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Abstract

Recent years have seen a growth in the manufagtofimanoparticles for their uses in
various fields of science and technology. Howeteis explosion in the production and
use of nanoparticles has in turn resulted in grgwsoncerns regarding their impact on
public health and the environment (Hoet, 2004). @wagor route of entry into the human
body is through the air-blood barrier in the lun@be air-blood barrier at the alveolar
region in most mammals is normally about 500-600imhickness (Bartels, 1979) and is
mainly responsible for the selective transport afap and certain vital solutes across the
membrane (Theodore, 1975). This selective transpodss these barriers is regulated by
tight junction protein complexes that bind two adjat cells in the tissue. This particular
selective transport mechanism is highly attractowethe drugs industry due to which the
lung epithelial barriers could provide a novel mdoedelivery to patients (such a system
already exist for patients suffering from asthamlagre they use an inhaler to deliver their
dosage). However, to develop such drug deliveryesys it is necessary to study the
effects either througin vivo and/orin vitro research methods. For the purpose of this
thesis ann vitro system using the Calu-3 cell line (cultured on twpes of membrane
systems) was used in the attempt at mimicing celtairier properties (mainly transport of
solutes across the membrane and integrity/tightobfise cell monolayers) present in the
in vivo state. Calu-3 cells were maintained on two difiesets of porous membrane types,
one was the commercially available Transwell® memnbs (Costar/Fisher) and the other
was the self-fabricated (at CSEM, Switzerland)ceiti nitride membranes. The silicon
nitride membranes were particularly unique, in famse that their thickness was only
500nm (compared to the polymer Transwell® membrareesd also presented the
possibility of miniaturising the Calu-8 vitro system. Miniaturisation helps reduce the use
of test solutions and allow the development of higloughput screening devices for
biological applications (Beebe, 2002). When thesgmlty of miniaturisation occurs along
side a biological application it is often the cakat microflows would be necessary for
maintaining cell culture within small areas insttie devices. Therefore, microfluidics was
vital in providing the opportunity for miniaturisexll based systems. In this study PDMS
(Polydimethyl siloxane) based microfluidic devicegre used for developing the cell
culture and concentration gradient devices. Thal fourpose of this poject was to create a
scaleable modular integrated device allowing thedyesns of the induced effects on Calu-3
cells against nanoparticle/solute translocation asgkssing cell monolayer integrity using
a real time TEER measurement system. This mingsdrin vitro multilayered

microfluidic setup consisted of three main compdsera top layer micro channel



(fabricated in PDMS), the middle silicon wafer begrthe silicon nitride membrane (also

bearing the electrodes for measuring TEER of theied cell monolayer) and the bottom

layer micro channel. This modular device would haksess Calu-3 cell monolayers
resposes to toxic solutions and hopefully assisatds developing a novel analysis system
device to study the effects of such toxic solutioneeal time.
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Definitions / abbreviations

A549 Alveolar epithelial cell line

AFM Atomic force microscope (microscopy)

AuNP Gold nanoparticle

BSA Bovine serum albumen

Calu-3 Cancer lung - 3

CC16, CC10 Clara cell secretory protein 16, Claasecretory protein 10
CFTR Cystic fibrosis transmembrane conductancelasgy
CSEM Centre Suisse d’Electronique et de microteghen

DAPI 4'-6-Diamidino-2-phenylindole

DMEM Dulbeccos modified Eagles medium

EBL Electron beam lithography

ECM Extra-cellular matrix

E.coli Escherichia coli

EDTA Ethylenediaminetetraacetic acid

EMEM Eagles Minimum Essential Medium

FBS Fetal bovine serum

FISH Fluorescent in situ hybridisation

FITC Fluorescein isothiocyanate

16HBE140 Human bronchial epithelial cells

hAEpC Human alveolar epithelial cells

HBSS HEPES buffered saline solution

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesutfauid
ICP-MS Inductively coupled plasma - Mass spectroynet
ICP-AES Inductively coupled plasma - Atomic emissgpectroscopy
IgG Immunoglobulin G

IgM Immunoglobulin M

JAM Junction adhesion molecule

MDCK Madin-Darby Canine Kidney

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetzalium Bromide
PBS Phosphate buffered saline

PDMS Poly dimethylsiloxane

PMMA Poly (methyl methacrylate)

PTFE Poly-tetra-fluoroethylene

QD Quantum dot

RF Radio Frequency

RFU Relative Fluorescence Unit

SE Secondary electron

SEM Scanning electron microscope (microscopy)
SizNg Silicon nitride

SP-A/B Surfactant protein — A/B

STD Standard deviation

TEER Trans epithelial electrical resistance

TEM Transmission electron microscopy

TCP Tissue culture plastic

TiO, Titanium dioxide

UFPs Ultrafine particles

uv Ultraviolet

XTT 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-f{pnylamino) carbonyl]-2H-

tetrazolium hydroxide
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Chapter 1: General Introduction

1 Introduction

Living cells in the human body are typically 10smoicron in diameter and cell parts are
much smaller ranging in the sub-micron level. Hnst@vhich are smaller still, typically in
the range of 5-50 nm (Figure 1) can be comparetl wieé dimensions of some of the
smallest artificially produced nanoparticles (Sal&004). Nanoparticles are used and
developed as materials in biotechnology and phagnotasals because of their “small size”
(in the nanometer range). They have been showenetmte tissues quite well and allow
the addition of a range of functionalities onto Hane nanoparticle in order to be suitable
for a particular application (Silva 2007, Salat®20Sperling 2008, Sukhorukov 2005, De
la Fuente 2006). However, the question that aiseghat effects do these nanoparticles
have on human health and the environment; do thiey pose a toxicological hazard? For
example titanium dioxide (Ti§) nanoparticles are often used in sunscreen lottons
absorb ultraviolet (UV) light. It has been reportdtht some of these nanoparticles used in
cosmetics have the ability to penetrate throughsitie thus entering the body and interact
with the bodies immune system (Hoet 2004). Effeétsuch nanopatrticles could be long

term or short term with respect to the exposurgtaf organs in the human.

] ] - 100 mm
Humming bird —

- 10 mm
Head of a pin ——L 4 mm

Dust mite —— | 100 um

Red blood cells — [ 10 um
" F 1 um
Titin (~3000kDa) —*

- 100 nm
Dextran (2000kDa) —

BSA (67kDa) — [ 10 nm Nanoparticles

Dextran (4kDa) — | 1 nm

Atoms ——

Figure 1: Size distribution scale
Scale of size distribution of various materials, proteins, cells, and animals (left) compared to
nanoparticles
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We are constantly exposed to various nanopartmlesent in the environment due to air
pollution. Particles released due to combustiogestain fossil fuels are one of the main
concerns of environmental nanoparticle hazards wapect to inhalation (Stone 2000,
Nawrot 2007, Nemmar 2003). The average human ialegproximately 15kg of air daily
and when compared to the intake of 1.5kg of food 2:9kg of water it becomes evident
that the inhaled air can be a major source of harméterials, chemicals, etc.. Due to the
lung’s unique morphology of airway conduction amggk internal surface area (79m
these harmful chemicals are found to travel furdmpss the air spaces and right up to the
alveolar regions. The alveolar air-blood barriegioa is responsible for gas exchange
between the lungs and the capillary circulatorytesys This air-blood barrier also works as
a sieve against larger foreign materials (micromstale materials, aggregates, large dust
particles, etc), where the much smaller materiglgy 99, technetium radioactively
labelled carbon particles <100nm, certain therapaliugs — e.g asthama inhaler drugs
like bambuterol and formetorol) tend to cross tlaribr into the capillary circulatory
system (Gardner 1993). Since the air-blood baigeunder constantly exposed to the
enivornment or in the case of a disease (like agfhunder constant exposure to certain
drugs, the repirstory system has several defenchanems. The various cell types within
the lungs perform the task of excluding foreigni¢casubstances through other means like
mucocilliary clearance mechanism and alveolar natwage response that work along side
the barrier function of the air-blood barrier (Asgian 2001, Oberdorster 1997, Bernardin
1995, Gardner 1993, Stone 2007). Due to the presehcsuch defence mechanisms it
becomes difficult to assess the actual effectiveedielivered to the various target organs,
from the concentration of pollutants in the airefdnare however certain methods like
Vivo or in vitro toxicity for vital organs (in animals) and cellspectively, which are the
most commonly used techniques for evaluating thecef of exposures to harmful
materials or nanoparticles (Seagrave 2B805)Vhile assessinin vivo exposure systems
different parameters such as ventilation, frequeoicyespiration bronchial dimensions,
bronchio-arterial blood flow, rate of eliminationcluding the natural clearance, metabolic
conversion and rate of retention have to be corsitléo postulate the effective dose

(Gardner 1993). In addition to these factors thare certain physical and chemical

! Some researchers also use the ex vivo (certain tissue sample which is maintained outside the
body under culture for approximately 8 -14 days, depending on the type of tissue, exposure
experiment and length of experiment) conditions to asses toxicity (Sakagami 2006, Kashima
1996), but this will not be discussed with this thesis.
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properties of the test materials that must be demnsil in determining the effective ddde
Diffusion coefficient, particle size, surface propes, surface area and solubility are some
of the factors that may be considered (OberdoQ6i7, Stone 2006). For obvious ethical
reasons nanoparticle testing in humans is suleditoyin vivo animal models anth vitro
analysis of human celldn vitro studies can be a very useful approach to identify
underlying mechanisms by which nanoparticles damegis (Devlin 2005). New
approaches in particle testing and cyto-analysaysshave made it possible to understand
many of the underlying cellular pathways and biocioal processes involved in the
cellular response to toxic- and other nanoparti¢®sm 2003)In vitro testing systems are
relatively inexpensive and exposure results obthinem in vitro models of human cells
can be compared to some extent withvivo methods (Seagrave 2005). Cells in culture
have on the other hand certain limitations congidegrowth potential, culture conditions,
phenotypic expressions of proteins and retentionetiftype specific function. The main
disadvantages of having &m vitro system are that such lack the systemic physiolbgica
input (immune system, blood flow, temperature,.ptvailable within ann vivo system.
Meaning that under the influence of certain meatenor chemical stresses there is no
macrophage response or changed blood flow at tpesexe sites, which is one of the
important factors during healing or exposure red&eagrave 2005, Gardner 1993).
However, inspite of these limitations vitro systems can provide important information
on interactions of potentially toxic materials wihecific cell types. Thex vivosystem,
(tissue samples maintained in culture for approxeiyald — 21 days) can be used for
experiments outside the body depending on the aypissue and exposure routes studied
(Seagrave 2005). The various establisheditro testing systems can give valuable and
complimentary results tin vivo systems. However, the main disadvantageno¥itro
systems is also to some extent their advantagé, that they lack the systemic input. In
order to increase thia vivo likeness ofin vitro models some complexities such as a 3D
environment, flow, co-culture with other cells damadded. One of the techniques that aim
at incorporating some such parameters intwitro experiments can be achieved through
microfluidic techniques. In microfluidic devicesettenvironment can be well-controlled
and parallelised high throughput systems could h&mtain scalable cell cultures within

a controlled environment with the scope to achig\atterin vivolikeness.

2 | will from here on concentrate on the specific problems associated with nanoparticle
exposure.
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1.1 Nanoparticle toxicity

1.1.1 Nanopatrticles

As we steer towards a new age in technology, thle of nanoparticle-technology has
found its way towards gaining tremendous importaroe future applications in
biomedical and pharmaceutical research. This figéhls with the creation and/or
manipulation of materials in the nanometer (0.108 dm) scale. Due to novel, exploitable
properties that materials exhibit when structur@dmade to be in the nano size range,
nanoparticle-technology has had a great deal ohanpn advancements in the scientific
and technology community (Silva 2007, Salata 2@4lata 2004, Stone 2007, Mazzola
2003, Whitesides 2005, Service 2004). Materialsradtaristics such as color, strength,
and conductivity (heat and electrical) are dra#ificaltered with slight modifications in
particle size in the nano scale as compared tcelasges or the bulk material. As a
consequence, the field of nanoparticle-technologg benerated substantial interest in
many areas that aim to harness these changed pespar nanoparticles, so that they can
be incorporated into products to enhance or impesting properties, or can be used as
novel stand-alone products (Salata 2004, Salatd, Zxloviev 2007).

Examples of “nano-size” dependent properties ampliGgiions are seen in quantum dots,
gold nanoparticles, magnetic nanoparticles etc.anfum dots (QDs) are nanoscale
crystals of semiconductor material that fluoresaghva size dependant colour when
excited by an appropriate wavelength of light. Bhéias been a considerable amount
interest in the use of QDs as inorganic fluorophpmving to the fact that they offered
significant advantages over conventionally usedréiscent markers. QDs have fairly
broad excitation spectra—from ultraviolet to reghtithat can be tuned depending on their
size and composition. They have narrow emissionteemnaking it possible to resolve the
emissions of different nanoparticles simultaneoasigh with minimal overlap. A valuable
function being that they have a slow degradatiokingatheir fluorescence remarkably
stable over long periods of time. By altering tlweface chemistry of QDs, to make them
more hydrophilic, they have shown to be used agitggagents that can be specifically
attached to cells, proteins and nucleic acids. stuay by De la Fuente et al 2005, they
presented quantum dots (water soluble quantumaigugates using a cadmium sulphide
core coupled with tiopronin, where the tiopronindeahe surface hydrophilic and also
reactive to proteins due to the presence of a-ft€@OH group) with surface immobilised
cell-penetrating peptides (tagged with HIV-1-trasivating-protein (Tat-protein)
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molecules) that not only could penetrate the calldiso target components within, in this
case the cell nucleus (de la Fuente, 2005). Thserwations with the CdS@tiopronin-Tat
showed penetration into the nucleus of fibrobladisc Through this example, it is evident
that nanoparticle surface properties can be matifissing surface coatings or tags, to
create a link between themselves and their enviemtinin a review Salata (2004) explains
that nanoparticle coatings or tags could be pradlucem protein and carbohydrate
conjugates, antibiotics, fluorescent tags, biocdibfsamonolayers of small molecules, etc.
These coatings depend on the specific applicatmrssualise and influence cell response,
and could be used for various drug therapies. (&&@04, Kane 2007, de la Fuente 2005,
de la Fuente 2004, Barrientos 2003). In an interg@seview, Marie-Christine Daniel and
Didier Astruc (2004), presented a number of appibca of gold nanoparticles (AuNPS)
for biomedical investigations and drug design. Tke of AuNPs increased exponentially
in applications related to biomedical sciences,ctedaics, catalysis and optical
applications, with most of the particles being ssised using a ‘bottom up’ approach
(involves chemical synthesis and self assemblyewoeate the desired product - Silva
2004).The authors have listed various methods used tafyntiee surface chemistry of
AuNPs in order to make these compatible with thedseof specific applications in various
fields. This review also explains the functiondisa of AuNPs by alkanethiolate and
various functional thiolate ligands forming verglsie and monodispersed materials. These
simple synthetic methods were shown to be partilyufavourable for easy manipulation
of AUNP surface properties. Of the many applicatibighlighted in this review, the most
promising is the possibility of tagging AuNPs withNA assemblies. For future
biomolecular applications, such as labeling, desactand transfer of drugs, including
genetic materials the property of bio-tagging AuN#?scertain nanoparticles could be
extremely useful (Elghanian 1997, Mirkin 1996). DNVas a good candidate for this task
because of its specificity in base pairing, andoiild be used at the nanoscale level for
biosensing, (DNA strand thickness ~2.2nm and lengthone nucleotide sequence
~0.3nm). The examples presented here showed amoskimary variety of structures,
properties and applications available for gold meambicles that will motivate fundamental
sciences and interdisciplinary research in theréutu

The above listed examples were just a few exangfieee tremendous amount of work

that has been carried out in the field of nanopl@rproduction and application.
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1.1.2 Current situation with nanoparticle toxicity

Nanoparticles are currently being used within wasi@onsumer products like aerosols,
cosmetics, paints, etc.. Some cosmetics like sokbltooth-paste, paint etc. contain
titanium dioxide (TiQ) nanoparticles. In the case of sun block/scree@ars, titanium
dioxide works as a physical sun blocking agent graharily reflects/absorbs ultraviolet
light (It bocks UVB and short UVA (320-340 nm) (Bam 2005). Titanium dioxide is not
irritating and more compatible with sensitive skiian chemical sunscreens (For example,
Oxonica have recently developed a product knowrOBRIISOL™, which consists of
microfine titanium dioxide with small amounts (0%Y of manganese included in the
crystal lattics structure of the particles. Thikak absorbed UV energy to be dissipated,
virtually eliminating the generation of free radsaManganese at the surface of the
particle scavenge free radicals that are normadhegated by other sunscreen components
containing benzophenons, and salicylates) (OxddRaISOL™, data sheet 2009) The
main issue with using titanium dioxide-based sugeses is that they leave a white residue.
By introducing TiQ nanoparticles into sunscreen products this issige deen partly
resolved. TiQ nanoparticles have different optical propertied tand to leave much less
whitish residue than regular powdered titanium @lex The TiQ nanoparticles retain the
capacity to protect from UVB and short UVA wavelérg

However, there are some concerns with the penatratid invasion of such particles into
the blood stream through the skin. Effects of su@hoparticles are likely to arise in many
different scenarios; they could be long term onsteym, mainly with respect to the extent
of exposure of vital organs in the human. For eXarijgO, particles have previously been
reported to penetrate through the skin (Hoet 2G04}y interacting with the immune
system. In a study by Ferin et al (1990, 1994), @abthors demonstrated that when rats
were exposed to an equal airborne mass concemtratialtrafine (range <100 nm) T3O
particles, there was excessive bronchoalveolaanmhation. In another comparative study
by Warheit et al (2005), they tested Fi@articles with different surface coatings ranging
from 0-6% alumina (AIO3) and 0-11% amorphous silica ($)O Their results
demonstrated that only the Ti@articles with the largest proportion of surfacated
produced mildly adverse pulmonary effects when canegb to the TiQ control particles.
This meant that the TiOcould be used as a control particle when setttagdards for
nanoparticle toxicity studies (for different nandpdes). Such valuable experiments to
produce standards for cell based systems, hadb&eo conducted by Lu et al (2009),
where the toxic effect of several different oxideseéd metal nanoparticles was determined.
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Here TiQ was used as the baseline particle and revealetd N2 particles acted
extremely toxic when tested for oxidative stresduged undem vitro conditions. There
were several other experiments performed thatdeste toxicity of nanoparticle colloids
and fibres such as fine diesel- , or carbon blaakiges, etc. (Geys 2008, Xu 2004,
Nemmar 2003, Ferin 1990, Warheit 2005, Warheit 2@2dne 2007).

Hoet et al (2004) used an aerosol (Technigas)stori@noparticle translocation across the
lung epithelium into the blood stream (Hoet et 2004). They found traces of this
radioactive aerosol (99m technetium-labelled carparticles <100nm in diameter), in
many of the vital organs. Radioactivity was deteédte the blood of 5 different healthy
human volunteers within a minute of inhaling theoael. (Duhayon 2008, Nemmar 2002)
Technegas was a commonly utilised aerosol in disiggolung infections and for
measuring the distribution of ventilation of thead¢is. (James JM 1995, Isawa T 1991), but
their potential hazards to human and environmehtdlth were yet only vaguely
understood. However, this study is not withoutiisics, in a paper by Brown et al (2002)
and more recently in a paper by Mils et al. (2008)translocation of nanoparticles was
observed which would suggest that there are uno#ges in stability or imaging
limitations in the detecting the radioactive tediuma in anin vivo study. It is thus
necessary to understand the toxicological effetthase particles and there is a need for

developing a system that would accurately test sactoparticles for their toxicity.

Rapid proliferation of nanoparticle production mets a dilemma to regulators
(nanoparticle toxicologists) with regards to hazatentification. The aim is to be able
screen nanopatrticles for their toxicity and to ierpéent their proper/safe usage in specific
industries where nanoparticle-technology may beliegpThis is essential for risk and
hazard management in areas where there was arsietexposure to nanopatrticles, for
example in nanoparticle production industries, ptié user of nanoparticles within labs,
etc.. The risk evaluations required the generatifcandata base related to the assessment of
health hazards on exposure to such engineered adiotgs. In order to understand the
risks of nanoparticles, it is first vital to knowet mechanisms that cause toxicity within
various cells in the body or that can declare thdigle as being toxic. Nanoparticle
toxicity was shown to be largely dependant on tnéase reactivity and on their variable
particle size or by accumulation of surface areadntact with the nanoparticles (Stone
2006, Warheit 2004, Oberdorster 2007). For exampledividuals who smoke, excess
accumulation of smoke particles on the alveolatheium may cause a reduced surface
area for the uptake of oxygen; in pneumonia, ptisaffer due to an excess of water in
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the lungs which may reduce the air accessible seirfgea of the alveolar epithelial cells,
causing loss of cilliary activity and resulting @nying up of the mucus on the surface of
the epithelium. Nanoparticles have also been showossess the potential to cause such
changes within the human system and at the same hiewe a direct toxic effect on
alveolar cells. (Stone 2006, Warheit 2004, Obetdo2007).

Although most of the validations for toxicity stedi have been conducted usingvivo
experiments, it was highly desirable for futureesesh to follow the ‘3Rs’ principle:
Replace, Refine and Reduce animal testing in rekBedior example UK based funding
body ‘The NC3Rs’' look towards promoting new techumdg at improving and
implementing the use ofn vitro techniques — NC3Rs — National Centre for the
Replacement, Refinement and Reduction of Animal®&search). However, curreimt
vitro methods for evaluating nanoparticle toxicity haeene limitations in identifying or
finding results for nanoparticle induced toxicithen compared to the same conditions for
in vivo toxicity effects. For example considering the lungss is a complex organ
consisting of different cell types and it is diffic to simulate the same reactions against
nanoparticle as observadvivowith the systemic environment in anvitro system. In an
interesting review by Sayes et al. (2009) the cigypat in vitro screening studies to predict
in vivo lung toxicity of nanoparticles in animal models swavestigated. There is a
considerable amount of data where nanoparticleaogy has been utilised for the
purpose of drug delivery via the lung (Forbes 20B&ster 2000). However, there is a
growing concern about the toxicity caused withie fangs by these delivery systems
(Villa-Vega 2008). The following sections will disss as to why pharmaceutical and drug
companies are targeting the lung for nanopartideddelivery technology and the

significance of the defence mechanisms of the luvigsregards to such nanopatrticles.

1.2 Lung as a target system

1.2.1 Pulmonary passage and barrier properties

For the purpose of this project the main area tfra@st were lung epithelial barriers.
Components of the respiratory system are exposethaoenvironment and block the
unwanted harmful materials and small particlessg@méin the air, from entering the body.
Due to this very reason the lung is well equippeiihwseveral different defence
mechanisms, for example the air-blood barrier &l selective transport of gases,

solutes and proteins, macrophage response to tleetedf sites and mucocilliary
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movement. The lung epithelial cells, being one lugé main defences, act as barriers
between the external environment and the interaatwiar system and form the air blood

barrier.

The primary structure of the lungs and, the alveefathelium provide an extensive and
thin surface for gas exchange. Besides this thenguary epithelium serves a number of
other functions that help preserve the ability leé tungs to exchange gas. It provides a
barrier (lung-blood barrier/air-blood barrier), whi protects the host from the outside
environment by controlling the transport of soluteater and any inhaled foreign material.
The lung epithelium also produces complex surfactectretions, as well as several
proteins necessary for defence against damagedlogen attacks. The significance of the
air-blood barrier was not only that those gaseddcdiffuse across but also that it was
known to be permeable to proteins and solutes. alVeolar to vascular permeation had
been demonstrated in a number of publications dtwhedher they provided strong
evidence for the respective transport mechanismarnfens 1999, Theodore 1975).
Hermans and Bernard (Hermans 1999) stated in awevihat the air-blood barrier
behaved like a molecular sieve, allowing the passafgsolutes and macromolecules in
both directions depending on their molecular wesginid shapes, especially in the case of
surfactant proteins. Surfactant proteins are sedretainly within the lung cell area hence
their presence in the vascular compartment of yseem could be possible due to leakage
through the barrier. Some surfactant proteins, filkeexample Clara cell secretory proteins
(CC16, CC10), surfactant proteins (SP-A, SP-B)sawelied in more detail with regards to
protein transport (Broeckaert 2000, Hermans 1998hifR 2002). To reach the blood
stream proteins and solutes must cross the airmdipathe alveolar barrier. The epithelial
barriers of the airways and the alveolar regionsetseveral differences that can affect the
passage of macromolecules to — or from the airespac or from the blood stream. The
permeability of this passage was likely to be deieed by the relative pore size between
adjacent epithelial cells. The alveolar barrieestimated to have an average pore radius of
about 1 to 5nm and the airway bronchial barrierdrasffective pore radius of a about 7 to
12nm (Taylor 1970, Taylor 1965, Oberdorster 1986).

The ability of the air-blood barrier to act as ¢&estve transporter between air and blood
provides a promising route for drug delivery andnbedical applications (Forbes 2000,
Forbes 2005, Kim 2007, Silva 2007, Salata 20043d#je2003). Nanopatrticles, due to their
extremely small size, exist in the same structdi@hain as most proteins (Figure 1),
which makes them useful for drug administration ligggions, considering also the
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effective pore size of the inter-cellular junctionslowever, the interactions of
nanoparticles with the lung epithelium are poorhyderstood (Hoet, 2004, Oberdorster
1995, Stone 2007). The developmenino¥itro andin vivo systems has helped to asses the

translocation of drugs and nanoparticles througly kcells.

1.3 In-vitro models

The human respiratory system is a complex orgasisting of humerous cell types that
have specific roles within the different regionstbé airways. In the lungs pathogenic
effects of inhaled solid materials depend on adhigwa certain lung burdef. When
considering the lung burden, the chemical and physproperties of the particles
themselves are important and influence depositimh eearance rates (Seagrave 2005,
Marquis 2009, Oberdorster 2005). It was shown byesauthors (Hoet 2004, Oberdorster
1995, Stone 2007, Strum 2009) that nanoparticle80rth normally deposited in the
alveolar regions, mostly at branching point, whardarger bronchiole splits into two
bronchioles. In a theoretical view of particle dsjion Strum et al. (2007) presented a
model that explained how fiber nanoparticle depwsthe human bronchial and alveolar
regions. They discussed the deposition of rigid ahdmically stable fiber particles
compared to the alveolar and bronchial clearancehamesms using the aerodynamic
diameter!” of fiber particles. The bronchial clearance waivedr by the mucociliary
activity, which is an effective transport systenattipushes mucus trapped nanoparticles
moving them upwards through the airway canal. Tleeadar particle clearance
mechanism predominantly depends on macrophage pyiages. This process results in
the activation of macrophages which induce theasseof certain chemokines, cytokines,
reactive oxygen species and reactive nitrogen spethat can result in persistent
inflammation and fibrotic changes (Ferin 1994, Goli®75, Muhlfeld 2008). However,
some experimental evidence published by Absood l.et(2008), and Petty (2007),
suggested that inhaled nanoparticles escape thelahvand bronchial defence systems and
can migrate into the regions of the air-blood tearrNanoparticle toxicity related to lung
exposure has been investigated by authors like IBsoa 2002, Nemmar 2002,
Oberdorster 2001, Stone 2007, Warheit 2005 etm, aldo discussed the effects of particle

® Nanoparticle accumulation inside the lungs determines its lung burden dependent on the ratio
of the rates of particle deposition and clearance

* Aerodynamic diameter is commonly applied to particulate pollutants and inhaled drugs to since
their geometry is difficult to measure therefore the it is given an assumed geometry of a
sphere
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penetration and related pulmonary damage. All theva mentioned papers presented
evidence that nanoparticles were mediators of agvieealth effects probably due to their
very small sizes, their surface reactivity, andrthbility to produce surface free radicals to

cause oxidant damage.

In a nanomaterial toxicology review, Oberdorsteale{2007) highlighted the significance
of in vitro testing methods for nanopatrticle toxicity testifidiey stated that there are
several parameters to consider with regards t@pipdication ofin vitro testing methods.
Also that there are several issues concerning swthods to detect the nanoparticles, due
to possible dose mismatches withimvivo conditions, and the need for a positive and a
negative control particle (bench mark particleskobwn toxicity) as well as differential
protein adsorption onto the nanoparticles (also tmead by Lundgvist 2008, Lynch
2007). To aid with methods of determining toxicégd setting up certain control values
several analytical methods have to be consideredcytotoxicity due to the possible
uptake and translocation of nanomaterials. Margue. (2009) recently reviewed various
analytical methods available to assess nhanomatexigiity with in vitro techniques. They
showed that due to the complexities involved wisessing nanoparticles (explained
before as size and surface area properties, bat. )rtany of the techniques used to derive
the information about toxicity had often to be usetlectively (meaning that only one or
two analysis techniques are not enough to estithatéoxicity of one type of particle and
that a combination of techniques would be bett@eduo determine toxicitWithin this
review, nanoparticles were identified using: traissmon electron microscopy (TEM),
inductively coupled plasma atomic emission spectpg (ICP-AES), fluorescence
spectroscopy, flow cytometry and video enhancedemdintial interference contrast
(VEDIC) to relate to the amount of uptake and tpamged through cells. The techniques to
test nanopatrticle toxicity however included a vgrief metabolic assays [e.g. MTT, XTT
5l and Alamar blue assays], necrotic or apoptotiayssfiactate dehydrogenase testing for
leaking cells by showing up released lactate, TmyBhie a dye excluded by living cells,
neutral red (as for trypan blue), annexin-V a marke apoptotic cells, and live/dead
(using ethidium homodimers together with SYTO-gtaassays]. These cytotoxicity test
assays were useful for most types of cells anddcbelp to generate a valuable database to
classify nanomaterials according to their toxicityiese techniques are used as part of a
group of three or more techniques (the minimum nemnb 3 types of different techniques)

which gives a comparative analysis for the toxiafy nanoparticles (according to the

® Full forms given in abbreviations section
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authors Marquis et al 2009). In this case, onertiegie is dedicated to testing the size and
distribution of nanoparticles (e.g ICP or TEM) ahd other two are used to test the effects
on cell stress and changes in metabolic acticwitgells (e.g. MTT, apoptotic cell assays,

etc.)

There are currently several cell lines being useoh aitro model systems for the lungs,
these are: Calu-3 and 16HBE140 which are humanchrahepithelial cell lines and then
the human alveolar cell lines hAEpC and A549, a#i a® others. These cell lines have
been vital tools to understand drug delivery andalmaism, and are now being utilised to
postulate the behaviour of inhaled nanomaterialse Talu-3 cell line is the most
commonly used cell model for drug delivery studsew toxicity analysis (Calu-3 are
derived from airway adenocarcinoma human broncleigithelial cells type 1l and
commercially available from ATCC-LGC — Promochenthey exhibit both a serous
(secretory) and sometimes a ciliated phenotype \mace shown to form very good
epithelial barriers which can be utilised for difat applications, e. g. to investigate drug
transport, and toxicity testing of harmful aerosatsl particles, etc (Florea 2003, Fogh
1977, Forbes 2000, Forbes 2005). Test materialsapplications of Calu-3 cells are listed
in Table 1.
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Respiratory | Application Test materials Authors
cell type

Polystyrene particles

(amine/carboxy-modified) (Geys, 2006)

Poly lactic-co-glycolic)acid (Fiegel, 2003)
particles =

Nanomaterial

Screening Single/multi-walled carbon
nanotubes (CNT)

(Rotoli, 2008)

Chitosan particles
(Microspheres formulated at (Grenha, 2007)
Calu-3 NP:mannitol ratios)

Cyclodextrins (a-, B-, y-, HF-a/B,

RM-B-CD) (Matilainen, 2007)

FITC-dextrans,Caffein, Lucifer
yellow, antipyrine,
chromoglycate, insulin,
leucine, uridine, salbutamol

Drug screening (Mathia, 2002)

Albuterol sulfate, sucrose,

fluorescein tranferrin (Foster, 2000)

Table 1: Calu-3 cells used as a screening tool for drugs and nanoparticles.

This table lists the two main areas for the applications for Calu-3, nanomaterial screening and
drug screening, showing the different nanoparticles and drugs utilised. The relevant literature is
listed in the table

1.4 In-vivo models

In vivo models have been specifically designed to estahblielation between the potential
toxicity of nanoparticles under the true physiotadi conditions of the test organs (i.e
lungs in this case)n vivoinhalation experiments used to test the potettidatity of some
nanoparticles have shown that they can travel ndeeper into the body (into vital organs)
passing through the air-blood barrier in the luffldemmar 2002). There are a number of
exposure techniques, most of which are reviewedunh detail by Garner et al. (1993). In
this review the authors analysed several experiahégthniques where animals were made
to inhale particle contaminated air. They categarithese techniques as being either static
- or dynamic- systems, depending on the way in wthe air was supplied to the animals.
Following their categorisation under “static commhs” the test material was initially
introduced inside a chamber and allowed to mix whhair in the system. The animal was
later introduced into this chamber and the apparatas kept sealed. In such a system

there is no ventilation of air hence over time oxygs depleted, and carbon dioxide
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increased, which may exasperate the materialsitpxigue to this inherent problem such
static systems were abandoned for recent studiedetJ‘dynamic conditions” there is
constant flow of air mixed with the material to tested, and hence oxygen/carbon dioxide
levels did not affect the animals. Other paramesersh as temperature- and humidity-
could also be controlled within the experimentakups, allowing one to match
environmental conditions. Experimental inhalatiotp@sure techniques are categorised
depending on the type of exposure to the host. igar@t al (1993) described three
different types: A) whole body exposures, where libst animal can be tested within a
controlled environment and all the organs providealable and large base for results.
However, this method proved to be quite expensoresiclering the costs of the chambers,
materials, and animal maintenance. The animals lasbto be exposed continuously or
sporadically to airborne nanomaterials and exposuneot restricted to the respiratory
system (It was difficult to determine the extenttoxicity caused through the organ of
interest and other routes of entry such as transaleioral uptake due to grooming, etc,
have to be considered). B) Head or nose exposurere the delivery system is focused
towards the introduction of test particles throtigé lungs, via inhalation and the exposure
of any other body parts is reduced. This systend upeless amount of the test material as
compared to the whole body exposure systems. ierm was however stressful to the
animals since they were exposed to the test mhtetian tiny ventilation zones and may
have not had access to either food or water fog lmeriods of time due to inaccessibility
once the animals were loaded. C) The ‘lung onlypasure included deep lung exposures
(to specific lung sites) by intubation. Each tecjua has its advantages and disadvantages.
These techniques were implemented depending ortedtematerials and on the host
species. Inhalation toxicology systems and methlamolare more widely discussed in
reviews by: Barrow 1982, Wong 2007, Phalen 197@&|éth1984, Gardner 1993, Cannon
1983, and Cheng 1995; (Some schematics of expegatems are shown in Figure 2). The
techniques and methods described above produceteaalys exposure atmosphere,
however, in most cases the amount of material\laat absorbed by or deposited into the
animals could still differ between subjects. Thiaswossible because of differences in the
respiratory physiology and anatomy, e.g. breathhw frequencies may differ between
subjects leading to significant differences in toégal amount of test material inhaled
(Gardner 1993).
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Figure 2: In-vivo inhalation exposure systems

A) The chamber represents a schematic of a whole body exposure system (Wong 2007), the air
enters from above and leaves the chamber at the exhaust below. B) This is a schematic of a nose
only exposure system adapted for rats, the steady flow of air through the central pipe has to be
faster than the exhalation speed (Cheng 1995, Cannon 1983)

To reduce these systemic differences local doséhadst were used especially when
dealing with expensive test materials. Techniquashsas intratracheal instillation,

intratracheal inhalation, oropharyngeal aspiratiamacheostomy and endotracheal
inhalation allow direct dosage to specified redpimatract areas, but have the drawback of

being a far more invasive procedure (Wong 2007).

In vivo toxicity assessment included the use and sacwficzveral animals. This allowed
for the examination of animals after long term esgpes, as well as studies of localisation,
systemic biodistribution, excretion and retentidntltee administered materials (Barrow
1982, Wong 2007, Phalen 1976, Phalen 1984, Gadfi#8, Cannon 1983, Cheng 1995).
There are a number of methods established to deteciparticles that get localised within
live specimens, recently sacrificed specimen adiissue samples (e.g. full body analysis
using fluorescent/radioactive tags, homogenizesliéissampling using ICP-MS or ICP-
AES ¥ protein and serum assays from tissue samplesairgg in the previous section).
However, most in vivo methods are labour intensavel costly (Gardner 1993). The
maintenance of animals is very expensive and alsalves many ethical issues concerning

live animal exposure and the number of animals fudkdl for a particular experiment.

® |CP-MS (inductively coupled plasma - mass spectrometry) and ICP - AES (inductively coupled
plasma - atomic emission spectrum) are highly sensitive methods to detect small volumes
(few nanolitres) of metal present in given test solutions.
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Hence there is a desire to move towardsitro technologies that can be closely related to

in vivo conditions.

1.5 Epithelial barriers and the significance of
Transepithelial electrical measurements (TEER)
systems

1.5.1 Epithelial barrier and tight junctions

The epithelium is a series of tissues that formidipelogical outside of the body, including
its cavities, apart from the gut. It can be comploskeither several cell layers (stratified
epithelium) or just a mono-layer (simple epitheljufor example, the skin epithelial cells
called ceratinocytes form a boundary and protedieweier shielding the organs within the
body from the environment. In the case of the lurige air-blood barrier serves as a
transport zone, which protects the circulatory eystfrom harmful substances. The
epithelial cells posses directionally organisedaifwiter-cellular protein complexes that
facilitate the transport across surfaces, and spatterns of absorption and secretion
appropriate to the environment confronted. Forrtihairrier function to work epithelial
cells are polarised where the so called apical piathe cell face the topological outside
and the basolateral to the topological inside &f lody. In order to separate these two
faces of the epithelium, and allow for a tight seen needed the cells have specialised
cell-cell contacts where junctional proteins resiieese protein complexes are mainly

classified into tight junctions, gap junctions atherens junctions.

The epithelial tight junctions form a functionaldamorphological boundary between the
apical and basal surface of cells and regulataliffiesion of water, ions and larger solutes
along the paracellular pathway (Schneeberger 20@4ss 1983, Schneeberger 1992). The
process allows a selective and passive form ofspart of solutes across the barriers.
Figure 3, A) shows the junctions between the c&lts.example in the lungs, the alveolar
region is responsible for gas exchange and ceptaiein solutes These junctions between
adjacent cells consist of the tight junction pnoteconnecting cells, the adheren junctions
and desmosomes which interconnect to the actiméitdas and intermediate filaments
within cells that have the ability to regulate sagtransduction pathways and cell surface
receptors (Balda 2008). These tight junctions avelved in regulating cell proliferation,
differentiation and contributed to vesicle trangpdrhe tight junction architecture is
composed of transmembrane protein networks betveelggcent cells and this protein
complex is made up of occludins, claudins, tridelti and JAM (junction adhesion
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molecule) proteins (Balda, 2008). Recent work ihi® cellular functions of these proteins
have revealed how tight junctions are formed andthvbf their components contribute to
their characteristic morphological appearance, el$ a how they are regulated and how
they signal to regulate changes in epithelial cdllsey are linked to cytoplasmic plaques
that are formed by a network of adaptor proteing #0-1, ZO-2, ZO-3, etc), signalling
components and actin-binding cytoskeletal linkexg F-actin). (Balda 2000, Balda 2008,
Schneeberger 2004, Gonzalez-Mariscal 2003, Bran2d@®, Aijaz 2006, Matter 1999,
Matter 2003, Lapierre 2000, Chiba 2007). In a srssctional profile (Figure 3, B) of
transmembrane protein complexes, they seem to fkigsing points’ (via binding sites
(charged amino acids) within the transmembranespratructures to form a tight junction

that were produced as a result of binding siteadenh adjacent transmembrane proteins).

. Cell 1 Cell 2

Tight
junctions

Adherens
junctions

Tight
junction
protein

%/ fibrils

Intercellular
spaces

Figure 3: Tight junctions

A) This picture shows the various connecting junctions between adjacent cells and their
intercellular connections with actin and intermediate filaments from (Balda, 2008) B) The
picture is a TEM and a sketch showing tight junction protein kissing points and fibrils inside the
cell membrane. Scale bar is 50nm (Brandner 2009).

Tight junctions are virtually impermeable to largwleculecular weight tracers and are
arranged in a seal. Such junctions can be eitlessified as ‘tight’ or ‘leaky’ barriers
according to their physiological significance (Bal2008). Meaning that epithelial barriers

in different organs or in different areas of suchgams have different epithelial junction

properties, for example junctions in the urinargdaler are extremely tight, but leaky in the
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renal proximal tubule which is valuable for re-atpdimn of solutes and maintains the
water and solute contents in the blood. There a&thods to measure the permeability and
integrity of the epithelial tight junctions, for ample using fluorescence or radioactive
transport measurements and electrical resistanediger 2002, Geys 2006, Geys 2007,
Nemmar 2006, Nemmar 2002). Moreover, defects int fignction components can result
in a loss of barrier properties and may contriiatenherited diseases, cancer, and several
junction proteins related problem. In some casey ttan be targeted by viruses, bacteria
and other pathogens (For examplseudomonas aeruginogatients with cystic fibrosis)
(Saavedra 2002, Kazmierczak 2004). This suggeatdigit junction associated processes
have an important role in the pathogenesis of geaaf diseases and it is important to
maintain the barrier and fence functions. Cell undttechnology enables us to study cell
growth, differentiation, metabolism and functiotygliresponse to external stimuli and
transport phenomenon in vitro systems. The progress iof vitro techniques has helped
reduce the use of animal testing in recent timedlgRl 2002). The main attention is on

epithelial cell types and their barrier properties.

1.5.2 Measuring Trans epithelial electrical resista  nce (TEER) of
epithelial cells

Adjacent cells are linked by tight junctions, whiplay an important role in conserving
epithelial tissue functions. The ‘tightness’ oreigtity of such epithelial monolayers can be
determined according to the electrical resistaneated by the epithelial layer known as
the Transepithelial electrical resistance (TEER)e TTEER system measures the total
resistance created by the cell membrane area edltetween a set of electrode (pair of
current injection electrodes and pair of voltageasueement electrodes). Therefore the
resultant TEER is calculated from the measuredstaste value for cell monolayer
cultured on membrane per unit area. (TEER = Medsuesistance * Effective area,
thereforeQcnt) (Stiles 2005, Wegener 1996, Clausen 1979, Clali88).

TEER is a valuable tool to study cell barrier pntigs and there are some commercially
available macro-scale systems to conduct theseriexgr@s. The EVOM™, system was
one of the first commercial instruments developadnieasuring TEER (commercialised
by WPI (World precision instruments) Inc.) and isrmally used in combination with
Transwell® cell culture polymer membranes (produd®d companies like Corning
Costar®, Falcon®, etc). The EVOM™ comes equippett wipair of silver/silver chloride

electrodes known as the STX2 (The STX2 are a fped of double electrodes, 4 mm
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wide and 1 mm thick where each stick of the el@frpair contains a silver/silver-chloride
pellet for measuring voltage and a silver electrémtepassing current. The small size of
each electrode is designed to fit into Transwel&k culture inserts. STX2 electrodes are
used with almost all tissue culture inserts cufyeavailable on the market; however this
system seemed to work best with the culture wdllsizes that were6 mm diameter
(WPI, World precision instruments). TEER measureiieare also sometimes non-
reproducible and show problems with possible samspl@amination and varied TEER
values over sets of samples due to the manuatimsef the electrodes (Geys 2006). WPI
also make Endohm™ chambers used in combination thighEVOM meter that can
provide reproducible resistance measurements obtkalilal cells in Transwell culture
inserts. The transwell inserts need to be trarsflefrom their current culture wells and
into the Endohm chambers when measuring the ramistof the cell layer. The base of
the chamber and the cap contain a pair of concemfectrodes (a voltage-sensing
silver/silver chloride pellet in the center plus @mular current electrode). This Endohm
setup allows a more uniform current density to flagvoss the membrane than compared
with the STX2 electrodes and the background resistaf a blank insert is low compared
to that in measured using the handheld STX2 eldetdreduced from ~15Q for WPI’s
hand-held STX2 electrodes to less than ~5€1@vhen using the Endohm chambers).
However the minimum diameter for this culture wslstem again was 6mm. The setup is
such that the transwell inserts can be transfentedthe holders and then measured within
this chamber (closed system), rather than usingtreld electrodes. However, the Endohm
device holders need to be regularly sterilised @aribe susceptible to handling errors and
contamination. The REMS AutoSampler™, which is hrotresistance measurement
system developed by WPI, is an automated computetralled setup which offers
reproducibility, accuracy, flexibilty and ease-gberation. Such an automated
measurement system provides the advantages of,spession, decreased opportunity
for contamination and real-time availability of rseeements on the computer. The REMS
AutoSampler consists of a robotic sampler armsiates the electrode over each well of
the microplate (24-96 well plates) resting on tlasebplate tray. The measurements are
read through a Microsoft Windows operating systeasenl data acquisition card and the
REMS software to operate the system using a Midto®dndows based computer.
Therefore this setup may reduce loss of cell cefudue to contamination and all the
measurement data can be obtained in real timeeondimputer. However, the cost of such
a machine is quite high and the problem of minimaurface used is again restricted to a

96 well plate Transwell inserts setup. There istthe motivation among researchers to
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develop a cost effective method and a high throughmpiniaturised system for TEER

measurements.

In an interesting review by Hediger et al (2008 authors suggested that a miniaturised
system could prove to be an advantageous methathdgourpose of epithelial resistance
measurements. Miniaturised systems could decrdémsartalysis time due to their small
channel dimensions. This could reduce reactiongimside the fluidic chambers and also
would reduce the quantities of analytes. Their ilaykred device system presented here
was used to measure TEER values for epithelias ggbwn on polycarbonate membranes.
This sort of device could be useful to analyse matier parameters within one system
which could reduce the cost of running the expenitsieWhen designing such methods for
parameters like movement of the conducting ionsveéet or across the cell/membrane
barriers, the quality of electrodes and the typei@uit system need to be considered. The
setup used by Hediger et al. (2002) was a resistar@asurement using 2-poamtd 4-point
measurements to determine the real part (resistariceells monolayers on nanoporous
membranes sandwiched between two silicon or glags dearing platinum or Ag/AgCI
electrodes. When using a 2 point measurement d8tup’s law is used in order to
determine a resistance: Resistance (R) = VoltageC(rrent (I). Here the measured
voltage that develops across the resistance (whemrrant flows through an unknown
resistance) is obtained by dividing the voltagehmsy sourced current. However, a problem
that occurs when using a 2-wire setup is that thieage is measured not only across the
resistance in question, but this also includesréisestance of the leads and contacts. This
becomes a problem when trying to measure smalteegies or if the contact resistance is
high, then it may be difficult to obtain accuraésults with this kind of system. In the case
of the 4-point configuration the paths of the cotrgenerating electrodes and voltage
sensing electrodes are separate; this then redbneeshance of detecting any resistance
caused by the wire contact or lead resistance (j¢ed2002). Therefore, the 4-point
measurement setup was considered to be the piekfeygtem, because this kind of
measurement system uses 4 separate electrodes, farpeaurrent-injection and another
pair for voltage measurement. This system is similaworking to the conventional
EVOM™ TEER system and as shown by Herdiger et 2002) produced comparable
results. Therefore, this sort of system could bedu® obtain the best way possible to
anticipate the behaviour of epithelial tight juctibarrier properties with the use of an

electrical resistance measurement system integvatbdnicrofluidic device system.
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1.6 Why microfluidics and automation?

1.6.1 What microfluidics can offer to toxicity test ing

Microfluidics is a science that can be applied tanipulate and understand the properties
of liquids at a miniaturized level and recent ydagise seen an exponential increase of its
applications (Kamholz 2004, Whitesides 2006, Be&0®2). This field has gained
international recognition and has immense poteasalvell as widespread applications in
various fields of science (Whitesides 2006, Beeb@22 A study by Andrew Kamholz
(2004) emphasises on the expansion of microflujidiosh in technical publications and as
a part of issued patents in recent years. Micrditusystems provide a powerful way of
exploring and exploiting fluid behaviour at a scaere the dominating factors are
viscosity, diffusion and capillarity rather tharrdulent flow and mixing (Beebe 2002).
The ability to work with small volumes, the resndfi short reaction times and the

possibilities of parallel experiments makes th@htelogy extremely useful.

Microfluidics has opened avenues for lab on a tbghnology which allows us to integrate
an entire laboratory process on a single microituahip (Haeberle S 2007, Knight 2002,
Haswell 2006, Reyes 2002). Miniaturization of slah systems have found their use in
areas of research such as toxicology, biotechnologly biology, drug discovery, sensor
technology etc. It was therefore hoped that suaslicds would prove to be cost effective,
time saving, portable and easily disposable. Inestinology, there are a large number of
applications that included the analysis of DNA pmot interactions, chromosome
screening, systems biology etc. which require nimized systems, in which case
microfluidic systems are ideal candidates (Chan§620ieben 2007, DeMello 2003,
Zhang 2005, Breslauer 2006, Chien LJ 2009, Bee8280n Y 2006, Sieben 2007). Beer
et al (2008) developed the possibility of perforgdRNA extractions, reverse transcription
and PCR amplification analysis on one chip. Thegspnted a method where by they
combine real time and reverse transcription PCRyaswith digital microfluidics to isolate
single copies of viral RNA for gene profiling. Tlearomosomal staining presented by
Sieben et al (2007) shows one of the first on-amplementations of FISH (Fluorescent in
situ hybridisation) on chip which is vital in detig several chromosomal abnormalities,
associated with multiple myeloma, with a ten-foldjHer throughput and 1/10-th the
reagent consumption as compared to the traditishigg-based method. Sun et al (2006)
reviewed different polymer devices used for a \grief different applications in
microfluidics of which the most commonly used pogns for cell sorting devices and
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DNA were Poly methyl methacrylate (PMMA) and polynéthyl siloxane (PDMS).
Similarly in cell biology there have been numerqueblications presentation the use of
miniaturized systems for single cell and culturesdsh assays (Beebe 2005,
Khademhosseini 2006, Yeon 2007, Tanaka 2009, Tagéka, Lee PJ 2009, Hung P
2005, Lu 2004, Chiu 2000). Hung et al. (2005) erésd a multilayered microfluidic
device which performed the task of creating a mldtconcentration gradient that formed
along fluid channels and were relayed through #leaulture reactors within the device.
The multiple cell culture wells allowed growth arptoliferation of cells under a
continuous perfusion system running perpendicuald@h¢ gradient channels. This approach
could be valuable for optimizing mammalian cellre@ctor performance. The microfluidic
gradient model could also be used to characterime dffect of culture medium
components, pH, cell density, and perfusion ratgmtein expression. The microfluidic
gradients similar to these have been used in utatheling chemotactic behaviour of cells
(Abasolo 2004, Walker 2005, Aijaz 2005, Jeon 2002).
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Figure 4: Some examples of microfluidic devices.

A) This device is an example of using a microfluidic device for in -situ hybridisation experiments.
(Sieben, 2007), the microchip shown in the image was able to analyse cells and test
Chromosomal activity using FISH dyes B) Multiple culture wells with a useful concentration
gradient and cell culture medium perfusion device is represented in this picture (Hung P,
2005).The concentration gradient was able to dilute test solutions within the different parts of
the device. The unique part about the perfusion channels was that they were flowing
perpendicular to the gradient device and was not much disruption in the gradient.

Microfluidics had been used for toxicity studieslan produce dilutions of certain drugs,
testing chemotactic activities of cells, cytotoxasting assays (Walker 2005, Mao 2003,
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Lin 2005, Torous 2006, Bang 2004, Jiang 2003). Mahthese systems use microfluidic
gradient mixers and in work presented by Tirellaaki{2008), they showed that such
gradient mixers being used to prepare dilutions cohiventional local anesthetics
(bupivacaine and lidocaine) used against myobklt.All these experiments have shown
a potential use for testing nanoparticle toxicity using such kind of a gradient mixer
device to dilute the stock particle solutions amdalgse them in an array of parallel
experiments. However, In order to understand andk wth microfluidics it is necessary
to understand the physical phenomenon behind thevieur of fluids and materials
dissolved/suspended within if the fluid is confinedmicrometric containers. The effects
that become dominant at such scales in fluidics laminar flow, diffusion, fluid
resistance, surface area to volume ratio and sutéatsion. Some of these phenomena will

be discussed in more detail in the following.

1.6.2 Basic concepts in microfluidics
1.6.2.1 Laminar flow and the Reynolds number

Laminar flow is an important characteristic of naftuidics in which a fluid flows in
parallel layers, with no disruption between theelsy Under laminar flow the viscous
forces dominate over the inertial effects of thadlinside the channels. Laminar flow
conditions are determined by the Reynolds nunm({Ra®) (Equation 1). The Reynolds
number gives a relation between the inertial astads forces. This tells us whether the
flow in microchannels is laminar or turbulent. Whitv@ Reynolds number is less than 1
(Re<1) (where the viscous forces are dominant), b fs predicted to be laminar (Beebe
2002, Tabling 2005). When fluids flow through mituadic channels under laminar
conditions, then mixing is expected to occur ornyythe phenomenon of diffusion. This
diffusive mixing is dependant on the characterss{iscousity and diffusion coefficient)
of the two (or more) fluid streams flowing along tlength of the channels, to equiliberate
their concentrations (Beebe 2002, Tabling 2005).

Re = —’OUI
1]

Equation 1: Reynolds number

The Reynolds number ‘Re’ is the ratio of the inertial forces, where the density ‘p’ , velocity of
fluid (flow velocity) ‘u’ and the length scale or channel diameter as ‘U’ (this can also be known as
the hydraulic diameter ‘Dy’) are presented (Purcell 1977) (where the cross sectional geometry of
the channels is considered) and the viscous forces (viscosity of fluid ‘n’). (Brody 1996, Tabling
2005)
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The Reynolds number is derived from the Navier-8so&quation governs fluid flow laws
for both compressible and incompressible fluidsudign 2 is the basic equation that
represents the Navier-Stokes equation for incomspbies fluids. This equation is a

representation of Newton’s law for fluids, wherecks per unit volume is on the right-
hand side, which is dependant on the pressureagriadi] P’ and the ViSCOSityn‘Dzu’.

The left-hand side gives the mass per unit volum@lénsity)’ times the acceleration of

the fluid, where ‘u’ is the fluid velocity over tien't’ (Brody 1996).

p[‘g—‘: +(u D)u} = -0OP+n0%u

Equation 2: Navier - Stokes Equation

In this equation ‘u’ is the fluid velocity (flow velocity), ‘p’ is density (of fluid), ‘t’ is time, ‘P’ is

the pressure and ‘n’ is the fluid viscocity. (Brody 1996)

Considering the micrometer dimensions in microfitigystems, laminar flow conditions
are achieved due to the low Reynolds numbers. Tynélds number for such devices is
normally achieved once the test fluid flowing thgbuthe microchannels crosses what is
known as the entrance lengthLThe entrance length l, is the length needed for the
fluid to develop the velocity profile after entaginhe fluid channels or passing through
components, e.g. valves, inlet/outlet entry poifitends, etc. The entrance length for
laminar flow conditions can be calculated as=L0.06*Re*D, (hydraulic diameter of
channel) (Brody 1996, Tabling 2005). Once the flhab crossed this entrance length it
will develop laminar flow conditions where the fluprofile inside the channel has a ‘No
slip’ boundary conditions and hence the velocityhat walls of the fluid channels is zero.
The flow velocity builds up slowly from zero at wab a uniform velocity towards the
center of the fluid channel. Therefore, Newtonikridt ) inside such fluid channels flow
in the direction parallel to the flow along the d&m of the channels. Also, if there are no-
slip conditions, then a shear stress is exertéaeawall of the channels. Cells can adhere to
a substrate up to a certain degree of shear (K®@7, Lu 2004, Leclerc 2006). Above the
shear threshold, which depends on the type of,caligstrate and time, cells may detach

from the substrate.

’ (Newtonian fluids are those for which the shearing stress is linearly related to the rate of
shearing strain)
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The shear stress at the walls is represented by:

Z-wall = 6’7 %

Equation 3: Shear stress equation

Where ‘tyq’ is the shear stress at the walls, ‘Q’ represents the channels flow rate, ‘n’ is the
viscosity, ‘h’ is the height of the channel and ‘w’ is the width of the channel. (Korin 2007, Lu
2004) Q is calculated by the following equation

4
=72V
Q 4

Syr

Equation 4: Channel flow rate
Where the ‘O’ is the syringe diameter and ‘V,,’ was the velocity of fluid within the in channels
(translational velocity of the pump).

1.6.2.2 Diffusion

Diffusion is the process in which particles in &eagi volume move from higher chemical
potential to a lower chemical potential, by Brownieotion, to maintain a equal or
constant concentration of particles throughoutvbleme. The phenomenon of diffusion is
important for a microfluidic device when dealingtivthe mixing of solutes and solutions
under low Reynolds number conditions. In a turbuldaw the liquids mix quickly and
efficiently; whereas under laminar flow conditioicuids not mixed but equiliberation of
concentrations occur only via diffusion. It is urgteod that under micrometric conditions
the flow regime is laminar and the solutes or plas mix mainly through diffusion. These
properties are exploited inside microchannels whgradients of concentrations can
develop by altering channel length and allowingetiohependent equilibration of fluid
concentrations running in parallel within a devitée first microfluidic devices depended
on parallel lamination using two fluid input chalsand a main broad channel. The time
taken to completely euiliberate the concentratimfile of the two test fluids depended on
the length of the channel and on the diffusion ficieht of the test fluids..These
microfluidic devices were ideal to understand thasib transport phenomenon at the
microscale and can be used to calculate diffusazfficients of test fluid molecules. [The
concept was initially illustrated within the ‘T" {gure 5) and 'Y’ — channel mixer devices
(Nguyen 2005, Kamholz 1999, Ismagilov 2000)]. Dsifon can be modelled using the
diffusion equation (Equation 5), as shown insidd achannel mixer device (Figure 5).
The diffusion equation is dependent on the diffusmoefficient of the test material
solubilised/non-solubilised in a fluid. This diffos coefficient is derived from the Stokes-
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Einstein equation (Equation 6) for spherical molesuhrough a liquid through fluidic

channel with low Reynolds number.

Figure 5: Diffusion analysis across a ‘T’ shaped channel.

This image was obtained from the work presented by Kamholz et al (1999) and modified to fit
equation 5, which shows the diffusion profile of a test liquid (in grey) that is diffused across the
length of the channel ‘L’ where the width is ‘w’ and spreads across the diffusing ‘4’ dimension
along the x axis

Juy = 24Dt

Equation 5: Diffusion in one dimension

This equation where ‘6’ represents the thickness of the diffusive front in the ‘x direction’ after
time ‘t’ for a diffusing particle along the length channel (ref to image) and ‘D’ is the diffusion
coefficient. (Tabling 2005)

KT

D=—
6/m a

Equation 6: Diffusion coefficient

This equation explains the Diffusion coefficient ‘D’ of a circular (sphere) shaped particle, where
‘k’ is the Boltzmann constant, ‘T’ the absolute temperature and ‘a’ it the radius of the particle.
(Brody 1997, Tabling 2005, Brody 1996)

1.6.2.3 Fabrication of devices in PDMS [Poly (dimet  hylsiloxane)]

Since the introduction of miniaturised systemsceili, quartz and glass have been the
favoured materials for microfluidic device fabricat. However, attention was diverted
towards polymers which posed a more cost effe@na simplified method of fabrication
as compared to glass and silicon (Becker 2002).
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Figure 6: Microfluidic chips

A) These chips are glass devices produced by the Dolomite Centre Ltd. B) Pictures are of Y- and
H- channels in glass produced by Translume Ltd. C) and D) are chips produced using PDMS
elastomer at the Center for Cell Engineering, University of Glasgow. E) Chips produced by (Rhee
2008), University of Michigan.

Microfluidic device fabrication techniques have beanostly derived from the
microelectronics and microprocessor industry. Tleel@ge number fabrication techniques
adopted for microfluidics for example, replica naoicrolding, embossing techniques,
micromachining, casting, injection moulding etc @da 2002, Becker 2008). The most
commonly used and relatively accessible method fmlymer fabrication is
photolithography and polymer casting techniquesis Tihvolves the fabrication of a
negative master substrate and uses an elastom®t§PID generate a negative replicate of
the master — the positive channel structure. PDM& soft polymer that has been most
commonly used as a sealant for waterproofing, asoald release agent and is several
biomedical products (contact lens materials). & hecently found applications within the
microengineering and microelectronics industry (&c2008). PDMS has been widely
used for cell based microchannels systems sinisegias permeable, optically transparent
to about 280nm, cures at low temperatures, is mantto cells, can be reversibly
deformed, and also allows to seal devices revgrsaabld irreversibly to itself or other
materials, and finally that it is elastomeric inture. (Kallio 2006, McDonald 2000, Wu
2006).

43



Chapter 1: General Introduction

’ Ll L

CAD I [ | ] ve—

design rasist
Mask

Electron
Beam
lithography

| |

-ve +ve -ve +ve l
resist resist resist resist
mask mask mask mask

Inkjet
printer

PDMS

Glass

Figure 7: fabrication methods for rapid prototyping of PDMS microfluidic devices.

A) This illustration explains the process of mask development using CAD designs which are
transferred onto masks plates with the help electron beam lithography. The masks can be
designed according to the type of resist commonly used in photolithography. For a negative
resist like SU-8 you would use a mask in which the designed area is transparent. This is because
SU-8 when exposed to U.V light polymerises to form the desired 3D structure. B) The illustration
is an explanation to rapid prototyping of microfluidic devices using PDMS.

Some issues to consider when fabricating devicesttaat the method should be quick,
readily available, relatively easy and reproducihled last but not least the process should
be cost effective. Fabrication of microfluidic dess using PDMS ticks most of these
boxes. The process of photolithography is the maymense in the process which requires
the preparation of a silicon master mold againsiciwithe PDMS devices are cast. The
casting process is quick and within hours we camndha prototype devices. Prototyping
begins by creating the design in a CAD (computdecidesign) program. These designs
are transferred either on mask plates via eledieam transfer (in our case) or some prefer
to transfer them to transparencies via a high defminkjet printer. These masks are used
to transfer the design patterns on substrates gpiima positive (AZ456) or negative
photoresist (SU-8) to a desired thickness and lemsinThese substrates prepared by

photolithography techniques in the clean room aexllas molds to cast PDMS devices.
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Chapter 2: Microfluidic devices
2 Introduction

Microfluidics is the science of manipulating fluigdsside microchannels. The flow regimes
inside devices are governed by factors like lamiloav, diffusion and shear stress (Beebe,
2002). Microfluidic systems have become increasinglportant in the past two decades
due to their application in various fields of s@enmainly biomedical research (Weibel
2003 & 2006, Haeberle S 2007). With new and impdofarication technologies their
small dimensions are easy to achieve (Reyes 20@2,2@03, Collard 2008). Early
microfluidic systems were fabricated on silicongtaiss by micromachining and bonding
technologies (Becker 2002, Becker 2008). HoweVes, drea has really taken off after the
development of SU-8 EPON epoxy photoresist (Micrex@l) and introduction of polymer
based devices. This EPON epoxy resin is sensitvedvelengths of UV light (365 —
436nm). SU-8 contains acid-labile groups (Bisphehdllovolak epoxy oligomer) and a
photoacid generator (triaylsulphonium hexaflurozatihate). Upon irradiation the
photoacid generator form an acid that protonatesatiid labile epoxy groups and forms a
series of cross linked bonds on being heated (gurake steps). This photoresist is able to
achieve high degrees of cross linking as a resydhotothermal activation which produses
high mechnical and thermal stability for structuadier development. (Nguyen 2006, Del
Campo 2007) (Collard 2008, Puleo 2007, Hill 20&\-8 photoresist is well established
with micrometer and millimetre sized structure depenent, and it also is used for
preparing microfluidic devices in combination witADMS elastomer. The PDMS
elastomer allows the fast formation of high fidelibpographically inverse copies (with
accuracy in nanometers) by replica casting (McDar28100, Zaouk 2006). PDMS is also
often used to prepare microfluidic devices for calliture based devices due to its
compatibility with cell culture procedures, chenscée.g. salt solutions, ethanol, etc..), as
well as its gas permeability and biocompatibilibgé 2003). This Chapter focuses on the
optimisation of fabrication protocol for such desscusing SU-8 photoresists (type — SU-8
2050, 3050, 3025) and finally on the developmerRlDMS based microfluidic devices for

the specific experiments.

The schematic design of the multilayered microfluidevice shown in Figure 8, where a
silicon nitride porous membrane is sandwiched betwie top and bottom microfluidic
channels, the microchannels were fabricated usilg® and the design was meant for a
single cell culture well design shown in Figure)&ad b). The PDMS microchannels were
designed such that a pair of single cell culturéaecould be used together, where one
formed the top microchannel and the other formeditbttom microchannel forming the

46



Chapter 2: Microfluidic devices

multilayered device (described in more details mfter 3). One of the main challenges
for this PhD project, was to multiplex the desifmseach of these layers (top microfluidic
device design, Figure 8 a) and the bottom micrditudesign, Figure 8 c) into a five cell
culture well systems, which is described in moreailen Chapter 4 (Section 4.1.1.1). The
multiplexed version of the top microchannel devisas also intended to include a
concentration gradient generator that would diliest solutions (e.g. fluorescent dyes,
antibiotics, nanoparticles, etc.) among these foedl culture wells. To design such
concentration gradient it is vital to first underst the functioning and principles of
diffusive mixing phenomenon within these devicessiB designs for diffusive mixing
devices consist of two parallel fluid flow channalsd shaped in either like a ‘T’ or a ‘Y’,
each had two fluid inlets, and a mixing channeliegéh one outlet, the chemical gradient
develops perpendicular to the flow of fluid (Nguy2A05, Kamholz 1999, Ismagilov
2000). Such fluid mixing devices are ideal to ustkand basic transport phenomenon at the
microscale and often used to calculate diffusiogfficents of particles and solutes but are
in general limited to less than 300um width. Aneasion of the same principle are so
called ‘Christmas Tree’ devices, developed by J&@00) and Dertinger et al. (2001),
where a series of dilutions are established acagrth the same principle as within the T
junction device and then combined to form a widarctel with a chemical gradient
perpendicular to the flow. The concentration gratimixer design implemented in this
Chapter, was a modified version of the devicesegmtesl by Joen et al and Dertinger et al.
The main intention behind such a device was toituseconjunction with a project that
dealt with the layer-by-layer (LBL) deposition oblgelectrolytes (PEs). LBL is a very
versatile and inexpensive method by which nanomd®i layers are adsorbed onto a
charged, hydrophilic surface by alternating the ad#&pon of positive and negatively
charged PEs. The deposition of the individual layean be controlled by parameters like
pH values, ionic strengths, temperature, etc.. gradient generator was intended to
develop a pH gradient across the broad observatiannels (explained in Figure 11) and
by such influence the deposition of chitosan anghha. The reason was that it had been
shown in previous experiments that the adsorbednating layers of chitosan and heparin
had differential cell-adhesive properties, depegdin pH regime used during deposition
(Kirchhof 2008, 2009). Therefore, the gradient gat@ device was intended to create
LBL gradients of PEs deposited at different pH asrtine channel, which then would assist

in the study haptotaxfs of adhesive osteoblast cells. The fabrication,dliag and cell

® Haptotaxis is the directional motility of adhesive cells in reaction to an immobilised chemical
gradient. (e.g. axonal outgrowth during development).
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culture protocols were taken into account and medificcordingly when designing the

multiplexed version of the single cell culture dmvexplained above.

<®> Cells Electrodes

. Silicon wafer Culture medium

Figure 8: Schematic representation of the device idea.

The schematic representation A) The multilayered device design. The components of the device
were made up of different materials. The microfluidic channels fabricated from PDMS (green),
the silicon nitride membrane (black) suspended on silicon wafer (grey), the wafer was coated
with platinum electrodes (yellow). Cells were cultured on silicon nitride membranes and medium
(blue) was perfused through the device channels [The black arrows represent the direction of
flow inside the device]. a) shows the design for the top microfluidic channel and b) showed the
design for the bottom channel. [The upward pointing (green) arrows represent the flow of fluid
from the top channels and the downward pointing (red) arrows signify the connections made to
allow flow through the bottom channel and the fluid connectors were inserted through the top
side. The red crosses in the bottom channel connectors show the un-used connectors].
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2.1 Materials and methods

2.1.1 Making silicon masters

CAD programs such as L-Edit, CleWin and WAM werdisdgd to generate the 2-D
images of the specific designs. These were lag@sterred onto a chromium coated 5 x 5
inch quartz plates using electron beam lithograpimg quartz plates were often referred to
as ‘mask plates’, and allowed users to transferpdiéerned design onto silicon wafers
coated with resist. When using certain resists 3kk8, which can be extremely sticky and
difficult to clean or remove once they had hardepedgolymerised, therefore in most
cases copies of the original mask plate (bearicigramium lining) patterns were prepared.
The design was transferred onto a cheaper feratedomask plate, which was used
instead of the chromium mask to avoid damagingafiginal. The silicon wafer coated
with SU-8 photoresist was then patterned usingférisc mask (Figure 9). The pattern was
transferred by aligning the mask plate to the wabeinging the two almost into contact
and exposing it to ultraviolet light using the MAask aligner (SUSS Microtech) (with an
exposure energy of ca. 7.1mW/cfor every second). The exposed SU-8 wafer was then
processed (steps explained in detail in sectionl&1from this Chapter) and several
PDMS devices bearing the relief pattern were casiguthis silicon master (Process of

casting against silicon masters is explained iaitlgt section 2.1.2 from this Chapter).
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NRM Mask used to expose SU-8 resist on a silicon substrate

Pattern was transferred to PDMS forming the
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‘ ’

Figure 9: Steps for designing devices

Devices were designed in 2D using CAD software. These designs were fed into an electron beam
writer and the patterns were transferred onto a chromium coated mask plate. Ferric-coated
mask copies were prepared and used instead of the original chromium mask (since we were using
SU-8 photoresist). The ferric mask were used when exposing the resist to form the silicon
master. The silicon master consisting of the resist pattern was developed and processed. Finally
a negative copy of the resist pattern was prepared in PDMS which formed the microchannels.
[NRM - negative resist mask (created resist patterns of SU-8 and microchannels in PDMS), PRM -
positive resist mask (used with SU-8 only if microchannels were to be developed on silicon
substrate and surrounded on two side with SU-8)]

2.1.1.1 Device designs

The devices implemented in this Chapter includengle cell culture device (Figure 8, a)
and a gradient mixer (Figure 10). The single celture device consisted of a cell culture
well having a chamber diameter of 5 mm and a iolgkét with 4mm channel lengths with
a width of 200 um. It could be used either as ad#kne cell bioreactor or it be integrated
with the multilayered device. The design was sieh the device could form both: the top
and the bottom channel/cell culture well for theltitayered setup with the silicon nitride
membrane chip sandwiched in the middle. On the cdewere a pair of connectors
adjacent to each inlet/outlet channel, which ingidahe equivalent position of the through
channel connecting top and bottom microfluidics,ewht was to be integrated into a
multilayered device. This device could, when bontiedlass coverslips, also be used as a
standalone device to investigate cell behaviour aptimise culture conditions in

preparation for the more complex experiments.
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The concentration gradient mixer design consistétirows of ‘serpentine’ channels. Each
serpentine channel was approximately 7 mm longsh@dm wide. Each subsequent row
of serpentine channels was connected by a 100 pehe werpendicular channel. The
gradient ‘observation’ zone (this broad channel W& mm wide and the width was
related to the number of channels in the last raiMs-design had 9 serpentine channels in
row 7) was where the resultant diffusive mixingotlngh the device would form the
gradient profile. This allowed the dilutions froraoh of the nine serpentine channels (the
final row) to flow parallel to each other under laar conditions inside the broad channel
forming a diffusion gradient profile across the thief this channel. The fate of mixing
two test solutions through this device is shownFigure 11, where a dye at two
hypothetical concentrations CO [0%] (e.g bufferdl &100 [100%] (e.g a dye dissolved in
the same buffer) were pushed in through the irdéthe device. The concentration, from
CO (one control) and C1 - C8 (8 different concerdre left to right), were formed in the
last row of the serpentine channels (row 7). Thetidns developed from CO — C8 in the
last row of serpentine channels were, assuming Eenpnixing at the end of each
channel, expected to be: 0, 0.8, 6.2 22.7, 50.(8, ©3.8, 99.2 and 100%. These non-
linear concentrations met inside the broad chafgradient observation channel) and the
dilutions were allowed to mix again through diffusj along the length of this channel

developing a profile that is shown in Figure 11.

Inlet

Outlet

Gradient observation zone

Serpentine channel
Perpendicular channels
connecting the
/serpentine rows

Figure 10: The concentration gradient mixer

This was the gradient mixer design showing the 7 rows of serpentine channels that finally
commence into the broad gradient observation channel (observation zone). Each serpentine
channel (enlarged in the inset, which is rotated by 90° with regards to the design image) is
connected at its beginning and end by a perpendicular channel, which connects all the
serpentine channels to each other. Each serpentine channel is 7 mm long and 50 pm wide. The
final row contains 9 serpentine channels creating: 1 loaded and 1 unloaded control as well as 6
different dilutions of the solutions entered into the inlets.
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CL0%]— <«— C[100%]

Figure 11: Gradient of concentration formed in the serpentine mixer device

The serpentine channels form a ‘christmas tree °‘like structure shown here. The entrance
concentration C[0] and C[100] for a certain test solution was diluted such that the percentage of
dilutions formed range from 0 - 100% [CO - C8 in the last row of serpentine channels show
expected non-linear dilution values of 0, 0.8, 6.2, 22.7, 50, 77.3, 93.8, 99.2 and 100%]. The non-
linear gradients formed at the entrance length of the broad channels are mixed again due to
diffusion along the length of the channel resulting in a concentration gradient that is close to
being linear.

2.1.1.2 Cleaning the wafers

Silicon wafers were cleaned in opticlé%y acetone and propan-2-ol each for 5 mins under
sonication?) The wafers were then dried at 180°C for 30 mithi® oven to remove any

traces of moisture on the surface which could afotoresist adhesion.

° Opticlear - cleaning solution (lens cleaner) used in the clean room to clean silicon wafers.

19 |f the silicon wafer surface seemed very dirty after scribing and cutting them into smaller
pieces they were washed using a Piranha solution (hydrogen peroxide and sulphuric acid in a
ratio of 1 : 3 respectively)

52



Chapter 2: Microfluidic devices

2.1.1.3 Coating and processing

The silicon masters were fabricated using photofjthphy with different types of SU-8
photoresist; SU-8 - 2050, 3025 and 3050. This SWa8 a negative photoresist, which
meant that the area exposed to light would remaithe surface of the substrate and the
rest would get washed away during the developmesdgss. The SU-8 photoresist used
was able to produce heights of up to 200 um. Thghhand width of the fluidic channels
were important for cell culture purposes. To avdimgging cells inside the channels and
also to reduce the stress within the system, flbrcadiure purposes the channel width was
expected to be around 100-2(06 and the height to be 50-1@@n. (Korin 2007, Korin
2009)

Resist dispenser
(syringe)
photoresist

Excess resist
flies off the
wafer

Silicon wafer

: Vacuum chuck

-

Figure 12: Spin coating on silicon wafer.

Photoresist was first deposited as a homogenous layer on top of the wafer. The wafer was spun
at 3000 rpm for 30 s which produced a height of 50 um for the photoresist SU-8 3050 (MicroChem
data sheet for SU-8 3000 series). For the initial 5-10 s all the excess resist was jolted off and the
remainder developed the required thickness (Darling, Accessed 21st August 2009; Madou, 2002;
the picture is a modified version from Darling, Accessed 21st August 2009).

The silicon wafer, kept in the 180°C oven to drieathe washing steps, was removed and
allowed to cool inside the flow cabinet for a fevinotes. The resist was poured onto the
wafer surface and initially spun at 500rpm for B)sleconds. This allowed the resist to
settle evenly onto the substrate surface. This waées then spun at a slightly faster speed
to attain a well covered and flattened layer ofstesf a desired height. The spinning was

followed by a pre exposure bake step at 65°C aad #t 95°C. The baking times varied
depending on the type of resist used and the tegkiof the spun layer (Figure 12).
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Photoresist SU-8 2050 SU-8 3050 SU-8 3025
. 75um at 50pm at 50pm at
Thickness at rpm 2000rpm 3000rpm 1500rpm
Pre exposure bake 95°C for 20- 95°C for 20- | 95°C for 20-
Xposu 30min 30min 30min
Exposure 25-30sec 35sec 25-30sec
Post exposure bake 10-15min 10-15min 3-5min
Development 7-10mins 10-15min 5-8min
180°C for 180°C for 180°C for
Hard bake 30min 30min 30min
silane  coating  (evaporation 30-60min Not required | Not required
method)

Table 2: The different types of SU-8 photoresist and spinning protocols used to prepare
microfluidic masters.

This information was made available form the data sheet provided with SU-8 photoresist
(MicroChem). The table showed the different SU-8 types; 2050, 3050 and the 3025. Each resist
type had slightly different protocols for heights between 50-75 pm. The interesting part was that
the 3000 series SU-8 was very stable after exposure and baking steps hence did not require a
silane coating (explained in section 2.1.2.1 from this Chapter)

2.1.2 Microfluidic device fabrication using PDMS

SU-8 being a negative photoresist (meaning that teviea part is exposed gets
polymerised, hardens and remains on the substuiait&ce), the area exposed to UV light
remained on the silicon wafer and the rest was a@stway by the developer solvent (EC
solvent — ester based solvéfl). This was then dried and placed in a petri dish silicon

wafer holder for replica casting using PDMS. (Pestieg steps are explained Figure 13)

PDMS (Sylgard 184) (purchased from Dow Corninglnselastomer and consists of two
components, the siloxane pre-polymer base and uhagcagent. The base and curing
agent were mixed at the suggested ratio of 10:4e @ curing agent by mass (Corning,
1998, Data sheet for Sylgard 184; Dow Corning). i@ parts were mixed thoroughly to
ensure uniform distribution of the cross-linker. dnder to remove all the gas in the
uncured PDMS mixture (introduced due to the corsagitation), it was degassed under
vacuum. The degassed PDMS was poured onto thersitiaster and left to cure at 80°C

inside an oven for approximately 1-2 hrs (If lefteonight then the temperature may be

" To check for residual resist a rinse with propan-2-ol was used. The propan-2-ol solution reacts
with any residual un-developed resist and turns it white in colour allowing the user to see if
development is complete.
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adjusted to 60°C). The PDMS was either poured anfeetri-dish containing the silicon
master or injected into a casting chamber, FigBeBland C, which was specially
developed for replica casting. This casting chamiees designed also to produce PDMS
devices that would be similar in thickness as ttiebdit into the designed microfluidic
device holders. The casting chamber had a gap batite substrate bed and the cover of
approximately 2.5 mm. The PDMS devices that werst casing this chamber had a
thickness of about 2 mm and most importantly hadesy smooth top layer. The
smoothness of the top layer and the precise thgskm&s important when these devices
were used inside their device holders, which aBeeghem a better conformation to the
structures of the holders. The PDMS casts wereedeafl from the master substrate and

were bonded to glass slides/coverslips. (Bondingeaéxed in section 2.1.2.2)

l l UV Light I j

outlet

Silicon master

POMS

Glass ‘

Figure 13: Silicon wafer (master) fabrication using photolithography and PDMS casting
method.

A) This illustration highlights the steps for fabricating a silicon master using SU-8 negative
photoresist by photolithography techniques inside the clean room. The SU-8 photoresist was
exposed to UV light against a photomask designed with a specific design and a replica cast was
prepared from PDMS. B) PDMS was cast against the silicon master inside a casting chamber
specifically developed to maintain a constant thickness of PDMS and to improve bonding
capability inside device holders. Controlling the thickness and producing a much smoother top
surface allowed better conformation inside a device holder designed for some of our
multilayered devices. C) The transverse section of the casting chamber showed the silicon wafer
held inside the holder, while the PDMS was poured through the inlet. The outlet allowed the easy
flow of PDMS through the system. A controlled height of 2 mm was produced almost every time
and which helps to maintain the thickness of the devices.
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2.1.2.1 Silane coating

During the process of detaching PDMS from the ailicnasters, in some cases, the SU-8
photoresist would stick to the PDMS and get peeléthe surface of the silicon substrate.
This was common with the SU-8 2000 series (SU-820bhis adhesion of the SU-8 to
PDMS was prevented by a silane (perfluorinatedradksilane —tfidecafluoro-1,1,2,2 —
(tetrahydrooctyl)trichlorosilang coating (~1 nm coating). This stopped the SU-@mr
peeling off the surface and allowed the master mafde used several times for casting
patterns in PDMS. The coating of a silane was @s®t allowed to self-assemble on the
surface through adsorption. A single drop of tHang solution was placed next to the
silicon substrate wafer, kept in a Petri dish. Thes placed on a hot plate at 150°C and
covered using another petri dish. The silane wiasvall to adsorb on the surface, leaving
a 1 nm thick layer of Teflon coating, as illustchte Figure 14. This layer was sufficient to
prevent the adhesion of SU-8 to PDMS.

Silicon master

\

Pipette tip

—1 Silane drop

Hot plate

Figure 14: An illustration of silane coating using evaporation.

Once the silicon master was developed it was allowed to dry for 30 mins in the oven at 180°C to
remove any moisture from the sample. The wafer was then placed into a petri dish and left on a
hot plate at 150°C. A drop of silane was placed on the side and allowed to evaporate onto the
surface for an hour until the entire sample was coated.

2.1.2.2 Bonding microfluidic devices

To prepare microfluidic devices it was importanttake sure that both the PDMS mold
and substrate surfaces were absolutely clean. Ulb&rate (glass coverslips/slides/silicon
device) was cleaned by immersing it into Piranhat&m (see above). This was followed
by a series of washes with distilled water, acetane then propan-2-ol, each for 5 min
under sonication. These substrates were dried siffgua flow of particle free air or

nitrogen. The PDMS microchips were rinsed in prepasi and blow dried using a flow of

nitrogen gas. All substrates and the PDMS micrachvpre exposed to an air plasma for

30-60 sec (bonding side facing up) using a plasieaner (Table 3) (HarrickPlasma
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website -  http://www.harrickplasma.com/productsackss.php, referenced on
19/03/2010). Then each set was bonded to producértal microchannel device. These
were transferred to an oven for 20-30 min at 6@QtRS seemed to seal the devices better).
PDMS surface is hydrophobic in its natural stagnde the surface needed to be modified
when using it for the purpose of cell culture angrofluidic applications. By using the
air/oxygen plasma treatment via the Harrick plasn@&hine bonding between the PDMS
device and glass/silicon chip was enabled. Durirggen plasma treatment, the &H
groups on the PDMS-surface are oxidized and OHggoformed, similarly on the
glass/silcon chip when oxidised, therefore creasimgng seal between the two surfaces by
covalent bonding. (Bhattacharya 2005, Kallio 2006¢ 2003, McDonald 2000, Sia
2003).

Low power (RF) 716V DC 10mA DC 7.16W
Medium power (RF) 720V DC 15mA DC 10.15W
High power (RF) 740V DC 40mA DC 29.6W

Table 3: Harrick plasma settings.

This table was obtained from the Harrick plasma website
(http://www.harrickplasma.com/products_cleaners.php). (RF - Radio frequency setting on the
plasma cleaner)

2.1.2.3 Device holders

In some cases the bonding strength was not suffictberefore external pressure was
applied to press the device and substrate togeflreassist the bonding, device holders
were designed and machined in the mechanical wogkabcording to the specifications of
the designs. Glass slides (25 x 25mm) were usewdaly apply pressure and had fluidic
connector access holes drilled through them. Thes Ibeeded to drill the holes were
purchased from Diama Int. (500 series diamond dlieémies; 545, 544, 525 and 522-

depending on the sizes of connectors used)
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Inlet ‘

outlet

Figure 15: First clamp design: Aluminium and PTFE.

A) This device holder was useful for the single culture well system since it was used to fit a
maximum of 2 devices together. Syringe needles attached to polymer tubing were used as inlet
and outlet connectors to flow desired liquids. The device holder was designed at the C.C.E and
machined in the mechanical workshop, University of Glasgow, James Watt bld. B) shows the top
view of the another device holder setup for single cell culture well devices. Also showing inlets
and outlet inserts.

2.1.2.4 Inlets/outlets connectors and tubing

To drive liquid through the devices syringe pumpi® (scientific series 2000, syringe
pumps) were used and the syringes were coupled neédle connectors attached to a
flexible polymer tubing (Tygon tubing) and speagtgirepared inlet/outlet connectors.

Medium perfusion syringe Inlet and outlet waste
connected to a purmp connectors (23G
needles)

Tygon tubing Tygon tubing £

Walve

Direction of flow

POMS
Cell

seeding
syringe

medium

cells

Figure 16: Perfusion system setup for microfluidic devices.

This illustration shows the setup for the perfusing medium and fluids through a microfluidic
device. The syringe is supported by a syringe pump that drives the liquid through the tubing at a
certain controlled rate. The fluid is passed in through the tubing and finally into the microfluidic
device. The device is connected via syringe needles to the tubing. The fluid flows from the inlets
to the outlets where it gets either collected or thrown away depending on its contents.

For all the inlets and outlet connectors a Microlgauge size 23G 1 ¥ (0.6 x 30 mm)
(BD Scientific, Microlance) was used. These 23@dhes were filed at their ends to make
them blunt and inserted into the tubing connecfdle tubing was bought from COLE
PARMER - tygon tubing (sku# 06418-02) inner diamégl®) = 0.02 inches (0.5 mm) and

outer diameter (OD) = 0.06 inches (1.5 mm)]. Thfrer Luer lock end was cut off and
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smoothened using a file to make a blunt roundeet iobnnector to be inserted into the
device. The 21G 1 ¥ (0.8 x 40 mm) (BD ScientifiacMlance) needle tips were cut and
smoothened. Once they were blunt and rounded enthege needles were used to
puncture holes into the PDMS at the inlet and outiarks on the device. The PDMS
microchip was punctured very slowly and care wgrianot to cause any cracks within
the channels. Once all the holes were puncturedstitp was rinsed in isopropanol and left
to dry. To get rid of any dust and dirt a smallaclestrip of sticky tape was used to clean
the bonding PDMS surface before put in contact whitn substrate of interest (glass or

silicon).

Figure 17: Device tools

A) This image showed the tools used for preparing the different components of the device B) The
inlet connector was prepared using the 23G needle, where one side was connected to the tygon
tubing and the other end was filed to be inserted into the device. C) The 21G microlance was
filed to be used to punch holes into the PDMS inlet/outlet connector channels. D) The inlet
connector was connected to Tygon tubing. E) F) The tubing and syringe was connected to a PTFE
valve. G) to N) were the steps that indicated the protocol for puncturing holes and cleaning the
PDMS surface using sticky tape.
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2.1.3 Cell culture
2.1.3.1 Calu—-3cells

Calu-3 cells (an adenocarcinoma derived, humandhmiahepithelial cell line, type Il lung
epithelia) were obtained from ATCC-LGC Promochemd amaintained in Eagles
minimum essential medium (EMEM) also purchased fideifCC. EMEM medium was
supplemented with 10% foetal bovine serum (FBS), &¥biotic mixture with added
glutamine (Glutamine-114 pM, penicillin/streptomydi905 uM and fungizone-11.9 uM).
The cells were maintained as a monolayer in tissiere plastic (TCP) 25 chilasks at
37 °C and 5% C@in a incubator. The medium was renewed every 2y3.dWhen almost
confluent (after about 4-5 days in culture), theskis were washed with HEPES saline and
incubated for approximately 10-15 mins with a 0.48tution of trypsine/versine (trypsine
— EDTA) solution in a 37 C, 5% GOncubator. Once the cells detached from the sarfac
of the flask they were collected and re-suspende@dBS (This was repeated twice). The
cells were centrifuged at 1400 rpm for 4 min, repgnded in 1 ml of EMEM, counted in a
modified Fuch’s haematocytometer and their conediotn suitably adjusted. For culture
maintenance 0.7 x $@Calu-3 were seeded into a 25%WCP flask. Alternatively or in
parallel the required amount of cell count adjustesbension was used for experiments.

2.1.3.2 Fibroblast cells

The hTert fibroblast (Infinit}” Telomerase Immortalised primary human fibroblasts
(hTERT-BJ1,) were obtained from Clonetech Laboragrinc.,USA. These cells were
maintained in 75 cMTCP flasks. The DMEM mixture medium used was 71&tbBccos
Modified Eagles Medium (DMEM) (Sigma, UK), 17.5% Meam 199 (Sigma, UK), 9%
FCS (Life Technologies, UK), 1.6% 200 mM I-glutamiLife Technologies, UK) and
0.9% 100 mM sodium pyruvate (Life Technologies, URhe cells were maintained in the
incubator at 37 °C with a 5% G@tmosphere. The medium was renewed every 2-3 days.
When almost confluent (after about 4-5 days inwel, the flasks were washed with
HEPES saline and incubated for approximately 10aiifs with a 0.1% solution of
trypsine/versine (trypsine — EDTA) solution in a 7, 5% CQ incubator. Once the cells
detached from the surface of the flask they welkected and re-suspended in DMEM
mixture medium (This was repeated twice). Thescettre centrifuged at 1400 rpm for 4
min, re-suspended in 1 ml of DMEM mix, counted imadified Fuch’s haematocytometer
and their concentration was suitably adjusted. &dture maintenance 1 x AMhTert
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fibroblasts were seeded into a 75°cRCP flask. Alternatively or in parallel the reqedr

amount of cell count adjusted suspension was usegkperiments.

2.1.4 Preparing the device for Cell Culture

To make the environment inside the device favoardt cell growth and proliferation a
methodical washing protocol was adopted, as detdigdow. The device connectors and
tubing were prewashed with 96% ethanol and lefiripin the flow cabinet. They were
then connected to the fluidic device at one endtanithe syringes at the other (via high
pressure valves). Precautions were taken to pregampletely bubble free syringes and
connectors. Once all the necessary components pvepared there were a number of
sterilisation steps that had to be done prior éiticlusion of culture medium and cells. To
minimise the amount of bubbles forming in the mediduring perfusion its gas content
had to be reduced. To allow for better cell adhe#ih@ device were coated with ECM (e.g.
collagen and fibronectin) proteins. The varioushods detailed below explained each of
these steps.

2.1.4.1 Wash steps for sterilising the device

A series of wash steps were tried and tested toawepthe environment inside the device
for cell proliferation. Immediately after bondiniget devices, their microchannels allowed
liquids to easily wet the channel walls and thessate. Hence the wash steps were
implemented soon after the bonding since the Igwiduld flow smoothly through the
microfluidic channels. The channels were washed @ihanol to maintain the hydrophilic
nature of the channels and also to begin the igeidon procedure. In most cases if the
device had just been prepared, then the use ohdthar sterilization was more than
sufficient, but in some cases pre-filtered 0.1 NI Kt§drochloric acid) was also used after
ethanol to help kill off bacterial and reduce photeesidue. The solutions were then rinsed
out with a long 30-60 min rinse with distilled wat&his was necessary to remove any
traces of ethanol from the PDMS (solvents are sonestabsorbed by PDMS if used for a
long time inside channels) (Lee 2003, Mukhopad3@@7). This was followed by another
30-60min rinse with a saline buffer (either phogphlauffer saline; PBS: NaCl -136.89
mM; KCI - 26.8 mM; KHPQ, - 73.7mM; NaHPQ, -14.7 mM and the pH is adjusted to
7.5 using 1 M NaOH) or 4-(2-hydroxyethyl)-1-pipersethanesulfonic acid (HEPES)
saline — containing NaCl — 140 mM, KC| — 5 mM, HEF*E 10 mM, d-Glucose — 5 mM
and 0.001% of a 0.5% phenol red solution). The chEnwere then perfused with cell
culture medium composed of EMEM with antibioticlak0-15% FBS for approximately
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15-20 mins. The entire setup was then allowed tilesender static, no flow, conditions

inside the incubator until cells were ready to beded.

2.1.4.2 Medium preparation

The medium was left for 1-2 hr in the g@cubator to equilibrate before being used in the
device to reduce the potential gas content and weat help avoid bubble formation
alternatively the medium was pre-warmed td4id a water bath for 1 hr, then left to cool
to 37 °C.

2.1.4.3 ECM protein coating

In order to increase the biocompatibility of thevides and encourage cell adhesion the
devices were best coated with an extracellular imgbrotein. The washing steps
mentioned earlier section (2.1.4.3) was followed thg addition of a collagen mix
consisting of EMEM (excluding FBS) containing 3 mmd/solution of collagen type |
[(Cellagen solution, Biomedical/ICN Biomedicals tio@. 152393) type | collagen, pH
3.0) dissolved in HEPES solution (section 2.1.4.Thlis was prefused through the device
and allowed to adsorb to the inside of the devic87a°C for 1-2 hr. The solution was

finally washed off using EMEM (including FBS). Tkells were subsequently seeded into

the device.
Volume
Type Reagents Ratio
[mi]
Collagen solution HEPES saline (section 2.1.4.1), 2 20
pH 7.5/plain EMEM
MP Biomedical/ICN
Biomedicals (cat.no. Cellagen Solution AC or PC (0.5
152393) Type 1 collagen, or 0.3% wt/vol- supplied as 0.1 1
PH 3.0, Cellagen solution 3mg/ml solution 0.01 M acetic :
AC-3 acid)
Plain EMEM 2 20
Collagen (Supplied as 3 mg/ml
HCL (pH -2.0).
Sigma Aldrich
Maintain the pH to 7.4 using Col h
0.1M NaOH and 0.1M HCL (use l.°h°“r.c f”ge'ma”ge to
phenol red indicator) ight pin

Table 4: Different types of collagen type | used for surface coating and a list of their
respective preparation/dilution.
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2.1.4.4 Cell seeding into the device

Once the microfluidic cell culture chambers hadrbseerilised and coated with collagen,
cells were seeded into the device via there inldgb channels. The seeding was done
using either one of the three methods explaineavael

The Figure 18,A) illustrated the method implemertteahtroduce cells into the cell culture
chambers via the outlet channels. This helped tdrabthe flow of cells into the inlet
channels and prevented clogging of the inlet chianae the connector tubing (if cells
adhered to the either of these). The flow of cethen seeded was controlled by a syringe
driver or by hand. However, care was taken to prewamy inclusion of gas bubbles or
contaminants during this process. The inlet chaseelding method on the other hand,
seemed to work better and had fewer inclusionsasflgubbles. The inlet seeding method
was illustrated in Figure 18 B). Seeding cells tigio the inlet gave better control and
reduced both the number of gas bubbles and morertamgly contamination. This method
however could not completely avoid the cloggingttté channels by cells. However the
inlet/outlet seeding method illustrated in Figu& Q) reduced gas formation and to some
extent the clogging of cell slightly better. Heretlb the inlet and outlet channels were

connected to valves, which allowed selective sepdimd fluid insertion.
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A SR Walve

Medium perfusion
connected to a pump

Cell seeding
syringe
S Valve
Medium perfusion
connected to a pump
Cell
seeding
syringe
outlet
C - Valve
Waste/\falve
Medium perfusion
connected to a pump
Cell
Waste seeding
sl syringe
collection

Figure 18: Cell seeding inside a culture single cell culture wells

These images show the various methods used for cell seeding into microfluidic devices in this
project. A) This explains the outlet seeding method, where the direction of medium perfusion is
from the inlet opening to the outlet opening. The cells however are seeded through the outlet
opening. B) This explains the Inlet seeding method, where the direction of medium perfusion is
same as in ‘A’, but the difference being that the cell seeding is performed through the inlet
channel C) The inlet/outlet seeding method explains that the flow of medium is the same as in
‘A’, however there is a two step seeding method involved. The cells are initially seeded from the
inlet side and any lost cells are collected inside the outlet side syringe. If cell are lost during
medium perfusion or death due to air bubbles, then cells can be are seeded through the outlet
side using the cells available or can prepare a fresh sample of stock cells.

2.1.5 Cell staining using Coomassie blue dye

Cells were grown on 13 mm diameter glass covergligsed inside a 24 well plates for 24
hrs, under static (no-flow conditions). These celé&se washed several times with PBS to
remove any extracellular matrix proteins and traxfdsBS. The fixative solution, made up
of 4% formaldehyde (vol/vol) in PBS with 2% (wt/wdaplded sucrose, was added and left
to incubate at 37°C for 15mins. The fixative wasrntllemoved and cells are washed again
with PBS several times to remove all fixative. Camsie (0.2% Coomassie blue dye
(wt/vol) (This stain was commonly used for gel @lephoresis to stain proteins - here it
was used to stain the fixed cells), 7.5% acetid &eool/vol) and 50% ethanol (vol/vol) all
dissolved in distilled water) was used added atreemperature. This is rinsed off with
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PBS and the cells mounted onto glass slides with.mBthe case of microfluidic devices
the above solutions were pumped through the systenpressure driven flows. This
procedure did cause some cells to detach fromuhstiste. In order to reduce such, and
avoid multiple syringe changes the fixative wasedily added to the device channels
through the inlet channel connectors, to make thaethe cells get stuck onto the substrate
surfaces. This made it possible to stain most efcils in the culture chamber. Once the

cells were stained all sample could be viewed uttietight microscope.
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2.2 Results

2.2.1 Fabrication techniques
2.2.1.1 Fabrication using SU-8

The microfluidic devices were all fabricated uspigptolithography techniques described
earlier in this chapter. Three different types af-& (2050, 3050 and 3025) negative
photoresist were used to fabricate the silicon erastEach resist type was used under
different conditions depending on the required khess. In general the pre-treatment of
the substrate, spin coating, baking and other ggicg steps were adopted from the data
sheets provided for the relevant SU-8 resists (dMitrem). However, during processing
the protocol had to be adapted according to theifspeapplication. Table 5 lists the
processes used to achieve the desired height @ lise SU-8 types and protocol given in
the data sheet was previously explained in Tahld2¢ heights obtained were measured
using a Dektak (Table 5). Each of the photoreshktswved slight variations between the
expected heights (given in the data sheet) andngsured heights. The SU-8 3050 was
easier to predict as the same heights could censligtoe achieved when using a two step
spinning method as laid out in detail in discussention (Pg. no 76).To perform the step
method, first a base layer of photoresist was sputhe substrate and after pre exposure
bake, a second layer was spun on top to gain thieedeheight; this was used mostly with
the SU-8 3000 series due to its better adhesivpepties. The relationship between spin
speed and resist thickness was assumed to be teoiser time and used as a means to
determine the height of the channels. The dimessadrtained were used to calculate the
flow rate, shear stress experienced by the cellistha diffusion coefficients of particles

within the microchannels.
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Fab. Steps to coat Si with SU-8 photoresist
No. ore. Post- ht (data | Exp. Height
Resist | Spin berleke Spin egsosure sheet) Time | +SD
coating 1 coating 2 baEe [pm] [s] [um]
rpm o rpm o
[rpm] [°C] [rpm] [°C]
1 Su-8 733
u- +
2050 2000 95 75 30 (n=4)
2 SU-8 135+7
2000 95 2000 95 150 40
2050 (n=3)
3 SU-8 831
2000 95 2000 95 90-95 | 35
3025 (n=3)
4 SU-8 48+4
3050 3000 95 50 35 (n=5)
5
Su8- 741
3050 2000 95 75 35 (n=3)
6 SU-8- 112 +5
2000 95 3000 95 125 40
3050 (n=3)
Table 5: SU-8 fabrication scheme showing the nominal and measured resist heights.
2.2.1.2 Single culture well device fabrication

The single culture well was designed using the it/EteWin software. Figure 19 A)

shows the silicon master for the single well devitiee diameter of the main cell culture

well was designed to be 5 mm in diameter and thgthes of the inlet and outlet channels

were designed to be 4 mm. The fabrication schenmeTéble 5 was used and the height

was measured height after processing using theaRekiachine to be 112um, shown in
Figure 19 C). The total volume of the channel walsudated to be 2.379ul. .
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Figure 19: Single culture chamber microfluidic device.

A) Photograph of a silicon master with the SU-8 photoresist pattern on top (the arrow indicates
an area of the resist B) Dektak height profile of the developed SU-8 3050 photoresist, here the
height of the feature was 112um. C) SEM profile of the chamber on the silicon master. D) SEM
image of the PDMS device showing the channels (marked by the black arrow) and chamber
(marked by the red arrow). E) SEM image of a crossection of the inlet/outlet microchannel in
PDMS (ht was ~100 um and width was 200 pym).

2.2.2 Cell culture

2.2.2.1 Seeding densities

In order to optimise the seeding densities CalelB avere seeded on 13 mm diameter
glass coverslips. The cells were seeded at fiereiit densities: 0.015, 0.03, 0.07, 0.3 and
0.7 x 1Gcells/cnt, equivalent to an expected surface coverage 9f2092 7, 29 and 70%
on seeding, and cultured for 3hrs, 14hrs and 24fiex; which time they were stained with
a solution of Coomasie blue, observed under the hgcroscope, and their respective area
coverage measured. The results show that the er8ity of 0.7 x 1®cells/cnf lead to
complete cell coverage of the reference area (f¢éldiew) by day 1. In order to ensure
early coverage of the culture area within the nilardic device this seeding density was

adopted.
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Figure 20: Coomassie blue staining

Calu -3 cells seeded at the different densities indicated in the top right of the respective images
(x 10° cells/cm?) onto 13mm diameter coverslips, fixed and Coomassie blue stained at 3h (A-C),
and 1 day (D-l). Scale bars 250pum.

2.2.2.2 Cell culture inside the single cell culture well device.

The cell culture protocols used were outlined/descr in the Materials and Methods
section under (2.1.3 and 2.1.4); in short; cellsenseeded through the inlet using the
method described for the single culture well dewvideitially hTert fibroblast cells were
used to establish a base line methodology for miltonditions as these cells grew faster
and needed less time to reach confluence, andt@alsptimise the pressure driven flow
regimes when using the syringe pumps. The cellBigure 21 A, B, and C are hTert
fibroblast cells which were allowed to proliferatside the single well culture chambers at
a flow rate of 1pl/min for 3-4 days. The shear strealculated using the equations,
presented by Lu et al (2004) and Korin et al (20@&re 0.6 and 1.2 mPa in the middle of
the cell culture chambers while using a constaw flate of 0.5 and 1 pl/min respectively
(for a 10 ml syringe). The shape of the cell cdtwell is round and hence the shear is less
towards the middle of the chamber than compareti¢anlet and outlet entrance points
(which were calculated to be 15 and 30 mPa at fetes of 0.5 and 1 pl/min respectively).
Once cells were seeded inside the device, they aleyered to settle for about 3-4hrs to

allow for initial cell attachment. The cells theftea were maintained at intermittent flow
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(Korin 2007) (6-8 hrs the pump was on, then for the pump was off, then the flow was
started again for 6-8 hrs) with a rate of 1 pl/mfom 3-4 days in culture. The results
presented in Figure 21, showed proliferation of mTiéroblast cells (forming confluent
monolayers) and for Calu-3 cells (healthy but i@t not reached confluence). After day 3
the hTert cells completely covered the entire caltarea inside the device. However the
Calu-3 cells seeded at 0.7 x°1€elis/cnt only covered about 20-25% of the total area
inside the device on day 3, suggesting that lomgéure periods and maybe also lower

shear stress conditions were needed to allow fgsterth of confluent monolayers.

Figure 21: Cell culture in single culture well channels

A) B) and C) hTert cells cultured inside the single culture well device. Pictures taken on Day 3 of
maintained at an intermittent flow rate of 1ul/min. The syringe pump was programmed for
intermittent flow (6 - 8 hr flow, 1h no flow, then again 6 - 8 hr flow) Scale bars = 200um. D) E) F)
and G) Images of Calu-3 cells cultured under the same conditions as the hTert in A. H) Composite
micrograph of Coomassie stained Calu-3 seeded at 0.7 x 10° cells/cm2, after 3 days in flow
culture. The image covers the entire culture well showing the distribution of Calu-3 inside the
well.
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2.2.3 Concentration gradient mixer (joint experimen  ts with Kristin
Kirchoff - PhD Student)

The intent was to use the gradient generator fgerlay the layer deposition of gradients
of two weak polyelectrolytes. If weak polyelectri@y are deposited in a layered fashion
on surfaces at differening ionic strength or pHirtheesulting surface properties
(topography, charge, viscoelasticity) change adnghd (Kirchoff 2008, 2009). The
purpose for Ms Kirchoff was to investigate the sefiterpretation of such gradients. The
gradient device worked as described in sectiorl 2. 1in short; the two entry channels are
constantly split and mixed in successive rows a@neiels with interconnecting serpentine
channels that extended the time the fluid spentha channel and thus allowed for
diffusion to occur. Our device had 7 rows of setpenmixers ending in 9 outlet channels
that joined up to form a 0.9 mm wide channel. Ideorto reveal the underlying differential
in pH two dyes were used: fluorescein-thioisocyar(®&TC) at a concentration of 1mM,
and 2'-7'-bis(carboxyethyl)-5(6)-carboxyfluorescBRCECF) as a pH indicator. The
following experiments were conducted to achieveiagierstanding of gradient device. The
pictures in Figure 22 and Figure 23, show the faionaof a FITC gradient across the
broad channel under the influence of different gues flows. The aim was to achieve
repeatably the same, broad and consistent graafielye across the channel. The profile of
the gradient seen in Figure 23 B) and D) were s bbtained with the device. Table 6
shows the results obtained from using the diffedymt with different flow rates. In order
to get a good gradient profile the syringe pumpeded to run at low flow rates (>1
ul/min), which may often cause pulsatile flow. Tooal these effects the pump was
adjusted to run at a higher volume while using & lmlume syringe (250ul volume
Hamilton syringe). This meant that the actual flete would be much lower than that

displayed on the pump.
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Fluorescent Dye

Flow rate displayed on the pump (pl/min)

Actual flow rate using 250ul syringe at pump set

Results (flow rate
that creates the
best fit linear

to a 10ml syringe (ul/min) concentration
gradient)
FITC in Tris-HCl 1 5 10 50 1ul/min or
0.025pul/min (from
0.025 | 0.126| 0.2520 1.261 Figure 22 and
Figure 23)
BCECF in water 1 5 10 50 100 500 50ul/min or
1.261ul/min
0.025 | 0.126| 0.252) 1.261 2.523 | 12.6 (from Figure 24)
BCECF in PEI 1 5 10 50 10ul/min or
0.252pul/min
0.025 | 0.126| 0.252) 1.261

Table 6: Summary of the gradient experiments from Figure 21, 22 and 23
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Figure 22: FITC intensity profiles at the beginning and end of the wide channel - perfusing
with FITC in Tris-HCl on the left against plain Tris-HCl on the right - Part |

A) Intensity profile across the gradient for a flow of 50 pyl/min and B) Profile for a flow of 10
pl/min at the beginning of the broad channel. C) Profile for a flow of 50 ul/min and D) Profile for
a flow of 10 pl/min at the end of the broad channel. The graphs show the intensity values of
FITC fluorescence in arbitrary units along a line in the midle of the images in black, the expected
gradient is plotted in red. The smoothing of the gradient between beginning and end is a result
of the diffusive mixing that occurs along the broad channel of the device. All flows were
performed applying 10ml syringe settings on the pump while using a 250ul volume glass Hamilton
syringe.
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Figure 23: FITC intensity profiles at the beginning and end of the wide channel - perfusing
with FITC in Tris-HCl on the left against plain Tris-HCl on the right - Part Il
A) Intensity profile across the gradient for the flow of 5 ul/min and B) Profile for 1 yl/min at the
beginning of the broad channel C) Profile for the 5 ul/min and D) profile for the 1 yl/min at the
end of the broad channels. The graphs show the intensity values of FITC fluorescence in arbitrary
units along a line in the midle of the images in black, the expected gradient is plotted in red.
The smoothing of the gradient between beginning and end is a result of the diffusive mixing that
occurs along the broad channel of the device. All flows were performed applying 10ml syringe
settings on the pump while using a 250ul volume glass Hamilton syringe.

74



Chapter 2: Microfluidic devices

0.025pl/min 0.126 plimin 0.25 plfmin 1.26 plfmin 12.6 plfmin

¢ ® -

Fluo.Int. [in grey value]

0=

El L] L} L] 1 L] L} L] ] L]
0 100 20 300 40 500 &0 00 B00 800
Distance (pm)

Figure 24: BCECF fluorescent dye intensity profiles at the beginning and end of the wide
channel - perfusing with BCECF in water on the right against plain water on the left.

A) Intensity profile of the gradients developed at the beginning of the broad channel and the
numbered images signify the different flow rates used for the experiments (1 = 0.025ul/min, 2 =
0.126pul/min, 3 = 0.25plmin, 4 = 1.26pl/min, 5 = 12.6pl/min) B) Intensity profile of the gradients
developed along the end of the broad channel. The numbers signify different flow rates (1 =
0.025pul/min, 2 = 0.126pl/min, 3 = 0.25ulmin, 4 = 1.26ul/min, 5 = 12.6ul/min). C) The graph is a
representation of the fluorescence intensity across the broad channels from pictures shown in
the set (B1 = lilac, B2 = blue, B3 = green, B4 = orange and B5 = red). The black dotted line
represents the desired fluorescent intensity profile of the gradient (for 0, 0.8, 6.2, 22.7, 50,
77.3, 93.8, 99.2 and 100%). The arrows mark the broad channel width. All flows were performed
applying 10ml syringe settings on the pump while using a 250ul volume glass Hamilton syringe.
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2.3 Discussion

This chapter focused on the development of micidiftu devices using SU-8
photolithography and PDMS replica moulding. Thehteques used in developing
microfluidics involved micromachining, soft lithagwhy, embossing, injection moulding
and laser ablation and have been described throughe literature (Beebe 2002, Nguyen
2006). Each technique had its associated set araages and disadvantages according to
the envisaged application of the devices. In csbeodesigns for the multilayered device,
the technique of choice was to use a patternedopdsist as master substrate to cast
replicate microfluidic devices. Here SU-8 Epon gpaas used and this resist was spin
coated to thicknesses in excess ofuih patterned by mask based photolithography, and
allowed full control over all design parameter. Hwer the methods suggested within the
data sheets provided by MicroChem Inc. for thigstetype had to be optimised for the
purpose of this project. The changes to the proteeoe mainly due to different working
conditions within the labs. For example dependimgtioe substrate cleaning solutions
(different methods of cleaning used in differertslp the adhesion of SU-8 could vary.
(Another reason being that different labs have imgryvorking conditions for SU-8). This
photoresist has many advantages but also comesswitie disadvantages due to its long
and uncertain exposure times and high viscositye Tifask aligner exposure time and
energies may vary from lab to lab due the diffeesnin the Mask aligner machines. This
could be due to the differences in the light fét¢between 365-436 nm depending on the
type of UV lamp) used inside such mask alignerdqmioduced by different companies
(Mask aligner machines are produced by differentufecturers, e.g SUSS MicroTec,
Midas System Co., Ltd, etc..) (Nguyen, 2006). Samet, due to under-exposure, the
developed photoresist walls tended to form invertéd shaped structures. This can
influence the secondary pattern transfer procesnwising PDMS casting as a means of
replication for microfluidic devices. The exposties had to be tested and optimised in
this case to avoid any irregularities in the paitey process. In Figure 25, A) the effects of
under exposure are seen, where the side wallsligrelys ‘inverted V' shaped and B)
shows straight walls once the exposure times wetiensed according to the height of the
walls. The viscosity of SU-8 for the resist useé. (SU-8 2050, 3050 and 3025) also made
it tricky to handle in the lab, in relation to s@peeds and adhesion. During spinning, the
resist sometimes develop a wavy irregular resigasa along the wafer for a low spin
speed (<1500 rpm). In order to achieve tall stmgsu(~100 pum) this needed to be
improved into a more reliable protocol. As this wpste unreliable when using a single

layer focus was then diverted towards a doubleimgatvhich meant that the photoresist
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(e.g SU-8 3050) was initially spin coated, soft édland then second layer of resist (e.g
SU-8 3050 again) was applied at either the sangiehior lower speed depending on the
required height for the structures (see Table B)js Touble layer approach reduced the
incidence of wavy surfaces and helped obtain smtaytérs of photoresist. The methods
used for fabricating the structures in SU-8 werepaeld and slightly modified versions

from various publications discussing multilayerddi& fabrication (del Campo 2007, Sato
2006).

Silicon wafer

Silicon wafer

100 um 100 um

Figure 25: SU-8 photoresist exposure SEM images.

A) This SEM image shows the inverted ‘V’ shaped wall irregularities due to improper exposure of
SU-8 (serpentine channels, ht ~58 pm width intended to be 50 pm) B) This SEM image shows the
straight walls developed due to optimized conditions of exposure times (inlet channel for
seeding, ht ~ 58 ym and width 100 pm).

The silicon masters had SU-8 features on top, whiehe used as molds to cast PDMS
replicates to form the microfluidic devices. PDM@&sha good reputation for rapid
prototyping of microfluidic device, as sealing iasdy achieved using an air, or oxygen
plasma etch. Also PDMS is gas permeable, biocotpatnd transparent even in the UV
range (Leclerc 2004, Kallio 2006, Lee 2003, McDdn200O0, Sia 2003). This makes it an
attractive choice for cell culture devices. Theides were bonded to glass coverslips and
used for their specific purposes. The single calluce well was designed to observe cell
behaviour inside devices and establish a basiefgr-term cell culture analysis.

When dealing with long-term cultures several patensehad to be considered in order to
improve cell proliferation within the PDMS microairzels. For example, the sterile
working conditions inside microchannels, sufficisapply of nutrients and gases to cells
and most of all flow conditions with a minimum oiuii shear. Inside microfluidic

channels, adherent cells often face the risks wigbexposed to mechanical forces exerted
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by fluid motion or gas bubbles, therefore havingléal with shear stresses (Walker 2004).
The fluid motion is however necessary for the regglement of nutrients and waste
removal. [Shear stress is experienced by cells vehemgential force is applied across its
surface and a variety of different cell types elgere varying amounts of shear under
physiological conditions (Lu 2004, White 2007, Kor2007, 2009, Frangos 1988)]. As
explained by Leclerc et al. (2006) mouse osteoblaslls were successfully cultured for
long periods (>7 days) at shear stress rates dP& im a microfluidic environment but the
same cells failed to proliferate at a shear of 3&ntfowever, osteoblastic cells endure
shear stresses of about 600 — 3000 mPa under pdgyised conditions (Leclerc 2006). In
the single cell culture system, (explained in tlikapter) fluid shear was applied to
fibroblasts, as well as lung- and kidney-epithetialls. These cells in their respective
physiological conditions are also exposed to sheass but this can be very different from
that experienced by osteoblastic cells and henee &mdurance to shear stress may be
different (Leclerc 2004, Leclerc 2006, Korin 200The single cell culture device used for
maintaining hTert fibroblast and Calu-3 cells, hmdalculated shear stress value of 1.2
mPa experienced inside the cell culture well redairthe broadest part of the chamber, for
a flow rate of 1 pl/min having a velocity of 0.418° mm/sec). The shear stress calculated
at the inlet/outlet channel points was about 30nii& device, therefore had shear stress
conditions favourable for cell culture over longripds of time, suggested through
literature (Korin 2007, Leclerc 2004). The sheaest levels that were permissive for
long-term culture of human fibroblast cells withmcrofluidic channels, was in the range
of 5-20 mPa (Korin 2007). For the Calu-3 cells hegrethere were no existing data in the
literature about their resistance to fluid shedneréfore Calu-3 cell proliferation was
tested inside the single channel devices usingsémee flow regime as that successfully
used for culturing the fibroblast cells.

The other device discussed in this chapter is thesnas tree/serpentine concentration
gradient generator that was used to produce chegradients of fluorescent dyes and pH
of solutions. This device was a slight alteratidrih® work presented by Dertinger et al.
(2001) and Joen et al. (2000). The main purposethisr device was two-fold: In the
context of the work presented in Section 2.2.3, 468al dilution of nanoparticles in a
defined reliable, and predictable way was the iteh application for this gradient
generator, which served as a demonstrator, atattme $ime this device was intended to be
used for LbL deposition of PEs to study cell hagtet. Similar microfluidic devices had
been shown to be useful in the study of cell chemistand seemed to offer an avenue for
LbL techniques (Agrawal 2008, Lin 2005, Jeon 20B@nawan 2006). Similarly to LBL
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there were other applications in mind for this deviOne of them which was creating
gradients in concentration for cytotoxicity testirigr example like the device shown by
Tirella et al (2008). They used the gradient devarethe purpose of testing commonly
used anesthetic solutions against myoblast cellsh Studies proved that concentration
gradient mixers had a potential use in nanoparneteity testing too. The gradient device
shown in this chapter was to be used in conjunatiith cell culture and designed for the
sole purpose of understanding and realising thatiergial for different applications within

cell biology. Therefore, the next step was to irdég such a system with cell cultures
similar in working to devices presented by Hungkt(2005). Their device showed the
successful use of such gradient devices conneatad &rea of cell culture wells within the

same system.

2.4 Conclusion

The main focus for this chapter was to establighltasis for the fabrication, cell culture
and working of certain microfluidic device channelfie work here had shown that the
control of cultures over long periods of time wassgble within the single cell culture
devices. Also, the fabrication of these microflgidievices using SU-8 and PDMS had
proven to be a valuable method for the rapid pypiag of microfluidic devices. It was
evident that the flow rates to be used with sudewce were approximately between 0.5-
1pl/min which resulted in very low rate of sheathin the system. Therefore, it was also
possible to use this device for long-term cultuféss was vital in the case of the Calu-3
cells at least, since these cells needed much flotgjéure times as compared to the
fibroblasts. When developing complex gradient migewvices the results showed that a
good profile for mixing was achieved at very lowvil rates (~0.025ul/min). Such a device
could prove to be a valuable tool for cell anduesengineering.

These results were carried forward when developiegfinal set of multilayered devices,
which would be explained in the next two chaptditserefore, the next stage (Chapter 3
and 4) focuses on up-scaling the single cell celtlgvice and used in combination with
microfabricated silicon nitride membranes. Thesgidd membranes in the following
Chapter were tested for their cell compatibilitydacompatibility inside a multilayered
microfluidic design. The gradient mixers on theesthand, were incorporated within such
multilayered devices in Chapter 4 and designedetoesthe purpose of combining cell
cultures with different dilutions of test solutions
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Chapter 3: Optimisation of cell culture conditions on silicon nitride membranes
3 Introduction

Under normal physiological conditions the trachéagnchial and alveolar lung epithelia
come constantly in contact with the air during pecess of breathing. The bronchial and
alveolar epithelia are responsible for blocking anted harmful materials, example small
particles and air borne pathogens present in thefram entering the blood stream and
vital organs of the body (Gardner 1993, Cohen 19¥bgse epithelia show the capacity to
selectively transport gases and solutes betweebtmheompartments (lung alveolar and
blood capillaries). The transport mechanism is msglective by tight junctions between
adjacent epithelial cells, which form this barri€ight junctions are virtually impermeable
to large molecular weight tracers and thus solate$ nutrients have to be transported
either paracellular or transcellular (Chiba 2000n&alez-Mariscal 2003). Epithelial tight
junctions can either be classified as ‘tight’ bawsi or ‘leaky’ barriers according to their
physiological function (Schneeberger 1992). Thisansethat different organs can have
different junctional properties, for example thghtijunctions of the urinary bladder
epithelium are extremely tight, but tight-junctioimsthe epithelium of the renal proximal
tubule are leaky. Whereas the former example reguan absolute seal the later sits at an
important site for osmoregulation requiring moransport (Schneeberger 1992). The
specific functional requirements of the lung-blooakrier, that it should allow selective
transport of gases and solutes provided a promisgg route for drug delivery and
biomedical application (Forbes 2005, Taylor 196ipd? 1971). The development of safe
and effective drugs administered via the lungs, éxa@#, requires a good understanding of
the selective transport mechanisms in the respyratio-blood barrier. The development of
in-vitro andin-vivo systems has helped to assess the rate of translocatthe way in
which selective transport occurs across the aiodloarrier. For example, the integrity of
epithelial tissue barriers can be analysed thranghivo methods using radioactive/toxic
solutes, by exposing either whole animals or spesites (such as can be achieved by
intratracheal, oropharyngeal, endotracheal expdgGeys 2008, De Boeck 2003, Warheit
1997, Warheit 1988, Bryce 2008, Oberdorster 200@nyv2007). Measuring the integrity
of the epithelial tight junctions is also possibia electrical measurement systems, such as
the plythesmograph, which is a non-invasive metfuwdvhole body experiments or for
specific body parts that monitors changes in tleetatal impedance of the test tissue
epithelium, due to changes in the volume of air bbood inside specific organs.
(Vanoirbeek 2004, Yamamoto 1992, Babu 1990).

81



Chapter 3: Optimisation of cell culture conditions on silicon nitride membranes

For tissue culture models of the epithelial barimrvitro, the tightness of the cell
monolayer has been assessed using either theidiffo§ marker solutes (radioactive, or
fluorescent molecules with known size and chargesystems that measure TEER (see
Section 1.5.2 from Chapter 1) an inherent propeftgell monolayers with well developed
tight junctions (Hediger 2002, Geys 2006, Geys 209émmar 2006, Nemmar 2002,
Manford 2005, Matilainen 2007). There are seveedllimes available that are being used
as models of the lung epithelial barriarvitro: e.g. Calu-3 (human bronchial epithelial
type Il airway adenocarcinoma cells) and 16HBE1Hon{an bronchial epithelial cell
lines) (Manford 2005, Forbes 2003, Florea 2003, HigaR002), hAEpC and A549 (the
human alveolar cell lines) (Forbes 2005, Geys 200fgse cell lines have been used in
drug delivery and nanopatrticle toxicity experimertee most commonly used cell model
of these are the Calu-3 cells (Foster 2000), thmynfboth excellent tight junction
properties and good epithelial barriers (Florea300ogh 1977, Forbes 2000, Forbes
2005). They were therefore quite an attractive liedl to form the base for developing

novelin vitro analysis systems.

In most cases the epithelial cells vitro are cultured inside culture well apparatuses
consisting of porous polymer Transwell® membrarters (produced by companies like
Corning Costar®, Falcon®, etc). The membrane isséitide the culture well dish into
two compartments, apical and basal. Using the measant system providét!!, epithelial
cell cultures can be classified according to TEERu®s across the culture substrate-
membranes which determines their tightness andgritye The TEER for such an
apparatus, is measured using a pair of electrodaergting an alternating current (AC)
(mainly to prevent accumulation of proteins on #lectrode surfaces or electrolysis of
solutions) which is applied across the epithel&l ayer and another pair of electrodes
detect the corresponding voltage drop in the systeraccount of the resistance created by
the monolayer of cells. The apparatus for measuhege TEER values is based on the 4-
point probe method and uses silver and silver-afdoglectrodes (the significance of the 4-
point sensing system and the difference betweemgusi2-point and 4-point system is
explained in Section 1.5.2, Chapter 1)(The apparfiumeasuring the TEER is described
in Chapter 3'%). The setup used for this project was similar wrking to the electrical

> EVOM™ commercialised by World Precision Instruments Inc., was one of the first instruments
developed for measuring TEER. This was normally used in combination with transwell cell
culture polymer membranes and the STX2 electrodes (pair of double electrodes, 4 mm wide
and 1 mm thick, each consisting of an electrode pair of a silver/silver-chloride pellet for
measuring voltage and a silver electrode for passing current).
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setups shown in the PhD thesis of Hediger (200Ris $ort of system measured the total

resistance of the cell-covered culture-membrane.

Hediger (2002), in his PhD thesis highlighted thdvamtages of miniaturised and
automated systems for the purpose of cell monolda¥R analysis and suggested that
such systems could prove to be a valuable tooltésting various epithelial barrier
functions. Hediger (2002) presented a device cbtingiof polycarbonate micro/nano-
porous membrane sandwiched between two siliconlagsgchips and the measurement
system consited of platinum or Ag/AgCI electrodesifig the 4-point probe setup). The
device presented by Herdiger (2002) maintained emsdsured epithelial barriers for
MDCK cells. This device setup gave a valuable ins@n the development of miniaturised

systems.

This Chapter describes the cell culture protocasgetbped for Calu-3 cells cultured on
silicon nitride membranes and the use of FITC dardrto test the leakiness of cell
monolayers in combination with TEER measurementéyrRer membranes used through
literature (explained above) are quite thick (>5)uhence, focus for this project was
shifted towards fabricating thin, ~500 nm, silicatride membrane chips that would better
relate to lung barrier systems under true physioldgconditions (lung epithelial barriers
range from approximately 500 — 600 nm thick). Thilims of silicon nitride are often used
in the semiconductor industry as passivation layersntegrated circuits. This material
however, has recently gained importance for itsliegjgon within biology [blood-brain
barrier (Ma 2005) and liver-blood barrier (Zhand@&)]. The use of such membranes to
study barrier functions for lung epithelial cellgld-3) is not evident through literature and
culture conditions with measured TEER values feséncells on silicon nitride membranes
were also absent. These results for the micro-ssgdem were compared to the
commercially existent macro-scale Transwell membrsystem. Such a micro-scale setup
with the combination of the lung epithelial cellSalu-3), the silicon nitride membranes
and the TEER measurement system could prove toveeyauseful tool in biology, both

for fundamental research and clinical diagnostics.
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3.1 Materials and methods

3.1.1 Silicon nitride membrane fabrication (CSEM, N euchatel,
Switzerland)

The fabrication steps for the silicon nitride mearies are explained in Figure 26. The
silicon wafer was cleaned using a Piranha soluf®id v/v of concentrated 430, to
H.O,) at 120 °C for 30 min. The cleaned wafers werdembavith a 500nm layer of $h,
using a low-pressure chemical vapor deposition B technique. The wafer was then
spin-coated with an AZ7220 photoresist (EVG 101 &ated Spray Coating System, St.
Florian am Inn, Austria), exposed under UV light  seconds by a manual precision
alignment system (mask aligner) and exposed usisgaadard photolithography mask
definining the opening of the well and the poreke Tesist was developed in AZ300MK
developer (made up of Tetramethylammonium hydrogitevol/vol in water) (ChemTrec,
Arizona). The developed features were etched by D@ectric Etching System (Adixen
AMS 100, Annecy, France). The residual AZ7220 plexist was removed by immersing
the wafers in n-methylpyrolidone (NMP) solution asahicating them at 7€ for 30 min.
After rinsing with deionized (DI) water and dryingth nitrogen, the same process was
repeated on the other side of the wafer and haglwanmask to define the pattern in silicon
nitride on the backside of the wafer to finaly pwod the silicon etching zones for back
etching. Finally, the porous $Bl;membranes were developed after the back-etchitigeof
silicon wafer using with potassium hydroxide (KO#&t)90C for 7—8 hr, where the KOH
etches the silicon around thel$j (forming the trench/seeding well).

The membranes were designed in a way that wouldfitebe purpose of the different
experiement (like, for static conditions and mituafic device conditions explained along
the course of this Chapter). The initial set of rbesmes were developed for cell
compatibility experiments Figure 27, A) and a). Thembrane chips were fabricated to
bear an array of membranes, either 5x5 array (memebarea 1.5 mfhor 9x9 array
(membrane area 1 nfin The membrane arrays allowed several cell cukxperiments in
parallel. Since the S\, membranes were meant to be used inside a miatafidevice,
the membrane arrangement needed to be slightlsedlte best fit their respective device
design. The membrane chip designs were modifidgeteompatible with the single cell
culture multilayered device layout. Figure 27 Bjidr) have one membrane (1 Mrin the
centre of the chip. Figure 27 C) and c) showeddisgn for the five adjacent membrane
layout, which allowed for five different experimento be performed in parallel. The

advantage of having such a layout was that theseamaugh spacing between the adjacent
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membranes to be to use them separately as comfmatbé arrayed layout (which was

more complicated to separate from sample to sandplke)}o closely packed membranes.

The main area of focus for these membrane chipstavdsvelop an automated system to
test the TEER of epithelial monolayers. In ordeatbieve these resistance measurements,
electrodes were fabricated around the membrane ai¢hin the chips (shown in Figure
28). These electrodes were prepared using metalsdiem, where a 100 nm layer was
deposited onto the surface of the silicon chipse Tetal surrounding the electrodes was
wet etched (Aqua regia HCI:HNGB:1 (vol/vol), etch rate 25-50 pm/min) leavingeth
electrodes on top of the silicon chip. The membrelmp design and fabrication were all
performed by our collaborators at CSEM in Neuch&elitzerland. The people involved

in this project at the CSEM were Drs Martha Lilefhomas Overoltz, Philippe
Neidermann, Melanie Favre and Nicholas Blondeux.

Si

Deposition of low stress LPCVD Si-
nitride 500nm (yellow layer)
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Figure 26: Schematic representation of the fabrication method for silicon nitride
membranes.

Silicon nitride membrane fabrication steps presented in this image; Silicon (Si) (blue), Silicon
nitride (yellow) had 500nm thickness. The process from the first step of deposition of silicon
nitride on the silicon wafer until the final back etch of silicon to finally reveal the nitride
membrane structures were shown from top to bottom.
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A B &

Figure 27: different membrane layouts

A) This was the initial silicon nitride membrane array chip design used for cell culture
optimisation protocols and consisted of either a 5x5 membrane layout (membrane area 1.5 mm?)
or a 9x9 membrane layout (membrane area 1 mm? and the chip was ~15 x 15 mm). The
magnified design of the membrane was shown in a). B) This was the design layout of the
membranes to fit the single culture well device, (membrane area 1 mm? and chip was ~15 x 15
mm). The magnified image shown in b) where the pores were oriented such that they formed a
circular perimeter leaving the corners with no pores. C) This five adjacent membrane layout was
fabricated to allow for five different experiments to be performed in parallel on one chip. The
magnified image was shown in c) (membrane was 1 mm? and chips were -20 x 20 mm). (The
black and white checkered squares in A), B) and C) represent the membrane area. The white
squares represented holes in the silicon chip and were meant to connect the bottom microfluidic
channels. The black square is the observation zone for the microchannels). All membranes pore
sizes of 1 ym diameter (pore fill rate was 5% and the pore period 4.2 pm) [Please also see SEM
images in Figure 35]

Figure 28: Electrodes for measuring TEER.

A) This represented the single membrane chip (membrane area was the black & white checkered
squares) and a pair of platinum electrodes (yellow) on the top and bottom side of the chip (total
area was ~15 x 15 mm). [The white squares represented holes in the silicon chip which were
meant for connecting the bottom layer microfluidic channels when used in the multilayered
device setup]. This single chip was used for the initial experiments to test the principle of the
system and circuitry. B) This represented the five membrane chip (membranes were the black &
white chessboard) which was designed to perform a set of five experiments in parallel (total area
20 x 20 mm). [The white squares represented holes in the silicon chip and were meant to
connect the bottom microfluidic channels. The black square is the observation zone for the
microchannels.
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3.1.2 Cell culture

The Calu-3 cells used for cell culture experimemé&se maintained in culture conditions
(explained in detail in 2.1.3 from Chapter 2) aneépared for seeding onto Transwell

membranes or silicon nitride membranes.

3.1.2.1 Cell seeding onto polymer Transwell® membra  ne inserts

The Transwell membrane inserts [kept inside alst@4 or 12 Tissue culture plastics
(TCP) well plate] were initially they were immersedEMEM medium (when using Calu-
3 cells) for 5 min. The medium was removed and latiem of collagen was slowly
pipetted on the apical side of the membranes. fiteris were allowed to incubate at 37°C
for 1 hr prior to cell seeding (preparation of ttdlagen solution was described in Chapter
2. Section 2.1.4.3 ECM protein coating). After ibation the insert membranes were
rinsed with HEPES buffer solution and then left ievsed in EMEM medium until cells
were ready to be seeded (approximately 15-20 mi@s)ls were seeded onto clear
transwell polyester inserts of 0.33 Tmarea (Costar, Cole Parmer and Fisher scientific),
with pores of either 0.4 um or 3 um diameter. Thu€3 were cultured in EMEM
medium and supplemented with 15 % foetal bovinarseind 2 % antibiotic mixturg?.
The cell monolayer was examined optically and mayeil integrity was monitored using
the TEER setup (EVOM® with the STX2 electrodes gé€ftl).

3.1.2.2 Cell seeding onto porous silicon nitride me  mbranes

Cell seeding onto silicon nitride was performed wi@ methods, as illustrated in Figure
29. Either a plastic holder to support the memlsgfégure 28, A) or using PDMS wells
to support the silicon chip and placed on the dgicke of the chip to confine cells to the
membrane area (Figure 28, B). The plastic holdes mainly used as a support for the
silicon nitride membrane chips to prevent the batsde from touching the surface of the
cell culture wells (since the membranes themselwe® extremely delicate). The use of
the PDMS support wells created an apical compattraed a basal compartment for the
silicon nitride membranes, which proved to be us&fben performing FITC-dextran

diffusion experiments. Each different membrane glesiad a specific set of PDMS wells

developed for this very purpose. The PDMS wellsemgrepared by pouring the PDMS

'3 Antibiotic mixture as shown in Chapter 2, Section 2.1.3. Cell Seeding, Calu-3 cells.
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mixture ' into a Petri dish to approximately 1/4 th the depitid left to solidify at 80°C
inside an oven for approximately 60 min. Then, gsrscalpel, the PDMS sheet was cut to
fit the membrane containing devices (ca. ~ 20 X220 for the five well membrane chip
and ~15 x 15 mm for the single membrane chip aed®tix 9 or 5 x 5 array membranes
chip) (Figure 30). To create wells for cell cultureles of 4 mm diameter were punched
into the PDMS using a hole punch. These PDMS sheets sterilised in 70% ethanol and
left to dry. At this point, silicon nitride membranchips were washed with acetone,
propan-2-ol and ethanol in a series of wash st@ody(if membrane chips were re-used
after one set of cell culture experiments, theyenmenmersed in Pirahna acid solution
(included 3 parts 80O, 1 partH,O,) for 30 min). They were left to dry inside a dteri
environment flow cabinet until they sandwiched kedw two PDMS sheets (placed on
either side of a silicon nitride membrane chips$)e3e devices were dried for 30 minutes in
an oven at 60°C for 15-20 min and then exposed tirgplasma cleaner (on high power -
740 V, 40 mA and 29.6 W, Harrick plasma machine,30 sec;) to make the membrane
surfaces and the PDMS slightly hydrophilic and alei#t (Ye 2006, Mukhopadhyay 2007,
Arafat 2004, 2007). [The preparation of microflaidievices also included this step to
ensure a good bond between the chip and the PDM&chiannels]. Prior to cell seeding,
membrane surrounded by the PDMS wells were ringeg again with 70% ethanol, and
then rinsed with HEPES buffer twice. The nitridemieanes were coated with a ECM
protein solution of either, collagen (preparatidrtlee collagen solution was described in
Chapter 2: Section 2.1.4.3 ECM protein coatingilmronectin (sigma)(1:20 vol:vol, in
HEPES buffer), and a polypeptide solution, polydihe (1:20 solution vol/vol in HEPES
buffer)(sigma) for 1 hour prior to cell seeding.ejtwere then rinsed in a HEPES buffer
solution and left in EMEM medium (~40 ul of medidith up the wells of this device)
(15% FBS) until cells were ready to be seeded @pprately 15-20 mins). The culture

medium was changed every 12- 24 tis

It was a lot less complicated to setup the silindnde membrane chips using the plastic
holders compared to using the PDMS wells. Theailinitride membranes were cleaned
as described above and exposed to air plasma. Weey then placed on top of sterilised
plastic supports (designed specially for these)hamd sterilised using 70% ethanol. The

membrane-chips were rinsed with a solution of HEPHBer, coated with the respective

' PDMS mixture was prepared as explained in detail in Chapter 2, Section 2.1.2. Microfluidic
devices using PDMS.

!> These experiments were performed under static conditions (there was no continuous fluid
flow) unless mentioned otherwise
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ECM or polypeptide as described above, and theeesditup left in EMEM medium (15%
FBS) until cells were ready to be seeded (approtaéind 5-20 mins). Cell culture medium

was substituted every day when using both thespset

PDMS support wells

On a plastic support

|:| Culture medium . PDMS (polydimethylsiloxane)
- Silicon wafer . Silicon nitride
<@ Cells ® Nanoparticles

Figure 29: Seeding techniques adopted for our silicon nitride membranes
A) Using plastic holders to support the membranes and B) Using PDMS wells to support the

membranes.

(S R )
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Figure 30: PDMS (Polydimethylsiloxane) constructs for silicon nitride membranes

A), B), C) and D) represent the various layouts used for silicon nitride membrane chips (green)
during the course of this thesis project. a), b), c) and d) are the PDMS sheets (blue) with wells
(white circles) punched in to fit the layout of their respective membranes. (the black and white
checkered squares in A), B) C) and D) are the silicon nitride membranes).
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Figure 31: The different membrane sizes used for cell culture experiments.
A) The 1 mm? (9x9 array) membrane structures in each trench. B) the 1.5mm? (5x5 array)
membrane structures. (Scale bars 3 mm)

3.1.2.3 Single cell culture well multilayered micro  fluidic device bearing the
silicon nitride membranes

This multilayered device was prepared by bondingaa of single cell culture PDMS

microchannels (described in Chapter 2: section221) to either side of a single

membrane chip (design described in section Figured#ferent membrane layouts). The
resultant multilayered device was sterilised byedes of washes with ethanol, water,
HEPES saline solution and finally with culture medi (described in Chapter 2: 2.1.4 ),
introduced through the inlet channels of the tog battom layers at a set flow rate (10
uli/min). (Devices were prepared with and withoollagen step, to test the difference of
having surface coating). Cells were seeded (préparaxplained in Chapter 2: 2.1.4.4)
into the top layer membrane area of the multilagetevice. The connection through the
top layer microfluidic inlet channels (TI) (Figu@2) by gently inserting them through

(similar to cell seeding methods described in Céapt 2.1.4.4), with the help a syringe
and allowing them to settle for approximately 4s6mside the incubator (at 37°C), before
beginning the perfusion of culture medium. Thedlin the top and bottom channels were
allowed to flow at 1 pl/min. (The connectors andide parts were described in Chapter 2:
2.1.2). The cells were maintained for a period -&Giddys inside this device device on the

nitride membranes or until they were confluent.
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Figure 32: Single cell culture well multilayered microfluidic device.

This image shows the single cell culture well microchannels used with the silicon nitride
membranes. The silicon chip is sandwiched between two PDMS microchannels and held together
inside the device clamp. The device consists of a top microchannel and a bottom microchannel
and the fluid is introduced through the inlets and outlets (Top inlet - TI, top outlet - TO, bottom
inlet - Bl, bottom outlet - BO). The red arrow marked the direction of fluid flow.

3.1.2.4 Cell confluency measurements on the silicon nitride membranes

The cell coverage area on the silicon nitride memés during was measured using Adobe
Photoshop’s magnetic lasso tool. As shown in Fi@gBethe cell area was calculated by
selecting the cell-covered areas and comparingoitthie total surface area of the

membranes.

Figure 33: Calculating the cell coverage area

A) This image was of a collagen coated sample observed at day 1 after seeding. B) To measure
the area of the membrane covered by the cells, the magnetic lasso tool was used to draw around
a cell cluster. In this image the areas marked were the cell covered areas. (15% cell coverage) C)
This was a picture with the membrane area filled. D) After 5 days in culture the cells in (A) grew
and multiplied to form the clusters seen E) In this image the area not covered by the cells was
marked to simplify the calculation of area covered by the cells. (78%) F) Image of the membrane
area used to calculate the area covered by the cells.
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3.1.3 Immunocytochemistry

Cells were fixed using a fixative solution (PBS t@ning 4% formaldehyde (v/v) and 200
mM sucrose) for 15 minutes. The fixative was rentb&ed a permeabilisation buffer (PBS
containing 300 mM sucrose, 50 mM NaCl, 3 mM Mg6H,0, 20 mM HEPES, 0.5%
Triton X 100, pH 7.2), which was added to the sas@nd kept at 4°C for 5 minutes. The
permeabilisation buffer was removed and blockindfésu(1% bovine serum albumin
(BSA) (wt/vol) in PBS) added for 5 minutes at 379@e PBS/BSA was then removed and
the primary antibody (2% ZO-1 N- term rabbit or @ckin N- term rabbit (vol/vol), 2%
Oregon green-phalloidin (vol/vol) — (Invitrogen)%lmethanol (vol/vol) in PBS) added
and left for an hour in the dark at 37°C. The adipbwas then removed and the sample
washed 3 times for 5 minutes with 0.5% Tween 20/@d in PBS. Finally, the cell nuclei

were stained using DAPI contained in the mountirglimm (Vectashield, Vector Labs).

3.1.4 Electron microscopy sample processing

The cells were fixed with 1.5% glutaraldehyde (SigrdK) buffered in 0.1 mM sodium
cacodylate (Agar, UK) (4 °C, 1 hr). The cells wiren post-fixed in 1% osmium tetroxide
for 1 hr (Agar, UK) and 1% tannic acid (Agar, UKpsvused as a mordant. Samples were
dehydrated through a series of alcohol concentrat{@0%, 30%, 40%, 50%, 60% and
70%), stained in 0.5% uranyl acetate, and followgdurther dehydration (90%, 96% and
100% alcohol). The final dehydration was in hexdmletlisilasane (Sigma, UK), followed
by air-drying. Once dry, the samples were sputtated with gold-paladium before

examination in the scanning electron microscopeMs@igital SEM 6400).

3.1.5 Translocation studies

3.1.5.1 Translocation method using FITC-dextrans wi  th polymer Transwell®
membrane supports

Once the cells reached a high TEER value, the reuihedium was removed from both the
apical and basal compartments and membranes weteediavith PBS. Then a volume
(250 pl) of FITC-dextran MEM was added to the apical compartment. The same MEM

'° PBS was prepared in the same way as explained in Chapter 2 (Wash steps for sterilising
devices)

" 1 mM solution of either 2000 kDa, 500 kDa, 70 kDa or 4 kDa FITC-dextran (Sigma) dissolved in
colour-less MEM (with non-essential amino acids and antibiotics and excluding phenol red)
(Invitrogen)
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culture medium, but without the dextrans was addetie basal compartment (ratio of the
volume in apical compartmesmts thevolume in basal compartment was eitherllor 1:

2). The membranes were left for about 60 mins @Ca incubator (5% CQ37°C) to test
for any diffusing FITC-dextrans molecules. Aftercubation, the apical and the basal
solutions were each collected inside a 1.5 ml Edpdrtube. The collected samples were
measured for their fluorescence intensities usirfluarescent plate read@fluorescent
spectrophotometer, Envisiéf). The fluorescent measurement readings taken fon ea
sample in the plate reader were represented byradatd reading unit known as the
‘relative fluorescence unit (RFU)'. [The RFU reaglifor each apical compartment solution
(A)(consisting of the test dye solution) was sutted by the RFU reading for plain MEM
solution (M)(no dye). Therefore the final apical RFA;) = A — M. The RFU reading for
the basal compartment solution (B)(translocated shraple) was subtracted by the RFU
reading for the plain MEM (M)(no dye). Thereforeetfinal basal RFU (B =B — M. The

percentage of translocation across the membrane AFB: * 100].

3.1.5.2 Translocation method using FITC-dextran par ticles with silicon
nitride membranes.

The collection of the apical and basal fluid, freiicon nitride membrane static culture
devices, for translocation experiments were shghifferent compared to the Transwell
inserts (since the volume of liquid collected froine silicon nitride devices was 40ul as
compared to the 250 pl for the transwell suppo@sice the cells reached a high degree of
confluence (100%) on the membranes (this was obdeunder the microscope), the
culture medium was removed from both the apical laaskl compartments and washed
with PBS. Then the device was turned over and amel(40ul) of plain MEM was added
into the basal compartment. The basal compartmastthien capped using a thin sheet of
PDMS (this managed to seal and hold the liquiddmgiue to surface tension, when the
device was inverted again). Then a volume (40 fIBI6C-dextran MEM!” was added to
the apical compartment. The device was then lef6@mins in a C@incubator (5% CQ
37°C). The solutions were collected, from the dpaca basal wells, in an Eppendorf tube
and their fluorescence intensity measured usingséimee intensities and filter mentioned

for the Transwell supports.

'® The Fluorescent plate reader was set to measure using a 480/485 nm wavelength excitation
filter and 535 nm wavelength emission filter for FITC-dextran particles.
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3.1.6 Measuring the integrity of cell monolayers

3.1.6.1 TEER measurement method for measuring cell monolayer TEER on
polymer Transwell® inserts

TEER was measured using an EVOM system (volt-ohmffétsupplied with STX 2
electrodes. (World precision instruments, WPI). Mleaments were made 10-20 mins
after refreshing the culture medium (any debri/desils would removed from the
cultures). The resistance of a cell-free transwelert was subtracted from the resistance
measured across each cell monolayer to yield tHeRT&f the cell monolayer. This value
was then multiplied by the surface area of the nramd to give the TEER value. In this
case polyester inserts of 0.33c(6.5 mm), with pores of either 0.4um or 3um dianet

were used.

EVOM

STX2 —

electrodes

b—1

Figure 34: EVOM setup with the transwell supports.

A) EVOM system developed by WPI for TEER measurements. (image from WPI website given in the
bibliography) B) STX 2 electrodes were immersed into the culture transwell supports to take
resistance measurements. (image obtained from the WPl website was modified to fit this
explanation). Cells were grown inside the apical compartments (a) on top of the polymer
membranes (p). The basal compartment (b) collected the diffusive test solutes. C) These images
show the polymer transwell supports that bear the polymer membrane (marked by the whit
arrows)(images from WPI website).

3.1.6.2 TEER measurement method developed for measu ring cell monolayer
TEER on silicon nitride  membrane chips

TEER on the the silicon nitride membrane device maasured using two types of setups,
designed specifically for the particular deviceuge. There are two setups explained in this

section, the single membrane device setup and itlee hembrane device setup. The

19 A volt-ohmmeter is an electronic measuring instrument that combines several measurement
functions in one unit, like measuring voltage, current and resistance.
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schematic diagram in Figure 35 and the circuit @diagin Figure 36 give an idea of the
setup scheme for the single membrane system. ljalldesigns for the device holder and
electrode described in appendices) (Also in Figbleand Figure 51). For the single
membrane setup the EVOM was used in combinatioh thié specially designed micro-
electrodes to read out the TEER measurements. fiima@gde of this technique was to use
separate electrodes for the current-injection &edpbtential measurement, similar to the
STX2 electrode system (4-point measurement systeAC)). Two wires current injecting
wires (11 and 12) were connected to an AC curreniree (in this case the EVOM (V1)
was used for current injection. 11 was connectethéoapical compartment electrodes and
I2 was connected to the basal compartment eledrobee electrodes M1 and M2 were
used to make the potential measurements using E\\OM multimeter. In that case, the
impedance measured relates directly to the impedahthe solute liquid (and of the cell
layen). In Figure 350n the right side a current (I) is atgal through the system through 11
and 12. This main current is compared to a refezarsistance ‘Rref’ and is measured in
V1 by the multimeter. Therefore the current here ba calculated (according to Ohms
law) as being I=V1/Rref. On the left side of thigure you find that the current (1), flowing
through the system, is measured by M1 and M2 atmb#imeter where the recorded
change in potential is given as V2. This changeatential is measured in reference to the
resistance of the cell monolayer on the membraiengas Zm. Therefore, the current
measured on left side is represented as I= V2/Zaking both sides into consideration the
impedance/resistance of the cell monolayer canepeesented as Zm=Ref*V2/V1. The
circuit diagram shown in Figure 36 shows the cotines to the various parts of the

device.

Figure 35: Schematic representation of the measurement system setup for porous silicon
nitride membranes

A) Schematic of the electrode connections used for the multilayered silicon nitride device,
where 11 and 12 represent the current electrodes and M1 and M2 represent the voltage. 11 and 12
are connected to an AC current source with internal impedance of ‘Rref’ which is ~1 - 20kQ. The
L. is the resultant impedance measured for the cell monolayer.
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B2

| @poJ}o9|g ainseap
Measure Electrode 2

I A
Rref VWA Zmem
1kQ — 20kQ o |
Injection Electrode 1 Injection Electrode 2
Q0
AC

Figure 36: Circuit diagram for the single membrane device

Here ‘Z,’ is the resistance measured for the cell monolayer cultured on the silicon nitride
membrane. The ‘Rref’ is the reference internal resistance of the EVOM volt-ohmmeter, which
works as the current supplier (AC) (V1) and measures the change in potential when travelling
across the cell membrane (V2). There are two current injection electrodes (1 and 2) and two
potential measuring electrodes (1 and 2).

The five membrane measurement system was more eanagl compared to the single
membrane device (device parts, connectors, etshmwn in the appendices section). The
electrodes used for this setup and the designh®miembrane chip was very different
(Figure 28) as compared to the single membranesstigp. However, the principle behind
the circuit connections were similar to the ciralibgram shown in Figure 35 and Figure
35, for each of the parallel placed membranes erchip. The electrodes were connected
via gold coated electrode connectors. The readimg® relayed between each parallel
membrane after every 10s interval. The relays weoeitored via the Labview software
programme through a laptop input. This was meannhéasure TEER for five adjacent
membrane wells. The five membrane setup consistwafets of five electrodes each for
the current injection 11 and 12 are the main sdtfve and each membrane well has its
own set of current connectorydy and 12y, where x = wl, w2, w3, w4 or w5 depending
on the membrane well (w). The voltage measurendhtand M2) also has one set for the
top compartment and one for the bottom compartnveimére each membrane well has its
own set of of voltage measurement connectorgyland MZyx. Each membrane TEER
was measured at every 10 sec interval and eachuneeasnt is an average of 100

measurements taken. The resultant TEER is prodicedgh an excel spreadsheet.
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3.2 Results

3.2.1 Membranes types: silicon nitride and Transwel I® polyester
membranes

Silicon nitride membrane chips were fabricatedhat CSEM using photolithography and
etching techniques. The membrane pores were 1 diameter and the spacing between
each pore was 4.2 um (centre to centre and hdidfactor of 5% in nitride with thickness

of 500 nm). The SEM images (Figure 37) showed theegp and the thickness of the
membrane. These membranes had a well structureg afrpores on the membranes
unlike the random orientation of pores found on Thanswell polymer membranes. The
transwell inserts had porous polyester membrandsware available in different pore

sizes (varying pore diameters). The two polymerleamore membranes used in this
project had either 0.4 or 3.0 um diameter pores Trhckness of the membranes as
measured from the SEM images in Figure 38 was appedely 5 um. The pores in the

membranes were randomly distributed, and hence swnteese pores overlapped with
each other resulting in some much larger irregpaes. The pore densities were 4 X 10

pores/crfi (0.4pm) and 2 x TOpores/cr for the 3.0um ones respectively (Data sheets for

Transwell® membrane supports — Corning).

Figure 37: SEM images of the silicon nitride membrane

A) This image shows a top view of the nitride membrane. From the image we can see that the
membrane pores diameter is 1 ym and the distance from centre to centre between the each
pore is about 4.2 pm. (scale 5 pm) B) This image was taken to determine the thickness of the
membranes. (scale 2 pm) C) The thickness of the membranes is 500 nm.
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Figure 38: SEM images of the Transwell polymer (polyester) membranes.

A) This SEM image showes a top view of the 3.0um diameter membranes. (scale 10 pm) B) This
showes an SEM image of the 0.4 ym diameter membranes. (scale 10 ym) C) The thickness of the
3.0pm was approximately 5um, (scale 20 pm) D) thickness of the 0.4um membranes is about 5
pm (scale 20 ym).

3.2.2 Initial experiments of cell culture inside mi  crofluidic device

Experiments were carried out using the single celtwell microfluidic device system,
described in the previous chapter, in combinatiotin the silicon chip bearing a single
membrane. These tests revealed however that @élésl fto attach to and grow on the
porous silicon nitride membranes. Figure 39 A, skdhe initial setup of the device when
put together with the porous membranes and thengallp of cells was observed here at
day 1, being maintained inside the device (the meskarea was the porous membrane
area and held together with PDMS microchannelslentie device holder). It was thought
that the surface of the membranes was unfavoufableell proliferation and therefore the
surface properties of these membranes needed #itdred. In order to determine the
surface properties contact angle measurements pefermed in the same way PhD of
Elena Martines (2005). The pictures in Figure 46veha contact angle measurement on a
porous silicon nitride membrane. The values fortacnangle obtained for the membranes
same as used for the cell experiments were 88{n3-°5, average+SD), on the flat silicon
nitride the contact angle was 6518 ° (n = 5, avet&lp). This difference in contact angle

between the flat, and the porous membrane coulcbhsidered to be due to the missing
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surface fraction. The approach developed by CamsieBaxter (Cassie 1944), suggests
that a drop that sits on a composite surface méader @nd solid “experiences” a mixed
substrate where the relation between the appaoathct angléacs and the ideal angle on
a smooth surface of identical chemistty (Young's angle) can be described by the

following formula:
Eq:cosBacg = ry f cos Oy + f - 1

Where t; is the roughnes&” factor of the wetted area anilis the area fraction of the

projected wet area. The product of thef‘is refered to as the solid fractio®$’.

When the contact angle obtained for the flat siigatride and the non-pore surface
fraction (0.9), as well as the solid fraction (8)0were inserted into this equation the
expected angle on the porous silicon nitride memdsavas 71 °. The measured contact
angle of 88 ° corresponds to a missing surfacdidraof 40% rather than the 10% that
were missing. This discrepancy could be due tofélce that in contrast to many other
measurements here the water droplet sits overivelatlarge pores in a very thin
membrane, thus having direct contact to non-wad@our-saturated air on the other side
of the membrane. In measurements of contact argiesough surfaces the substrate
pores/missing surface fraction is in most casegduohin depth, thus allowing the substrate
pores to equilibrate and thus be filled with aitusated with water vapour, this can happen

very fast as in most cases the surface pores ayeswall indeed.

2 The roughness factor of a surface is the ratio: rf = A./A; where A, is the real (true, actual)
surface (interface) area and A, is the geometric surface (interface) area.
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Figure 39: Initial experiments with the silicon nitride membranes in microfluidic devices

A) This image was taken 3 hr after cell seeding and showed the porous membrane area (scale bar
- 250 pm). B) The magnified image of the membrane area in A). (scale bar - 50 pm). C) This
image shows the cells on the membrane inside the device after 1 day in culture (scale bar - 250
pm). The arrow marks an air bubble trapped inside the system. D) The magnified image of the
cells shows very little spreading, most remained rounded. Arrows indicate some rounded cells.
(scale bar - 50 pm)

Figure 40: Contact angle test to check surface properties.

This image was taken to present the contact angle measured on the membrane surface. The
angle measured was approximately 88° (6m = measured angle) (the number of membranes
tested for contact angle = 5 and the SD of measured angles for 5 samples was + 3°).

Improvements in device: Starting with the microfluidic device, severabblems arose
due to the following difficulties: The microfluidiconnectors would exert tremendous
strain on the microchannel inlet/outlet connecpoimts in the PDMS, that the sheet would
either be pulled out or crack at these connectiointp. Thus developing leaks in such
areas of the device. Leakages would also appeé#teapoint due to improper sealing
between the PDMS device surface and the silicop shiface, especially the areas near
the inlet and outlet connectors. In order to imgrolre device sturdiness and to improve
the bonding between PDMS channels and the silidip, @ new device holder was

designed to clamp the device together (Figure B8¢. design parameters provided ease of
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use, inter-connector stability, tight contact beswd®DMS mcrofluidics and silicon chip
and transparency. Cell culture within these devisas improved with this new plastic
clamp design and it worked well to hold the entsetup together including the

microfluidic inlets and outlets (Figure 41).

Figure 41: New device clamp for the single multilayered system

A) This shows the top and bottom parts of the new device developed for the single membrane
device. The entire system was clamped down together using bulldog clamps. The arrows mark
the silicon tubing connections used to provide the connectors some sturdiness. B) This is an
image of the device when put together, here Tl= top inlet, Bl=bottom inlet, TO= top outlet and
BO= bottom outlet and the red arrow mark the silicon nitride membrane inside the device.

Figure 42 shows cell culture results achieved wimng the new clamp system. For these
experiments the membranes were also coated withgewl. The devices seemed to be
more stable and the collagen coating provided bewé growth. From Figure 41 cell
growth inside the plasma etched sample device @uitltollagen coating) was not very
successful, since the cells appear to be balled lig.is because after etching the surface
the properties are lost over time and thereforeranediate coating of some ECM protein
would be necessary to provide cells a better adbesirface. (~6 out of 10 devices would
work) (Section 2.1.2.2 from Chapter 2 to refertte Bonding techniques).
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PL

Col

Figure 42: Cell culture results with the improved device holder design.

The cell culture images shown in A) B) C) and D) show the cells being maintained at 1 pl/min
under continous flow. They were observed at different stages from Day 0, Day 1, Day 2 and Day
3. (scale bar 250 ym) These samples were coated with collagen after being bonded to the PDMS
microchannels. However the presence of air bubbles made this extremely hard to culture
comfortably and required constant agitation. Hence a loss of cells is seen in image B). However
once the bubbles were removed they reached about 80% confluence by day 3. The images in E
(day 1) and F (day 4) were sample exposed to only plasma etch and then bonded with the PDMS
microchannels. The samples in G and H were exposed to plasma etch and then bonded as well,
but the steps also included a collagen coating step. The dotted circles mark the membrane areas

3.2.3 Cell culture optimisation on silicon nitride membranes

The surface properties of the membranes were dltieranake them more amenable to
long term cell culture. The silicon nitride membgaporous surfaces were shown to be
more hydrophobic, therefore to make the membrarfaces more hydrophilic, they were
exposed to air plasma using a Harrick Plasma medtihigh energy for 30secs (shown in
Table 3: Harrick plasma settings.). These werer latated with different solutions of
collagen, fibronectin, and poly-I-lysine. The firstage, Figure 43 and Figure 44, the
membranes were supported by a plastic (poly catbon@C) support and the entire
apparatus was immersed in medium. (However, coatagie measurements would not be
necessary once the membranes were coated with EQins or the poly-I-lysine, since it

was assumed that the surface coatings were cefidiy). Prior to immersion into cell
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culture medium, these membrane samples were expgosed plasma or coated with
collagen, fibronectin, poly-I-lysine and comparecdthe non-treated membrane pores. The
results showed that both the coatings could achabhaut 80% of confluence for cell
cultures within 5 days in culture. The second stagsented in Figure 44, the membranes
were placed in between two PDMS wells and thenecbatith their specific coatings,
either air plasma exposure, collagen, fibronectamd collagen/fibronectin  mix
(50/50:vol/vol). The non-treated membranes werendbaed due to the slightly
hydrophobic nature of PDMS since it was difficudt ftll the wells with culture medium
when unexposed to plasma etch (explained in se2tib2.2 Chapter 2) and (Bhattacharya
2005, Mukhopadhyay 2007). Also, from the above meed experiments it was evident
that when these silicon nitride membrane surfacerewot exposed to plasma etch, they
seemed unfavourable for cells. The images (Fig8jeadd graphs (Figure 45) showed that
the membranes exposed to air plasma and collagsriéctin mix showed the most
promising results and reached about 80% confluemithin 5 days in culture.
Optimisation experiments were initialised in orderprovide a rational basis to improve
culture conditions on silicon the nitride membrarteat were to be used with our

microfluidic devices.

Day O Day 1 Day 3 Day 5

Non
treated

Collagen
coating

Air Plasma
exposure

Figure 43: Cell culture on silicon nitride membranes

Phase contrast time series (left to right) of the same 1 mm? membrane following cell growth and
proliferation from Day 0 (seeding) until Day 5. The samples were uncoated (top) coated with
collagen after air plasma treatment (middle) or just air plasma treated (bottom).
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Figure 44: Confluency measurements using plastic supports.

A) These experiments were performed to test the 1.5 mm* area membranes at a seeding density
of 700 cells per membranes well. B) This graph showed the 1 mm? show similar progression of the
growth and proliferation as compared to the bigger membranes. (All the confluency
measurements were performed using the magnetic lasso tool just to show the increment of cell
coverage on the surfaces and the data presented here was the mean percentage for n=3 samples,
showing the +SD).
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Figure 45: Confluency measurements using PDMS wells above

The images in A) presented the set of experiments performed using PDMS wells that sandwiched
the silicon nitride membranes inside culture plates. The samples presented showed the cell
growth and proliferation profile over Day 0 until Day 8. (COL- collagen coated, FIB- fibronectin
coating, COL+FIB- collagen and fibronectin coating, and PL-air plasma exposure) B) The graph
represented the percentage of confluent area for the cells. The graph showed that the air
plasma and the col:fib (50:50) samples reached 100% confluence by day 8. (mean percentage
calculated for n=3 samples)
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3.2.4 Cell culture and TEER measurements on polymer
Transwell® membrane inserts

The cell culture optimisation experiments on thean nitride membrane static devices
were carried out along side cell culture experimgoerformed on polymer membrane
transwell system. This helped derive a certainticrlabetween the different membrane
systems, the commercially available polymer memégaand the fabricated silicon nitride
membranes. This gave an idea of the TEER valuesalhdjrowth expected for the cell
monolayers tested after regular intervals of daysulture. The cell monolayers cultured
on the polymer membranes were tested for the TE&RyuUhe STX2 electrodes provided
with the EVOM resistance measuring system. The pedlEER value was reached by day
9 on the 0.4um membranes and on the 3.0um membatney 14 (see Figure 46). Once
the samples reached the desired TEER values (bet®@%®500Qcnt (Foster 2000, Geys
2007)), Geys et al (2007) also suggested that niminaalue for TEER needed for a tight
monolayer was 12@cnt). TEER values for the 0.4um pores of 586 (4@’ were on
samples coated with collagen (in the graph denaged C) and 577 + 1Qcn¥ for non-
coated samples (NC) (at day 9) and the 3.0um phr@sed TEER values to about 606 + 8
Qcn? for the non-coated samples (at day 14). The valualmost 600Qcn’ were
represented a tight monolayer that was suitablperdorm translocation measurements.
The TEER measurement was discontinued once thegglesmwere used for translocation
experiments. (However, TEER has been shown to lite gtable for long term culture,
where cells reach maturity and TEER values staplestéor few days and then values
gradually reduce (Florea 2003, Foster 2000, Gey¥ R0rhe images in Figure 47, show
the ZO1 protein staining for the different membraueres. These gave an idea of the

tightness of the monolayers. (Since ZO1 was orteeMmain tight junction proteins)
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Figure 46: Development of TEER over culture time on transwell inserts

These were tested in dependency of pore size (3.0um and 0.4pm) and surface coating. Collagen
coating had less influence than pore size on the time at which the maximum TEER was reached..
Once this is reached the samples are used for translocation experiments with FITC dextrans. The
graphs are average for n=4, +SD) [NC - no collagen coating, C - collagen coated]

Figure 47: ZO1 protein staining for tight junctions

A) Calu-3 cells grown on 3.0 pm pore size membranes. B) Calu-3 cells grown on 0.4 pm pore
sizes. The images shows the ZO1 proteins stained in oregan green stain and the nucleus stained
blue using DAPI stain. The scale bars were 50 pm. These illustrate the tightness of the
monolayers before translocation experiments were performed.

3.2.5 Translocation measurements comparing polymer
Transwell® membranes with silicon nitride membranes

The translocation measurements on the transwellbreemas were performed once the cell

monolayers reached a good enough TEER (such tleaimibnolayer was tight). The
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measurements were carried out using a fluoresdate peading spectrophotometer. The
fluorescence intensity measured in relative fluceese units (RFU) was normalised in
order to compare the stock solutions, control- (mmadwithout dye) and test-samples.
Figure 48 showed the normalised translocation ascepéage of FITC-dextrans

translocated through the membranes to compareettsegrown over transwell with 3.0pum

and 0.4um pores. The FITC-dextrans used to tedtdhslocation had different molecular
weights (4kDa, 70kDa, 500kDa and 2000kDa) estimdked size of the still existing

spaces/gaps between cells. The comparisons showhiea used in presence of cells the
4kDa being the smallest sized particles showedyhehipercentage of translocation than
the 2000kDa particles. This was also evident o bhgtes of pore sizes. (size of dextrans

were presented in Stokes radius -Table 7)

1
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Figure 48: Comparison graph of FITC- dextran translocation through the transwell
membranes.

This graph shows the comparison between the 0.4pm and 3.0pm pore size polyester membranes.
The graph shows a comparison between the different sizes of FITC- dextrans, the 4kDa, 70kDa,
500kDa and 2000kDa. The percentage of translocation is calculated using arbitrary values for
fluorescence intensity and plotted against the type of membranes use (each membrane is also
compared to a -cells and +cells of respective samples for n=3 samples, +SD) (TM=trans membrane
supports)(kDa = Kilo Daltons).

Comparing translocation across cell monolayers gmmilpores silicon nitride membranes
and 3.0pm transwell membranes revealed major diffeys especially for the smaller
dextran particles (see Figure 49). The translonabibthe 4kDa dextran particles showed

the most significant differences where the outcomaes in favour of the silicon nitride
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membranes which resulted in less translocatiohenptresence of cells as compared to the

Transwell membranes.
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Figure 49: Comparison of FITC- dextran translocation across silicon nitride and polymer

Transwell® membranes

FITC-dextran particle translocation across the 3.0um pore size polyester membranes and 1 pym
pores silicon nitride membrane with and without cells over 60 min. The graph shows a
comparison between the different sizes of FITC- dextrans, the 4kDa, 70kDa, 500kDa and
2000kDa. The percentage of translocation was plotted against the type of membranes use (each
membrane is also compared to a -cells and +cells of respective samples for n=3, %SD)
(TM=transwell membrane and SisN, = silicon nitride membrane)(kDa = Kilo Daltons)

FITC- Dextrans
(molecular wt in
kDa -kilo Daltons)

Sizes (stokes radius in
nm)

4 1.4
70 6
500 14.5
2000 27

Table 7: comparison between the different dextran molecules
The molecular weights for the Dextrans were presented with respect to their stokes radius (de
Belder - Amersham Bioscience handbook no. 18-1166-12, Lin 1997). This would help give a
relation between the tranlocation effects seen due to the sizes of dextran molecules.
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3.2.6 TEER measurements in single and five silicon nitride
membrane system

These experiments were performed to establish memsmt protocols for continuous
TEER assessment on the single and five membrartensysusing the micropatterned
platinum electrodes on the silicon nitride membrehip. The following experiments were
done under static (no-flow) conditions, Figure &@nsarised experiment for the single
membrane cell culture system: once the cell momrotayeached a desired degree of
confluence (~100% confluency — viewed under phas#rast microscope) their TEER
was measured using an adapter that clamped thdenitrembrane chips and established
electrical contacts to the electrodes at the same tn order to establish an immediately
measurable effect on the TEER cadherin based ekladhesion was disrupted using a
buffer (Versine buffef") which contained 0.5mM EDTA. The homotypic cadhdvased
cell-cell adhesion is calcium dependent, afterigaicremoval cells will not be able to
maintain their cell-cell adhesion and separateyitgp open gaps that allow electric
continuity between the apical and basolateral dspkethe cells. The single membrane
setup was the initial design for TEER measurementsilicon nitride. The TEER values
measured on the single membrane system were iratige of 15cn?. After addition of
the versine solution a rapid decrease in TEER vim&mwed, as expected. However, the
TEER measured before adding the versine solutiom stidl quite low compared to the
TEER values observed through literature (on polyimranswell membranes between ~129
— 600Qcn)(Geys 2006, 2007). This could be due to the ldck completely confluent
monolayer or due to problems in the testing systseif. The cell culture protocol was
simultaneously being improved at the time when simgle membrane setup was being
tested. Once the cell culture was improved, as shawviously from Section 3.2.3 where
the cells were confluent after 5-8 days in cultutlee single membrane setup was

abandoned and work was focussed on developinguheniemebrane measurement setup.

The five membrane system explained previously vdaptd to allow the measurement of
five membranes in parallel Figure 27). When ushwgyfive well culture systems the initial
TEER values were measured to be about@éni¥ and on addition of the versine solution

TEER gradually decreaséd?. The TEER measured here was far greater than that

21 Sodium chloride - 140 mM, Potassium chloride - 5mM, Hepes - 10mM, EDTA - 0.5mM, Phenol
red 0.5% - 0.001% (vol/vol), d- Glucose - 5mM

?2 The peaks on the graphs are missing due to over saturation of the reading - the reading of
TEER maybe higher than 20kQcm?, however this in unknown since the maximum reading for the
EVOM was 20 kQcm? (WPI-World precision instruments).
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measured on the single membrane setup. The elecsetup designed for the five
membrane chip comprised of five separate curreection electrodes & five separate
voltage measurement electrod, each for the aprwdlbasal sides. The graph showed the
TEER measurements taken using this systemand egltiiswneasured separately in after
every 10 second interval and for every measurestenn in the graph from Figure 51 is
the average TEER for 100 measurements per evepgeddnds. The TEER measured for
well 1, 2 and 3 achieved 2@kn?. (However, wells 4 and 5 did not show a high measu
of TEER). Once the culture wells were added wittsve buffer (The ‘black arrow’ on the
graph in Figure 51, was when versine buffer wasdddto the apical well and the TEER

then gradually dropped).

The high values in TEER in well 1, 2, and 3 wereutjht to be due to healthier and more
confluent cell layers. Also the measurement setwpc@dnnectors, were different compared
to the single membrane system. For the five mengbdavice, gold coated spring micro-
connectors were used to connect the circuits tarteembrane chip electrodes (shown in
appendices Figure 84). The five membrane staticedesystem has proven to be useful in
detecting the cell membrane TEER for five indepehdxperiments in parallel. The five
measurement system also has shows the use of temevduffer solution as being a
benchmark solution by which the tightness of aasennonolayer can be tested. Therefore,
such a system could be used to identify effectsitber toxic or non-toxic soulutions when
compared to the TEER results obtained from the imerduffer influence. Another
important advantage of this measurement devichesability to measure TEER changes
accurately in real time. The real time effects sedthin each of the samples gradually
reduce suggesting a loss in cell membrane tightnéee five membrane TEER
measurement system was a much more reliable sysiempared to the single membrane
device explained above. However, experiments whth five membrane system were
conducted under static conditions and therefore, lext step was to integrate the

microfluidic devices to this setup, as demonstrate@hapter 4, (Section 4.1).
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Figure 50: TEER measurements for single membranes

A) The image showed the single membrane chip and the arrows mark the contact points on the
chip that connected the circuit when using the electrode setup shown in B). B) The electrode
setup designed for the single membrane chip and the arrows mark the electrode contacts. (one
current injector and other for voltage measure. C) This showed the entire apparatus when put
together. Arrows marked the apical connectors and basal connectors. The graph showed the
TEER measurements taken using this system. The TEER was measured at 15 Qcm?. The black
arrow marked the point when Versine buffer was added into the apical well and the TEER then
gradually dropped to the 4 Qcm? (the red arrow marked the point when the measurements
coincided with the TEER values for membranes without cells.
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Figure 51: TEER measurements for silicon nitride membranes

A) The image showed the multiple membrane chip and the arrows mark the contact points on the
chip that connected the circuit when using the electrode setup shown in B). B) The electrode
setup designed for this chip (five for current injection electrodes & five for voltage measure
each for the apical and basal sides) and the arrows mark the electrode contacts. The graph
showed the TEER measurements taken using this system. The TEER was measured at 20 kQcm?.
The black arrow marked the point when Versine buffer was added into the apical well and the
TEER then gradually dropped. (Well1 - without cells (blue), Well2, 3 and 4 - with cells, Well 5
did not show a measure but it too had cells).
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3.3 Discussion

The initial experiments performed with Calu-3 ceils silicon nitride membranes inside
the single chamber microfluidic devices (when degrimembranes were not coated with
proteins) often resulted in rounding up of cellsd dinally cell death. This was thought to
be the result of insufficient nutrient supply, dasbbles or unfavourable hydrophobic
membrane surface. However, when the device wassdsopealed and used with the new
clamp design the results were improved, showing achmhigher percentage of
reproducibility (~60%). The improvement in cell wurke was also dependant on the
collagen coating step which was included in thehivags steps. The problems with certain
devices producing gas bubbles persisted inspiteesfe improvement and bubbles needed
to be pushed out to ensure that the flow of flumswontinuous and avoid drying up the
cultures. Problems with gas bubbles have been texp@reviously through literature and
can often be dealt with by slight agitation or etheethods mentioned in the review by
Young et al (2010).

Realising that the Calu-3 cells were never befaeduwith silicon nitride membranes, it
was necessary to first optimise cell culture caodg on these substrates for this cell type.
Silicon nitride membranes were fabricated inside ¢kean room using photolithography
and deep reactive ion etching techniques. Deegiveaon etching techniques often use
harsh chemicals that often include fluorine anadhé compounds. These chemicals can
be extremely hazardous to cell cultures and heiee surface properties of 38y
membranes needed to be cleaned and protein cdatednder the surfaces more cell
compatible (Harris 2003, Ma 2005, Zhang 2008). FegdoO, illustrates the hydrophobic
nature of these membranes where the contact aragealmnost 90° on microporous areas.
In order to change the surface properties the manesr(wettability) were initially cleaned
using an acid solution (Piranha) and kept in atswiwf propan-2-ol until required. Before
performing cell culture experiments the membranesewdried under the flow hood and
their surfaces were exposed to air plasma. Thesexpdo air plasma oxidises the surface
resulting in a more hydrophilic surface. To imprdke adhesion of cells to the membrane
surfaces, extracellular matrix (ECM) proteins (nhainollagen and fibronectin) and a
polypeptide poly-I-lysine were used to coat the rheane surface. Through the cell culture
optimisation results it was evident that the cdalagoating and the 50:50 mixture of
collagen:fibronectin worked well in improving ca@lédlhesion and proliferation on the$y
membranes. The membranes exposed to air plasme allem had a similar effect (Figure

43, Figure 45). The membranes showed evidence od gell growth and proliferation
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when used with the plastic holders, but since oainmaim was to use them within
microfluidic devices, it was necessary to use themonjunction with PDMS wells. An
apparatus using PDMS wells on either side of thenbranes was engineered to derive a
better understanding of cell proliferation insidects confines. However, the PDMS
presented certain problems when attempting tdahél culture wells with liquid during the
washing steps. Such problems, with the hydrophabicre of PDMS, have been made
evident through literature (Mukhopadhyay 2007) dhdrefore, the wettability needed
improving. The solution was to expose the entiagistdevice to air plasma (Ye 2006)
which was later followed by the sterilisation andshing steps.

In the static experiments from Figure 43 and Figtbethe medium was substituted with
15% of FBS, regardless of the surface coating $b wdether it was because of serum
starvation that cells would ‘ball up’ (Cells typilyaexhibit this morphology when they are
starved of serum). This helped towards the formatibtight monolayers of cells for both
the experiements (with plastic holders and with FE)MIhe increase in the FBS content
of culture medium was also adopted when using taaswell® membrane supports. This
helped to achieve high TEER values (~600-T88) when using the transwell insert
membranes. The effects of FBS content on TEER sdlage been explained by Geys et al
(2006), where they previously had tested cell caltamples cultured using 2% and 10%
content of FBS within their culture medium. Theieam TEER values observed were ~400
Q.cnt for the 3.0um and ~100Q.cnt for the 0.4um diameter pores respectively (Geys
2006, Geys 2007). The TEER values observed in @eét2.4, for the 3.0um pores were
much larger (600Qcn?) and well above the value reported for a measeraight
monolayer. The values observed on the 0.4um diarpete size were however lower than
stipulated in literature, but enough to suggest tha monolayers were tight [(Agu 2001)
suggested that the TEER should be around @287 that correlates to be a tight
monolayer]. Foster et al (2000), suggested thaEBR value of 30@xcn’ was sufficient

to represent tightness since their experimentgusirtiferase yellow transport flux levels
showed very little changes for the higher TEER &aluTherefore, in the experiments
presented in Section 3.2.4, once the measuremeniBEER in the 0.4 pm and 3.0 um
samples fulfilled the criterion for a tight monoéay they were immediately used for
translocation experiments with fluorescent dexparticles. These dextran particles have
often been used to test the transport of molecatesss epithelial barriers. The range of
size of the dextrans used varied between ~54 nrthé&R000 kDa dextran to ~8.9 nm for
the 4 kDa molecular weight dextran with the 500 kédad 70 kDa molecular weight

dextrans possessing 29 nm and 12 nm respectivalju@ of particles given in Table 13:
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Diffusion coefficients of the dextran particlesheéltranslocation studies performed using
Transwell® inserts of two different pore sizes (uh and 3.0 um diameter) showed
significant differences. The re-distribution of thextran particles, after 1 hr of incubation,
between the apical and the basal compartments efTthnswell insert was initially
examined without the presence of cells. This rebistion is simply based on diffusion of
the particles across the membranes and dependsoortlye size of the molecules. The
results showed a variation in the percent of t@aion according to the size of the
dextran particles. Ideally the percent particlemstocated from the apical to the basal
should decrease as the size increases, howevgrethent of translocated 500 kDa and
2000 kDa particles was slightly higher than thasesleed for 70 kDa ones. This was not
the case in presence of cells. In the presendeeotell monolayer the percent translocated
decreased according to the size of the dextranclest The translocation of the FITC-
dextran (4, 70, 500 and 2000 kDa) across the 3.0 Tramswell® membranes was
compared to the translocation across the silictndei membranes (1 pm pore diameter).
The particles translocated less across 3, and O.pplymer Transwell® pores with
increase in size, this was expected as the caaitiof diffusion is inversely proportional
to the particle size (Equation 6: Diffusion coefiat). The measurement of translocation
of the different sized dextranes across th&lSmembranes showed again the phenomenon
where the translocation followed the size profitete particle (meaning that the smaller
FITC-dextran particles translocated more than tbatpared to the bigger sized particles).
The translocation values for the 70 kDa particleseaslightly lower than both the 500 and
2000 kDa molecules. Particle size did not influetiee probability of translocation across
the cell coated nitride membranes, which was uneepe An explanation for these
unexpected results could be handling errors, aeaiqusly unreported cellular interaction
with these different dextran particles. A possielglanation that would result in similar
transocation probability would be an active parata transport, which means that
smaller particles would be just as slow as largexso The translocation observed for the
three larger dextrans through cell-free inserts wagghly the same. This could also
presumably be explained by the fact that even ipgelst dextran is over 50 times smaller
than the diameter of a single pore and that a qulateay have been found in particle size
through this size of membrane. But this resulug ps likely to be due to human error or a
machine malfunction. Beck et al (1970) suggested &#ven when molecular size was a
fraction of pore size there was a marked decraaskei rate of diffusion. However, these
results allowed to correlate the cells behaviouconventional Transwell membrane with

that on the SN, membranes. These discrepancies could be analysedilhg TEM or
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confocal imaging to section the cells and thus lble o follow whether there was any

cellular uptake, active translocation.

3.4 Conclusion

This chapter mainly focused on the optimisatiorcwiture conditions for Calu-3 cells on

these silicon nitride membranes and showed thatineECM protein coatings could

possibly improve the surface properties of thesenbtanes making them a more suitable
system for biological experimentation. These memésavhen combined with the TEER
apparatus could prove to be useful for toxicitydsgs when using epithelial cells and
would provide real time analysis in an automatestesy. Silicon nitride membranes are a
novel system developed to transfer the conventidbreasiswell membrane setup into an on-
chip automated measurement system. Also, the tbgskiof these membranes is unique
and approximately in the range of mammalian epahelir-blood barriers, which are

between 500-600 nm thick from within a range ohzals (Bartels, 1979). The advantage
of having these thin silicon nitride membraneset the diffusion of the particles through
the miniaturised system across the membranes isindered and the thickness f the
membrane can virtually be neglected when perforndiifiyision experiments across the
cell membranes. These properties made these meesbrante attractive in their uses.
Translocations through the silicon nitride membeameere of prime importance to the
overall project and it was imperative to deriveomparison between results obtained from
the silicon nitride membrane and the Transwell ritsseThe culture conditions that were
modified to suit the nitride membranes were impdrtéor the microfluidic device

experiments within Chapter 4.
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4 |ntroduction

In the previous two chapters; Chapter 2, focusedhendevelopment of concentration
gradients and cell culture microfluidic devices.Ghapter 3, the cell culture protocols for
Calu-3 cells cultured on silicon nitride membrarsexl inside single cell culture well
multilayered silicon nitride membrane devices, wAs main focus point. Both these
Chapters assisted the final goals for the projetich was to develop a microfluidic
multilayered device to help test the toxicity ohoaarticles. Chapter 4 has been split into
three sections; Section 4.1 explains the stepstabwards improving and developing a
new multilayered microfluidic device having fivellceulture wells. This device was aimed
at being a refined version of the multilayered &rigyer device, explained in Chapter 3,
Section 3.1.2.3. The top layer fluidic channelle hew multilayered device also included
a concentration gradient to create five dilutiofti( solute and one control dilution) for
their respective cell culture wells. The top lay®ncentration gradient model was a
modified version of the 7 row - gradient mixer devidiscussed in Section 2.1.1.1 in
Chapter 2, the new device had 3 rows and into sparding five cell culture wells rather
than into one wide channel. The top/gradient parthe new multilayered device was
unique in the sense that it could be used as d-slame device. This meant that the device
could be tested separately which also helped tenstahd the working of the gradient.
The different dilutions that developed when usingrtain test liquids (red dye,
fluorescently labelled dextrans of different molecuweights suspended in culture
medium, etc.) with this gradient device could agabé observed under the microscope.
The observed intensity profiles acquired from @< could be modified to get the best fit
dilutions by simply altering the flow rates of tidet channels (The expected dilutions
were 0, 12.5, 50, 87.5 and 100% within the fluickt! culture wells also explained in the
following section, 4.1). The top/gradient layertbé new multilayered device had other
potential uses when being used as a stand-aloneed@ne such project is demonstrated
within this Chapter 4, in section 4.2, where thevide was used for testing epithelial cell
culture interactions witfPseudomonas aeruginosa (P.aerugino@a®). This project was
designed for the purpose of a Masters thesis (iodent Sultan Al Sharif - MRes in
Biomedical Sciences - 2009), demonstrating inigaperiments and highlighting the

possible uses of such a gradient device.

As mentioned above, most of the work listed in Geag involved the development of the
top/gradient device, cell culture optimisation aigER measurements for the final new

multilayered five well device. In parallel to thisoject there was another Masters project
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designed (for student Kazeem Oliyaw@4Sc in Electronic Engineering- 2009%ing SU-

8 to develop techniques needed to make an SU-& hasdtilayered multiple analysis
device (4.3). The idea behind this was to haveraptetely sealed device and to make the
fabrication process quick as compared to the nurabsteps taken to prepare one of the
silicon nitride based devices.

4.1 Optimisation of the top/gradient layer and the
development of the multilayered microfluidic device

The following sections will cover the device desitabrication techniques involved, fluid
flow and cell culture experiments for the top/geadidevice, both as a stand-alone device
and as a part of the new multilayered silicon dérmembrane based microfluidic device.

4.1.1 Materials and Methods
4.1.1.1 Design and fabrication of the microfluidic gradient device

The 2D design, shown in Figure 52, is the micralilwigradient model designed using the
CleWin computer software (engineering CAD tool).eTimage shows the different
components of the gradient device; firstly, the twets (green) that lead into the
concentration gradient channels and the middle ifmeuve) that lead into the bottom
channels (when using this with the multilayered roflaidic setup). (The design for the
bottom microfluidic channels is shown in Figure .53¢condly, the concentration gradient
consisted of three rows of serpentine channelsoappately 6 cm each in length that split
into five cell culture wells creating four differenoncentrations of a test solution and a
control. The serpentine channels aided diffusiveimgi of test solutions along their lengths
that would create expected dilutions of 0, 12.5, D5, 100%, across the device. The
concentrations formed would be viewed at the olseEmw channels at the end of this
device. The significance of these observation chBnwas to help view the resulting
concentrations in a single field of view under thigroscope. Thirdly, the five cell culture
wells (blue) were given a separate cell seedingt imhd outlet channel to avoid blocking
the gradient channels during cell seeding. Fourttilg round discs were meant for the
electrical contacts points. These round disks vpergcture points in PDMS to allow the
connection between electrical contacts and therel#es on the silicon nitride chip when
this device was used in a multilayered microfluidieasurement setup. Finally, the outlet
connectors (green) were designed to collect the fivfferent concentrations of test

solutions for analysis and the outlet connectoraue) that were connected to the bottom
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channel device (when using this with the multil@gemicrofluidic measurement device

setup).
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Figure 52: Design for the gradient/top microfluidic channels

This is a printout of the design file of the concentration gradient device created using the CleWin
designing software. The image showed the different components of the design. The gradient/top
device inlet channels (green), concentration gradient generator showing three rows of serpentine
channels (serpentine channel length = 6 cm), gradient splits into five cell culture channels (blue)
resulting in a different concentration of test solution in each respective well, the outlet channels
(green) for the gradient/top device, the outlet channels (mauve) meant for collecting samples
from the bottom channels, the gradient observation channels, holes as markers for the electrical
contact points. Dimensions - cell culture well diameter = 3.5mm, serpentine channel width=
50um, observation channel width= 50um, cell culture seeding channel width= 100um, electrode
holes = 2mm diameter, outlet/inlet connectors = Tmm diameter.

The design in Figure 53 shows the bottom microftuchannels and was designed using
the CleWin software. This device was used only @ambination with the gradient/top
microfluidic and the silicon nitride membranes whaetegrating the final multilayered
measurement setup. The bottom microfluidic devicas wised specifically for the
multilayered device experiments only and never @nown. The device consisted of
serpentine channels, however these were not meamhiking test samples but trying to
balance out the flow of liquid between the top Aottom channels (to try to make both the
fluid in the top channel and the fluid in the battachannel flow together). The five
separate serpentine channels would lead into fiiferent cell culture wells (test sample

collection wells - blue) and finally towards thetleti channels. The outlet channels were
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connected to the outlet channels (mauve — in Figiteand 53) in the multilayered

microfluidic device setup.
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Figure 53: Design for the bottom microfluidic channels

The design for the bottom microfluidic channels designed using the CleWin software, showed the
inlet channels, Serpentine channels to balance out the flow of liquid in the gradient device, the
cell culture/test sample collection wells (blue), fluidic outlet channels and the holes for the
electrical contacts which puncturing markers on the PDMS. Dimensions - cell culture well
diameter = 3.5mm, serpentine channel width= 50um, observation channel width= 50pum, cell
culture seeding channel width= 100pum, electrode holes = 2mm diameter, outlet/inlet connectors
= 1mm diameter.

The design was transfered to a mask plate usirgiezmtron beam writer and 6 copies were
transferred onto a 5 x 5 inch mask plate. The npéesies bearing the designs were used to
expose the photoresist (SU-8 3050) spun of a siliwafer. The SU-8 3050 was poured
(directly from the bottle — this avoided any coniaation when using glassware or spillage
when using a syringe, as an intermediate) ontbcasiwafer spun initially at 500 rpm for
10s and finally at 3000 rpm for 30s to achieve iakiiess of approximately 50 um. The
wafer was then baked on a hot plate at 95 °C fomB0 The spun resist was exposed for
35s to UV light (power density rating of ~ 7.1 m\mfcusing the MA6 — mask aligner
system (Section 2.1.1 in Chapter 2). Fabricaticth processing step were followed as per
the protocol for SU-8 3050 from section 2.1.1.3 afler 2. To prepare the devices the
silicon master was placed inside the PDMS castingmber (Explained in materials

method section 2.1.2 from Chapter 2). A pre-prephanecture of PDMS (10 parts Sylgard
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184 and 1 part curing agent — explained in 2.1oIfiChapter 2) was injected into the
casting chamber. The casting chamber was placedeirise oven for 1-2 hrs at 80 °C.
Once cured, the casting chamber was dismantledtt@dDMS microchannel devices

were peeled off from the silicon master.

4.1.1.2 Integration of layers for the multilayered toxicity testing device

The different components of the multilayered deviege integrated together (Figure 54)
as follows: A) The silicon nitride membrane chipsasandwiched between the top and
bottom microfluidic channels thus forming the cooé the device. The PDMS
microchannels were bonded to the membrane chipgusm air plasma exposure step
(explained in section 2.1.2.2 from Chapter 2). B)sTdevice was placed inside a device
holder (plastic holder) to reduce the potential doy leakages and to give the apparatus
sturdiness when connected to the electrical camta€) PDMS microchannels were
supported with a glass slide on either side to iplewsupport to the core device, since
PDMS is a soft polymer and is easily compressedethglass slides provided some
sturdiness to the device. D) On clamping the detogether, it was then ready to be used
for experiments and connected with fluidic connextdhis device was meant to test the
integrity of the cell monolayers using the TEER hoet via the electrical contacts (section
3.1.6.2 Chapter 3) and attempt to detect any clsamg@EER values under the influence

of toxic solutions.
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Figure 54: Clamping together all the parts of the final testing device

The image showed the different parts included in the device; electrical contacts (yellow), plastic
holders on the top and bottom side to clamp the device together, glass slides on either side of
PDMS microchannels, Top and bottom PDMS microfluidic channels bonded to the silicon nitride
membrane chip. (Diagram courtesy of Nicholas Blondeaux, CSEM, Switzerland)

4.1.1.3 Cell culture in the top/gradient device

The cell culture technique involved an initial deirinsing step using different solutions
to wash and sterilise the devices. All solutionedusn the rinsing steps were inserted
through the inlet channels (signified by the dowrdvpointing arrows at the top of the
image; Figure 55). The steps involved an initiake with a solution of 70% ethanol for
approximately 10 min and this was washed out withilkkd water for another 10 min.
This step was followed by a 1 hr rinsing step VHIBPES saline solution and a 10 min
rinse with plain cell culture medium (without FBEMEM when using Calu-3 cells, and
DMEM for MDCK cells) which was important to assuee safe and alcohol free
environment for the cells. This was followed by iase with cell culture medium
containing FBS. To improve the attachment of ceksde the cell culture wells, a solution
of culture medium with collagen (section 2.1.4.@nfr Chapter 2) was included as part of
the wash steps. The entire device was kept in thedom/incubator, at 37°C for 1 hr, to
allow the medium to warm up. During the wash stiéyescell seeding inlet and all outlets
were left open to allow for easy fluid flow throutite device. Once cells were ready to be
inserted through the cell seeding inlet channed, dltlets were plugged using tubing
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valves or by inserting tube endings, connectedtimge needles, into solid thick blocks of
PDMS. At the same time, the gradient inlets wems atlosed, preventing cells from
entering the serpentine channels. (Cell culturédrtiemes using epithelial cells were
explained in section 2.1.3 from Chapter 2 and se#ding into microfluidic devices is
explained in section 2.1.4.4 from Chapter 2 and2331from Chapter 3).

Wash steps _\l

1. 70% ethanol

2. HEPES saline solution.
3. Plain EMEM without FBS, were closed to stop

4, EMEM with FBS flow of cells inside the

: 5 8 & 7

seeding  waste
syringe

HE> waste

left open
during washing  waste
steps

During cell seeding the
intlet channel valves

\ / waste
!

During cell seeding the outlet connectors are plugged
by inserting the needle ends into a thick block of PDMS

Figure 55: Seeding cells into microfluidic cell culture wells of the gradient device

The schematic showed the various steps involved in the sterilisation and preparation of devices
for cell culture. The steps involved introduction of alcohol, HEPES saline solution, plain EMEM,
and EMEM with FBS into the device channels. Once the rinsing steps were complete the device is
ready to be seeded through the cell seeding channels.

4.1.1.4 Cell culture inside the new multilayered to  xicity testing device

The multilayered toxicity device apparatus consisfs 15 fluid connectors; 9 top
microchannel connectors and 6 bottom channel caorsecThe image in Figure 56 A),
shows the different connectors prepared from Tydeng and syringe needles (section
2.1.2.4 from Chapter 2). The image in B) preseatehtry points for the tubing connectors
into the device microchannels; top inlets pointhiferdots on blue), bottom channels inlet
point (solid blue), electrical contact points (&l circles), top outlet points (solid black)
and the bottom channel outlet points (white dotblatk). The cell washing steps and the

cell seeding methods were similar to the previagien 4.1.1.3 from this Chapter.
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Figure 56: Fluidic connections for the device

The image A) showed the microfluidic device held together using a device holder. The fluid was
introduced into the device via inlet channels. The device had a separate cell seeding channel
which delivered cells straight into the cell culture wells. B) This schematic showed the different
inputs and output areas for the fluid. The bottom channel has separate inlet and outlet
connectors than the top microfluidic channel. The yellow areas mark the electrical contact
points which are not connected to any of the microfluidic channels.

4.1.2 Results

4.1.2.1 Fabrication

To develop the mutilayered toxicity device it waecessary to first understand the
workings of the gradient/top fluidic part of thevite in more detail. The top layer of the
device consists of a microfluidic network that unbed a set of serpentine channels that led
into five separate cell culture wells. The serpemtichannels were responsible for
developing the dilution gradient with the help offusive mixing. The flow of a test
solution alongside a clear buffer resulted in faliiferent concentrations including a
control at the clear end of these serpentine cHanfike channels consisted of 3 horizontal
rows of serpentine channels that would meet atrthe ends and allow for the two
concentrations to mix again (gradient mixing rowsd ahannels were also explained in the
Chapter 2) The resultant four concentrations amddbntrol were delivered to the five
different cell culture wells. The device microchalmwere cast in PDMS against the
silicon master wafer bearing the SU-8 3050 streastf5U-8 structures seen in Figure 57,
A). The processing steps were explained in sec?dnl.3 from Chapter 2. The SEM
picture shows clearly some of the serpentine cHanaed the inlet channels for the top
gradient device. The height was 58+3 pm as measaith@ Dektak. (see Figure 57 B).
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Figure 57: Fabrication results for the multiple cell culture well device.

A) SEM image of the SU- 8 master. The image showed the two device inlets leading into the
serpentine channels, the middle is the connector to the bottom microfluidic device channels. B)
The height of this device after fabrication was measured to be 58 pm, using a Dektak (Dektak 6M
Veeco, Metrology group)

4.1.2.2 Dye intensity gradient profiles inside the top/gradient device

It was possible to use the top layer as a standalievice as shown below, in Figure 58,
where it was used for diluting red coloured foo@ diynto four dilutions and one control).
The gradient device was designed to combine thees@ine channels with separate cell
culture chambers. The serpentine channels inctbasehannel lengths resulting in much
longer times for diffusive mixing, at the flow rataised (1 pl/min to 5 pl/min). To
demonstrate the successful generation of a comatEmtr gradient a red food dye
manufacturer) was used in one and clear water m dther inlet, the resulting
concentration gradient is presented in Figure 58[H& dissolved red dye and water were
inserted through the two inlet channels resultmd@pur separate concentrations of red dye
developed, ranging from a 0% control and a 12.5%0@% within the five culture wells.
The results obtained when running the experimeviten red dye was used against water
dilutions were found to be in the range of 0.2% Yw24.8% (w2), 60.7% (w3), 87.3%
(w4) and 100% (w5). This varied slightly from thepected results that were 0, 12.5, 50,

87.5 and 100% in the respective wells.
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Seeding
channel was
plugged
when
gradient Was
started

W1 W2 W3 W4 WS

Percentageof | Well 1(W1) Well 2 (W2) Well 3 (W3) Well 4 (W4) Well 5 (W5)
red dye
Expected 0% 12.5% 50 % 87.5% 100 7%
percentage

Measured 0.2% 24.8% 60.7 % 87.3% 100 %
percentage

Figure 58: Calculations for the percentage separation of test red dye.

A) The gradient device was used to dilute a solution of red food dye to illustrate the working of
this device. The red dye solution in water was added through the right inlet and water through
the left inlet. The perpendicular seeding channel was plugged (using a valve or the needle ends
were stopped up using blocks of PDMS) when the gradient was running. B) This image shows the
observation channels (each with width 50um) and the marked area signifies the reference area
for measured percentage of intensity of red dye (marked with a dotted rectangle). In the table,
the expected percent for dilutions were 0, 12.5, 50, 87.5 and 100%, and the calculated mean
percent for dilutions were as 0.2, 24.8, 60.7, 87.2 and 100 % in their respective wells. (Well 1, 2,
3, 4, and 5 corresponds to W1, 2, 3, 4 and 5)(1pl/min).

Fluorescently labelled dextrans (FITC-dextrans)engsed to study the gradient generation
through this device. These FITC labelled dextraiscussed in Chapter 3, have different
molecular weights. The ones used in this thesisided the 4, 70, 500 and 2000 kDa FITC
dextrans. Due to their difference in mol.wt, thegvé different effective hydrodynamic
diameters and hence diffuse at differing rates 2001). To study the development of
dilutions within our devices, a 1mM solution of El9dextran of mol.wt 2000 kDa (Sigma,
Poole, UK) was dissolved in transparent (exclusif/@henol red) MEM (containing 5%
non-essential amino acids and 2% antibiotics, 18%)FThe FITC-dextran MEM mixture
(introduced through the right inlet of the gradiel@vice) was run against plain MEM
(introduced through the left inlet of the gradieat)d results were observed under the
fluorescent microscope at the level of the obs@mathannels at the end of the device
(Figure 52). (The device was placed on microscofsges heated to 37°C). The
concentrations observed with this device were: 2%hiannel 1, 24% in channel 2, 74% in
channel 3, 99.2% in channel 4, 100% in channelifenused at a flow rate of 1.26 pl/min.

However, through this graph it was evident thatrthieing within these channels was not
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complete since the intensity peaks for the eachnrofla were tapered and not
homogeneous, mainly in channel 3 (middle chanfigljs meant that the mixing has not
completed, or that the flow rate is too high. Oweaoing the flow rate to 0.63 pl/min the

percentage of dilution seen were 23.5% in channéll% in channel 2, 78.2% in channel
3, 100% in channel 4 and 97.2% in channel 5. Tkebeseemed to have slightly tapered
peaks, but there was more homogeneity in channdlsa@d 5. However, similar problems
of non-homogeneous peaks were observed in chahrald 3 (from left to right in Figure

62). This meant that there could be a possibilith@mogenising the peaks either at lower
flow rates or either by addressing the problems tha channels leading from the cell
culture chambers towards the outlet observationnmbla were of different lengths

resulting in varied fluid resistance (explainedhe next section).

1.26 plémin no change in length

0.63 pl/min no changes in length
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Figure 59: Intensity profile in the observation channels of the multiwell device - perfusing
FITC dextran in MEM medium through the right inlet and plain MEM medium through the left.
The images and graph show the profiles of the dilutions developed when using FITC-dextran 2000
kDa. The red lines mark the expected percentages for each channel (left to right; 0 - 100%). The
blue lines mark the measured mean percentages for their respective channels (from left to right
in the images for n=4 values, with +SD). The black line represents the intensity profile for one
experiment with each of the two flow rates used, 0.63ul/min and 1.26pul/min (using a 250ul SGE
glass syringe set to the 10ml syringe setting on the pump). The percentage dilutions observed in
each channel are presented in for the intensity profile represented by the black line is given in
the table. 1, 2, 3, 4 and 5 are numbers for the respective channels seen in the images from left
to right).
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4.1.2.3 Alterations in the outlet channel lengths o f the top/gradient device

The results from the previous section suggestetttieae were certain problems with the
development of the dilutions when viewed within tfiee observation channels. The
improper mixing observed inside the channels led tteviation from the expected values
for dilutions. The observation channels were meansimplify the viewing of the five
dilutions of a test solution under the microscopd #o achieve this, the outlet channels
needed to be parallel to each other at that stidttihe device. However in doing so, each
outlet channel (leading from the cell culture websvards the outlet connectors) had a
different length (evident from the measured valuesTable 8). This meant that the
resistance faced by the fluid when entering thésaels was different from each other as
well, since the relation between the resistancelangth was explained as being directly
proportional to each other (Walker 2007, Beebe 2008sistance was given as R
=12puL/wh, where ‘L’ is the length, ‘W’ is the width, ‘h’ ithe height of channels and ‘p’
is the fluid viscocity, explained in Figure 60: Raance v/s length of outlet channels
hypothesis). This means, that when there is arease in length of a channel then the
resistance increases. This resistance is also depemn the width and height of the
channels where if these parameters change, theedistance would be inversely affected.
The measured lengths in the table show that ‘L% & longest channel and ‘L3’ was the
shortest. This meant that when fluid attempts tovfthrough these channels it would
prefer to flow faster through ‘R3’ (the resistanmeuld be lower) than it would through
‘R5’ (resistance would be higher). Once the seipenthannels complete the mixing
process, the dilutions would flow into the respeettell culture chamber and subsequently
through outlet channels. However, if the outletroteds have different resistances it would
cause a differential of flow/pressure between tled chambers and since they are
connected the fluid would attempt to flow into tbleannels with least resistance, until
equilibrium is reached. This could be one of theses for the unexpected values for the
mixing regimes seen in the observation channelgrevthere is mixing again due to the
invading fluid from adjacent cell chambers. Therefit was thought that, if the lengths of
the outlet channels were adjusted to be of the saue, then the resistance too would be
the same, which would in turn lead to an even ngpancording to expectations. Meaning
that L1, L2, L3, L4 and L5 would be equal in lengithich would mean that
RI~R2~R3~R4~R5.
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Figure 60: Resistance v/s length of outlet channels hypothesis

This is a hypothesis of the reasons for variable percentages (when compared to the expected
values) inside the multiwell gradient device. Fluidic resistance ‘R’ is directly proportional to
length of channels ‘L’, and is inversely proportional to the width of channels ‘Wout’ and cube of
the height ‘H’. Meaning that when ‘L’ increase there is a higher resistance and when ‘Wout’ and
‘H’ increase then the R in the channels is reduced. L5 is the longest channel, therefore this
channel has the highest resistance, ‘R5’. L3 is the shortest channel and therefore it has the least
resistance. In this device, all the outlet channels are of the same width and device has an even
height, then, L5>L1>L4>L2>L3 (from Table 8), therefore R5>R1>R4>R2>R3.

Connected to
tubing and

Outlet channels (L) L1 L2 L3 L4 L5
Lengths (mm) 17.72 10.2 8.8 16.2 23.89
Resistance calculated | 1.6 x 10° | 0.9 x 10° | 0.8 x 10° | 1.4x10° |2.2x10°
(Pascal/m>sec)(N/m°sec)

Table 8: Calculated lengths of the outlet channels and fluidic resistance.
The lengths were calculated from the end of each respective cell culture well until each outlet
connector (shown in the schematic above)

To test the hypothesis, that the performance ofgfaglient device deviated from the
expected dilution values due to the difference hammel lengths of the outlet channels,
these were adjusted to be of the same length ieva design. Figure 61 showed the
channels leading from the bottom of the cell cdtuvells (blue) to the observation
channels (marked inside the dotted rectangle) amallyf to the outlets had different
lengths and explains the alterations made neaplbservation channels. To increase the
lengths of channels serpentine structures were wgadh meant that the size of the device
would remain the same. This allowed the same delaiders to be used when using

different device designs.
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Figure 61: Changes in the lengths of the outlet channels.

A) This drawing represented the initial device, where the outlet observation channels were
marked using a dotted rectangle - magnified in image (C). The length of these channels was not
the same. B) This picture showed the new device bearing the corrected lengths of channels. The
corrected region was marked by the dotted rectangle - magnified in image (D). The magnified
image of the dotted area for the corrected design, showed serpentine like shapes were adopted
to increase the length of the channels and to keep the size of the device the same (circled by
the dotted circular lines). This helped in designing the same device holder for both these
devices.

The FITC-dextran MEM mixture was on this occasiaswntroduced through the left inlet
of the gradient device) and was run against plaEMMintroduced through the right inlet
of the gradient) and results were observed under flilnorescent microscope at the
observation channels at the end of the device. different concentrations, shown in
Figure 62, were results obtained for the 2000 kBxetrdn in MEM when run against plain
MEM. The fluorescence intensities observed using thevice were tested for four
different flow rates, 0.025 pl/min, 0.25 pl/min,68. pul/min and 1.26 pl/min. The
observations revealed that the homogeneity of dak for dye dilutions intensities was
seen to homogenise as the flow rate was reducedetty, when the flow rate dropped
below 0.63ul/min the dilutions were disrupted trewh@usly and the percentage of

intensities varied a lot compared to the expectdes (indicated by the red dotted line
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and values were expected to be 100, 87.5, 50, d&®50%, from left to right). The best

results were seen for the 0.63ul/min flow rate whitre values were very close to the
expected percentages and the peaks were slightly huimogeneous than the 1.26ul/min
flow rate. The lesser flow rates showed good mibagthey had a very irregular dilution

gradient.
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Figure 62: Intensity profile in the observation channels in the multiwell device with changes
in the outlet channel length - perfusing FITC dextran in MEM medium from the left inlet and
plain MEM medium from the right

The images and graphs show profiles of the fluorescence intensity for dilutions developed when
using FITC-dextran 2000 kDa. The red lines mark the expected percentage intensity for each
channel (from left to right; 0 - 100%). The values marked by the blue lines are the show the
mean percentages for their respective channels, for n=4 samples showing +SD (from left to right
in the images). The black line marks the intensity profile for the images shown above each graph
at their respective flow rate (where a 250l SGE glass syringe was used with pump setting for a
10ml syringe). The table shows the different percentage of intensities obtained for each flow
rate represented by the black line in each graph. (1, 2, 3, 4, and 5 are numbers for the
respective observation channels in the images from left to right).
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4.1.2.4 Epithelial cells cultured inside the gradie  nt device

Initial experiments included improvements in segdamotocols and growth conditions in
the attempt to adapt the cell lines Calu-3 and MD@GKprolong (>14days) cell growth
within these multiwell microfluidic devices. Thepzrity of each cell culture well within
these gradient devices and the ability seed this egknly inside each of the five cell
culture wells was vital to allow comparison betwdba wells (cell seeding experiments
shown in Figure 62, were carried out to arrivehag)t Cells were seeded into the device
via the cell seeding channels on the device artdtdesettle for an hour inside the cell
culture wells. They were then fixed with 4% formeligde in PBS, and later stained with
Coomasie blue. The stained cells were counted uhdemnicroscope.
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Figure 63: Cell counting

The image in A) was an example for the cell densities achieved at seeding using the multiple cell
culture wells. The cells were introduced from the left to right and seeded at 2.9 x 10° cell/cm’.
using 2ml solution in total. After settling in the chambers for 1hr they were stained with
Coomasie blue, see text for detailed results. The graph in B) shows the average cell density on
the different wells (n=9, detailed values in Table 9).
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w1 w2 w3 w4 W5

300 £128 280 + 168 522 + 168 380 + 94 432 + 125

Table 9: Number of cells counted within each cell culture well of the device.

All wells showed a high value for the SD and hence there in principle the variation from well to
well for the cell densities resulting in each well could be assumed to be similar. However, the
middle well mostly showed larger number of cells within each the microfluidic device tested.

The middle culture well (W3 — indicated in the T@Bl) consistently contained more cells.
This could be due to differences in flow and pressuhen the cells were introduced into
the devices. An alternative explanation could la,tlvhen seeding stops and the syringe
with cells (used for seeding) is removed, cells dmgged backwards from the high flux
areas (small channels connecting the last welleg@xit wells) but not from the low flux
areas in the cell seeded wells. The limited amob@imblume in the “high flux areas” limits
the amount of back-dragged cells such that onlyldbethree wells are “reseeded” (see
Figure 60). When imaged over time (Figure 64) teeded wells showed continuous
“normal” cell growth. The Calu-3 cells were maim@d inside the device for up to 14 days
(Figure 64 E). The long culture times required bova Calu-3 cells to mature (>14d)
meant that the medium needed to be exchanged @taragtervals, on each occasion it
was possible that air bubbles could be introduesdlihg to disruption of cell cultures.
Care also had to be taken to equilibrate any mediuen 37 °C incubator for before use
with the devices which reduced the propensity far laubbles, thus reducing the
occurrence of air bubbles inside the devices. Duké long time it took for the Calu-3 to
become confluent MDCK cells were used for furthepeximentation, reducing culture
time from more than 14 days to a confluent celletapy day 4. This meant that the
medium only needed to be changed once if at akkssary. Also MDCK cells have shown
through literature to form good tight junctions aaldo posses the CFTR receptor protein.
This meant they could be used as a substitutdimelfor Calu-3 cells for such cell culture

optimisation experiments.
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Figure 64: Seeding and growth of CALU-3 cells inside a cell culture well

The Calu-3 lung epithelial cells were seeded as described above and maintained inside the
device for a period of 14days. The phase contrast micrographs show the exit part of the central
cell culture well of the device. The cells proliferated and formed a confluent monolayer by day
14. Cells at culture days: A) 1, B) 2, C) 4, D) 7, E) 14. The scale bar (A) is 100um.

4.1.2.5 The new multilayered toxicity device bearin g the top/gradient device

The new multilayered toxicity device integratediwihe top/gradient device, was ready to
be used for cell culture optimisation experimefigure 65 shows the top/gradient device
(A) and bottom microfluidic channels (B), where theth these devices microfluidic

channels were adapted specially to fit the silioitride membrane chips in between them.
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Figure 65: Final device parts

A) This image showed the top microfluidic channel which bears the concentration gradient
(marked inside the whit circle) which leads into the cell culture well (marked inside red
rectangle). The length of outlet channels had been altered to reduce the effect of pressure
change within the system B) The bottom microfluidic channel. The length of the outlet channels
have been altered in this case as well. C) This image showed the top view of the device when
bonded to the silicon nitride membrane chip, showing the electrodes (black arrows). The
electrodes surround the membranes (brown arrows) on the apical and basal compartments of the
device. D) This is the bottom view of the device and where you can see also the membranes
(brown arrows).

This device helped to measure the integrity of ¢de# monolayers using an integrated
TEER measurement electrode setup designed spdyificathis particular device (setup
explained in Chapter 3, section 3.1.6.2. In orderathieve a sufficiently high (>129
Ohm/cnf) TEER (Geys 2007) cell cultures would have to dgyéight monolayers on the
microporous silicon nitride membrane surfaces. Tésults seen in Figure 66, where
experiments were carried out using Calu-3 (seedersity ~ 0.7 x 1Dcells/cnf) cells in
order to test the quality and efficiency of celltate and seeding into the device. The cells
were seeded through the inlet channels in a dnegberpendicular to the concentration
gradient flow (explained in material method sectdihis chapter).

Problems with the development of gas bubbles aresg regularly, these would develop
in the corners of the membranes, which proved ta beugh obstacle to tackle. However

TEER in some wells of the devices without bubblesshow some TEER values of ~20
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kQcn?. The average TEER was measured at every 10s ahtemd there were ten repeat
measures for each interval (Figure 67). The elmdtrsystem setup and working is
explained in Chapter 3, Sections 3.1.6.2. The paltsystem however, could not be
maintained for a longer period than the amountroétanalysed. Therefore, to get rid of
the bubbles the sterilisation washing steps wemy weucial and needed meticulous
handling. During the washing steps there would gévhe an air bubble covering the

membranes. Many methods to exclude them were atiéehas listed here;

1) During the cleaning steps for the devices, aethams allowed to flow only through the
top layer micro-channels. This would cause thedfii@ seep through the silicon nitride
membrane pores, preventing air bubbles being fororedhe silicon nitride membrane
trench (area, where the cells were to be seedate the membranes were free of gas
bubbles the flow in the bottom channels was staifad proved successful only until cells
were seeded into the system after which sometimdsibble would emerge.

2) Once culture medium was being perfused throbghsiystem, by day 2 or 3 bubbles
developed at the corners of some, or all the siliciiride membrane trenches. To attempt
to eliminate them small amounts of €@as was pumped in through the seeding channel
alternating with the inclusion of fresh cell cukumedium. The COwould help break
down the bubbles and dissolve them into the medilomg with itself.

3) The other method was to pump the liquid at & Higw rate (5, 10 or 50 ul/min) and
agitate the device in order to break down the abhites into smaller parts, which would
then slowly dissolve into the medium (within a fewvinutes). This method would however
lead often to cracking of the delicate silicon idér membrane and was therefore not

deemed ideal.

4) Before the inclusion of cell culture medium irttee devices, the medium was kept
inside the CQ incubator to let it equilibrate (this could redube possible formation of
bubbles later on during cell culture). All thes¢eatpts would sometimes be futile in
eliminating the development, and or introduction gds bubbles. Gas bubbles are
detrimental to the functioning of any microfluidibip as they can interrupt or divert the
flow of medium and thus negatively affect cell gtbwMost importantly gas bubbles can
cause serious disruptions to the concentrationigmadn microfluidics gas bubbles are a
very big issue and can often cause pressure diifeseand erroneous experimental results
(Young 2010).
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well1 well2 well3 well4 wellb

Day 1

Day 2

Day 6

Figure 66: Cell culture in the final device.

This image shows cells being cultured on the porous membranes within the device. Cells were
maintained for 6 days inside the device. The images show air bubbles in some of the membrane
areas where the cell monolayers are being maintained. The scale bars in the bottom right hand
side corner image is 250 ym.
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Figure 67: TEER on the multilayered device

These graphs show the TEER measurements for the respective wells in the device. The TEER was
measured at every 10s interval and each interval took 10 readings. The final TEER measured was
the average of the ten readings per each interval. The sudden drop of resistance or climb of

resistance peaks were caused due to the loss of/contact between electrodes and electrode
contacts in the system.
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4.2 Discussion

The gradient device was adopted from a paper byiriger et al (2001) and Jeon et al,
(2000) with the intentions of applying it to a @ifént practical problem, i.e. the feeding of
a series of cell culture wells with a series ofatiént dilutions of toxins, here specifically
nanoparticles. The design implications of somenefadopted changes in the design of the
gradient generator which were necessary to incatpdhe wells, and further to allow for
on-chip assessment of the dilution gradient compdid the flow regime within. The idea
of incorporating the gradient systems with celltard was previously presented by Hung
et al (2005). Their integrated system included a&raofiuidic device consisting of the
gradient system leading in to a chain of cell agltwells. The uniqueness of their device
was that they had fabricated perfusion channela different plain to the underlying cell
culture well channels. The gradient formed wouldréfiore not be disrupted and the
perfusion channels would flow perpendicular to fation of gradient. Therefore, within
their device once the cells reached a certain genfle they could use the gradient system
to influence cells and administer various cytotakiags. This however, was a much more
complicated device than device where the gradieanhiels were with broad channel ends
were used to study chemotaxis and hepatotaxis #nesowhere the broad channels (cells
seeded through the outlet channels) were conndnted separate seeding channels to
introduce cells through (Song 2004, Walker 2008, 2005, Jeon 2002). The top/gradient
device explained in this chapter was on the lineslaveloping such a device where it
would be possible to culture cells in the preseate certain influence and also the
perfusion channel would be the gradient channelsesit would carry and dilute the test
materials. As the entire device was more than 406 mme microfluidics design also
included an “outlet observation point” which colle easily viewed under the microscope.
This allowed microscopic, optical access to thdedint output channels in the five
different channels within one field of view (depantlon the magnification). The results
obtained from using the dye to study the behavmfuthe device were shown to form
dilutions that were slightly away from the expectedues of the gradient dilutions (of O,
12.5, 50, 87.5 and 100), which meant that there avasoblem with the device shown in
Figure 68 . The results obtained from such expearisyevhen red dye was used against
water, the dilutions were found to be slightly leasied from the expected result. This was
also evident when using FITC—dextran dye through dbvice. There could be several

possible reasons for this divergence from the egpecalues, such as:

142



Chapter 4: Multilayered analysis systems for epithelial cells

A) Difference in lengths of the outlet channelss thvould cause a difference in resistance
to flow, which in turn would lead to differentidbfv through the parallel channels of the

system;

B) The interconnects between the wells, which wetended for cell seeding may
interfere by allowing the mixing of the dye in acgat cell culture wells and hence the
resultant dilutions observed at the observatiompobks (see Figure 62 for observation
channels) may be slightly varied from the expeatallies. An example for such cross-
contamination via the cell culture well intercontseis shown in Figure 68, where the red

dye flows from one well into an adjacent one thiotige interconnecting channels.

The observation channels were designed such tbaitiets leading from the cell culture
well to the outlet connectors would run parallekxh other for a certain distance to allow
them to be viewed simultaneously. This meant thatindividual exit channels were not of
the same length due to the varied distances betwekrculture wells. The measured
resistance in each channel was different, due techwkthe fluid mixtures showed a
tendency to exit through the channel(s) of leasistance. In order to overcome this
problem the lengths of these exit channels weragdwh and the new devices tested. As
Figure 61 shows this resolved the problem to sorteng where the different channel
lengths were increased using serpentine channdiis. meant that the device holder
designed for the old device could be used agaithimnew device in which the lengths of

its outlet channels were changed.
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Treir

Figure 68: problems with the device.

A) The picture here shows the interference from the adjacent cell culture channels. On the left
the darker red colour is seeping into the lighter compartment. On the right the water is seeping
into the lighter red colour well. The block ‘a’ is the dye when it enters the middle chamber after
passing through the gradient. The block ‘b’ is the outlet leading into the observation
channels.[The darker red dye invades the adjacent wells marked by the black dotted circle and
the buffer leaking into the adjacent well marked by the whit dotted circle. The arrow marks the
membrane area when using this device in the multilayered setup TEER measurement setup]. The
black arrow points towards the area marked by a red checkered box approximately 1 x 1 mm,
like the size of the silicon nitride membrane. This signifies that the area where the checkered
box is situated major area surrounding it is the part of the device where the dilution is
unaffected by the flaws in the device.

Once these alterations were made, the modifiedcdewias tested and the fluorescence
intensities across the exit channels (Figure 62) faaw rate of 0.63 pl/min, were more in

line with expected percentages (0, 12.5, 50, 8idb 10%). As expected the changes in
the length of channels had an effect on the resistaf the monochrome system and
quality of mixing. However, the images of some atea (mainly the middle in the graphs

of Figure 62) showed a tapered orientation in tteply, suggesting that the mixing was
incomplete. Therefore, it was thought that ther@la¢te cross contamination between two
adjacent cell culture wells through the interconeeégarts (seeding channel) which could

be causing the incomplete mixing observe at themiasion channels.

4.2.1.1 Problems associated with the new multilayer  ed toxicity testing
device

Gas bubbles were a major problem when using thikzeeThe problems with gas bubbles
start right with the assembly, sterilistaion, amhtmue during cell seeding, cell feeding
and further perfusions (Figure 69). When starting sterilisation steps for the devices
bubbles would form in the region of silicon nitrideembrane trench (where cells are to be
seeded). This would occur on every occasion whergube device. To rid the device of

these bubbles was achieved by either constanttiagiteor increased fluid flow rates.

144



Chapter 4: Multilayered analysis systems for epithelial cells

However care needed to be taken when increasing fltes as the silicon nitride
membranes were delicate and could crack if thewifftial pressure across the membrane
was too high (effects of pressure on silicon ngrirdembranes are discussed in (Nguyen
2006) pages 420 — 422). The following treatmentsfmols were developed to address
these problems:

A) The microfluidic channels in PDMS were exposedair plasma which makes the
surface more hydrophilic (explained in Chapter I®réfore allowing the fluids to flow

easily, inspite of which these bubbles would appear

B) Another way was the development of a rinsingguol: during the washing and rinsing
steps the 70% ethanol solution would be initiallpwed to flow through the top/gradient
channels and into the silicon nitride trenches.sTwould force the air bubbles from the
membranes surface and push them through the pbrdé® enembranes into the bottom
microchannels. Both these methods would work ory48% of the times and were
detrimental to the cell cultures because these Ibabibad the potential to rupture cell
membranes. Also since the multilayered devices wéabricated with PDMS
microchannels the air bubbles have the potentiahtarge with time (This was due to the
gas permeable nature of PDMS)(Mukhopadhyay 200dny@®010).
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Figure 69: air bubbles problems

A) The image shows the gas bubble were trapped this could have been due to the fact that the
silicon surface was slightly more wettable than the sides of the trench and silicon nitride
membranes. exactly on top of the membrane surfaces of the devices and disrupting the flow of
fluid also preventing any fluid flow through the membranes. B) This is an image of a working
device in the sterilisation stage and the only areas that have the air bubbles are the silicon
nitride trenches.
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These gas bubble problems persisted, although meviges showed the presence of gas
bubbles present in either 2 or 3 membrane trenathsr than all of them. The results seen
in Figure 66, show the cell monolayers being manei inside the device on the silicon
nitride membranes. These pictures show the preseihaé bubbles within some of the
culture wells and some without any air bubbles. sehproblems not only affected the
multiwell, but also the single well device, here @hroblem could be resolved easier, since
it was only one silicon trench surrounding thecsiti nitride membrane. Hence, in Chapter
3 the results for cell maintenance within the senggll culture wells were more successful
(with 60% success rate). However, the aim for Bh® was to develop a device that would
allow miniaturising and parallelising the measuratngetup as well as allowing in-line
measurements. Therefore, the integrated TEER nwasut system needed to be used
when testing the tightness of the monolayers. Tiesgnce of gas bubbles within the
multilayered devices interfered with TEER readiagsl is often read as an error (the gas
bubble meant that there would be a break in theuitiand therefore resulting in no
reading). Due to such problems, the TEER readirg® wifficult to acquire (compared to
the static condition TEER values) when cells wesm¢p maintained under flow conditions

inside this device.

4.3 The top/gradient device used for testing the ef  fects of
Pseudomonas aeruginosa on epithelial cells

Pseudomonas aeruginosa (P.aerugingsa) opportunistic bacterium species, is part of a
vast group of aerobic gram-negative microorganigmasd in soil, water and other moist
environments. This pathogen causes morbidity andafity, particularly in patients with
impaired clearance within the respiratory systespegially in patients with cystic fibrosis
(CF) where normal clearance mechanisms withingkpiratory system are impaired, these
bacteria are known to colonise the lungs and caliseases (can cause the onset of
pneumonia). The ciliated epithelium that lines #mevays possesses several mechanisms
to prevent colonisation by inhaled bacteria, thheslower respiratory tract usually remains
free of bacteria. In CF patients the defective fiamc of the CF transmembrane
conductance regulator (CFTR) in airway epitheliund asubmucosal glands has been
shown to be associated with invasion of the virulgacterial species. (B. Goldberg 2000,
Mendes 2004, Pier 2002, Kato 2002, Taccetti 1998n€z 2007, Moreau-Marquis 2008,
Boucher 2002). The CFTR in the lungs result in egae-absorption of sodium inside the
airway epithelium causing an excess of water indin@ay surface liquid. This excess of
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water inside the airway system immobilises epitiehiucus and inhibit ciliary activity on
epithelial surfaces resulting in mucus plagues fognon the surfacesP.aeruginosa
penetrates these plaques and is protected fromopyagis or anti-microbial activities,
hence allowed to colonise and cause chronic irdast{Hull 2003)P. aeroguinosaapidly
switch from dormant behaviour to a more indolentdmmf growth, turning off the
expression of immunostimulatory products such agdila-proteins, and initiate the
formation of a protective biofilmthis adaptation played a critical role during checon
infection with P. aeruginosa(Gomez 2007, Saavedra 2002, Jacob 2002). The calymo
used cell lines in cystic fibrosis studies in titerature were Calu-3 and Madin Darby
canine kidney (MDCK) cells, since they express@R@ R receptor and display the protein
on their plasma membrane. This therefore wouldteraa affinity towards infection from
P.aeruginosdeading to the formation of bacterial biofilms oell surfaces (Jacob 2002,
Vikstroma 2009, Saavedra 2002, Mendes 2004, Saavedd2, Campoddnico 2008,
Terheggen-Lagro 2005).

The microfluidic top/gradient device is being uskdre as a stand-alone device to
investigate the effects oPseudomonas aeruginosan Calu-3 and MDCK. This
microfluidic device setup could offer a new avenwe the study of pathogen-cell
interaction, as this device allows this interacttonbe interfered with using a range of
soluble factors in a contained and parallelised .walye device used is the same
top/gradient device with the five cell culture wsjlstem introduced above, and illustrated
below (in Figure 52). The concentration gradierstssn offers the opportunity to (A)
generate different seeding densities of bactepaties and (B) different concentrations of
antibiotic solution (expected concentrations 01,5, 50, 87.5 and 100% concentrations).
By diluting the bacterial colonies amongst the fiu@l culture wells, their effects on
mammalian cell cultures (maintained within the fiveells of the device) could be
investigated in a density dependant manner (as ®asthwould be supplied with a
different inoculum). Similarly once the bacteriadlanies have established themselves
inside the culture wells and at the stage of fogrbiofilms on epithelial cell, it would be
advantageous to administer different doses of mitts and drugs to test their reactions.
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A . . B Antibiotics Cell culture
Bacteria Bacterial Medium in rmediurm mediurn
10095¢ ¢0% 100%¢ io%
Cell 100% 0% 0% Cell 100% S0% 0%
seading seeding
1003 79% 25% 0% *100% * 75% * 25% * 0%

Distribution was expectad to be 100% to 0% Separation of anitbiotics expected to be 100% to 0% from

from left to right left to right

Figure 70: project ideas

A) This model showed how the device could be used to generate different seeding densities of
bacteria. B) This showed how different concentrations of antibiotics could be administered using
the device.

4.3.1 Materials and Methods

4.3.1.1 Handling the bacterial colonies

The bacterial colonies were maintained in a smadl il vial containing 1 ml Luria-
Bertani (LB) nutrient medium (0.1 mM tryptone, 0.8B/ yeast extract, 171.2 mM NacCl,
pH 7). When cells were not in use they were kepigerated at ca. 4 °C. When bacterial
colonies were needed for experiments these vial® wermed up and centrifuged to
obtain bacterial cell pellets. The old medium wabssituted with fresh medium and the
vial was incubated for 1 hr before use. To couetdblonies forming units (CFUs) petri
plates were used which were prepared by pouringdg# (125 mM agar — pH 7) followed
by autoclaving. The bacteria were smeared ontcetbterile plates in order to determine
the CFU, before they were used in experiments. GmeeCFU were known, a measured
quantity of (~4.8 x 19 CFUs within 100p!| of bacterial broth) was addedttie cell
monolayers and incubated for 6 hrs before anatyssgaining. When being used with the
gradient (standalone) devices, 20 pl solution aftdréal stock solution mixed in 1 ml LB
medium (when used with cell cultures then the steak mixed in 1 ml of EMEM/DMEM
medium) was introduced through one of the gradietdéts and plain medium was
introduced through the other (at a flow rate of30/min, using the 250 ul glass syringe).
When using the cells the bacteria were allowedaw through while observing the effects
with time-lapse setup on the phase contrast miopesgin the hot room kept at 37°C).
When used without cells the colonies were collect#dthip through the outlet channels

and plated onto LB agar plates (To check the dihgideveloped due to the gradient).
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4.3.1.2 Live/dead staining

In order to determine the proportion of bacteri@ed cells whilst minimising contact,
the reduced biohazard viability/cytotoxicity kit(thvitrogen, Paisly, UK) was used to test
the epithelial cell monolayer resistance Roaeruginosain the presence of different
concentrations of antibiotic€’. This staining depends on the permeability of tive
stains SYTO-10 (green fluorescent nucleic acidnswaich is membrane permeant and
labels all live cells, including the ones with icitgplasma membranes) and “DEAD Red”
cell impermeant and labels only cells with ruptupdgisma membranes. To wash the cell
monolayers, cell culture medium was replaced wigarc(without phenol red) HEPES —
buffered saline solution (HBSS - 135 mM NaCl, 5 idI, 1 mM MgSQ, 1.8 mM CaCl
and HEPES solution pH 7.4). The cells were theabated in the dye mixture containing
2ul of SYTO-10 (Component A) and 2ul of DEAD-Redo(@ponent B) into a common
1ml volume of HBSS (1:500 dilution of each vol/volhhe dye solution was removed and
the cells were washed with HBSS, followed by figatin 4% glutaraldehyde in HBSS for
1 hr (Iml of glutaraldehyde in 25ml of HBSS). Tlveafive was substituted by HBSS and
then immediately examined under the fluorescentasmpe.

4.3.2 Results

4.3.2.1 Live/Dead staining

To study how the epithelial cells can be affectgdtibe presence oP. Aeruginosa,
experiments using a so called “live/dead” staifimgCalu-3 and MDCK cells, was used.
The effects of different antibiotic concentratioms suchP. aeruginosanfected cultures
were also tested. (The images in Figure 71 showedite/dead staining) In A) and B),
Calu-3 and MDCK cells were infected with bactenm ancubated for 1hr at 37°C. Then
these cells were fixed and stained with the livaddstain. Calu-3 and MDCK showed a
large number of dead cells associated with the dowcentrations of the antibiotic as
expected. These experiments were also useful irkimgprtowards creating a control
experiment to test the reactions of cells in preseof different antibiotic solutioHg

required for experiments in combination with aeruginosainside the concentration

28 Antibiotic stock solution was the same as presented in Materials and Methods from Chapter 2
section 2.1.3 Cell Culture. Dilutions from 10™ to 10" solutions were prepared in relation to
the antibiotic stock solution and tested with the different colonies.
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gradient device. The gradient device would helptdilthe antibiotic solutions and it was

necessary to establish a negative control of aidoresistance towards the bacteria.

Figure 71: Live-Dead staining of Calu-3 cells to test antibiotic resistance.

The live dead stains used were the SYTO 10 green fluorescent nucleic acid stain for the live cells
and the DEAD Red (ethidium homodimer-2) nucleic acid stain from the kit (LIVE/DEAD Reduced
biohazard viability/cytotoxicity Kit). A) Calu-3 cells cultured in the absence of the bacteria. B)
Calu-3 cells were observed after infecting them with the bacterial species and were put under a
dosage of 10" concentration of antibiotic (2% antibiotic mixture - see 2.1.5 Chapter 2). The
green cells were the live stained cells and there was no presence of any dead cells. C) Calu-3
cells infected with bacteria and in 10™ concentration of antibiotic solution. D) The Calu-3 cells
were cultured in the presence of bacteria and in the absence of antibiotics. The green cells are
alive and the orange yellow cells are the dead cells. E) MDCK cells were observed after infection
with the bacterial species was put under a dosage 10" concentration of the antibiotic. Cells
coloured red were the dead cells. F) MDCK cells were cultured in the absence of bacteria G)
MDCK cells cultured in the presence of bacteria but in the absence of antibiotics. H) MDCK cells
were observed after infection with the bacterial species was put under a dosage 10
concentration of the antibiotic. Scale = 0.1mm. (white arrows mark the dead cells)

4.3.2.2 Cell interactions with P. aeruginosa inside the top/gradient

microfluidic device

MDCK cells were maintained within the culture webs seen in Figure 72: MDCK being

observed after introduction &f.aeruginosaand were allowed to remain in culture for 7
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days. These cells were infected withaeruginosaand they responded to the introduction
of the bacteria by initially shrinking in size. &te same time the MDCK cells were found

to shrivel and move towards each other.

Figure 72: MDCK being observed after introduction of P.aeruginosa

The images are a time lapse set showing the reaction of MDCK cells to bacterial infection. The
cells were allowed to proliferate within the culture wells for 2-3 days and then infected with a
solution of P.aeruginosa. From image A) to F) it is evident that the MDCK cell monolayer starts to
shrink and cells seem to move closer towards each other, cells were seeded until day 2 and then
this happened over 6-7 hrs. Frames A-F were taken 60 minutes/hours apart. Scale bar - 400pm in
F. The white arrow in A and B show the cell chamber boundary and the inlet channel
respectively.

4.3.3 Discussion and conclusion

The aim here was to observe the effects ofRthaeruginosaon epithelial tissue within a
contained microenvironment. Microfluidics in thisrntext was an enabling technology
where the experiments with the pathogenic bactegee performed in a safe, enclosed
environment. This also helped to reduce both thebar of bacteria and the amount of
antibiotic solutions used. The P.aeruginosa has lbeed through literature on epithelial
monolayers is commonly judged indirectly using theffect on tight junction-proteins
(Jacob 2002, Saavedra 2002, Kazmierczak 2001, isli@8l09, Vikstroma 2009). The
experiments shown in Figure 71 and Figure 72 shmneffects oP. aeroguinosabn the
MDCK monolayers under normal conditions in cultufée different antibiotic solutions
were used to observe whether the cell monolayetswhbre put under the influence of the
bacteria would yet survive and also to test whiclult antibiotics concentration would be
the optimal to lead to a resolution of the bacteniection, and at which the MDCK would
still be alive. This meant that we would set a conéxperiment under static conditions to
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test cell responses in presence of antibioticgurei 69, where epithelial cell cultures of
MDCK cells were maintained inside the multiple amilture well device. These cells were
put under the influence &. aeruginosaresulting in the rapid shrinking of the monolayer
of MDCK cells. These initial results show the shiemm effects and reactions that were
presented here when cells exposed to the bacsredies. However, there were certain
microfluidic devices that studied the effects oftam bacterial species and worked on
manipulating their behaviour according to chemiséimuli by using a gradient of
concentrations. (Larry 2008, Mao 2003, Balasubraam®007, Inatomi 2006). Also these
most bacterial species lilke aeruginosare motile and possess micro pili, and in constant
motion through liquid. However, these motile funa can be controlled to some extent
within micro channels (Purcell 1977, Brody 1996)cl examples have shown that high
throughput systems could be useful for the studsoofie micro-organisms.

4.4 Multilayered SU-8 device

The microfluidic devices until this point in theefis, were being fabricated using PDMS
against an SU-8 master substrate. The idea behisgh@rt of the thesis was to develop a
device entirely in SU-8 in order to avoid the segland bonding processes required for
PDMS. Also previously shown silicon nitride membgarhave several fabrication steps
(see Section 3.1.1, Chapter 3). By using SU-8ntlmaber of fabrication steps as compared
to the silicon nitride membrane fabrication, coble reduced and several devices can be
prepared in parallel within one day. However, thenpry focus of this project was to first
assess the fabrication of the middle porous menebf@sing SU-8 3005) and then move on
to the fabrication process for an entirely encagisal device. In the first instance the
device design was simple which has a single flumlicrochannel at the top and the bottom
separated by a microporous membrane. The singlenehaesign is shown in the Figure
73, pointing out the different layers of the deyittee bottom channel (layer 1), the middle

membrane (layer 2) and the top channel (layer 3).
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Figure 73: Multilayered device fabricated in SU-8

This is a schematic representation of the working of the multilayered microfluidic device. The
SU-8 channels would be sealed on either side with glass or PDMS. The bottom layer, middle
porous membrane layer and the top microchannels were to be fabricated in SU-8 the inside the
clean room and developed together. Cells would be maintained on the middle porous membrane
surface. The entire system would be a sealed device which would reduce leakages.

The SU-8 series is a commonly used negative regishicro-electro-mechanical systems
(MEMS) technologies (Hill 2007, Lopez-Romero 20¥@skerician 2003). They allow for

the fabrication of high aspect ratio structuresiigustable adhesion with the substrates,
with vertical side walls and excellent reactive ietthing resistance. SU-8 fabrication
involved the process of exposing the resist totleyid in doing so the resist polymerises
and hardens (explained in Chapter 2 — Introducti@mgce it has polymerised, the SU-8 is
non reactive and is resistant to most solvent typéss property made it an extremely
useful resist in terms of applications in varioweds (del Campo 2007, Keller 2008, Mata
2006). The success of this project largely depermtethe properties and characteristic of
the SU-8 used. From SU-8 3000 series of photorabistSU-8 3050 and the SU-8 3005
were used to create the different layers for ttagigular device (3050 for the top and

bottom layers and 3005 for the middle membranerjajée viscosity range of SU-8 3000

allowed for film thicknesses of 4 to 120um in agkncoat and also the adhesion to
substrates was improved (MicroChem data sheet)8 000 is also quite transparent,
which makes it ideally suited for imaging and hafatycell imaging too. This also made it

easy when trying to align the multiple layers dgrexposure under the mask aligner.

4.4.1 Materials and Methods
4.4.1.1 Multilayered SU-8 device fabrication steps

The designs for the microfluidic device are showrkigure 74, where the three different
layers A) bottom layer, B) the middle membrane taged C) the top channel designs are

seen in a 2D top view. The bottom channel desigrsists of pillars within the cell culture
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well. These pillars were included to support theops membrane layer. The middle
membrane consists of a porous membranes of 3.5 mmetkr with pores of 3 um
diameter spaced 10 um on a square lattice. Thiayep was designed to contain the main
cell culture well in which the cells would be maimed and could proliferate over the
membrane surface. The images in a), b) and c) gibetter understanding of different
processing stages for the multilayered SU-8 dewtten seen in 3D.

A B &

Kiis/

Supporting pillars

Figure 74: Multilayered SU-8 device design

The device consisted of three parts A) the bottom microfluidic channel which also had the
supporting pillars for the membrane layer, B) the middle porous membrane and C) the top
microfluidic channel consisting of the main cell culture well. These designs have been
represented in 3D images a), b) and c) to give a better understanding of the fluidic device
design.

4.4.1.2 Fabrication of the different SU-8 layers

The fabrication procedure consisted of 5 stagesemted in Figure 75. Stage 1: SU-8 3050
photoresist was spin coated onto a clean glass/stiderslip (using a spin speed of 2000
rpm) and then a pre baking step of 95° C for 30 tiachieve a height of ~75 um (Table
5: SU-8 fabrication scheme showing the nominal medsured resist heights. and the used
for this project as given in Table 10). Stage aldwith the exposure of the bottom layer
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and exposure details were listed in Table 2. Orosuge, the resist was not developed. The
development of this layer was continued in Stagd &his protocol. Stage 3: SU-8 3005
photoresist was spin coated at 3000 rpm to forayarlwith a thickness of 5 um. The pre
bake step for this stage was altered to work apalseexposure bake step for bottom layer.
Stage 4: This resist was exposed with a differeaskmnplate designed to fabricate the
porous membranes. Exposure times for this stage dierent for each of the layers.
Therefore it was important to get an optimum expessetting in order to prevent
overexposure of the membrane and the bottom l&ye the exposure step the third layer
of SU-8 3050 was spin coated on and then the poesexe bake step followed. Stage 5:
Using a third mask design, the third layer was egpoand caution was taken while
exposing this layer to prevent over exposure ofnfembrane layer. The entire device
would then be baked for 12 min and developed uhél microchannels also cleared out
from any unexposed photoresist.

Stage 1: spin coat the glass/silicon substrate with SLU-8 3050

._/ ] || Stage 2: Expose the resist according to design to UV light using the
7 mask. alignar. This will form the bottom micrachannel (The channels
will form when the resist is developed at stage 5).

Stage 3: Spin coat a thin second laver of SU-B 3005 and expose to
U light again using the second mask (membrane structure), Cara is
taken to make sure the non-developed SU-8 3050 underneath this
layer is not exposed. This is achieved by exposing the membrane
layer at an optimum exposure time.

Stage 4: Spin coat the third laver of SU-8 3050, which will form the
top microchannel. Care is taken to make sure the non-developed
membrane area resist is not exposed.

Stage 5: After developing all three layers together. They would be
sealed with a glass slide/FPOMS.

Exposed 5U-8 3050 7 Unexposed SU-

I & oo W W e

Figure 75; Fabrication steps for the multilayered devices

Stage 1: The SU-8 photoresist 3050 was spin coated on a glass coverslip. This forms the
base/bottom microchannels of the device. Stage 2: The mask specifically prepared for this
bottom channel design was used to expose the resist. Stage 3: A thinner second layer, in SU-8
3005, was spin coated and exposed using a mask plate specifically designed for the porous
membrane. Stage 4: The third/top layer, in SU-8 3050, spin coated and exposed using a mask
designed for this layer. Stage 5: The device was finally developed and sealed using a glass
coverslip/PDMS. (light grey square - SU-8 3050, blue - Glass, dark grey - SU-8 3005, black - Mask
plate, red arrow - UV light)
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Step | SU-8 Process
Resist
Spin speed Pre-exp | Exposure | Post-exp Development
bake time bake
Rpm Time (s)
1 3050 500 10 95°C for | 35sec 65°C- 1min | Develop at the
2000 30 30min 95°C- end if )éjog
12min proceed to
step 2
Only of you
do not
wish to
proceed to
step 2
2 3005 500 10 65°C- 5,7.5, 95°C- Develop at the
3000 30 1min 10, 12.5 5-10min end if you
95°C- and 15sec only of vo proceed to
. y otyou step 3
12min do not
wish to
proceed to
step 3
3 3050 500 10 65°C- 20, 25, 95°C Develop until
1min 30, 35 12min excess resist is
2000 30 95°C- and 40sec removed from
microchannels.

Table 10: Steps involved in fabricating the device

The fabrication protocol was used depended on the SU-8 data sheet. {MicroChem. #1899}. The
varied times of exposure for layer 2 and 3 were in order to get optimum exposure times for that
particular layer.

4.4.2 Results
4.4.2.1 Multilayered SU-8 device

The images in Figure 76 included experiments peréal using the fabrication protocol
listed in Table 10. In order to optimize the expesoonditions such that the membrane
would be formed and the layer below would not bpomed different exposure rates for
this layer were used. For the samples shown inr€i@é A) B) C) and D) the first layer
was exposed for 35s, the second membrane layeexpased for 5s and the third/top layer
was exposed for 35s. For the samples shown in H)Fnthe difference was in the
exposure time of the membrane layer. The middlerld) which was exposed for 10s
seemed to make a difference in results observeth &xis showed the membrane support
pillars, however the porous membrane itself hademasible pores in the 5s exposure
images. The membrane area however, in both caadscdilapsed and had an irregular
wavy surface structure. This irregularity coulddee to the improper development of the

respective baking steps leading to stretching afidpsing of the membrane.
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The dektak images in Figure 77 show the depth lpsoéifter processing all three layers of
the device. The devices with 5s exposures for teenbmane layers had a depth of 755
um (n=4) (measured from the top layer to the midajer). Whereas the devices with a
10s exposure time for the membrane layers had th @¢®8+3 um (n=4) (measured from
the top layer to the middle layer). This variationdepth could be due to either different
exposure times and the presence of non-develosest & even over exposed resist. It
was tricky, to ensure proper development of therendevice once fabricated, the
development times would vary anywhere from 15 non2¢ hrs depending on the
exposure. The development times were so variede shre developer had to move through
the microchannels filled with non-developed SU-&whastructing the normal flow and its
removal from these channels was very slow. Thesacpeints for the developer to enter
device parts were from the inlet and outlet conmrscon the device (Figure 71 B). The
main difficulty was to ensure that all the non-clogked resist was removed from the

microchannels.
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Irlet channel

5lkg
deposits

Figure 76: Initial experiments with SU-8 device.

A) The device was developed after processing steps for layer 1: exposure of 35 sec, layer 2:
exposure of 5s and layer 3: exposure 35 sec. The image shows the membrane supporting pillars
to be intact and the porous membrane area is clear. However the membrane area appears to be
extremely wavy and slightly collapsed. B) this is the inlet channel which shows SU-8 on-
crosslinked resist residue on the edges of the inlet well and inside the microchannel. C) and D)
The device was developed after processing steps for layer 1: exposure of 35 sec, layer 2:
exposure of 5s and layer 3: exposure 35 sec. however compared to A), this is much wavier. E)
and F) The device was developed after processing steps for layer 1: exposure of 35 sec, layer 2:
exposure of 10s and layer 3: exposure 35 sec. The air bubbles seen in these images show the
presence of pores within the membrane area. However images of the samples could not properly
be captured due to excessive irregularities on the surface. (the scale bars on all samples is 0.5
mm)

158



Chapter 4: Multilayered analysis systems for epithelial cells

Figure 77: Dektak images for SU-8 devices

A) The device developed after processing steps for layer 1: exposure of 35 sec, layer 2: exposure
of 5s and layer 3: exposure 35 sec. The dektak reading for the samples was taken after all three
layers were processed. The dektak reading showed a depth of approximately 75.12 pm for this
sample. These types of samples ranged from about 75 + 5 pm (where around 10 samples were
measured). B) The device developed after processing steps for layer 1: exposure of 35 sec, layer
2: exposure of 10s and layer 3: exposure 35 sec. The dektak reading for the samples was taken
after all three layers were processed. The dektak reading showed a depth of approximately 69
pm for this sample at the deepest end. These depth of the wells was in the range of 68 + 7 um
(n=4).

In order to address the membrane irregularity ifiase structure, each of the layers was
spun, pre-baked, exposed, post baked and deveknmbdhen observed separately. The
first/bottom layer was straight-forward, a one sfaprication (same method as used to
fabricate the silicon masters for devices discussegction 2.1.1). The second, membrane
layer was more difficult to make. This layer reguirthe exposure time to be optimised (5,
7.5, 10 and 12.5s) to allow for accurate pore da&fim (depth and diameter, also that the
exposure of this layer should not influence theefalgelow). In Figure 78 the images
showed evidence of experiments performed with aye@ils and development results. A),
B) and C) were three different exposure times of7/% and 10s for their respective
membrane layers. The image in A) showed evidencthe@fmembrane and it is clearly
visible in the D) which was a close up of the meamier The membrane structure seen in
B) was slightly faint however it was marked usingplack dotted line in the image. The
exposure time being different has had an effedhermembrane and it was also evident in
the image C) where the membrane was faintly visiBlem these experiments, it was
evident that a certain exposure time for the praj@melopment of the membrane was vital.
The membrane device for second layer 5s exposweezhthe best results of the lot.
However, in all these samples there were cracksimvihe membrane areas. This could be
due to long development times, since SU-8 can dfegin to contract, therefore making it
necessary to use precise development times. Int8gasd F) showed evidence of a layer
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of overexposed parts of SU-8 layer when using aekp®sure step for the second layer.

These results help identify the problems faced watesmpting to fabricate such a device.

T T ——
tembrane area

Figure 78: SU-8 device images

A) The exposure time for the membrane layer was 5secs. The membrane area is very clear,
however it also shows the presence of cracks. These cracks could be the result of over-
development (long development times). The surface is much smoother as compared to previously
seen images (less wavy structures).B) Exposure time for the membrane layer was 7.5 sec. The
membrane area is slightly visible and in this image it is marked using a black dotted line. The
supporting pillars are seen very clearly. C) Exposure time for the membrane layer was 10 sec.
The membrane area is slightly visible and in this image it is marked using a black dotted line.
The supporting pillars are seen very clearly, however this image shows the presence of cracks
again stressing on long development times to be the cause. D) This is a magnified image of the
membrane in image A). E) and F) Exposure time for the membrane layers was 12.5 sec. The
membrane area is slightly visible but there is presence of overexposed SU-8 visible on the
surface. [A,B,C,E and F scale bar is 500 pm and scale bar for D is 100 ym]

4.4.2.2 Multilayered SU-8 cell culture device with integrated gradient

generation (Joint project with Kazeem Olayiwola)

This section discusses the possible developmeatmoicrofluidic device entirely made in

SU-8 which includes a concentration gradient deslggmnels on the top layer and a set of
five membranes in parallel (similar to the new nhajered toxicity device explained in

Section 4.1.1). This device would allow for fivefdrent experiments to be performed in
parallel on the same chip. The designs for thistifayered SU-8 gradient device were a
slight modification to the multilayered gradientacimel device discussed in previous
sections of this chapter. The fabrication techmsqaeveloped in the previous single
membrane SU-8 multilayered device (explained fromdbove section) were adopted for
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this device. Also, the idea of incorporating thadient device system (like the device
design from Figure 52) was thought to add to tHeevaf the device. Each layer had a set
of alignment markers to assist during exposur@éefremaining layers. The layer 2 (porous
membrane layer) and layer 3 (concentration gradamr) shown in Figure 79 B) and C)
respectively, would be ones needing the optimisatnethods for the exposure times and
development times. In image B) there are five psrmembranes each with either the
same pore size and the layer had outlet and inteess points to allow fluid
communication between the top and bottom layer fifral top/gradient layer, C), was
complex in its design. The concentration gradientd help separate a solution in five
different concentrations on one device. [Device atigions — serpentine channel width =
50um, cell culture well diameter = 1mm, porous memb area = 1 mMmpore diameter =

1pm, inlet/outlet connector diameter = 1mm, totalide area = 20 x 20 mm].

A

Bottom channels

Porous membranas

Access to other layers

Alignment markers

Inlet access to | [
* bottom layer

Final device

Outlet channels

Figure 79: Device design for the multilayered, mutli-cell culture well gradient system.

A) The bottom channels showing the serpentine channels bottom microchannels and the
alignment markers. This will form the first layer of the device B) The middle porous membrane
showing the five membranes in the centre. This will form the second/middle layer of the device.
C) This is the top most layer of the device which consists of the microfluidic concentration
gradient system. The Gradient generator feeds the separated solutions into their respective cell
culture wells. D) This image is a top view of the final device after being fabricated with all the
three layers.
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4.4.3 Discussion and conclusion

There are multiple challenges in photolithograpgspecially with thick SU-8 photoresists
(del Campo, 2007). Problems like under-exposurecaremon and can be difficult and
time consuming to work with. If there is not enoudh/ exposure over time to drive the
cross-linking reaction through the photoresist tfad way to the base), then it could remain
unexposed and subsequent development would renmfoeeemtire structure off the
substrate. The MA-6 (SUSS MicroTec) mask alignehsenJWNC has a lamp and imaging
system that transmits 7.1 mW/eno the resist/substrate. In order to expose thistran
optimum time for exposure is important. Therefas,the 1 and 3 layer of the device
had a different thickness from th& 2ayer these would need different exposure timas th
needed to be optimised individually. Another chadle encountered was the aligning of
the 29 39 layer mask to the underlying features this wasalatpossible SU-8 was
transparent over high aspect ration structure (3@0®, Mata 2006, Lopez-Romero 2010).
If the photoresist is thick, it may not be possitdeachieve conformity between the mask
and substrate due to edge beading; this couldrafgt in the resist to stick to the mask
after exposure. An additional concern when workinip SU-8 was its propensity to form
an uneven surface if it failed to wet the substsatéace properly. As mentioned above due
to the need for alignment the substrates needbd extremely even which was not always
possible as the non homogenous resists surfacelbecesn uneven surfaces which made
alignment and conformity to masks difficult leadirig uneven exposure patterns.
Homogeneous and stable coatings were determingldebsubstrate surface energy. Being
an organic material, SU-8 is rather hydrophobiontact angle of cured resin 73°), and
therefore has difficulties in wetting hydrophilisarganic substrates, like oxidized silicon
wafers, or oxidized glass slides. However, wwetting can be improved by applying
commercial primergo the substrate before spin coating SU-8. Primike, HMDS
(hexamethyldisilazane), (OmniCoat from Microchent.)n are low molecular weight
organic substances which either strongly adsoneact with the wafer surface forming a
thin layer with lower surface energy which can tihenwetted by SU-8 (del Campo 2007,
Sato 2006, Mata 2006, Keller 2008, MicroChem. Bditeet). Soft baking is again another
vital step since it helps to remove the solvent praimotes good adhesion between the
substrate and resist. It is typically performedpsggressive heating the SU-8 film up to
95°C on a leveled hotplate. Higher soft-bake temjpees (T > 130 °C) may initiate
thermal cross-linking even if photoactivation haut teken place. Lower temperatures or
short times leave resist films with a high solveeintent which will evaporate and

therefore generate high film stress during posbexpe baking. Therefore, it was
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necessary to optimise the soft/pre-exposure bakestifor each device layer (MicroChem.
Data sheet, del Campo 2007, Mata 2006).

4.5 Conclusion

In this chapter the focus was mainly on the integnaof the different parts of the
multilayered microfluidic toxicity testing devicdhe various parts of this device were
developed through the course of this thesis, whiehe A) the silicon nitride membranes
chips (from Chapter 3) designed to bear five adjacétride membranes and the TEER
analysing electrodes. B) The microfluidic devickattwere of two kind, the top gradient
device and the bottom microchannels with no gradifinere the top gradient device was
fabricated from a design adopted from the gradmeatlel mixer from Chapter 2. C) The
cell culture conditions within the ‘static conditiosilicon nitride membranes and ‘flow
conditions’ single multilayered devices, revealbdttthese cells could be used with the
integrated system (Chapter 3). When the multilegdesting device was put together, it
showed some considerable problems, however there s@ne relative results with the
effective monolayer measurements with TEER thatccoarrelate to the static conditions
from Chapter 2. Not all the wells showed TEER measents, but the ones that did show
values were found to be in the range measured stdic conditions of 20%cn?. The
wells that mainly could not be read normally hads daubbles that restricted the
measurement of TEER. This integrated device hapakential to work, however, without
a solution for bubble elimination it becomes aidifft task to measure all five channels

On the other application parts discussed in thigp@dr, the use of the top gradient channel
developed for the integrated device was also useal standalone device. This standalone
device gave an idea of gradient development withendevice. With the help of FITC-
dextrans the gradient profile could be generatedbetter understand the working and
significance of the mixer. This presented the ofpoty to develop parallel projects. One
such project mentioned here was with using badtspecies oP. aeruginosaThis would
help analyse cell monolayer responses to an indgitient of bacterial infections. Once
this was achieved, the bacterial species couldskd in conjunction with the multilayered
TEER measuring device to test its influence onttjghctions of Calu-3 cells. The other
project discussed here was the SU-8 device dewliopihe attempt to develop functional
multilayered devices to study toxicity. The SU-8 mimane devices gave an insight
towards a completely sealed disposable device aedta@ the unique properties of SU-8

having chemically stable structure provide a pabfilinto a wide range of applications.
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5 Final discussion

In order to develop the multilayered microfluidiewice the different device parts were
tested as ‘stand alone’ projects. The single agdluce microfluidic device, discussed in
Chapter 2, was designed to form the top and boftarh of the multilayered membrane
device and was tested as a standalone device @r todptimise cell culture conditions
and flow regimes within these devices. The micidftu channels were fabricated in
PDMS, this material was commonly used for fabrimgtmicrofluidic channels (McDonald
2000). PDMS gained importance in microfluidics dodts long-term stability with several
solutions used for cell culture (Klammer 2006, KaR006). It was also compatible to a
certain extent to some commonly used solventsexample 70% ethanol etc (Lee 2003),
commonly used for substrate sterilisation befork cealture. One of the properties of
PDMS that made it attractive for use with cell aut systems was its gas permeability
(Mark 2005, Kallio 2006, Pinnau 2004). The transbérgases through the system was
good for long-term cultures inside the devices. Tdifterent cell lines (Calu-3 and hTert
cells) were successfully cultured within these desiover prolonged periods of time (6-8
days, depending on the cell type.) The hTert fitastocells reach confluence much earlier
than the Calu-3 cells. However, the culture timethe Calu-3 cells was much longer and
these cells needed frequent replenishment of eultmedium. Many studies have
demonstrated microfluidic devices for the use ag lterm cell culture devices where the
authors developed valuable insights on culturirftedint cell types, also suggesting that
the fluid flow inside microchannels applies shdegss to the cells (Yeon 2007, Li N 2003,
Leclerc 2004, Lee PJ 2009, Park 2003). When dealiitly long-term cultures several
parameters had to be considered in order to impeeltesurvival and proliferation within
the microchannels. For example, sterile workingditoons inside microchannels, the
sufficient supply of nutrients and gases to cefld aost of all favourable conditions of
flow, such that cells are exposed to a minimum arhof shear stress. This fluid motion
was however necessary for replenishment of nugriantl waste removal. Shear stress is
experienced by cells when a tangential force swcfiuid shear was applied across their
surface; optimum- or limiting shear stress valuesdifferent for different cell types (Lu
2004, White 2007, Korin 2007, 2009, Frangos 1988 Chapter 2, the single cell culture
device used for maintaining hTert fibroblast andu€acells, had a calculated shear stress
value of 1.2 mPa inside the cell culture well regidhe shear stress calculated for the inlet
and outlet channels however, was about 30mPa. Tdmsees had favourable conditions
for cell culture over long periods of time, in titerature a shear stress within microfluidic

channels of 5-20 mPa is deemed suitable for cellivgal and proliferation (Korin 2007).
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In a first investigation Calu-3 cells were testedd$urvival under a shear stress of 0.6 - 1.2
mPa (0.5 — 1 pl/min flow rate) within the singldl @ailture well devices. Calu-3 cells were
chosen as a model for the lung epithelium, becatiieeir barrier forming properties, and
their prominent use as such a model (Matilainen72@eys 2006, Florea 2003, Foster
2000, Grainger 2006, Fiegel 2003, Mathia 2002).

Impedance measurements on living tissues andtwelis seen vast advancements in recent
years where miniaturised systems have gained irmupcet Miniaturised systems decrease
the amount of test solutions used, reduce readiioes, allow for batch fabrication
processes, and it is also possibile to integraetetal and optical measurement systems,
allowing to perform several experiments in para{lliroux 2002, Dittrich 2006, Puleo
2007). In an attempt to miniaturise an impedancasuement system, where the aurhtors
studied the increase in resistance signal due ltocoeerage over time, Wegener et al
(1996) developed a system to measure the resistainepithelial cell monolayers that
were cultured on glass slides with gold electro@etls were allowed to grow on these
electrode surfaces). Some other devices, whereefistance of cell coverage over time
was measured over porous membrane surfaces, deddiotudy the barrier properties of
epithelial and endothelial tissue were also intargsin their approach where they used
Transwell polymer membranes (Huh 2007, Kimura 2@B&nes 2007). Huh et al. (2007)
presented a device that studied an injury induaeduag epithelial cells by using fluid
mechanical stresses. Their device showed the apiedl basal microfluidic channels
(fabricated in PDMS) that were separated by a prpolyester membrane and lung
epithelial cell monolayers (SAECs — primary humarall airway epithelial cells), shown
in Figure 80, A. They induced a mechanical strasshese cell monolayers using an air
plug to exert the force. This device discussedatheay crackling effects and reopening on
chip that closely mimicked true physiological ss&s in respiratory crackling created due
to airway barrier damage (due to mechanical inguoe lung disorders). The paper by
Kimura et al. (2008) used transportation assayedbthe difference in distribution of the
fluorescent dye between the apical and basal tgities of the device and analysing these
using optical sensors. (Figure 80 B) shows thescsestional view and a real size image of
the device). The device was fabricated using PDM8mbers and a semipermeable
polyester membrane sandwiched between these twobgra. They used human intestine
derived Caco-2 cells for their experiments and ys®al the transportation of fluorescent
dye (rhodamine 123) through these cells. (Wegdr896).
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Figure 80: Examples of devices for epithelial studies

A) This device developed by Huh et al (2007) to study the mechanical force effects of air plugs
inside a microfluidic device. B) This device was developed by Kimura et al (2008) which show a
very unique micro pump system to drive the perfusion channels within a microfluidic device. It
mainly discusses transportation assays across epithelial barriers. C) Schematic cross-section
showing the three levels of the basic modular tissue measurement structure developed by
Hediger et al. D) This is a photograph of the microsystem developed by Herdiger et al. [Pictures
C) and D) were obtained from PhD thesis of Serge Herdiger (2000)

Hediger et al. developed a bio-microsystem to témt characteristics of TEER

measurements for epithelial cell monolyers. Figd@eC) Their device consisted of an
assembly of three different layers; 1) The firstele(starting from the bottom) was an
assembly of a float glass wafer on top and a machZhmm thick polycarbonate plate, that
formed the bottom channel of the device. Silver)(Adcro-patterned electrodes that were
previously deposited on a float glass wafer forntiieel current electrode - 11 and the
concentric voltage electrode - V1. 2) The seconeélléniddle section) of the device was
composed of two moulded PDMS layers on either sales nano-porous polycarbonate
membrane glued in between them. The diameter afuhere sites was 1 mm. 3) The third
level (the top, cell seeding section) was similarthe first one with two concentric

electrodes 12 and V2. The picture of this devicdrigure 80 D) shows that it had four
identical cell culture wells on one modular measwrt device. This allowed a maximum

of four experiments to be run in parallel. Similarthe device presented by Hediger et al.
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(2002), the device explained in Chapter 4 usedagilinitride porous membranes (instead
of the polycarbonate membranes used by Hedigeidanbe cell culture device system
and the modular measurement device had the capaluliperform five experiments in
parallel. Silicon nitride membranes used for caldgy and DNA technology have shown
to have certain promise through literature (Ha2@3, Ma 2005, Zhang 2008, Fissell
2006). The main plus point of silicon nitride memues was that their thickness and pore
sizes could be altered according to the requirgdiGgiion (Ekkels 2003, Popa 2009, Bal
2009, Yemini 2009, Leen 2008). Silicon nitride meartes used in Chapter 3 and 4, were
only 500 nm thick and the pore diameters rangeth flopum. Their thickness was most
important since the study of cell monolayer invalvigansport mechanisms and tight
junctions using lung epithelial cells. The primduyction of lungs involves gas exchange
but at the same time it has to function as a pteetayer that has as an objective not to
allow any harmful environmental agents to enterldbdy. The barrier function usually is
monitored by a thin epithelial cell lining of alMeo cells (Gardner 1993, Cohen 1975,
Hermans 1999). These barrier epithelial thicknesseg from animal to animal, where in
most mammals it is in the range of 0.62 um up toudld.2 um (Meban 1980, Weible
1964). Therefore when attempting to model the uséhim membranes (500nm) like
silicon nitride membranes, had proven to be a ligetl. These membranes would allow
good cell conformation to substrates and providegtipe solute transport studies and
epithelial resistance measurements. Also the tbmé the membranes meant that there
would be less hinderance of the translocating @edi between thetop and bottom
compartments separated by the membranes. Meanatgthke measured translocated
material can afford to neglect the presence ofthile membranes and hence resultant
translocation of test particles would be mainly elggant on the monolayer of cells and
diffusion or active transport through the cell meantes.

Silicon nitride membranes, used as base substateflular membrane studies, are often
compared to the conventional polymer Transwell nraimds used to test cell layer TEER
values and transport of FITC-dextran moleculesughocell monolayers. Zhang et al.
(2008) for example presented work using rat derivggatocyte (harvested from Wistar rat
liver) cells on top of silicon nitride membrane$ieBe membranes (pore diameter 20 um,
thickness of membranes 1.5 pm) were compared tagesl coated polycarbonate (PC)
membranes bearing the same porosity. They usedicansinitride sandwich culture
method, the cells were initially maintained fori24 on a galactose/collagen coated silicon
nitride membrane and then a second substrate mamifsdicon nitride) was placed on

top of the first substrate. FITC-labelled dextraartigles were then used to test for
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leakiness and mass transport through the cell mgadd, showing that smaller sized
particles translocated easily through the membradnemother study presented by Ma et al
(2005), which involved a co-culture of endothetialls and astrocytes utilised the silicon
nitride membrane substrates as a means to modebltusl-brain barrier (this work
involved smaller dimensions of pores ranging froppraximately 270 to 700 nm and a
thickness of 1um). These silicon nitride membramege coated with collagen to promote
cell adhesion and compared in working with poly&thg teraphthalate (PET). The unique
part about their system was that they had usedilpim) silicon nitride membranes for the
co-culture, they also incorporated a TEER measunesystem on their device holder to
analyse the integrity of their endothelial and @sjte co-cultures. They reported TEER
values for endothelial cells and astrocytes wergedow compared to co-culture TEER
values of 200-80@xcn?. In contrast to some of the work reported herér tlygperiments
were performed under static conditions. Similathiese examples stated here, experiments
carried out under static conditions were reportedChapter 3. The silicon nitride
membranes used here were also coated in collagen wid produce the best results in
terms of the calculated percentage confluency aedTEER measurement systems also
tested under static conditions, revealed a verli RIBER. However, due to differences in
cell types between the experiments reported by Mal €2005), their results cannot be
directly compared. Therefore, a comparison wasvddrirom the TEER experiments for
the polymer membranes showing results with Calelds drom papers by Geys et al
(2006, 2007), Foster et al (2000), Rotoli et alO@Q Fiegel et al (2003) and Mathia et al
(2002). The afore mentioned authors have shown @et-3 cultured on transwell
polymer supports reached different TEER values @sponse to changes in various
parameters such as: culture medium, percent of @®% and 2%) and intrusion of

nanoparticles on monolayers.

Geys et al (2007) compared certain culture conustiosing different FBS concentrations
in the culture medium (DMEM) with Calu-3 cells. fhehowed that the TEER decreased
with decreasing concentrations of FBS, so whengu&dfo FBS the TEER values were
949+182Qcn¥ (on 0.4 pm diameter membrane pores) and 50085 (on 3.0 pm
diameter membrane pores). In her earlier paper &egt (2006) paper also showed that
the TEER values for Calu-3 cells on 3.0 pm poreasueed to be 404+8Qcn? for 10%
FBS. Compared to their results the TEER valuesimédahere on similar Transwell
membranes (see Chapter 3) were lower on the sn&@r12Qcn? (on 0.4 pm pores) and
higher on the larger pores 606€2n7 (on 3.0 um pores). These differences could be due

to the culture conditions: cells were seed at atmower density of 0.1 x £&ells/cnf and
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because a higher concentration of FBS (15 %) wasl uis the culture medium. An
additional difference was that the cell culture rmedused was here was EMEM medium
instead of DMEM (EMEM was the recommended mediumtfese cells bought from
ATCC-LGC, Promochem). Also the TEER reported heya Transwell 0.4 and u3n
diameter) was slightly higher compared with thig ather papers, Florea et al (2003) and
Foster et al (2000) used the same seeding denisittesd% FBS in DMEM got about 400
— 600QcnT). This suggested that an increase in the percert§BS to 15% and use of
the preferred EMEM medium had an effect on the TizEBRes.

On silicon nitride membranes (Chapter 3), Calu-lBsogere maintained under the same
culture conditions as mentioned above for the Twatlsmembrane supports (using
EMEM medium and 15% FBS). The results for theseegrpents showed a good deal of
proliferation and growth. These culture conditidns Calu-3 cells along with collagen
coated silicon nitride membranes gave values, whiehe about 20 ®cn?. For these
experiments the use of EDTA/versine buffer was annted as an easy and quick way to
disrupt the tight junctions formed between adjateefis. This versine buffer worked well
as a positive control solution and the high TEERuaed during the experiments fell
rapidly (within minutes of adding the solution teetcell cultures). This showed that the
specially designed TEER setup for the silicon dé@rimembrane devices was in fact
measuring the TEER of the cell monolayers. The &iiom of tight monolayers were also
confirmed when using translocation experiments,hwstlicon nitride membrane and
polymer Transwell membranes, the FITC- dextranigdaeg (mol.wt of 4, 70, 500, and
2000 kDa) showed a much higher percentage of @iffukextran molecules on the polymer
membranes than that compared to silicon nitride brames. These comparative results
helped to identify the potential for silicon nittdnembranes with Calu-3 cells as tool for
studying translocation and TEER. However, all thesperiments were performed under
static (no continuous fluid flow) conditions anctthext step was to integrate the different
components of the final multilayered device (fival culture multilayered device). Most
of the devices described throughout the literatuge Kimura et al (2004), Herdiger et al
(2002) and Huh et al (2007), had concentrated enpibssibility of performing single
experiments using their devices. Hung et al (2@0Byented their work where they used

an array of cell culture wells allowing drug scrimgnat different dilutions one device.

Chapter 4 presented the possibility of performing fdifferent experiments in parallel
along with a gradient generator to develop differditutions of the test materials. The
application of the top fluidic gradient layer wasnibnstrated using coloured dyes and
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FITC-dextran molecules. The aim of using such aligrd device was to automatically
generate a series of dilute concentrations of aalysn or solute, creating four
concentrations and a control. These would therubanaatically introduced into to the five
cell culture wells in the device. This device wasigned using information from literature
on microfluidic gradient models (Dertinger 20010d&€000). Starting off with the devices
described in the papers by Dertinger et al. (20819 Jeon et al (2000), a 7 row
concentration gradient generator was designed,eiing@hted and used to understand the
workings of such devices. In collaboration with Ksstin Kirchoff, this gradient design
was used to create pH gradients across the widenehalhe main purpose for this device
was twofold: firstly, it was intended that serialutions of test solutes in a defined,
reliable, and predictable way would be developedgusuch a serpentine device. At the
same time, this device was used to generate gtadadnpH for layer-by-layer (LbL)
deposition of molecules to study cell haptotaximifar microfluidic devices were used in
the study of cell chemotaxis. The large gradiemegator was the appropriate tool to apply
pH sensitive LbL layers onto poly-ethylene-imide dified glass following the general
techniques laid out by (Kirchhof 2008, Kirchhof 2)0The principle followed here was to
first adopt a design from a successful publicaiod then modify it in order to apply it to
other areas of research. (Agrawal 2008, Lin 2066n2002, Gunawan 2006). The design
was such that the gradient channel was 900um widesaveral millimeters long such that
cells migrating on such a substrate could be oleskewithin the broad channels. Following
these structures, the top gradient device in Chapteas structured in a way that the

gradient profile could be viewed under one field/igfw upto 20 x magnification.

The successful working of the top gradient genersbmwed that the dilutions could be

achieved within the top/gradient device. The ddos developed using flow rates between
0.5 and 1 pl/min on the devices with the 2000kD&(~textran molecule solutions. The

percentage of dye intensities calculated in ea@nmdl was quite close to the expected
values of dilution. However, in many of the chasnile intensity profiles were not flat,

which meant that the mixing was incomplete. Thigldde due to secondary mixing that
resulted from lateral leakage through the chartmal interconnected the cell culture wells
and had been intended for cell seeding. When teuads are to be mixed or diluted using
microfluidic devices, the length of the mixing chafs needs to be of a certain minimum
length which is dependant on the diffusion coediintiof the test material, the flow rate and
the lateral dimensions of the channel. In a ‘“T'@ddhchannel the diffusion profile starts at
the point at which the two channels meet, if thsswompared to the profile that had

formed by diffusion at the end of the channel, tinge for diffusion was given by the
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distance along the channel, if the velocity ofdluvas known (Kamholz 1999). Through
this relation the diffusion coefficient of the teshterial dissolved in the buffer could be
calculated (buffer was cell culture medium). Whiee dliffusion coefficient in some cases
was known then the relation between the diffusioefficients and time was used, through
this the required length for mixing was also catedl. In the case of serpentine channels
the diffusion profile was more complex since theere points at which the channels ‘met-
then split-then met’ with other parallel channeBeftinger 2001, Jeon 2000). The
top/gradient device described in detail in Chapteconsisted serpentine channels and
serpentine connector channels. It was importamhtxk whether each of these channels
allowed for the respective concentrations, formedHRITC-dextran, to get mixed before
reaching the end of each serpentine. Each sergeciiannel was 6 cm in length and the
distance required for mixing when calculated foximg the FITC-dextran 2000kDa (54
nm diameter) was approximately 0.2 mm (at a flote @af 1 pl/min) (see Appendices).
Therefore, the length of each channel should haenhbmore than sufficient for the
2000kDa FITC-dextran molecule to be mixed evenkpss the channel crossection at the
end of the channel. However, the intentions offlegect were to be able to use the mixer
device with a wide range of nanoparticles and #goent molecules. Because
nanoparticles have in general a larger hydrodynahaimeter the top/gradient device was
“overdesigned” with channels that were long enotmlallow for diffusive mixing of a

large range of solutes and even particles.

On forming the different concentrations using therpentine channels within the
top/gradient device, the concentrations were ta fleav into five cell culture wells. The
cell culture wells allowed five cell experiments be performed in parallel and under
different induced by the previously establishedasmtrations of the test solutes. The cell
culture wells were connected to each other vidlaseeding channel that ran perpendicular
to these. During cell seeding, the fluid flow thgbuthe gradient generating serpentine
channels was stopped and thus blocked preventipngelts from entering the serpentine
channels. This reduced the clogging of channelsdilg and gradient disruption within
these. Cells were maintained using the serpentirels as the medium perfusion
channels. Comparing this model to the one develdyyeHung et al. (2005), their device
was unique in terms of its fabrication and also bhanof experiments that could be done in
parallel. Their device was equipped to perform &G ®f experiments within one device.
They had an integrated gradient system, but mostastingly, their device had a chain of
cell culture wells parallel to the gradient andeagendicular perfusion system that was at a

different height in the chamber. This meant thatgkrfusion channels would not interfere
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with the cell seeding or the gradient generatibtowever, these perfusion channels were
connected between all the cell culture wells, whizkant that there was some cross talk
expected between the adjacent cell culture weilnil&ly, in the top/gradient device,
mentioned before, had seeding channels that wepepadicular to the gradient and passed
through all the cell culture channels. This mednatt tthere was cross talk between the
adjacent cell culture channels. However, in thedg@uient device from Chapter 4, the
gradient was disrupted in the top/gradient devibemwobserved. The observation channels
showed that the mixing was incomplete in some chbnrt was thought that there was
either cross talk between the different cell c@turells or that the outlet channels lengths
had different flow resistance due to varied lengthewever, when observing the entire
device the fluid tended to flow towards the chasneith least resistance (when the
seeding inlet and outlet connectors were pluggedgn after the outlet channel lengths
were adjusted to be of the same length, there wilas@ne incomplete mixing observed
within some of the channels at flow rates betweénabd 1 pl/min. However, at slightly
lower flow rates of 0.025 — 0.25 pl/min the miximgais complete and the peaks of the
graphs were homogeneous, but the relative condemsaobserved were slightly off
compared to the calculated dilution ratios. Thiseskation illustrated that the seeding
channels were the root cause for mixing disrupéisrihis allowed the fluid from adjacent
cell culture wells to towards adjacent outlet chedanThis would mean that future device
required different design for the seeding channétese seeding channels could either be
removed completely and cells seeded through thketocihannels (trying to avoid any
clogging of the serpentine channels) or by incaapog another layer that had the seeding

channel, but this would include an extra fabricattep.

The integration of the multilayered device includéd the working of the integrated
multilayered device was the single well cell cudtwystem. These devices had a success
rate (initial fabrication, assembly, fluidic contiea, cell seeding and growth), of about
60%.when used with the new device holder desigme. rBsults in Chapter 2 showed the
percentage of confluence to be almost 80% after3ayd meaning that most of these
devices reached a 100% confluence at day 5/6, wked with Calu-3 cells. The only
element missing in this device was the ability teasure the TEER across the membrane
and cell monolayers inside the device. The TEERgu#ie single cell culture system was
setup only for static conditions. However, the TEmBRasurement electrodes were
incorporated into the multilayered multiple cellltove well device (the top/gradient
microfluidic device, silicon nitride membranes, G& cells and electrodes for TEER).

The results with the multilayered multiple chanmedll device revealed a slightly low
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success rate when using Calu-3 cells. Howevergtiverre a few measurements of TEER
that were available, showing either 1 or 2 wells @iufive having a high measurement of
TEER. The main reasons this, being that the fllddvfinside this device was often

disrupted with the formation of gas bubbles andias extremely challenging to remove
them from the cell culture wells. There were maagtdrs that could have affected the
TEER within the device explained in literature Bsxample with changes in temperature,
cell- substrate interactions, air bubbles, etc §Esr2002, Eley 2002, Lo 1999). The
intention was to use the multilayered 5 well defmrethe continuous analysis of epithelial
cell health under the influence of toxins such asaparticles, heavy metals, etc. Due to
gas bubbles, the device was used to analyse th&R TiE the next step was to be the

introduction of toxic and non-toxic nanoparticles &nalysis.

There are several toxicity testing devices seemutjin the literature (Bang 2004,
Viravaidya 2004, Sin 2004, McAuliffe 2008, Frampt@008, Diao 2008, Ahn 1998).
These devices were however quite different from fihal multilayered multiple cell
culture well device discussed here. Most of theedudifferent principles and had varied
mechanisms to evaluate the toxicity of test materiaome of these devices used hydrogel
matrices (using ECM protein based gels) inside khiells were maintained for long
culture periods and are often used for cell paittgrmnd chemotactic cell experiments
(Cushing 2007, Meuwly 2007, Prestwich 2008). Theeotdifference with these devices
was that they did not require TEER as a measuresystém. These devices were used in
conjunction with cytotoxicity assays, LIVE/DEAD stang assays, etc, to test for cell
responses. These are cell toxicity assays thatldmilused to test the toxic effects on cells
and required another kind of assay to asses tHthtw#dhese cells prior to inclusion of the
toxins (for example a Glucose or lactic acid asgayinclusion of such a system had been
presented by Sin et al (2004), where they incotpdran oxygen detector to monitor the
health of cells inside the microchannels. A TEERdohsystems had been included in the
multiple cell culture well device discussed in Cteaig!l, which allowed to test the integrity
of the cellular monolayers. This meant that celisld be monitored over time when inside
the device and when put under an induced toxiccetfeey would reveal changes in the
measurements. Therefore, the TEER based devicd agtilas a method of evaluating the
effects on epithelial cell barriers when inducedtbyic materials, solutions, etc within

separate cell culture wells of the device in a lparstudy.
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Future Work

The intentions for the final multilayered devicerei¢o detect several different types of
engineered nanoparticles of known toxic effect émcevaluate their toxicity using the
TEER measurements. Since this PhD was a part oN#moSafe2 project, which was a
European funded project and it was structured twige innovative ideas for better and
safer methods handling nanoparticles and nanoraléNanoSafe2 2005-2009). The field
of nanotechnology has been rapidly developing dred groduction of new engineered
nanoparticles have found benefits in several aversueh as medicine, energy supply,
environment, etc (Sperling 2008, Silva 2005, SB@@4, Sharma 2006, Salata 2007, Salata
2004, Paull 2003, Hoet 2004, Heath 2008, Freita@35R0Worldwide estimates for the
growth of nanoparticles suggest that there would peobable market of 700- 1000 billion
Euro by the end of 2011 (NanoSafe2, 2005-2009). ¢d@w the potential side effects of
the particles produced and released by this ingast yet poorly understood (Hoet 2004,
Stone 2007, Oberdorster 2007, Stone 2006).

Another attractive area would be to develop antailiquid’ (ATL) interface rather than
the current ‘liquid to liquid’ (LTL) interface. Théung epithelia under physiological
conditions are in an ATL interface at the alveotagions, at the air blood barrier.
Therefore this sort of system could be interestimgen attempting to mimic the
physiological conditions of the lung cells (Grain@®06) and a membrane system such as
this would be handy for toxicity testing.

Other future plans for this project were in facingeworked on and were also explained in
Chapter 4. The idea of using a bacterial spedes¢ruginosawith the Calu-3 cells and
incorporated with the multilayered device for tegtivas one such avenue for the . Due to
the presence of the CFTR receptor in Calu-3 c#llsy were often used in conjunction
with these bacteria. In CF patients are vulnerdablsuch bacterial species since these
patients show a loss of mucocilliary activity. Irhieh case the mucus dries up on the
epithelium and forms plaque like structures. Th@ague help bacterial species to colonise
and rapidly proliferate, forming a protective biofi which is resistant to several
antibiotics, hence resulting in chronic lung infens (eg pneumonia). These bacterial
species could be used in conjunction with out d=daad Calu-3 cells, in order to test
effects on the tight junction protein disruptioro (¢vade macrophage involvement in
physiological conditions) and disrupt cellular tighnctions (de Kerchove 2008, Jacob
2002, Vikstroma 2009, Saavedra 2002). It was thotlgit using this kind of multilayered
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device and TEER system could also give a relateiwéen Calu-3 cells arfél aeruginosa
under the influence of antibiotic solutions and giru Hence be used as a drug
implementation and testing device for patients wayfctic fibrosis (B. Goldberg 2000,
Moreau-Marquis 2008, Gomez 2007).
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6 Appendices

Device holder designs diagrams

In some cases the bonding strength was not suffictberefore external pressure was
applied to press the device and substrate togdthassist this process device holders were
designed. The device holders were machined in teehanical workshop according to
specifications. The designs were prepared using Géfbware, and each designed for a
specific application. Glass slides (which are ndlynased for cell stainig and imaging)
were used to evenly apply pressure had holesdiil@rder to allow access for the fluidic
connectors. The burs needed to drill the holes warehased from Diama Int. (500 series
diamond burs; 545, 544, 525 and 522). Figure 84 diwvice clamp shown here could be
used with a number of different device types, havev was not ideal when using the
multilayered single cell culture devices (with athvaut silicon nitride membrane. For that
reason a different clamp shown in Figure 82, wasdusxclusively for the single
multilayered silicon nitride membrane device. THiegle device clamps were also quite
bulky and often posed problems with rusty screvispamproper sealing to the outer parts
of the PDMS devices and hence resulting in theksra@ar the inlet outlet connections
causing leakages. Therefore, new plastic devicepdawere prepared from plexi-glass
slabs shown in Figure 83. These were designed thiattthe PDMS multilayered devices
would fit perfectly well inside the clamp. Also.elentire device was clamped down using
bulldog clamps. This proved to be a much bettanpsebmpared to the older aluminium
device clamps. Finally, Figure 84 shows the decieenp used for the final multilayered
multiple channel silicon nitride membrane deviceduto test the TEER. The device clamp
wasdesigned such that each of the electrodes cmmsemuld perfectly screw onto the
clamp such that they would be aligned with the tebeles on the chip. The device clamp
had glass slides (Figure 84, C) to provide supportl sturdiness to the PDMS

microchannels when clamped together.
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Holes drilled through the glass
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Figure 81: First clamp design: Aluminium and PTFE.

Holes drilled through glass slides using Diama dental burs. Holes were drilled into the glass slides
to correctly fit above the A) T-junction microfluidic device, B) Y-shaped layout, C) concentration
gradient generator and D) single cell culture well system. For the single culture well system the
device holder was useful since it was possible to fit a maximum of 3 devices together. The
device holder was designed at the C.C.E and machined in the mechanical workshop, University of
Glasgow, James Watt bld. E) this shows the top view of the upper piece of the holder . F) this
shows the top view of the bottom piece of the holder. G) This is an image of the holder being
used with the devices inside it. The device holder could hold different types of devices.
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Figure 82: device clamp: Aluminium and PTFE.
(Designed at the C.C.E and machined in the mechanical workshop, University of Glasgow, James

Watt Bldg.) A) This is the top PTFE part of the holder. B) this is the bottom part of the holder
device which shows the recess area (grey) where the device would fit. C) this shows the bottom
view of the holder. D) This is the device Holder shown with the device showing the inlet and

outlet channels.
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Figure 83: The new device holder prepared to hold the single cell culture device

A) Shows the top view of the top part of the device holder, B) Shows the bottom part of the
holder and the recess for the device to fit into. C) This shows the bottom view of the device
holder. D) this device clamp can be used with the bulldog clamps and the inlet outlet silicone
tubing connectors (meant to give the inlet/outlet connector tubing some rigidity).
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Figure 84: Final device holders for the toxicity device setup.

A) Design in represented in 3D B) Device holder scheme and all measurements are in mm C)
Dimensions of the glass slides that support the device inside the holder. D) Dimensions of the
electrode holders. E) and F) are the electrical contacts used to measure TEER inside the device.
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Flow rate Velocities Shear stress (mPa)

(pun!p) Q mm/sec

pl/min
Inlet/outlet Cell culture Inlet/outlet Cell culture
channels chamber channels chamber

0.5 0.048 0.2x103 15 0.6

1 0.096 0.4x 103 30 1.2

2 0.19 0.8x 103 59 2.3

5 0.48 2x10°3 147 5.8

10 0.96 4x10°3 295 11.8

Table 11: Shear stress calculations for the single cell culture device

p:

viscosity = 0.0074 g/cm, 5ml syringe diameter (BD scientific) = 12.06 mm, length of

inlet/outlet channels (l;;,) = 4 mm; height of channels = 0.112 mm; width of channels (w;,,) = 0.2
mm; Cell chamber radius (r) = 2.5 mm; height of channel (h) = 0.112 mm; volume of chamber.
These calculations were done using equation - 3 and 4.

Flow rate | Velocities Shear stress (mPa)

g)pu;?/':)ﬁn mm/sec
Cell culture Each serpentine | Cell culture Each serpentine
chamber channel chamber channel

0.5 1.1x 107 3.2x10° 7 125

1 2.2x10° 6.5x 107 14 251

2 4.4x10° 13x 107 28 502

5 11 x 107 32x10° 71 1255

10 22x 107 65 x 107 143 2511

Table 12: Shear stress calculations for the multiwell channel device

p:

viscosity = 0.0074 g/cm, 5ml syringe diameter (BD scientific) = 12.06 mm, length of

serpentine channel lenght (l;,,) = 6 cm; width of serpentine channels (w;,,) = 0.050 mm; Cell
chamber radius (r) = 1.75 mm; height of channel (h) = 0.058 mm; These calculations were done
using equation - 3 and 4.
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FITC-dextran MW
(kDa)

Stokes radius
(nm)

Diffusion coefficients (Dcoerr) at 37°C (cm?s™'x 10 )

37°C (Xu, (using equation 3 from Chapter 1)
2001)
37°C 22°C
4 1.4 6.9 7.1 4.2
70 6 1.9 1.91 1.13
500 14.5 0.6 0.78 0.46
2000 27 0.4 0.42 0.25

Table 13: Diffusion coefficients of the dextran particles
The values given by Xu et al, (2001) were used to compare the calculated values from the
diffusion eqution in Chapter 1 and compared at different temperatures. Calculation were done
using the Diffusion equations (equation - 6)
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