory Epithelium and Neuronal Syjpp

Cuboidal cells are so called since the height @heaomponent cell is similar to its

width. Cuboidal cells have a stratified layer ongation (Figure 1.3).
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Columnar cell

Basement membrane

T

Basement membrane

Basement membrane

T

Basal cell

(a) Stratified squamous epithelium — cells
are flat with irregular shapes

(b) Pseudostratified columnar epithelium —
columnar cells are tall and narrow with a
regular shape. Basal cells give the
epithelium a stratified appearance;
however, all cells are attached to the
basement membrane so the epithelium is
described as ‘pseudostratified.’

(c) Stratified cuboidal epithelium — a
layered cellular organisation whereby the
height of each component cell is similar to
its width

Figure 1.3 Schematic representations of differentmthelia found in the human nasal cavity
(illustrations adapted from (Freeman & Bracegirdle 1976) )

In some mammals, including humans, there are assitional areas at the boundaries

between different morphological regions where trdisenctions are gradually blurred.

1.2.3 Respiratory Epithelium and Mucocillary Clearance

The respiratory epithelium is composed of four s/pé cells, namely, non-ciliated and

ciliated columnar cells, basal cells and gobletscéfigure 1.4). All columnar cells

express around 300 microvilli per cell that inceetige surface area at the apical surface

(Ugwoke et al 2001). These features probably tatdiactive transport processes such

as the exchange of water and ions between cellsnaitity of cilia (where applicable).

They may also serve to prevent drying of the mudystaapping moisture.
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The ciliated and non-ciliated columnar cells camtai high density of mitochondria
particularly near the apical surface (MatulionisP&rks 1973). This implies that these
cells are heavily involved in active transport msses in this region. Columnar cells
may be responsible for the transport of drug from énvironment into the underlying
blood supply either actively (for hydrophilic moiges) and/or passively (for lipophilc
molecules). They are anchored to the neighbouriatis capically by junctional

complexes (1.2.5 Junctional Complexes).

nCC GC cCC

l l l Apical Direction T

<« Cilium Basolateral DirectioT

<«——Microvillus
Zonula OccludengTight Junction

@Zonula Adherens

Mitochondrion

A

DesmosomeMacular Adherens

BC

A

A

Basement Membrane

Figure 1.4 Diagram of the four cell types in the rgpiratory epithelium (from the left) non-ciliated
columnar cell (nCC), goblet cell (GC), basal cell§C) and ciliated columnar cell (cCC). Adapter
from (Mygind & Dahl 1998).

Ciliated columnar cells also contain a mitochondich apical region and these cells
represent 15-20% of the respiratory epithelium (Mahis & Parks 1973). Each
ciliated cell contains around 100 cilia (Ugwokeaé®2001). They use energy from the

mitochondria to facilitate the beating of ciliaan innate and synchronised fashion at a
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frequency of 10-20Hz so as to clear the coveringuaudayer at a rate of 6 mm/min

towards the nasopharynx (Ugwoke et al 2001).

Mucus (or nasal secretion) is a complex mixturenaterials. It is approximately 95%
water, 2% mucin, 1% salts, 1% of other proteinshsas albumin, immunoglobulins,

lysozymes and lactoferrin, and <1% lipids (Kalieeal 1984).

Mucus exists in two layers in order to facilitat@icociliary clearance; hence, a mucus
‘blanket’ (Figure 1.5c; ‘gel layer’, 2-4um thickr@loats on a serous fluid (Figure 1.5e
‘sol layer’, 3-5pum thickness). The viscous gel laiggemoved along by the hook shaped
cilia termini during the energy-dependent ‘effeetstroke’ phase of the ciliary motion
(Figure 1.5a). Cilia are up to 7um in length whellyfextended but can fold to half this
length during the recovery stroke. During the ‘nemry stroke’ the hook terminus
detaches from the gel layer and moves in the oppaddirection to the gel layer
movement (Figure 1.5b). The cilia are immersed dnlythe sol layer during the
recovery stroke and thus the gel layer moves omlyne direction (Mygind 1979;

Lenaerts & Gurny 1990).

Figure 1.5 The relationship between
ciliary motion and mucus layer
composition that allows mucociliary
clearance. (a) effective stroke, (b)
recovery stroke, (c) gel layer (d)
direction of gel layer movement, (e)
sol layer. Adapted from (Proetz
1953).
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In addition, it is well known that this mucocilacjearance rate is altered by the action
of anaesthetics and this may complicate interpogtaif in vivo experimental data since

anaesthetics are usually required durmgivo studies (Van Der Baan 2000).

The third type of cell contained in the respiratepithelium is the basal cell. These are
the progenitors of the other cell types. They gsavide mechanical stability to the
epithelium since they are anchored to adjacens egltl the basement membrane and by

desmosomes and hemidesmosomes, respectively (M§gidahl 1998).

Finally, Goblet cells produce mucus and so thedaresely packed with golgi apparatus
which reflects their high secretory capacity. Golokells, however, may contribute less
than the exocrine glands (Bowman’s Glands) to taenrproduction of nasal secretions

over the olfactory epithelium (Getchell & Getch&892).

1.2.4 Olfactory Epithelium and Neuronal Supply

The olfactory epithelial layer predominantly contithree cell types; the olfactory
cells, supporting (or sustentacular) cells and lbeelés. Basal cells are progenitor cells
(of supporting cells) that also provide mechanisabpport as described for the
respiratory epithelium. Supporting cells are eldadanon-ciliated columnar cells that
contain microvilli. They provide mechanical suppax the olfactory cell by

surrounding them and forming junctional complexeghwhem (1.2.5 Junctional

Complexes). Also, they may help to maintain a $&létaextracellular potassium
environment for the neurones to allow polarisatijprnming them, ready for an action

potential.
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The third cell type is the olfactory axon. The ax@re unmyelinated and interspaced
between the supporting cells (Figure 1.6). Thegioate at the olfactory bulb in the

CNS and terminate at the apical surface of thectafs epithelium.

Figure 1.6 Diagram of the olfactory area showing té olfactory epithelium,
bulb and tract. From (Adams et al 1989)

The olfactory knob (or vesicle) protrudes out framd above the apical surface of the
olfactory epithelium (Figure 1.7). Approximately -2@ cilia project from the basal
bodies of the knob, each of length up to 200um. dihe contain chemical detectors
that, once activated by odorants, initiate depsédion of the receptor cell by either
direct ion-gated channels or cCAMP operated ion-nktn(Gartner & Hiatt 2000). The
cilia entangle with the thick brush-border of mth of the supporting cells at the
air/mucus/tissue interface (Figure 1.7). The cilia non-motile in the olfactory region
(in contrast to respiratory tissue) since they l#&o& dynein arms which contain the

Mg**-ATPase that generates the force for cilary mgt{lMoran et al 1982).
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Figure 1.7 Electron microscope images of cat
olfactory knob. (1) Neighbouring supporting
cell; (2) tight junction; (3) mitochondrion in
0.1um olfactory knob; (4) basal bodies; (5) olfactory
S, cilia; (6) microvilli; (7) mitochondrion in
supporting cell; (8) microtubules. From
’R (Rhodin 1974).

The lamina propriaof the olfactory epithelium, which is located bethetne epithelial
layer(s), contains a blood supply, mucus secredicigar glands (Bowman’s glands),
nasal lymphatics, and a neuronal supply that ctsmsi$ olfactory axon bundles,
autonomic nerve fibres and maxillary branch of thgeminal nerve (Tucker 1971,
Mygind 1979; Brand 2006; Brodbelt & Stoodley 200Bpwman’s glands are under the
control of the parasympathetic nervous system. § laesar-type glands produce nasal
secretions in théamina propriaand secrete them through a narrow tube-like ogenin

into the luminal space.

Also in thelamina propriathe olfactory neurones taper together and areeatiséd by
glial cells (or Schwann cells). These processescalledfilia olfactoria. De Lorenzo
(1962) has described tlida olfactoria in detail.Fila olfactoria are unique features in
the mammalian body in that around twenty axonsparéitioned by the Schwann cell

into fascicles. Five fascicles are shown in Figlu& In this way a single Schwann cell
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may ensheathe around a hundred or so axons. Irasgrgingle non-olfactory neurones
are usually ensheathed by a one Schwann cell. fEaigire allows 10-15nm sized
spaces between axons that act as ionic reservairadtion potential propagation.
Hence, perineuronal transport of molecules to tfectory bulbs is limited by the size
of these spaces. Mesaxons are pores ifilih®Ifactoria structure that allow passage of

extracellular fluid into the neuronal bundle struret

The average diameter, by electron microscopy, fattadry axons in 2 month old rabbits
is ~200nm, however, many of the axons have diametex100nm (De Lorenzo 1960).
Theoretically therefore transcellular transport upf to 200nm diameter particles is
possible in these animals. Other species show airpifactory axonal diameters, for
example, the African Clawed frog, various bird see@nd humans have diameters of
198+93nm, 210-260nm and 100-700nm, respectivelydB991; Morrison & Costanzo

1992; Matsuzaki 1995).

Figure 1.8 Schematic representation of
fila olfactoria. The arrangement of
neurones is unusual in that many (~20)
neurones are isolated into fascicles (F).
\l Here five such fascicles are ensheathed
-_—— SWC by a single Scwann Cell (SwC). In
w addition, the cavities in the structure
F (C) provide reservoirs for ions. This
enables ion exchange between the
C axoplasm and the extracellular fluid.
Mesaxons are pores in the structure
C that allow continuity between the
C extracellular fluid and the filia
olfactoria. Adapted from De Lorenzo
(De Lorenzo 1962).
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The Schwann-sheathed axonal bundles then pasgythtbelamina propriaand into
the porous structure of the cribriform plate. Thiegn synapse on a mitral cell or tufted
cell in the glomeruli of the olfactory bulb. Arouridb00 sensory neurones synapse on
one mitral cell. The mitral and tufted cells arardwhed; they project one dendrite to
each glomerulus. These neurones then pass thraugiietolfactory tubercle. From
there, the third-order neuronal projections pagbécamygdala, prepyriform cortex, the
anterior olfactory nucleus and the entorhinal corts well as the hippocampus,

hypothalamus and thalamus (Lledo et al 2005).

1.2.5 Junctional Complexes

Junctional complexes are the cell-to-cell contaeta found between both respiratory
and olfactory epithelial cells in the nasal caviBome consist of protein anchors that
hold two adjacent cells closely together to mamizell contiguity and strengthen the
epithelial sheet (Shin et al 2006). There are tldiEerent types of these complexes
(Figure 1.4); macular adherens(or desmosomes)zonula adherensand zonula
occludens(tight junctions [Figure 1.7])Zonula occludensare located closest to the
luminal spaceZonula adherensre located close to ttanula occludenand macular
adherensare situated basolaterally in relation to other temmplexes. Thus, the
transport of drugs between cells is largely deteedii by the integrity of these

complexes for in tact epithelia.

Macular adherensare composed of dense attachment plaques betwadksn Cells
attach to these extracellular plaques by anchdheg to tonofilaments that loop out
and back into the cellMacular adherensare particularly well developed between

stratified squamous epithelium. They are clearlgesbed as thin strands between cells
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under the light microscope. Unlike tiheacular adherensthe zonula adherenslo not
possess a well-developed attachment plaque. Thenciase with the apical terminal
web a meshwork of proteins found in the cytoplagntuboidal and columnar cells.
Zonula occludenspress tightly against each other (by contact ofacaht cell
membranes) to seal the intercellular space betweks from the lumen. The pore size
between the cells is largely determined by thedilaproteins in the&Zonula occludens

(Gumbiner 1987; Van ltallie & Anderson 2006)

The structure of junctional complexes is similarotighout the body since junctional
complexes share similar protein compositions. k@ngple, tight junctions are mainly
composed of three transmembrane proteins; namlalydias, occludins and junctional
adhesion molecules. Therefore it can be assumed viraations in tight junction
composition between cells in the olfactory and imaspry epithelia have little

importance for paracellular transport of nanoplsi¢Shin et al 2006).

1.2.6 Interspecies Variability of Nasal Anatomy

The histological features of the olfactory epitbeli are similar between most
mammals. The epithelium has been consistently vbdeto have a pseudostratified
columnar morphology interspaced with olfactory €dls described before) amongst
many species in the class (e.g. humans (Morris@o&tanzo 1990; Moran et al 1992),
pig (Booth et al 1981), mouse (Bannister & Dods882), rat (Miller et al 1995), koala
(Kratzing 1984), rabbit (De Lorenzo 1962) ). In didadh, the sialylated and sulphated
acid mucin components of mucus has been shown tinbéar in pigs and humans
(Larochelle & Martineaudoize 1991). Thus, the samiles may go beyond physical

appearance alone.
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Nevertheless, some variation does exist. For examabbits and dogs have branching
conchae instead of scrolls that are found in pig$ @dents (Gizurarson 1990). Such
anatomical differences may restrict the accessrofidilations to the olfactory regions of
rabbits and dogs compared to pigs and rodents dameon the exact location of the

olfactory epithelium in each of these species.

Also, the surface area of olfactory epithelium e thuman nasal cavity is up to 3%
(Morrison & Costanzo 1990) of the total nasal eglitm; whereas in mouse it is 56%
(Adams 1972). Therefore proportionally more drugenoles may be transported to the
mouse brain via the olfactory route compared to dmsnin addition, clearance half-life
of mucus from the nasal cavity is 1 min in mice pamed to 15 minutes in humans
(Gizurarson 1990). Hence, higher concentratiordra§ may appear in the CSF of mice
than humans. Finally, the human brain (1500g)ngdathan that of rat (2g) this makes
penetration of drug molecules deep into the braiempchyma more difficult in humans

(Nieuwenhuys et al 1998).

Similar differences may exist between human andipemasal cavities; however, there
is relative less information about nasal mucusraleee rates and percentage olfactory
epithelium coverage in domestic pigs. Neverthelesaclusions regarding the impact
of the olfactory transfer of drugs in humans frothes animals are difficult to make

particularly since there is a lack of studies imma

Species variation between rats and mice has beem feg direct N-B delivery of
morphine solution (Westin et al 2005)°H]-morphine levels were found, by

autoradiography and liquid scintillation analydis,peak in the right olfactory bulb in
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male Sprague-Dawley rats within 15 minutes.of administration; however, it was 60

minutes in Balb/c mice.

In addition, morphine is metabolised in the perighto pharmacologically active

morphine-6-glucoronide and inactive morphine-3-ghanide in humans (Westerling et
al 1995) while only the inactive metabolite is faunin mice and rats (Kuo et al 1991).
High levels of drug metabolising enzymes existia olfactory epithelium (Lazard et al
1991) which could produce similar variations in ginmetabolism at the level of the
nasal mucosa. This would also be relevant if a parile formulation was used to

release drug at the olfactory mucosa.

Hence, these findings demonstrate that it may Hewlt to extrapolate conclusions
made from direct N-B drug delivery studies betweammalian species.

1.3 CELLULAR MECHANISMS FOR TRANSMUCOSAL DRUG DELIVERY

Two broad mechanisms of drug transport throughegighelial cell layer have been
identified, namely, paracellular (between epitHetalls) or transcellular (apical to

basolateral transport through epithelial cell).

The paracellular route comprises of a hydrophiharmel that allows only the smallest
of drug molecules to pass through it due to theriotise nature of the junctional
complexes that link the epithelial cells. In naspithelia the largest molecular size for
paracellular drug transport has been estimate@@80a (McMartin et al 1987). Hence,
dopamine (Dahlin et al 2000; Dahlin et al 2001) amaiphine (Westin et al 2005) are
both believed to pass paracellular (as well ascguarly) between olfactory epithelial

cells. However, tight junctions are generally impeable to molecules with a
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hydrodynamic radius greater than 4-8A (dependintherileakiness’ of the epithelium)
which restricts the movement of molecules largeanththis to pass between
neighbouring cells (McMartin et al 1987). Hencenoarticles are too large for this
route to be of use. Therefore, since the main faduthis review is to evaluate the
particulate delivery of drugs directly from noseki@in, the rest of this section will

concentrate on the transcellular route.

The transcellular route is less well characteribeadh the paracellular route (Miaczynska
& Stenmark 2008). However, novel spectroscopy amcrascopy techniques such as
electron energy loss spectroscopy and energyifijgransmission electron microscopy
are providing new insights into this complex prac@othen-Rutishauser et al 2006).
Lipophilic, small molecular weight drugs are alepassively transport through the cell
membrane and this is discussed later (1.6 The Ppaoahsf Drug Solutions Direct from

Nose-to-Brain). The aim of this section, howevsrta describe the different endocytic
routes of transcellular uptake of drugs and nanmbes by cells, and speculate how

they may influence direct N-B drug delivery.

Endocytosis has been categorised by a number @drelit molecular mechanisms
including macropinocytosis, clathrin-mediated, Iotat-independent, caveolin-
mediated, caveolin-independent and phagocytosisi{@o& Schmid 2003) (Figure
1.9). Macropinocytosis is an endocytic mechanisneretthe action of actin filaments
gives rise to curved ‘ruffles’ on the cell surfa@ealing of the aperture into discrete
vacuoles forms the macropinosome (0.5-5um diametdrich efficiently takes up
extracellular fluid into the cell (Xiang et al 200&onsiderable volumes of dissolved

molecules and particles can be taken up in this. Wégcropinocytosis is generally
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thought of as a constitutive process by which tek can sample the extracellular
environment and is not believed to be initiateddgeptor activation at the cell surface

(Xiang et al 2006).

Receptor-meditated endocytosis is a term used &cridbe a group of endocytic
mechanisms where the ‘cargo’ is thought to stineul#fie endocytic event by
complementing a receptor on the cell membrane. Rrecenediated endocytosis can
involve either clathrin-dependent or independentimaisms. The clathrin protein is
endogenously expressed within mammalian cells enfémm of a heavy chain and a
light chain. The fusion of these chains resultthhaformation of a triskelion structure, a
3D array of which produces a clathrin coat (Edekh@l 2006). Recruitment of the coat
to the cytosolic cell membrane gives rise to regiocalled ‘coated pits’ during the initial
stages of receptor-mediated endocytosis. Invaginadf the pit results in a clathrin-
coated vesicle that is taken into the cytosol. €hessicles can take various shapes and
sizes but are generally believed to be <150nm (Kiehal 2006). Clathrin-dependent
endocytosis is currently the best characterised@yict mechanism; however, there is

still debate over exactly how the cargo initiates ¢vent (Sorkin 2004).

Clathrin-independent endocytosis may involve chele$-enriched microdomains in
cell membranes called ‘lipid-rafts’. Caveolae-méglih endocytosis is dependent on
lipid rafts for its function. Caveolae are flaskaped structures (50-80nm) that are rich
in proteins and lipids such as cholesterol and gpiipids and may be involved in
signal transduction (Anderson 1998). Caveolae-ieddpnt lipid raft-dependent

endocytosis also exists and has recently beenifi@einto involve microdomains (40-
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50nm) that contain a protein called flotillin (Htiet al 2007). But this mechanism is not

yet fully understood.

A form of clathrin-independent endocytosis thatsloet involve the formation of lipid

rafts is phagocytosis. This is a receptor-mediatpthke of exogenous materials by
specialised phagocytic cells such as macrophagés fdute of uptake leads to
internalisation of relatively large (>1um) patcleésnembrane (Mayor & Pagano 2007)
and engulfment of the exogenous material into lgswss either for destruction or
antigen presentation. Hence, phagocytic cells actidstroy materials that may be

harmful to other cells and also alert immune systefis to their prescence.

Phagocytic cells make up a minority of the totdl pepulation in the nasal cavity and
therefore are not thought to contribute to cellulptake in therapeutic concentrations
(Mygind & Dahl 1998). Furthermore, processing otigs by the lytic enzymes and
acidic pH conditions present in the lysosome maluce drug potency. Consequently,
other forms of endocytosis (macropinocytosis andthcin-mediated endocytosis)
represent more promising trancellular routes ofgduptake into cells that may allow
therapeutic levels of drug to enter the body withsubstantial damage to the drug

molecule.

33



40-50nn

Figure 1.9 Cellular endocytic pathways (adapted frm (Xiang et al 2006) )

Overall, in many cases, it is not yet fully undec&t how substrates such as
nanoparticles initiate the process of cellular nimédisation. Moreover, some
commentators have even questioned the existenee'azrgo specific’ mechanism of

uptake (Sorkin 2004).

However, the lack of clear understanding of endoaytechanisms should not dampen
optimism. Knowledge from novel microscopic and spescopic techniques continually
adds to the understanding of endocytosis (Gaidat@l 1999). Phagocytosis may lead
to damage of the drug molecule, however, othed li@ft-dependent mechanisms
(which include caveolae or flotillins) form vesisleghat could deliver very small
nanoparticles (40-80nm diameter) into the cells.rddwer, clathrin-mediated and

macropinocytosis vesicles are larger (<150nm amd5Qm, respectively) and allow
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passage of nanoparticles into cells in greater tiftes1which could be of therapeutic
benefit. A better understanding of how these later processes initiate could lead to

the development of nanoparticles that can targetetoutes of uptake.

With respect to nose-to-brain drug delivery of naemticles it is clear that the delivery
of different nano-sized particles may lead to uptak the drug carriers into different
endocytic pathways. The fate of the nanopartidedependent on one or more of these
individual systems. Hence, altering nanoparticie and composition could be useful

approaches to improving their cellular uptake oifactory epithelial cells.

1.4 EARLY NOSE-TO-BRAIN THERAPEUTICS
Intranasal administration of medicines and recoeati therapeutics has been used

throughout humanity. For example, ancient Tibetasesd extracts of sandalwood and
aloewood given nasally as anti-emetics (Rinpocheufizang 1973). Today, cocaine, a
highly addictive central nervous system stimulafitaeted from the leaves of the coca
plant Erythroxylon coca is administered intranasally for recreational séadge
2001). However, a fuller understanding of the tpamspathways of drugs directly from

N-B has only become available in recent times.

1.5 VIRAL PARTICLES AND ENVIRONMENTAL POLLUTANTS IN THE
OLFACTORY SYSTEM

Workers in the heavy metals industry have shownpggms of clinical pathologies that
are associated with poisoning of the brain (Sunderr2001). For example, workers
with chronic exposure to methylmercury can show @ygms of impaired visual,

auditory and/or gustatory sensations.
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Moreover, when instilling solutions of heavy metakicants (e.g. mercury, zinc and
cobalt) to the occluded nasal cavities of rats, rttegal ions appeared in distal tissues
such as the olfactory tract, bulb and cortex (Hexson 1998; Persson et al 2003b;
Persson et al 2003a). It is thought that they tssc the olfactory epithelium from

where they navigated to the brain.

This interpretation concurs with that for viral peles whereby herpes simplex virus
and mouse hepatitis virus are found in mice olfactulbs after intranasal inoculation

(Barnett et al 1993).

These observations lead to the suggestion thabléactory’ pathway exists that can

completely bypass the somewhat impenetrable BBB.

1.6 THE TRANSPORT OF DRUG SOLUTIONS DIRECT FROM NOSE-TO -
BRAIN

Investigations of the transport pathways of drugafthe nasal cavity to the CNS have
been a result of the observations made from taaditi medicines, viral particles and
heavy metal poisonings of the brain. The followisgimmary highlights key
experiments that have progressed the understantliidgB drug delivery of solutions to
date. Analyses of similar findings have previoublen reviewed elsewhere (lllum

2000, 2004; Merkus & van den Berg 2007).

Physicochemical properties (logDC, pkand MW) of drug molecules can affect
intranasal absorption into the brain. For examplee CSF and plasma drug
concentrations obtained for four sulphonamidesh(witolecular weights of 173.2 to
278.3) were compared aftew. andi.n. administration in Wister rats (Sakane et al

1991). The CSF concentration of drug at 60 minafeey dosing was positively related
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to its partition coefficient. Henceén. drug absorption increased with increasing drug
lipophilicity using the nasal perfusion model (Hiet al 1981). The bioavailability of

these drugs into the CSF was ~0.1% of the admmet@ose 60 minutes after dosing.

The effect of drug ionisation was also studied ggrsimilar nasal perfusion model by
the same group (Sakane et al 1994). In order tagehthe degree of drug ionisation
between samples, sulphisomidine {pK5) was nasally perfused with different buffer
solutions over the pH range 5.5-9.4. The CSF dargentration was found to increase
as the concentration of the unionised drug formreased. Bioavailability of

sulphisomidine into the CSF was low (~0.1-2% of #uministered dose) which was

similar to that for sulphonamides that were presigstudied (Sakane et al 1991).

To investigate the effect of molecular weight, fiescently labelled dextrans up to
40kDa were used in a similar experiment as aboakg®e et al 1995). The largest
molecular weight of detectable dextrans was 20kberefore, molecules larger than
this are not likely to pass into the CSF betweer tifactory epithelial cells
(paracellularly). The absorption of dextrans irite CSF decreased with increasing size
(from 4kDa to 20kDa). Also, the CSF bioavailabiliof these compounds was 2-3
orders of magnitude lower than that for the sul@moides (Sakane et al 1991; Sakane
et al 1994). Therefore, drugs of molecular weigdsslthan 4kDa are likely to absorb
into the CSF more efficiently than larger ones.sTikisimilar to findings by McMartin

et al. (1987) as described earlier in this review.

Hence, it is thought that the transport of drugsugh these different routes could be

manipulated by changing the physicochemical proggexf the drug. Thus, increasing

37



hydrophilicity and reducing molecular weight of dsumay increase paracellular
uptake; whereas increasing lipophilicity and redgailegree of ionisation may increase

trancellular uptake of drugs.

Unfortunately, increasing drug absorption into @®F aften.n. administration may not
be as simple as making physicochemical changesetartug molecule. For example,
one study used a series of antihistamines (hydimgyzhlorcyclizine, triprolidine and
chlorpheniramine) to investigate the absorptiormfgs from the nasal cavity into the
CSF compared to plasma. Two of these drugs, hydmgyMW375, 2.37 logDC) and
chlorcyclizine (MW300, 2.91 logDC), were cationio ipH6.8 0.1M Sgrensen’s
phosphate buffer, had similar molecular weights simdilar logDC values. The nasal
cavities of male Sprague-Dawley rats were isolatedivo and drug solutions were
applied intranasally. CSF samples and intra-aftsaanples were analysed by HPLC
for drug levels after 3 hours. Although the phystoemical properties of the drugs were
similar, four times more hydroxyzine was found he tCSF compared to plasma;
whereas, chlorcyclizine was not detectable in t&& @fteri.n. administration (Chou &
Donovan 1997). The different antihistamines mayehla@en metabolised or effluxed by
the nasal epithelium at different rates. Thereftamsport of drug directly into the CSF
is determined by a combination of molecular anddgigzal properties of the drug

which are difficult to predict.

Nevertheless, am vitro diffusion chamber experiment such as the one ibestin
Chapter 2 can be used to investigate paracellidastellular drug transport routes
through epithelia. Indeed, Jansson (2004) found flrag/ml FH]-dopamine was

transported across the porcine olfactory mucosh tvahscellularly (because this route
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was saturated by the addition of 4mg/ritJfdopamine) and paracellularly (because
permeability of H]-dopamine to the epithelium was negatively caied with the
‘leakiness’ of the epithelium as measured by thectecal resistance across the
epithelium). This conclusion was strengthened bijiezgin vivo) observations made by

Dahlinet al.(2000) (described later).

The in vitro diffusion chamber method can also be used to eteabhe effect of drug

formulations on the morphological appearance ofdpighelium after exposure of the
formulation to the mucosal surface. For examplecipe nasal respiratory epithelium
was exposed to varying concentrations of a noreisnrfactant (polyethyleneoxide-8-
lauryl ether) for 150 minutes at 37°C in Krebs Rindicarbonate buffer solution
(pH7.4) (Ekelund et al 2005). Transepithelial efeal resistance (R was measured to

determine the damage induced by the different quratons of surfactant. Reductions
in Ry, were found as surfactant concentrations increabesle 0.2mM. This correlated
well with the assessment of damage to the epithadits after histological examination
of the dismounted nasal mucosae (i.e. more celldeamage was found asmR

decreased).

Other drugs have also been shown to be transpditectly to the brain after intranasal
administration. {H]-morphine was found in the CSF surrounding ttfaabry bulbs by
autoradiography in male Sprague-Dawley rats withiminutes ofi.n. administration
(Westin et al 2005). After 60 minutes the morphimas found in the olfactory bulb
ipsilaterally to the side of the nasal cavity theds administered with the dose. A
gradient of radioactivity was observed in the briithis time point where higher levels

of morphine were found closer to the cribiform plathis showed that the radioactivity
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originated from the nasally cavity. The radioadtivin the olfactory bulb was cleared
240 minutes after dosing. However, no significaghgtration of the radioactivity was

detected in deeper brain regions.

A similar study using 5pCi>H]-dopamine in female NMRI mice showed that
significantly more radioactivity was found in th#agtory bulb that was ipsilateral to
the dosing side of the nasal cavity (Dahlin et @®. Two radioactivity peaks were
observed in the olfactory bulbs; first at 30 mirsutthe earliest sampling time point) and
later at 4 hours. This indicated that the drug wassing through two alternative
pathways. The earlier appearance of radioactivayg attributed to paracellular passage
of drug between olfactory axons whereas the lagakpvas attributed to transcellular
passage of drug through the axons. This was latefirmed by Jansson’s (2004)
vitro method as described previously. However, in thigeexnent only 0.12% of the
administered dose was detected in the olfactoripshdl hours after dosing which was

similar to that found by Sakam al.for sulphonamides (1991a, 1991b).

Dahlin et al. (2001) conducted a similar experiment as descrddem/e but this time
50uCi PH]-dopamine was placed into the nasal cavity ireottd investigate whether a
higher radioactivity dose could enable detectiomaglioactivity in deeper brain regions
after i.n. dosing. Indeed a significantly greater amount adioactivity was detected
after 30 minutes in the cerebellum and cerebruth@imice after.n. dosing compared
to intravenously dosed animals (Dahlin et al 200However, despite this,
bioavailability remained low since 0.1% of the Hpsadministered dose was detected

by HPLC in the CSF 30 minutes after dosing. Thisyrhave been partly due to
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dopamine metabolism to dihydroxyphenylacetic aBi@PAC) that was shown to have

occurred by TLC either during the transfer to othia CSF.

Macromolecular transport has also been shown freB (Nrey et al 1997; Dufes et al
2003). One detailed study followed the transpor*8M]-IGF-I, a 7.65kDa protein
neurotrophic factor, aftarn. ori.v. administration in Sprague-Dawley rats both in the
olfactory system and trigeminal nerve (Thorne e2@04). In this study, the animals
were killed and transcardially perfused 29-30misutafter dosing with 1.25%
glutaraldehyde/1% paraformaldehyde in 0.1M Sgressphosphate buffer. The key
findings from this study were: (i) a 100-fold gremf"*J]-IGF-I concentration was
found in most CNS areas aften. administration compared tov.; (i) CNS levels
peaked earlier aftern. compared td.v.; and (iii) highest concentrations appeared in
rostral brain areas (olfactory bulb, motor cortexterior olfactory nucleus), caudal
brain areas (medulla, cervical spinal cord) andtlie trigeminal nerve. These
observations were all consistent with the existesfce N-B pathway that involved both

the olfactory system and the trigeminal nerve.

Nevertheless, despite these observations, therenwd$]-IGF-1 found in the CSF.
The authors’ speculated that this could be a redfudt direct connection between the
brain interstitial fluid and the nasal lymphaticsegm that avoided the involvement of

the CSF.

An alternative explanation, however, is that thppguting cells (or sustantacular cells)
in the olfactory mucosa may play a role in the NuBtake of *3]-IGF-I by

transcellular uptake of the peptide and subseqtransport into thdamina propria
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where it can access both the lymphatic system hedrigeminal nerves. This would
account for both the lack of*fi]-IGF-I in the CSF (because the 7.65kDa molecuds w
too large to be paracellularly transported) and appearance of*1]-IGF-1 in the

olfactory system (by transcellular transport irnte lfactory axons), trigeminal nerve
(by uptake in thdamina propria after transcellular transport through the suppgrti

cells) and the lymphatic system (by uptake intoriasal lymph vessels in th&mina

propria).

To strengthen this hypothesis, Jansson found byrdicence microscopy that FITC-
labelled dextran (3kDa) was transported transaeliplin male Sprague-Dawley rats in
both olfactory neurones and supporting cells afteradministration (Jansson 2004).
However, the supporting cells only transported destran into certain parts of the
olfactory epithelia. The reason for the unevenaeai distribution of dextran amongst
supporting cells was unclear. However, this doé&svaln important distinction to be
made i.e that dextran appeared in ldomina propriaonly when it was transcellularly
transported by supporting cells. If true, then $g@ort of the 3kDa dextran to themina

propria (and further to the lymphatics and trigeminal m¢ng regulated by uptake into

the supporting cells.

However, this hypothesis has not yet been proveeraxentally in terms of the exact
mechanism by which substances such*@§-JGF-I (Thorne et al 2004) or manganese

(Fechter et al 2002) is transported by the trigatmerve.

The experiments that have been highlighted thushée all used animal models.

Relatively few studies have been performed on husadects. These human studies do
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not report absolute measurements of drug in the @Sifain tissues since it would be
unethical to do so. Nevertheless, a number of studiave demonstrated the
pharmacological effects of drugs on the brain diyeitom the nasal cavity. Below are
the findings of important direct N-B studies in hams. A more detailed review of
human direct N-B studies can be found elsewherkin{ll 2000; Stockhorst &

Pietrowsky 2004).

Pietrowskyet al. (1995) administered doses of 10ug., 0.25ugi.v. or 2.5ugi.v.
cholecystokinin (CCK) (a neurologically active pepthormone), orif./i.v.) placebo
to groups of five human subjects. Auditory everatesl potentials were recorded by an
electroencephalogram to distinguish the effect€0OK via the different drug delivery
routes. The area under the curve of the electrgdrategram P3 complex was used to
determine the effect of the drug on each subjdasr®Pa CCK levels were measured by
an antibody assay and were equivalent for the li0ugand 0.25ud.v. groups; but
higher for the 2.5ug.v. group. P3 complexes were significantly larger I0pugi.n.
compared tad.n. placebo (p<0.01 ANOVA) and 0.25ug CAK. (p<0.05 ANOVA).
This showed that CCK produced a significantly geegtharmacological effect via the
i.n. compared td.v. route. In addition, the 2.5uigv. dose did not produce a greater
pharmacological effect than 0.25jig. which demonstrated that thes. route was
saturated at the higher dose. These findings slimngsevidence for an enhanced drug

effect directly to the brain via the nasal cavi®yerowsky et al 1996a).

CCK was chosen as a model drug in this study sinisean endogenously expressed
neuropeptide/neuromodulator whose release may becked byi.n. administration. It

iIs a hormone that, like other hormones, has therpiail to complement a high density
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of suitable receptors in the CNS. Nevertheless,dlbeerved pharmacological effects
may have resulted from axonal depolarisation dueeteptor-ligand interaction at the
level of the olfactory epithelium (or its accessarguroepithelium, the vomeronasal
organ) rather than a direct pharmacological effiectthe brain parenchyma. This
criticism may be extended to similar studies thae wendogenous hormones (e.g.
vasopressin (Pietrowsky et al 1996b) and insulien@lict et al 2008) ). Hence, tracing
radiolabelled drug would provide better evidence direct N-B transport into the

human brain interstitium.

An attempt has been made to trace radiolabellethydenetriamine penta-acetic acid
(**Tc-DTPA) through the olfactory epithelium after dsjtion of the drug solution onto
the neuroepithelium via vinyl tubing (Okuyama 199%)gamma camera was used to
conclude that radioactivity had penetrated olfactpithelium of a 67 year old anosmic
woman. However, this result could neither be qui@oti(due to the limitations of the
gamma camera) nor was it reproducible in a 60 péhhealthy man. It was thought
that inflammation of the olfactory epithelium thaused the anosmia could also have
increased the neuroepithelial permeability®c-DTPA. Nevertheless, this is a suitable
method to reveal the fate of the radiolabelled dafigri.n. administration, especially,
with the use of modern Positron Emission Tomograggeihniques that may accurately

locate the radiolabelled product within the humeanwm.

In conclusion, the direct N-B transport of numeramall molecular weight and
macromolecular drugs have been proven in a vagegnimal models. Indeed, intact
peptide drugs have been shown to appear in braenplayma areas distal to the nasal

cavity in rats (Thorne et al 2004). However, a sambody of evidence does not exist
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for human subjects. Attempts have been made touateal the direct N-B

pharmacological effects of various endogenous hogsoHowever, the transport of
these molecules into the olfactory system has aehltonclusively determined since it
could not been excluded that they did not innertla@enasal neuroepithelia by receptor-
ligand interactions (Stockhorst & Pietrowsky 200&uture studies could combine
behavioural investigations with radiolabelled drsgsthat pharmacological effects and
location of radioactivity may be correlated to pd®vstronger evidence of direct N-B

drug delivery in humans.

1.7 NOSE-TO-BRAIN TRANSPORT OF SYNTHETIC PARTICLES
This section considers some of the key studieshifva developed the understanding of

N-B delivery of particles. To date fewer studidsart those published on N-B drug
delivery of non-particulate drug formulations, hasgecifically examined the direct
transfer of particles from the nasal cavity to in@in. Those that have mostly used basic
particulate materials such as iron (ll) oxide (Wah@l 2007), manganese oxide (Elder
et al 2006), gold (De Lorenzo 1970), carbon-13 (@bester et al 2004) and iridium-
192 (Semmler et al 2004a). These particles haveodsirated a proof of concept (with
varying degrees of success) for direct N-B transpbmparticulate matter. They were
mostly carried out in relation to an evaluation thle toxicity to the CNS of
environmental nanoparticles. The application oséhbasic materials for nanopatrticle
N-B drug delivery has a narrow scope (if at alhcal they have no known targeting
ability towards the olfactory system and their slagation has resulted in brain toxicity

in some cases.
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For example, drug delivery studies have shownsditedily greater appearance of model
drugs such as nimodipine in the olfactory bulb (@heaet al 2006) or enhanced
pharmacological activity of morphine (Betbeder le2@00) when these small molecules
were applied intranasally in combination with naaicles. However, the fate of the
nanoparticles was not investigated in these stutie®fore it is not clear whether the

effects were caused by transport of the nanopesticito the olfactory epithelial cells.

A study using Fg€O3; nanoparticles (280£80nm diameter) demonstratediéep brain
penetration of the metal oxide and its potentiatligrupt cellular morphology in the
hippocampus after nasal administration (Wang 0al7). A dose of 40mg/kg was.
instilled into 4-week old male mice (20-22g). Thaibh samples were examined for iron
by absorption spectroscopy 14 days after a sing&e e&xposure. Olfactory bulbs and
brain stems were indeed found to contain more tinam the control group which were

exposed to ann. 1% sodium caroboxy methyl cellulose solution.

In addition, the hippocampus of the Fe-exposedmreas also histologically dissimilar
to that of the control group. These mice contaisgghs of toxicity since ‘fatty
degeneration’ features were found in the hippocampgion. It was concluded that the
iron was responsible for the toxicity. A direct page of iron from nose to brain was
hypothesised as the route of uptake possibly byripeminal nerve since the trigeminal
nerve has shown to connect the nasal mucosa vathitid brain regions of the rat (1.6
The Transport of Drug Solutions Direct from NoseBt@in). The results showed that
iron penetration to deep regions of the brain wassible by the intranasal route. Awn.

control group, however, was not included in thisdgt therefore the observation may

46



have been due to systemic absorption of Fe fromntal cavity and subsequent

translocation to the deep brain regions via recepiediated uptake at the BBB.

In another study, poorly soluble (MnO, MDy) salts of manganese were inhaled
through the nose as aerosol by rats (200-250g oass) (Elder et al 2006). The
nanoparticles had a diameter of 30nm. Manganesalatasted, after 6 and 12 days of
inhalation exposure (these were repeated expostibours/day, 5 days/week), in the
olfactory bulbs and also in deep brain structureshsas the cortex and cerebellum by
using graphite absorption spectroscopy of micrediesi brain structures (olfactory
bulbs, striatum, trigeminal ganglions, midbraimgrital cortex, and cerebellum). The
manganese salts used in this study were poorlypkoand therefore the manganese was
thought to have remained in the particulate formemvhransported into the brain.
Unfortunately, images of the (30nm) nanoparticlesthese brain regions were not
shown in the publication therefore strong evideatactual uptake of the manganese

salt in particulate form was not presented.

In an important study, De Lorenzo (1970) visualisedgenous particulate matter
(50nm colloidal gold particles) within the olfacyoneurones by TEM. The gold was
suggested to enter the receptor cells by an enidgesdcess into the axoplasm within
30 minutes. They were moved along the axon posdiglya mechanism related to
microtubules in the cytoplasm. The velocity of thmvement was estimated to be
2.5mm/hr (De Lorenzo 1970). This was inline witrsetvations made of poliomyelitis
virus in rhesus monkey sciatic nerve (2.4mm/hr)diBo & Howe 1941). Within 60
minutes of application to the nasal cavity the gphiticles were seen in tHdia

olfactoria and olfactory glomerulus having crossed the ¢rster) synapse to reach the
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mitral cells. At this point (in the olfactory bulkhe particles were mostly located within
mitochondria; the reason for this is unclear buisitevident that translocation of
nanoparticles into the mitochondria can lead tdultzl toxicity (Li et al 2003).

Furthermore, the particles did not appear to traxéia-axonally.

In another experiment, 14 week old rats (mean bodygs 2849) were twice exposed to
(insoluble) ~36nm elementat®C nanoparticles (150-170pgmin an inhalation
chamber for a total of 6 hours (Oberdorster et @)4). Exposing the rats to the
nanoparticles by inhalation chamber is thoughtlimnananoparticles access to the rat
nasal cavity since the animals are obligate nasaltbers. The results showed that there
was a significant (p<0.05) and persistant incredseéC of 0.35ug/g to 0.43ug/g in the
olfactory bulbs from day 1 to day 7. Also, deepsai penetration of these particles
into the cerebellum and cerebrum was not conclusikee a significant increase in
radioactivity was not consistently observed duting full duration of the experiment.
More repeated exposures may have increased themation of-*C nanoparticles in

the cerebrum and cerebellum.

Low levels of 20nm iridium-192 nanoparticles (ingalke) have also been observed over
a 6 month period in the brain after inhalation okiagle dose of particles via an
intratracheal tube (Semmler et al 2004b). A peakler of particles were found in the
rat brains 7 days after a 60-90 minute single exygosT his rate of transfer appears to be
much slower than the movement of 50nm gold pagi¢tem the nasal cavity to the
olfactory bulbs in rabbits as described earlier (Dmenzo 1970). The differences

between the rates of transport could have beerialtree different time points at which
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samples were taken in each case. Hence, a larg&rmpay have been expected if a

measurement of iridium-192 particles were made &fleminutes post application.

Enhancement of nimodipine delivery to the brain waen when it was intranasally
applied in methoxy-PEG-PLA (MPEG-PLA) nanoparticldg6.5nm diameter)
compared to solution alone (Zhang et al 2004).iSiedlly more drug appeared in the
CSF compared to the blood in rats. Furthermore313@imes more drug was found in
the CSF and olfactory bulb after administratiomnahoparticles compared to the drug
solution alone. The nanoparticles may have beeantakto the cells and the drug
released thereafter. However, from analysis ofavelable literature (Table 1.1), it is
likely that the drug would also have been reledsaa the nanoparticles in the mucous
layer from where it would be absorbed paracellylahirough the tight junctions
between cells in the epithelium. The increased uaability conferred by
nanoparticles may have been due to the protectidgheoencapsulated drug from: i)
biological and/or chemical degradation, and/or @xtracellular efflux by P-gp

transporter proteins.

Nasally applied morphine only increased analgesianice when 60nm maltodextrin
nanoparticles (Biovectors™) were mixed wi?hllmorphine compared tStlmorphine
solution (Betbeder et al 2000). The effect was dae to increased levels of
[*H]morphine transported into the brain via the bldetause as.c.dose of morphine
produced higher plasma levels but lower analgediantthe i.n. dose of
morphine+Biovectors™. Alsol.n. morphine+Biovectors™ produced similar plasma
levels as.n. morphine solution which also did not explain thereased analgesia via

the blood. Hence, another route was involved whvels speculated as the direct N-B
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pathway. The analgesic effect was reversed by palxan opioid antagonist, which

shows that the analgesia was opiod-induced.

Although this evidence showed that morphine mayehsansferred by the direct N-B
route, the exact mechanism of morphine uptake wasertain. For instance, the
nanoparticles do not interact with the morphimevitro and the analgesic effect is not
enhanced by sodium deoxycholate, a tight junctiadiffer (or permeation enhancer),
which was expected to increase the delivery of miogto the brain by opening tight

junctions.

An attempt has also been made to improve N-B ti@mgd particles by conjugation of
Wheat Germ Agglutinin (WGA) lectin to coumarin-laatPEG-poly(lactic acid) (PEG-
PLA) nanoparticles (85-90nm diameter) (Gao et &I6Q0WGA binds to N-acetyl-D-
glucosamine and sialic acid residues both of wladh abundant in mucus. A 2-fold
increase in coumarin was observed in the olfachoiyp, olfactory tract, cerebrum and
cerebellum of rats within 15 hours of a single dasmmpared to unmodified
nanoparticles without any evidence of ciliotoxicifhe enhanced uptake was, however,
thought to be poorly selective for coumarin delyvdirectly to the brain since similar
increases were also observed in the blood. Thispr@sably due to poor selectivity of
WGA binding to the olfactory mucosa. However, theseticles were not designed to

be selectivity transported into the olfactory mucos

A more recent investigation by the same group gweside evidence for successful
targeting to the olfactory epithelium, which wasggested by visualisation of

nanoparticle uptake in the olfactory epitheliumrats (Gao et al 2007). The PEG-PLA
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nanoparticles (111nm diameter) were conjugatddlés europeusgglutinin | (UEA 1),

a lectin that binds to an olfactory rich sacchardé-fucose. Detection of coumarin
(which was associated with the nanoparticles) m different brain regions was 1.7
times increased after surface modification with theetin compared to unmodified
particles. In addition, fluorescence microscopyshthat the affinity was enhanced for
UEA I-modified nanoparticles to the olfactory egiliim compared to the respiratory
mucosa. Nevertheless, the visual evidence providgedhe article showed a low
magnification image of the nasal tissues. Highemgmifecation images could have
enabled a detailed analysis of individual particghesde the olfactory epithelium as well
as details of the morphological condition of th&actory epithelium. This would have
provided yet stronger evidence for the uptake dividual particles into undamaged

olfactory neurones.

Recently, the literature has shown that nanopediare not inherently benign towards
biological systems (Oberdorster et al 2005; Neale2006). Nanoparticles may affect
the biological behaviour of cells, subcellular arges and proteins, to cause injurious
responses. The oxidative stress paradigm bestibescthe toxic effects of inhaled
nanoparticles. Under normal conditions reactivegexyspecies (ROS) are generated in
mitochondria which can be easily neutralised byicaidants such as glutathione in
cells. Oxidative stress occurs when glutathiorgelsleted by the ROS. Oxidative stress
can be triggered by the presence of nanopartiplessibly due to their large relative
surface area and/or their greater ability to gaioeas into mitochondria, which can
disrupt cellular function (Xia et al 2006). The rwation of ROS can lead to tissue

inflammation and cellular damage and damage to [AN& enzymes.
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In summary, there is evidence to suggest that die® transport of synthetic
nanoparticles is possible and may be even to teateplevels of bioavailability.
Nevertheless, it is still unclear whether wholetigbes can be selectively taken into the
olfactory epithelial cells. The clearest evidendeuptake of synthetic particles into
olfactory neurones remains with that published g/ Ibrenzo (De Lorenzo 1970).
However, intracellular axonal transport may notreeessary since an analysis of the
available literature tentatively suggests thatating of different brain regions may be
possible by altering the basic properties of theydtelivery system such as nanopatrticle
size or drug physicochemical properties (Table.ltlhas also been suggested that
nanoparticles may cause cellular and subcellulanagg@ to biological systems. The
challenge now is to improve the transfer efficiemfydrug loaded particles from the
olfactory epithelium to the brain in order to sgfahd successfully reach therapeutically

relevant levels in the target brain regions.

Future studies could use fluorescently labelled oparticles composed of non-
biodegradable polymer which could determine thetecaf these particles from the
olfactory epithelium to the brain and possibly tHarther fate through clearance. Other
information such as the transport rate of differeimed nanoparticles to the brain and
evaluating the effect of different surface modifioas (or other formulation strategies)

would provide useful information and progress ie tield.

1.8 SUMMARY: DIRECT NOSE-TO-BRAIN TRANSPORT OF DRUG
DELIVERY FORMULATIONS

Table 1.1 summarises the properties of drug fortimunla, their suggested route of
transport and possible destinations into the CNig& Tonclusions are based on the

current anatomical knowledge of the connection betwthe nasal cavity and the brain
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and the available evidence from drug transportistuthat are detailed in sections 1.6
The Transport of Drug Solutions Direct from NoseBi@in and 1.7 Nose-to-Brain

Transport of Synthetic Particles of this review.

In general, lipid soluble drugs are more likelytake the transcellular route to the brain.
Water soluble drugs (<1000Da) may have rapid acte$3SF compared to lipohilic

molecules since they are less likely to be takémtime neuronal and supporting cells of
the olfactory epithelium. Nanoparticles may be tak#&o the neurones and supporting
cells by a number of endocytic mechanisms. Howevampparticles larger than 100nm
are thought to have a restricted access to the braithe intra-axonal route because

their diameters increasingly exceed that of thenaxo thefilia olfactoria.
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Table 1.1 The influence of drug formulation on thecellular route of uptake and final CNS destinationsf drugs after intranasal administration

Drug Formulation Transport Route Transport Pathway Possible Drug Reference
Destinations in CNS

Solution (Drug Lipophilic) Transcellular (SuppomgiCells, Olfactory, trigeminal  Rostral brain, caudal (Sakane et al 1991)

Olfactory Axons) brain

Solution (Drug MW<1000Da, Transcellular (Supporting Cells, CSF, Olfactory, Rostral brain, caudal  (Dahlin et al 2000;

Hydrophilic) Olfactory Axons) by endocytosis trigeminal brain. (Drug delivered Dahlin et al 2001,
(Phagocytic, Macropinocytic, to CSF may not Westin et al 2005)
Clathrin-mediated, Caveolae- penetrate the brain
mediated, Caveolae-independent parenchyma before
lipid raft). Paracellular. clearance)

Solution (Drug MW>1000Da, Olfactory Axons, Supporting Cells Olfactory, trigeval  Rostral brain, caudal  (Thorne et al 2004)

Hydrophilic) brain

Nanoparticle (>150nm) Endocytosis (Phagocytic, Olfactory, Rostral brain, caudal  (Wang et al 2007)
Macropinocytic) trigeminal* brain*

Nanoparticle (<150nm) Endocytosis (Phagocytic, Olfactory, trigeminal  Rostral brain, caudal (Gao et al 2007)
Macropinocytic, Clathrin- brain
mediated)

Nanoparticle (<80nm) Endocytosis (Phagocytic, Olfactory, trigeminal  Rostral brain, caudal (De Lorenzo 1962,
Macropinocytic, Clathrin- brain 1970; Zhang et al 2006)
mediated, Caveolae-mediated)

Nanoparticle (<50nm) Endocytosis (Phagocytic, Olfactory, trigeminal  Rostral brain, caudal (Oberdorster 2004;
Macropinocytic, Clathrin- brain Semmler et al 2004b;
mediated, Caveolae-mediated, Elder et al 2006)

Caveolae-independent lipid raft)

* Bioavailability theoretically limited for nanopieles with diameter >100nm due to diameter of atday axons irfilia olfactoria
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1.9 NANOPARTICLE FORMULATION STRATEGIES FOR ENHANCING
NOSE-TO-BRAIN DRUG DELIVERY

Nanoparticles may offer a realistic transmucosaldielivery strategy since they are
able to protect the encapsulated drug from bioklgand/or chemical degradation, and
extracellular transport by P-gp efflux proteinssél their high relative surface area
means that these particles will release drug fabkem larger particles; this would be
desirable where acute management of pain is retjumeaddition, their small diameter
may allow them to be transported transcellularhptigh olfactory neurones to the brain
via the various endocytic pathways as describelieedl.3 Cellular Mechanisms For

Transmucosal Drug Delivery).

By using nanoparticles as a platform technologsndy also be possible to deliver a
number of different drugs using similar systemse@pproach would be to surface
modify nanoparticles so that the drug delivery pmbies of the formulation are

determined by the interaction of the surface coatuith the biological system. To the
author's knowledge, however, there has currentlgnbro published study that has
clearly proven the pharmacological efficacy of naawticle formulations for direct N-B

drug delivery. However, chitosan and polysorbat@@&0dtwo materials that may modify

transport of nanopatrticles across the olfactorthefium as discussed below.

1.9.1 Chitosan

Chitin is one of the most abundant polymers foundnhature and is present in all
crustaceans and insects - as well as some fuggie @nd yeast. Chitin is extracted from
the shells of crabs, lobsters and shrimps oncelesgibrtions have been removed.

Chitosan is a linear polysaccharide which is derifrem naturally occurring chitin by
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deacteylation, using enzymatic (chitindeacetyl®&sgure 1.10]) or chemical methods. It
has randomly distributed [3-(1-4)-linked D-glucosaeni(deacetylated unit) and N-
acetyl-D-glucosamine (acetylated unit). The proportof deacetylated units to

acetylated units is reported as the degree of tidatien (%DA).

Figure 1.10 The conversion of chitin to chitosan & enzymatic deacetylation.

Chitosan has a long history of use in the drugveeyi field. It has been used as an
excipient in direct compression and wet granulatianemulsions, and in gels and its
uses have been reviewed numerous times. Sktghd. have written one such broad

review (Singla & Chawla 2001).

Chitosan may also be a useful material for direcB Ndrug delivery. It has
mucoadhesive properties (Kawashima et al 2000) thay increase the particle
residence time over the target olfactory epitheliufime positive charges on the
protonated amine groups allow interaction with iegéy charged sialic acid groups on
mucin (Kawashima et al 2000). This benefits transpsal drug delivery by allowing

increased residence time over the target cellss{plysby altering the viscoelastic
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properties of the mucus (Aspden et al 1997) ), thedefore permits a greater delivery

opportunity.

As a result of the general electrostatic naturehatibsan interaction with mucus it is not
expected that chitosan formulation used for N-Bgduelivery would selectively
interact with olfactory mucosa compared to respmamucosa. Therefore, for optimal
performance it would be advantageous for a drutyelsl device to deposit a chitosan-
based nanoparticle formulation over the olfactorpithrelium; otherwise, drug
absorption may occur through non-olfactory regiavisich could lead to local or

systemic side effects of the delivered drug.

A recent study has compared the targeting abifity 8% chitosan glutamate (MW 200-
600kDa, 75-90%DA) in saline-acetate buffer (pH4mBhoth nasal drop and nasal spray
formulations (Charlton et al 2007). Nasal dropsensiministered in the supine position
with the head tilted back so that the formulationild drain to the olfactory epithelium
at the roof of the nasal cavity. The nasal spray administered in the upright position.
It was found by nasendoscopy that nasal drops etelivthe chitosan formulation over
the olfactory mucosa better than the spray formadah human volunteers. In addition,
the chitosan formulation increased the olfactorgidence time over the olfactory
epithelium compared to saline-acetate buffer (pHddmtrol from 1.33 minutes to 12.6
minutes. This shows that chitosan can increaseesidence time of formulations over
the olfactory epithelium. Also, combining this wighdelivery device that can target the

olfactory epithelium could be a useful approacthmfuture.
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Chitosan has also been shown to affect the peritgatdi epithelial membranes by its
interaction with the junctional complexes betweeittelial cells. It is thought that the
positive charge can transiently open the tight fioms and therefore allow a
paracellular passage of materials through the elathoarrier. The exact mechanism of
this is still not yet fully understood. The late#teories, however, include: (i)
translocation of junctional proteins, ZO-1 and dias, from the biomembrane to the
cytosol; and (ii) functional alteration of a tigjinction protein, ZO-1, by changes in

protein kinase C (PKC ) activity (Smith et al 2004; Smith et al 2005).

Smith et al. (2004) used western blotting and immunofluoresediacidentify protein

association patterns after application of 0.5%wifitosan glutamate (MW128kDa, 85
DA%) buffered solution (Modified Eagles Medium pRpto Caco-2 cells. They found
that chitosan application could reduce the asdoaiaf ZO-1 and occludins in the cell
membrane and concurrently increase associationheset proteins with the cell
cytoskeleton. The tight junctions were opened dutime application of the chitosan
since significantly more Horse-Radish PeroxidasikiD®) could pass through the cell
monolayer after 60 minutes exposure (p<0.01) coetptr buffer control (pH6.3). This
was confirmed by measuring transepithelial eleatriesistance (. The R, values

were found to return to 80% of pre-treatment lexddours after removal of chitosan.

Smith et al. (2005) also found, using the same materials adiahtques, that chitosan
increased the presence of PKi@ the Caco-2 cell membranes. This was relatedGe

1 depletion from cell membranes since a PKC inbibitRo318220) reduced the
chitosan-induced translocation of ZO-1 out of thel enembrane. PKC and

iIsozymes were excluded as the cause of the tratglady the same methods.
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Recently, chitosan has been used as a nucleic dmtidery vehicle. Its pK (~6.5)
allows a positive charge at acidic pHs (Howard |e2096). This enables electrostatic
interaction with nucleic acids to form polyplexé$oward et al. found that siRNA-
chitosan polyplexes could knockdown the green #soent protein signal (EGFP) both
in vitro (human lung carcinoma cells) amdvivo (murine bronchiole epithelial cells)
models. It was thought that chitosan allowed peslyi charged polyplexes to interact

with negatively charged cell membranes, therefosbkng uptake into the cell.

Molecular weight, %DA and salt form of chitosan cfect its ability to interact with
mucosa in the aforementioned ways. It has beendftliat 0.01%w/v pH6.2 solutions
of different chitosan salt forms could reducg Rading across Caco-2 monolayers to
60% for chitosan aspartate, 53% for chitosan lact@#®% for chitosan lactate, and 31%
for chitosan HCI, of initial values (Opanasopita¢007). The same study showed that
increasing molecular weight of the chitosan HCIldoreduce R values across the
Caco-2 cells compared to the initial values; 70%2Z0kDa, 50% for 45kDa, 60% for
200kDa and 40% for 460kDa. Therefome,vitro, high molecular weight chitosan HCI

had the greatest effect on tight junction opening.

In addition, chitosan nanoparticles can be takeéa A&b49 (human lung carcinoma)
cells and this uptake is increased by increasindecatar weight (from 10kDa to

98kDa) and increasing %DA (from 46% to 88%) of ab#n acetate (Huang et al 2004).
Also, the rate of uptake was saturated at condsmraf chitosan above 0.8mg/ml

which suggested that uptake was endocytic.
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In summary, chitosan HCI of molecular weight >98ké&ral DA% >88% may improve

the uptake of chitosan containing nanoparticlesossr mucosal membranes.
Alternatively, chitosan containing nanoparticlesyniaprove paracellular transport of
drugs that are released from the nanoparticleeemasal mucus by opening the tight
junctions. Both paracellular and transcellular $faort could benefit from an increased

residence time over the olfactory mucosa.

1.9.2 Polysorbate 80

Polysorbate 80 belongs to a group of non-ionic rgetets called ‘polysorbates’.

Polysorbates are often used in cosmetics and foodupts as solubilising agents
(Tadros 2005). They are derived from PEO sorbitext &re esterified with fatty acids.
The numeric value after the ‘polysorbate’ refershe fatty acid contained in each type

of polysorbate.

Hence, polysorbate 80 (MW 1310) is a derivativdP&G-ylated sorbitan (MW 1073)
and oleic acid (MW 237) (Figure 1.11); the two nii@e composing the hydrophilic tail
and hydrophobic head, respectively. In additioke lall surfactants, polysorbate 80
forms micelles in aqueous solution. Critical MieellConcentration (CMC) polysorbate
80 in HBSS buffer (pH7.4) at 25°C has been measat&d.5pug/ml (50uM) (Nerurkar

et al 1997).
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(Sum of w, x, y and z is 20)

Figure 1.11 The chemical structure of polysorbate@containing ethylene glycol moieties (green
highlight) and oleic acid (red highlight).

In biopharmaceutics, polysorbate 80 has been usethollient eye drops (e.g. Refresh
Endura, Allergan). It is regarded as an acceptphBmaceutical excipient since it is

found in the FDA GRAS list.

Polysorbate 80 may also be a useful P-gp effluxbitdr. For example, it has been
shown that efflux by Caco-2 cells of a model peptitf(NMef),NH, was effectively

inhibited by polysorbate 80 (Nerurkar et al 199Merefore this may provide a better
chance for drugs which are normally effluxed bylsdéb remain in the cell or be

transported to its target (although the mechanssnot yet fully understood).

Polysorbate 80 has also been used as a surfacdicabdn material for particles. Its
adsorption to polybutylcyanoacrylate (PBCA) pa#idgurfaces is thought to enhance
their uptake compared to the native form of thdigarfrom the systemic circulation
into the brain via the BBB (Kreuter 2001). It haseh shown that polysorbate 80
achieves this by selectively adsorbing serum pnst@ApoE in particular) in cell culture
which allows phagocytic uptake into the brain dapyl endothelial cells (Ramge et al

2002).
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In addition, the polysorbate 80-coated PBCA naniges were overcoated with an
analgesic hexapeptide (dalargin) and Apo E (Kreatal 2002). These particles were
administered intravenously into mice. Analgesia watermined in these mice by tail
flick test which showed that the dalargin could cteaeceptors in the brain in a
pharmacologically active form. However, Apo E di&fit mice (ApoEtm1Unc) did not

show signs of analgesia. These results showedthleatnalgesic effect was derived

from an Apo E receptor-mediated uptake of the hegtge.

It is thought that non-ionic surfactants alter gagtern of protein adsorption to charged
particle surfaces (Muller et al 1997). Foetal Cadirum (FCS) is a complex mixture of
plasma proteins and other biological molecules.febéntial adsorption of certain
plasma proteins from FCS, such as Apo E, is thowghpromote active uptake of
polysorbate 80 coated PBCA particles into the alslescribed above. It is speculated
that similar mechanisms may exist that could prarbe uptake of polysorbate 80-

coated particles through the olfactory epithelitswezll.

Polysorbate 80 can also reduce the overall zetanpat of a charged particle by
sterically hindering the approach of counterionsthe particle surface. This charge
shielding effect may promote mucosal penetratiorthef coated particle, and allow
access to underlying epithelial cells by reducirigcteostatic repulsion between
negatively charged particle and mucus (Lai et abD720 For example, covalent
modification of carboxylated PS nanoparticles viRtaG (~2kDa) (a molecule similar in
size and chemical composition to polysorbate 86)eased the particle transport rates
of 100nm, 200nm and 500nm nanoparticles throughamuoervicovaginal mucus by

factors of 100, 200, and 1100-fold, respectively.nhy opinion, the reason for the

62



improved penetration is due to the steric repulsi@sulting from a loss of
conformational entropy of the bound PEG chains uppenapproach of a mucus fibres
and the low interfacial free energy of PEG in tlydrophilic water channel. If similar
results were found for olfactory mucosa then thmuld increase transport of
nanoparticles into the olfactory epithelial celddoreover, the authors of the study
speculate that particles as large as 800nm couldhbsported through the mucus in this

way.

Vila et al. (2004) investigated the effect of PLA (poly-lacacid) particle size and
particle PEG-ylation on nasal uptake into rat egitgh cells by confocal microscopy.
First, 60ul (0.083%w/v in PBS) rhodamine-load PLEE particles (186+x11nm or
1412+200nm diameter) were intranasally administécedats (n=4) over 30 minutes
after which the animals were killed by cervicalldésation. The nasal epithelia were
dissected, washed and fixed in Formalin 4% for 30utes. Then, the whole mucosa
was observed directly by confocal microscopy. Quainte analysis of particles could
not be performed, however, visibly more nanopaticthan microparticles were
observed at a depth of 10-20um into the surfacéheml cells. Conversely, more
microparticles than nanoparticles were found atrttugosal surface of the epithelium
than inside cells. This result agrees with the nla®n by Lai et al. (2007) who
concluded that larger particles penetrated mucss daccessfully than smaller particles

(as discussed previously).

Second, it was concluded that a PEG-coating wasinegl] to maintain the PLA
colloidal stability at the nasal epithelium (Vilaa 2004). PLA (191+8nm diameter) or

PEG-PLA (186x11nm) nanoparticles were administeirgd rat nasal cavities as
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described before. It was found by confocal micrpscahat fewer PLA-PEG
nanoparticles aggregated at the epithelial mucasaface compared to PLA
nanoparticles. This allowed the smaller PEG-PLAapemticles to penetrate the mucus
layer. Hence, visibly more PEG-PLA nanoparticlesnpared to PLA nanoparticles
were found at a depth of 10-20um into the epithekédls. The author’s speculated that
lysozymes found in the mucus layer were responsibiethe formation of PLA
aggregates. Nevertheless, this study provides es@éhat PEG-coating can improve
nanoparticle transport into nasal epithelial cellsivo.

1.10 PROJECT OUTLINE

The primary aims of the project are listed below.

(i) Design biological drug delivery models to intigate the physiological mechanisms
that may allow the transport of nanoparticles diyeitom nose-to-brain

(i) Formulate a number of novel non-biodegradahkEnoparticulate systems and
compare their relative abilities to transport ittte olfactory system.

(iif) Monitor the affect of nanoparticle exposure the viability and morphology of
olfactory epithelia.

1.11 STUDY PLAN

Validation of thein vitro Franz diffusion cell method was performed in relatto
viability of excised olfactory epithelium from theorcine nasal cavity. An
electrophysiological method and a fluorometeric agssvere used to determine
metabolic activity of the dissected olfactory epltam to ensure that the epithelium
was alive during the experiments. The metabolicvidgtwas statistically compared
with samples that had been exposed to the metahbaiigitor sodium azide. In addition,
the physical condition of epithelia was examinerafpplication of the samples in the

diffusion chamber.
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A number of fluorescently-labelled polystyrene-@ning colloid formulations were
surface modified with chitosan, polysorbate 80 olygorbate 80+FCS. As well as the

surface character, the nanoparticles were varieiilaimeter (20nm, 100nm and 200nm).

The transport of these fluorescently labelled nanii@es was studied across the nasal
mucosa. Transport was quantitatively and qualiédyiassessed by tlie vitro diffusion
chamber andn vivo mouse models. In the vitro system, transport of nanoparticles
across the olfactory epithelium was detected byaihygearance of the nanoparticles in
the receiver chamber with the use of fluorescenpectsoscopy. The olfactory
epithelium was dismounted after the end of the erpmt to examine the condition of
the tissue and the association of the formulatwitis the mucosa. In thi@ vivo system,
histological sections were taken of the mice hedt#s intranasal application of the test
formulations. The distribution of nanoparticlesdliactory and non-olfactory samples
were qualitatively assessed by fluorescence miopsand quantitatively assessed by

stereology.
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2. INVITRO EXPERIMENTAL SETUP AND METHOD VALIDATION

2.1 INTRODUCTION
The traditional Franz diffusion cell and the Ussaigmber methods have been used for

measuring the transport of a variety of small mol@&cweight drugs across epithelia by
applying drug formulation to the mucosal side ddseicted epithelium and sampling
buffer from the basolateral side (e.g. dopaminengSan 2004) and chlorcyclizine

(Kandimalla & Donovan 2005b) ).

In the present studies a modified vitro approach involving the use of porcine
olfactory epithelium mounted vertically in a Frad#fusion chamber was used to
evaluate the transepithelial passage of nanopestichdvantages of thig vitro
approach compared to am vivo model are that: (i) drug transport across biolalgic
tissues can be determined in a time-related magnet is possible to demonstrate
viability of the epithelium during the course of \eertical Franz diffusion cell
experiment; (iii) the condition of the tissue aftksmounting can be evaluated once the
study is complete; (iv) it is possible to contrbkttemperature, pH, oxygenation and
composition of the buffering solutions as well e toncentration of particles applied
to the mucosal surface of the olfactory epitheliuand (v) the experiments can be

conducted on olfactory epithelium without the preseof respiratory epithelium.

However, it was necessary to complete a thorougthadevalidation to ensure the
scientific rigor of the model before commencing th@noparticle transport studies
(Chapter 4). Hence, it was necessary to provetkigaexperimental procedures had no
effect on the tissue with respect to viability azelular morphology. The aim of the

work presented in this chapter is to describe teéhod validation of the vertical Franz
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diffusion cell for its use with olfactory epithetiuin the investigation of direct N-B

drug delivery of nanopatrticles.

First an excision protocol was established in otdeensure that the epithelium to be
mounted in the diffusion chamber mounted was indeddctory. Second, an

assessment procedure of tissue viability was deeeldo ensure that the mounted
tissue was alive during the experiments. Finalig morphological appearance of the
olfactory epithelium before and after exposure te txperimental conditions was

assessed (in the absence of nanoparticles oniited aprface).

Once this initial stage was complete, the applicatf nanoparticles to the olfactory

epithelium could be reliably investigated (Chapter

2.2 MATERIALS AND METHODS

2.2.1 Materials

2.2.1.1 Diffusion Chamber Experiments

Krebs Ringer Bicarbonate buffer from Sigma (Gillagn, UK), containing 1.5 mM
NaH,PQO,, 0.83 mM NaHPQ@ 1.67 mM MgCl,, 4.56mM KCI, 119.78 mM NaCl and
10 mM D-glucose. NaHC$) CaC}, citric acid and all other chemicals were also
obtained from Sigma (Gillingham, UK).@5%)/CQ(5%) gas was obtained from BOC

Special Gases (Guilford, UK).

2.2.1.2 Viability Assays
Alamar Blue™ (AbD Serotec Ltd., Oxford). BisbenztmiHoescht No. 33258, Papain,

dibasic sodium phosphate, cysteine HCI, EDTA, saBodium citrate, NaCl, Trizma
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sodium azide and all other reagents and chemicathpsed from Sigma. Calf-thymus

DNA was purchased from R&D systems (Abingdon, UK).

2.2.1.3 Microscopy Sample Preparation and Differential Sai
Glutaraldehyde, sodium cacodylate, propylene oxidaldite CY212, Agar 100 resin,

DDSA and Dibutyl phthalate DMP 30 were purchasednfrAgar Scientific (Stanstead,
UK). Glycine (Fisher Scientific, Loughborough, UKMS, osmium tetroxide (Sigma-
Aldrich, Gillingham, UK). Glass knife (Thermometri¢d, Northwich, UK). Diamond

knife (Diatome, Biel, Switzerland).

2.2.2 Preparation of Physiological Buffering Solutions

Krebs Ringer Bicarbonate buffer was modified acowdo (Osth et al 2002a), with the
addition of 15 mM NaHC®and 1.2 mM CaGlto make Simulated Nasal Solution
(SNS). The osmolarity was adjusted to 300+5 mobighe addition of NaCl and the
pH was adjusted to 7.4 by adding 1M NaOH. The buff@as oxygenated using a

mixture of @(95%) and CQ@5%).

Citrate buffer was identical to the SNS buffer lmitric acid was used instead of
NaH,PO;,, NaHPQ and NaHCQ since these ingredients would interfere with the
buffering ability of the citrate at pH 6.0. Isotoity of the citrate buffer was maintained

by the addition of NaCl as required.

2.2.3 Dissection of Nasal Epithelia from the Pig

The porcine tissue has been selected previouslgudable forin vitro diffusion
chamber studies (Jansson 2004; Fransen et al ZDB&)pig is a suitable model since
(i) the olfactory epithelium is sufficiently large obtain workable tissue pieces for

loading into the diffusion cell apparatus, and ¢rpss morphology of the epithelium
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and some compositional aspects of the mucus aréasibetween humans and pigs as

described previously (Larochelle & Martineaudoi£291).

The objectives for this section were: (i) to deypela protocol for the excision of
olfactory epithelium from the head of a pig; (ib) assess the morphology of fresh tissue
samples from various parts of the porcine nasaktyaand (iii) to confirm the location
of olfactory epithelium in the porcine nasal cavity bright field microscopy and

Transmission Electron Microscopy (TEM).

For excision of porcine nasal mucosa, the tissus wgalated from 6 month old
domesticated sows after slaughtering in the slaupbtise (Sutton Bonnington
Campus, University of Nottingham, UK). A health plavas in place and was agreed
between a veterinary surgeon and the slaughterhmersennel to ensure only healthy
pigs were slaughtered. The animals were electyicaiinned and then killed by

exsanguination.

Thereafter, the head was removed and the nasdly @xposed. To gain access to the
various nasal regions a ventral incision (up to metuding the hard palette) was made
directly in front of the eyes (line (c)Figure 24dn)d then again ~5 cm rostrally (line (b)
Figure 2.1); this gave Section C (Figure 2.1). Attfar cut was made ~6cm rostrally
(line (a) Figure 2.1) to yield Sections B and Adiie 2.1). This revealed the transverse

profiles of the various turbinate structures asasshm Figure 2.2.
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Dorsal Figure 2.1 Schematics showing
4 sections of the pig head for
retrieval of porcine nasal mucosa.

Rostrale——» Caudal Top, anatomical navigation
terminology in relation to middle
and bottom schema.

Ventral
Right side of sagittal section of
I (Eli) (Ib) ((I:) I mgture swine sl?ull. Sections A, B,
| A B C D I C and D. Adapted from (Getty
I ' I | 1975).
| 1 | 1 |
| 1 | 1 |
| 1 | 1 |
Right side of sagittal section of
() gb) (© mature swine skull. Epithelium
| A I B C I D was retrieved from six different
| 1 . | | areas as shown. For reference, the
I | ! 1 1 regions are shown in relation to
I | ! | | the sections taken above. Adapted
: I . | | from (Getty 1975).
4 I 5,6 I I
o - -
1 213
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Sections A, B and C were then sawn horizontallyglihe middle of the nasal cavity as
shown in each Section by the straight dashed kigute 2.2). The required epithelium
(labelled 1-6 in Figure 2.1) was then exposed aeelgu away in the rostro-caudal
direction from the underlying bone or cartilagehwibrceps and a haemostat. Region 5
was taken from the ventral turbinate. Arrangeme&rdee made to have quick access to
the slaughtered pig so that the dissection couldpé&dormed within the shortest

possible time (~15 minutgmst-mortem

Figure 2.2 Actual images of caudal faces of Sectio\, B and C (taken at (a), (b) and (c) as per

Figure 2.1). In addition, regions 1-6 from Figure 21 are cross referenced on each section.
Section A demonstrates the scrolls of
the turbinates. However, the mucosa
lining this section lay too far
anteriorly to be of the olfactory type.

Section A

The epithelium of Section B between
points (i), (ii) and (iii) was region 6.
Epithelium taken from the ventral
turbinate (solid line, green box) was
region 5. Regions 2 and 3 were taken
from the base of the nasal cavity
(green arrow). Region 2 was directly
rostral to region 3.

5&6

Section B

Section C was taken too close to the
eyes in this animal since the
ethamoturbinate bones are clearly
visible and hence little olfactory
epithelium was retrievable.

Section C
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Each tissue sample was then processed for vistialisay microscopic techniques as

described elsewhere (2.2.7 Preparation of Tissugpts for Microscopy).

2.2.4 Vertical Franz Diffusion Chamber Studies

The olfactory epithelium (retrieved from Section @igure 2.2)) was easily
distinguishable from the surrounding respiratonyetyoy its yellowish appearance (due
to the presence of olfactory pigment) comparechoginkish colour of the respiratory
mucosa. Within 20 minutes of slaughter, two pie¢@sm diameter) of olfactory
epithelium (one from each side of the nasal cawigye cut out with a cork borer
(Figure 2.3). They were then transported to theraory on ice in 2 x 20ml vials
containing the relevant pre-oxygenated (usingCQ, 95:5 mix) buffer (0.5mM citrate

buffer or SNS) to perform transport study.
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Olfactory
epithelium tissue
dissected from this
region

Olfactory epithelium from
caudal region of dorsal concha

(pale pink) (iii)

v

Caudal edge >

CorkBorer
used to cut the

epithelium

Olfactory epithelium
from nasal septum

(pale pink) (i)

Roof of nasal Respiratory epithelium

Rostral edge 3
cavity (i) (dark pink)

Figure 2.3 Epithelium extracted from one half of tke roof of nasal cavity (Section B Figure 2.2)
using the aforementioned dissection method. A clealistinction can be made between the lighter
coloured olfactory epithelium and darker respiratory epithelium due to less vascularisation and
presence of (yellowish) olfactory pigment of olfacry epithelium. The hole in the tissue shows the
best area to retrieve enough olfactory epitheliumd load onto one diffusion cell.

The tissue was removed from the cold buffer andlddainto the diffusion chamber
apparatus using two cork-ring braces within ~1 hofuslaughter. The braces reduced
the physical tension on the tissue during the ewpart and therefore the likelihood of
minor tears that are unobservable to the naked-€ge. epithelium was mounted

vertically (mucosal side facing the donor chamlasrshown in Figure 2.4.
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Figure 2.4 Vertical Franz diffusion
chamber (Crown Glass Company, CA)
apparatus was comprised of two
symmetrical diffusion chambers. This
equipment was used to investigate the
transport of nanopatrticles across
olfactory epithelium. The tissue was
mounted vertically between the
chambers on cork supports; magnetic
stirrer bars maintained homogeneity and
water jacket kept chamber temperature
at 29+1°C.

The inner chambers were then filled with pre-oxyajed cold buffer solution to the

collar of the sample port by syringe through thpeets. The buffer was allowed to
warm slowly by the heating effect of the insulatiogter water jackets, which were
filled using tubing connected to a water bath vipuanp. The water bath was set to
maintain the buffer temperature within the chamksr9+1°C. The epithelium was
then allowed to equilibrate for 30 minutes (equdion period) during which time

electrophysiological measurements (2.2.1.2 Viabilkssays) were taken every 5

minutes.

In the setup used here, magnetic stirrer bars miagd homogeneity of particles and
oxygen, and the water jacket maintained chambepéeature at 29+1°C. It has been
suggested that a temperature setting of 37°C magdbigh since the temperature of
the nasal mucosa is usually slightly above roonpenature due to the cooling effect of

the inspired air (Lehr 2002). Therefore, a mordadle range may be 28-30°C; in fact,
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time-related pattern of ciliary activity was moreatde at 25°C than 33°C or 37°C
(Phillips et al 1990). In light of this, Cremasdtial. carried out their experiments at 27
°C (Cremaschi et al 1996). Some experiments hase lken performed at room

temperature (Hersey & Jackson 1987).

With regards to oxygenation of the buffer, it haeib found that pre-sparging the buffer
with O,/CO, was more important than bubbling the gas durireg éRperiment itself

(Maitani et al 1997). The researchers used bubldingas as an agitator as well as for
sparging during the diffusion chamber experimemt. the present experiments a

combination of pre-sparging and the use of magrstitier bars was selected.

The experimentgbarameters that needed to be controlled were phpdeature, buffer
oxygenation and experimental runtime. pH 7.4 wdsecsed since the majority of
similar in vitro experiments have used phosphate-based isotonierimgf solution at
this pH (Osth 2002). However, in Chapter 3 the é&uffH was reduced to pH6.0 with
the use of a citrate buffer in order to permit gtability of a chitosan-based colloidal

system.

The experimental parameters used here were lalgelgd on a studies by Osthal.
(2002a) and Jansson (2004), however, the followimgrovements were made in order
to evaluate the physiological mechanisms respom$dsl any observed effects: (1) use
of an improved viability methodology (based on AmnBlue™); (2) use of varying
sizes of nanoparticles placed in the donor celhwlie epithelium; (3) measurement of

donor cell particle reductions. Further improversetd the methodology involving
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imaging of the dismounted tissue using fluorescéyased microscopic techniques are

described in Chapter 4.

After a 30 minute resting period (equilibration ipe, 200uL aliquots (~6% of the total
chamber volume) were collected through the samgdong from the receiving chamber
every 10 minutes for 90 minutes. This was replacét fresh (pre-warmed and pre-
oxygenated) buffer. Fresh pipette tips (Gilson ,Iididdleton, WI, USA) were used

each time to prevent contamination of the innemdber. The aliquots were pipetted
into a 96 well plate (Co-Star, Schiphol-Rijk, ThetNerlands). In addition, four evenly
distributed electrophysiological measurements waken at the 40, 60, 80 and 100

minute time points after mounting the tissue todtiision chambers.

Thereatfter, electrophysiological measurements waken again every 5 minutes for the
last 30 minutes of the run and the transport rus teaminated after a total of ~3%
hours post-mortem. Then, the epithelium was disrexurand used for the Alamar
Blue™ assay and microscopy (2.2.5.2 Alamar Blue™ 212.7 Preparation of Tissue

Samples for Microscopy).

To summarise, Table 2.1 is a breakdown of evemtgh&duration of the experiment.

Table 2.1 Summary of events during diffusion chamhbrestudies

Post Mortem Time Activity

(minutes)

0-60 Slaughter, dissection, transport and initratd
experiment

60-90 Electrophysiological data and tissue equatibn

90-180 Diffusion chamber study (Electrophysiologdata a 100,
120, 140 and 160 minutes)

180-210 Electrophysiological data

210 Tissue dismounted and cut up for Alamar Blues$ag
and histological analysis.
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In addition, Alamar Blue™ assay was also performedfresh olfactory epithelium

samples directly upon arrival to the laboratory.

2.2.5 Sample Viability Measurements

It was necessary to ensure that the olfactory eloitin was alive during the experiment
therefore viability measurements were performedgisi standard electrophysiological
technique for measuring viability of epithelia irffdsion chamber apparatus (2.2.5.1
Electrophysiological Viability Measurements) andabn Alamar Blue™ test (2.2.5.2
Alamar Blue™). Hence, the experiments had the ¥ahg objectives: (i) to evaluate
the viability of the olfactory epithelium during @mfter diffusion chamber studies; (ii)
to reduce variability in Alamar Blue™ data by nofisiag it with DNA content; (iii) to
compare the effect of sodium azide on olfactorytheghum R, and viability; (iv) to
compare the effect of both phosphate- and citfadsed buffering systems on olfactory
epithelium R, and viability; and (v) to establish viability agtance criteria for further

diffusion chamber studies.

In the olfactory tissue transport studies the €nglost important criterion was to
demonstrate that the excised tissue was viableuaddmaged during the experiments.
Hence, the tissue viability was measured using twethods based on different
scientific principles; the first method was basedatectrophysiology and the second

method was based on the rate of cell enzymatiuipcti

To test the viability of the tissue by these methatkgative and positive controls were
needed to be included in the experiments. Fresisigedted olfactory epithelium was

selected as positive control since this would ptevimaximum values for viability.
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Tissue that was metabolically inactivated by chemiceans was chosen as the negative
control. It was decided not to allow the tissuali® naturally €x vivg since increased

enzymatic activity from bacterial growth on deasstie would_increasthe viability

signal from the Alamar Blue™ assay.

Sodium azide (300mM) was chosen as the tissueitoh#&ince it reversibly blocks the
same metabolic pathway as Alamar Blue™, i.e. thschbndrial electron transport
chain (Seifalian et al 2001). One of the produétsetabolism is ATP which (amongst
other functions) maintains the electrochemical gnaidof ions over the epithelia and
keeps tight junctions closed. These phenomena can detected by the

electrophysiological method.

2.2.5.1 Electrophysiological Viability Measurements

From the moment of animal slaughter, the integoityhe tight junctions between the
epithelial cells slowly diminishes and hence thessage of materials through the
membrane becomes less comparable to the situati@m whe tissue was in the live
animal. The dead tissue may pass materials pautarg)l due to the opening of tight

junctions and pores may appear due to tissue detipadafter cellular death.

Mannitol has been traditionally used as a paralegllmarker since it is not readily
transported across a membrane via the transcellidate (i.e. through cells).
“C-labelled mannitol has been used to determinélé¢ainess’ of the tight junctions
across biological membranes in the past (Lehr 20QR)e tissue will resist the
paracellular movement of mannitol compared to dgathelium since dead epithelium

has ‘leakier’ tight junctions.
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It was decided, however, to employ the electropiiggical methods since it is simple
and it is a standard method to measure the viplofitepithelia that are mounted in
diffusion cells. The technique can measure bothsipasand active ion transport
properties of biological membranes. Passive prasercan be observed as the
‘leakiness’ of the epithelium whereas active prtipsrinclude the measurement of

Na-pump and ion channel activities.

One way of measuring the active and passive trahppaperties of epithelia is to plot
the potential difference across the epithelium wherexternal current is applied. The
principle is based on Ohm’s Law. A straight liné&atienship such as that in Figure 2.5
was observed when the potential difference waggqaoagainst an applied current in
these experiments. The resting membrane pote@) (i.e. the potential difference
across the membrane when no current was applieidhanshort circuit currents) (i.e.
the current required to extinguish the resting memé potential) can be calculated by
applying simple arithmetic to the plotted valuesatldition, the gradient of the straight
line is proportional to the membrane electricaistesice (R). These three parameters

can be compared between epithelia to evaluate btenads.

Figure 2.5 Explanation of the
electrophysiological parameters used to
determine tissue damage and viability. This
plot is based on the Ohm’s Law principle and
is made for each time point in the experiment.
PD (mV) is the natural potential in the resting
state (when no external current is applied).d
(MA/cm?) is the short-circuit current (the
current that is applied across the epithelium
necessary to extinguish the PD). The gradient
R is proportional to the transepithelial
electrical resistance (R) (R x 1000 = R,

( cm?). Taken from (Osth 2002).
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An EVOM (World Precision Instruments, Stevenage,)Was used to determine the
Rn ( cmf), ls{pAlen?) and PD (mV) (see Figure 2.5 for diagrammatic amption of

terms) by use of the following equations:

Rm=(Re-Ro) r?
PD = (P - PDx)

lsc= (0-PD) / R,

Where:

PDe = potential difference measurement during expaminj@V)
PDc = background potential difference measurement (mV)
Re = resistance measurement during experimeht (

Rc = background resistance measurement (

r = radius of tissue sample under investigation)(cm

Background levels were taken without the presemepithelium between the chambers
both before and after mounting the tissue. Thénmetical mean of these two values

were used as the background level for each expetime

The following is an explanation of the electroplmysgical basis for these parameters.
An innate resting membrane potential (PD) is getedray the differential transport of
ions across the epithelium. The exact nature o thiferential depends on the ions
present and the epithelium used. It can be measxgerimental by manipulating the

concentration of Naand K ions on either side of the membrane (Gizurarsoal et
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1991). Moreover, the differential transport of igeguires energy from cell metabolism
and so it is understood that PD is proportionapahelial viability/metabolic rate. The
magnitude of PD depends on a combination of twitnfag (a) the rate of ion-transport

across the epithelium and (b) the ‘leakiness’ efapithelium.

(Isc Is described as the externally applied currentiegdo extinguish the PD. Hence,
PD and {. are electrophysiologically linked and so the poei explanation may be

extended togt as well as the given example for PD).

The equilibration (or bioelectrical stabilisatiopgriod is the time required for the
dissected tissue to return to a steady electroploggcal state after having been placed
onto the diffusion chamber apparatus. Since tisaidisamples are transported from the
site of removal from the pig in buffer on ice, tlepithelium uses some time to
physically warm up and restart its temporarily dannmetabolic activities. This allows
for tight junctions to become fully integral and factive ion transport pumps to form a

resting membrane potential across the epitheliuami(2002).

2.2.5.2 Alamar Blue™

The Alamar Blue™ viability assay incorporates a uatbn-oxidation (REDOX)

indicator that can be detected by fluorometric rodgh It is easily interpreted,

minimally toxic and stable. The manufacturer’s rhieire suggests that the reagent,
resazurin, is taken up by cells and reduced — pngtitly in the electron transport
chain (AbD Serotec Ltd 2004). The reduction mecsrandepends on the ability of the
reagent to substitute molecular oxygen for anyhef dxioreductase enzymes. In this
way, the non-fluorescent blue substrate (resazusimeduced to the red-fluorescent

product (resorufin). Resorufin has excitation amdission maxima of 560nm and
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590nm respectively (Figure 2.6). Hence, this aggags a measure of cell metabolic

activity and viability.

Figure 2.6 Biochemical basis
of Alamar Blue™ assay.
Taken from AbD Serotec Ltd
2004.

The Alamar Blue™ tests were performed on tissuepsesthat were collected directly
after the transport study. To perform the AlamaueBM test a 10%v/v solution of
Alamar Blue™ was made up from the manufacturertglstsolution in SNS. Next,
200ul of this working solution was placed in wetisa 96 well microtitre plate (Co-
Star, Schiphol-Rijk, Netherlands). A 3mm diameterecof sample tissue was then
placed into a well containing the solution. The plas were kept in the dark by
wrapping foil around the well plate to prevent miméaching of the fluorophore and
left for 90 minutes at 37°C 95%6%CG; (80%) for colour to develop. The experiment

was done in triplicate for each sample.

In addition, triplicate blanks were also analysetiere the same procedure was

followed, except with no tissue. This gave the lgmokind fluorescence values.
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After incubation the microtitre plate was de-foiladd placed into a fluorometric plate
reader (FluoroSkan Ascent, Thermo, Stone, UK) aralyaed using excitation light at
530nm and emission light at 590nm. Subsequently,blank values were subtracted

from the sample readings to give the final result.

The tissue samples were then frozen (-20°C) ared tpantified for DNA using the
Hoechst methodology (2.2.5.3 Hoechst DNA Quantificg. Thereafter, the viability
data was normalised per mass DNA by dividing tharn#dr Blue™ viability value by

mg DNA per sample.

2.2.5.3 Hoechst DNA Quantification

The viability of the excised tissue may vary depegdon the thickness of the
epithelium. An attempt was made to normalise thanfdr Blue™ viability assay
measurements by the unit mass of tissue in eaclplsausing the Hoechst DNA
quantification assay. It was thought that this meduce the effect of variations in tissue
thickness. The Hoechst assay is a method usedatttiffjuthe amount of DNA in tissue
samples. The reagent, bisbenzamide, is a chenfaalbecomes fluorescently active
(EX’Em 365nm/480nm) when bound to adenine-thymiasebpairings in DNA in
solution. This fluorescence activity can be quadifand standardised using calibration
plots. The method is particularly useful since,ikelprotein content, the amount of

DNA per sample is directly proportional to numbécells in the sample.

DNA quantification is more accurate than other meas of tissue mass. For example,
measurement of tissue samples dry mass would eegaity sensitive weight balances
that were not available in the laboratory. Prowantent measurements would also be

less accurate than DNA measurements since prateression, for example of mucin,

83



can vary markedly between animals due to phenotiffierences, living conditions and

weather.

Thus, variability in Alamar Blue™ measurements deg from the variation in
thickness of different tissue between samples shbel reduced by combining the

results of the Alamar Blue™ and the Hoechst assays.

The DNA measurements were performed in the follgwiray. Frozen cores of porcine
nasal epithelium (that had previously been evatude viability by the Alamar Blue™
assay) were allowed to thaw to room temperaturet,Nieey were individually digested
in papain solution by placing each sample in aneBpprf Tube and adding 1ml of
papain solution. The Eppendorf tubes were theredaading Parafilm and incubated at
60°C overnight in a water bath. Following this séspvere filtered using 7@ nylon
BD Falcon™ cell strainers to remove undigested nateand therefore reduce
variability from light scatter artefacts in the dkometer. Next, triplicate 200 aliquots

of each sample were added to a 24-well plate fabbywy 0.5 ml Hoechst buffer and
0.75 ml Hoechst working solution. The well plateswarapped in foil and rested for 5
minutes at room temperature to allow for the rescbetween DNA and bisbenzamide.
Finally, fluorescent readings were carried outdach sample (FL600FA, Labtech Int.
Ltd., Ringmer, UK). Fluorescent measurements wegl rat excitation wavelengths

360+£12.5nm and emission wavelengths 460+20nm.

A standard curve was produced using calf thymus DdAstimate the amount of DNA

per sample. This was recommended by Hoechst maoutas literature since it is
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cheap, easily purified and (being eukaryotic) hdsva variation in adenine-thymine

base content.

To produce a standard curve, seven 700ul concemsadbf DNA solution were made
up in Eppendorf tubes using papain solution (Tahi). These were sealed with
Parafilm and immersed in 60°C water overnight. Sampvere then filtered using
70 m? nylon BD Falcon™ cell strainers (BD BioSciencexfdd, UK). This ensured
that the calf DNA calibration samples underwent th&ct same procedure as the

epithelial samples.

Next, triplicate aliquots of 200 of these varying concentrations of calf-thymus AON
solution (Table 2.2) were added to a 24-well pfatowed by 0.5 ml Hoechst buffer
and 0.75 ml Hoechst working solution, wrapped iil, foested and measured for

fluorescence as previously described.

Table 2.2 DNA calibration curve solutions for Hoecbkt DNA guantification

[DNA] Vol. stock DNA Vol. Papain solution Total Vol.
mg/ml (10pg/ml) (uh (1))
(1)

0.00 0 700.00 700
0.05 3.5 696.50 700
0.10 7.0 693.00 700
0.15 10.5 689.50 700
0.20 14.0 686.00 700
0.30 21.0 679.00 700
0.40 28.0 672.00 700

The composition of the buffers that were requiradirdy sample preparation for

measuring DNA content of tissues are describetenippendix.
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2.2.6 Comparison of Olfactory and Respiratory Tissue Metéolism

To gain a better understanding of the rate of n@disin of olfactory epithelium in
comparison to other tissues, the Alamar Blue™ nwth@s used to compare the
viability of olfactory to respiratory epithelia @ictly after excision from the pig nasal

cavity.

Hence, epithelial cores were taken from the porciasal cavity (as described in 2.2.3
Dissection of Nasal Epithelia from the Pig) forpieatory and olfactory epithelia from
regions 5 and 6, respectively. The samples werspated in 0.5mM citrate buffer
pH6.0 and the Alamar Blue™ test was performed usitregmethods described earlier

(2.2.1.2 Viability Assays).

Samples were taken from nine pigs on different d®mme samples were taken for
epithelia from the same animal. The Alamar Blue™bility scores of 3-7 tissue cores
from one animal were averaged per pig. The mearesagere then used in an unpaired

statistical analysis to compare the differenceseen mean viability scores.

2.2.7 Preparation of Tissue Samples for Microscopy

Morphological examination of the epithelia was rnegd for two reasons; first, to
confirm location of the olfactory epithelium; andecend, to demonstrate the
morphology of the olfactory epithelium after margdion in the diffusion chamber

apparatus.

Tissue samples were immediately placed in 3% glidehyde for primary fixation.
They remained in the fixative for at least 48 hawrgllow for crosslinkage of cysteine
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residues in the tissue, after which the fixativesvdisposed into 1M glycine using a
plastic pipette. Then fresh (aldehyde-free) 0.1kbdylate buffer was then added to the
sample and was allowed to rest for 5 minutes. Timsed away any excess
glutaraldehyde which would chemically reduce thmiosn tetroxide in the proceeding

step.

The cacodylate buffer was then replaced with a Mo@8mium tetroxide solution for 1
hour. This high molecular weight metal salt had umaldpurpose; (i) it chemically
crosslinked fatty acids in the epithelial sampkesnied secondary fixation); and (ii) its

high electron density was used as a contrast meftiuelectron microscopy.

After the 1 hour osmium tetroxide treatment the iosmsalt was replaced with distilled
water for five minutes. This was repeated twiceefM,ithe samples were placed through
a series of graded alcohols as follows; 2x15 mmuteeach 50%, 70%, 90%, 100%
IMS (in distilled). Next, the IMS was replaced bymersing for 2x15 minutes in
propylene oxide (PO). The IMS dehydrated sampla®wet placed directly into resin
since these reagents were immiscible. Therefore,wR® used as an intermediate

reagent since it is miscible in both IMS and resin.

The embedding resin was made up by mixing 25mldilCY212 resin, 15ml Agar

100 resin and 55ml DDSA with a wooden stick. Th#sza2ml Dibutyl phthalate and

1.5ml DMP 30 were added until the colour changedhfred-orange to orange.
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Next, a short series of graded resin in PO was teséding the sample slowly to 100%
resin as follows; 3:1 PO:resin for 2 hours, 1:1 i@€in overnight, 1:3 PO:resin for 3

hours, 3x2 hours in 100% resin.

Finally the samples were placed in a flatbed moidt would hold the correct
orientation for slicing the tissue. The moulds wptaced in an oven for 48 hours at
60°C. This hardened the sample and the resin feadytting. An ultra-microtome was
used to slice the samples. For light microscopyns®@ections were cut using a glass
knife. For TEM 70-90nm sections were cut usingardind knife (TEM sections were
cut by the Imaging Unit, Queens Medical Centre, drsity of Nottingham,

Nottingham, UK).

2.2.8 Staining Samples for Light Microscopy

The samples were stained using toluidine blue ézklthat the gross tissue morphology
and identify the region(s) of interest by applyitige stain for a few moments then
washing off with distilled water. If the sample wassderstained then the process was

repeated until satisfactory staining was achieved.

Toluidine blue is a basic dye and therefore itda&sgher affinity for negatively charged
cell constituents (such as sulphated glycosamimagly and phosphated nucleic acids)
compared to positively charged ones (such as moteider acid conditions). This leads

to a two-tone staining pattern in which cytoplasmtcasts with nuclei.
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2.2.9 Staining Samples for TEM

TEM was also used to see the epithelia at high mfiegtion. Heavy metal staining was
employed using two complementary stains. Leadteitacidophilic) stains positively
charged groups (e.g. mitochondria and cilia) in ¢péhelium whereas uranyl acetate
(basophilic) stains negatively charged groups (ewugleic acids). They are used in
combination as a standard method to visualiserdifféal staining patterns in electron

microscopy.

To prepare the samples, regions of interest weskated, cut to ~70-90nm using a
diamond knife and placed on a small circular copgpial (diameter ~2mm). Then a
drop of the uranyl acetate was placed on a Peth.dihe copper sample grids were
inverted (sample face down) and placed on top isfdhop for 10 minutes. They were
then rinsed lightly with 50% (v/v) methanol in wathen again in water alone. This
was done by holding the grid between fine curveednibrceps and using the curved
ends of the forceps to break the force of the digmom a bottle. This reduced the
likelihood of sample damage from the force of tte This was repeated for lead citrate
solution. The samples were rinsed with water antham®l as before and guided off the

forceps with filter paper onto more filter papedalowed to air dry.

2.2.10 Statistical Analyses

All statistical analyses were performed by SPS8wwot version 15.0 (Chicago, USA).

2.2.10.1Comparison between grouped continuous data

Datasets were analysed for normality using the &hapilk test. Parametric datasets
containing only 2 groups were analysed using a€painpaired) Student’s t-test; non-

parametric datasets were analysed by Mann-Whitesy tinpaired data. A non-
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parametric test was used to determine significanceases where one group was
parametrically distributed and the other group was-parametrically distributed. A

one-way analysis of variables (ANOVA) witfost hoctest was performed on datasets
with more than 2 groups. Bonferrgmbst hoctest was performed on groups with equal
variances and a Games-Howplhst-hoctest was performed on groups with unequal

variances. A value of p<0.05 was considered sizdit significant.

2.2.10.2Testing for correlation between continuous datasets

The Pearson product-moment correlation co-efficientvas calculated for parametric
continuous datasets. For non-parametric continglaggsets the Spearman’s Rank (

correlation test was performed. This test used ghme algorithm as the Pearson
product-moment correlation; however, the valuesewanked in ascending order and

the algorithm was executed on the ranked valuegtenthnked means.

Correlation coefficients are dimensionless inditted range from -1.0 to 1.0 inclusive;
they reflect the extent of a linear relationshipAmen two data sets. A correlation of +1
means a perfect positive linear relationship behweariables i.e. all the points lying
exactly on a straight line of positive slope. Caisedy, a correlation of -1 means a
perfect negative linear relationship between védembA correlation of 0 means there is
no linear relationship between the two variables.ahalytical practice, correlation
values greater than 0.99 are usually required ahees of less than 0.90 are uncommon

(Miller 1993).
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2.2.10.3Relative Standard Deviation (RSD)

Relative Standard Deviation (%) is a measure o datiability that relates the spread

of data in a dataset to the mean value. It is tatied as:

%RSD=

n

where X was the sample mean and n was the sample number.

It is a useful measure of variability when the dbsovalues (e.g. standard deviation)
for two datasets are markedly different (e.g. AlaBlae™ viability scores and Alamar
Blue™ viability scores after adjustment for DNA tent).

2.3 RESULTS

In this section the results are presented in mato the chapter objectives: (i) the
location of the olfactory epithelium in the porcimasal cavity was determined by
standard histological techniques and bright fiel@droscopy; (ii) the viability of the
vertical Franz diffusion cell loaded olfactory dmtia were determined in different
physiological buffers (citrate pH6.0 and SNS pH7id) presence and absence of
metabolic blockade with sodium azide; (iii) thetbiegical appearance of citrate and
SNS buffered olfactory epithelia were evaluate@rathe diffusion cell studies using
bright field microscopy; (iv) an assessment of bieelectrical equilibration period was
made for the porcine olfactory epithelium using thierent experimental conditions; (v)
the viability of olfactory epithelium was compartxdthat of respiratory nasal epithelia;
and (vi) the effect of correcting Alamar Blue™ \igly data with DNA content was

evaluated.
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2.3.1 Morphological Features of Porcine Nasal Epithelia

Figure 2.7 to Figure 2.12 show the morphology urttier bright field microscope of

epithelia from Regions 1-6 of the nasal cavity (fFegg2.2). Region 1 (Figure 2.7) was
extracted from the nasal vestibule. It showed atifd squamous structure with a
keratinised surface. The keratinised surface mdogially was anuclear. Its function

is to protect the underlying cells from mechanidalnage and dehydration (Figure
2.7(a)). The underlying cells were typical of gfratl squamous epithelium. They were
round in shape and layered in no definite formatiatercellular connections, such as

desmosomes, are clearly visible as strands bettheetells (Figure 2.7(b)).

Figure 2.7 Histology of the porcine nasal vestibule

a b
*
Keratinised Stratified
layer squamous
epithelial cells
*

(a) Region 1: Keratinised stratified squamous epitblium (b) Region 1: Close-up of keratinised layerr=d
apically located stratified squamous epithelium. indicates luminal space.
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Regions 2 and 4 (Figure 2.7 (a,b)) demonstratedinagpls cuboidal epithelial
morphology. These regions lie between the (rogttatated) squamous and (caudally-

located) columnar epithelia. The cuboidal cellsevaon-ciliated (Figure 2.7 (c)).

Figure 2.8 Histology of the porcine nasal transitinal epithelium. * indicates luminal space.

a b

(a) Region 2: Non-ciliated cuboidal border.

(b) Region 4: Non-ciliated cuboidal border.

(c) Region 4: Close-up of non-ciliated cuboidal
border.
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Regions 3 and 5 (respiratory epithelium) were pestrdtified epithelium containing

columnar cells in the apical cell layer (Figure 2bd)). The columnar cells were both
ciliated and non-ciliated (Figure 2.9 (b)). Theyhaval-shaped nuclei that were located
in the middle third of the cells. Basal cells weoeinder and darker stained than the
columnar cells. They were located next to the basgrmembrane. The underlying

lamina propriacontained many more capillaries than in RegioRigure 2.9 (a,c)).

Figure 2.9 Histology of the caudally-located porcia pseudostratified columnar epithelium (respiratory

epithelium).

a b

*
— - cC
[ [ \ ncC \
| |
| | - * \
— J4

'd

"N

(a) Region 3: (a) Columnar border with blood vessslpresent in thelamina propria (arrows). Thelamina
propria also contained many glands (boxed). (b) Region Glose up of border. Presence of (ciliated [cC] and
non-ciliated [ncC]) columnar cells and basal cellfBC]. (c) Region 5: Pseudostratified columnar withrsame
gross morphology as Region 3. Blood vessels presanthe lamina propria (arrows). Thelamina propria also
contained many glands (boxed). (d) Region 5: Closg of pseudostratified columnar epithelium. * indicates
luminal space.
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Olfactory epithelium was found in Region 6 (Fig@.€) covering the dorsal turbinate.
Olfactory epithelium had similar morphology to theeudostratified columnar epithelia
found in Regions 3 and 5. In addition to Regionan8 5, olfactory epithelium also
presented olfactory neurones (Figure 2.11) in theahlayer andilia olfactoria (Figure

2.12) in thdamina propria These were its main distinguishing features.

Figure 2.10 Region 6 (Olfactory Epithelium). Colummr border with fewer blood vessels (arrow)
present in thelamina propriathan Regions 3 and 5. * indicates luminal space.a3h lined box shows
filia olfactoria (magnified in Figure 2.12). Solid line box magnid in Figure 2.11

*
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The olfactory epithelium contained ciliated pseudugied columnar epithelium

(Figure 2.11). Olfactory knobs are a feature of #pécal terminus of the olfactory
axons. They are highlighted by the dash lined bo¥igure 2.11. Sustentacular cells
(SC) are non-neuronal columnar cells in the olfgctpithelium. Basal cells similar to
those found in respiratory pseudostratified colunethelium (Regions 3 and 5) are

also highlighted.

Figure 2.11 Region 6 (Olfactory Epithelium). Ciliaare clearly visible from the sustentacular cells
(SC). Olfactory knobs are also seen (dashed box)CHBasal cell. * indicates luminal space.

SC

BC
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Filia olfactory are also a key distinguishing faatwf the olfactory epithelium (Figure
2.12).Filia olfactoria are neuronal bundles, containing neural cellshgasox), found
in the lamina propria underlying the olfactory epithelium. They are ezxathed with
Schwann cell processes that maintain their elettconductivity (arrow). Thdilia

olfactoria traverse the cribiform plate and terminate inalbay bulbs in the CNS.

v
\ .~

Figure 2.12 Region 6 (Olfactory Epithelium).Filia olfactoria magnified. Individual neuronal
processes can be identified (dashed box). Schwarglldundle can be identified (arrow).
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At the subcellular level, the greatest proportidnmitochondria appeared at the apical
surface of the epithelial cells. Figure 2.13 shoavs example from the olfactory

epithelium.

*

Figure 2.13 Mitochondria at luminal surface of psedostratified columnar cells in olfactory
epithelium (Region 6). * indicates luminal space.

The different epithelia found in the nasal cavityacsix month old pig are summarised

in Figure 2.14.

Figure 2.14 Summary of types of
epithelia found in the porcine nasal
D cavity Adapted from (Getty 1975).
Epithelium was retrieved from six
different areas as shown (labelled
1-6).
Green highlight — pseudostratified
columnar epithelium (regions 3
and 5). Respiratory epithelium.
Blue highlight - cuboidal cells
(Regions 2 and 4).
Red highlight — keratinised
stratified squamous epithelium
(Region 1).
Yellow highlight - Region 6.
Olfactory epithelium.
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2.3.2 Effect of Different Buffers and Sodium Azide on Olactory Epithelium

Table 2.3 summarises the post-equilibration (30riiG0tes Table 2.1) R PD and 4.

data for the 0.5mM citrate and SNS buffering caodg. Data captured within 30
minutes of tissue mounting for the electrophysialab data were assumed to be
unrepresentative of stable bioelectrical conditiathough in reality this may not be
true Table 2.4). The mean, standard deviation aadisscal significances were
calculated for each buffering system, with and aithexposure to sodium azide, for all

three electrophysiological measurements.

The following two observations were made. First; 8NS buffer, the addition of
sodium azide to the olfactory epithelium statidhcachanged R and PD values
(p<0.05 ANOVA) from 58.6+12.7cn? and -0.8+0.2mV to 8.2+3.@xm’ and

0.7£0.4mV, respectively. However, similar obsemasi could not be made for citrate
buffer where no significant differences were obsdrvi; values were not statistically

different (p<0.05 ANOVA).

Second, there was no statistical difference betwien R, value for SNS buffer
(58.6.3+12.7 cn) and citrate buffer (78.8+40.Zn7) (meants.d.). However, there
were statistical differences for PD (-0.8£0.2mV ENcompared to -0.1+0.1mV
[citrate]) and 4. values (13.3x1.5mV [SNS] compared to 1.0+0.2mMtrgte]). This

suggested that the citrate buffer statisticallyucsdl the metabolic activity of the

olfactory epithelia but the amount of tight junctiopening remained unchanged.
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Table 2.3 Post-equilibration R, PD and k. data summary for porcine olfactory
epithelia that were mounted on the vertical Franz dfusion cell and exposed to
either SNS or Citrate buffers, with and without sodum azide.

Rn ( cm2) PD (mV) d(HA/cm?2)
SNS Buffer 58.6+12.7 -0.8+0.2'° 13.3+1.8
SNS Buffer + | 8.2+3.¢ 0.7+0.4 -107.0+73.0
azide
Citrate buffer | 78.8+40.2 -0.1+0"1 1.0+0.2
Citrate buffer +| 11.5+2.7 1.5+0.9 -134.0+74.8
azide

2 Statistical difference (p<0.05) between SNS buffemd SNS buffer+azide data
® Statistical difference (p<0.05) between SNS buffemd citrate buffer data
Statistical test: One way ANOVA with Games-Howelpost hoctest

(meanzs.d. deviation; n=3)

Figure 2.15 shows the Alamar Blue™ viability valdes. (a) freshly excised porcine
olfactory epithelia on arrival to the laboratorypda(b) olfactory epithelia that had been
used for experiments in the vertical Franz diffasahambers. The graph shows values
for samples exposed to either SNS or citrate bsiffeith and without added sodium

azide).

A number of observations were made. First, sodimdeasignificantly reduced the
viability of the diffusion chamber mounted epitleekxposed to SNS (10528+676 to
3260+£487, meanzs.d., P<0.01 ANOVA) but not 0.5mNraté buffered samples
(p>0.05, ANOVA). However, sodium azide did statatly reduce Alamar Blue™
viability scores for 0.5mM citrate buffered olfacgcepithelia (pH6.0) when compared
to freshly excised citrate buffered samples (p<OAISOVA). It was expected that the
sodium azide would reduce the metabolic rate ofscel the epithelium since it

reversibly blocks the same metabolic pathway (& riiitochondrial electron transport
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chain) as that required by the conversion of thirgiar Blue™ reagent) resazurin to

resorufin (Seifalian et al 2001).

Nonetheless, even though a high concentrationeofrtatabolic inhibitor (300mM) was
used it was observed that sodium azide did not tetelp block the metabolism of the
cells. The apparent residual viability could beesutt of background levels of REDOX
reactions, such as those involved in anaerobidredspy pathways, that are also able to
convert Alamar Blue™ to its fluorescent form (Ské#a et al 2001; AbD Serotec Ltd

2004).

Second, the type of buffer system had an effecviahility for azide-free samples.
Alamar Blue™ measured viability was significantgduced for 0.5mM citrate buffered
(pH6.0) olfactory epithelium (9870+£570) comparedSHS buffered (pH7.4) samples
(6690+870) (for freshly dissected tissues in theseabe sodium azide) (p<0.05,
ANOVA, n=3) (Figure 2.15). This data shows that pEd a significant effect on

viability.

Third, the diffusion chamber experiment did not éavsignificant effect on viability of
the tissue. The mean viability values for freshigised samples compared to samples
that were subjected to the diffusion chamber expeni were not significantly different
(p>0.05, ANOVA) for the SNS (9870£570 [freshly disged samples] compared to
105304390 [diffusion chamber loaded samples]) vag (6690£870[freshly dissected
samples] compared to 5760+ 280 [diffusion chamlmadéd samples]) buffered

epithelia.
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Overall, Table 2.3 and Figure 2.15 highlight thiegportant conclusions; first, sodium
azide significantly affected the viability of theithelia for all SNS buffered but not all
the citrate buffered samples. Therefore, it codtbe confirmed by these methods that
the 0.5mM citrate buffered samples (pH6.0) werevealafter the diffusion cell
experiment. Second, a change in the buffering sydtem SNS (pH7.4) to 0.5mM
citrate (pH6.0) buffer significantly affected thebility of the olfactory epithelia. Third,
the mounting of the epithelia to the diffusion chwendid not have a direct effect on the

viability of the samples.
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Figure 2.15 Alamar Blue™ Viability Data for porcine olfactory epithelia tested for fresh samples andasnples that were dismounted from the diffusion charer
apparatus, with and without addition of azide (mearstandard error; n=8,3,3,1,5,3,3,2 [from left to rght]). * Significant difference (p 0.01), T Significant difference
(p 0.05); One way ANOVA with Bonferroni post hoctest.
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The second conclusion, made from electrophysiokgy Alamar Blue™ analysis, of
the viability effects of the buffering solution ¢time olfactory epithelium is supported by
the following morphological observations made unbleght field microscopy. Figure
2.16 and Figure 2.17 demonstrate the condition haf olfactory epithelium after
exposure to the diffusion chamber conditions (withihe presence of particles) in the
different buffering conditions. The SNS buffereditleplia appeared to have similar
morphology to the fresh samples (see Figure 2.Jdgore 2.12). However, there were
minor changes to the pH6.0 citrate buffer samplesh sas the condition of the cilia
which were not as prominent, subcellular componapfeared less clear, and the shape
of the olfactory knob had changed (dashed box Eigut7). These findings were noted
when evaluating the effect of nanoparticles onadifectory epithelia exposed to 0.5mM

citrate buffer pH6.0 (Chapter 4).

Nevertheless, for both conditions the gross moiqiek of these tissues were similar to
the fresh sample represented in Figure 2.11. Heswamnar cells were intact with
basal cells aligned above the basement membraneibadvere visible (solid line
boxes Figure 2.16 and Figure 2.17). Therefore, feomorphological perspective (and
to a lesser extent from Alamar Blue™ data) theabifey epithelia buffered with SNS or

citrate systems were deemed suitable for use Weldiffusion chamber apparatus.
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Figure 2.16 Morphology of olfactory porcine olfactay epithelium after dismounting the tissue from
the diffusion chamber apparatus. The tissue was erged to SNS buffer pH7.4 for 150 minutes.
Cilia highlighted in solid lined box. BC Basal Cell SC Sustentacular cell. * indicates luminal space.
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Figure 2.17 Morphology of olfactory porcine olfacteoy epithelium after 150 minutes exposure to
citrate buffer pH6.0 in the diffusion chamber appaiatus. Olfactory knob highlighted in dashed box.
Vesicles appeared in the diffusion chamber exposaamples (solid and dashed boxes). BC Basal
Cell. SC Sustentacular cell. * indicates luminal spce.

2.3.3 Assessment of Equilibration Period

The stability of the electrophysiological readingere tested by comparing the mean
values of R, PD and . between 0-30 minutes and 120-150 minutes aftemiirogi of
the olfactory epithelium onto the diffusion chambkagparatus. Both the affects of

sodium azide and buffer type were considered (T2lde

For azide-free samples, PD andJalues remained reasonably constant over the time
period measured for both buffering conditions. €itnate buffer, there was no statistical
change for R between the two time periods. For SNS buffer, haveR, significantly
increased with time (p<0.05 paired t-test) from ragjmately 40 to 65cn? (Table

2.4).
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For azide-exposed samples correspondipgH®D and 4. values remained constant for

all buffering conditions . The results are sumnetis Table 2.4.

Table 2.4 Summary of electrophysiological measuremes (meanzs.d).

Rn ( cnt) PD (mV) L{HA/cnT)
SNS 41.0£12.6* -0.2+0.6 2.2+14.9
(0-30min)
SNS 65.4+12.5* -0.9+0.2 14.5+2.5
(120-150min)
SNS+Azide 8.5+2.3 -0.3+0.6 47.5+84.1
(0-30min)
SNS+Azide 7.6+3.4 0.7+0.4 -125.4+88.5
(120-150min)
Citrate 62.6+26.8 0.41+0.1 -7.7+4.6
(0-30min)
Citrate 80.5+43.9 -0.1+0.1 0.2+0.9
(120-150min)
Citrate+Azide |9.5+4.5 1.6+1.1 -162.3+105.5
(0-30min)
Citrate+Azide 12.2+1.7 1.741.1 -137.9+83.1
(120-150min)

Both azide-free and azide-containing SNS and citratbuffered olfactory epithelia were tested for
significant changes between two time periods: 0-30nutes and 120-150minutes. Statistical tests
were performed between the two corresponding timegriods to check for changes during the
experiments. (n=3). * Significant difference (paird t-test) (p<0.05).

In summary, R for SNS buffer was the only parameter that chandedng the

experiments (Table 2.4). Otherwisg,FPD and J. did not significantly change during
the course of the measurements. Therefore, th@edipitwhich were mounted in the
vertical Franz diffusion cell were considered to liieelectrically stable during the
course of the experiments. Hence, the 30 minutdilegiion period was considered

suitable for this system.

2.3.4 Comparison of Olfactory and Respiratory Tissue Metéolism

Table 2.5 summarises the Alamar Blue™ assay refuitelfactory and respiratory

epithelia; 6890+£1602 and 8887+1752, respectivespiatory epithelium was more
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metabolically active than olfactory epithelium (p8®; unpaired t-test; n=7). The
variability was proportionally high with respect toe mean; RSD 23% and 20% for
olfactory and respiratory epithelia, respectivelerefore, a larger sample number is

likely to improve the significance level.

Table 2.5 Comparison of metabolic rate between olfdory and
respiratory nasal epithelia.

Date Olfactory Respiratory

RFU (Meants.d.) | RFU (Meants.d.)
21/11/20061 7040+885 (n=6) 9363+2236 (n=6)
23/11/2006 8018+2077 (n=6)
28/11/2006| 7496+1450 (n=3) 7003+£924 (n=6)
30/11/2006| 8801+1174 (n=4) 11286+2675 (n=7)
05/12/2006| 60981661 (n=3) 75244556 (n=3)
06/12/2006| 6960+258 (n=3)

07/12/2006 9622+2504 (n=3)
12/12/2006 3817+462 (n=3) 69102748 (n=3)
13/12/2006 10497+5226 (n=6)

6890+1602* (n=7) | 8887+1752* (n=7)
* Statistical difference (p<0.05; unpaired t-test;n=7)

2.3.5 Correction Effect of Alamar Blue™ Values with DNA Content

Alamar Blue™ values (RFU) for 10 olfactory epitl@el(each from a different animal)
were corrected for their DNA content using the HE®NA quantification method. A
scatter diagram of DNA content against Alamar Blue#®ues (RFU) was plotted
(Figure 2.18). It was expected that a strong pasitelationship would exist between
the variables since it is logical that the metabaltivity of the tissue would depend on

total amount of the tissue.
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Figure 2.18 Scatter diagram showing the correlatioetween Alamar Blue™ viability
measurements and the corresponding DNA content vadis.

The Spearman’s Rank correlation coefficient wasuwated as -0.430. There was no
significant correlation between core size and AlafBie™ viability measurements

(p>0.05; Spearman’s Rank correlation test; n=10).

In addition, the variability of Alamar Blue™ datacreased when the correction with
DNA content was calculated. On average %RSD ineccd®m 14% before correction
to 27% after correction. It was expected that theability would reduce, not increase,
after the correction for amount of tissue per s@an@bnsequently, correction of Alamar

Blue™ viability by DNA content was abandoned.
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The DNA content per epithelial sample was derivesthg a DNA standard curve.
Figure 2.19 shows an example of a DNA standardecwttained using the Hoechst
assay. The correlation is positive and linear. Feplicate plots were constructed in this
way and all demonstrated a Pearson correlationficesit of 0.9794 or higher.

Therefore, all calibration plots were acceptablednalytical practice. The meanzs.d.
Pearson correlation coefficient for these plots wWea8887+0.008 (n=4). For good
practice, however, a new calibration plot was amicséd each time the DNA content of

samples was measured.
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Figure 2.19 An example of a DNA standard curve usimthe Hoechst DNA quantification assay. A
positive linear correlation was observed. The Peaos correlation coefficient for this plot was
0.9970. Individual values represent meanzstandardrer of mean (n=3).
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2.4 DISCUSSION
The aim of this first section of investigations wasdescribe the method validation of

the vertical Franz diffusion cell for its use wigorcine olfactory epithelium in the
investigation of direct N-B drug delivery of nanopees. Hence, it was necessary to
prove that the experimental procedures had no tetiacthe tissue with respect to

viability and cellular morphology.

The following objectives were defined in order whigve this aim: first, an excision
protocol was established to ensure that the ddfushamber mounted epithelium was
indeed olfactory; second, an assessment proceduigsoe viability was developed to
ensure that the mounted tissue was alive during etkgeriments; and third, the
morphological appearance of the olfactory epithmelinefore and after exposure to the
experimental conditions was assessed (in absencanwiparticles applied to the apical
surface). In addition, the metabolic rate of olfagtand respiratory epithelia were
compared which may help to gain a better quantgatinderstanding of active

processes in the nasal epithelia and its specalatipact on drug delivery.

2.4.1 The Histology of the Porcine Nasal Epithelium

The morphology of the epithelium was different imrious zones of the porcine nasal
cavity. The transitory nature of the porcine efditre (Adams 1990) is, in fact,
common throughout the animal kingdom; goats (KaBwrRurton 1996), rats ( (Popp &
Martin 1984)) bonnet monkey (Harkema et al 1987 koalas (Kratzing 1984) and

humans (Mygind 1979) have this feature.

The specific pattern of change from one epitheliype to the next was also common.

In the work presented here, the porcine nasal @pith changed from keratinised
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stratified squamous at the nasal vestibule, to idaboand then pseudostratified
columnar in the caudal direction. Indeed, theseciipechanges in epithelium types
were remarkably similar to the Bonnet Monkey (Hanke et al 1987) which
demonstrated that the gross morphology of the nepdhelia are similar between

mammalian species.

Nevertheless, a few notable differences were obsebetween that found here and
previously in the literature. For example, Adam89Q) did not find the keratinised
version of the stratified squamous epithelium ia tbstral portion of the nasal cavity.
The keratinised version was, however, found in gqiiahwa & Purton 1996). The
physiological function of keratinised stratified usgmous epithelium is thought to
protect the underlying cells from dehydration anechmanical insults. This would seem
logical from the position of the epithelium at thasal vestibule. The tissue here would
be at most risk of damage from particulates upbalation and loss of water externally

upon exhalation.

The epithelium changed from stratified squamousaie-ciliated cuboidal in the caudal
direction. The physiological function of nasal cidad cells remains speculative. They
may be involved in antigen presenting, osmotic t@feg and/or detoxification (Adams

1990).

The epithelium finally changes again to pseudaidt columnar epithelium which
was 30-40um in height (Figure 2.9). Both ciliatedl aon-ciliated columnar cells were
found in the current study. Previously, howeverlyahe non-ciliated type has been

observed in pigs (Adams 1990). It was noted thatlaimina propria underlying this
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area (Region 5 Figure 2.2) had the highest leveVasdcularisation. This has been
observed previously in the literature (Martineaui2oi& Caya 1996). From a drug
delivery perspective, Region 5 is therefore a blétapithelium for drug transport to the
systemic circulation. Indeed, it has since beeml uisehis capacity within our research

group (to be published).

Moreover, Adams found that epithelial charactersstf piglets were similar regardless
of age (1-70 days old) (Adams 1990). To my knowtedtp detailed study of porcine
nasal mucosa has been carried out on 6 month gkltpidate. Therefore, this is the
first description of such work and extends the saorelusion over the first six months

of a pig’s life.

Olfactory epithelium was found in Region 6 coverithg caudal region of the dorsal
turbinate (Figures 2.2, 2.10 and 2.11). It was ati@rised by a ciliated columnar
epithelium (40-50um in height). It has been sugggeghat the columnar cells in the
olfactory epithelium are taller (60-8M) than the respiratory type (~28) (Jansson

2004). However, the distinction in epithelial célyer height in the olfactory and

respiratory epithelia was less pronounced in thmals used in this study.

Finally, olfactory tissue is characterised for mapfilia olfactoria in thelamina propria

(Figure 2.12) and olfactory knobs on the apicahiaus of the olfactory axons (Figure
2.11). These features are not present in respyratarcosa since it does not contain
axons. Moreover, toluidine blue was a suitable eh@f monochromatic stain since it
enabled clear distinction ofilia olfactoria and olfactory knobs from other

morphological features.
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In general, the pattern of epithelia found in tloecpe nasal cavity conformed to that
found previously in pigs (Adams 1990; Martineaul®@oi& Caya 1996). Modest
variations in morphology may have resulted from glamy of the epithelia from

slightly different locations from within the nasehvity compared to the literature.
However, it would be time consuming to exhaustivetiyracterise the nasal cavity in

this way therefore this work was not done.

2.4.2 Tissue Viability: The Effect of pH Buffers and Sodum Azide

The results presented here have shown that theesktissue could be kept alive for
approximately 4 hours after excision. During thesipd the epithelia were transported
on ice for ~1 hour and mounted on the diffusionncher apparatus for 2% hours. Nasal
epithelia have previously been used in similar uditbn chamber experiments in a
number of different species. Viability can be mainéd for 8 hours in sheep (Wheatley
et al 1988), 10 hours in rabbits (Bechgaard e8P}, 4 hours in cattle (Bechgaard et al
1992) and 8 hours in pigs (Wadell et al 1999). &fee, the excised tissues used here

were within the accepted viability timeframes.

The studies described in the literature were peréar at 37°C unlike in the current
work which was carried out at 29°C. Cremasehial. performed their diffusion

chamber studies at 27°C in order to improve thgugssurvival time (Cremaschi et al
1996). Hence, since the present experiments weréucted at a lower temperature, it
was anticipated that the tissues buffered at 296Gldvhave a longer survival time than

that described previously.

114



Rm, PD, k. and Alamar Blue™ assay measurements were perfoimearder to
examine the viability of the epithelia in detail, Rrovides a measure of membrane
‘leakiness.” R, was measured to be 58.6x12ch? for SNS and 78.8+40.ZnY for
citrate buffers. There is a lack of electrophysjidal data available in the literature for
olfactory mucosa,; therefore, these values were epetpto respiratory epithelium.
Hence, the R data conformed with those found previously (T&bB): 75.0+28.0 cny’
(porcine respiratory epithelium, 37°C (Osth et @2a) ), ~40 cny (rabbit respiratory
epithelium, 37°C (Kubo et al 1994) ), and ~%0n’ (rabbit respiratory epithelium, 37°C
(Bechgaard et al 1992) ). Moreover, the temperatna@tained during the experiment
does not appear to affect,R52.1+5.6 cn’ (27°C, rabbit respiratory epithelium

(Cremaschi et al 1991) ).

Table 2.6 Literature values (meanzs.d.) for electqohysiological parameters of nasal tissues that
were mounted to diffusion cells for different anima species and at different temperatures.

Reference R( .cnf) | PD (mV) L{(pA/cnt) | Comment

(Osth et al 75.0£28.0 -4.5+3.4 58.6+28.8 37°C, porcine respiratory
2002a) epithelium

(Cremaschi et| 52.1+5.6 -3.4+0%5 65.0£6.7 27°C, rabbit respiratory
al 1991) epithelium

(Kubo et al ~40 ~-5 100-120 37°C, rabbit respiratory
1994) epithelium

(Bechgaard et| ~70 -6.4+1.5 92+13 37°C, rabbit respiratory
al 1992) epithelium

& Quoted as positive values in literature because pitive electrode was placed on the serosal side of
the epithelium.

Nasal epithelia are regarded as a ‘leaky,’ i.e.ehavlower permeability than other
biomembranes and therefore is regarded as a palteintig delivery membrane (Lehr
2002). For example, the permeation of a paraceljuteansported molecule THA (9-
amino-1,2,3,4-tetrahydroacridine) was compared sacrdifferent mucosae of the

domestic pig. The study showed that nasal epitirelnad a significantly enhanced
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THA permeation rate (p<0.05) compared to all othiemembranes tested (sublingual,

buccal, rectal, duodenum, jejunum and ileum) (Gxiral 1998).

PD, k. and Alamar Blue™ data showed that tissue viabiks statistically lowered
when 0.5mM citrate buffered (pH6.0) olfactory eplibm samples were compared to
SNS buffered samples (Table 2.3 and Figure 2.15arRet al. studied the effects of
buffer types on protein release from the nasal mai@d rat intranasal perfusion studies
using a LDH assay (Pujara et al 1995). Accordingh@se authors protein release is
positively associated with cellular damage anddtoge is indicative of tight junction
integrity. Phosphate and adipic acid buffers (70mad) pH 4.75 were found to
contribute least to protein release and were miifstantly different to saline perfusion
levels (negative control). Acetate buffer (7OmM)sitae most damaging which (in the
authors’ opinion) probably was due to phospholipadititioning ability of the unionised
(acetic acid) entity. Further, there was no appatiessue damage resulting from 30
minute nasal perfusion with citrate or phosphatéfelost The authors suggested that
there was ‘an intrinsic factor unique to [each]fbupecies which was responsible for

any [minimal] damage to the nasal mucosa.’

Pujaraet al. (1995) also found damage to nasal epithelium fem®tate buffer in the
concentration range 70mM to 210mM. This damage wasportional to the
concentration of acetate ions. The unionised aaatid molecules were thought to
interfere with the phospholipid membrane functi@&ut no such trend or mechanism
was detailed for citrate or phosphate buffers (Rujat al 1995). Moreover, the
concentrations of buffering ions used in this expent were much higher than those

used in the present work (SNS buffer 1.5 mM hR®&;, 0.83 mM NaHP®and 15 mM
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NaHCG; 0.5mM citrate buffer). Therefore, buffer concatibns used here were

thought to have negligible effect on tight junctiotegrity.

The similarity between Rvalues for citrate (pH6.0) and SNS (phosphatetgsd7.4)
buffers suggested that extent of tissue damagenatasorrelated with pH. In support of
this, Maitaniet al. (1997) found that levels of tissue damage (expkss terms of
protein release) were the same between saline@wduadjusted to pH5.2 or pH7.4 after
placing rabbit nasal tissue into a diffusion chambapparatus. This concurred with
results by Pujarat al (1995) who found no differences in tissue damaggr the pH

range 3-10.

In contrast, Maitanet al. (1997) in the same study found that reducing phfi7.4 to
5.2 significantly increased (p<0.05 Student’s titesovement of Lucifer Yellow (a
hydrophilic paracellular marker) across the nagdthelium of male Japanese White
rabbits. The authors did not give an explanatiantties. Thus, phosphate buffer (SNS
pH7.4) may preserve tight junction integrity bettean citrate buffered (pH6.0) samples
but no such statistical differences were observethis investigation (Table 2.3). This

could have been due to high data variability or &ample numbers.

There were differences, however, in the morpholofjyhe samples after 150 minute
exposure in the diffusion chambers (Figure 2.16 lkigdire 2.17). The morphology of
the cells from the citrate buffered olfactory saesplwas worse than that of SNS
samples. This indicated that either the viability tbe integrity of the olfactory

epithelium was affected by the citrate buffer.
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In support of this, significant differences weraiio between PD andcffor these two
buffering systems (p<0.05, ANOVA, Table 2.3). Whaese data were compared with
the data obtained for Alamar Blue™ enzymatic adsayviability it was found that
samples exposed to SNS buffer were more metabgliaative than those exposed to
citrate buffer. This was evident both with and with the use of the diffusion chamber
apparatus (p<0.01, ANOVA, Figure 2.15). Therefakhough no tissue damage was
observed by a reduction inpRa reduction in metabolic activity (PD, nd Alamar

Blue™ values) was observed.

With regards to tissue viability it can be conclddehrough PD,¢k and Alamar Blue™

data, that metabolism was reduced by citrate (pHfhpared to SNS (pH7.4) buffer.
Indeed, the cellular morphology of the SNS buffeszanples (compared to citrate
buffered ones) was more akin to the freshly exc@éattory epithelium (Figure 2.11,
Figure 2.16 and Figure 2.17) which supports thisctigsion. As discussed, this effect
was unlikely to be a consequence of the differgpegces of buffering ions, the
concentration of buffering ions, or mechanical dgenéo the mucosa. Therefore, pH

remained as the likely cause for this observation.

The possibility that pH reduction from pH7.4 to pBlénay have affected nasal tissue
viability is also implied in the literature. For @axple, baseline pH levels of nasal
mucosa in eight human volunteers (four with allerdiinitis) have been found to be
7.04-7.70 (physiologically neutral) (Shusterman &ilA 2003). After an application of

carbon dioxide the mucous pH transiently reducddrbeising again to baseline levels.
This would suggest that pH 7.04-7.70 is a preferablvironment for the epithelial cells

underlying the mucous layer compared to a lowergoidironment. The homeostatic
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mechanism for this was thought to involve bicarlienans and carbonic anhydrase

enzyme similar to that found in the gastric muo@dien & Flemstrom 2005).

The exact pH environment of the nasal mucus, howéseontroversial since there is
some evidence to suggest that it is lower. Wasbimgt al. (2000) placed a pH
electrode (composition of electrode unspecifiedm3posteriorly from the nasal
vestibule on the floor of the nasal cavity. Thewrfd that the mean pH was 6.27
(+0.13/-0.18) (n=12) (the standard deviation watsavenly spread due to conversion of

[H™] to pH). The pH range, however, of these valuegdaconsiderably (5.20-8.00).

Similarly, McShaneet al. (2003) used monocrystalline antimony catheter [@dteodes
to measure the pH of the nasal floor 4-5cm fromnihgal vestibule. Healthy volunteers
had a pH 6.7£0.13 (n=6). Overall, there is consibler inter-study variation between

pH measurements of nasal mucosa amongst healthgrhsuijects.

Cystic fibrosis patients, who have characteristyctilicker mucus due to a reduced sol
layer and therefore poor mucociliary clearance, &amadceven lower nasal pH (6.2+0.1;
n=6) (McShane et al 2003). However, the pH diffeeebetween healthy and cystic
fibrosis patients was not observed with gold coraflipH-glass electrodes. It was not

understood why the composition of the electrodeslyeced different results.

In contrast, nasal mucosal pH of patients with itlinwas 7.2-8.3 (Fabricant 1941).

Rhinitis is characterised by an over productiors@fous secretions from the epithelial

cells that form the mucosal sol layer.
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The observations of over- and under-production alf layer in pathological states
suggests that a pH gradient exists between nasdhygr (pH5.5-6.5) and sol layer
(pH7.4) i.e. pH measurements were low (pH 6.2+Owthen sol layer was
underproduced (cystic fibrosis) and pH was high (p&-8.3) when sol layer was

overproduced (rhinitis).

If a mucosal pH gradient did exist then the singftt measurements described above
would be unrepresentative of the pH conditionshat epithelial cell surface. The pH
electrode tips used in these studies (~3mm diajnetere larger than the thickness of
the whole mucous layer (~9um, gel layer and soédapmbined). This could explain
the differences in nasal pH measurements that feerel between the studies described

above.

Indeed, pH gradients have been observed previaushe rat gastric mucosa model
vivo (Phillipson et al 2002)In this study, male Sprague-Dawley rat gastric osae
were exposed to 1.2énin a mucosal chamber. The pH of the sol layerdlesd as
‘adherent mucus’ by the authors) at the epithddiafface was measured using fine
microelectrodes (tip diameter 1-3um). The mucoadise was exposed to 0.9% NacCl
which was maintained at 37°C. After 10 minutes@i#o NaCl was replaced with acid
(HCI, pH 1). The pH of the sol layer was measured #3+0.09 whilst acid secretion
was stimulated witliv. pentagastrin (40pg.KiY). Pentagastrin is a pentapeptide drug
that stimulates parietal cells in the stomach macims secrete HCI into the gastric
lumen. This experiment was repeated after remok#he gel layer (described in the
report as ‘loosely adherent mucus’). Removal of gleé layer did not to statistically

reduce the pH in the sol layer (6.82+0.19). It Wasefore concluded that the gel layer
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was not important for the maintenance of the pHigrat. In addition, the experiment
was also repeated with removal of gel layer andrahexposure to 0.5mM DIDS (4,4'-
diisothiocyano-stilbene-2,2'-disulphonate), a pharatogical inhibitor of apical CI
/HCGO; ion channels. In these conditions, sol layer pH weduced to 1.37+0.21;
therefore, it was concluddatiat a bicarbonate buffering mechanism was requioed

maintenance of physiologically neutral sol layer. pH

In a different study, the same gastric mucosa mshkeived that rats giveirv. HCOs
(5mmol.kg*.h?) produced a higher epithelial cell surface pH (p5) compared to
control rats (no HC® given, pH ~1.6) (Synnerstad et al 2001). This piedi more
evidence that HC®from the blood is involved in maintenance of thecasal layer pH
gradient. (For further reading, the nature of tlstgc mucosal pH gradient can be

found in greater detail elsewhere (Allen & Flemsir2005) ).

In the current work, viability of excised nasaktie was higher at pH7.4 than at pH6.0.
Olfactory epithelia exposed to 0.5mM pH6.0 citratdéfer, which contained no HGO
ions, showed reduced PR &nd Alamar Blue™ viability scores. Therefore,outd be
interpreted from this data that the nasal epithal@ls may not have been able to

maintain pH7.4 in the sol layer.

Gastric mucosa acidity (~pH1) in the lumen is pralby the release of HCI from the
parietal cells. In the nasal cavity the pH gradiesntnore likely to be derived from
solubilisation of expired carbon dioxide in the @aswucus. Carbonic acid is weaker

than HCI therefore it is expected that a shallopt¢mgradient exists in the nasal cavity.
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The effect of metabolic blocker, sodium azide, loa Yiability of olfactory epithelia was
also assessed in these investigations. Sodium atatstically reduced viability for the
SNS buffered olfactory epithelium as measured Ry and Alamar Blue™ (but not
Isg scores (R and PD p<0.05, ANOVA, Table 2.3; Alamar Blue™ pxD). ANOVA,
Figure 2.15). However, similar statistical changese not observed for citrate buffered
samples (p>0.05, ANOVA). A reduction in metabolisms, observed by these methods,
was expected since sodium azide is a broad metaltiibitor that affects electron
transport chain production of ATP. The lack of #igance for k. values was probably
due to variability of data. Citrate buffered olfagt epithelium that had been mounted
onto the diffusion chamber was not effected by wodazide. It was suggested that the
reduction in pH from 7.4 to 6.0 between the différbuffering systems caused an
overall reduction in cellular viability in the olftory epithelium; thus, addition of

metabolic blocker did not cause significant chartgele viability of the tissue.

However, it could not be concluded that the olfactepithelium was killed by the
citrate buffer. Citrate pH6.0 buffered unmountednpkes had statistically higher
Alamar Blue™ viability scores than citrate-buffer@ride-exposed olfactory epithelium

after dismounting from the diffusion cell apparafps0.05, ANOVA, Figure 2.15).

2.4.3 The Bioelectrical Equilibration Period for Porcine Olfactory Epithelium

There were no statistical changes in PDsgvalues over a 150 minute period in either
SNS or citrate buffer (Table 2.4). In addition, Ralues remained constant for citrate
buffered olfactory epithelia. This would suggestttiequilibration occurred within 30

minutes. Tissues were dismounted from the diffusioamber apparatus within 4 hours

of slaughter. Longer validation of tissue survitiale was not practical due to the total
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time taken per experiment. For these reasons aitibegtion period of 30 minutes was

chosen.

Rm values increased with statistical significanceSdlS buffered samples between 0-30
minutes and 120-150 minutes (p<0.05 paired t-tdst)s would suggest, in fact, that

more time was required for equilibration sincg fRalues had not settled to reach a
steady state. However, no other parameter requirae time to a steady state (Table
2.4). Thus in conclusion, a 30 minute equilibratperiod was deemed sufficient for the

diffusion chamber experiments.

Alternatively, it could be considered that the siapnight not have equilibrated within
the 150 minutes of this experiment and that sigaift differences could have been
found if longer time periods were allowed. Thiswwer, is unlikely since equilibration

periods of greater than 120 minutes have not beeassary previously (either at 37°C

or 27°C [Table 2.7]).

Indeed, a range of equilibration periods betweenldD minutes and temperature
conditions have been used in the past (Table 2. 30 minute equilibration period has
been used for porcine, bovine and rabbit nasahelwst experiments at both 27°C and
37°C and for respiratory or olfactory epithelia éBraschi et al 1996; Schmidt et al

2000; Wadell et al 2003; Kandimalla & Donovan 200&p

So, although equilibration periods up to 120 ma&suhave been used previously

(Bechgaard et al 1992; Kubo et al 1994; Maitaralet997; Osth et al 2002a; Osth et al
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2002b; Jansson 2004), these longer periods didseet to be necessary and were

impractical to undertake for the current work.

Table 2.7 Equilibrium periods and experimental temgratures for diffusion chamber studies with

various nasal epithelia.

Equilibration Period Experimental Conditions Reference

(minutes)

30 Bovine respiratory (Schmidt et al 2000)
epitheliunt (37°C)

30 Bovine olfactory (Kandimalla & Donovan
epitheliunt (37°C) 2005b)*

30 Porcine respiratory (Wadell et al 2003)
epithelium (37°C)

30 Rabbit respiratory (Cremaschi et al 1996)
epithelium (27°C)

30-60 Bovine and porcine (Jansson 2004)
olfactory mucosa (37°C)

60 Porcine respiratory (Osth 2002; Osth et al
epithelium (37°C) 2002a; Osth et al 2002b)

60 Rabbit respiratory (Bechgaard et al 1992;
epithelium (37°C) Maitani et al 1997)

120 Rabbit respiratory nasal (Kubo et al 1994)

mucosa (37°C)

2 Electrophysiological data unavailable.

2.4.4 Comparison of Olfactory and Respiratory Tissue Metéolism

Tissue viability data was examined in terms @f, RD, k. and Alamar Blue™ for
porcine olfactory epithelium. In addition the Alam8lue™ measurements were
performed on freshly excised respiratory epithellach were dissected from Region 5

of the pig nasal cavity (Figure 2.2).

Rm and PD values for porcine olfactory epithelia MSSbuffer (29°C) are reported here
as 58.6+12.7cn? and -0.8+0.2mV. Previously, Jansson (2004) had dosimilar
figures for porcine olfactory epithelium in the sarbuffer at 37°C (45+9cn? and

-1+0.5mV [values approximated from graphical dafBjis is the only example of
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electrophysiological data for olfactory epithelium the literature known to date. In
addition, it is possible to speculate that the terapre difference did not have a
considerable effect on the values. Neverthelesssiya and active transport of ions
would presumably increase with temperature. Theeefan explanation for the
indifferent affect of temperature on the electrapblpgy of the nasal epithelial tissues
remains unclear. But this insensitivity of temparaton R, has also been noted within

the literature (Table 2.6).

The PD (-0.8+0.2mV [SNS], -0.1+0.1mV [citrate bufjeand L. (-13.3+1.5pA/cr

[SNS], 1.0+0.2pAlcrh[citrate buffer]) values, however, are low comphte those for

nasal respiratory epithelia from various speciexb(@ 2.6). Rabbits had a PD of ~-5mV
(Kubo et al 1994) and -6.4+1.5mV (Bechgaard et982) at 37°C. The value decreased
to -3.4£0.5mV when the temperature was reducedt€ ZCremaschi et al 1991). PD
for porcine epithelia at 37°C agreed with the raldpecies but were more variable,
-4.5+3.4mV (Osth et al 2002a). Also, in generalydo PD values corresponded with

higher L. measurements (Table 2.6).

Hence, R, (which measures passive transport of ions acrasgpithelium) agrees with
previous data but PD ang. (which both measure active transport of ions actbge
epithelium) were lower. This would imply that th#agtory epithelium used in these
studies were less metabolically active than thpira®ry nasal tissues (Table 2.6). This

can be explained by understanding the electroplogtal method used.

An innate resting membrane potential (PD) is gaedray the active transport of ions

across the epithelium. The magnitude of PD dependa combination of two factors;
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(@) the rate of ion-transport across the epitheliand (b) the ‘leakiness’ of the
epithelium. As rate of ion transport across thehghium increases then the PD will also
increase since, by definition, the imbalance okiacross the epithelium generates the
PD. If the epithelium is very ‘leaky’ then the imM@aced ions are able to passively
transport back down the electrochemical gradieat th formed. This is essentially a
naturally occurring short-circuit which has theeeff of nullifying the PD. Therefore,
PD is theoretically a function of tight junctiontegrity (R,) and transport rate of ions

across the epithelium (Lehr 2002).

Thus, the ‘leaky’ nature of the nasal epithelia/andheir inability to overcome the
resultant short-circuit may have lead to the lovwsesked PD andsd values. Since
olfactory and respiratory JRvalues are similar, then ‘leakiness’ of theseleghia are
also likely to be the same. Therefore, the metabalie is likely to be different between

these epithelia.

(Isc Is described as the externally applied currentiegdo extinguish the PD. Hence,
PD and {. are physiologically linked and so the previousdssion may be extended to

Isc as well as the given example for PD).

The difference between viability scores of olfagt@nd respiratory epithelia was
confirmed by assessment of the tissue viabilityAlgmar Blue™ assay (Table 2.5).
Hence, olfactory and respiratory epithelia coresewextracted from pigs and assayed
by Alamar Blue™, as described in 2.2.6 ComparisbrOtiactory and Respiratory
Tissue Metabolism. The metabolic activity of thepieatory epithelium (8887+1752

RFU) was significantly higher than that for olfagtoepithelium (6890+1602 RFU)
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(p<0.05, unpaired t-test, n=7). It was not likehatt the differences for the Alamar
Blue™ were a result of differences between thicknafsthe respiratory and olfactory
epithelia in these samples (2.4.5 Hoechst Assdgréffore, this result strongly supports

the conclusions obtained from the differences @ttebphysiological parameters.

The reason for the difference in metabolic ratevben the respiratory and olfactory
epithelium were not investigated in this study. Heer, physiologically specialised
functions of the respiratory epithelium, such asg@m sampling or generating ciliary

motion, could explain the observed difference.

The difference between the metabolic activity @& tifactory and respiratory epithelia
found in the nasal cavity of pigs is an importamding that may have wider

implications regarding the treatment of exogenoasenmls (e.g. nanoparticles and drug
molecules) by nasal epithelia. For example, it doukan that greater active transport of
nanoparticles occurs into the respiratory epitmelicompared to olfactory epithelium;

this would increase the transport of nanopartiédesoss the respiratory epithelium
compared to olfactory tissue. Alternatively, it umean that drug molecules (or
biodegradable nanoparticles) may be actively deggtad a slower rate at the olfactory
epithelium and therefore this may have the potetdiancrease drug transport across
this epithelium compared to respiratory tissue. Téationship between nasal epithelia
and exogenously applied materials may also varemd@pg on the properties of the
exogenous material. However, this relationship ketwdrug transport and metabolic

activity of the epithelium remains speculative aequires further investigation.
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2.4.5 Hoechst Assay

When correcting the Alamar Blue™ data for amounttiséue per sample, it was
expected that the variability would reduce sineertietabolic activity of each cell in the
epithelium was assumed to be equivalent (2.3.5ectoaon Effect of Alamar Blue™

Values with DNA Content); however, variability wemind to increase.

The reasons for this are unclear but it may be #hatibset of cells (most probably
located near the apical surface) was the most moktally active in the epithelium and
therefore contributed heavily to the Alamar Blue "asurements. These cells may, for
example, be responsible for the production of mwrugctive movement of substances
into or out of the luminal space. Thus, the ovemaditabolic activity of the epithelium
may actually be determined by the activity of thesls and not the thickness of the
membrane. This hypothesis is strengthened by titénfy that there are proportionally
more mitochondria located at the apical surfaca tlsewhere in the epithelium (Figure
2.13). This mitochondrial zone has also been regogisewhere (Matulionis & Parks
1973). Consequently, correction of Alamar Blue™bilisy by DNA content was

abandoned.

2.4.6 Assessment Methods for Epithelial Viability / Metatwlic Rate

The bioelectrical characterisation of membranedeassribed in this chapter is the best
known (and probably only) example of a real timehod to assess cellular activity in
epithelia. Nevertheless, limitations of the methoave been noted previously. For
example, it can only measure one aspect of cellmarabolism — transport of ions
across the epithelium. Measurement of this dataherently variable, particularly,

when the epithelia under investigation are ‘lealNasal epithelia are more ‘leaky’ than
many other epithelia (2.4.2 Tissue Viability: Thé&det of pH Buffers and Sodium
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Azide); thus confidence levels of no more than 9%%se achieved in this work for

evaluating statisitcal differences for these measents.

Furthermore, it is possible that subjecting theicdét biological membranes to
unnatural electrical currents (during closed cir@ainditions) may affect its condition
(Cremaschi et al 1991). Cremaschi used open cicouiditions (no applied current) at
27+1°C to establish tissue viability in rabbits.eTéffect of externally applied currents,
however, is likely to be negligible due to the ghauration and small currents applied

to the membranes with this procedure.

Nevertheless, alternative methods have been usetbpsly to monitor viability. These
tests, like Alamar Blue™, use enzymatic activity as marker for cell
viability/cytotoxicity. For example, Trypan Blue $iabeen widely used to detect
damaged or dead cells. The dye is taken up by rabievcells but excluded by live
ones. The method is particularly important for €slispensions where the proportion of
viable cells can quickly and easily be counted iwiththe population by light
microscopy. It is, however, less practical to uséhvintact epithelia and there are

concerns with its accuracy and ability to penettiageepithelium (Jones & Senft 1985).

Further, a double staining method using calcein édfer (an acetoxymethyl ester of
calcein) and ethidium homodimer has been utilisedviability assessment of (bovine
olfactory) epithelium (Schmidt et al 2000; Kanditaa& Donovan 2005b, a). The first
dye is a non-fluorescent precursor that is quickBtabolised by viable cells to green
fluorescent calcein by esterase enzymes. The sedgmdnters non-viable cells and

binds with DNA to form a red fluorescent signal.eThignals can be observed by
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fluorescent microscopes. This bimodal system isugho to be more accurate than
Trypan Blue and viability can be assessed up to week after original sample
preparation. But, like Trypan Blue, it may be ditfit to accurately quantify viability
for intact epithelia due to the presence of muawus @ther extracellular components of

the tissue.

The conversion of a soluble yellow tetrazolium ¢M{T T) to the insoluble blue form
MTT formazan by viable cells containing succinichgérogenase uses a similar
principle. It has also been widely used for celltumes and monolayers. It can be
adapted for membrane layers (Imamura et al 1994& fgrocess, however, has the
added step of dissolving the insoluble MTT formagadimethyl sulfoxide which can

increase data variability.

Alternatively, lactate dehydrogenase (LDH) assay smilar assay that is based on the
reduction of a different tetrazolium salt (INT). TNis converted in an enzymatic
reaction to formazan. This time formazan is a watduble product and exhibits an
absorption maximum at 492 nm. Higher UV absorptielates to more LDH activity

which is symptomatic of tissue damage or cell death

Both MTT and LDH assay, however, can only measetktaxicity; hence, differences
between viability of different epithelia can not besessed. Therefore, the inherent
differences in overall metabolic activity, which reeobserved for respiratory and
olfactory tissues in the work presented here, matybe observed by MTT and LDH

assays.
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In contrast to the above methods, Alamar Blue™ wagk, simple and easily
quantifiable since both reagent and product weremsoluble. Data variability was low
compared to electrophysiological methods and s$i@lsconfidence levels of above
99% are reported here. Also, viability differende=tween olfactory and respiratory
were observed, a conclusion that could not be plessly biochemical cytotoxicity

assays as explained previously.

A combination of the electrophysiological methoddaAlamar Blue™ has the
advantage of providing an overall description aibiiity that each individually can not.
Hence, the assessment of viability by Alamar Blug@tticularly in combination with
electrophysiological methods (which has not presipieen described in the relevant
literature to date) could prove to be a powerfuthod to assess the viability of excised

epithelia.

2.4.7 Viability Acceptance Criteria for Porcine Olfactory Epithelium

Data variability for diffusion chamber studies abube due to species/population
differences, specific site of excision, thicknegstle isolated mucosa, and/or buffer
conditions (temperature, pH, oxygenation and comipo3. These variables need to be
controlled in order to identify any differencesweéen samples. Some factors are more
important than others, since for example, it hanb&own in this study that pH (2.3.2
Effect of Different Buffers and Sodium Azide on @dtory Epithelium) significantly
affected tissue viability whereas the thicknesthefisolated epithelium had little effect

(2.3.5 Correction Effect of Alamar Blue™ Values wiDNA Content).

Therefore, different acceptance criteria need toabsessed for each system used.

Hence, the R, PD, L. and Alamar Blue™ data that are presented in tmégpter will be
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used to statistically compare the viability of épiia used for nanoparticle transport
studies in Chapter 4.

2.5 CONCLUSIONS

A protocol for the extraction of porcine nasal bplta was developed and the location
of olfactory epithelium was confirmed. The olfagtaegion was found at the caudal
portion of the porcine nasal cavity (Figure 2.2)cifcular piece (~2cf) of olfactory
epithelium, which was large enough for the diffisiohamber experiments, was

extracted from the epithelium lining the dorsalaldsrbinate.

In terms of tissue viability, Alamar Blue™ viabjylishowed that the diffusion chamber
experiment did not have a statistical affect (p50.BNOVA, Figure 2.15) on the
metabolic activity of the olfactory tissue when qmared to samples that had not been
mounted on the apparatus. Furthermore, the histabgxamination of the SNS
buffered olfactory epithelia showed that the tissdel not change considerably when

they were dismounted from the diffusion cells corepgato unmounted samples.

Also, it was found that the nature of the buffersygtem had significant effects on the
viability of the porcine olfactory epithelium. POp<0.05, ANOVA, Table 2.3),sd
(p<0.05, ANOVA, Table 2.3) and Alamar Blue™ (p<0.0ANOVA, Figure 2.15)
viabilities were significantly greater for diffusiocell mounted epithelia buffered in
SNS compared to those buffered in 0.5 mM citratéeby(pH6.0). After comparison
with the literature it was concluded that pH was thajor contributing factor in this

respect.
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Further, a metabolic blocker, sodium azide, siaifly reduced viability for the SNS
buffered olfactory epithelium as measured by RD and Alamar Blue™ (but nof)l
scores (R and PD p<0.05, ANOVA, Table 2.3; Alamar Blue™ @B0. ANOVA,
Figure 2.15). However, similar statistical changese not observed for citrate buffered
samples (p>0.05, ANOVA). It was interpreted fronsthand observations of a slight
morphological deterioration to the citrate buffer@thctory tissues (Figure 2.17), that
the citrate buffer may have completely reducedvibbility of the olfactory epithelium.
However, sodium azide did statistically reduce &lamar Blue™ viability score of
citrate buffered olfactory epithelium compared tazife-free) unmounted tissues
(Figure 2.15). Therefore, the citrate buffered sasmpwere presumed to have
statistically reduced the viability of the olfacgoepithelium but not to have killed it

completely.

A novel methodology was developed to find a suédibelectrical equilibration period
for the porcine olfactory epithelium. A 30 minutqudibration period was acceptable
for both SNS and citrate buffers since, exceptria mstance, statistical changes were
not observed between the initial and fingl, RD and J. measurements (p<0.05, paired
Student’s t-test). A 30 minute equilibration wasaigreement with previous studies of

nasal respiratory epithelium.

Alamar Blue™ viability for olfactory epithelium wastatistically reduced compared to
respiratory epithelium (p<0.05, unpaired Studenttest, Table 2.5). This was
confirmed by a comparison of the electrophysiolabidata for olfactory epithelium

obtained here with that for respiratory data founthe literature (2.4.4 Comparison of

Olfactory and Respiratory Tissue Metabolism). Itswaypothesised that a greater
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metabolic rate was required by the respiratory hefiim in order to maintain
specialised functions such as ciliary beating farcatiliary clearance. From a direct
N-B drug delivery perspective this may be eithendfieial (by allowing slower drug
degradation in the olfactory mucosa or slower &ffaf drug from apical cells) or
detrimental (by allowing slower uptake of drug intee olfactory epithelial cells);

however, this has yet to be substantiated expetatign

Adjustment of the Alamar Blue™ viability scores fibre thickness of the epithelium
was found to be ineffective at reducing data valitgl{Figure 2.18). It was thought that
this was due to a greater metabolic activity in @péal region of the membrane. This
hypothesis was strengthened by the observation thagreater proportion of
mitochondria were present at the luminal surfacthefolfactory epithelial cells (Figure

2.13).

In summary, the aims of this chapter were achiesdgiciently to allow both SNS
(pH7.4) and 0.5mM citrate (pH6.0) buffered olfagt@pithelia, which were dissected
from a particular location of the porcine nasaltlegium, to be used to evaluate the

transmucosal transport of nanopatrticles in thecadrEranz diffusion cell (Chapter 4).
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3. DEVELOPMENT OF SURFACE MODIFIED NANOPARTICLES

3.1 INTRODUCTION
The vertical Franz diffusion cell and mousevivo models (Chapter 4) were used to

evaluate the permeation of nanoparticles acrosslifiaetory epithelium. Polystyrene
(PS) nanopatrticles were surface modified with déifé materials. Therefore, changes in
nanoparticle transport patterns across the epitmeltould be directly attributable to

different surface characteristics.

A naturally occurring polysaccharide (chitosan) andon-ionic surfactant (polysorbate
80) were chosen for surface coating (Chapter 1¢ dim of this Chapter is to explain
the formulation development of 20nm, 100nm and 20Gfameter chitosan-coated
(C-PS) and polysorbate 80-coated polystyrene (FB0AR&noparticles. Serum proteins
from Foetal Calf Serum (FCS), which may interacthwihe olfactory epithelium to

induce receptor-mediated uptake (Chapter 1), wése adsorbed onto the P80-PS
formulations (P80-FCS-PS). The development metloddtiese colloidal systems are

described here.

The aim of this Chapter was met by: (i) changing dlqueous phase ionic strength and
pH conditions to investigate the experimental cbods that were required to increase
the adsorption of chitosan onto PS nanoparticlés; determining the minimum
concentration of bulk phase polysorbate 80 requioeenable maximum adsorption of
polysorbate 80 to the PS surface; and (iii) detemmgi the existence of FCS serum

protein adsorption to P80-PS nanoparticle.
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3.2 MATERIALS AND METHODS

3.2.1 Materials

Carboxylate-modified polystyrene nanoparticles ¢8pheres™) were purchased from
Molecular Probes (Paisley, UK) with nominal sizefls20nm, 100nm and 200nm.
Tween™ 80 (polysorbate 80) was purchased from Si@aillingham, UK). FCS was
purchased from Sigma Aldrich (Ayrshire, UK). Ch#os (143kDa, 89% DA) was
kindly donated by Bioneer (Hgrsholm, Denmark). éther reagents were obtained as

detailed in Chapter 2.

3.2.2 FluoSpheres™

FluoSpheres™ are carboxylate-modified polystyrd?®)(nanoparticles with a narrow
particle size distribution. They contained a flsment dye that is not readily released

from the particles.

The narrow patrticle size distribution enabled tigbmtrol of particle numbers applied to
the tissue. Also, the effect of nanoparticle simdransport through the epithelium could
be examined by using different sized nanoparticlége incorporated fluorescent dye
allowed quantification of particle transport acroge olfactory membrane using
spectroflurometry as well as visualisation of e in cross-sections of the olfactory
membrane using fluorescence based microscopy tpodsi(Chapter 4). The images
could then be used to qualitatively assess theaappee of nanoparticles within the

membrane.
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3.2.3 Nanoparticle Physicochemical Characterisation

Nanoparticle suspensions were characterised foropaaticle diameter and zeta
potential ( potential). Below is a brief introduction of thechniques and how the
measurements were taken. It is beyond the scoffesofvork to give a detailed account
of the methods. However, the reader is directe@wdisre for such discussions:
Washington (Washington 1992) for particle sizingl adunter (Hunter 1981) for

potential measurements.

3.2.3.1 Particle size distribution

The Dynamic Light Scattering (DLS) (Model 802, \osek, Worcestershire, UK)
instrument was used to determine particle diame&te& measures the scattering pattern
of polarised (laser) light and processes this thinoan algorithm based on the Rayleigh
Theory. Such calculations were performed by the O®id¢ 2.0 Software (Viscotek,

Worcestershire, UK).

The DLS reports particle size as moment-mean mi@sseter which is given in this
work. It is equal to the diameter of the sphere bz same mass as a given patrticle. It
is an appropriate measure of particle diameteresitne bare particles are already
spherical and entirely made of polystyrene. Fordbated systems, the mathematical
algorithm assumes that there is negligible coatingterial on the particles in
comparison to the mass of the particles themselge#t assumes that nanopatrticle are
entirely composed of PS. This assumption is acbéptgarticularly, with the larger

particle systems where the relative proportion 8fd@mpared to adsorbent is greater.
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Particles size measurements were performed in ppeopriate formulation buffer at
25°C with the laser strength set to 2.5/10. Theptarooncentration was adjusted with
the appropriate buffer so that instrument deteet8dOkCounts/sec. According to the
instrument manufacturer, this represented the atimquantity of light scatter required
for accurate measurements. An average of thirge(®nd) measurements was made for

each sample. Particle diameter is reported as damsipolydispersity index (Pdl).

2

S
Pdl =—-

Z;
Where:

= standard deviation of particles
Zp = mean particle diameter

Samples with PdI<0.04 are termed monomodal.

3.2.3.2 Measurement of potential

potential readings were measured using (ZetaRi@é0d, Malvern, Malvern, UK) at
25°C. The sample concentration was adjusted welagipropriate formulation buffer so
that instrument detected ~300kCounts/sec. Accorthnthe instrument manufacturer,
this represented the optimum quantity of light wratrequired for accurate
measurements. An average of five measurements wds for each sample potential

is reported as the meanzstandard deviation of timesesurements.

3.2.4 Preparation of Chitosan-coated Nanopatrticles

3.2.4.1 Varying pH conditions for adsorption (100nm C-PS)
Chitosan was adsorbed on the 100nm PS nanoparictgs 3.0, 4.0 and 5.0. First, 4mg

chitosan was dissolved in 5.0ml 0.5M HCI. Then, pktwas adjusted as required with
(2M and 0.1M) NaOH. The 0.5mg/ml solution was fipahade up to 8.0ml with water.

This did not affect the overall pH of the solutid@Onm PS were diluted from stock
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suspension to 0.04% w/v and pH adjusted as requa:&dl of the particle suspension
was pipetted into 3.5ml chitosan solution. The gt was then slowly stirred
overnight in the dark. Preparation of chitosan-fceatrol samples followed the same

procedure but without chitosan.

Excess chitosan was not removed from the bulk islusince it is required for the
stability of the particle suspension as explaintswehere (3.4.1.2 Effect of Excess

Chitosan in Suspension).

3.2.4.2 Evaluating the Effect of Adjusting Aqueous Phasél8trength

A number of alterations were made to the initiatnfalation conditions (3.2.4.1
Varying pH conditions for adsorption (100nm C-PSjjrst, the formulation was
changed by adding a small concentration of citdid 40.5mM) to both particles and
chitosan solution in order to stabilise the pH .&tly creating a pH buffer with addition
of NaOH. Hence, it was thought that better comdfgdH conditions would enable more
predictable adsorption behaviour of chitosan to $iBface and therefore allow

reproducible C-PS potential and particle size measurements.

Second, the initial formulation attempt allowed wwught adsorption of chitosan to PS.
This was changed to one hour since there is eveenshow that coating chitosan onto
polylactic acid (PLA) 500nm diameter nanopartiabesy required 10 minutes (Munier

et al 2005). It was expected that chitosan codbrgS would behave similarly to PLA.

Third, chitosan powder was initially dissolved iguaous HCI. During the early
formulation attempts (3.2.4.1 Varying pH conditidos adsorption (100nm C-PS)) the

majority of counter-ions (Naand Cl) were generated during the neutralisation reaction
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between excess 0.5M HCI with (2M or 0.1M) NaOH afthitosan was dissolved. It
was therefore proposed that a less concentrated(@dM HCI) would produce less

excess HCI and therefore fewer counterions durkh@@justment.

The presence of a high concentration of counteriorsolution reduces the likelihood
of electrostatic interaction between the polycatiod anionic particle surface (Bauer et
al 1998). Counterions can therefore have the ghuitinterfere with the adsorption of
chitosan to the particle surface by shielding tharges on both the particles and the
chitosan. In fact, chitosan is not soluble at hégltt concentrations (equivalent to 1M
HCI) due to this shielding (or salting out) efféBinaudo et al 1999). This experiment
was designed to reduce the total concentrationred during the chitosan adsorption to

PS.

Hence, 3.5mg chitosan was dissolved in 5.0ml 0.1G4. Afhen, the pH was adjusted as
required with NaOH. The 0.5mg/ml solution was fipahade up to 7.0ml with water.
100nm PS patrticles were diluted from stock suspenas required with 0.5mM citrate
buffer (pH4.5). 3.5ml of the particle suspensionswapetted into 3.5ml chitosan
solution. After one hour some of the suspension WHs readjusted to 6.0 and
supplemented with Mg¢l10.492mM, KCI 4.56mM, CaGl1l.2mM and D-glucose
10mM. NaCl was also supplemented to 122mM aftezutaling the amount produced
from the neutralisation of HCl with NaOH to formetHinal physiological buffer.
Chitosan-free samples followed the same procedure viathout chitosan. The
suspensions were characterised by particle siZdgS) and measuring potential.

Samples were performed in triplicate.
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3.2.5 Preparation of 200nm and 200nm P80-PS

Polysorbate 80 was adsorbed onto the polystyreriglpa in Simulated Nasal Solution
(SNS) and in ratios similar to those suggesteche literature (Kronberg et al 1990;
Tangboriboonrat et al 2003). First, a stock solutod polysorbate 80 (642/ml) was
diluted with SNS to the required concentrationflmmulation. Then the PS suspension
(0.08%w/v [200nm] and 0.05324%w/v [100nm]) was pipe into this solution in a 1:1
ratio whilst agitating to allow homogenisation. Tineixture was rested at room
temperature for 30 minutes to allow adsorption lid surfactant to the polystyrene
surface. Thereafter, particles size angbotential measurements were performed as
described in Section 3.2.3 Nanoparticle Physicoet&nCharacterisation. The particle
size was measured for coated, uncoated particldsf@n321ug/ml polysorbate 80

solution alone.

3.2.6 Preparation of 20nm P80-PS

An estimated adsorption plateau could not be medsiar 20nm nanoparticles (at these
particle concentrations) due to the accuracy limitshe potential instrument used.

Therefore, the polysorbate 80 concentration redquicecoat 20nm PS was calculated
from the adsorption plateau concentration of palyate 80 and relative surface area of

200nm PS. Hence:

Cro=5 Cpop’ g‘:—
00

Where:

C,o= estimated polysorbate 80 concentration requive@dating of 20nm PS (ug/ml)
Coo= polysorbate 80 concentration required for coatihg00Onm PS (134ug/ml)
S,= Relative Surface Area of 20nm particles (3.69%h8/ml)

S0~ Relative Surface Area of 200nm particles (1.16%t8ml)
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Particles were prepared as described previoustyy ®reparation of 200nm and 200nm
P80-PS). Particle concentration was 0.02% w/v aslgsprbate 80 concentration was
2140ug/ml. It was thought, based on the adsorppiateaus of the 200nm P80-PS
particles, that this concentration would achieveximam adsorption of the surfactant
on the particles. This concentration of polysorbeds equivalent to 5 times that needed

to achieve potential adsorption plateau for 200nm particles.

The particle size was also measured for coatedhated particles and for 2140ug/ml

polysorbate 80 solution alone.

3.2.7 Preparation of P80-FCS-PS

Serum proteins from FCS were adsorbed onto theHS® order to investigate the

potential of these proteins to enhance selectofityptake into olfactory cells.

For formulation, P80-PS were prepared as detaitede (Section 3.2.5 Preparation of
100nm and 200nm P80-PS). The coated particle ssgpenvas pipetted into the
required concentration of FCS in a 1:1 ratio arldwad to rest for 30 minutes for
adsorption to take place. All vessels containingP&ere pre-coated with excess FCS
and washed thoroughly. This prevented the adsorati¢-CS to the vessel walls during
formulation steps (Section 3.2.8 Preventing FCS ofpison to Vessels during

Formulation).

The particle size and potential of the suspensions were measured aseb€3a2.3

Nanoparticle Physicochemical Characterisation)addition, the protein content of the

142



supernatant (after centrifugation of the particles)s measured using a Bradford’s

assay. The procedure is described below.

First, the formulated samples were centrifugedda®@0 rpm for 90 minutes which was
sufficient to sediment all the particles. The caorication of the FCS in the supernatent
was determined by Bradford’s protein assay. Thedidra’s Protein Assay was
performed by adding 0.75ml of supernatant to 0.76frBradford’s reagent. This was
allowed to rest at room temperature for 15minuSssnples were prepared in triplicate
and assayed for absorbance by UV spectroscopyQaind@nd 450nm. The procedure

was repeated without particles in order to prodacalibration plot.

In addition, initial data suggested that polysoel@ interfered with the results from the
Bradford’'s Assay. Therefore, a control experimeaswlso preformed to determine the
effect of polysorbate 80 on Bradford Assay. Thiswane by performing the Bradford

Assay on solutions containing varying concentratiohpolysorbate 80.

3.2.8 Preventing FCS Adsorption to Vessels during Formulaon
Loss of FCS from the formulation due to adsorptioncontainer walls could be

misinterpreted as adsorption to particles. Thesgfibiwas necessary to determine extent

of FCS adsorption onto the formulation vesselss@glaals and Eppendorf tubes).

There were three parts to the experiment; firsieahvessels were filled with 1.5ml
92 g/ml FCS in SNS; second, three vessels 1.5migdl FCS that had been pre-
incubated with 10%v/v FCS at 37°C overnight. Prated vessels were thoroughly

washed to remove all excess FCS prior to use;, tthirde vessels were filled with 1.5ml
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FCS-free samples. The same performed on glasstuiaisestigate the adsorption onto

glass as well as plastic. The vials, however, coolcbe centrifuged.

The effect of centrifugation was also investigafed these samples since it was
necessary to investigate whether FCS sedimented thhe solution. A summary of the

samples is listed in Table 3.1.

Table 3.1 Summary of samples used during the invégation of FCS
adsorption to formulation container vessels

Sample Description

Sample A | FCS (glass vial)

Sample B FCS (eppendorf)

Sample C FCS (eppendorf) + centrifuge

Sample D FCS (FCS pre-treated eppendorf)

Sample E FCS + centrifuge (FCS pre-treated eppé&ndor
Sample F SNS (glass vial)

Sample G | SNS (eppendorf)

Sample H | SNS (eppendorf) + centrifuge

Sample | SNS (FCS pre-treated eppendorf)

Sample J SNS + centrifuge (FCS pre-treated epp8ndor

Thereafter, Bradford’s assay was performed on mwisittaken from each vessel to
determine loss of FCS from the solutions (3.2. p&ration of P80-FCS-PS).

3.3 RESULTS

In this section the results are presented in oafighe chapter objectives. Hence, (i)
aqueous phase ionic strength and pH conditions vedtered to investigate the
experimental conditions that were required to ilpréthe adsorption of chitosan onto
PS nanoparticles; (ii) the minimum concentrationbofk phase polysorbate 80 was
determined to enable maximum adsorption of polysert80 to the PS surface; (iii)
attempts were made to establish the existence 8f $&Cum protein adsorption to P80-

PS nanoparticle.
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3.3.1 Formulation Development of C-PS Nanopatrticles

3.3.1.1 Varying pH conditions for Adsorption

It was observed that the pH of each suspensiondifesent after overnight stirring.

This was attributed to the lack of pH bufferingsan the colloids. Therefore, overnight
control of formulation pH was difficult with watedone. The results shown in Table 3.2
therefore report both intended experimental pH danwgs and the actual pH after

overnight stirring.

Table 3.2 shows the relationship between pHjotential and particle diameter of
100nm PS and 100nm C-PS. For uncoated samgletential reduced as pH increased.
Particle diameter did not change with pH. The 10@Bsample showed a negligible
potential at pH3.15 of 0.0£4.8mV whereas the samaplpH6.66 had a potential of
-63.8mV. The low potential at pH3.15 was thought to be an artefathe alternating
current that was applied across the charge staBdikc®lloid in order to measure its
potential. Currents applied across (electricalabsised) colloids may destabilise them
by neutralising the charges on the colloidal satbstby either donating electrons or

removing electrons from the charged surface gratpsthe bulk phase.

The potential measurement artefact was characterised radual increase in

potential from -7.8mV to +5.2mV during the 5 consee measurements of the same
sample. Therefore, the first measurement, -7.8ma4 thhought to be the most reliable
reading for this sample and this was used in furthgcussion. A similar artefact was

observed for the 100nm PS sample at pH4.01 as well.
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A different trend was observed for C-PS. Here,amiilation pH was increased from
pH4.56 to 5.02. potential of the particles remained relatively stamt in the range
+39.1mV to +41.5mV. Repeated sample readings detmated that these potential
measurements were not markedly different. Concartijtaparticle size dramatically
increased from 113nm to 182nm over the pH rangd® 3@ 5.02. potential
measurements were not possible for particles at.981zince the particles had

aggregated and the suspension had visibly destadbili

Table 3.2 The relationship between formulation pH, potential and particle size during adsorption
of chitosan to 100nm PS.

Chitosan pH of sample Intended Diameter (nm)  potential (mV)
present? after overnight formulation pH mean(zPdl) mean(zs.d.)
stirring

100nm PS 3.15 3.0 117+0.029 0.04.8
(-7.8mV)

100nmPS  4.01 4.0 106+0.047 -3.0£35.1
(-44.0mV)

100nm PS 4.56 4.0 104+0.049

100nm PS 5.91 4.0 106+0.030 -63.6+1.9

,100nmPS _ _ 6.66 _ _ _ _ _ 5.0_ _ ____106:0044 _ _ -638:l2 _
100nm C-PS 2.96 3.0 Visibly Not possiblé
aggregated

100nm C-PS 3.80 4.0 113+0.076

100nm C-PS 4.56 4.0 117+0.109 +39.1+0.7

100nm C-PS 4.89 5.0 153+0.056 +39.8+1.1

100nm C-PS 5.02 4.0 182+0.044 +41.5+£1.2

For DLS the mean(xPdl) of thirty (3 second) reading were calculated. For potential the
mean(+s.d.) of 5 readings were calculatediDue to colloidal instability. ® Colloid destabilised during
consecutive measurements ofpotential (first measurement of 5 quoted in parertesis).

3.3.1.2 Evaluating the Effect of Adjusting Aqueous Phasécl8trength
Table 3.3 shows the physicochemical characterisfi)nm, 100nm and 200nm C-PS

before (pH4.5) and after (pH6.0) supplementatiorthwsalts and glucose. Full
physicochemical characterisation was not alway$opmed due to time constraints.
However, the following three observations were mdulst, pH affected particle size

and potential as observed previously (Table 3.2). ldemden pH was increased from
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4.22 to 6.50 for 100nm C-PS, particle size incrdagem 105nm to 267nm and

potential values reduced from +41.6mV to +15.9mV.

Second, it was shown that supplementing the 100AREGand not changing pH) did
not alter its size or potential (Table 3.3). The particle diameter armbtential values
for one sample were 106nm and +42.4+1.4mV befopplsmentation and 105nm and
+41.6+1.2mV after supplementation. In addition, tia@row intra-sample spread of
potential data (given by the standard deviatiorsb[j showed that these potential

measurements had similapotentials.

Finally, adsorption of chitosan was not detectdijeparticle sizing for 100nm C-PS.
The mean particle size of three different samples W08+6nm and 111+5nm for

uncoated and coated samples, respectively (meantesthdeviation).

The particle sizing method showed a larger incrésgt@een uncoated and coated 20nm
particles than for 100nm patrticles. The mean partiameter of three different samples
was 31+3nm and 48+7nm, for uncoated and coatedlsaypspectively (meants.d.).
Hence, the thickness of the adsorbed chitosan layer20nm particles was ([48-
31]/[111-108])=5.7 times larger than that for th®0&am particles. potential
measurements for 20nm particle may have given num®il of the adsorption
behaviour of chitosan onto 20nm PS. However, tlpotential measuring instrument
could not detect sufficient scattering of lightuodertake a reliable reading for these

samples.
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Table 3.3 Physicochemical characteristics of 20nri0Onm and 200nm C-PS patrticles before and after adtbn of supplement.

Before Supplement

After Supplement

Sample pH Particle Diameter eta potential pH Particle Diameter eta potential

(nmzPdl) (mV) (nmzPdl) (mV)
mean(+s.d.) mean(zs.d.)

20nm C-PS 453 48+0.060 - 5.95 141+0.155 -

20nm C-PS 4.31 54+0.500 - 5.92 161+0.010 -

20nm C-PS 4.41 41+0.031 - 6.46 138+0.358 -

20nm PS 4.55 29+0.034 - -

20nm PS 4.52 30+0.027 - -

20nm PS 454 35+£0.071 - -

100nm C-P% | 4.33 106+0.077 +42.4+1.4 4.22 105+0.035 +41.6+1.2

100nm C-PS 4.47 116+0.090 5.92 163+0.080 +30.1+2.0

100nm C-PS 4.41 112+0.084 +40.4+0.8 6.50 267%0.150 +15.9+0.7

100nm PS 4.40 114+0.050 -7.0£1.6 4.21 119+0.015 0231

100nm PS 4.55 104+0.039 -43.7£1.5

100nm PS 4.54 105+0.030 -42.1+2.9 6.53 111+0.030

200nm C-PS 4.53 197+0.019 +44.7+0.6 5.95 276+0.058 +23.2+1.6

200nm C-PS 4.46 200£0.055 +40.6+0.4 6.49 196+0.021 +13.6+1.6

200nm PS 4.68 191+0.022 -61.1+1.1

200nm PS 4.60 202+0.034 -63.7+6.6 6.51 171+0.023

For DLS the mean(£s.d.) of thirty (3 second) readigs were plotted. For potential the mean(zs.d.) of 5 readings were callated. Measurement of potential 20nm
was not possible due to the detection limit of measng instrument.  20nm C-PS particles were statistically larger tharthe uncoated versions (P<0.05 unpaired t-
test).” pH was not adjusted to 6.0 after supplementatiorof this sample.
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3.3.2 100nm and 200nm P80-PS

The adsorption of polysorbate 80 to PS nanopastieies investigated by adding 100nm
and 200nm diameter nanoparticles to polysorbatm &NS. Figure 3.1 and Figure 3.2
show that the particle size did not change notigeéfdr either 2100nm or 200nm PS
particles as polysorbate 80 was increased. As swunfactant was added thepotential

of the 100nm patrticles reduced from -38mV to -20ifFgure 3.1). Initially, small
additions of surfactant screened the particle sarfzharge and therefore caused large
reductions in potential. As more surfactant was added tpetential reached a plateau
at -20mV. At this stage it is possible that notiertpolysorbate 80 could adsorb since it
had become saturated on the particle surface. bisever, was not confirmed as the
adsorption isotherm was not determined. Figure sh@wed that 200nm particles

demonstrated the same adsorption behaviour betwldemv and -25mV.

The adsorption plateau was estimated from the lpabtsorbate 80 concentration
required to reach thepotential plateau. Adsorption plateau was estithage9.8mg/rh
(3.84x10°mol/g) and 23.1mg/f (5.11x10°mol/g) for 100nm and 200nm particles
respectively by using the following equations:

[ Polysorba&80](mg/ ml)
ParticleSufaceAregm? / ml)

EstimatedAisorptior(mg/ m*) =

or

[Polysorbae80](mol/ml)
[ParticleCancentration](g/ml)

EstimatedAsorptior(mol/ g) =
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The adsorption plateau value for 200nm P80-PS wsexd uo calculate the P80
concentration required to coat 20nm PS with polyate 80 (3.2.6 Preparation of 20nm

P80-PS).

These values for estimated adsorption are relgtiiedh compared to the literature
(3.4.2.3 Estimated Adsorption of Polysorbate 8(FliwoSpheres™). Also, up to ~2.4
times more polysorbate 80 adsorbed to 200nm pestithan 100nm particles.
According to the manufacturer, the charge densiafethe different particles were not
the same; 100nm particles had a 1.715cHdboxylate groups/A whereas 200nm
particles had 5.90x1%&arboxylate groups/A Hence, the difference between the values

may have been due to the different surface charfgi®e core particles.

Also, micelles may influence the particle size mlsttion hence the presence of
micelles in the polysorbate 80 solution was inggggd. No micelles were detected by

DLS in polysorbate 80 solution alone (2140ug/ml).

The CMC (Critical Micellar Concentration) for potydate 80 in HBSS buffer (pH7.4)
at 25°C has been measured at 65.5ug/ml (50uM) (kiaret al 1997). In fact, the
diameter of polysorbate 80 micelles has been medsur 50mM phosphate buffer

(pH~7) as ~20nm (Simoes et al 2005).

The concentration of polysorbate 80 in this sampds 321pug/ml. In theory, micelles
should have been detected at these levels butstlikely that they did not scatter
enough light for the DLS detection under the curexperimental conditions. However,

micelles were indirectly detected when 20nm PS paritcles were coated with
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polysorbate 80 as discussed later (3.4.2.1 ThickrufsAdsorption Layer). Indeed,
micelles have been measured by this equipmenteitatboratory before. It is likely that
the polysorbate 80 micelles would be detected byemmsing the laser strength. It was
therefore concluded that these particle size measemts were not considerably

affected by the presence of micelles.

151



300

250

200
£ S
13 E
g
5 150 S
o °
@ o
e
g g

100

50

0 10 20 30 40 50 60 70 80 90 100
Polysorbate 80 ( g/ml)

Figure 3.1 potential and particle size measurements of 100n®80-PS. Measurements were performed in SNS buffepld7.4) as described in Section 3.2.5
Preparation of 100nm and 200nm P80-PS. For DLS thmean(zs.d.) of thirty (3 second) readings were pltad. For potential the mean(s.d.) of 5 readings were
plotted.
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Figure 3.2 potential and particle size measurements of 200nPB0-PS. Measurements were performed in SNS buffepll7.4) as described in Section 3.2.5
Preparation of 100nm and 200nm P80-PS. For DLS thmean(zs.d.) of thirty (3 second) readings were pltad. For potential the mean(zs.d.) of 5 readings were
plotted.
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3.3.3 20nm P80-PS

eta potential measurements were not possible inake of 20nm particles due to their

small size and the limitations of the instrumergdis

Particle diameter was measured at 31nm and 33nroofted and uncoated particles,
respectively. Analysis of the particle size diattibn for each sample (Figure 3.3)

showed that there was little difference betweemthe

Figure 3.3 Radiusmass distributions of 20nm FluoSpheres (red linegnd 20nm FluoSpheres with
Polysorbate 80 (brown line).

The mean particle size in the sample has reduded adiding polysorbate 80 (Figure
3.3). The dispersity of the coated patrticles hae aicreased. These facts are consistent
with the detection of micelles in the colloid whiake smaller than the PS nanoparticles.

However, micelles were not detected in solutiomalo

154



3.3.4 P80-FCS-PS

3.3.4.1 Zeta potential and Particle Size
Figure 3.4 shows the effect of adding FCS to 10080-PS on the potential and

particle size measurementspotential and the particle size did not changdigher

concentrations of FCS were applied to the bulk phdserage potentials remained
constant in the region of -15mV. Average particianteter was ~110nm. Neither
measurement showed any trend. If FCS had adsonedtioe particle surface then it

was not detectable by either of these methods.
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Figure 3.4 eta potential and particle size measurements of 18t P80-FCS-PS. Measurements were performed in SN&iffer as described in Section 3.2.5

Preparation of 100nm and 200nm P80-PS. For DLS thmean(zs.d.) of thirty (3 second) readings were pltad. For potential the mean(xs.d.) of 5 readings were
plotted.
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3.3.4.2 Bradford’s Protein Assay

The particle size and potential data was inconclusive therefore furttiarification of

FCS serum protein adsorption to PS was necessa&@yl (B Zeta potential and Particle
Size). An alternative method to determine FCS agutsnr was used whereby the P80-
FCS-PS nanoparticles were prepared and centrifugedhs expected that some FCS
proteins would not adsorb to the P80-PS. The expestein that remained in the

supernatant after particle sedimentation was diiethtising the Bradford Assay.

Figure 3.5 shows findings from the Bradford Assaythe 100nm P80-PS and control
solutions of polysorbate 80; both series contaimetdeasing concentrations of FCS.
The Bradford’s reagent absorbed more UV light asen®CS was added to the P80-PS
suspensions (or polysorbate 80 solutions). Thiscatdd that the Bradford’'s Assay

could detect increasing amounts of protein at ticeseentrations.

When examining the two curves, however, it appedhad the test samples (with
particles [Figure 3.5 solid line curve]) containegrotein levels that were
indistinguishable from the control samples due ighldata variability. Therefore, it
could not be said that serum proteins from FCSdusbrbed onto the particles. Hence,

construction of an adsorption isotherm was abandlone

Also, it was observed that FCS-free samples (bksarkples) showed absorbance of
0.12+0.003 and 0.08+0.01 for polysorbate 80 salutiad P80-FCS-PS, respectively.
Hence, it was suspected that polysorbate 80 wasacting with the Bradford’'s Assay.

Therefore, a calibration plot was constructed tal@ate the effect of polysorbate 80 on

the Bradford’s Assay. Figure 3.6 shows Bradforéagent absorbed more UV light as
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the concentration of P80 increased. Hence, polgserBO did react with Bradford’'s

reagent at these concentrations.
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Figure 3.5 Absorbance values from centrifuged partile suspensions using Bradford’s Reagent. Solid én100nm P80-FCS-PS with varying amounts of FCS.
Broken line: solutions of polysorbate 80 with varyng amounts of FCS.
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Figure 3.6 The effect of polysorbate 80 on Bradford Assay
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3.3.4.3 FCS Adsorption to Glass- and Plastic- ware

Background levels of absorbance were found for $esnghat contained no initial FCS
(Samples F-J Figure 3.7). All samples that conthiRES showed higher absorbance.

Therefore, protein was detected in the samplesctiratined FCS.

Samples D and E contained the greatest amount sifiua FCS in the solution
compared to samples A, B and C. This showed thatagaon of the adsorption sites on
the inner walls of the Eppendorf tubes with FCS-tpgatment prevented further

adsorption of FCS from the sample.

Also, there was little difference between Samplesnd E which showed that FCS was

not sedimented after centrifugation from solution.

Hence, containers were pre-incubated with FCS dturé studies of FCS adsorption

onto P80-PS nanoparticles.
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Figure 3.7 Qualitative assessment of FCS adsorptido surfaces of glass vials and Eppendorf tubes thavere used during formulation of Polysorbate 80-cated FCS
Surface Carrier Nanoparticles.
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3.4 DISCUSSION
The aim of this Chapter was to develop colloidahogarticle systems that could be

used to investigate the effect of nanoparticle @emand surface character in nasal
transport studies (Chapter 4). A naturally occyrpolysaccharide (chitosan) and a
non-ionic surfactant (polysorbate 80) were choserstirface coating (Chapter 1). An
attempt was also made to adsorb serum proteins tbetd80-PS formulations from
FCS. The adsorbed serum proteins may interact tivtholfactory epithelium to induce

receptor-mediated uptake (Chapter 1).

The aim of this Chapter was met by: (i) changing dlqueous phase ionic strength and
pH conditions to investigate the experimental cbods that were required to improve
the adsorption of chitosan onto PS nanoparticlé$; determine the minimum
concentration of bulk phase polysorbate 80 requioeenable maximum adsorption of
polysorbate 80 to the PS surface; and (iii) deteentihe existence of FCS serum protein

adsorption to P80-PS nanopatrticle.

3.4.1 Interactions between FluoSphere™ Surfaces and Chisan

The application of chitosan onto the PS surfacebesed on the degree of ionisation of
the of the amine groups on the macromolecule wisgoverned by the acidity of the

—NHs" group (pk ~6.3) (Darder et al 2003).

The solubility of chitosan is a major obstacle sirsurface modification of the PS is
best achieved when chitosan is in solution. Vaealalctors that influence chitosan
solubility in aqueous conditions are ionic concatien of the bulk phase (ionic

strength) and pH.
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Previously, there have been attempts by othenx tihé positive charge on the chitosan
by methylating the glucosamine residues. The matagl product, trimethylchitosan, is
aqueous soluble to pH 9 (Kotze et al 1998). Trimlettitosan does not show toxicity in
short term studies (<8 hours) but it is toxic tdsce the longer term (Mao et al 2007).

Therefore, chitosan was not modified in the curveork.

Without methylation, chitosan is not soluble ab@i46.5 or in high ionic strength
solutions (Li et al 2006; An & Dultz 2007). Temptenae, degree of N-group acetylation
and distribution of acetyl groups along the chaia also known as solubility factors
(Rinaudo 2006). The pH and ionic strength of theeagis phase were variables and the

other factors were controlled factors in the workgented here.

3.4.1.1 Effect of pH on Chitosan Adsorption

Chitosan is soluble at acidic pH due to protonatbrhe glucosamine residues. For a
highly deacetylated chitosan (~90%) at least 50%-giroups need to be protonated to
dissolve it in aqueous conditions (Rinaudo et &A9Therefore, solubility increases as

pH reduces.

In contrast, carboxylated PS nanoparticles hav&agb ~2.5 (Norris & Sinko 1997)
therefore the carboxylate groups protonate at lddv YWhen a certain number of
carboxyl groups are deionised the attractive hyldobgc-hydrophobic interactions
overcome the negative-negative charge repulsiorteforbetween particles. The

polystyrene particles will thus agglomerate beldiv5.
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Consequently a suitable pH was required for théoshn-coating of carboxylated PS
nanoparticles. An appropriate pH condition was thva allowed both a stable particle

suspension and suitable chitosan protonation feorgdion.

One of the objectives of this Chapter was to fihe ptimal pH conditions for
adsorption of chitosan from the bulk phase onto R surface. Uncoated particles
showed little difference in particle size over ihid range 3.15-6.70 since the PS was
suitably charged to enable electrostatic stabiisadf the particles at this pH. This was
reflected in the potential measurements over this range which wasnV to -63.8mV

(Table 3.2).

In contrast, the potential of the chitosan-coated system was pejticharged owing
to the charged glucosamine units that were notaotag with the surface carboxylate
groups (An & Dultz 2007). The charge (~+40mV) wasowgh to form a stable

suspension by electrostatic repulsion.

In addition, for these particles, a range of clatosoating thicknesses were observed
from 3.5nm (pH3.80) to 38nm (pH5.02). The part&iee observations can be related to
either of two hypotheses. First, the widely accepteop-train-tail’ theory of
polycationic adsorption to anionic surfaces (Brd®&99); and second, an alternative
hypothesis which suggests that the adsorption lafyehitosan could grow as a result of
better chitosan segment-segment interactions aplotonation (Darder et al 2003; An

& Dultz 2007).
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According to the first explanation, as pH increasetiitosan segment-segment
interactions were more favourable as increasing beus of glucosamine groups
became deprotonated on the chitosan molecule.dii@u, segment-water interactions
also became less favourable as the charge neattabéong the polyelectrolyte.
Concurrently, the number of strong electrostatichan points decreased and some
segments were replaced by adsorbing ions from tifle dmlution. In total, this lead to
longer loops, a more flexible chitosan backboneyrteln trains and shorter tails;
therefore the coating layer may have become momgpaot and more extended from

the surface (Figure 3.8).

Indeed, direct measurements of fluorescently labethitosan adsorption onto DOPC
(1,2-Dioleoyl-sn-glycero-3-phosphocholine) lipos@rshowed that more chitosan was

adsorbed onto the liposomes at pH6.0 compared 84ptuemeneur et al 2007).

ot e Pe e A
\+ * /+D+—>/-T- -

Higher pH t/_
T

Figure 3.8 Schematic describing the influence of pldn adsorption of chitosan to PS according to the
loop-train-tail hypothesis.
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In addition, the distance between glucosamine mamoumits within chitosan was
computationally calculated as 9.839A. The theoabtiength of a single linear chitosan
molecule of 143kDa is 6047.0A (604.7nm). Therefdr@ne chitosan molecule forms
one loop (with negligible trains and no tails) thewould have only two anchor points

and a maximum layer thickness of 302.4nm.

Since single carboxylate and charged glucosamints umeract in 1:1 ratio (both
monovalent charges), it can be said that the nurabanchor points (Anch) (charged
glucosamine units interacting with carboxylate grgluand chitosan layer thickness can
be related by the following equation:

604.7nm
Anct

LayerThickesgnm) =
Thus, a 38nm coat would require 16 anchor pointsaaB.5nm coat would require 173
anchor points; hence there would be (173/16=) fitlh®s more anchor points at pH5.02

than pH3.80.

In theory, however, there al®®°* *% =166 times more charged glucosamine units at
pH5.02 compared to pH3.80. Therefore, the numbemachor points was less than the
theoretical maximum (i.e. coated layer should ha&en thinner). The difference could
be attributed to: i) presence of tails which weog¢ accounted for in the calculation; ii)
steric hindrance of anchorage (from other chitaserecules) (An & Dultz 2007); or,
iii) >1 electrostatic interactions per anchoragmg trains) (Quemeneur et al 2007). In
addition, it has been shown previously that notsaliface groups are electrostatically
coupled by charged glucosamine units. Quemegeat. found up to 40% of charged

groups on the chitosan molecule were involved ettebstatic surface interaction to
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DOPC liposomes (Quemeneur et al 2008). This colsld account for low anchorage.

There was, nevertheless, an increase similar td waa expected.

The second hypothesis that could explain the engstef larger particles at lower pH is
one where chitosan forms double or triple layeasiad the particles (Darder et al 2003;
An & Dultz 2007). The authors of these studies wiad offer and explanation for the
mechanism of chitosan layer formation around negbticharged particles. However,
(in my interpretation) the chitosan became lessomated as the pH was changed from
4.5 to 6.0. The reduced chitosan protonation (dsasethe addition of electrolytes into
the suspension to create the physiological bufdediions) meant that the numbers of
positive charges on the chitosan had reduced opdbitive charged —N#i units were
shielded. This favoured chitosan segment-segmenidrdphobic-hydrophobic)
interactions (Philippova et al 2001). Thereforee tbhitosan from solution could
aggregate around the particle to form double andsipty triple layers. This
explanation, however, remains questionable as skt later (3.4.1.4 Chitosan

Adsorption and Surface Curvature).

3.4.1.2 Effect of Excess Chitosan in Suspension

Excess chitosan was not removed from the bulk moiuince it is required for the

stability of the particle suspension (Brooking €2@01). The requirement for excess
polycation in solution to provide stabilisation cae explained thus; the increased
competition for particle surface adsorption sitégew chitosan is in excess could lead to
the formation of longer loops and tails and themefto a greater steric stabilisation
component (Bauer et al 1998). To confirm this tog C-PS system, physicochemical

analysis of a series of samples with increasingceotmations of chitosan would be
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necessary. This work, however, was not undertakese st was deemed to be beyond

the scope of this project.

3.4.1.3 Chitosan Adsorption and pH Control

Since thickness of the chitosan coating was deperatethe pH of the agueous phase.
Small pH increments had marked affect on coatingrliahickness (Table 3.2 and
3.4.1.1 Effect of pH on Chitosan Adsorption). THere, tight control of the aqueous

phase pH with use of pH buffer was required.

A citrate buffer was chosen for this purpose. Isw@ore suitable than SNS (phosphate)
buffer which was previously employed in ChaptePBosphate buffer (pK7.2) is not
optimal for use at pH4.5 since the ability of afeuto stabilise pH is optimal within 1
pH scale of its pK Citrate buffer (pK 4.76, 6.40) was therefore chosen for future

experiments with chitosan (Table 3.4).

Table 3.4 pKa values for different buffers at 25°CBuffers are most effective when required buffer
pH is +1pH scale of one of the pKa values.

Buffer pks (at 25°C)

Citrate 3.13 (pK1)
4.76 (pka 2)
6.40 (pkKa 3)

Phosphate 2.15 (pK)

7.20 (pKa 2)
12.33 (pk: 3)

The key advantage of citrate buffer is that thegaih stabilise pH at both 4.5 and 6.0
since it has three pKvalues resulting from different protonable carbaky groups.
Therefore, the same buffer can be used for therptigo of chitosan at pH4.5 as well as

undertaking transport studies at the more physicédly acceptable pH6.0.
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3.4.1.4 Chitosan Adsorption and Surface Curvature

DLS showed that coating layer thickness was mebkuréor 20nm and 100nm
particles, whereas, it was undetectable for 200rartiges ([pH4.5] chitosan 98%

ionised). As the particles became smaller the lizbe coating layer became thicker.

It is widely accepted that chitosan adsorbs withladter conformation at higher
protonation due to: (i) greater opportunity to foretectrostatic coupling with a
negatively charged surface; and (ii) the increasgdity of the chitosan backbone from
intra-molecular charge repulsion reduces the gbdftchitosan to form loops (3.4.1.1
Effect of pH on Chitosan Adsorption and (ClaessorN&ham 1992; Breen 1999;

Mazeau et al 2000; Quemeneur et al 2008) ).

The particle curvature was increased when the P&earticle diameter was changed
from 200nm to 100nm. However, this increase in atuxe was not sufficient to
increase the thickness of the adsorption layer gpeat extent. Some loops may have
formed due to electrostatic anchorage of the cartasolecule to the PS surface (Figure
3.9) though this was probably minimal due to thgedity of the chitosan molecule as

discussed above.

When particle diameter was reduced further to 20t curvature of the particle was
increased sufficiently for the chitosan adsorpti@haviour to change. Hence, for 20nm
diameter PS nanoparticles particles the long tady interact with other particles to
form compact floc structures that were limited ipesby the length of the polycation (
(Breen 1999)and Figure 3.9). These small floccalatauld explain why there was such

a large increase in particle size with the 20nntigias.
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Adsorbed chitosan

200nm PS Surface

20nm PS Surface

Figure 3.9 Theoretical representation of adsorptiorof chitosan to varying sizes of PS nanopatrticles.
Smaller particles had larger curvature but less chege density. Arrows indicate relative coating
layer thickness.

In addition, according to the manufacturer of ti& garticles, the charge density of the
particles increased from 0.0171carboxylate groupsfdr 20nm particles, to
0.0363carboxylate groupsiAor 100nm particles, and 0.0590carboxylate grokpsr
200nm particles. This provided greater opporturidy adsorption onto the larger
particles and therefore increasing anchorage ferldinger particles. This could also
have contributed to increasing chitosan anchoragetlaerefore reducing the chitosan

layer thickness on the larger particles.

Regarding surface charge density of the PS andaftowm of chitosan layers around the
particle - it would be expected that more chitogseuld aggregate in layers around the
larger, highly charged 200nm patrticles than thedesharged 20nm particles. However,
this was not observed so the observation that 28amticles formed the largest coating
layer seems incompatible with the chitosan layehygothesis (3.4.1.1 Effect of pH on

Chitosan Adsorption).
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Hence, it was likely that tail and loop lengthsremsed as the particle diameter reduced
to 20nm which was interpreted as either: i) a t@icgarticle coating layer; or ii) (for
20nm particles) the formation of small flocculatégh a discrete size determined by the

MW of the chitosan (Table 3.3 and Figure 3.9).

3.4.1.5 Chitosan Adsorption and Aqueous Phase lonic Strengt

Once particles were chitosan-coated the suspensi@is supplemented with the
remaining salts and glucose to form a physiologycatceptable buffer which was

necessary for olfactory tissue survival in the hasasport studies (Chapter 4).

It was inferred from Table 3.3 that the bulk saatipH had a stronger influence on
adsorbed layer thickness than addition of salts gindose. The three 100nm C-PS
samples helped to make the distinction. One saifi@ble 3.3(c)) was kept at pH4.5
and supplemented. This sample showed that chitl@sen thickness did not increase
after the supplementing. On the other hand, therdtko 100nm C-PS samples showed

a size increase when pH was increased to 6.0 gplesnents were added.

This related well with current understanding; forample, Philippovaet al. (2001)
found that 250g/ml chitosan solution did not aggregate in acetaidfer (0.3M
CH3;COOH/0.2M CHCOONa) pH4.58. If aggregation of chitosan molecwess
observed in this study then it could be said treatoparticles with adsorbed chitosan
would also aggregate. At pH4.58 the chitosan wés Bfhised and the ionic strength of
this buffer was 200mM (Philippova et al 2001). Taeic strength used in Phillipova’s
study was higher than that of the citrate buffexdus this work after supplementation
(122mM). Therefore, ionic shielding of charges be thitosan was not expected to

cause aggregation of the particles after suppleatientin the current work.
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Hence, it was important to control the aqueous renment during the adsorption
process itself in order to control the adsorptiacpss for reproducibility. lonic
strength and low pH are important factors (Henmkse al 1997). Henriksent al.

(1997) found that high cationic charge on the dato(low pH) and low ionic shielding
of the cationic and surface charges produced manthaaage points per chitosan
molecule for chitosan adsorption to liposomes. éatjean ionic strength as low as
10mM was seen to increase the diameter of the sdmtgcoated liposomes. This
indicated that that a much lower ionic strength diton would be necessary for
chitosan adsorption. Hence, a low concentratiogitohte buffer 0.5mM and low pH

conditions (pH4.5) were used to control the iniidkorption step.

3.4.1.6 Other factors Influencing Chitosan Adsorption taf&ces

A biphasic adsorption of chitosan to the PS surfemgld also be possible. Such an
adsorption behaviour has been demonstrated onneiagral montmorillonite at 25°C

(An & Dultz 2007). For this material, there was iaitial fast electrostatic adsorption
within 30 minutes followed by a slower adsorptiohigh was thought to be driven by a
rearrangement of chitosan segments by Brownianamadt the surface of the clay
material. The slow rearrangement continued untiinagl conformation of the chitosan
molecules were achieved with respect to intra- snter- molecular forces between
chitosan molecules and the particles surface antioseim molecules between
themselves. An & Dultz (2007) thought that thisrraagement uncovered previously
uncoupled adsorption sites. Hence, the longer ratigactive force between bulk phase

chitosan and uncovered surface charge comparedistorion sites sterically hindered
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by uncharged chitosan molecule segments may thime dine adsorption of more

chitosan.

For montmorillonite the secondary phase did ndviks until approximately 80 hours
after initial adsorption (An & Dultz 2007). Most m&urements in the current work were
taken after 1 hour of the initial adsorption; tHere, incomplete chitosan rearrangement

could have contributed to some variation in thegaesented here.

3.4.2 Interactions between FluoSphere™ Surfaces and Polysate 80

Polysorbate 80 has been primarily used in drugveeji as a surfactant coating for
nanoparticles across the blood-brain endotheliunafder 1). It is regarded as safe as a
formulation excipient and, unlike chitosan, adsortis surfaces with minimal

manipulation of the bulk phase (Kreuter 2001).

Little is known, however, about the interactionvbe¢n polysorbate 80 and polystyrene
in aqueous conditions. For example, no adsorpsotherm information is available.
Nevertheless, since the surfactant is non-ionieyas anticipated that the adsorption
process would be driven by hydrophobic interactibatveen the PS surface and the
oleic acid residue of the polysorbate 80. Therefordike with chitosan) electrostatic
shielding of the polysorbate 80 by salts and pHddwns of the aqueous phase were

less important variables to control.

The main formulation problem was to limit the exxesnount of polysorbate 80 in the
bulk solution after adsorption to the polystyreriexcess surfactant could have
interfered with nanoparticle transport, or lackréwd, through the olfactory epithelium

during transport studies. For example, the polys@b80 may interact with the
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phospholipid membrane (possibly by membrane soatibn) and allow the

nanoparticles to pass into cells by a route thay mat be possible with less excess
surfactant. With little excess surfactant thesecff are less likely to occur and thus a
greater certainty of interpretation can be placedother mechanisms of nanoparticle
transport into the epithelium. The following seatidiscusses the extent of polysorbate

80 adsorption onto PS and the factors that inflaghe adsorption behaviour.

3.4.2.1 Thickness of Adsorption Layer

The adsorption behaviour of polysorbate 80 ontoMaS characterised by particle size

analysis (light scattering) andootential measurements.

Particle size was unable to clearly indicate thesence of the adsorbed layer. It is likely
that the surfactant layer was very thin since & bharelatively small molecular weight
(MW 1310). Nevertheless, the adsorption layer théds of polysorbate 80 to
polystyrene particles has been measured previcas|g.9nm by PCS (Muller et al
1992). This value, however, was larger than themkepredictions of coating layer

thickness as discussed below.

For instance, it is widely held through investigas of a variety of PEG-containing
surfactants on polystyrene nanoparticles, thatimgdbayer thickness increases with
PEG chain length (Stuart et al 1984; Li et al 1994jmans et al 1994). In fact, a
previous study has correlated the thickness oatsorbed layer to the chain length of
PEG units in each copolymer molecule (lllum et@87). It can be estimated from such
analysis that polysorbate 80, a 20 PEG unit copetymith an average PEG chain

length of 7 PEG units, should have an adsorbed thyekness of ~0.875nm.
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It was also found that the hydrodynamic layer thieds was related to twice the radius
of gyration for each copolymer (Stolnik et al 199¥he radius of gyration is defined as
a length representing the distance between thet pdiout which rotation of a body
occurs (the axis of rotation) and the point at Whilse body mass is distributed at its
maximum effect. Information about the radius ofajion, however, is not available for
polysorbate 80. But a relationship exists betwe&® Rchain length and radius of
gyration. Therefore, a value for radius of gyratican be estimated from the
homopolymers containing the same amount chain heafyPEG monomer units (Li et
al 1994). Hence, twice radius of gyration for a Pl@Bnopolymer with chain length of

7 units is ~1nm which is in good agreement witarfilet al(1987).

Finally, a mathematical model based on the DLViidias estimated that Triton X-
100 (a 10-mer PEG copolymer; MW647) would produdsoaption layer of 0.8nm

(Romero-Cano et al 1998).

Nevertheless, the diameter of the 20nm PS nanolesrtappeared to reduce by ~2nm
after addition of polysorbate 80 to the colloidgiiie 3.3). The dispersity of the 20nm
P80-PS nanopatrticles also increased compared tm E¥. These facts are consistent
with the detection of polysorbate 80 micelles ia tiolloidal mixture. Indeed, it would
be expected that micelles did appear in the mixsimee the CMC (Critical Micellar
Concentration) for polysorbate 80 in HBSS buffad{p4) at 25°C has been measured
at 65.5pg/ml (50uM) (Nerurkar et al 1997). Alsog tdiameter of polysorbate 80

micelles has been measured in 50mM phosphate Hpl#er7) as ~20nm (Simoes et al
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2005) which is consistent with the findings madeeh&nce these micelles are smaller

than the [nominal] 20nm PS nanoparticles.

Hence, it was not possible to determine the thisknéor even existence) of the
polysorbate 80 layer on the 20nm P80-PS nanopesticting DLS. It was also difficult
to make this distinction for 200nm and 200nm P80{Pigure 3.1 and Figure 3.2).
Therefore, a firm conclusion regarding polysorkedsorption layer thickness could not

be made.

3.4.2.2 The Influence of Adsorption orPotential

There was decrease inpotential from -38mV (uncoated) to -20mV (fullyated) for
100nm particles and similarly from -41mV and -25r 200nm particles (Figure
3.1and Figure 3.2). Values fompotential reduced as more copolymer was applig¢deo
particle surface as a consequence of shear plavemamt away from the particle
surface. Thus, the coating layer protected pathefdiffuse layer against displacement
by shear as more surfactant was applied. For ssndihctants, however, the distance
that the shear plane can move away from the suifadenited by the size of the
surfactant molecule. Therefore, since polysorb8téas a small chain length, a residual
negative potential remained after maximum adsorption washed for polysorbate 80

to PS patrticles (adsorption plateau Figure 3.1FRgdre 3.2).

Furthermore, the differences inpotential for uncoated particles were probably tue
the differences in their inherent surface chargesiies. According to the manufacturer,
the charge densities for the different particlesent 71x1Gcarboxylate groups/Afor

100nm particles and 5.90x¥€arboxylate groups/Afor 200nm particles. Therefore, the
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larger particles had a greater initial surface gbavhich was measured as a larger

potential.

3.4.2.3 Estimated Adsorption of Polysorbate 80 to FluoSph&f
The estimated adsorption values were 3.84xidl/g and 5.11x1¢mol/g for 100nm

and 200nm particles, respectively. These estimagzs unrealistically high in relation
to adsorption of other low molecular weight noniorsurfactants to polystyrene
surfaces. For example, Triton X-100 (a 10-mer PE@otymer) and hepta-ethylene
glycol monon-dodecyl ether (a 7-mer PEG copolymer) had speaifisorption values
of 1.0x10°mol/g and 1.3x18mol/g, respectively, for ~150nm PS particles. These
values are up to 50 times lower than those estiage potential here (Zhao & Brown

1996).

The high values found here were probably due toinlié&ect method of obtaining
maximal adsorption values throughpotential measurements. It was assumed in the
calculations for estimated adsorption that all pwdy molecules in solution had
adsorbed to the particle surface. However, somgpal may have remained in solution
since the adsorption process is governed by theynawdic equilibria. Therefore, the

values obtained throughpotential measurements were likely to be high.

3.4.3 Adsorption of FCS to 100nm P80-PS

FCS is a complex mixture of plasma proteins ancerothiological molecules. FCS
contains components such as ApoE which, if adsorbgarticle surfaces, can promote
interaction of the particle with cells (Kreuter 200The presence of polysorbate 80 on

the particles modifies the adsorption pattern aluse proteins so that the particle
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surface becomes enriched with Apo E (Muller et@82, Goppert & Muller 2005). This
serum protein adsorption modifying behaviour ofygorbate 80 was consistent with
PBCA, PMMA and solid lipid nanoparticle colloidaulsstrates; therefore, it was
thought that PS nanoparticles would also demomstiia¢ same effect. potential,
particle sizing and the Bradford Protein Assay wesed to detect the presence of

adsorbed protein to the particle surface.

Figure 3.4 shows there was no trend ipotential or the particle size when FCS was
added to 100nm P80-PS (Figure 3.1). Neither pammséibwed any trends. If FCS had
adsorbed onto the particle surface then it wasiatdctable by either of these methods.
It was unclear why the potential did not change as expected since chamges
potential have been demonstrated with serum adsorgb other PEG-containing
surfactant coated PS systems (Illlum et al 1987)in&rease of sampling numbers could

have made the findings more conclusive.

Alternatively, FCS proteins may not have adsorbdthtaoever. This is, however,
unlikely since a variety of plasma proteins havevjpusly been identified to adsorb
onto both uncoated polystyrene particles and pyplgae particles coated with PEG

containing surfactants (Luck et al 1997; Stolnilake2001).

Further clarification was necessary since the gartsize and potential data was
inconclusive. An attempt was made to detect théepralirectly with use of Bradford’s
protein assay (Zor & Seliger 1996). This method peeviously been shown to detect

levels of 0.2g/ml Bovine Serum Albumin. The lowest concentrataFCS used to
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coat particles here was 4@ml. Therefore, this assay was deemed suitabévatuate

FCS adsorption to the particles as described here.

Figure 3.5 shows that more protein was detectedas FCS was added to the particle
suspensions. On average there always appeared tendse FCS remaining in
supernatants of the control solutions that conthime particles. But it was difficult to
detect whether FCS was adsorbed onto the partitlesto the variability of the data.
Since the use of Bradford’s Assay at these levassgreviously been reported (Zor &
Seliger 1996) it may have been that this was atdimoin of the accuracy of the

spectrophotometer.

However, it was more likely that the proportionsefrum protein that adsorbed from the
FCS to the nanoparticle surface may have been b#hewdetectable range of the
Bradford’'s Assay. In fact, Apo E is only thoughtdonstitute 0.005%w/v (46ug/ml) of

total FCS content (Goppert & Muller 2005). On thasis, the concentration of Apo E at
the lowest dilution was 0.92ng/ml. Therefore, theslof Apo E from FCS may not have

been detected by Bradford’s assay at the lowestdildf&on used for formulation.

In addition, the polysorbate 80 had also reactatl tie Bradford's Assay. Figure 3.5
demonstrates this since there was a differencédosiorbance values between samples
that contained no FCS. The relationship was comfirrawvhen absorbance correlated
with increasing concentrations of polysorbate 8@otution (Figure 3.6). This was not
expected since the manufacturer's literature foadBird’'s Reagent states that
concentrations of polysorbate 80 below 663ug/miuhmot interfere with the results

obtained by Bradford’'s reagent (Sigma-Aldrich 2008)e concentration of polysorbate
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80 used during the FCS adsorption study was belosvthreshold (107ug/ml). The

interaction of polysorbate 80 and Bradford's reagenhese low levels could, therefore,
have resulted from the cumulative effects of butfemponents and surfactant. Future
studies could use an alternative method, such asl@frophoresis, as used previously
(Blunk et al 1993; Luck et al 1998). However, ther@s not enough time remaining to

undertake these studies.
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3.5 CONCLUSIONS
PS particle of varying sizes were coated with eitlohitosan (143kDa, 89%

deacetylated) or polysorbate 80 (1310MW). Chitdsas mucoadhesive properties and
polysorbate 80 has previously been shown to impiuasticle delivery to the brain.

Both are deemed as biologically safe materialsi$erin this respect.

For chitosan adsorption to PS, the pH and ioniengtth can markedly affect the final
diameter of the coated particle. Therefore, cohitrgplthese factors during adsorption
was important. A low ionic strength citrate buffer5smM) allowed control of pH at 4.5
and at 6.0 which corresponded to the adsorption sumplementing steps during

formulation, respectively.

In general, the thickness of the chitosan coataygi increased with increasing pH.
This was attributed to the deprotonation of glucasis& units on the chitosan at higher
pH and the subsequent decoupling of glucosaminseggtate electrostatic bonds
between the chitosan and the particle surface. Wernative hypothesis was also
considered that suggested a layered chitosan steuatound the core PS particle. This
arrangement, however, was deemed less likely tarosmce the 200nm diameter
particles had a greater surface charge and a thaii@san adsorption layer compared

to 200nm patrticles.

Also, the surface curvature of the particle mayehdéeen an important factor for
chitosan adsorption behaviour since the coatingrl@lyickness increased with smaller

particles. This could have resulted from the ingbof the chitosan molecules to form
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loops and trains due to the high rigidity of that@ban backbone particularly when
highly charged at low pH. This could even have leachultiple particle anchorage onto
a single chitosan molecule which could have bednctied as flocculates with a size

defined by the length of the chitosan molecule.

The inherent particle surface charge density, hewewas less for smaller sized
particles and so the thicker coat could merely Hzeen a result of less opportunity for
chitosan-particle interactions. Therefore the dffed particle size on chitosan

adsorption behaviour remains unclear.

In the P80-PS colloidal systempotential values became smaller as more polyserbat
80 was added to the particles. This was a conseguainshear plane movement away

from the particle surface as more non-ionic sudactvas adsorbed.

The adsorption of polysorbate 80 to PS was estunbie potential for 200nm and
200nm particles as 9.8mgfrand 23.1mg/M respectively. But these values were up to
x50 higher than what was expected from the liteeatuhich was probably due to the

indirect nature of potential as a measure of adsorption.

Unlike with chitosan, however, particle size chagere not reliably detected for the
P80-PS colloid. This was probably a result of tmeak size of the surfactant in
comparison to the chitosan molecule. A greater gsamypmber may have improved the

variability of the measurements.
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Finally, FCS was used to overcoat the P80-PS. Tégepce of FCS was hypothesised
to improve selective uptake of particles into difag neurones due to the presence of
binding ligands such as Apo E. The FCS adsorptioR80-PS could not be confirmed
using a variety of methods (including potential, particle sizing and [Bradford’s]
protein assay). The literature, however, was ctarsisn stating that serum proteins do
adsorb onto PEG-containing surfactant-coated PSpaaticles. Therefore, it was
thought that a low degree of FCS serum proteingaesorbed to the P80-PS particles.

Future confirmation could come from the use of ZDejectrophoresis.

The PS, C-PS, P80-PS and FCS-P80-PS nanopartideabsystems were applied to

olfactory epithelidan vitro andin vivoas described in Chapter 4.
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4. DIRECT NOSE-TO-BRAIN NANOPARTICLE TRANSPORT STUDIES

4.1 INTRODUCTION

A number of studies have demonstrated the abilitgroall molecular weight drugs,
peptides and nanoparticles to appear in the olfacteystem after intranasal
administration (Chapter 1). The aim of this chapseto investigate the fundamental
mechanism involved in the transport of nanoparicigo the olfactory system in both
thein vitro porcine (Chapter 2) anid vivo murine animal models. The possible toxic
effects of the nanoparticles on the olfactory egithwere also investigated. A number
of colloidal formulations, which differed in nanopiale diameter and surface

characteristics, were developed for applicatiothése models (Chapter 3).

Two types of biological models were used to undkertdnis investigation. First, an
vitro approach was adapted using porcine olfactory elpitm mounted onto the
vertical Franz diffusion cell. Thig vitro model allows a detailed investigation of: (i)
the time-related movement of nanoparticles acrbssaifactory epithelium; and (ii)
interaction between the test formulation and madititsue. In addition, it permits strict
control of physiological conditions such as pH, pemature and oxygenation. These
conditions may affect the viability of the olfacyoepithelium and/or stability of the

colloids applied to the system.

The second adapted approach used a mausavo model. In this investigation
nanoparticle test formulations were placed direatlp the nasal cavity of mice. The
olfactory system was later histologically examineddetermine the location of the

applied nanoparticles. Advantages of usingvivo models compared to the vertical
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Franz diffusion chamber were that: (i) transport pafrticles beyond the olfactory
epithelium could be evaluated; (ii) the model haddhe formulation in a more realistic
way (e.g. formulation can clear away from the nasaiity or formulation may not be
accessible to different regions of the nasal cayv{iiy) the movement of particles in the
olfactory system could be evaluated over longeroper and (iv) the procedure was
simpler (e.g. the animal is alive during the exmemts therefore it is not necessary to

measure the viability of the tissue).

4.2 TRANSPORT STUDY USING THE FRANZ DIFFUSION CELL

The aim of this study was to use fluorescence mapy and fluorescence
spectroscopy to compare the ability of nanopasiclef different sizes and surface
characteristics, to transport through excised tdifgcepithelia in the nasal cavity using
thein vitro vertical Franz diffusion cell model. For this irstigation the procedures for
measuring tissue viability (R PD, k. and Alamar Blue™ tests) and dissection method

to extract the olfactory epithelium from pigs aesdribed in Chapter 2.

4.2.1 Materials and Methods

4.2.1.1 Materials

Bright Cryo-M-Bed cryomountant was obtained fromigBt Instrument Co. Ltd.
Huntingdon, UK. Glycerol jelly mounting medium wasepared (by dissolving 10g
gelatine [Sigma, Gillingham, UK] in 60ml water an@ml glycerol [Sigma, Gillingham,
UK]) and stored at 2-8°C. All other materials wenrirced and prepared as described in

Chapters 2 and 3.
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4.2.1.2 Transport Study Protocol

Domestic pigs dirca 6 months old) were slaughtered by exsanguinatios offactory
epithelium dissected, transported on ice in coltfeoueither SNS (pH7.4) or 0.5mM
citrate (pH6.0) buffer depending on the test foratioh requirements) and loaded onto

the diffusion chamber apparatus within approximatgle houpost mortem

After a 30 minute electrophysiological equilibratiperiod (during which R PD and
Isc measurements were taken) a suitable volume ofm#r®particle-containing test
formulation was placed into the donor chamber teat® a suspension containing

4.55x10%articles/ml.

Thereatfter, 200ul aliquots were withdrawn from taeeiver side every 10 minutes (for
90 minutes) into a 96 well microtitre plate. Theawer chamber sample volume was
replaced with the appropriate pre-warmed and psgemated buffer. The aliquots were

later quantified for nanoparticles using fluoreszen

Finally, R,, PD and 4. measurements were taken for another 30 minuterdefo
dismounting the tissue. Three 3mm diameter circpiaces of epithelium were cut out
from the dismounted tissue using a cork borer. @&iger, the Alamar Blue™ viability

test was immediately performed on these circulecgs of tissue.

For test formulations, two different types of Flpb®res™ were used for the three
different colloidal systems in this study. PS an®& nanoparticles contained a yellow-
green fluorescent dye with excitation and emisgilBr/Em) maxima of 505nm and

515nm (505/515), respectively. P80-PS nanopartehesipsulated a red fluorescent dye

Ex/Em 580/605. The change of core particles wasenmt@dmprove the visualisation of
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the nanoparticles in the tissue samples. Red fhoerg nanoparticles were easier to
distinguish from the natural autofluorescent baokgd signal in fluorescent images
since, unlike the yellow-green nanoparticles, tbeynot fluoresce in the same spectral
region. According to the manufacturer's batch dpeations the differences between
size and surface characteristics of the red andbweaireen nanoparticles were
considered negligible. Therefore, the differentecparticle composition was considered
not to have influenced the ability of the nanomdes to transport through the tissue in

any measurable way.

Finally, in order to investigate the effects oftolsan or polysorbate 80 in the absence of
nanoparticles, control samples of chitosan solufidbug/ml) in 0.5mM citrate buffer
(pH6.0) or polysorbate 80 solution (137.5ug/ml) 8NS buffer (pH7.4) were

investigated in the same way as described above.

The concentration of each of these control solgtisras approximately the highest
theoretical concentration of chitosan or polysael® to which the olfactory epithelia
was exposed during the nanoparticle transport esudior example, 20nm P80-PS was
formulated with 2140ug/ml polysorbate 80. After utibn of the 20nm P80-PS
formulation for the transport study the actual eortcation of polysorbate 80 in the
donor side of diffusion chamber was 6.4ug/ml (TaHdld). Hence, the highest
concentration of either chitosan or polysorbatef@ihd in the nanoparticle transport
studies was equivalent to that found in the 200rPSCor 200nm P80-PS samples since

they required the least dilution (Table 4.1).
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Table 4.1 Concentration of formulated particles and-esultant concentrations of chitosan

or polysorbate 80 in donor chambers during transpor studies

Nominal Formulated Donor Chamber Donor Chamber

Particle Concentration Chitosan Polysorbate 80

Diameter (particles/ml) Content Content

(nm)

Control 125pug/mi 137.5ug/ml

solutions (0.87pM)* (105pM)

20 1.51x16° 0.75pg/ml 6.4pg/ml
(0.005uM) (4.9uM)

100 2.91x18" 39.1pg/ml 8.4pg/ml
(0.27uM) (6.4uM)

200 9.59x1¢ 119ug/ml 127.4ug/m|
(0.83uM)* (97mM)

* T concentration of control solutions was approximatly equal to the highest
concentration of either chitosan or polysorbate 8 the other samples

4.2.1.3 Test Formulations

20nm, 100nm or 200nm PS nanopatrticles (surface fraddwith either chitosan

(pH6.0) or polysorbate 80 (pH7.4) (Chapter 3)) waeed in the transport studies.
Uncoated versions were also investigated inordexotapare the effect of the surface
coatings. SNS buffer and 0.5mM pH6.0 citrate buffere used as control solutions,
with and without 300mM sodium azide, to compare #ffects of each of these
solutions on the tissue. In addition, 100nm C-P&oparticles were also formulated at
pH4.5 in order to investigate the relationship kedw pH and mucoadhesion in relation

to the C-PS system.

Procurement of pigs was halted nationally by thigdbr Government during part of this
study due to an outbreak of foot-and-mouth diseaseanimals. Therefore,

P80-FCS-PS nanopatrticles could not be investigaset) the diffusion chamber model.

4.2.1.4 Spectrofluorometry

The 200uL aliquots, taken during the transport wtindm the receiver chamber, were

analysed for nanoparticles using a spectrofluoremétellow-green or red fluorescent
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nanoparticles were detected at ExX’Em 485/530 (FEBQQabtech Int. Ltd., Ringmer,
UK) or 530/590 (FluoroSkan Ascent, Thermo, StoneK),Urespectively. The
concentration of particles (particles/ml) in eadiguot was calculated by using a

standard curve.

To construct a standard curve the concentratiopasticles per ml was calculated by

using the following equation (Bangs 1984) :

. 2
Number of nanoparticles/ml %

Pl
Where:
C = concentration of suspended nanopatrticles (g/ml)
= diameter of nanoparticlesrf)

= density of polymer (g/ml) [1.05g/ml for polysgme]

Serial dilutions were made and the fluorescenceevéiRFU) for each triplicate standard
was measured. The mean and standard deviatiormaébr @ncentration was calculated.
The limit of detection was derived (as shown inufegg4.1). Samples that had a signal

less than this value were assumed to contain nlest

The limit of detection was used to exclude sampied gave readings which were
indistinguishable from blank values (buffer alob@)a confidence level of 99.85% (i.e.
within 3 standard deviations of the mean blank #assuming that the error about the

blank samples is random and normally distribut®ti)l€r 1993).

190



Limit of detection was determined by adding thet@ndard deviations to the mean
blank value and then deriving the correspondingigas/ml using the standard curve

(Figure 4.1).

Fluorescence (RFU)
A

Standard t '
deviation x 3

Limit of Detection

0 Particles/n'ﬂ

Figure 4.1 Determination of the Limit of Detection

4.2.1.5 Histological Sample Preparation

Two small pieces (approx. 4nijrof olfactory epithelium were cut from the dismeenh

tissue from the Franz diffusion cell after termioatof the experiment using a scalpel
knife. One sample was immediately placed into 3%iaghldehyde in 0.1M cacodylate
buffer for at least 48 hours and subsequently mmsed for light microscopy as

previously described (2.2.7 Preparation of Tissamm@es for Microscopy).

The second sample was frozen by submerging itisojeentane which was supercooled
using liquid nitrogen. This is a standard histobagitechnique called ‘snap freezing’
(Bancroft & Stevens 1999). Isopentane is usedHis purpose since it is hydrophobic
and quickly permeates the biological tissue toZee. Liquid nitrogen could also be
used but its boiling point is lower and it is lekgdrophobic. Therefore, without
cryoprotection techniques (4.3.1.5 Histological &amaging Procedures), the inner core
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of the tissue may not freeze instantaneously viiéhauter parts and hence this may lead
to distortions in the morphology of the tissue. §¢dnsamples were then stored at -80°C

until required for cryo-sectioning.

For cryosectioning, snap-frozen samples were heldperpendicular alignment in
relation to a cork disc. The embedding compoungo@®@i-bed™, was applied onto the
top and quickly frozen by dripping supercooled magane over the whole assembly.

This froze the tissue sample in the correct origmawith respect to the cork disk.

The embedded sample was then sliced intoml@ections using a cryostat (B3889,
Bright Instrument Co. Ltd. Huntingdon, UK). Thediees were placed on poly-L-lysine
pre-coated microscope slides and allowed to maltandry. Air drying allowed the

sample to fix onto the microscope slide.

A coverslip was then mounted using a standard lbgittal glycerol-based mounting
medium (Bancroft & Stevens 1999). The medium hadrefractive index (1.42) which
had the advantage of allowing better visibility wfistained structures in the tissue
sample. It was also aqueous-based and thereforgke unrganic solvent-based
alternatives, did not leach away the fluorescerd ttpm within the particles. After
applying the coverslip with glycerol jelly the shidvas left on a warm (40°C) hotplate
for about 30 minutes; this allowed the medium se@@k the section. It was then
removed to a cool place to set. Care was takenvead ebubbles trapped under the

coverslip.
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Imaging of histological sections was performed gsi@a Labophot 2 fluorescent
microscope (Nikon UK Ltd, Kingston Upon Thames, UKlounted with a high-
resolution DXM1200 camera (Nikon UK Ltd, Kingstonpth Thames, UK) and
bandpass filter cubes for DAPI, FITC and TRITC (dhkUK Ltd, Kingston Upon
Thames, UK). Images were acquired using Nikon A®ftware (Nikon UK Ltd,

Kingston Upon Thames, UK).

4.2.1.6 Statistical Analysis

Results are presented as meanststandard error. eAvay analysis of variance
(ANOVA) with a post hoctest was used to compare either 0.5mM citrate (H®6r
SNS (pH7.4) buffered samples to samples exposaéstaformulations. A Bonferroni
post hoctest was performed on groups with equal variamresa Games-Howetlost-
hoc test was performed on groups with unequal varsinéevalue of p<0.05 was

considered statistically significant.

4.2.2 Results

This section describes the findings of the vertitaanz diffusion cell study.

Fluorescence microscopy and spectroscopy weretasadw excised porcine olfactory
epithelia after application of test formulations.dddition, histology, electrophysiology
and a fluorescence-based cellular metabolism agskynar Blue™) were used to
investigate the effect of the different nanopagtitdrmulations on the morphology and

viability of the olfactory epithelia samples, respeely.

In relation to the study objectives and to demaistthe differences (or lack thereof) in
the results the data are grouped by surface matdits (PS, C-PS, P80-PS) or particle

diameter (20nm, 100nm, 200nm).
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4.2.2.1 The Influence of Particle Surface ModificationsRuarticle Transport

No transport was detected to the receiver chamierfy of the nine nanoparticle
formulations. However, losses of nanoparticles wistected from the donor chamber
after the transport study compared to the init@laentrations; this was calculated as a
percentage loss (Table 4.2). Only a negligible#£8.0%) number of particles were lost
from the donor chamber for PS nanoparticles. Ahslyjggreater loss was seen for the
P80-PS nanopatrticles (4.2+6.3%) compared to P#lsutlifference was not significant
(p>0.05 ANOVA). In pH6.0, C-PS showed significantiigher losses from the donor
side compared uncoated particles (10.6+3.2%).¢b ANOVA). This loss was even
greater when were applied in pH4.5 buffer (39.9%.¢ 0.01 ANOVA). At pH4.5
chitosan has a higher degree of charged glucosamite This showed that a lowering
of the pH in the bulk phase changed the degreatefaction of the adsorbed chitosan

layer (on the PS nanoparticle) with the olfactonycosa.

Table 4.2 Percentage loss of particles from donohamber during transport study
with surface modified and unmodified PS

Test Formulation % (MeanzStandard Error)
Uncoated Particles pH7.4 (n=12) 0.9+£3.0

Polysorbate 80-coated particles pH7.4 (n=9) 4.246.3

Chitosan-coated Particles pH6.0 (n=11) 10.6+3.2%

Chitosan-coated Particles pH4.5 (n=4) 39.9+4.6°

Statistically significant compared to uncoated paiicles (ANOVA with Bonfferoni
post hoctest® p<0.05,°p<0.01)

The loss of nanoparticles from the donor chambewydver, did not result in the
appearance of nanoparticles in the receiver chambenentioned above. Therefore, a

histological evaluation of the olfactory tissue wamnducted with the aim to assess
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whether the nanoparticles that were lost from theod chamber were associated with

the tissue or had penetrated into the tissue.

Figure 4.2(a,b) shows fluorescent microscopy imageBS (green), P80-PS (red) and
associated with porcine olfactory epithelium pregaafter transport studies. Images
were slightly overexposed in order to view the tawmaof the particles in relation to the
autofluorescence signal from the olfactory tisstlee images seem to correlate with the
quantitative losses of particles from the donornchers since, in general, more
fluorescence was seen interacting with the olfgctoucosa when a greater number of

particles were lost from the donor chamber (Tableahd Figure 4.2).

Uncoated particles showed little association wihté olfactory tissue (Figure 4.2). The
location of the PS at the apical edge of the musoggested that they were trapped in

the overlying mucus and did not penetrate intoctiles.

A greater number of 100nm P80-PS nanoparticles vabserved in the olfactory
mucosa after a transport study than 200nm PS. dtnweéa possible to conclude whether
the particles had penetrated into the cells. Tlwatlon of these particles could show

that they were trapped in the overlaying mucusrlaye

For 200nm C-PS in pH6.0 buffer, the bright fieldage shows that the particles can
become highly associated with the luminal surfateéhe olfactory mucosa (Figure
4.2c). This high level of association was, howewet, uniform throughout the whole
epithelial surface. Again, it was difficult to assef particles had penetrated into the

cells. Unfortunately, direct comparisons betweerOnt® diameter particles with
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different surface modifications were not possibilece many of the transport study
epithelia were lost during the protocol developmesiage for producing the

fluorescence microscopy images.

In future, staining of cell membranes and/or nucleuld clarify the exact position of

the nanopatrticles in relation to the epithelial eeld overlying mucus.

c Figure 4.2 Images of porcine olfactory epithelium
* after transport study with PS, P80-PS, C-PS,
surface-modified nanoparticles. * shows the
luminal space.

(a,b) Fluorescence microscope images of (a) 200nm
PS (green) (scalebar 50um) (b) 100nm P80-PS
(red) (scalebar 50um) (c) Bright field image of
200nm C-PS (visible as orange) (Scalebar, 10um).

Investigations were carried out using,PD, k. and Alamar Blue™ tests to evaluate
whether nanoparticles applied to the olfactorylegitm affected the viability of the

epithelium itself. Quantitative data from thesetdewere collected and statistically
analysed for changes compared to the control samplech were exposed to either
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SNS (pH7.4) or 0.5mM citrate (pH6.0) buffers withawanoparticles. Bright field
microscopy was also used to evaluate the conditidhe olfactory epithelium after use
in the vertical Franz diffusion cell (Figure 4.3h addition, similar information was
gathered to evaluate the effect of polysorbate Bib|{M) and chitosan (0.87uM)
solutions on olfactory epithelium compared to thdSSor citrate buffered control

samples.

In the analysis below, only the surface effect 60rim diameter nanoparticles are
presented since they were the smallest nanopartitiat could be observed by
fluorescence microscopy. Also, these particles wbeesmallest that were shown to
directly interact with the olfactory epithelial telndin vivo studies had shown that
fewer 200nm nanoparticles were absorbed into tfectolry epithelium than 100nm

particles (4.3.2.2 The Influence of Particle Suefddodifications on Particle Transport).
Thus, 100nm nanoparticle had more potential toctffiee viability of the epithelium

than the 200nm nanoparticles; hence, data for 28nd200nm nanoparticles are not

presented here.

Table 4.3 shows that,R PD and Alamar Blue™ measurements of olfactoryhefia
exposed to SNS containing 300mM sodium azide weatesscally different to samples
that were exposed to only SNS buffer without sodiamde (p<0.05 ANOVA). <k
measurements of the same epithelia were not fooirek tstatistically different, due to
the variability within the samples. Neverthelesse tmean values were markedly
different for the different groups of olfactory #pelia that were exposed to varying
conditions; -107+42pA/chmfor SNS with sodium azide compared to +13+1pA/cm

SNS without sodium azide, +14+4uA/tior polysorbate 80 in SNS, +1+7uA/Eifor
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100nm PS, and +5+1pA/énfor 100nm P80-PS. Overall sodium azide was consitle
to have significantly reduced the metabolism of ¢blls in the SNS buffered olfactory

epithelium (2.4.2 Tissue Viability: The Effect afiBuffers and Sodium Azide).

Rm, PD and J. values for polysorbate 80 (105uM) in SNS were sigificantly

different compared to the SNS buffer control. Alanidue™ data, however, were
significantly lower (p<0.05 ANOVA). It is difficultto conclude from these
contradicting results whether polysorbate 80 hadedfect on the olfactory epithelium
in these studies. However, when the images of wifgcepithelium that had been
exposed to polysorbate 80 were compared to thasewbkre exposed to only SNS
buffer, it can be concluded that some morphologichhnges resulted from the
application of the surfactant on the mucosa (Fig&b). It can be concluded that
105uM polysorbate 80 in SNS did change the metalaaliivity and morphology of the
cells which was detected as a significant fall immar Blue™ values and visible

changes to the epithelium, respectively.

Changes to epithelial viability were not observgdahny of the four viability scores for
100nm PS. This was expected since (carboxylatedddP&les should not be toxic to
cells at these concentrations (Xia et al 2006)f&8er modification of the 100nm PS
with polysorbate 80 did not significantly reduce thability of the samples (except for
Isc values) compared to the SNS buffered controls I€Tah3) (p<0.05 ANOVA).

However, the bright field image of 100nm P80-PSomaal olfactory epithelia (Figure
4.3c) showed little damage compared to the sampléering in SNS alone (Figure
4.3a). Therefore, overall the P80-PS nanopartididsnot affect the viability of the

olfactory epithelia.
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For citrate buffer, onlysk measurements for 0.5mM citrate buffer containi@gréM
sodium azide (pH6.0) were statistically differeotcorresponding SNS values (p<0.05
ANOVA). Ry, PD and Alamar Blue™ measurements of the citratiteked epithelia
were not found to be statistically different. Incfawhen the citrate buffer exposed
epithelial were observed under light microscopyg(ife 4.3d), the apical cells in the
epithelial appeared to be damaged compared to i [Biffered olfactory epithelia
(Figure 4.3a). For example, cilia appeared to lmteh and the olfactory knob (boxed)
appeared disfigured compared to their usual disteshape (Figure 4.3d). Therefore,
sodium azide was not considered to have signifigaetduced the metabolism of the
cells in the olfactory epithelium because the magatuction in metabolic activity was
thought to have been a consequence of the 0.5msltecibuffer itself (2.4.2 Tissue

Viability: The Effect of pH Buffers and Sodium Az}

Damage to the olfactory epithelium was made worgethe addition of 0.87uM
chitosan solution (Figure 4.3e) to the citrate buffJnder bright field, not only had the
cells lost their cilia but chitosan had physicallgmaged cell integrity as well (Figure

4.3e).

Finally, 100nm C-PS even further deteriorated tbedition of the olfactory epithelia
compared to those samples exposed to chitosanasolat citrate buffer (Figure 4.3f).
The 100nm C-PS exposed epithelia had damaged rnteljrity to the point that the
epithelium was no longer recognisable as pseudis&dacolumnar. Again, there was
no significant difference in B PD, k. and Alamar Blue™ values between 100nm C-PS

and 0.5mM citrate buffer exposed olfactory epithel
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Table 4.3 The effect of nanoparticle surface modiation on R,,, PD, Iscand Alamar Blue™
viability measurements using porcine olfactory ephelia during vertical Franz diffusion cell

transport studies

Test Formulation R( cm’) | PD(mV) | k{puAlcnt) | Alamar
Blue™ (RFU)
SNS Buffer pH7.4 59+7 -0.8+0.1 +13+1 10530+390
SNS Buffer pH7.4+azide 8#2 +0.7+0.2 | -107+42 32604280
Polysorbate 80 in SNS 69+8 -0.9+0.3 +14+4 6910%870
100nm PS 7915 -0.0£0.5 +1+7 10490+880
100nm P80-PS 44+11 -0.2+0.1 +8+1 8200750
Test Formulation R( cn) | PD (mV) L(puA/cnt) | Alamar
Blue™ (RFU)
Citrate Buffer pH6.0 79+23 -0.1+0.0 +1+0 5760+280
Citrate Buffer pH6.0+azide| 11+2 +1.5+0.5 -134%43| 3080+440
Chitosan Solution 68128 +1.0+£0.9 -9+7 6200+£660
100nm C-PS 45114 -0.2+0.2 +9+8 6850880

MeanzStandard error (n=3). 2 Significantly different (p<0.05) compared to SNS wffer (pH7.4)
(ANOVA Bonferroni post hoctest, n=3),° Significantly different (p<0.05) compared to SNS bffer
(pH7.4) (ANOVA Games-Howellpost hoctest, n=3),° Significantly different (p<0.05) compared to
0.5mM citrate buffer (pH6.0) (ANOVA Bonferroni post hoctest, n=3).
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Figure 4.3 The effect of nanoparticle surface moditation on epithelial morphology using porcine
olfactory epithelia during vertical Franz diffusion cell transport studies

*

(a) SNS Buffer pH7.4 (b) Polysorbate 80 (105uM) iBNS buffer (c) 100nm P80-PS (d) 0.5mM
citrate buffer pH6.0, olfactory knob boxed (e) Chibsan.HCI solution (0.87uM) (f) 100nm C-PS.
* shows the luminal space.
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4.2.2.2 The Influence of Particle Diameter on Particle Tsaort

No transport of 20nm, 100nm or 200nm C-PS nanapestito the receiver chamber

was detected for any of the nanoparticle test féatrans.

In the analysis below only the C-PS system is piteskesince chitosan modification
showed the greatest toxicity to the porcine olfactepithelia (Figure 4.3). These

particles also demonstrated the clearest sizeegelddmage to olfactory epithelium.

For each of the three formulations a mean loss-22% of nanoparticles from the
donor chamber was detected after the transpory stochpared to initial concentration
(Table 4.4). However, no significant differencesrevebserved between the groups of
different sized nanoparticles (p>0.05 ANOVA). Tipsssibly showed that particle
surface modification with either chitosan or polysie 80 had a greater effect on the
interaction of the nanoparticles with the olfactarycosa than particle diameter in these
samples, because statistical differences in peagentionor chamber particle losses

wereshown by surface modifying the nanopatrticles (€abR).

Alternatively, it was more difficult to evaluateetlexact losses of particles from the
donor chamber as the particle size was reduced ay have lead to the greater
degree of standard error that was observed witlsihedler particles (Table 4.4), which
consequently resulted in a lack of significance weein the groups. Hence,
proportionally more particles may have been lostrfrthe donor chamber as particle
size reduced but it was not detectable due to ¢haracy limits of the fluorimeter that

was employed.
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Table 4.4 Percentage loss of 20nm, 100nm and 200@¥PS nanoparticles from donor
chamber during transport studies

Test Formulation | % (MeantStandard Error) Total Der@hamber
Chitosan Content

20nm C-PS (n=3) 1249 0.005uM
100nm C-PS (n=4 12+7 0.27uM
200nm C-PS (n=4 8+3 0.83uM

No statistically differences were observed betwedhe groups (p>0.05 ANOVA)

A morphological examination of the olfactory epitheafter exposure to the different
sized C-PS, however, revealed that the 20nm diameigoparticles may have caused
considerable more damage than either the 100nm0@nr2 C-PS (Figure 4.4). The
relationship between olfactory tissue damage amticiadiameter showed that more
damage was observed with smaller particles. Fomela 200nm C-PS changed the
appearance of the pseudostratified columnar cellsetome less regular in shape and
removed completely the appearance of cilia. 100rRSCdamaged cell integrity of the
tissue further so that the nuclei remained as thg subcellular features that could be
distinguished by light microscopy. 20nm C-PS detatied the epithelial cells further so

that even the nuclei very not visible.

Particle diameter was implicated as the main facdausing this damage, though,
another uncontrolled variable in this experimentswhe donor chamber chitosan
concentration. Some chitosan remained in solutimng the transport studies because
an excess of chitosan was used during the surfamdification process. The exact
concentration of excess chitosan that was freeolatien was not determined; but,
knowledge of the initial chitosan concentrationidgrformulation (1.74uM) was used
to calculate the total chitosan in the donor chanibeeach C-PS formulation (Table

4.4). By this analysis excess chitosan was unlikelyhave been the cause of the
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epithelial damage since the larger particle forrioes contained greater concentrations

of total chitosan in the system but showed leaghelal damage (Figure 4.4).

Figure 4.4 Condition of porcine olfactory epitheliun after Franz diffusion cell transport studies with
20nm, 100nm, 200nm C-PS. * shows the luminal space.

C %

(a) Chitosan solution in citrate buffer (0.87uM) (§ 200nm C-PS (c) 100nm C-PS (d) 20nm C-PS

Rm, PD or L. and Alamar Blue™ measurements for olfactory efisdhéhat were
exposed to 20nm, 100nm or 200nm C-PS again showedgignificant difference
compared to the citrate buffered epithelia (p>0MMNOVA) (Table 4.5). This was in
line with the morphological observation above aadier results that showed that the
0.5mM citrate buffer pH6.0 reduced the viability thfe porcine olfactory epithelia

during the vertical Franz diffusion chamber studies
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Table 4.5 The effect of 20nm, 100nm and 200nm diatee C-PS nanoparticles on R, PD, Iscand
Alamar Blue™ viability measurements using porcine factory epithelia during vertical Franz

diffusion cell transport studies

Rn ( cnf) | PD (mV) L{(uA/cnt) | Alamar
Blue™ (RFU)
Citrate Buffer pH6.0 79+23 -0.1+0.0 +1+0 57604280
20nm chitosan-coated 377 +0.2+0.4 -11+15 4960+410
100nm chitosan-coated 45+14 -0.2+0.2 +9+8 6850+880
200nm chitosan-coated 65+16 +0.320.4 -316 80901380

No statistically differences were observed betweegrarticle exposed epithelia and citrate buffered
groups (p>0.05 ANOVA). MeanzStandard error (n=3).

4.3 TRANSPORT STUDY USING THE IN VIVO MOUSE MODEL

The objective for this study was to use fluoreseenuicroscopy and stereological
techniques to compare the abilities of nanopadjctd different sizes and different
surface characteristics, to transport through tf@ctory or non-olfactory epithelia in

the nasal cavity of then vivomouse model.

The different formulations used in this study wé&f®nm or 200nm PS nanoparticles
which were surface modified with either chitosanpalysorbate 80/FCS. Uncoated
100nm particles were also used in the experimentdeer to compare the effect of the

surface coatings.

4.3.1 Materials and Methods

4.3.1.1 Materials

Histological samples were mounted onto microscdpke sising Prolong Gold DAPI
(Invitrogen A/S, Taastrup, Denmark). All other nrédks were sourced and prepared as

described in Chapter 3.
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4.3.1.2 Animals

Male inbred mice (C57BL/6JBom) (Taconic, Lille Skegad, Denmark) approximately
10 weeks old were used (body weight of 23-25¢). frhee, in groups of 3-5, were

housed in microisolators (filter top cages, Teamspl Italy) under pathogen-free
conditions with a 12-hour light / 12-hour dark sdbke and fed autoclaved standard
chow (Altromin #1324, Lage, Germany) and watad libitum throughout the

experiment. The Danish Experimental Animal Inspet® approved the experimental
protocol and all the animal experiments were pergd according to the ethical

standards required by the local Guidelines.

The animals were inbred and provided with a stafidad environment and diet to
reduce data variability (Gizurarson 1990). In addit the anatomy of the scrolled
turbinates and morphology of the different nasathetia in the mouse are similar to

most other mammals including pigs and humans.

4.3.1.3 Intranasal Administration

Prior to dosing, animals were anesthetised witflusane in air (3.75% v/v Forene™,
Abbott Laboratories, UK) and maintained to effddlice were handled in a supine
position to allow better contact of the formulatiwith the nasal epithelia during dosing
(Gizurarson 1990). 15ul of the test formulation teiming 4.55x1&particles/ml was
instilled by pipette into each naris. Mice wererthmaced on their sides until they woke
up approximately 1-2 minutes later. The proceduas vepeated every ~24 hours with
freshly prepared samples for two further days. Amgmwere deeply anaesthetized
(isoflurane) and killed on day 4 by cardiac perasfixation with 4% formalin in PBS.

Then the head was removed and placed in the saaigvé for 48 hours. Thereatfter,
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they were stored (for no longer than 6 weeks) irs Blffer with 0.02% sodium azide

until ready for cryosectioning.

4.3.1.4 Test formulations

In total, 6 groups of two animals were dosed irdeatly with 30 of test formulation
as follows: (Group 1) 0.5mM Citrate buffer pH6.Gréup 2) 100nm C-PS, (Group 3)
200nm C-PS, (Group 4) 100nm P80-FCS-PS, (Grou@@h@ P80-FCS-PS, or (Group
6) 100nm PS. The formulations were made as prelialesscribed (Chapter 3) and
diluted to 4.55x18particles/ml using citrate buffer (Groups 1-3) &éSSbuffer (Groups

4-6) before intranasal instillation.

Not all formulations that were developed in Cha@evere used here due to limitations
of time and availability of animals. P80-FCS-P3iatations were preferred to P80-PS
formulations since it was considered that FCS dmsibrto P80-PS could improve
uptake of nanoparticles into the epithelial cel8nm nanoparticle formulations were
not investigated here since it was not clear frdma ih vitro work whether these
particles could be seen by fluorescence microscopg. citrate buffer was chosen as a
non-particulate control since damage to the epahailie to the buffer alone could be
evaluated. It was expected that the citrate buftet a greater potential to show such
damage compared to SNS buffer due to the conclsigloawn from the Franz diffusion
chamber experiments (Chapter 2). In addition, SN8eb has not shown to cause
mucosal damage previously in rats (Jansson 20@f¢fibre a control experiment with

SNS buffer alone was deemed less important thaaoititzte buffer.
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4.3.1.5 Histological and Imaging Procedures

First the skin was removed from the skull takingecaot to break the nose. Excess
water was blotted off and then the sample was vesighnd placed overnight into a
beaker under slow stirring with EDTA in PBS buff@é25M pH 7.4. The skulls were

subsequently blotted, weighed and returned intodéelcifying buffer each day until

decalcification endpoint was reached. The decahtifbon was reached when skulls no
longer lost weight but started to regain it. Thiarked the end of decalcification and
start of water absorption into the tissue. Skullsravbriefly washed and placed in

sucrose solution for cryoprotection.

The skulls were cryoprotected by placing them i8@8@v sucrose for 48 hours. They
were then mounted onto metal discs with a layecrgbmountant (TissueTek, Sakura
Finetek). Then more cryomountant was used to cokerentire skull. The whole

assembly was subsequently frozen directly withilqutrogen.

Cryosections were cut to 5um thickness at -20°Cthatfirst appearance of olfactory
bulbs three sections for every 250um were cut dacked on microscope slides until the
olfactory bulbs were no longer visible. Sectiongavplaced on microscope slides and
allowed to fix by warming and drying at room tengdere. Sections were then
coverslip-mounted with Prolong Gold DAPI which imporated a nuclear stain. Finally,
the location of the particles along the entire dlfay system was determined using

fluorescence microscopy as described below.

Imaging was performed in an inverted Axiovert 20@iMbrescent microscope (Zeiss,

Germany) mounted with a high-resolution CoolSnap EQD camera (Photometrics,
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USA) and bandpass filter cubes for GFP, Cy3 and D@Rroma Technology, USA).

Images were acquired using MetaMorph software (Bldbr Devices, USA).

4.3.1.6 Estimating Tissue Particle Numbers

Fluorescence microscopy was used to count fluongisclabelled red particles in the
histological sections. An autofluorescent signahirthe epithelium was used to locate

and identify the tissue during particles counting.

The method for estimating the number of particleshie tissue for each type of nasal
epithelium was adapted from the stereological estfion method described by
Nyengaard (Nyengaard 1999). Briefly, an unbiasedpdiag frame was used together
with random tessellation in order to eliminate dcgtle counting of particles. The
random tessellation was controlled by a computgedii stereology tool (CAST
software; Visiopharm, Hgrsholm, Denmark). Partickese counted manually therefore
only particles that were associated with the otfacor non-olfactory epithelium were
included in the count. However, at the low magaificn used (x4) to view the whole
sample, it was not possible to conclude if the apiclocated nanoparticles were
positioned extracellularly or intracellularly. Baanoparticles associated with mucus
that was detached from the epithelium lining weoe included (e.g. Figure 4.6b). The
square sampling frame (30,000f)rwvas moved randomly by the software programme
with a step length of 500umx500um in (x,y) coordésa The total sampling area per
histological section was 12% of the total sampldage. A total of 7-8 sections per
animal were analysed in this way. The number ofigdas per unit area was calculated
by dividing the number of particles in either olfary or non-olfactory epithelium by

the area of the sample.
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Histological sections were analysed for particlanbers in an upright fluorescent
microscope (Olympus BX51, Tokyo, Japan) with a G@BRed filter (Chroma
Technology, USA), a mounted digital camera (Olympis70) and a motorized stage
(Prior Scientific) in conjunction with CAST softwar(Visiopharm, Copenhagen,

Denmark).

The appearance of olfactory epithelium was confémiey comparing samples with
images from a histological reference (Geneser 188@)using local knowledge within
the stereological laboratory, to ensure that threecd regional distinctions between the

non-olfactory and olfactory epithelia were made.

Statistical analysis of the data was not possible t low sample numbers (only two

mice were used per test formulation).

4.3.2 Results

In this section Figure 4.5 to Figure 4.6 show fesment microscope images of the
murine nasal epithelia taken from the mice whicleniatranasally administered one of
the six test formulations. The histological images grouped, in relation to the chapter
objectives, to demonstrate the differences (or @gkbetween: (i) condition of buffer-
control and nanoparticle-exposed epithelia; (&nsport of 100nm and 200nm diameter
particles; and (iii) transport of surface modifie@hoparticles (C-PS and P80-FCS-PS)

across olfactory or non-olfactory epithelia.
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4.3.2.1 Condition of Epithelia after Exposure to Citrateftu

Autofluorescence (green) from the epithelia samples detected by fluorescence
microscopy to show the morphology of (a) olfactagd (b) non-olfactory nasal
epithelia; in addition, nuclei were labelled withABI (blue) (Figure 4.5). In Figure
4.5(a) the apical surface of the olfactory epithmliwas in tact and the borders of
individual cells can be distinguished. The pseuddifed columnar cells were tall and
nuclei were densely packed. An example of non-tdfgcepithelium morphology is
shown in Figure 4.5(b). The epithelium in this exdenwas ciliated cuboidal. However,
epithelial cells in the non-olfactory region in geal were a mixture of ciliated cuboidal
or ciliated pseudostratified columnar. Columnailscéi the non-olfactory region were
shorter than pseudostratified columnar cells indla&ctory region. Also, nuclei (blue)
were less densely packed in non-olfactory compé#wedlfactory epithelial cells. The
mixture of epithelial morphologies in the non-olfay regions meant that this tissue
could not be described as respiratory epitheliuraspiratory epithelium has
pseudostratified columnar morphology (Adams 197&tionis & Parks 1973 and
1.2.4 The Structure of Nasal Epithelia). The gyadit both epithelia was comparable to
those using light microscopy of fresh porcine dibag epithelia (2.3.1 Morphological

Features of Porcine Nasal Epithelia).

In some samples nuclei appeared in the mucus @yéb). It was therefore concluded
that cell debris was found in mucus lying on toghaf epithelial cells in these samples.
This is considered normal since mucus has beenrsposviously to contain cell debris

by Khanvilkaret al. (2001) The content of cell debris in mucus varies fromioa-to-

region (Sims & Horne 1997).
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Figure 4.5 Fluorescent microscope images of murimeasal epithelia after treatment with citrate buffer.

The images show the morphological differences betemr olfactory and non-olfactory epithelia: (a)
Olfactory epithelium; (b) Non-olfactory epithelium. An autofluorescent signal (green) was used to
visualise the cells. Nuclei were labelled with DAP(blue). * marks luminal space. Magnification x40

4.3.2.2 The Influence of Particle Surface ModificationsRuarticle Transport

Stereological data showed that the overall partizienbers of 100nm PS associated
with the mouse olfactory epithelium was 50-375pgéets/mnf. 100nm PS nanoparticles
were taken up into the mouse olfactory epitheliuas ween by fluorescence microscopy
(Figure 4.6a). Polysorbate 80-FCS madification 60rdm PS nanoparticles did not
appear to change the ability of the nanoparticlestransport into the olfactory
epithelium (100-300particles/nfincompared to bare 100nm PS particles. This was

qualitatively confirmed by fluorescence microscgpigure 4.6a and Figure 4.7a).

Chitosan surface modification of 100nm PS (100nn®PS); however, appeared to
reduce the transport of the particles into thescéll-60particles/mA) and increase
association of the particles to the mucus as sgefiubrescence microscopy (Figure
4.6b) compared to both 100nm PS (50-375particle$jmand 100nm P80-FCS-PS
(100-300particles/mf) systems. This suggested that surface modificatbnthe

nanoparticles with chitosan reduced their assagiatvith the olfactory epithelia
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compared to 100nm PS. However, surface modificaafct0Onm PS with P80/FCS did

not affect epithelial distribution compared to ba®nm PS.

Figure 4.6 Fluorescent microscope images of murimeasal epithelia after treatment with (a) 200nm PS
or (b) 100nm C-PS

(a) 100nm PS penetrated to basement membrane of attory epithelium (sample contained a hole in the
tissue due to a cryosectioning artefact (dashed bed)). (b) More 100nm C-PS particles (red) associate
with the mucus (arrow) and fewer 100nm C-PS partigds were seen in cells. Cells were nuclear labelled
with DAPI (blue). Autofluorescence (green) from olactory epithelium. Magnification x40. * marks
luminal space.
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4.3.2.3 The Influence of Particle Diameter on Particle Tsaort

100nm and 200nm diameter P80-FCS-PS and C-PS ndictgsa were used to
investigate the effect of particle size on particnsport into the olfactory epithelium.
A similar comparison could not be performed forriBoparticles since 200nm PS was
not studied in the mouse model. The transportecpeticles were observed within
epithelial cells and not between cells. An examplethe transcellular transport of

100nm and 200nm P80-FCS-PS is shown in Figure 4)7(a

Figure 4.7 Fluorescent microscope images of muringasal epithelia after application of with 200nm or
200nm P80-FCS-PS

A greater number of (a) 100nm particles (red) wer@bserved in the cells of the olfactory epithelia
compared to (b) 200nm particles (red). Cells wereutlear labelled with DAPI (blue). Magnification
x40.* marks luminal space.

Figure 4.7(a,b) shows a larger number of P80-FC3:FBm nanoparticles were taken
into the cells compared to P80-FCS-PS 200nm natiolear as visualised by

fluorescence microscopy. This qualitative assessmas strengthened by stereological
findings; hence, a greater quantity of 100nm P8&S was associated with the

murine olfactory epithelia (100-300 particles/Mrthan 200nm diameter P80-FCS-PS
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(~40 particles/mrd) nanoparticles. The difference between 100nm ab@hz C-PS
was less distinct (40-60 particles/mrand 90-130 particles/nfin respectively). In
addition, nanoparticles were not found in the dtiag bulbs of any animals (data not

presented).

4.3.2.4 Affect of Olfactory and Non-Olfactory Nasal Epiiaedn Particle Transport

Stereological results from the mouse model showet particle association increased
with non-olfactory epithelium compared to olfact@pithelium. A greater number of
100nm PS, 100nm C-PS and 100nm P80-FCS-PS nambgmsiere found in the non-
olfactory mucosa (215 particles/mm211 particles/mm and 44 particles/mf
respectively) compared to olfactory mucosa (10liglas/mnf, 137 particles/mfmand

11 particles/mrh respectively).

In addition, 100nm P80-FCS-PS surface modificastnategy did not result in clear
preferential uptake of these nanoparticles compaoed00Onm PS into either non-
olfactory (211 particles/mmand 215 particles/mmrespectively) or olfactory tissues

(137 particles/mrhand 100 particles/mmrespectively).

4.4 DISCUSSION

The objective of this study was to investigatedbdities of nanoparticles with different
surface characteristics and different sizes tospart into the porcine or murine
olfactory epithelia using excised tissue mountethmin vitro vertical Franz diffusion

cell and thein vivo mouse models, respectively. Both models were adsal to assess

the extent of epithelial damage by the differemtoparticles. In addition, th& vivo
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model was used to investigate the transport oftés¢ nanoparticles into the non-

olfactory epithelium and the olfactory epithelia.

A number of different techniques were used to asHes affect of surface coating (PS,
C-PS and P80-FCS-PS nanoparticles) and particieade (100nm and 200nm) on the
transport of these particles into the nasal epithel The techniques used were: (i)
histological imaging of epithelial samples, (ii)estological and spectroscopic
assessment of nanoparticle transport, and (iiigh@mical and bioelectrical assessment

of epithelial viability. The results are discussedow.

4.4.1 The Influence of Particle Surface Modifications orParticle Transport

Intranasal uptake of PS nanoparticles is commoaolnd in the literature, however,
there have been no specific studies investigatoggefio-brain transport of polystyrene
particles. Brookinget al. showed transmucosal transport of 100nm PS pastiote the
systemic circulation aftei.n. administration in rats (Brooking et al 2001). The
bioavailability was 2% after 3 hours as a propartd the administered dose. This was
attributed to passage of nanoparticles through aifactory epithelium via M cells to
NALT for antigen sampling. However, the researchifersid negligible 100nm PS in
whole brain homogenate 3 hours after administrabbrthe dose. At first it would
appear that the 100nm PS did not pass into br&eniaf. instillation. However, better
microdissection of certain brain areas (such asotfatory bulb) may have shown a
higher degree of uptake in specific areas. An ingason of brain uptake was not the
main objective for their experiment therefore a nmiissection of the brain was not
done. It was found in the current study that 100Gamd 200nm PS did not reach the
brain in detectable concentrations. Hence, the ga¢ésented here agreed with the

findings of Brookinget al. (2001).
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For C-PS it was observed, from the bright field gmgFigure 4.2), donor chamber
losses of nanoparticles from the vitro system (Table 4.2) and fluorescence
microscopy in the mouse model (Figure 4.7), thatemmanoparticles remained in the
extracellular mucus compared to PS, P80-PS or RERHFES. This prevented C-PS
progress into the underlying epithelial cells. ladea similar observation was made by
Camposet al. who found by confocal microscopy that 465nm dianehitosan-coated

poly- -caprolactone particles favoured retention in thpesficial layers of the New

Zealand rabbit nasal epithelium after. instillation (de Campos et al 2004).

A well documented explanation for the retentioncbftosan in mucus relates to the
electrostatic interaction between the chitosanematnanoparticles and mucus
(Kawashima et al 2000). It has been shown thatlf@m and 200nm C-PS have a
positive charge in citrate buffer since they havepmtential of approximately +40mV
(Chapter 3). It is also known that acidic residgeg. sialic acid pK2.6 (Leung &
Robinson 1992) ) on mucus gel layer glycoprotempdrt a negative charge to the
mucosal surface (Mygind 1979). When the attractorees were brought together by
the application of C-PS to the mucus the C-PS namigfes adhered to the mucus

which impeded their progress through it.

Indeed, in the diffusion chamber experiment 10.8%3.0f the C-PS particles in the
donor chamber adhered to the mucus at pH6.0 cohpar89.9+4.6% at pH4.5 during
the transport study experiments (Table 4.2). Tloeeefmore particles adhered to the
mucus when the olfactory epithelium was buffered aalower pH. This result

demonstrated that adhesion between mucus and C-&S pwedominantly due to
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electrostatic interactions and implies that otlwcdés such as hydrogen bonding had a

lesser affect.

Surface coating the PS nanoparticles with polygerBa (P80-PS and P80-FCS-PS) did
not statistically improve transport of surface nidi particles into the nasal epithelial
cells compared to bare PS nanopatrticles. Donor bbaoss of the P80-PS particles
(4.2+6.3%) was not a significantly greater than ge@ticles (0.9+3.0%) (Table 4.2).
However, it is unclear whether more particles dahgtrate the mucus in the vitro
model since fluorescence microscopy images of thmalinted olfactory epithelium

found some areas of tissue did absorb P80-PS lear{i€igure 4.2).

It was expected that a surface modification withGPEould increase transport of the
nanoparticles through the olfactory mucus by insirgathe hydrophilicity and reducing

the negative charge of the particle compared tgV& et al 2004; Lai et al 2007).

For example, Lai et al. (2007) found that conjuggt2tkDa homopolymer PEG to the
surface of 100nm and 200nm PS nanoparticles inedethee diffusion coefficient of the

particles through the cervicovaginal mucus by 20 381 times, respectively. However,
differences in the experimental design described &yet al. (2007) and the current
work may account for the disparity between the ltegtom these studies. For example,
in the diffusion chamber experiment the polysorb@ewas adsorbed to the PS by
hydrophobic-hydrophobic interactions whereas Laale{2007) covalently bonded the
PEG to the PS nanoparticles. Hence, it was lesdylithat the PEG molecule would

disassociate from the PS surface in their studg thahe diffusion chamber study. In
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future, dissociation of the polysorbate 80 from Bf® nanoparticles in the biological

environment may be observed by fluorescently laigelihe polysorbate 80.

In addition, there are 2.3 times more PEG monomés un 2kDa PEG homopolymer
than in polysorbate 80. Hence, surface modificabdnlOOnm PS with 2kDa PEG
homopolymer reduced potential from -41mV to -4mV (Lai et al 2007); hewver,
surface modification of 200nm PS with polysorba@er&uced potential from -38mV
to -20mV (Chapter 3). The greater negative chamg¢he P80-PS compared to 2kDa
PEG-ylated PS would mean that the P80-PS wouldepelled by negatively charged

mucus to a greater extent than 2kDa PEG-ylated PS.

Nevertheless, the effect of nanoparticle PEG-yhation mucosal penetration is
controversial since there is also evidence in iteeature that nanoparticles made from
PEG-PLA (PEG 5kDa, PLA 45kDa) can reduce the mucpsmetration in cells
(Behrens et al 2002). To assay the uptake of feaanetly labelled 196nm PEG-PLA
nanoparticles, Behrenst al. (2002) lysed cells after 120 minute incubation of
nanoparticles with (mucus producing) MTX cells oo mucus producing) Caco-2
cells. A four-fold reduction of internalised nanapaes was found for MTX cells. It
was thought that PEG-chains on the nanoparticl&acarinhibited interaction of the

nanoparticles with cell surfaces.

Therefore, the effect of PEG surface modificatismot fully understood. A number of

variables may affect the ability of PEG-ylated ngawdicles to penetrate mucus and

further uptake into epithelial cells; these maylude PEG molecular weight,
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nanoparticle core composition and/or effect of memticle surface adsorbed proteins

from the biological system.

In the mouse model, fluorescence microscopy imdgagure 4.6a and Figure 4.7a)
showed that surface modification of PS with polyste 80 and FCS did not change the
distribution of nanoparticles in the olfactory msao Similarly, stereological data
estimated that 50-375 100nm PS particles?mand 100-300 100nm P80-FCS-PS

particles/mm were associated with olfactory epithelium.

It was expected that polysorbate 80 would enrioh dldlsorption of certain serum
proteins to the polysorbate 80 modified nanopasicdurface (e.g. ApoE, albumin) and
reduce the adsorption of other FCS serum proteims [gG) (Goppert & Muller 2005).

Polysorbate 80 has been proven to promote the @timorof ApoE (from human

plasma) onto 230nm diameter solid lipid nanopaticianoparticles (Goppert & Muller
2005). Hence, the proportion of ApoE increased fbG05%(w/v) in human plasma to
5.4%(w/v) adsorbed to solid lipid nanoparticlese tbroportion of ApoE adsorbed to
nanoparticles was increased further (15%w/v) wihencore particle was made of poly-

butyl-methacrylate.

Neuronal guidance during regeneration of neuronéisé mouse olfactory epithelium is
mediated by the presence of ApoE (Nathan et al gG#dwever, the exact mechanism
for this is not yet fully understood. It was spextat that the enrichment of Apo E to the
PS nanoparticle surface would promote the uptakB8@-FCS-PS nanopatrticle across
the epithelial cells in the olfactory epitheliunmdeed, the improved uptake of serum

exposed polysorbate 80-coated polybutylcyanoa@&ylanoparticles has been proven in
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brain endothelial cells vitro (Ramge et al 2002 he uptake of particles was mediated
by the involvement of ApoE receptors in brain ehétial cells. This was provem
vivo through use of Apo E receptor knockout mice (Krewteal 2002). However, a
number of reasons could explain the lack of impdouptake for the P80-FCS-PS

nanoparticles compared to the PS nanoparticlesaa.m

First, it has been shown that the pattern of sguumtein adsorption can be determined
by the nature of the core particle (as describeovedp (Goppert & Muller 2005).

Therefore, the serum protein adsorption to polystr80-coated PS nanoparticles may
be different to polysorbate 80-coated polybutyl@eaarylate nanoparticles. The PS core
particle may reduce the concentration of ApoE dosiito the nanoparticle surface and
therefore reduce the ability of the nanoparticiesé taken into cells by a receptor-
mediated endocytic pathway. In fact, adsorptio-65 serum proteins to the P80-PS
nanoparticles could not be proven bypotential measurements, particle sizing or
Bradford’'s protein assay (Chapter 3). Second, ttistence of ApoE receptors on the
apical cell layer of the olfactory epithelium inagaihas not been proven in the literature.
Finally, extra time may be required for the adsorpof FCS serum proteins to P80-PS.
Adsorption of the correct type or concentrationsefum proteins may require longer

than 30 minutes as used in the current work P80-FE$ormulation (Chapter 3).

Future experiments could use antibodies or lecistobhemistry to identify real

receptor targets in the olfactory epithelium. Tlusuld be combined with better
characterisation of ligand adsorption (e.g. 2D tetgahoresis) which would prove the
existence of appropriate ligands on the nanoparsarface before application of these

particles onto the olfactory epithelium.
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4.4.2 The Influence of Particle Diameter on Particle Trarsport

Nanoparticle diameter may have affected the abitify P80-FCS-PS particles to
penetrate the mucus overlying the nasal epitheéli$ in the mouse model. Stereology
showed that fewer 200nm P80-FCS-PS particles (-atficles/mni) were associated
with the olfactory and non-olfactory as compared®nm P80-FCS-PS particles (100-
300 particles/md) (Figure 4.7). It may be that, for this systeme tlarger 200nm
particle could not penetrate the mucus to the saxtent as the smaller 200nm particles
and therefore had a more restricted access tcethswrface. For example, in one study,
a greater number of 176nm diameter PEG-PLA naniofestwere observed aften.
instillation of the respective colloids (by confbgaicroscopy) in rat nasal epithelial

cells than 1.5um diameter particles (Vila et al£200

Similarly, the appearance &l-labelled Tetanus Toxoid in the blood of rats afta.
instillation of 200nm diameter PEG-PLA nanoparticl®as significantly greater than
that found for PEG-PLA 10um diameter particles. Télationship was size dependent
since more radioactivity was found in the bloodtas particle size was reduced to 5um

and 1um diameter, respectively (Vila et al 2005).

However, there does not appear to be a consenshis \wie literature about the ability
of sub-micron diameter particles to penetrate theeasal barrier. For example, it has
been found that PS particles up to 500nm can paeetervical mucus (Lai et al 2007).
This study, however, did not conclude that smadkaticles penetrated the mucus faster.
In fact, 200nm diameter particles penetrated theusmuust as quickly as 500nm
diameter nanoparticles; 100nm particles progressed slower. The authors proposed

an explanation derived from size-exclusion chromaphy that smaller particles can
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access a greater number of pores in the heterogenswcosal pore structure.
Therefore, the more tortuous route taken by smaleticles impedes their progress

through the mucus.

This, however, does not fit well with observatiomade by others who show that
smaller polystyrene particles permeate gastric miaster than larger ones (Norris &
Sinko 1997) i.e. smaller particles have more freedto move through the

heterogeneously distributed porous structure.

In addition, particles did not transport to theactbry bulbs. This may have been related
to the diameter of the nanopatrticle since the tdigcaxons taper to a narrower width as
they pass through the basement membrane. The avwerdth of the olfactory axons in
2 month old rabbits was 200nm but many of thesensxttad diameters of less than
100nm (De Lorenzo 1960). Therefore, in my opinior, reproducible transcellular
transport of nanoparticle through the olfactory r@ssonanoparticles should have a
diameter of <100nm. Indeed, all studies to date¢ tieve demonstrated successful
translocation of particles from the olfactory epitbm to olfactory bulbs have had

diameters of less than 100nm (Chapter 1).

Also, through observations of toxicity to the poiolfactory epithelium (Figure 4.4),
the results presented here indirectly indicated 8tam C-PS penetrated the mucus
further in a basolateral direction than 100nm drg C-PS. Hence, greater penetration
of 20nm C-PS particles may have caused the greiabeasity to the porcine olfactory
epithelia, followed by 100nm C-PS, and least damags caused by 200nm C-PS

(Figure 4.4). Indeed, there is growing opinion e tliterature that nanoparticles can
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inherently cause greater damage to cells as theér reduces (4.4.3 Toxicological
Aspects of Nanoparticle Exposure to Olfactory Egitm). Therefore, the observed
damage to the epithelia after their exposure tan2@PS may be a result of either a
more efficient mucosal penetration or a greaterating capacity (or a combination of

both).

4.4.3 Toxicological Aspects of Nanoparticle Exposure to [Bactory Epithelium

In general, a number of broad observations wereenradarding the toxicological
effects of the test formulations on the nasal @ft#h (i) chitosan solution and C-PS
damaged porcine olfactory epithelium more thanatier test formulations; (ii) a sized-
dependent toxicity was observed for C-PS; and rfidre chitosan-related toxicity was
observed to the olfactory epithelia in the vertiEenz diffusion cell model than the

vivo mouse model.

Chitosan is widely accepted as a safe biologicalerred (Schipper et al 1996). For
example, Howardet al. (2006) intranasally administered 30ul of chitos&RNA
nanoparticles (Img/ml, 230nm diameter) for 5 cousee days to EGFP (Enhanced
Green Fluorescence Protein) transgenic mice. On @ldlye mice were killed and
bronchioles were inspected by fluorescence micqmgdor EGFP knockdown. EGFP
was present in control animals (mismatched siRN#eshn nanoparticles) but the
matched siRNA-chitosan nanoparticles showed EGFrRKRdown (Howard et al 2006).
This showed that the chitosan nanoparticles wetetaxac to the cellsn vivo since
EGFP knockdown can only be produced in live callewever, the researchers also
found that siRNA-chitosan nanoparticles formed éttye excesses of chitosan may be

harmful (using MTT assay) to EGFP-H1299 (human loagcer cell line).
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It is clear, from the results presented here thatlieation of the different test
formulations changed the level of olfactory tisslaenage (Figure 4.3). In general, the
in vitro experiments showed that chitosan solution and (pB&icles were more
damaging than equivalent P80-PS or PS particles.réasons for the damaging effects
of these patrticles on olfactory epithelium couldelglained in terms of: (i) the chitosan
salt form (chitosan.HCI) and the molecular weigtt3kDa); and (ii) variation between
results from different toxicity/viability assay; auiiii) the type of cell line or epithelium

which were used in the experiments.

To expand, properties of chitosan such as moleeutéght, degree of deactylation and
salt form has been shown to modify the dose-deperideicity of the material towards
cells in vitro. The chitosan solution (0.125mg/ml) used here &adrge molecular
weight (143kDa) and high degree of deactylation%®9Increasing MW and DA%
have been shown affect the viability of cells. ledechitosans of molecular weight
>100kDa are more toxic to Caco-2 cells than thosle molecular weights <100kDa as
determined by MTT assay (Carreno-Gomez & Duncarv198Iso, Huanget al. found
by MTT assay that the cytotoxic effect of chitosmtution to A549 (carcinomic human
alveolar basal epithelial cells) was increased #dld by increasing the %DA of
chitosan from 46% to 88% (Huang et al 2004). Furtwee, chitosan.HCI could be
regarded as the most cytotoxic salt form since atl the lowest 16 values of
0.27+£0.08mg/ml in caco-2 monolayers (compared tdosan aspartate, chitosan
glutamate and chitosan lactate) (Opanasopit eD@rg and similarly, 0.21+0.04mg/ml
in B16F10 cells (compared to chitosan hydroglut@anathitosan hydrolactate and

glycol chitosan) (Carreno-Gomez & Duncan 1997)aasueed by MTT assay.
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Also, Huanget al. found that 188nm diameter chitosan nanopartidé®/(213kDa,
DA% 88) were toxic to A549 in concentrations higtean 0.741mg/ml using MTT
assay and neutral red (a dye that is endocytosedatne cells) (Huang et al 2004).
Since the chitosan was not surface loaded the otrat®n dependent cytotoxic effect
is difficult to compare with the data presentedeh@&tevertheless, the specific nature of
chitosan could explain the toxicity observed foitaan solution to olfactory epithelia

in the present study compared to the absence bfedsewhere.

In contrast, R or LDH assay scores showed no change after afiplicaf 290nm

diameter chitosan.HCI (MW 100-130kDa, 80% deacétyid nanoparticles to Caco-2
cell monolayer compared to monolayers without aolditof chitosan nanoparticles
(Behrens et al 2002). According to these workéms, tuled out the possibility that the

chitosan nanopatrticles caused cytotoxicity to thedz2 cells.

Dodane et al. did not find significant toxicity to Caco-2 cellap to 5mg/mi
chitosan.HClI (MW 100-130kDa, 80% deacetylation) assayed by Trypan Blue
(Dodane et al 1999). Also, the study showed no damgaeffects to Caco-2 cells of
Img/ml chitosan by Transmission Electron Microscomithough, changes in
enlargement of endoplasmic reticulum and the appear of large vacuoles were seen
in the cells. These findings show that the assathoaeinfluences the interpretation of
the toxicity threshold. Nevertheless the consessiggiests that no toxicity should have
been observed in the current work since thesehbles are all above the concentration

of chitosan used in the current work.

226



In the current work Alamar Blue™ assay and bioeleat measurements (RPD and
Isg showed that 20nm, 100nm and 200nm C-PS did goifgiantly affect the viability
of porcine olfactory epithelium compared to thend\s citrate buffer control (pH6.0).
This was probably because the citrate buffer redittbe viability of the epithelium
before the application of the C-PS nanoparticlesh® mucosal surface. However,
histology did show that the mucosae were damaged thie exposure (Table 4.5). The
amount of visible damage was increased with théiggifpn of smaller nanoparticles to
the surface of the olfactory epithelia (Figure 4vhen compared to the larger particles.
This demonstrated that the Alamar Blue™ and bidetad viability measures used
here may not have been able to sufficiently deteentiie effects of the test formulations

on epithelial viability compared to standard histptal evaluation.

Hence, Alamar Blue™ measured the viability of theole tissue whereas the,RPD
and L. data predominantly measured the function of ththelml cell layer. Therefore,

damage to the epithelial cells may not have be&gctid using Alamar Blue™.

On the other hand, R PD and J. data are based on the integrity of the epith&lit
junctions, and the ability of the epithelial cailsgenerate a potential difference across
the mucosa by actively transporting ions into thenat chamber against the ion
concentration gradient. Therefore, in theory, ttashnique should produce a more
accurate account of the viability of the epithelkalls compared to Alamar Blue™.
However, the variability between different epitleli.e. the lack of precision of the
results) was high using the electrophysiologicahteque. This meant that statistical

differences between the grouped data were not fewidch otherwise may have been.
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Hence, histology, Alamar Blue™ and the,RPD and J. data were determining
different aspects of viability of the epithelia. i¥hdifference could account for the
inconsistency between the data from these techsig&erthermore, the damage
observed to the olfactory epithelial cells foundehand the lack of toxicity of similar
chitosan containing nanoparticle system elsewheuédde explained in a similar way.
For instance, Huangt al. (2004) and Behrenst al. (2002) did not show the detailed
histological effects of the chitosan nanopartigtesheir studies therefore toxicity may

have been observed by these researchers if thigseaas undertaken.

To my knowledge the toxicity of chitosan-coated oyaarticle systems to olfactory
epithelium has not been reported to date. Howeveras already been shown that
physiological differences exist between olfactomnd arespiratory epithelia in pigs;
hence, it was found that the metabolic rate ofiratgry epithelia was greater than that
of olfactory epithelia from the same animals (2.&dmparison of Olfactory and
Respiratory Tissue Metabolism). It is thereforesmrwble to extrapolate that other
physiological differences may also exist that mafluence the susceptibility of
olfactory epithelium to toxicity compared to norfemitory epithelium. Indeed, a number
of different cell types were used in the experirsadgscribed in the previous discussion
on chitosan toxicity. The inherent variation inlgkdr physiology may have influenced
the variation in toxicity that was observed in ¢nexperiments. Therefore, the chitosan-
related toxicity to olfactory epithelium observey bright field microscopy in Figure
4.4 may be influenced by the physiological naturéhe olfactory epithelium compared

to non-olfactory epithelium dn vitro cell lines.
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In addition, there is growing evidence that theidibx of nanoparticles to cells can
increase as their diameters reduce (Oberdorstr2805). In the current work, it was
observed in the diffusion chamber experiments @x&S toxicity was sized-dependent
(Figure 4.4). For example, in the previous disaussithe size of the chitosan
nanoparticles used by Huargg al. (2004) and Behrenst al. (2002) (188nm and

290nm, respectively) were larger than the mostctpairticle found in the current study
(20nm and 100nm C-PS particles). Hence, this caldd explain the differences
between the lack of toxicity observed to cells wikle larger particle used in these
studies and the toxicity to olfactory epitheliallsdound here after exposure to 20nm,

100nm and 200nm C-PS.

Two explanations can be given for the size-relabed effects of nanoparticles to cells.
Toxicity is thought to be related to either thehiglative surface area (which is the
surface area of an object proportional to its valimnassociated with nanoparticles
(Brown et al 2001) and/or the capability of smahpoparticles (<60nm) to access cell
organelles (such as mitochondria) that larger gadimay not (Xia et al 2006). The
current observation of C-PS induced epithelial dgen@ the porcine olfactory epithelia
is more easily explained by the latter explanasote the particle numbers were kept
constant for all nanoparticle formulations (4.55Xparticles/ml). Therefore, relative

surface area increased with increasing nanopadialaeter for these test formulations.

However, there are problems with a similar intetgtien for the current data. First, no

direct evidence of C-PS nanoparticles was seeharpbrcine olfactory epithelium by

fluorescence microscopy. This was mainly due t@ck lof fluorescence microscopy
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analysis which was a result of sample wastage duha method development phase to

produce the images.

Second, the histological observations betweenirthatro vertical Franz diffusion cell
and thein vivo mouse model did not correlate well since uptaké@fnm and 200nm
C-PS did not show morphological changes to the malfactory epithelia (Figure 4.6).
An explanation for this could be that pH6.0 washatay better controlleth vitro than

in vivo (4.4.4 Comparison oln vitro and In vivo Biological Models) hence the C-PS
nanoparticles would not have formed as many agtgega thein vitro system which
would result in better mucus penetration and metkilar uptake and therefore more

cell damage.

However, this is speculation based on indirect evag@ therefore the effect of
nanoparticle C-PS surface modification and diameterolfactory epithelial damage

remains unclear.

To improve the accuracy of epithelial viability/oyoxicity determinations after
exposure to nanoparticles futurevitro studies could evaluate cellular events that are
relevant in the drug delivery context. A combinatiatracellular calcium levels, ROS
activity and lipid peroxidation indicators and imped histological analysis could give
a more detailed and precise account of the cellnjary during nanoparticle uptake

(Xia et al 2006).
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4.4.4 Comparison ofln vitro and In vivo Biological Models

The biological model may have affected the distidruof the nanoparticles in the nasal
cavity. For example, results from tirevivo model showed that 200nm PS and 100nm
P80-FCS-PS nanoparticles were found mainly inshde difactory epithelium. In the

vertical Franz diffusion, however, it was difficuth conclude whether PS or P80-PS
were transported into cells or rested in the oweglynucus since these particles did not

penetrate basolaterally far enough through the saitm make a clear distinction.

The difference between PS and P80-PS mucosal pénatcould be attributed to the
contact time that was allowed for particles withsalaepithelium in the different
experiments. In the diffusion chamber experimehts particles were exposed to the
olfactory tissue for 120 minutes. Contact time tbe nanoparticles with the nasal
epithelium in the mouse model was four days (algfmoit was noted that some
nanoparticles drained away from the nasal cavitgrathe mice recovered from

anaesthesia 2 minutes post-dosing).

Also, bright field images of the porcine olfactagpithelia exposed to 0.5mM pH6.0
citrate buffer did not agree with the mouse modebdThe quality of mouse olfactory
and non-olfactory epithelia after exposure to 0.5nalfrate buffer pH 6.0 was
comparable to those using light microscopy of frpsitine olfactory epithelia (Figure
2.16 and Figure 4.5). These samples were theretorsidered to be undamaged by the
0.5mM pH®6.0 citrate buffer alone. However, the nmpgy of the 0.5mM pH6.0
citrate buffered olfactory tissue from the diffusicohamber experiment was damaged
compared to the light microscopy of fresh porcitfaatory epithelia (Figure 2.17). The

difference between the results can be explainedijpthe inability of the citrate buffer
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to maintain a pH gradient in the diffusion chamibeodel (Chapter 2); and (i) the

difference in epithelium:buffer ratio in the two dwels.

To explain the first point, the viability of thefattory epithelia in the diffusion chamber
model was reduced in the pH6.0 citrate buffer. Thsy be explained in terms of a
reduced mucosal pH gradigntvitro due to the lack of HCOions in the citrate buffer
(2.3.2 Effect of Different Buffers and Sodium Azide Olfactory Epithelium and
Figure 4.8). The exposure of surface epithelialsaal vitro to pH6.0 conditions could
explain the damage observed to the cells in thp#betia. However, it is assumed that
the mucosal pH gradient is maintain@edvivo by blood born HC@ ions. This could

explain why reduced epithelial damage was observet/o compared tan vitro.

Also, pH6.0 conditions were more likely to have mawaintained in the diffusion
chamber since less tissue (1.0%din vitro], 2.5cnf [in vivo (Gizurarson 1990)]) was
exposed to more 0.5mM citrate buffer (3.7nml yitro], 30ul [in viva]) in this model.
This difference may also have contributed to tloedased damage to the epithelia in the

diffusion chamber model.

C-PS nanoparticles were found in the mucous lay&othin vivo andin vitro models.
However, more damage was observed to the epithedidd in the diffusion chamber
model than the mouse model when C-PS nanopariiaes applied. This may also be
explained by the mucosal pH gradient (Figure 4fnce, in the mouse model, pH of
the mucus may change from pH6.0 at the gel laydaseito pH7.4 at the epithelial cell
surface. Aggregation and physical entrapment ofSO¥ay occur in the gel layer as the

colloid becomes unstable at higher pH towards ¢oethithelial cell surface (Figure 4.8).
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In the diffusion chamber model the C-PS colloictligrge stabilised in the gel layer.
Electrostatic interactions between the cationictiga@s and anionic gel layer may
dominate. Hence, the mechanism of C-PS retentionuous in each biological model

may have been different.

Expired air CO,
X 0.5mM pH6.0 Citrate buffer
Nasal Lumen o o
—_— — —_— —,
Gel Layer - - _ pH5.5-6.5 o o - pH6.0
—_—
pH Gradient o o
Sol Layer A | PH74 - pH6.0
\_ g .
Epithelial ¢ells HCOs . Epithelial ¢ells
(a) Normal physiology (b) In vitro model
, Figure 4.8 Schematic of proposed nasal
Expired CO, mucus pH gradient and its effect on C-PS
stability. Gel layer is anionic. (a) a pH
ot o gradient may exist in normal physiology

—_—

- & pH5.5-6.5 due to acidification of surface mucus by
_e o . .

expired CO, and secretion of HCQ by
. epithelial cells into the sol layer. (b) C-PS
remained positively charged in diffusion
A pH7.4 chamber model because pH gradient was
R \ diminished in pH6.0 citrate buffer due to
N . absence of serosal HCQ. Charged C-PS
Epithelial ¢ells HCO3

nanoparticles may have damaged epithelial
cells. (c) C-PS destabiliseth vivo because
pH increased towards sol layer. Aggregates
(c) In vivo model of nanoparticle formed and were retained in
the porous gel layer structure.

The C-PS related epithelial damage observed bybfigld microscopy could also be
due to the diminished mucosal pH gradiemtvitro (Figure 4.8). Hence, the C-PS
colloid would remain stable in the sol layer anduoe nanoparticle size-related damage

to the epithelium as explained earlier (4.4.3 Tolagical Aspects of Nanoparticle
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Exposure to Olfactory Epithelium). In the mouse eiadapped C-PS aggregates in the
mucous layer would prevent particles from reachihg epithelial cell surface.
However, it was noted that C-PS nanoparticles weesumed to have reached the
epithelial cellsin vitro but no direct evidence of C-PS was observed inotfactory

tissues from the diffusion chamber transport s microscopy.

4.4.5 Particle Transport into Olfactory and Non-olfactory Epithelia

Stereological results showed there were 2.1-foldsfdld and 1.5-fold increases in the
number of 100nm PS, 100nm C-PS and 100nm P80-FCSiBsoparticles
(respectively) in the non-olfactory mucosa compdopedifactory mucosa (n=2). A well
documented explanation for this is that nanopa&sicre transported to a greater extent
into M cells (for the function of presenting antigeto the NALT) of the non-olfactory
epithelium compared to columnar epithelial cellfif@rdelli et al 1999; Brooking et al
2001). NALT regions are not thought to exist in diactory epithelium. Therefore, the
general increase of nanoparticle association wibh-oifactory epithelium can be
explained by transport into these regions. Howedieect evidence for the existence of
NALT and its association with nanoparticles was ingestigated by microscopy in this

study therefore a clear conclusion for this expli@macan not be made.

100nm P80-FCS-PS surface modification strategynditiresult in clear preferential
uptake of these nanoparticles compared to 100nmnRS either non-olfactory or
olfactory tissues. P80-FCS-PS nanoparticles werendtated with speculation that
selective adsorption of certain serum proteins 89-PS would result in preferential

transport into the olfactory epithelium. Ration&de the study design and explanations
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for the lack of positive outcome have been giveevimusly (4.4.1 The Influence of

Particle Surface Modifications on Particle Transgpor

Future progress for olfactory selective nanopaticdrmulations is likely to be made
through surface modification of nanoparticles waigeting ligands that are known to
react selectively with olfactory epithelium. Bioogmitive molecules such as lectins
could provide the answer (Plendl & Sinowatz 1998)act, one successful study using
Ulex europeusgglutinin | has already demonstrated the olfgcsaiectivity of lectin-

conjugated nanoparticles in nasal mucosa (GaoZaGH).

4.4.6 Implications of Study Outcomes

The outcome of this study has shown that more RPISP89-FCS-PS nanoparticles were
found in nasal epithelial cells compared to C-P8né¢, these formulations would be

useful in different circumstances.

For example, C-PS nanoparticles would be usefdlitmv passage of surface-carried
drug paracellularly through the nasal epitheli@rafelease from the particle surface. If
the release occurs over the respiratory epithethisimight result in systemic transport.
However, release over olfactory epithelium couldwala direct N-B transport. If C-PS

was used in this way then it would be necessarddiver the formulation to the

required epithelial locations in the nasal cavigyusing drug delivery devices designed
for selective deposition. Also, C-PS patrticles éarthan 200nm may reduce mucosal
penetration of the particles further and therefaweid the damaging effects of the
nanopatrticles to the epithelial cells. Of course,dlinical success, the core polystyrene

would eventually need to be exchanged for a bicatsable polymer.
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On the other hand, PS and P80-FCS-PS showed sitralasport of particle numbers
into nasal epithelial cells. Clearly, non-biodegthl@ polymers are not clinically useful
for this type of drug delivery. As a result of tiggidy, however, it is speculated that
surface modification of biocompatible polymers witR80/FCS could produce
equivalent uptake into the nasal cells to that seee for P80-FCS-PS. Furthermore, if
this strategy is successful for delivery of biodetable nanoparticles into olfactory
axons then nanoparticles containing molecules #énatsensitive to the extracellular

environment could eventually be delivered direotrfrnose-to-brain.

Indeed, the design of colloidal carriers intendeml address specific delivery
requirements by chitosan-coating nanoparticlesptbacellular drug uptake and PEG-
coating nanoparticles for transcellular uptake BE® been suggested before across
rabbit corneal epithelial cells (De Campos et &30

4.5 CONCLUSIONS

An in vitro vertical Franz diffusion cell model using porciriéaotory epitheliumand an

in vivo mouse model were used to investigate the nasaspoanof 20nm, 100nm
and/or 200nm diameter nanoparticles with differemtface modifications (PS, C-PS,
P80-PS and/or P80-FCS-PS). The damaging effectthefe nanoparticles to the
olfactory epithelium were also reported. Tinevivo transport of these particles were
investigated through the non-olfactory and olfagt@pithelia, however, particular

emphasis was placed on the latter in accordandethet overall thesis aims.

First, modification of surface character changesldistribution of nanoparticles within
the epithelia. C-PS caused particles to adherea@xtracellular mucus. It was thought

that chitosan could be useful for deposition ofgdiru the extracellular mucus matrix in
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order for a transport of drug via a fast paracatlubute after release from the particle.
In contrast, PS and P80-FCS-PS were taken intondsal epithelial cells. In my
opinion, encapsulating drugs that are sensitivéh&o extracellular environment into
biodegradeable polymers and then overcoating \wighpblysorbate 80 (with or without
adsorbed serum proteins) may be useful strateglydnsport of drugs that are sensitive

to the extracellular environment.

Second, a greater number of 200nm PS and 100nn€80PS appeared in both types
of epithelia compared to 200nm diameter equivaleitserefore, the size of the

nanoparticles was important. It was speculated ttatsuccessful translocation of the
smaller particles was related to their ability eamptrate mucus more effectively than the
larger ones. In the mouse model, the distinctiamveen uptake of 200nm and 200nm
C-PS particles was less pronounced than that fonrh0and 200nm P80-FCS-PS which
suggested that surface character played a gred¢emrparticle transport into the nasal

epithelium compared to particle size (at these dians) in these systems.

In addition, nanoparticles were not observed in thi&e olfactory bulbs. The
nanoparticles used here were possibly too largetriorscellular transport after the
olfactory axons narrowed in the basement membrag®m in the mouse model. This
agreed withn vitro data which showed that no particles were detegtiabthe receiver
chamber in any of the diffusion chamber transpogbeeiments. Therefore, it is
speculated that an optimal nanoparticle size fandcellular nanoparticle transport

direct from nose-to-brain would be <100nm diameter.
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Also, C-PS nanoparticles caused the greatest anodul@mage to the porcine olfactory
epithelium compared to PS, P80-PS and P80-FCS-&t8n3y. The damage was likely
to be a combination of. (i) the (hydrochloride) ts&brm and molecular weight
(>100kDa) of the chitosan; (ii) the relative sudaarea and/or physical diameter of the
nanoparticles; and (iii) depletion of the mucoddlgradient in then vitro model using

pH6.0 citrate buffer.

However, C-PS size-related damage was not foundhén mouse model. It was
hypothesised that, unlike the vitro model, the mouse model may have been able to
maintain a pH gradient across the mucous layer éaytralising the acidity from the
citrate buffer using blood born HGGons. This would protect the epithelial cells by
causing C-PS to aggregate in the mucus therebyeptierg them from accessing the

epithelial cells.

Nevertheless, if similar chitosan-coated nanoplertsystems are to be used in direct
N-B drug delivery in the future then a particlerdeter of >200nm is speculated to be
appropriate for this system. This may enable példae drug delivery of small
molecular weight drugs, which are insensitive tbuta efflux and degradation, to be

achieved with less damage to the underlying epithethan that found here.

Third, PS, C-PS and P80-FCS-PS nanoparticles weiredfin greater concentrations in
the non-olfactory epithelium compared to the oldagtepithelium in the mouse model.
This may be due to the transport of nanopartictée NALT regions of the non-

olfactory epithelium for antigen sampling since NRhas not been found to exist in the

olfactory epithelium to date. However, this was nobfirmed by co-localising NALT
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and nanoparticles by fluorescence microscopy; foere the reason for increased

association nanopatrticles to non-olfactory regi@msained unclear.

In conclusion, nanoparticles may be useful for ddsivery through the olfactory

system. However, altering the surface charactersaralof the nanoparticles may lead
to improved efficacy at the expense of toxicitythhe biological system. Therefore, the
future challenge is to design nanoparticle systdrasdeliver the drug payload through

the appropriate pathway to the brain in a safeedfidacious manner.

To improve drug delivery to the olfactory regiompmising approaches that could be
used in the future relate to targeting of the dtiac epithelium through conjugation of
olfactory-selective biorecognitive ligands. Suchteategy would reduce the reliance of
drug delivery devices to target the olfactory egiihhm through selective deposition of

the nanopatrticles in the olfactory region.
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5. SUMMARY

5.1 FINAL CONCLUSIONS

The primary aims of the project are listed below.

(i) Design biological drug delivery models to intigate the physiological mechanisms
that may allow the transport of nanoparticles diyeitom nose-to-brain.

(i) Formulate a number of novel non-biodegradahknoparticulate systems and
compare their relative abilities to transport ittie olfactory system.

(iif) Monitor the affect of nanoparticle exposure the viability and morphology of

olfactory epithelia.

In vitro vertical Franz diffusion chamber amd vivo mouse models were adapted to
investigate the transport of nanoparticles via dhactory system. A tissue extraction
protocol was established by identifying the locataf the olfactory epithelium in the

porcine nasal cavity. The olfactory region was fbat the caudal portion of the nasal

cavity and extracted from the epithelium lining ttersal nasal turbinate.

To ensure the scientific validity of the diffusimmamber studies it was necessary to
prove that the experimental procedures themselwsghqut the addition of
nanoparticles) had no effect on the mounted tisSherefore, viability and cellular
morphology of the dissected olfactory epithelia evassessed prior to application of
nanoparticles to tissues. The results showed katiffusion chamber experiment did
not visibly damage or have an affect on the metealaitivity of the olfactory tissue.
However, the nature of the buffering system hadiBaant effects on the viability of

the diffusion chamber mounted olfactory epith€liae citrate buffered samples (pH6.0)
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were presumed to have reduced the viability ofdfectory epithelium by depleting the
mucosal pH gradient in the epithelium but this didt kill the epithelial cells

completely.

Other conclusions drawn from this work showed thi{gt;metabolic activity of the

olfactory epithelium was statistically reduced camga to respiratory epithelium, and
(i) normalising Alamar Blue™ data by the thicknexfsthe epithelium did not reduce
the variability of the Alamar Blue™ viability dataverall, the diffusion chamber
method validation concluded that both SNS buffeegd citrate buffered porcine
olfactory epithelia were suitable for nanopartitiensport studies in the vertical Franz

diffusion cell.

The development of colloidal nanoparticle formwas was undertaken by surface
modification of fluorescently labelled nanopartgleith chitosan, polysorbate 80 or
polysorbate 80+FCS. 20nm, 100nm and 200nm dianRSemanoparticles were surface
modified with these materials. The dominant adsomnptforces for chitosan and

polysorbate 80 were different in each case. Chitasdsorbed onto the carboxylated
nanoparticle surface by electrostatic interactiwhgh required careful manipulation of
electrostatic charges on the surface of the natiolgsr and the chitosan molecules
during formulation. Adsorption of polysorbate 80 svaresumed to be driven by
hydrophobic-hydrophobic interactions between thecoacid moiety on polysorbate 80
and the surface of the PS nanoparticle. AdsorptfoRCS serum proteins onto P80-PS
nanoparticles was not detected bgotential, particle size or Bradford’s protein ass

Nevertheless, the literature has consistently shthah serum protein adsorption does
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occur on various polysorbate 80-coated nanopastidieerefore, it was presumed that

serum adsorption had occurred.

The PS, C-PS, P80-PS and P80-FCS-PS nanoparticteslations were either applied
to the mucosal surface of the diffusion chamber mbedi olfactory epithelia or

administered intranasally in tlire vivo mouse model.

The following observations were made: first, suefamodification changed the
distribution of nanoparticles within the epitheli&-PS particles adhered to the
extracellular mucus whereas PS and P80-FCS-PS takea into the nasal epithelial
cells. Stereological data showed that there wadifference between the uptake of PS
and P80-FCS-PS nanoparticles in the mouse modeadtunclear whether this was due
to a lack of adsorption of serum proteins to theaparticle surface. 2D electrophoresis

may be used in the future to clarify FCS adsorphiehaviour to P80-PS nanoparticles.

Second, the size of the nanoparticles was imporéagteater number of 100nm PS and
100nm P80-FCS-PS appeared in mouse nasal epitloil compared to 200nm

diameter equivalents.

Nanoparticles were not observed in the mice olfgcbulbs. This agreed witim vitro
data which showed that no particles were detectiablbe receiver chamber in any of

the diffusion chamber transport experiments.

C-PS nanopatrticles caused the greatest amount mégka to the porcine olfactory

epithelium compared to PS, P80-PS and P80-FCS-§18nsy. This may have been due
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to the physicochemical character of the chitoshg, dize of the C-PS nanoparticles
and/or (iii) depletion of the mucosal pH gradientthein vitro model using pH6.0
citrate buffer. However, similar cellular damagehe mouse model were not observed.
It was hypothesised that, unlike threvitro model, the mouse model may have been
able to maintain a protective pH gradient acrogsrttucous layer by neutralising the

acidity from the citrate buffer using blood born G¢€ions.

Third, nanoparticles were found in greater con@mns in the non-olfactory
epithelium compared to the olfactory epitheliunthe mouse model possibly due to the
absorption of nanoparticles into non-olfactory NAkdgions. However, this was not
confirmed by co-localisation studies of NALT andnpparticles by fluorescence

microscopy.

5.2 SIGNIFICANCE AND FUTURE POSSIBILITIES

The outcome of this study has shown that more RISP&0-FCS-PS nanoparticle were
found in nasal epithelial cells compared to C-P8né¢, these formulations would be

useful in different circumstances.

For example, C-PS nanoparticles would be usefdlitmv passage of surface-carried
small molecular weight drugs paracellularly throutje nasal epithelia after release
from the particle surface. Drugs that are lessigeado cellular efflux and degradation
would be suitable candidates for this type of ddagvery. If the drug release occurs
over the respiratory epithelium this might resuit 9ystemic transport. In contrast,
release over olfactory epithelium could allow aedirN-B transport. However, since

chitosan has no biorecognitive targeting abilityyould be necessary to deliver C-PS to

243



the required epithelial locations in the nasal tawy using drug delivery devices
designed for selective deposition. C-PS particlagdr than 200nm may reduce
mucosal penetration of the particles further areddfore avoid the damaging effects of
the nanoparticles to the epithelial cells. Of ceurfor clinical success, the core

polystyrene would eventually need to be exchanged biodegradeable polymer.

In contrast, PS and P80-FCS-PS showed similar aptélparticle numbers into nasal
epithelial cells. Again, non-biodegradable polymars not clinically useful for this

type of drug delivery. As a result of this studpwever, it is speculated that surface
modification of biodegradeable polymers with P80&Could produce equivalent
uptake into the nasal cells to that seen here RG-FCS-PS. Furthermore, if this
strategy is successful for delivery of biodegradathnoparticles (<100nm diameter)
into olfactory axons then nanoparticles containinglecules that are sensitive to the

extracellular environment could eventually be defed direct from nose-to-brain.

To improve drug targeting to the olfactory regipnpmising approaches that could be
used in the future relate to selective targeting otfictory epithelium through
conjugation of olfactory selective biorecognitivgands (e.g. lectins). Such a strategy

would reduce the reliance of drug delivery devietarget the olfactory epithelium.

Also, olfactory epithelium had a reduced metabalativity compared to respiratory
epithelium. From a direct N-B drug delivery perdpex; and depending on the drug to
be delivered, this may be either detrimental (hgvahg slower uptake of drug into the
olfactory epithelial cells) or beneficial (by allovg slower drug degradation in the

olfactory mucosa or slower efflux of drug from agdicells). However, the relationship
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between epithelial metabolic activity and drug s@ort would need to be investigated

in greater detail to establish this opinion.

Overall, nanoparticles may be useful for drug d=lvthrough the olfactory system.
However, altering the surface character and sizehef nanoparticles may lead to
improved efficacy at the expense of toxicity to thielogical system. Therefore, the
future challenge is to design nanoparticle systdrasdeliver the drug payload through

the appropriate pathway to the brain in an efficasiandsafe manner.
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APPENDIX

The following buffers were required during samplegaration, for measuring DNA

content of tissues, as described in Section 2.H466hst DNA Quantification.

Papain Buffer

Dibasic sodium phosphate (0.1M), cysteine HCI| (BMPand EDTA (0.005M) were

diluted with water and adjusted to pH6.5 2.0M HCI.

Preparation of Papain Solution

Papain was dissolved in papain buffer (1.06mg/mproduce papain solution.

Preparation of Hoechst Concentrate Solution

Saline sodium citrate buffer was diluted (1 in 2@ water. This was used to dissolve
bisbenzamide (1mg/ml). 100 aliquots of this concentrated solution were firoze

(-20°C) until required.

Preparation of Hoechst Buffer

EDTA (0.01M), NaCl (0.1 M) and Trizma Base (0.01Mgre diluted with water and

adjusted to pH7 with 2.0M HCI.

Preparation of Hoechst working solution

Bisbenzimide (1.5pg/ml) was diluted in Hoechst buffvith 0.4 M NacCl.
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