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ABSTRACT

Norm al and m alignant cell m igration represents a fundam entally im portant process 

involved in tissue growth and developm ent, inflam m ation and cancer m etastasis. 

Leukocyte trafficking from blood into tissues is currently described as a m ulti-step 

process that involves initial tethering and rolling, firm adhesion, polarisation and 

subsequently active locom.otion through the vascular endothelium . A specialized 

leukocyte population com prising T lym phocytes and involved in cell-m ediated im m unity 

has a m ajor impact on the overall efficiency o f  host defence. A num ber o f factors have 

been previously reported to contribute to the success o f  directed T cell m igration tow ards 

effector sites in tissues and organs. These physiological variables include expression o f  

specific cell surface receptor repertoire, chem oattractants and extracellular m atrix 

com position providing both natural m igration barriers and tissue-specific 

m icroenvironm ent architecture.

In this thesis we have tested the hypothesis that m igration o f  different T cell types 

could be influenced by specific topographical geom etry o f  the substrate as one o f  the 

contributing m icroenvironm ental factors. Therefore, the objective o f  this study w as to 

quantify the extent o f  difference in the locom otory response o f  m alignant cells (H U T78 T 

lym phom a cell line) and norm al peripheral blood T lym phocyte cells (PBTL) to 

m icrofabricated surfaces with distinctive custom -produced topographical patterns.

Tw o different surface topographies were im plem ented to com pare the m igratory 

behaviour o f  these two T cell types under equivalent surface treatm ent and coating 

conditions. These topographical cues were: (i) flat and (ii) m icrogrooved substrates. 

Furtherm ore, different cell concentrations w ere also em ployed on the sam e 

m icroenvironm ents to investigate the contributory effect o f  cell-cell interactions. Finally, 

quantitative differences in locom otory behaviour betw een m alignant HU T78 and norm al 

PBTL cells were calculated utilising a developed theoretical m odel for tw o-dim ensional
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cell m igration. The results dem onstrate that the HUT78 lym phom a cells have a 

significant tendency to be m ore diffusive than the PBTL cells when m igrating on 

topographical surface. By contrast, PBTL cells w ere faster and m ore diffusive than 

HUT78 cells on the flat substrates. Sim ilar results were also found for the tw o cell 

concentrations exam ined, although cell-cell interactions were biasing the m igratory 

response.

The main conclusion o f  this study is that the two distinctive T cell types investigated 

do align and m igrate differently on the topographically  m odified surfaces to which they 

are exposed and this has been verified by quantitative analysis.
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NOMENCLATURE

Roman symbols

A angle o f alignment (0-44°)

B angle o f alignment (45-90°)

D diffusion constant

D* diffusion experimental value

P persistence

P* persistence experimental value

R diffusion coefficient

S  cell speed

square cell speed 

T  displacement

' f  square displacement

<T> mean displacement

< f >  mean square displacement

<(f>  square distance

N  num ber o f intervals

t time interval

Greek symbols

Ok turning angle

contact angle surface-liquid 

^  rate o f diffusion

p  persistence effect

Q cell angle
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ABBREVIATIONS

ArF Argon F luoride gas (excimer laser)

B 2 0 3 " S i0 2 B orosilicate glass (microfabrication)

C O 2 Carbon dioxide (laser ablation)

DI D eform ation index

EC Endothelial cell

ECM Extra cellu lar m atrix

HzSiFft H exafluorosilicic acid (microfabrication)

HF Hydrofluoric acid (microfabrication)

HUT78 T lym phom a Human cell line HUT78

IC Integrated circuit (microfabrication)

IgG Im m unoglubulin G

KrF Kripton F luoride gas (excimer laser)

ICAM Intercellular adhesion molecule

LFA-I Leukocyte fimction associated m olecule 1

PBTL Peripheral Blood T Lymphocyte

PE Poly-ethylene (m icrofabrication)

PM M A Poly-m ethyl-m ethacrylate (microfabrication)

PMN Polym orphonuclear leukocyte

PS Poly-styrene (microfabrication)

PVC Poly-vinyl-chloride (microfabrication)

SEM Scanning electron m icroscopy

SiOj Silicate g lass (m icrofabrication)

TEM Transm ission emission microscopy

VCAM Vascular cell adhesion molecule

WLSI W hite light scanning interferometry (microfabrication)

mAb M onoclonal Antibody

s.e.m. Standard error o f  the mean



GLOSSARY

A xial elongation is the preferential d irection or rearrangem ent o f the cytoskeleton and 

consequently cell m orphology.

Cell alignm ent or cell orientation is the cell m igration or guidance by an anisotropical 

spatial or chemical variation in the surface properties o f the substrate in which cells are 

responding.

Cell-cell collision is w hen two or m ore cells com e in contact with each other close 

enough to enable the physical interaction o f  contacting cell m em branes or surface 

structures and to exchange chem ical stim uli.

Cell elongation is the preferential change in cell shape. This elongation can be 

attributed to chem ical response (chem ogradien t elongation) or m echanical response 

(topographical elongation).

Cell m igration or cell locom otion is the  active translocation o f  cells or organism s 

activated by their intrinsic cellular m echanism  driven by the interaction o f  three main 

cytoskeletal structural filam ents such as actin, m yosin and m icrofilam ents (i.e., 

vimentin).

Cell motion or cell m otility is the intrinsic capacity  o f  the cell to perform  locom otion 

w hen influenced by factors from the environm ent. The nature o f  the translocating 

process is not specified i f  active (i.e., m igration, craw ling) or passive (i.e., sw im m ing, 

rolling).
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Cell spreading is the increase in area o f a cell when stimulated. This can be associated 

with an external signal (i.e., extracellular matrix) or by an internal signal (i.e., 

reorganisation of the cell structural components)

Contact guidance is the process that occurs when a cell on an oriented substratum 

(natural or artificially created) assumes a corresponding orientation and moves in 

response to the directional cues (i.e., curvature, alignment o f tissue, etc.).

Locomoting behaviour is the typical behaviour o f an active cell when activated and 

migrating over a substrate. This may depend on other functions such as the adhesion of 

the cell to the substrate, the extracellular matrix stimuli or the ligand-receptor 

interactions.

Motile stimuli are the particular stimuli that direct the migration o f cells towards a 

preferential orientation or axis o f migration.

Random locomotion or random walk is defined as the non-directed locomotion o f a 

cell in relation to the surrounding environment. For instance cell may move in 

persistently straight paths but randomly directed in relation to the environment.

Random walk model is the description o f cell motion by straight-line segments 

separated by turns. This is associated to an equiprobable distribution o f segmental 

angles; and in which the mean square displacement o f the cells is proportional to time.
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CHAPTER 1

1 INTRODUCTION

1.1 General overview

Cell adhesion and migration are phenom ena exhibited by many cell types in a variety o f 

physiological and pathological conditions. Motile behaviour is one o f the fundamental 

features o f all the mammalian cells. Cell speed can vary from micrometers per minute for 

white blood cells that have to reach sites o f  infection in the body quickly to micrometers 

per hour for tissue cells, including endothelial cells and fibroblasts (Lackie, 1986).

During their life-cycle, cells interact with their extracellular environment in a way 

that influences their motile response. It has been proven that this response is guided by 

topographical cues and/or by chemical driving forces (Curtis and Wilkinson, 1997; Tan 

et a l ,  2001). It has also been found that uniform concentrations o f soluble chemicals 

{i.e., chemo-attractants) may influence cell speed (Shields and Haston, 1985; Moghe et 

al., 1995), and that gradients o f chemoattractants can bias the direction o f  cell movement 

(Zigmond and Sullivan, 1979; Campbell et al., 1998).
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There is considerable evidence that cell motility can be guided by surface topography 

(Curtis and Wilkinson, 1997). Moreover, the interaction between a migrating cell and its 

surrounding topographical environment can act as a mechanical gradient at the cell- 

surface level; this is termed contact guidance. Contact guidance has been defined as the 

process that occurs when a cell on an oriented substratum (natural or artificially created) 

assumes a corresponding orientation and moves in response to the directional cues 

(Weiss, 1958). The motile behaviour of different cell types on different topographical 

geometries has been widely investigated over the last twenty years (Dunn and Brown 

1986; Clark et al., 1990; Wilkinson et ai, 1982; Tan and Saltzman, 2002) to determine a 

possible correlation between cell type and cell migration.

Recently, the locomotion of white blood cells and tissue cells has been the subject of 

several comprehensive reviews (Trinkaus, 1984; Lackie, 1986; Singer and Kupfer, 1986; 

Meyle et a i, 1995; Curtis and Wilkinson, 1997). In particular the immuno-response of 

motile lymphocytes to different stimuli {e.g., ECM receptors) has gathered much 

attention because of the importance of regulating cell migration during the inflammatory 

response (Shimizu and Shaw, 1991). Lymphocyte migration through the vascular wall, 

illustrated schematically in Figure 1.1, is one of the least understood cellular processes. 

The reason for the lack of understanding can be found in the complexity of a number of 

distinct events that occur during the transendothelial crossing, such as cell activation 

from passive streaming in the blood, cell rolling, and cell adhesion, and also because the 

migration process is regulated by a sequence of receptor-ligand interactions.

Conceptually, the effect of the microenvironment on the cell migration response 

during inflammation can be divided into three distinct but ultimately related lymphocyte 

functions: activation, polarisation and migration (Springer, 1990). Cell activation is 

mediated by specific receptors that bind lymphocytes to the endothelium {i.e., selectins), 

whereas polarisation and migration can be mediated by several receptors {i.e., integrins).

The principle at the basis o f cell adhesion and migration is that both are examples o f 

receptor-mediated phenomena in which cells sense or interact with their environment 

through specific and reversible binding between surface proteins, known as receptors, 

and complementary extracellular molecules, or ligands. The key receptors involved in the 

attachment and locomotion of cells to substrata coated with ligands or surrogates, belong 

to a family of heterodimeric transmembrane glycoproteins known as integrins (Hynes, 

1987). These adhesion receptors, reviewed by several authors {e.g.. Buck and Horwitz, 

1987; Hynes, 1987; Ruoslahti and Pierschbacher, 1987; Albelda and Buck, 1990), have
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been the subject o f intense investigation. Because these molecules also bind proteins 

associated with the cytoskeleton, they may serve as a bridge between the ECM and the 

cytoskeleton for transducing traction forces necessary for movement.

Rolling Activation ECM Trans-migration
adhesion

Integrin

Receptor

Liga n hemoattractor

Integrin Integrin
activation

Endothelial cells

Ligand

Figure 1.! Migration o f lymphocyte through blood vessel wall. The extravasation occurs by initial 
attachment o f  lymphocytes to the endothelium (vascular lumen), followed by migration between 
endothelial cells (Kuby, 1997)

1.2 Experimental procedures

The experimental analysis o f cell motion was divided in two main areas: (i) surface 

microfabrication o f patterns and ( ii)  cell investigation analysis, and the follow ing flow 

charts briefly summarise:

(i) selection o f material substrates (Figure 1.2 and Figure 1.3)

(ii)  methods applied to characterise these biomaterials for cell investigation 

(Figure 1.2 and Figure 1.3)

( iii)  artificial biological ligands (Figure 1.4)

The methodology followed was to quantify individual migration such as cell 

movement speed and directional persistence, using time-lapse microscopy combined with 

a computer-aided image analysis. Furthermore, the application o f persistent random walk 

models for cell movement under different experimental conditions provided the 

theoretical platform for interpreting the results.
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Surface Hydrophilicity 
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Figure 1.2 Process flow-chart showing the methodological approach used for substrate micro fabrication 
{i.e., silicate based glasses). Surface treatment process o f flat substrates
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surface
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Biomaterials:
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(Microlithography)
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Surface Hydrophilicity 
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Figure 1.3 Process flow-chart showing the methodological approach used for substrate micro fabrication 
substrates (i.e., silicate based glasses) Microfabrication and surface treatment o f patterned substrate 
surface
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T cells
T cell type: 

HUT 78 lymphoma 
PBTL lymphocyte

Cell culture 
(RPMI medium 

+HEPES + 10%FBS)

Cell polarisation and motility 
(anti-LFA-1, ICAM-1)

Cell activation 
(pre-activator, mAbs)

Figure 1.4 Process flow-chart o f T cell culture. Schematic overview o f the induction o f T lymphocyte 
locomotion

Two different lymphoid T cells were chosen and compared in this study. These were a 

human T lymphoma cell line HUT78 (HUT78) and normal human peripheral blood T 

lymphocytes (PBTL). Particular attention was paid to quantifying the differences in 

m otility  behaviour between the two cell types, and how cell locomotory response could 

change on the microtextured surface compared to the fiat substrate.

1.3 Aim of this thesis

Despite the fact that the\ dynamic lymphocyte migratory response is crucial during 

inflammatory diseases, the motile behaviour is least characterised for the lymphocytes 

than for other white blood cells. Although it has been reported that lymphocyte cell 

m otility  depends on the experimental assays in which the cells are investigated 

(W ilkinson, 1998), very little  is known about the correlation between the motile response 

o f these cells and the geometry o f the substrate in which they migrate. No literature was 

found on the comparative locomotory characteristics o f malignant lymphoma and normal 

peripheral blood lymphocyte cells under different in vitro experimental conditions.
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Several questions associated to T cell locomotion during inflammatory response have not 

been addressed and these are:

o Do lymphoid T cells respond to different topographical environments in vitrol

o Can any difference in the motile behaviour between HUT78 lymphoma and 

PBTL cells be analysed and isolated?

o What topographical cues can be used to stimulate these cells?

o Can alignment be a significant parameter to distinguish between the motile 

behaviour o f lymphoma and lymphocytes?

o How do cell population densities influence the motile response o f HUT78 and 

PBTL?

o What is the response of these two T cell types to the combinatorial interaction 

between cell concentration and topography?

o Is a random motility model applicable to measure the extent o f migration of 

HUT78 lymphoma and PBTL cells under different topographical conditions?

A more elucidative understanding of these aspects o f the migration o f lymphocyte cells 

might give the knowledge needed to develop cell sorting devices based on physical 

constraining. In conjunction with a specific chemical environment, this sorting 

mechanism could also act as a selection channel for drug delivery. It is the objective of 

this thesis to determine the nature o f these aspects in terms o f cell-substrate 

morphological interaction to enhance the knowledge on T lymphocyte locomotion.
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CHAPTER 2

2 LITERATURE REVIEW

2.1 Introduction

Cell migration is found in many different types of tissue and in a response to a variety o f 

environmental cues (Lackie, 1986). Movement is an essential element in physiological 

and pathological phenomena such as wound healing (Clark et a i ,  1987), inflammation 

(Wilkinson, 1998), development (Wood and Thorogood, 1987) and the metastasis of 

cancer cells (Trinkaus, 1984). Cell migration is the result of a series of coordinated 

interactions between many biophysical and biochemical processes.

Active cell locomotion of organisms depends on intrinsic cellular mechanisms which 

are influenced by multiple factors from the surrounding environment. Therefore, cell 

locomotion behaviour can depend on both cellular and extracellular properties.

In recent years, significant progress has been achieved in understanding some of the 

cell motility functions, both at molecular level as the roles o f some of the key 

components in these processes are identified (Lauffenburger and Horwitz, 1996) and at 

the cell behavioural level through in vitro observations of movement (Meyle et a l,
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1995). Progress has also been made by investigation of cell locomotory response in a 

confined and characterised microenvironment. Contact guidance o f different cell types 

has been extensively investigated to quantify the amount of motility associated with all 

the different factors (intra/extra cells) concurring during motility (Ohara and Buck, 1979; 

Clark et ai, 1987; Curtis and Wilkinson, 1997; Tan and Saltzman, 2002).

This review chapter describes the studies that have been carried out to investigate the 

phenomenon of contact guidance on cell locomotion; the influence and the role of the 

extracellular matrix environment and the characterisation of this environment in relation 

to the motile stimuli induced by different cell types. Finally, an overview on the studies 

on leukocyte cells, their migration and immuno-response phenomena is given.

2.2 Microfabrication process in the biomedical industry

Advances in micro fabrication and nanofabrication have influenced and characterised the 

technological evolution of the biomedical industry. These microtechnological advances 

have facilitated introduction of miniaturised devices for micro/nano scale observation 

and interaction. The primary advantages of miniaturising systems are: (i) increased 

resolution of the analysis results, (ii) reduced analysis times, (iii) smaller sample and 

reagent volumes, (iv) the opportunity to manufacture disposable analysis systems, and (v) 

increased manufacturing precision.

Microfabricated systems can be used to manipulate cells. This application area is 

very exciting because of its potential to enable experiments that can answer fundamental 

scientific questions. The published work in this area ranges from examining subcellular 

components, such as the cytoskeleton, cell biology on single cells, such as single-cell 

force sensors, to multicellular analysis, such as flow cytometry, see Table 2.1.

Clinical medicine represents one of the few areas where microsystems are routinely 

used. Other applications such as instruments with primarily medical purposes are less 

well estabHshed in chnical medicine, and their acceptance will continue to remain a 

challenge (Bell et a l,  1997; Mathieson et a i,  1994). Finally, microfabricated biosensors 

are systems that convert a biological signal into an electrical one. Examples of biosensors 

include sensors for small molecules (oxygen, pH, glucose) and large molecules 

(inmunosensors) (DeSouza and Wise, 1994; Bergveld, 1996).
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Table 2.1 M icro fabricated devices with applications involving cells or cell b io logy

Application Advantage Reference

Flow cytometry
Small size 

Small volumes

Blankenstein and Laursen, 1998 

Ford et at., 1999

Dielectrophoresis
Small size 

Single cell analysis

Zhonghui and Harrison, 1994 

Baldwin et ai,  2002

Chemical/physical 

substrate patterning

Geometrical control 

Single cell analysis

Blawas and Reichter, 1998 

Chen etai,  1997 

Curtis and Wilkinson, 1997

Cell mechanics
Single cell analysis 

Geometrical control

Kikuchi et ai, 1994 

Carlson et ai, 1997

Force measurements
Small size 

Single cell analysis

Ruoslahti, 1997 

Sheetz et ai, 1998 

Pelham and Wang, 1999

Among all those applications, one area o f particular interest is the characterisation of 

cells by whole cell systems. Applications o f whole cell systems generally fall into one of 

the following categories; cell-sorting systems (Ayliffe et ai,  1997), active cell 

characterization systems (Austin et a i,  1997), cell growth systems (den Braber et ai, 

1995), and microsystems for cell assays (Bousse et a i,  1995)

Cell-sorting systems represent a new application area for micromachining 

technologies. One of the goals of the present study was to gain an understanding of 

whether or not cells could be sorted due to variations in the physical nature. Various 

prototype systems have been fabricated and undergone initial systems testing, but final 

cell-sorting systems capable of massively parallel operation are still under development. 

The applications of cell-sorting systems include cell-counting for determining red/white 

blood cell counts, cellular screening tests for disease and cancer detection, and cell 

aging/storage evaluation systems for monitoring storage of biomaterials.

Another new application field for micromachining technologies is the active cellular 

characterisation system. Active cellular characterisation systems have been developed to 

study the cellular processes within individual cells such as the variation on cellular 

properties due to environment changes (Ayliffe et a i,  1997).

Cellular assay systems are another interesting application field of micromachining 

technology. Miniaturised cell assay systems can be used to perform assays on individual

9



cells or small groups o f cells using a precisely controlled environment (see Figure 2.1). 

The miniaturised systems for microscale assays can be either a complex system capable 

o f multiple steps in which cells are guided through various microchambers for mixing 

with reagents and other biochemicals such as inhibitors and activators or a simple passive 

system for cell characterisation and biochemical response analysis.

Cell chamber Chemotactant 
chamber

1.0 mm

Figure 2.1 W hole cell analysis system. The system includes a glass cover slip with a polymer channel 
defined on a glass substrate. The area A contains a  micro fabricated channel o f  few microns

2.3 Contact guidance and cell motion

Contact guidance has its first appearance in the invention o f tissue culture by Harrison 

who realised the potential value o f the technique. His experiments with cultured neural 

tissue (Harrison, 1910) led him to the conclusion o f “stereotropic” nature o f the nerve 

fibre tip when interacting with a rigid support. After that, the stereotropic behaviour 

shown by different cell types was associated with the translocation o f  cells on rigid 

support.

In 1917 Loeb and Fleisher showed that the directed response o f cells involved more 

than just a substrate availability. They concluded that cells tend to follow the “path o f 

least resistance” within the substrate and that this was a cellular, and not a mechanical 

response. In his study Weiss (1934) extended these conclusions and two decades after he 

introduced the term “contact guidance”. He first proposed the “principle o f ultrastructural 

organisation” where he described the guided orientation of nerve fibre as purely physico-
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chemical problem” (Weiss, 1934). According to this findings in 1945 Weiss defined the 

principle idea of contact guidance, reported in his study of fibroblast behaviour on a flat 

surface. Following that, the exact definition of contact guidance, given by Weiss (1958), 

as oriented response o f isolated cells to the shape o f  the substrate such that the 

predominant direction o f  locomotion coincides with the direction o f  least curvature o f  the 

substratum''. In fact, he reported that, if a suspension of single fibroblasts cells is plated 

on a glass substrate ruled with fine parallel grooves, the cells rapidly become bipolar and 

elongated along the grooves, thus strongly indicating a directed locomotion. Weiss 

(1958) provided two alternative hypotheses for cell guidance in grooves. Tlie first was 

that the cell contents were protruding the substrate margin of the crossed grooves and the 

second is that the cells adhere more easily to the grooves than to the surrounding plane 

surface and therefore they oriented along the groove. This second hypothesis was 

founded on the principle that narrow' linear areas of different adhesiveness can strongly 

influence the direction of cell movement (Carter, 1967). This selective adhesion idea, 

applied to the guidance by grooved surfaces, has been investigated in more recent times 

(Ohara and Buck, 1979; Trinkaus, 1984; Tan and Saltzman, 2002) and each study 

provided some explanation of why the shape of the grooves has some effect on the 

spreading and orientation of the cell.

Curtis and Varde (1964) examined the behaviour of fibroblasts on cylindrical 

surfaces (i.e. glass fibre bundles) compared with grooved surfaces and they proposed that 

the response to both substrates had a common mechanism involving the direct detection 

(sensing) of substrate shape by the cells.

Dunn and Heath (1976) confirmed the previous findings of Curtis and Varde by 

performing experiments of seeding fibroblasts on grooved substrates and noticing cell 

orientation and bidirectional confined movement in the grooves.

Following these experimental results, Wilkinson et al. (1982) examined the guiding 

effects of three different topographies. In their study they introduced a bidirectional 

Neubauer grid and investigated the guidance o f leukocytes in order to quantify the 

amount of alignment induced by the grooves (see section 2.9).

Cell guidance was also investigated and quantified in vivo by Wood and Thorogood 

(1984, and 1987) during teleost fin morphogenesis. These two pioneering works 

investigated the in vivo migration of embryonic cells along a highly ordered ECM of 

collageneous fibrils, acting as substrate guidance. Although the environment was 

extremely complex to reproduce, the results obtained were similar in guidance and
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alignment to the previous in vitro studies. Based on their experience they suggested that 

different cell types could have different alignment response to topological environment. 

In another study they demonstrated that in vivo parallel grooves and ridges elicited an 

orientated response from cells.

Dunn and Brown (1986) extended the analysis of guidance on fibroblasts to over 

twenty-three different sets of parallel grooves. Combining the previous conclusions o f 

Ohara and Buck (1979) and Dunn and Heath (1976), and calculating the axial cell 

elongation in the direction of the grooves and cell shape change, they concluded that cell 

shape and orientation was not driven by independent mechanisms when interacting with 

topography.

In 1986 Brunette (1986a) used a micromachining process to manufacture substrates 

with different topographical geometries. Using this new manufacturing process. Brunette 

was also able to investigate in vitro contact guidance of fibroblasts under SEM and TEM 

microscopy. The conclusions obtained by investigating fibroblasts on parallel-grooved 

substrates were in agreement with the general idea that fibroblast alignment was 

proportional to the groove dimensions and spacing. Brunette (1986b) also extended his 

previous findings to the experimental analysis o f epithelial cells.

Different patterns were used and studied by Dow et al., (1987) to reproduce different 

in vitro cellular surrounding environments. They conducted a systematic analysis of the 

reaction of different cell types to simple cues to confirm the observations made by Lackie 

(1986) about a possible implication of the grooves geometry to cell locomotion (e.g. 

directional protrusion formation).

Clark et al. (1987, 1990, 1991) extended Dow et al. (1987) results to different 

topographical cues {i.e., simple step and later multiple grooved substrates). Initially they 

used a well known topography to compare neutrophils response to fibroblasts, and 

although in agreement with Dunn and Heath (1976) about the possible implication of cell 

internal structure to the topographical alignment, they found that topographical features 

reduced the probability of a cell making a protrusion and contact in a given direction. 

They also observed that neutrophils were able to overcome ridges and steps that 

fibroblasts were not, and concluded that this dynamic response was caused by the fact 

that neutrophils do not form strong focal adhesions (Lackie, 1986) or exert significant 

traction (Wilkinson et al., 1982).

In 1990 Clark et al. investigated three different cell types under multiple grooves. 

The cell types were baby hamster kidney cells (BHK), madin darby canine kidney
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(MDCK) cells and cultured chick embryo cerebral neurons. They proved that repeat 

spacing had an inversely proportional effect on cell alignment and they also found groove 

depth regulating the cell alignment process. This conclusion was explanatory of the 

findings of Brunette (1986a,b) where grooves exerted a “trapping” effect on cell 

guidance as schematically reproduced in Figure 2.2.

Figure 2.2 Contact guidance dependency on groove depth and cross-section. Schematic example 
o f  {left) cell on V shape cross-section (based on  Brunette, 1986a,b); {middle) cell on narrow and 
deep groove (Meyle et a i ,  1995); {right) cell on shallow groove (Clark et a i ,  1987, 1990, 1991)

This trapping effect created by groove depth was directing the cell response (like a binary 

rail). On the contrary, increasing channel width induced an opposite response on cells. As 

a result of those experimental evidences, Clark et ai. (1987, 1990) formulated a 

mathematical expression that hnearly correlated cell alignment as a function of groove 

depth and width (described in section 2.5). In this work it was also found that shallow 

grooves were less effective in orienting the three cell types under investigation.

Clark et a i, (1987) observed that many cells can easily overcome a single 

topographical feature where multiple cues appear to stimulate a stronger cell response. 

Interestingly they also found that this phenomenon was more prominent with a higher 

cell population density. In a further study an ultrafme structure was used to investigate 

the morphological response of cells (Clark et ai, 1991). In this study BHK, MDCK and 

chick embryo cells responded to this fine structure opening many questions about cell- 

substrate responses in conjunction with different cell types. Subsequently, Meyle et al. 

(1993) used micron and sub-micron structures to study the influence of the 

micromorphology of substrates and the contact response {i.e., biochemical) between 

fibroblasts and implanted biomaterials. They showed that the influence of fibroblast 

anchorage to the implant lead to an extended area of focal adhesion.

Another interesting study was undertaken by Nagata et al. (1993) where neuroblasts 

were aligned perpendicularly to shallow microstructures. This experimental result

13



supported the theory o f Clark et al. (1990) about the dependence o f cell alignment on 

groove depths. Extending the experimental conclusions of Nagata et al. to fibroblasts, 

Oakley and Brunette (1993) analysed the morphological internal response of these cells 

when aligning to grooved substrate. Fibroblast focal contact formation and alignment 

were investigated by SEM step-by-step analysis in order to derive the process evolution 

at the base of cell contact guidance.

In 1994 Rovensky and Samoilov, using the same in vitro model as Curtis and Varde 

(1976), analysed the morphogenetic interaction of transformed fibroblasts and 

epitheliocytes. They analysed the interaction at the adhering level and quantified the 

amount of change in cell shape related to the geometrical features of the grooves.

Chou et al. (1995) had taken the previous work of Oakley and Brunette (1993) and 

extended to the gene expression, to understand the regulatory factors that induce cell 

organisation and change in shape. In light o f that, Meyle et al. (1995) investigated the 

response of gingival keratinocytes to substrate topography and compared it with 

epithelial cells. The diverse response in contact guidance was attributed to the nature of 

the cell types used. This difference was also expressed in terms of different integrin 

receptors that bind cells to the ECM.

A quantitative analysis of the morphological response of fibroblasts to implanted 

biomaterials was conducted by den Braber et al. (1996a,b) to demonstrate the importance 

of ridge dimensions in cell rearrangement when subjected to topography. Channel width 

and depth were progressively changcd to identify which factor concurred with the 

dimensional changes of fibroblasts. This experimental procedure also defined a set of 

useful parameters {i.e., circularity index) to identify the dimensional change such as 

width and ridge height.

Brunette and Chehroudi (1999) compared, with the same experimental setup, the in 

vitro and in vivo responses of implanted fibroblasts to surface topography. This 

investigation was also correlated to his previous works where the comparison of different 

microfabrication processes was found to introduce major differences. The same year, Ito 

(1999) reported the effect of surface charge to cell experimental response on 

microtextured substrate. From his review it emerged that, by immobilising biomolecules 

on the surface of the substrate, it was possible to control cell functions such as growth, 

differentiation and apoptosis.

The combinatorial effect of various chemicals applied to micropatterned substrate was 

found to increase the migration o f human neutrophils along the direction o f the pattern by
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using the different adhesive property of tw'o materials. In fact, Tan and Saltzman (2002), 

manufactured polymer walls on top of a glass substrate with varied ridge heights and 

spacing to quantify the loss in motility caused by those geometrical features. In 

conjunction they carried out a similar study using a coated substrate with a homogeneous 

layer of Au-Pd. From the quantitative analysis they proved that ridges constrained cell 

motion to an anisotropical bidirectional motion and chemical surface treatment was 

found to not affect the control guidance of cells.

Cell response to nanoscale topography was shown by Dalby et al. (2002) where the 

morphological response of endothelial cells to different nanometric island height patterns 

was observed and analysed. One of the main conclusions of this study was that cell 

response complied more with the nanopattems than with the simple flat substrate.

2.4 Manufacturing process and materials in contact guidance 

investigations

Since the beginning of these investigations, glass has been widely applied as a substrate 

for cell culture and analysis for any kind of experimental research. Polymers have also 

been widely used because of the high degree of substrate characterisation achievable. In 

addition, titanium, silicon and different oxides have been microfabricated to enhance the 

knowledge on cell interaction on artificial materials. Therefore a precise control of the 

microfabrication process can lead to an accurate characterisation o f the biocompatible 

substrate, (see Appendix section 3.12). An extended summary of the micro fabrication 

processes and substrates used for contact guidance and cellular engineering 

investigations is reported in Table 2.2.

Glass substrate: In the 60’s cell investigations were only studied on adhesion and cell 

motility on simple cylindrical glass substrate or culture dishes (Curtis and Varde, 1964; 

Carter, 1967). After that, Gail and Boone (1972) measured fibroblast adhesion on coated 

glass substrates (Pyrex) with cellulose acetate sterilised by ultraviolet irradiation.
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Table 2.2 M icrofabrication processes and m aterials employed in topographical control o f  cell contact guidance and locom otion

Material
Laser

Ablation Microiithography Micro 
fabrication “ References
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Titanium V < V < Brunette e/ a/., 1986 ^
Gold V V V V Curtis and Wilkinson, 1997*’

Silicon Dioxide V V Clarke? a/., 1987*’
Silicon Nitride V V Breckenridge e t a t., 1995
Q uartz Glass < V V Wood, 1988

Soda lime Glass V V V Clark et a l.,\99Q ^
Borosilicate Glass V V Zonghui and Harrison, 1994

Different polymers V V V V V Kapur et a l . ,1999^
Silicones V V V den Braber et a l., 1996 ̂
PMM A V V V Clark e t a i ,  1991*’
PDMS V V den Braber et a l .  1996a,b

PLA-PEG V V V Ito, 1999
PS V V V Dalton, 2001, Dalby et al., 2002

Epoxy V V V Cheroudi e t a l ,  1997*’
Nylon V V V Curtis and Seehar, 1978

Cellulose Acetate V V V Curtis and Varde, 1964*’
Polyimide V V Breckenridge et  a/., 1995 ’’

Fibrin c lo ts ' Weiss, 1934, Moghe et a l ,  1995
3D Collagen gels' Guido and Tranquillo, 1993

Acrilate V Meyle et al. , 1993

M icrofabrications are only subdivided in main families. Fundamental or suggested paper from many w orks present in the field in 
literature; M aterial used as 2D or 3D extra-cellular-m atrix therefore do not need any m icrofabrication)



Dunn and Heath (1976) used glass fibre cylinders arranged in a close parallel array over a 

10 mm diameter hole. Measurements of adhesion of a single cell on a glass coverslip 

were taken, and fibres were held in position using silicon vacuum grease and then 

sterilised. Furthermore, they also investigated the response of fibroblasts on top of 

polished silica prisms (10 x 10 x 1 mm with different step inclinations).

For the first time in 1982, Wilkinson et al. compared neutrophils locomotion on 

plane surface and Neubauer counting chamber, this being a glass chamber with grooves 

of 2 )im wide and 2 |im depth engraved with a diamond tip. This chamber is particularly 

interesting because it is completely transparent and has a low optical aberration.

Dunn and Brown (1986), Nagata et al. (1993), and Rajnicek and McCaig (1997) 

microfabricated grooves, using a lithographic e-beam lithographical process and reactive 

ion etching to pattern the substrate surfaces. The substrate used in this case was a quartz 

substrate and grooves were obtained by removing material from the bulk material.

Microscope glass slides (silicate glass) with single lines for microcirculation analysis 

were also micropattemed by wet etching using a buffered solution of hydrofluoric acid 

by Cokelet et al., (1993).

Quartz cylindrical fibres of 50 |im diameter were micropatterned by Rovensky and 

Samoilov (1994) using different fibre curvature to measure the alignment response o f 

fibroblast and epitheliocytes.

Polymer substrate: The first approach to topographical control o f cells was reported by 

Ohara and Buck (1979), where, through an ultramicrotome fitted with a sharply edged 

tungsten needle, they microfabricated a chrome-plated brass substrate with parallel 

grooves (with spacing between 5 to 30 |im) and then transferred the pattern by moulding 

on top of a polyethylene (PE) dish. The negative replicas were used to make positive 

replicas on a thin layer of Epon polymer that was then sterilised and used for cell 

investigation.

In the late 80’s, a new photolithographic process, called e-beam lithography, was 

adopted to achieve a higher quality substrate pattern (Clark et a l, 1987, 1990). Grooved 

structures were made in cell culture plastic using photolithographic and dry etching 

techniques. Initially, the plastic was coated with a thin layer of aluminium, under 

vacuum, and then it was etched with reactive ion etching. The patterns were then 

transferred to the plastic underneath through casting or moulding.
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Microfabrication of different materials with the photolithography technique was used by 

Dow et al. (1987). Poly-methyl-methacrylate (PMMA), titanium, silicon nitride, silica, 

glass and sapphire were micropattemed with different patterns either by etching the bulk 

material or by deposition of material. Each one of these materials was “selectively” 

(Appendix, section 3.12 gives an explanation of the basic microlithography process) 

etched in order to maximise the performance o f the substrate {i.e., lattice angle for metal 

materials, controlled temperature for polymers, etch rate for glass).

Meyle et al. (1993) used a silicon wafer as a substrate to create a grid of 1 )im 

spacing. The negative pattern was then textured either on the surface of dental impression 

material {i.e., Permagum®) or by casting o f  the mask on top of an araldite substrate to 

study the degree of compatibility of artificial substrate.

Green et al. (1994) moulded silicone (Silastic®) with the help of a negative mask. 

Then, a comparison with Thermanox® (cell culture flask material) was also made to 

investigate the cell culture response to these fine microtextured substrates.

Poly-dimethyl-siloxane (PDMS) was moulded with a silicon dioxide negative mask 

to pattern fine grooves and ridges for the analysis of fibroblast motion (den Braber et a l, 

1996b).

Ford et al. (1999), micromachined PMMA using X-ray lithography for chemical and 

genetic applications analysis. They used this technique because is particularly suitable for 

microfabrication that requires nanometre resolution.

Kapur et al. (1999) used ion etching to create patterns on a silicon wafer. The 

patterns were transferred from a silicon cast to a low-density polyethylene (PE), poly- 

lactic-acid (PLA), polystyrene (PS), poly-dimethylsiloxane (PDMS), and a variety of 

other polymers by solvent casting or injection molding techniques.

Ito (1999) addressed a review on all the possible techniques to control cell functions 

by specific micropattern for macromolecule implantation. Different micropatteming 

techniques were described on different polymers. For instance Silane and poly-ethylene- 

terephtalate (PET) were micropatterned with conventional lithography and then etched 

with oxygen plasma. The surface was then selectively activated with ion-implantation. 

Different microfabrication techniques were used to activate and coat polymers with 

biological molecules {i.e., polysaccharides). For this purpose poly-lactide-poly(ethylene- 

glycol) (PLA-PEG) were used to implanted ligands or biomolecules. Hydrolysed
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PMMA, cured with plasma etching to improve the hydrophilicity of the surface, was 

used in conjunction with epidermal growth factor (EGF) to enhance cell growth.

Using their experience in microfabrication processes, Lo et al. (2000) developed 

what has been called “durotaxis”, mechanical response of cells to different gradient of 

substrate stiffness. Poly-acrylamide substrates were manufactured at different levels of 

rigidity using the different polymerisation cross-linking of the polymer with temperature.

Dalby et al. (2002) used nanotopography as a manufacturing process for their 

substrate to investigate endothelial cell response in vitro. Following Affrossman et al. 

(1996) previous work in micro/nano fabrication, Dalby et al. (2002) used the 

spontaneous separation property of two different polymers {i.e., polystyrene, PS; and 

poly-4-bromostyrene, PBrS) when spin casted onto silicon wafer. By controlling the 

polymer concentrations and proportions they were able to create different controlled 

topography {i.e., pits, islands or ribbons).

Other substrates: High quality photomask was used to reproduce parallel lines onto 

silicon wafer (Brunette, 1986a,b; Oakley and Brunette, 1993; Chou et a i ,  1995). A thin 

layer of silicon oxide was grown on silicon wafers, which was, then patterned with 

photoresist. Once the oxide was removed a thin titanium layer (50 nm) was sputtered on 

the top of the surface to facilitate cell adhesion and motile response.

Topographical patterns were also microfabricated by Tan and Saltzman (2002) using 

conventional photolithographic techniques. At the basis of their combined materials 

substrate they microfabricated parallel ridges, and grooves by spinning photosensitive 

polyimide on glass substrate. The surfaces were then coated with a thin layer of Au-Pd 

and Titanium to create a more uniform environment for cell investigation.

2.5 Different cell responses to mierofabricated topography

Neurocytes: Harrison (1910) reported the first investigation of neural cell response in 

relation to the surrounding environment. Following that study, a rising interest has been 

shown regarding the morphological response of different cell types to flat and grooved 

substrate. Another aspect that has been investigated under physical constraint 

(micropattern surface) is the protruding growth cones of neurite cells (Krayanek and 

Goldberg, 1981; Nagata et at., 1993; Rajnicek and McCaig, 1997). In particular Nagata 

et al. (1993) observed a frequent perpendicular alignment of the neurite cells to the
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direction of tiie microgrooves. Their conclusion was that microgrooved patterns were 

roughly mimicking the aligned in vivo structure of neurite bundles.

Fibroblasts: Fibroblast behaviour on flat surface was firstly reported by Weiss (1934). 

Since then, fibroblasts have played an important role in orientation and alignment 

research studies. It has been found that these large ceils bridge over grooves and align 

along ridges between grooves (Ohara and Buck, 1979). In particular, one group of 

fibroblasts has been widely investigated; fibroblasts from the heart. The importance of 

this research in preventing heart disease can justify the numbers of different approaches 

taken to explain the nature of the phenomena. Cell-cell adhesivity (Gail & Boone, 1972), 

cell-substrata adhesion (Dunn & Heath, 1976), alignment (Dunn & Brown, 1986), 

diffusion of cells (Oster et a i ,  1983), and movement (Abercrombie, 1980) have been all 

investigated.

Quantitative measurement of fibroblast cell alignment was measured by Dunn and 

Brown (1986). They found a biological implication in response to the surface grooves 

and determined the axial elongation of cells. They defined this elongation as an 

independent cellular mechanism involved in cell alignment.

Topography, adhesiveness and surface chemistry have been found to modulate 

different cell behaviour in vivo and in vitro (Dow el a i, 1987; Ito, 1999; Tan and 

Saltzman, 2002). The systematic characterisation and comparison of different cell types 

(i.e., BHK, MDCK, chick embryo, fibroblasts, and neutrophils) to simple patterns was 

one of the goals of those studies.

Clark et al. (1990, 1991) examined cell orientation in quantitative terms suggesting 

an equation that described the regression analysis of alignment against groove depth and 

grating pitch yielded the following equation;

ALIGNMENT= 0.428 DEPTH+ 0.0177 PITCH+ 0.273 (R^=0.959) eqn. 2.1

A stochastic model by Dunn and Zicha (1995) simulated the migrating locomotion 

behaviour of retraction and protrusion of chick heart fibroblast to observe the changes in 

area and the relative mass spreading. A correlation has been suggested as an automatic 

mechanism that adjusts spreading in relation to the mass of the cell and controls the rate 

of protrusion to compensate for the rapid spontaneous retraction. Moreover, a 

morphological study by Chou et al. (1995) on fibroblast cell changes proved that the
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surface topography was a stimulating factor inducing the secretion and assembly of 

mRNA,

Quantitative analysis o f fibroblast morphological cell shape changes, carried out by 

den Braber et al. (1996b), showed that the initial cell size affected the orientation o f the 

cell along the pattern as a function o f w idth and depth o f the groove.

Epithelial cells from the kidney cortex were compared with fibroblasts on a parallel 

grooved substrate (Ohara and Buck, 1979). The importance o f cell focal contacts was

shown along the orientation o f the two cells to the surface.

Brunette (1986 a,b) studied the orientation net of epithehal and fibroblast cells using 

TEM and SEM analysis by describing the different aspect o f cell motility in comparison

to fibroblast mechanism when acting on a modified surface.

l<eukocytes: Wilkinson et al. (1982) investigated alignment o f neutrophil leukocytes in 

different environment conditions and found that leukocytes show contact guidance in 

many different areas o f the substrate. Those results where recently confirmed by Tan and 

Saltzman (2002) by using different biomaterials and topographical geometry. In the same 

year that Wilkinson et al. (1982) worked on neutrophils, Haston et al. (1982) investigated 

the locomotion o f lymphocytes on a two-dimensional surface by describing the cell 

migration as a poorly adhesive contact, and therefore faster than fibroblasts. Clark et al. 

(1987) confirmed these findings by a comparative investigation o f polymorphonuclear 

neutrophils versus fibroblasts

Tan et al. (2001) investigated the physicochemical properties o f PMN on a set of 

regular arrays o f micrometer scale holes. By varying width and spacing o f the holes they 

measured the extent o f adhesion o f neutrophils when subjected to radial flow detachment. 

In their results the measurement o f the random motility factor o f neutrophils was shown 

to be correlated to the substrate materials and the pattern size. In fact by comparing 

different substrates and topographies they found that glass substrate and a pattern o f 10 

}0.m in width were the optimal solution for PMN cell motility.

Mesenchymal cells: Wood and Thorogood (1984, 1987) undertook extensive work on 

teleost fin morphogenesis and found that mesenchymal cells migrating from the fin bud 

became contact aligned by the matrix o f  collageneous fibrils during the fin invasion. 

They had also compared the in vivo response to the microtextured induced in vitro 

alignment and found that the cells showed a similar migrating behaviour.
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Table 2.3 summarises the cells that have been shown to react to topography.

Table 2.3 Different cell types studied on topographical geometry

Cell type References

E ndothelial “ Dalby et at., 2002

Epitenia Clarke/a/., 1987; Brunette, 1986b

Epithelial Chehroudi e ta i ,  1988; Clark e/a/., 1990

Fibroblast “ Abercrombie and Gitlin, 1965; Clark e/a/. 1990

C hick heart ^ Dunn and Zicha, 1995; Dembo and Wang, 1999

Hum an gingival Brunette, 1986a; Oakley and Brunette, 1993

K eratocyte Meyle et a i, 1995; Burton et al., 1999

Leukocyte “ Wilkinson etal., 1982; Tan ef a/., 2001

Lym phocyte Haston et al., 1982

M acrophage Wojciak-Stothard et a i, 1996

M esenchym e Wood and Thorogood, 1984, 1987; Wood, 1988

M onocyte Meyle e /a /., 1995; Kapur e /a /., 1999

Neuron Weiss, 1945; Rajnieck and McCaig, 1997

Neutrophil Wilkinson et a i,  1982; Tan and Saltzman, 2002

O steoblast Perizzolo et al., 1999

O steocyte Vesely et al.., 1992

O ligodendrocyte Webb e/a/., 1995

Sm ooth m uscle ceil Guido and Tranquillo, 1993

T um our cell Curtis, et a i ,  1995; Horino et ai, 2001

(“ paper selected among the several publications available)

2.6 Topographical patterns used in cell investigation

Many parameters are involved in the geometric description of a grooved surface. Thus, it 

is very difficult to attempt a coherent analysis to determine trends about which geometric 

properties induce particular cell responses. A classification o f all phenomena involved in 

the cell-substrata interaction can be done in term s o f the types o f topography on which 

reactions occur and in terms of the effect on the cell. Only a few studies have quantitative 

analysis and data derived from the direct cell investigation. A list o f the topographies that 

have been studied and some references are shown in Table 2.4.
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Table 2.4 Topographical cues investigated and combined references

Pattern type References

C ylindrical fibres Dumi and Heath, 1976; Rovensky and Samoilov, 1994

C onverging/diverging cliffs Clark et al., 1987

Dots Dow et al., 1987; Tan et al., 2001

Fibres Weiss, 1934,1945; Wood and Thorogood, 1984, 1987

G rooves/ridges “ Clark et al., 1990; Meyle et al., 1995

V section Brunette, 1986a,b

R ectangular section “ many reports, e.g. Clark et al., 1990;

M ultiple grooves “ Clark et al., 1990; Rajnicek and McCaig, 1997

Branching Temaux et al., 1992

Discontinuous ridges Brunette et al. 1986a

Spiral grooves Dow et al., 1987

Hills Dow et a /., 1987

Random  roughness Tan and Saltzman, 2002; Dalby et al., 2002

Single cliffs Clark et al., 1987

Spikes Dow et al., 1987; Rovensky and Samoilov 1994

C paper selected among the several publications available)

2.7 Influence of micropattern geometry to cell orientation

Many studies have demonstrated that cell orientation is guided by pattern geometrical 

features. The main result that has been intensively debated and criticised is that the 

parameters controlling the topographical effect are dependent on the type o f  cells 

examined. For instance shallow grooves were found not to have any influence on 

fibroblasts, while they were affecting neutrophil response (Clark et a l ,  1990).

The dynamic response o f  fibroblasts to the curvature o f  cylindrical glass fibres in the 

study o f  Curtis and Varde (1967) showed that cells migrated and oriented along the axis 

o f  5 p̂ m to 15 |0.m radius and exhibited dynamic orientation till up to 100 (xm radii. To 

confirm their findings they also used silica prisms with angle ridges o f  16° and 32°. On 

the prism substrates, fibroblasts stretched along the direction o f  the ridges although silica  

induced a different cell adhesion response than glass.
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Ohara and Buck (1979) introduced a parallel grooves surface with spacing between 5 - 

30 |im to measure cell alignment. To quantify the degree o f alignment of cells, they 

subdivided the topographical geometries in three classes: fine ( 2 - 8  |im ), medium (9 -  

18 |im ) and coarse (> 19 |im). From the statistical results shown they found that 70% o f 

the cells were aligned along the fine pattern, 75% along the medium and 60%> along the 

coarse. This was an interesting result in terms o f alignment and even more interesting 

when correlated to the fact that fibroblasts and epithelial cells were bridging over the 

grooves without contacting their surface, even when grooves were only 10 |im  wide.

From a wider perspective, Dunn and Brown (1986) studied cell shape and alignment 

o f cultured fibroblasts on 23 different sets o f  regular parallel grooved substrates, which 

ranged from 1.65 )im to 8.96 |im  in width and repeated spacing from 3.0 )lm to 32.0 |im  

with constant depth of 0.69 |im. Ridge width was found to be the main parameter 

affecting cell alignment. In fact, alignment was found to be inversely proportional to 

ridge width. These findings, in conjunction with the Ohara and Buck (1979) study started 

a discussion on which patterning features were important for alignment; for instance 

whether or not a narrow channel (< 10 p.m) would align more cells than a medium one (> 

15 )im). Therefore, Dunn and Brown (1986) introduced width o f ridges as a critical factor 

for cell alignment. Moreover all the differences observed in cell shape between the 

different grooves were summarised to a very good approximation, as simple geometrical 

stretch transformations o f the shapes o f cells on planar surfaces.

Different results and considerations were introduced by Brunette’s papers (1986a,b) 

where he examined the response o f fibroblasts to different width and spacing grids. 

Silicon wafers were manufactured with a vertical angle o f 54.7° to form a truncated V 

shape. The grooves were 5 |im  wide with a ranging depth of 0.5 - 60 |J,m and spacing 

distance o f 4.9, 6.6, 8.3, and 80 |J,m. He concluded that shallow grooves were less 

effective than the deeper grooves in directing fibroblast cells. In a fiarther study. Brunette 

(1986b) studied the alignment o f epithelial cells in grooved titanium-coated substrates 

with a ranging width of 24 - 68 )im and depth from 3 |im  to 5 |im . Contrary to the 

findings o f his previous work with fibroblasts, he found that epithelial cells aligned to 

shallow grooves. To quantify the amount o f alignment he calculated the ratio between 

clusters of cells longest segment oriented in the direction o f the groove and the width at 

right angles to the groove. When this index was equal to 1 there was no indication o f 

alignment, for values greater than 1 the cluster was aligned. His results clearly showed
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patterns o f alignment in every single grooved substrate he investigated (OI > 1.6 on 

average). These findings might have been induced either by the geometry o f the grooves 

or by the cluster dragging o f cells toward the least resistance configuration.

Clark et al. (1987) used steps with height o f 1.5 |im , 5 |im  and 10 )im to investigate 

fibroblasts and neutrophils. Under those steps, they found that fibroblasts have a 

reduction in response proportional to the single step height whereas neutrophils were 

unaffected up to 5 |im  height. In conjunction with these observations, convexity or 

concavity o f the vertical walls was found to have a role on the guidance o f both cells 

(marginally for neutrophils). These results were in agreement with Dunn and Heath 

(1976) who found that cylindrical angles greater than 17° affected the fibroblasts cell 

crossing. The reason o f this impediment was attributed to the limited flexibility o f 

fibroblast cytoskeleton where it was not the case for neutrophils, smaller in size and more 

flexible.

To further estabUsh the findings o f their 1987 study, Clark et al. (1990) used 

multiple steps parallel grooves o f increasing depth (0.2, 0.56, 1.10 and 1.90 (im) to 

quantify the effect o f the topography on two fibroblasts {i.e., BHK and MDCK) and 

polymorphonuclear neutrophils (PMN). The main findings were that those cells showed a 

completely different response to the same substrate. For MDCK cells the response to 

these patterns was dependent on whether or not the cells were isolated or part o f  a 

colony. This points out that cell-cell interaction might have an effect on guidance and 

therefore on motion. In particular it was found that groove depth was acting as a 

constraint for cell adhesion and therefore on the expression o f cell alignment, as shown in 

Figure 2.3 for instance for BHK cells. By quantifying cell alignment Clark et al. (1990) 

also measured the long axis angle o f fibroblast cells inside a range o f 0 - 10° along the 

principal groove directional cues (high orientation). Undoubtedly this method was not 

applicable for neutrophils where the alignment angle was ranging between 0 and 90° and 

therefore cell population was not aligned towards the direction o f the grooves.

It might be concluded from the results o f Clark et al. (1990) that, in Brunette’s work 

the grooved channels used were too deep causing cell trapping. This consideration 

reinforced Clark et a l ’s discussion about the fact that two main geometrical parameters 

were contributing to cell alignment: groove depth and spacing.
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Figure 2.3 BHK cells over different topography (SEM  pictures). Cell response over flat substrate (left), 6 
|im  pitch, 0.3 (im depth (middle), and 6|im  pitch, 2 p.m depth grooves (right). Note the dimension o f  BHK 
cells in comparison with the grooves and the strong adhesion to the surfaces. (Clark et a i ,  1990)

Dow et al. (1987) considered several microtopographical geometries like steps, grooves, 

spirals and pillars. They investigated the cell response of BHK and some embryonic 

fibroblast cells (CHF and CH) and neutrophils (PMN) by varying ridge width, groove 

width, groove depth, groove profile, choice of substrates and uniformity of substrate. The 

simplest pattern was a step of 5 ^.m in height. After that, grids with different gratings (4 - 

24 jim range), constant pitch (6 |im) and depth (< 2 )im) were manufactured to examine 

the alignment and crossing of chick heart fibroblast. They demonstrated that, for depth 

greater than 0.7 |xm, grooves were capable of producing cell alignment, agreeing with 

Dunn and Brown (1986). Spirals and pillars (max. width = 10 |J,m, and depth = 3 |J,m) 

induced an alignment along the pattern direction to minimise cell cytoskeleton 

distortions.

In a further study Clark et al. (1991) studied fibroblast, epithelial and neuronal cell 

behaviour on ultrafine structures and grids with 130 nm width and spacing of 130 nm 

with various depths (100, 210, and 400 nm). There, while all gratings induced the 

alignment of fibroblast cells, the degree of alignment depended on the groove depth. 

Epithelial cells aligned and elongated along the gratings and the elongation was found to 

be depth dependent. Finally, neurones remained mainly unaffected by the grating 

surfaces. In this case cell concentration was kept low to avoid any “cluster dragging” 

phenomenon.

The main argued point in den Braber et al. (1996a) was that, on deeper and narrower 

grooves, cells were bridging from ridge to ridge so that the cells were effectively reacting 

only to the ridges features. Their critique was in agreement with Clark et al. (1990, 1991) 

studies.
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Exceptions were made for neuroblasts and neutrophils that showed a perpendicular 

alignment to the direction of grooves for different pattern depths (0.3 - 0.8 |im) and width 

of 1 |xm. These cells showed a completely different response to topography than any 

other cells examined before (Nagata et a i,  1993). Another interesting work on 

keratinocytes, monocytes, macrophages and neutrophils on a substrate of 1.2 )o,m depth 

and 0.9 |im pitch was done by Meyle et al. (1995). This study followed the same 

substrate features used by Nagata et al. (1993). From the results presented it was found 

that the same microtextured structure was addressing different morphological changes 

and alignment. In this study it was shown that the dynamic response to alignment 

induced a stiffening effect on the cytoskeleton at a different time scale. Interestingly 

while this change was prominent for fibroblasts and keratinocytes it was not for 

monocytes, macrophages and neutrophils where their flexible cytoskeleton and low 

contact adhesion did not show any kind o f surface alignment. A possible explanation to 

such a low interaction to the microgrooved substrate can be found on the dimension o f 

the grooves analysed, on the flexible ability o f the cytoskeleton to extend and cross vast 

area of the substrate geometrical cues.

2.8 Experimental methods for cell investigation

Projection technique: Filming techniques have been used since the mid seventies with a 

radical improvement when computerised systems and digital image analysis became 

available. In the beginning a simple projection to a screen of a phase contrast microscope 

image was used for cell tracking and observation (Gail and Boone, 1970). Forty motile 

cells were tracked for a total time of 2.5 hours. The process resulted in, by present day 

standard, low quality images and also suffered from the calibrations required to display 

the images.

A different technique was used by Ohara and Buck (1979), McCartney and Buck 

(1981) and Wilkinson et al. (1982) to evaluate cell alignment in grooves. They projected 

the image of the sample onto paper and then the direction of the long axis of each cell 

was marked. With the aid of a protractor the marks representing the cells were grouped 

into “orientated” and “not orientated”. Orientated were those between 0° and 45° from 

the direction of the groove; deviating marks were between 45°and 90°.
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Filming technique: On the other hand, w here recording was required a movie camera 

was used to film the evolution o f the process (Harris, 1973). Wilkinson et al. (1982) and 

Wood and Thorogood (1984) observed and recorded the cell migration with a time-lapse 

video system directly linked to the microscope. Cell recording time was reduced to 

around 1 5 - 2 0  minutes similarly. Dunn and Heath (1976) measured an average o f 30 

cells with a microscope and filmed the experim ents using time-lapse cinemicrography to 

obtain sample images every 10 - 30 s.

Lymphocyte cells were filmed using a  phase-contrast inverted microscope with an 

attached camera by Haston et al. (1982). Subsequently, the films were analysed with a 

stop-action cine-projector that projected the film onto a drawing paper. Using this setting 

they tracked lymphocytes every 8 seconds for a total test time o f 2 minutes. Shields et al. 

(1985) used the same system described for Haston et al. (1982) to film between 20 - 30 

neutrophils for a total time o f 30 minutes. Films were projected onto drav/ing paper and 

cells were outlined every 40 seconds. Cell centre was marked and the cell midpoints were 

joined to give a cell track.

In the study by Dunn and Brown (1986) an average o f 80 cells were imaged (24 

hours) using two different systems: a microscope provided with a contrast expansion 

camera and a video camera system aided with capture software. The results obtained with 

these two techniques were averaged to reduce noise and to have the right correspondence 

between original image and digitized image. W ith this software-acquisition-system it was 

possible to simplify the entire alignment measurement.

The first semi-automatic tracking system was introduced and used by Dow et al. 

(1987). Two types o f measurement w ere central for their study: static and dynamic 

measurements. Static measurements required mainly photographic techniques to measure 

cell spreading area, orientation and elongation. For the dynamic measurement, post

analysis o f videotape was required. Both these measurement techniques were automated. 

A comparison between an automated (interval time 30 seconds, test length 30 minutes) 

and a manual system (interval 12 seconds, test length 30 minutes) was the idea o f Dow et 

al. in which they pointed out that for short sampling time (approx 12 seconds) anomalous 

measurement speed could generate inconsistent results.

Clark et al. (1987) used a time-lapse-video system inverted microscope linked to a 

CCTV camera to record cell movement. Cells encountering a step or ridge were filmed 

and their migration was treated along or across the pattern feature. W here for fibroblast it 

was necessary to have a continuous recording o f cell motion for 20 -  22, hours for
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neutrophils it was only necessary for less than 2 hours. After that a statistical comparison 

between individual data groups was made by calculating the x (test of goodness of fit).

Parkhurst and Saltzman (1992) used a computer-based image analysis system to 

monitor human neutrophil movements. Digitised pictures were collected every 1.5 

minutes for a total time of 12 minutes. To facilitate cell tracking during the process an 

overhead transparency was also used to follow, roughly, the overall cell motion. Then 

using the sketched transparency as a guide, the position of each digitised cell was 

accurately determined by outlining the cell boundary and calculating its centroid. Thus, it 

was possible to trace the cell motion on the substrate examined. Using the same 

technique and equipment, Parkhurst and Saltzman (1994) analysed and tracked the cell 

locomotion of neutrophils, and seminal leukocytes for a total time o f 13.5 minutes at 1.5 

minutes and monocytes and lymphocytes for 33 minutes at 3 minutes time interval.

Since 1992 computerised and automatic tracking systems were developed and tested 

for different purposes and Guido and Tranquillo (1993) used a second-generation 

computer to process results and carried out more accurate measurement than in previous 

studies.

Cell motion was quantified by Chettibi et al. (1994) using a fully automated tracking 

system. The system was programmed to track 80 cells in a rank order and cell selection 

was based on finding islands of different grey contrast (above a fixed brightness 

threshold). The centroid of each cell tracked was displayed and followed for a time of 2 

minutes at 5 (and then 10) seconds sampling interval. They experienced several 

inconveniences, during the cell tracking, and therefore a manual tracking had to be 

implemented to complete the motility measurements.

On the contrary, Tan and Saltzman (2002) using a fully automated tracking system 

integrated with an inverted light microscope system, monitored more than 50 neutrophil 

cells for a short sampling time of 90 seconds and maximum test length of 15 minutes. 

Although the automated system they used was suitable for large cell population tracking, 

the problem of cell tracking loss or poor contrast definition was still present and 

contributed to uncertainty in cell tracking.

Other techniques: Brunette (1986a,b) used intensive Hght microscopy, time lapse 

technique, scanning electron microscopy (SEM), and transmission electron microscopy 

(TEM) to examine either a single cell or a group of cells slowly directing along 

microfabricated surfaces (measured interval of 10, 20, 40, 60, 90, 120, 240 minutes). A
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quantitative function was also used to evaluate the polarisation of cells along the grooves 

in terms of ellipse axes ratio (by the best-fit o f the cell shape to an ellipse and by 

measuring the major and minor axis). Another factor measured and computed was the 

ratio between area and perimeter to evaluate the extent of polarisation. Brunette (1986b) 

also carried out a time-lapse study (with a sampling time of 30 minutes for 8 hours) to 

follow fibroblast motility behaviour over grooved titanium and epon surfaces to quantify 

the amount of cell polarisation.

To visualize the morphological changes in the cell cytoskeleton on flat substrata, 

Rovensky and Samoilov (1994) stained the cells with fluorescence staining. Then, using 

fluorescence microscopy, they could analyse cell behaviour. They also conducted a 

quantitative analysis on cell elongation and orientation using an SEM technique to 

highlight cell outlines and edge on cylindrical substrata. In addition to these quantitative 

measurements Chou et al. (1995) used electron and confocal scanning laser microscopy 

(CSLM) on cells cultured in grooved surfaces. Furthermore, Britland et al. (1996) have 

demonstrated that interference reflection microscopy (IRM) reveals focal contact on 

relatively wide grooves/ridges denoting a consequent induction of motion by the surface.

2.9 Quantitative modelling for cell locomotion

Mathematical models for ceil motility have been developed to provide quantitative 

information of the motile process. Already in 1957 Abercrombie et al. suggested the 

necessity of a quantitative analysis of the locomotory behaviour o f cells. He pioneered 

the studies on the motility behaviour of chick heart fibroblasts by defining the simple 

velocity as an estimate of the distance travelled in a given unit of time. He had also 

recognised that his measurement was biased by the fact that he only estimated the linear 

extent of migration.

Abercrombie and Gitlin (1965) introduced the definition of random locomotion as “a 

type o f locomotion that is random in direction and the axis o f  the moving cell or 

organism are not oriented in relation to the stimulus''. The term “random” locomotion 

can be attributed to the random direction of cells in relation to the surroundings, as 

proposed by Wilkinson (1982), or it can be attributed to random locomotion of cells 

according to a “random walk” model proposed by Gail and Boone (1970).

Wilkinson et al. (1982) used a simplified approach to quantify the alignment and 

migration of neutrophils along the experimental system investigated. Cell guidance was
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measured by simple measurement o f the cell directional angle between time interval / 

(between 0 and 90° ignoring the sign). In the absence o f any factor biasing the direction 

o f motion, the probability that any cell segments would be at any angle between 0 and 

90° to the directional axis should be equal for all angles. This probability was estimated 

by measuring the significance (Student’s test) for each cell as

angles above 45°. Another possible comparison was the ratio between the sum of all A 

and the sum o f B. Following this calculation it was possible to distinguish between 

chemotactic response and unidirectional alignm ent along the chamber groove.

Follow'ing the model proposed by W ilkinson et al. (1982), by sub-grouping the 

turning angle o f each individual cell, W ood (1988) was able to quantify the amount o f 

alignment induced by microgrooved substrate. In conjunction, cell shape factor was also 

calculated as the ratio between cell alignm ent in the x-direction and j;-direction. By this 

detailed analysis it was possible to define a threshold to describe the dynamic evolution 

o f cell shape changes.

Gail and Boone (1970), proposed a random walk model in which, cell path is 

expressed in straight-line segments separated by turns and in which the mean square 

displacement of the cell was proportional to time. They suggested a two-dimensional 

random walk model for long term analysis in which a single constant D  (cell diffusion 

constant) could characterise the entire cellular motility. The preliminary hypothesis o f 

their model is based on a probabilistic diffusion equation expressed by the square 

displacement versus time t as described in equation. 2.3.

cell tracked. By solving equation 2.3 as a flinction o f the mean value of the square

Student's t -
mean(A -  B) 
s.e.m.(A - B )

eqn. 2.2

where A is the sum for each cell of all the angles below 45°, and B is the sum of all the

V /
eqn. 2.3

where D is the cell diffiision, t is the interval time, dT^ is the differential part o f the 

squared displacement and ' f  is the square o f  the cell displacement calculated for each

displacements <T^> they calculated the mean distance o f each cell segments travelled 

by each cells, corrected by the cosine angle o f two adjacent segments.
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The equation becomes:

<T^ > = < d ^  > - ' ^ ' ^ < c o s 0 i j  > eqn. 2.4

where < J‘> is the square of the distance between segments and 0,j is angle between 

segments i and /.

Equation 2.3 solved for pure random walk where the turning angle Ok = <cos 6ij> = 0 

and for long interval of experimental time t, they found:

< T ^  > = 4D t eqn. 2.5

where the longer the cells persist in their direction of motion the larger the displacement 

will be in a given time t. Instead, when equation 2.4 is calculated for a “tendency to 

persist” (statistical persistence) for large t, the persistence effect p  is introduced as:

< T ^ > = 4D / (l4 /7) eqn.2.6

where p =  I  where there is no persistence if 0 and /?= 0.

For moderately large time t {t > P) they introduced D* and P*, to the two-parameter 

linear model and the final equation resulted:

< T ^  > = 4D* { t - P * )  eqn.2.7

where D* and P* are parameters derived from the experimental data. These parameters 

<T^>, D* and P* represented the mean value o f the cell population response. Therefore, 

a Student’s t-test on the normal distribution of the cell population had to be carried out to 

justify the usage of the mean values. The advantage of this graphical model stood on the 

visual display of possible trends and on the reduced number of parameters involved. By 

applying the linear model Gail and Boone were able to graphically analyse the motile 

properties of fibroblasts by the simple measurement of segmental distance and angle of a 

seemingly homogeneous population.

Chettibi et al. (1994) adapted Gail and Boone formulation to their study, for P<t and

used the following simplified equation for D* and speed (S):

D*  = S ^ - ( \  + P)  eqn. 2.8

In their case they analysed the dispersive motion of neutrophils during the first ten 

seconds that follow a chemotactic activation (short term response).
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From a broader perspective, Alt (1980) approached the mathematical aspect o f stochastic 

migratory systems applied to chemically biased systems {i.e., chemotaxis and chemical 

gradients). From the empirical distribution, he found that cell distribution, under a strong 

aligning gradient direction does not depend on the cosine-distribution (ttk = 1). This 

proved the non-applicability o f any two or three dimensional random walk models during 

chemotactic locomotion.

Dunn (1983) suggested that cell motility can be traced as a random walk model but 

with the understanding that a given cell has a tendency to persist for short distance. He 

described the random locomotion response, in a uniform two-dimensional substrate for 

short term analysis and then by adopting Gail and Boone’s model he extended to any 

time interval. His first assumption was based on the measurement o f cell speed in a short 

interval such as between two sampling intervals, and associated turning angle for the 

whole cell population. After having assum ed the normal distribution o f the cell 

population around the mean, as in Gail and B oone’s model, Dunn extended equation 2.3 

for <T^>, depending on the square of the speed S',  and P  in the discrete time t. The 

equation was solved for a two-dimensional case, following the two-parameter model 

suggested by Gail and Boone where the short term member was represented by the 

exponential part. This solution was:

< T ^  > = 2 5 ^ / ’ [ r - F ( l - e x p ( / / / ’)] eqn. 2.9

Then to relate S  and P  together, the diffusion coefficient o f cells was introduced as:

R = 2 S ^ P  eqn. 2.10

where R is the population rate o f diffusion, S  is the speed, and P is persistence. By doing 

this, he could write the model for cell dispersion in term o f only two parameters, instead 

of the initial three.

< T ^  > -  R - t  -  R -P { \ -Q \ 'p { t l  P)  eqn, 2.11

where this equation is similar to equation 2.7, a part from the introduction o f the 

exponential term.

A strong point o f D unn’s model, as for Gail and Boone’s model too, is related to the 

affirmation that cell random movement could be characterised by only two parameters: 

speed and persistence. Despite that, other m inor factors such as the turning angle, cell 

adhesion and polarisation are respectively discriminating among directional persistence, 

motile or non-motile phenotype. Their contribution to the quantitative analysis is
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determinant to forecast the cell migration behaviour. Therefore, they have to be taken 

into account during migration experimental analysis.

A model to describe the dispersal m igration o f cells was proposed by Othmer et al. 

(1988). Using a stochastic formulation to describe the motion o f a sequence o f cell 

reorientations, they showed that the system can be described by a diffusion equation 

similar to the more generalised formulation. The model also incorporated Alt’s (1980) 

results and therefore was taking into account the presence of gradients. The model 

proposed was calibrated on Gail and Boone (1970) and Hall and Peterson’s (1979) results 

and subsequently in compliance with those studies. When in absence o f chemotactic 

gradient the formulation is similar to equation 2.11.

Recently, Tan et al. (2001) adapted D unn’s model to quantify neutrophils 

locomoting behaviour on a micropatterned surface when subjected to chemotaxis and for 

time sufficiently large, t »  P, equation 2.9 reduced to:

T ^ = A / j  [ t - P ]  eqn. 2.12

where //, the random motility population coefficient, and persistence {P) were estimated 

from the graphical solution o f the slope and intercept o f the mean squared displacement 

<7"’> (as described in Gail and Boone methods). Therefore, they were able to describe 

the random motility o f their entire cell population by a characterising coefficient ( )  in 

two dimensions, that is indicative o f the cell response to the system subjected. This was 

expressed by equation 2.13.

^ = L.p.S^ eqn. 2.13

Although alternative models (for instance, M arkov chain model), have been suggested 

(Boyarski and Noble, 1977; Curtis et al., 1995) in parallel to the Gail and Boone (1970) 

model and the Dunn (1983) model these two last models have the advantage to describe 

the entire cell motility response by only tw o parameters. Therefore, many recent studies 

have used either Dunn (1983) or Gail and Boone (1970) models in relation to the

complexity o f  the system described, Parkhurst and Saltzman (1992, and 1994), Tan and

Saltzman (2002), Moghe et al. (1995).
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2.10 T lymphocyte interactions in the inflammatory response

T lymphocytes emigrate continuously from the bloodstream to secondary lymphoid 

organs and other tissues (extravasation process illustrated in Figure 2.4). When in the 

tissues they establish contact with foreign antigens (Butcher and Picher, 1996). Cell 

motility studies have shown that activated T lymphocytes are highly motile cells, 

reaching speed of 7 - 10 jim/min, which is ten times faster than fibroblasts (Gudima et 

a i ,  1988). During this rapid movement o f  lymphocytes adhesion to the endothelium is 

crucial; another important factor regulated by adhesion is the T cell polarization. In order 

to migrate, T lymphocytes acquire polarized morphology that allows them to convert 

mechanical forces into net cell locomotion (Stossel, 1993).

Over the last ten years a general model for lymphocyte extravasation has emerged 

(Butcher, 1991; Springer, 1990; Muller, 2002). The lymphocyte/endothelial interactions 

model describes the migration of T lymphocyte as a controlled cascade of adhesion steps 

involving either the receptors on the lymphocyte or those on the surface of the 

endothelium. The basic elements of the multi-step model are shown in Figure 2.4.

The first step involves tethering and rolling of lymphocytes along the endothelial cell 

layer. The flowing lymphocytes had to be slowed, and start rolling on the endothelial 

wall and thus interacting with the adhesion receptors present there. This rolling and 

tethering adhesion is mediated by selectins (a particular family of carbohydrate-binding 

molecules) and it is predominantly a weak adhesion with the aim to slow down the 

streaming cells.

The second step is the exposure of lymphocytes to triggering by chemoattractants 

presented by endothelial cells. In this phase, integrins are functionally activated by 

stimulated molecules.

The third step is the activation of lymphocytes resulting in firm adhesion and 

spreading. Firm adhesion is mediated by integrins on the lymphocytes that bind their 

counter ligands on the endothelium belonging to the immunoglobulin superfamily.

* For the reader who is not conversant with cell b io logy , see the Appendix to this chapter (page 43 to 47)
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The enrollment of the right integrins depends on the activation state o f both lymphocytes 

and endothelial cells (Butcher, 1991; Shimizu et a l ,  1992). Integrins are heterodimeric 

receptors that bind cells to endothelium and ECM.

The fourth step implies the migration o f  the lymphocytes through the endothelial 

layer to the inflammatory site. Here, cells crawl to the site where endothelial cells 

connect to each other and migrate in between them to the inflammatory site. This step is 

commonly associated with the mediating flinction induced by chemoattractants. It is 

believed that integrins mediate the contact and signaling between lymphocytes and 

endothelial cells promoting spreading and cytoskeletal organization to regulate migration 

(DeSouza, 1998). When lymphocytes have passed the endothelium they interact with the 

ECM by integrin-mediated adhesion (Ratner, 1992). Finally, cells enter the site o f 

inflammation and fiilfill their specific functions.

2.11 T cell activation and adhesion molecules

The fundamental aspect o f the extravasation process is the role o f  activation and adhesion 

between T lymphocytes and endothelium. In accordance with the above described 

multistep paradigm a classification o f the adhesion molecules that are taking part during 

the process has been suggested (Springer, 1990). Every single interaction between 

lymphocytes and the surrounding environment is regulated by a specific array o f cell 

receptors capable o f mediating the adhesion interaction; therefore these adhesion 

molecules can regulate the complex cell-cell and cell-extra cellular matrix interactions 

(Table 2.5).

Three major adhesion molecule receptors mediate these interactions in vivo, as 

introduced above. The first is the immunoglobulin superfamily, which includes antigen 

specific receptors for T lymphocytes. The integrin family is next, which is important in 

the dynamic regulation o f polarization and migration. The third family is the selectins 

which are prominent in the interaction between lymphocyte and neutrophils and the 

vascular endothelium (Springer, 1990).

The immunoglobulin superfamily is based on at least 15 molecules that mediate cell 

adhesion in a wide range of systems throughout biological activity. They play an 

important role in development, tumorgenesis, and wound healing, and they can be 

associated with lymphocytes functions (Springer, 1990).
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Table 2.5 Adhesion m olecules involved during leukocyte-endothelial interactions

Leukocyte Molecule
CD“ and Integrin  

nomenclature

Leukocytes

Expressing*’
Specific ligand

INTEGRINS

LFA-1 

MAC-1 

PI 50,95 

VLA-4 

LPAM -I

C D lla /C D 18

C R 3,C D llb /C D 18

C D llc /C D 1 8

CD 49d/CD29

CD49d/CD-

PM N, Mo,T,B 

M o, PMN 

M o, PMN 

PM N, M o,T,B,NK 

B,T, T subsets

ICAM -1,ICAM 2,ICAM -3 

IC A M -1 ,iC3b,fibrinogen 

iC3b, fibronectin 

VC A M -1,fibronectin 

VCAM -1, fibronectin

SELECTINS

E-

L-

P-

ELAM-1

L eu8,L A M -l,L E C A M -l

C D 62,G M P-I40

EC

B,T,PM N,M O

PLT,EC

Sialyi-Lewis X

G lyC am -I,C D 34

PSGL-1

IM M UNOGLOBULIN

SUPERFAM ILY

ICAM-1

ICAM-2

ICAM-3

VCAM-1

PECAM -I

B,T,EC, EpC,M o, 

EC,M o,Lymph 

Lymph

EC,EpC,M acro

PLT,EC,T,M o

LFA -I,M A C-I

LFA-I

LFA-1,MAC-1 

VLA-4 

VLA-4 

PEC AM

OTHERS

CD44 HCAM ,GP90 H ennes B,T,M o,PM N,EpC Hyaluronate,lam inin,

fibronectin,colagen

C CD, duster differentiation, the number assigned to the antigen by the International workshops on leukoeytc 
typing, as defined as monoclonal antibodies; ’’ PMN, neutrophils. Mo, monocytes; T, T lymphocytes; B, B 
lymphocytes; EC, endothelial cells; EpC, epithelial cells; PLT, platelets; Macro, macrophages)

Selectins are a family of carbohydrate binding molecules. They consist o f several related 

molecules and the main difference between selectins is due to the number of repeated 

domains present. For example, L-selectin is expressed by leukocyte, E-selectin is 

expressed by endothelial cells and P-selectin is expressed platelets and endothelium 

(Tedder e/a/., 1995)

Integrins are heterodimeric receptors consisting of paired a-(3 chains. They are 

expressed by a wide range of cells and they represent the most abundant family of 

adhesion molecules. They are subdivided into a large group in relation to their a  and (3 

subunits. Integrins are defined by a and (3 subunits and in relation to that they can be
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associated with a specific leukocyte or leukocyte-ECM function, as shown in Table 2.6 

(Springer, 1990; Hynes, 1992).

For example, integrins divided to p i class are also called very late antigens (VLAs) 

because they were discovered on lymphocytes after long-term mitogenic activation 

(Hemler et al, 1990). They are six VLA molecules that mediate binding between cell 

surface ligands and extracellular matrix.

The so called (32 integrins are restricted to leukocytes and consists o f four molecules. 

LFA-1 is expressed on all types of leukocytes and it participates in the leukocyte- 

leukocyte and leukocyte-endothelial interactions via its co-receptors or ligands, the 

ICAMs, which are members of the immunoglobulin superfamily (Dustin and Springer, 

1989). P3 integrins are represented by two molecules which have different functional 

activities in relation to the extracellular matrix in which they are expressed (Horwitz, 

1997).

Table 2.6 Leukocyte integrins fam ily classification and cell expression

Molecule Other names Ligand* Cell expression

p i INTEG RINS (P chain = CD29)

a l - p l CD49a/VLA-l CL,LM Activated T cells

a2 -p i CD49b/VLA-2 CL Activated T cells

a 3 -p i CD49c/VLA-3 CL,LM ,FN Activated T cells

a4-(3l CD49d/VLA-4 VCAM-1 Resting,activated T,B cells

a5-(il CD49e/VLA-5 FN Activated T cells

a 6 -p i CD496'VLA-6 LM Activated T cells

P2 INTEG RINS (P chain = CD18)

aL-P2 C D lla/L FA -1 IC A M -l,-2 ,-3 ,-R Resting,activated T,B cells

aM -p2 C D llb/M ac-1 C 3bi,FN G ,IC A M -l Activated T cells

ax"P2 C D llc /p  150,95 C3bi/FNG A ctivated T cells

P3 INTEG RINS (P chain = CD61)

aIIb-P3 CD41/GPIIb FNG,FN,VN Not T ,B  cells

av-P3 CD51 VN Not T,B cells

P? INTEGRINS (P? hum an, Pp mouse)

a4-P7
VCAM-1 T,B cells

a4-Pp

(“ CL, collagen; LM, laininin; FN, fibronectin; FN G , fibrinogen , V N , vitronectin)
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Integrins not only participate in the adhesion, spreading, and cytoskeletal organization 

between lymphocyte and ECM but can regulate the intracellular second messengers by 

which ECM can control cell function as cell shape, growth and differentiation (Wulfmg 

e t a l ,  1998).

2.12 LFA-1 as a signalling molecule for human T lymphocytes

The interactions between leukocyte-leukocyte and leukocyte-ECM were described in the 

context o f integrin transducing signaling. However in this thesis, (32 integrin LFA-1 

molecule was investigated in activation, adhesion and migration behaviour. Therefore, 

the interaction between LFA-1 and leukocyte cells is o f importance for understanding the 

mechanisms of cell activation, adhesion and migration.

LFA-1 was discovered by Martz and Springer in the early eighties. LFA-1 mediated 

cell adhesion is a temperature and energy dependent process (Dustin and Springer, 1989). 

Furthermore, other conditions indicate that LFA-1 dependent adhesion is controlled by 

other cellular processes. In a normal environm ent resting leukocytes do not adhere 

spontaneously, but several stimuli can induce LFA-1 mediated interaction and adhesion. 

Phorbol myristate acetate (PMA) strongly induces LFA-1 dependent cell adhesion. There 

is also evidence that monoclonal antibodies (mAbs), can transduce signals to T cells in 

the same way as natural ligands. Therefore, they are ideal candidates for in vitro analysis. 

Figure 2.5 shows a schematic illustration.

Signalling of cellular events through integrin molecules has previously been 

demonstrated in other systems. Immobilised antibodies to LFA-1 could stimulate 

proliferation o f cloned cytolytic T cells and o f human peripheral blood T lymphocytes 

after activation o f PMA. It was also demonstrated that a mAb (aL FA -I) was more 

capable o f transducing the signals for cytoskeletal reorganisation in HUT78 lymphoma 

cells (Murphy, 1998).

However, anti-LFA-1 does not have the same effects on significant numbers o f 

PBTL cells. This may depend on the cellular types and on the state o f activation o f the T 

cell under examination. It was also documented that pre-activation o f PBTL (for instance 

by PMA) was necessary to induce integrin to cytoskeleton signals.
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It has been reported that motility inducing anti-LFA-1 mAbs induced phenotypic and 

locomotory changes in T cells similar to those observed using recombinant natural LFA- 

1 ligands (ICAMl) (Volkov et a i, 2001).

Therefore, anti-LFA-1 mAb can be used in vitro to mimic adhesion and migration 

behaviour of the multistep process for both HUT78 lymphoma and PBTL cells.

2.13 Summary

The summarised literature highlights several aspects of lymphocyte motility on 

micropattemed substrates that remain to be investigated. Clearly, it has been shown that 

the most important factor employed for the investigation is the topographical geometry of 

the pattern. From the literature available it has been found that cell response depends on

41



pattern geometry such as width, depth and cross-sectional profile. However, the 

fabrication process, the material substrate and surface treatment also have an influence at 

first on the geometry o f the surface and then on the dynamic response o f the cells.

This dynamic response has been demonstrated to depend greatly on the cell type 

selected and on the experimental conditions in which the investigation is taking place. 

From the literature survey, it also emerged that soft tissue and musculoskeletal cells 

respond to the exposed topography with clear evidence o f contact guidance and 

alignment, whereas blood cells, such as leukocytes, did not have such an alignment to the 

surrounding environment. However, when these cells were exposed to specific chemical 

environments they had the tendency to align along the direction o f the gradients.

From the large set o f experimental studies examined in this literature survey it 

emerged that comparatively little analysis has been undertaken on lymphocyte cells. 

Amongst the few studies found, none o f them have analysed the motile response o f T 

lymphocyte cells when subjected to topography. Comparative studies on normal 

peripheral blood lymphocytes and lymphoma T cells have also not been conducted 

before.

The main reason o f such limited amount o f literature was found in the complex 

experimental environment o f lymphocyte activation and migration. Moreover, a complete 

lack o f literature was found for the characterisation o f T lymphocyte cell migration when 

exposed to motility inducing ligand (such as LFA-1 or specific family) under a two 

dimensional surface topographies.

More investigation are therefore needed to quantify the nature o f  the migration these 

two T lymphocyte T cell types and, following that, to compare the extent o f response 

between these two T cell types.

This literature survey has also highlighted suitable experimental methods and models 

to conduct a qualitative and quantitative investigation o f HUT78 lymphoma T cells and 

PBTL normal cells.
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Appendix to Chapter 2

2.14 Appendix to Chapter 2: General introduction to cell 

biology and cell locomotion

2.14.1 Introduction to cell locom otion

Cell locomotion is essentially a mechanical process that m ust be understood in mechanical, biochemical 

and structural terms. In order to move, cells exert forces both on them selves to change shape and on the 

substratum to which they are attached to drive them selves forward. How these forces are generated, 

regulated and applied are at present fundamental questions for the study o f  cell locom otion. The forces that 

resist motion and change o f  cell shape present a com plem entary set o f  problem s. The forces that resist cell 

shape change arise from a passive cellular viscoelasticity, active regulatory m echanism s, and interactions 

o f  cells with other cells as well as the substratum to which they are attached. Resistance to motion arises 

m ainly from adhesive interactions with the substratum.

To understand these forces and their effects in detail, a series o f  basic cellular mechanical properties 

m ust be measured. This task requires m ethods designed specifically for the purpose. Cellular mechanical 

properties are most directly derived from m easurem ents o f  cellular deformability. G enerally it would be 

desirable to have quantitative estim ates o f  the elasticity and viscosity for whole cells in different 

physiological states while participating in various interactions with other substrata. O bservations o f cellular 

processes driven by an external force or by a specific pattern can also provide important information. 

Similarly informative are m easurem ents o f  the effects o f  changes o f  conditions, e.g. strength o f  adhesion to 

the substratum. Cell motion depends on a series o f  factors that try to fully explain the cellular movement, 

including contact guidance by extracellular matrix (ECM ) (Abercrom bie, 1965), and adhesive gradient 

(Carter, 1967). All these m echanism s act in the development o f  cell motion.
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Appendix to Chapter 2

2.14.2 Cell overview

It is no t possib le  to describe  a typical cell, because  cells vary  so g reatly  in size , shape, con ten t and function. 

A hypo thetica l com posite  cell can be considered  inc lud ing  m any know n cell s tructures. A cell consists  o f  

tw o m ajor parts: the n u c leu s and the cy top lasm  separa ted  by a th in  m em brane, as show n in Figure 2.6.

T he  cell can be seen as an open system  in w hich  the in terac tions betw een the cytop lasm  and the 

ex tracellu lar m atrix  (E C M ) can , in certain  k inds o f  cell, create the locom otion . Such a cell w ou ld  be self- 

p ropelling . In particu lar, the cy toskele ton  (C SK ) consis ts  o f  a netw ork  o f  p ro tein  filam ents ex tend ing  

th roughou t the cytop lasm  o f  the cells. C SK  is m ain ly  com posed  o f  p ro te in s (i.e., actin  filam ents). A ctin 

filam ents, usually  in association  w ith m yosin , are responsib le  for m any types o f  cell m ovem ents. M yosin  is 

the proto type o f  a m o lecu la r m o to r that ce lls  use for p ropu lsion . It is a p ro tein  that converts chem ical 

energy  in the form o f  A TP to m echanical energy  g enera ting  force and m ovem ent. T he in terac tions o f  actin- 

m yosin  are responsib le  for cell m ovem ent and cell d iv ision . M oreover, the actin  cy to skele ton  is responsib le  

for the craw ling  m o v em en ts  o f  cells, w hich appear to be driven d irectly  by  actin  po lym erisa tion  as w ell as 

actin -m yosin  in teractions.
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Figure 2.6 A ppendix: (left) Cellular system: schematic representation, (right) SEM image o f HUT ceil.
Note the size of the nucleus in relation to the whole cell (Bray, 1992)

“C ell locom otion” im plies the activ ity  o f  m oving  from  p lace to  p lace , w ith the help  o f  a p ropelling  system . 

O n the con trary  “m o v em en t” is the action  to m ove from  p lace to p lace bu t w ithou t any se lf-p rope lling  

system , for exam ple a cap illa ry  p ressu re  o r fluid flow . T w o fundam enta lly  d ifferen t locom otory  patterns 

have been p roposed  for cell locom otion: (i) the m ovem ent o f  fi'ee sw im m ing  ce lls  th rough  a fluid phase, 

and (ii) the craw ling  m ovem ent o f  ce lls  over a rigid substra tum . A lthough th is w ork is concerned  w ith the 

second  o f  these, it should  be no ted  that the d ifference betw een  sw im m ing  and craw ling  is som etim es no t so 

clear cut.
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Appendix to Chapter 2

2.14.3 Cell crawling

The crawling movement o f ceils across a surface is the basic form o f cell locomotion employed by a 

variety o f different kinds o f cells. Examples include the movements o f amoebas, the migration o f 

embryonic cells during development, and the invasion o f white blood cells to fight infection, the migration 

o f cells involved in wound healing, and the spread o f cancer cells during the metastasis o f malignant 

tumours. A ll o f these movements are based on the dynamic properties o f the actin cytoskeleton, although 

the detailed mechanisms involved remain to be fu lly  understood.

Cell crawling involves a coordinated cycle o f movements, which can be viewed in stages. First, 

protrusions such as pseudopodia, lamellipodia, and microspikes must be extended from the leading edge o f 

the cell (Figure 2.7). Second, these extensions must attach to the substratum across which the cell is 

migrating. Finally, the trailing edge o f the cell must dissociate from the substratum and retract into the cell 

body.

Detachment Translocation Protrusion

Direction of motionDirection of motion

;>
Filopod

LamellipodActin filam ents

rZZ7ZZZZ7ZZZ7227ZZ77IZZZ

A nchorage Contraction Contraction Anchorage Expansion
and traction or track m ovem ent and  traction

Figure 2.7 Appendix; cell crawling process divided in protrusion (leading edge), translocation o f the 
main body followed by detachment and retraction o f the trailing edge

A variety o f experiments indicate that extension o f the leading edge involves the polymerization and cross- 

linking o f actin filaments. For example, inhibition o f actin polymerization blocks the fonnation o f the cell 

surface protrusion. However, the mechanisms responsible for generating the force required for extension o f 

this structure have not been established.

Following their extension, protrusions fi'om the leading edge must attach to the substratum in order to 

function in cell locomotion. For slow cells, such as fibroblasts, attachment involves the formation o f focal 

adhesions. Cells moving more rapidly, such amoebas or white blood cells form more diffuse contacts with 

the substrate.

The third stage o f cell crawling, retraction o f the trailing edge is the least understood. The attachments 

o f  the trailing edge to the substratum are broken, and the rear o f  the cell recoils into the cell body. The
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process appears to require  the developm ent o f  tension  betw een  the front and rear o f  the cell, genera ting  

con trac tile  force that even tua lly  pu lls  the rear o f  the cell forw ard.

It is im portan t, how ever, to rem em ber that these steps do no t necessarily  occur separa te ly  and that several 

o f  these p rocesses cou ld  be occu rring  sim ultaneously . In each  o f  these steps the cell m ight be exerting  

force on itse lf  to change its shape  an d /o r on the substratum  to detach o r m ove forw ard.

2.14.4 Lymphocyte T cell

T he cells under exam ination  in th is thesis are lym phocy te  ce lls  and the ir m ost abundant subpopu la tion  

called  T cell, in particu lar. T he exact defin ition  o f  b lood  is a connective tissue w hose ce lls  are suspended  in 

a liqu id  in tercellu lar m aterial. T he typical b lood  com position  is 45%  cells  (called  hem atocrit (H C T )) and 

55%  o f  plasm a. H em atocrit is then d iv ided  to red  b lood  cells (99%  o f  H C T ), w hite  b lood  cells and 

p latelets.

B lood cells orig inate  from  bone m arrow  hem ocy tob lasts (a type o f  stem  cell). A stem  cell can 

d ifferen tia te  into any o f  a num ber o f  specia lised  cell types.

T lym phocyte cells o rig inate  from stem  cells and they form  part o f  the w hite  b lood  cells o r 

leukocytes. In particu lar, they  lack o f  g ranu lar cy top lasm  and are ca lled  ag ranu locy tes , as opposed  to w ith 

the ones that have g ranu lar cy top lasm , ca lled  g ranulocy tes . T ypical g ranu locy tes  are tw ice the size o f  red 

b lood  cells (red cells =  approx im ately  7 m icrom eters) and the m em bers o f  th is  g roup  include neu troph ils , 

eosinoph ils  and basophils. T hey  have a re latively  short life span , averag ing  about 12 hours.

T he leukocytes o f  the agranulocy te  g roup  include m onocy tes and lym phocytes. L ym phocytes are 

usually  only  slightly  larger than red ce lls  (ery throcytes). A typical lym phocy te  con ta in s a re la tively  large, 

round  nucleus su rrounded  by a thin rim  o f  cy top lasm . T h ese  cells account for 25%  to 33%  o f  the 

c ircu la ting  leukocytes. T hey  have re latively  long life spans that m ay  ex tend  for years. T he function  o f  

leukocytes is to p ro tect the organism  against in fection  and o th e r invading  pathogens in various w ays.

L ym phocytes are im portan t in im m unity  and they  recogn ise  specific  foreign m olecu les. T hey  inc lude  

B -lym phocytes (B cells) that p roduce  an tibod ies , and T lym phocy tes (T cells) that fulfil the function  o f  

ce ll-m ed ia ted  im m unity. T  cells attach to foreign, an tigen-bearing  cells and in teract d irec tly  that is, by cell- 

to-cell contact. T h is type o f  response is called  ce ll-m ed ia ted  im m unity  (C M I). T  ce lls  m ay also secrete  

tox ins that are lethal to the ir antigen target cells: g ro w th -inh ib iting  factors that p reven t target-cell g row th , 

or in terferon o r cy tok ine  that inh ib its  p ro liferation  o f  v iruses and tum our cells. B cells attack  foreign 

an tigens by secre ting  so lub le  factors (an tibodies).

L ym phocytes can m odify  the ir shape to adapt at the new  substrate  and con tou r and  they can craw l on 

ligand expressing  surface using a form o f  se lf-p ropu lsion . T hey  penetra te  the endo thelia l layer and m igrate  

into the underly ing tissue. T h is  p rocess can be d iv ided  in four sequentia l s tep s that are com m on for all 

lym phocyte cells. T he  steps are: ro lling , activation  by chem oa ttrac tan t stim u lus, arrest and adhesion , and 

transendothelia l m igration . T he com plete  ex travasation  is schem atised  in Figure 2.8.
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Flow

O  Rolling @  Activation 
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Proinflam m atory 
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F igure 2.8 Four sequential steps in lyniphocytc extravasation (D iaz-G onzalez, 1998)
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C H A PT E R  3

3 MA TERIALS AND METHODS

3.1 General introduction

A full description o f  the substrate microfabrication technologies o f  biomaterials is 

presented. These processes were two dry etching process, (i) laser ablation {i.e., CO2, and 

Excimer laser), and (ii) Ar' ion plasma etching, and two chemical etchant processes, (iii) 

one with hydrofluoric acid (HF), and (iv) the other with hexafluorosilicic acid (HaSiFft) 

etching.

Next, cell culture and activation protocols are described as a preliminary stage o f  the 

cell dynamic response analysis. Finally, the experimental settings and cell measurement 

techniques used to accomplish the experimental analysis are described.
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3.2 Biomaterials: substrate selection

The choice o f  substrate w as made in the context o f  (i) the biom aterials used in previous 

studies, (ii) the b iocom patibility requirements for cell culture (the b iocom patibility  

response o f  this substrate to chem icals and agents used in cell culture, such as, in 

particular, the cytotoxicity  and sterilization factors), (iii) and the lim itations given by the 

equipm ent used for the investigation.

A further requirement w as a high degree o f  optical transparency; this w as needed  

because an inverted m icroscope w as to be used for the cell analysis and it was important 

to achieve high definition and an extrem e resolution o f  the cell in order to determine and 

isolate single cell locom otion. A final requirement w as that the substrate had to be 

inexpensive, be com m only available and have a high reproducibility for the 

m icropattem ing process.

Five candidate biom aterials were investigated. These w ere three polym ers and tw'o 

glasses. The polym ers were: (i) poly-m ethyl-m ethacrylate (P M M A ), (ii) poly-styrene  

(PS) and (iii) a polyethylene Terephtalate called Thermanox (trade mark by Nunc  

Scientific Int., Denmark). The two g lasses were (i) a com m on silicate glass (S iO :) and 

(ii) borosilicate g lass (B 2 0 3 -S i0 2 ), a silicate-based glass. The relevant properties o f  the 

five materials are listed in Table 3.1.

T able 3.1 Material properties o f  polym ers (PM M A , PS, and Thermanox) and silicate glasses based
(silicate and borosilicate glass)

Material Tg
l°ci

T m
|°C1

Refractive
index

Transm . o f  
light |%1

Chemical
stability
(general)

PM M A 100 160 1.49 92* Medium

PS -100 240 1.59

*0000 Medium

Thermanox® 80 212 1.50 95* Low

SiOz 696 850 1.51 98 Good

BzOj-SiOz 720 800 1.52 98 Good

(Polym er source: D aniels, (1998); Glass source: B S3836  parti; BS 7 0 1 1 part 2 section 2.2 (1998); 
B S3473 section 4.2 (1989); *: Light F luorescence w as found when excited at ^ = 253 .7  nm)
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3.3 Laser system arrangement

An initial aim o f this study was to microfabricate a surface using a single-step process at 

a relatively low cost. The technology proposed for this was laser ablation. Among the 

different types o f laser systems and apparatus available on the market, attention was 

focused on a commercially available CO 2 laser system and a built-in Excimer laser 

system.

3.3.1 CO 2 laser system

The CO2 laser solution used is commonly called “engraving systems”. Engraving systems 

are laser-based apparatuses capable o f multiple purpose uses in relation to the intensity o f 

the laser source power. It was found that the most reliable product was an assisted 

engraving software system product by Trotec (Epilog laser, CA, USA). The model used 

was a Radius C25 equipped with a 25 Watt CO 2 laser, with an optical collimating system 

o f ZnSe lenses focused on a micrometer adjustable X-Y table. The engraving process is 

fully controlled by a computer program that can move the laser beam punctually to each 

part o f the engraving table with a precision of microns.

Samples were successfully machined, using a laser power o f 200 watts/cm and a 

minimum pulse time in order to decrease the number of shots per second. The materials 

used were PMMA (poly-methyl-methacrylate), PVC (poly-vinyl-chloride), PS 

(polystyrene), and Si0 2  glass.

3.3.2 Excimer system

The excimer laser used in this study was a Lambda Physics LPX 100 excimer laser 

(Lambda Physics, Goettingen, Germany), with a maximum power o f lOOW, which 

produces pulses o f 20 ns duration. All experiments were performed at a pulse frequency 

o f 2Hz, at room temperature (temp range 17-19°C) in open-air atmosphere (humidity 

level 40-50%). The experimental arrangement is shown in Figure 3.1 and Figure 3.2. 

This simplified arrangement follows the same principle as the focused laser beam o f a 

more sophisticated system (Hogan and Lunney, 1988). A lens L\ was used to weakly 

focus the excimer beam onto an aperture A (slit or pinhole usually) and so control the 

laser fluence (radiation). The aperture was then imaged onto the sample S  by the lenses 

system Li. which consist o f two plano-convex lenses placed back to back to minimize 

spherical aberration (of the image projected).
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A preliminary series o f  tests was carried out to determine the etch rate for each laser 

pulse. The materials used in these experiments were PMMA and PS, two typical 

materials widely used in biological applications. Few tests were also carried out to ablate 

silicate glass (Si0 2 ).

Lens stage Z,,: Lens stage Z.,: Stage 3:
Weak focussing Beam concentration Specim en (.5)

M icroscope surfacc analysis 
“  (feedback)Laser

E xcim er

><
ch da

Figure 3.1 Laser apparatus used in the ablation studies. From left: excim er laser source, weak focussing 
lens stage (L\), beam concentration lens stage (Li) and specim en holding stage (S). A m icroscope (magn. 
lOX) was placed at the right side o f  the specimen to correct the beam focus

Using different collimators {i.e., optical stages), it was possible to vary the reduction ratio 

o f the image projected on the material surface. Three different optical stages were used, 

with three beam reduction ratios, 5:1, 4:1, and 2:1. These reduction ratios were achieved 

by varying the relative distance between the stages (distance b in Figure 3.3). The details 

o f  each configuration are shown in Table 3.2.

Figure 3.2 Arrangement used in the ablation studies. From left to right, excim er laser source, weak 
focussing stage, beam concentration (3 lenses), specimen holder and m icroscope for direct inspection and 
focus
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Laser
Excimer

A L2

 ̂I  ̂Uh ^
5*

> < — — > <

a c d

L\ = bi-convex focus lens 

Li = anti-aberration lenses 

(concave -  convex)

A =  aperture/slit 

S  =  specimen

Figure 3.3 Excim er system: lenses scheme arrangem ent used in the ablation studies

The excim er laser was used with two different gases: ArF (^=193nm ), and KrF 

(X=248nm). The purpose o f  the experim ent was to determ ine the best ablation process for 

the polym ers adopted.

At the beginning, the projected m ask was a sim ple slit o f  100 |im  length and 60 |im  

width made by razor blades. Then, different diam eter pinholes (50, 25, 15 Jim) in 

m olybdenum  for high pow er lasers were purchased (C oherent Ltd, Leicester, UK.), and 

used to ablate in the order o f  a single spot for each pulse shot.

Table 3.2 Excimer lenses details. Lenses diam eter was important to 
reduce aberration and scattered light; where focal length was important 
to calculate the focus ratio o f  the laser beam

Size Focal length
|mm| lmm|

(|) = 40.0 50.0
Lens specification (j) = 50 8 76 2

0 = 50.8 101.6
(t) = 50.8 304.8

__________________ (|) = 50.8___________________500.0

D uring every laser ablation, before starting the surface etching, a calibration phase was 

required to setup and tune the system. The prelim inary calibration procedure carried out 

w as to set the laser frequency to 1 Hz and, through a calorim eter system  (M entor Laser 

Power, Azusa, USA), to ineasure and set the intensity o f  the laser beam, with high 

accuracy in order to not exceed on the pow er supplied. With the help o f  a m icroscope it
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was possible to focus the beam on the surface o f the material; this technique is called 

“best image projection” and can be directly measured by an expert operator. The 

technique is based on an optical microscope analysis o f a few ablated spots under 

different laser settings. Direct analyses o f the spots ablated on the surface gave 

information about whether to change the beam setting on the surface or not.

Two polymers surfaces were ablated (or etched), varying the number o f shots for 

each position and the intensity o f the beam. These experiments were done at a constant 

frequency o f 2 Hz to determine the best etch rate for each polymer. Experimental etch 

curves were determined for PS and for PMMA polymer and compared with literature. 

The following Figure 3.4 and Figure 3.5, shows the ablation curve on PS and PMMA 

with 193 nm excimer laser wavelength.

Experimental etch curves o f the different laser settings {i.e., ArF (?i = 193 nm), KrF 

(A, = 248 nm gas) were plotted for the two polymers (PMMA, and PS) (Figure 3.6). Then 

a comparison of the etching rate/pulse curves showed that there were no differences on 

the ablation curves for PS material for the tv̂ 'O settings. Once these curves were 

determined substrates were etched on the surface controlling all the geometrical

parameters {i.e., width and depth o f the groove).

Although, the technique was primarily not fully developed the surface o f polymers 

were manufactured as a sequence of ablated spots to form a straight line o f 

approximately 200 )a,m. Varying frequency of the laser source open (number o f pulse per 

area) and the intensity o f the laser beam, a variety o f parallel lines were etched.

A few straight channels were successfully machined and measured. Full

investigations o f the channel’s ablated surfaces were carried out by a non-invasive 

measuring technique. Channel shape (length, width, and depth), cross-section, and 

roughness (Ra of untreated and ablated surface) were measured using a profilometer 

technique called White Light Scanning Interferometer technique (WLSI) (model New 

View 100 from Zygo Corporation, Middlefield, USA). The WLS Interferometer 

technique was able to work in 3D with a resolution o f 0.1 nm in dynamic vertical

resolution (Zygo Corporation, Middlefield, USA).
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A typical W LSl output image is reported in Figure 3.7. To complete our analysis on the 

effect o f focused laser beams on the modified polymer surfaces SEM analysis (Scanning 

Electron Microscope) was carried out to point out some damaging defects highlighted by 

the W LSl. This investigation was carried out using a variable pressure SEM (Hitachi S- 

3500N, Tokyo, Japan) with a maximum resolution o f 3.5 nm.

In the Results chapter examples o f the pattern ablated and relative measurement are 

shown in order to point out the advantages and disadvantages o f the laser techniques 

investigated. Several limitations were experienced during the ablation process that leads 

to the decision to adopt another microfabrication technique.

0.3

(/)cow 0.25
PMMA curve 248

O

E 0.2
♦  PMMA-193(U«

3
a
£

PMMA curve 193

■  PMMA-248

PS 193/248

a0)
■o

u
PS curve 193/248

0.05

LU

0 200 800400 600 1000 1200

Fluence [mJ/sq.cm]

Figure 3.6 Excinier ablation. Etch curves for PM M A and PS using laser beam set to ArF 
(^=193nm) and to KrF (^=248nm) for different fluence intensity
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3.4 Microfabrication: lithographic process

The com plete im plem entation o f the m icrolithographic process was the result o f  the 

success on every single step in the flow chart, shown in Figure 3.8. A detailed description 

o f  each individual step will follow.

Photoresist selection

Substrate selection

Developing

Soft baking

Spin-coating

Substrate cleaning

IMask design and m anufacturing

M ask aligning and Exposure

F igure 3.8 Flow chart o f  the microlithography process

3.4.1 Lithographical mask

The lithographical mask contains the b lueprint o f  the pattern that is to be fabricated on 

the substrate selected. A m ask is usually m ade o f  borosilicate or quartz glass and is 

coated on one side with chrom e. The patterns that are needed for the m icrofabrication are 

etched onto the chrom e using an e-beam  technique. To design a m ask it is im portant to 

bear in mind a few param eters: (i) pattern dim ensions, (ii) pattern resolution, (iii) 

photoresist, (iv) lithographic process, and (v) etching techniques. For the process under 

consideration here the mask was designed in agreem ent with the follow ing specifications, 

see Table 3.3.

O nce specified all the features on the m ask the patterns were designed, e.g. grids, 

channel patterns and bifurcating patterns, see Figure 3.9.

Because o f  the better resolution and the better technological advance o f  the 

photoresist, a positive resist was chosen. This im plies that the m ask had to be 

m anufactured in a negative shape in order to be able to let the positive pattern be
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im pressed on the resist. Furtherm ore, a quartz m ask was chosen to reach the resolution 

required.

T able 3 .3  M ask design param eter specifica tions

Param eter Value

Pattern dimension (Max, min) 300 |im; 2 ^im

Pattern resolution ± 1 jdm

Photoresist Positive

Lithographic process Spin coating open air system

Etching process Plasma etching and wet etching

C alibration  
(\v = 10 ; 1 = 200 nm )

Bifurcation  
(I =  300  pm )

(w = 7 , 10, 13, 16, 19)

High resolution  
m icrolithography mask

(usable area 50 x 50m m)

F igure 3.9 D ifferen t pattern used in th is study  for the m icro lithog raphy  p rocess and high reso lu tion  
lithographical m ask  (m ask to lerance < 0.1 pm )

The m ask was designed with special draw ing photolithography software called Kic 

(W hiteley Research Inc. CA, USA). The m ask w as designed in a 1:1 ratio (I unit = 1 

m icron). Once the mask was drawn it was m anufactured by PH OTO NICS Ltd 

(M anchester, UK) following the specification given above in Table 3.3.
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3.4.2 Photoresist

Two different photoresists were used in this work: (i) high resolution positive photoresist 

Microposit S I818 from Shipley (Chestech, Warwickshire, UK), and (ii) a positive tone 

photoresist ma-P1275 from Microresist-technology (Microresist-technology, Berlin 

Germany).

Initially, Shipley S I818 was used in combination with Ar^ plasma etching and wet 

etching {i.e., HF buffered solution). This photoresist is a positive resist with novolak 

formulation (section 3.12.4,5). It has an excellent resolution (< 0.5 |im ) on the patterned 

features and can be used for both dry and wet etching. It has also an excellent adhesion 

and coating uniformity to the substrate. Accuracy is another advantage o f this photoresist 

by the fact that it can work in the G-line (section 3.12.4.5) and also in broadband 

wavelength. These properties make the resist suitable for all o f the most common UV 

systems (absorbance within the ŷ Hg wavelength). Used in conjunction with a dedicated 

developer (Shipley Microposit MF-319) it reduced discrepancies between exposure and 

development phases. A protocol was developed to maximise the resist properties in 

relation to the technical data sheets provided by Shipley.

In a latter stage, micro-resist ma-P1275 was used for Ar* plasma etching and for wet 

etching {i.e., HF buffered, and hexafluorosilicic acid) for its stronger adhesion and 

shielding effect on a glass substrate to different etching solutions. The main advantage o f 

this resist is its highly viscous formulation based on naphtochinodiazid novolak (widely 

used in microelectronics and micromechanics). It can be spun with conventional systems 

to a maximum thickness o f 30 ± 0.5 |im  with high uniformity and stability through time. 

Exposure dose was chosen in relation to the thickness o f the layer spun. The spectral 

sensitivity is not modified by the thickness and range between 350 and 440 nm (l-line 

and ?iHg wavelength). Its stability to UV light, acid and alkaline solutions make it the 

ideal resist for micro fabrication. From the data sheet it was found the best compromise 

could be reached using a thick resist layer between 7.5 and 10 |im. As for the Shipley 

photoresist, the ma-P1275 was supplied with its combined developer (M icroresist ma- 

D330). Thus, following the indication given in the data sheet and with the aid o f an 

adhesion promoter (called Haft-vermittler from microresist technology, Berlin, 

Germany), a protocol was developed to use this new photoresist formulation efficiently.
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3.4.3 Cleanroom

Two, state o f  the art cleanroom s were designed and built to m ake m icro and nano 

fabrications com ply with the m ultidisciplinary research ongoing in Trinity College (see 

Appendix, section 3.12.4.2). These tw o cleanroom s w ere also equipped to com ply with 

the m icro/nano fabrication processes carried out.

The m icrolithographic process w as divided betw een the two cleanroom s. C leaning, 

spin-coating and soft baking were carried out in the small lithography room in cleanroom  

class 100. This room  was designed and developed to have a reduced level o f 

contam ination from the class 10000. W hereas, m ask-aligning {i.e., photoresist exposure), 

and developing process w ere processed in the class 100 cleanroom .

3.4.4 Substrate cleaning

Deep cleaning was carried out using a solvent treatm ent technique to rem ove any 

contam inating agents. A dipping technique was chosen with a mild stirring follow ed by a 

nitrogen spray cleaning and high tem perature baking in order to dissolve and rem ove any 

unw anted trace o f  inorganic and organic contam inants

Different reagents were used to clean the polym ers and glass materials. Polym ers 

were dipped in m ethanol for two m inutes and in distilled w ater for two m inutes to 

rem ove any organic and inorganic traces. Then, they were sprayed with nitrogen air for 

thirty seconds. H igh-tem perature baking was replaced by a m ild plasm a treatm ent (under 

air gas) for 20 seconds at low pow er dosage (200 watts). Glass m aterials were dipped in 

acetone for two m inutes and then in HCl for 2 m inutes to rem ove the inorganic and 

organic traces. A two m inute dip in de-ionised w ater (DI w ater) was followed by nitrogen 

spraying and a high-tem perature baking at 150° C for two minutes.

3.4.5 Spin coating

A few param eters had to be taken into account to spin-coat the substrate after the 

cleaning step (section 3.12.4.4). By using two types o f  photoresist, as m entioned above in 

section 3.4.2, the spin-coating set- up param eters had to be determ ined twice to be able to 

spin the resist to a specific film thickness. The two resists had different viscosities, 

com positions and consequently spinning properties.
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A ssum ing that the polym er properties o f  the resist w ere constant through tim e and that 

the environm ental conditions are know n and ideally guaranteed by the cleanroom - 

feedback control system ; the spin-coating process is m ainly characterised by the spinner 

param eters like spinning speed and spinning time.

A ssum ing that the film thickness can be theoretically calculated using Eqn. 3.6 from 

(section 3.12.4.6), discrepancies em erged betw een the theoretical calculations and the 

resist technical data-sheet film thickness curves. This indirectly brought us to a 

reassessm ent o f  the spinning param eters for both the two resists. By using the data sheets 

as a starting reference, an experim ental evaluation was carried out to determ ine the 

appropriate spinning condition for our substrate and process. A staircase set o f  

experim ental tests w as im plem ented to evaluate the new spinning curve. In this study an 

experim ental analysis based on four m easurem ents w as carried out to determ ine the 

variation o f  the film thickness in relation to spinning speed and volum e o f  resist spun.

Spin-coating curves were traced for the two resists by linear interpolation o f the 

experim ental points m easured. These experim ental points were found by m easuring the 

resist film thickness o f the sample by using an ellipsom etry technique. Three sam ples per 

each param eter settings were m easured and averaged in order to reduce the variance o f  

the data collected. In Figure 3.10 and Figure 3 .1 1 spin-coating curves represented by film 

thickness against spinning speed are show n independently by their chem ical form ulation, 

assum ed constant for convenience in this study.

Table 3.4 reports the data used in our study to have an uniform  layer o f  Shipley 

S I 818 and m icro-resist m a-P 1275 resist.

F able 3.4 Spin coating data  used for sp inn ing  curve graph for Shipley  S 1 8 1 8 and micro-resist m a-P  1275

Resist
Resist
viscosity
Ig/cm^l

Spin speed
range
|rpm |

Spin time 
[seconds]

Room
temp.

(°C|

Humidity

[%l

Acc.
Ramp
[seconds]

Shipley 
S 1818 1.0 2300-10000 45-60 22±1 < 40  ±2 10

Microresist 
ma-P 1275

1.1 1800-5000 45-60 22±1 < 40  ±2 10
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3.4.6 Soft baking

O nce the resist was spun onto the substrate, a soft baking treatm ent was carried out for all 

the m aterials under exam ination. Crucial chem ical variables o f  this step were (i) Tg and 

T„ for the m aterials, (ii) polym er stability to heat and (iii) solvent com position. The 

physical variables involved were (i) baking tem perature, (ii) baking tim e and (iii) baking 

atm osphere.

From the data sheet o f  the photoresist used, and from the m aterial properties o f  the 

substrate used, it was found that an adequate soft baking required a baking tem perature o f  

90°C  for a ranging tim e o f  10 and 13 m inutes under room atm osphere condition o f  22 - 

24°C and 40 - 45%  o f  hum idity to have an optim al resist evaporation and resist residual 

stress release. The soft baking was perform ed using a hot conductive plate (B aking stage 

m odel SB 160-10427 Bibby Stuart, Sterlin Ltd, Staffordshire, UK), positioned ju s t beside 

the spin-coating to facilitate the handling o f  the substrate from one step to the follow ing 

one (Figure 3.12). This plate can operate betw een 20 and 300°C with an increase in 

tem perature o f  1°C at a time.

3.4.7 Mask aligning and Exposure

The m ask-aligning and exposure phase is the m ost im portant phase o f the process and it 

was obtained by the creation o f  a latent image on the resist layer. It counts for the 60%  o f  

the process and as m entioned in A ppendix (section 3.12.4.8), in relation to the process 

and the equipm ent available, fine features can be transferred and created on the resist.

In relation to w hat is reported in Table 3.15 (section 3.12.4.8) several criteria had to 

be respected at the tim e o f  the m ask-aligner selection, to choose the appropriate 

equipm ent for the lithographic process run. In this case the m ask-aligning system  had to 

respond to a sub-m icron resolution with a good com prom ise betw een reliability and 

running costs. In respect o f  those requirem ents, an optical system with a 

contact/proxim ity aligning stage was found to be the best solution for the requirem ents o f  

this work. Then, because only one resist layer w as exposed, there was no need for a 

strong aligning accuracy. Therefore, a contact/proxim ity system  was adopted and used 

for the aligning phase. For this purpose a Karl Suss m ask-aligner m odel MJB3 UV 400 

was advised to be the best com prom ise for our needs. The M JB3 aligner had an accurate 

aligning stage and was equipped with a 400W  Hg-UV lamp to achieve a sub-m icron 

resolution.
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Figure 3.12 Baking stages (Cleanroom 10000). Soft baking o f  borosilicate and 
silicate glass

As for the spin-coating, the m ask-aligning param eters in this study had to be 

characterised and determ ined for the two resists considered. Follow ing the same 

approach used to determ ine the spinning curve, it was possible to develop a proper m ask- 

aligning and exposure protocol for the resists under exam ination, in A ppendix (section 

3.12.4.8) it is shown that the pattern transfer process is m ainly influenced by three 

param eters: (i) resolution, (ii) m ask-alignm ent, and (iii) exposure dose.

The standard resolution o f  a contact aligning system is on the order o f  0.25-0.5 |im , 

referring to Table 3.17 in section 3.12.4.8. With an additional special table and vacuum  

system  it can be on the order o f  nanom etres. Such resolution was sufficient for the 

m icrolithographic exposure needed.

A shadow printing technique was used for m ask-alignm ent (section 3.12.4.8), 

because the latent image was transferred w ithout any aberration and because it is the 

m ost com m on technique used in a single layer exposure.

The exposure dose is a param eter that correlates the m ask aligner lamp emission 

wavelength to the photoresist response to that particular w avelength. This last factor is 

also related to the sensitivity o f  the resist and it is described by a specific response curve 

that is given by the resist producer. W hen we assessed the exposure dose it was found 

that the exposure data provided by the resist-producer did not give the results expected. 

U nder-exposure and over-exposure were found using this dataset.
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Therefore ,  a series o f  tests w as  necessary  to  im prove  the exposure  process, s ince the 

exposure  time for the tw o resists w as  d iffe ren t (Table 3.5). S ince the m ask-a ligners  

available w ere  not p rov ided  with an energy  density  m easu rem en t  system  it w as  necessary  

to ca lculate  and  control the exposu re -dose  (m J/cm ^) for each exposure . T he relative 

energy-dose  w as  calcu la ted  by  m ultip ly ing  the U V  light intensity  (W /cm ^) by the 

exposure  time (seconds). For this calcu la tion  it w as  assum ed  that the light intensity  w as 

constan t for shorter period o f  t im e and  for the initial stage o f  the lamp; for the lam p 

intensity  it w as  referred to the p ro d u cer  technical data.

Table 3.5 Exposure data for Shipley SI 818 and microresist ma-P1275

Resist
Exposure

dose
|mJ/cm^]

Exposure
time

[seconds]

Exposure
range

(optimal)
|nm|

Resolution
l^im]

Room
Temp.

|°C |

Humidity
l%l

Shipley 

S 1818
120-210 30-45

350-450

(436)
0.48 20 ± 1 - 3 0  ± 2

IVIicro-resist 

ma-P 1275
350-450 30-60

300-440

(365)
0.5 20 ± 1 - 3 0  ± 2

3.4 .8  D evelop in g

D evelop ing  the exposed  substrate  w as  the m ost  delicate step in the m icro li thograph ic  

process  because  o f  the n u m b er  o f  param eters  involved in the reaction be tw een  substrate  

and developing  solution. The p aram eters  involved w ere  re lated to the deve lop ing  am bien t 

tem perature ,  to the solution, and  to the deve loper  properties.

Shipley M icroposit M F -319  and  M icroresis t techno logy  deve lope r  m a-D 3 3 0  w ere  

used  in com bination  to their specif ic resist, as described  before. Both the deve lopers  w ere  

non-ionic  organic  solutions (m etal- ion-free). T hey  w ere  handled in the c leanroom  only  

under  the sam e am bien t conditions  used  for the sp in-coating  and  the exposure.

S ince the resist film th ickness ranged  be tw een  I and 8 )Lim, a w e t  d ev e lo p m en t 

p rocess  w as carried  ou t to m ain ta in  the deve lope r  concentra tion  constan t th roughou t 

process  and let the dev e lo p e r  react w ith  the exposed  pattern in o rd e r  to rem o v e  it 

com pletely . A m ild  stir to the b eak er  and  to the sam ples  w as  done  b y  a m anual agitation 

in order to have fresh deve lop ing  solution reacting  a t the pattern site at all times. B ecause  

o f  the m in im um  reacting area  exposed  to the deve lop ing-so lu tion  it w as not necessary  to 

constan tly  m on ito r  the solution pH. A fter  every  10 d eve lopm en ts  the 110 ml solution  was
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replaced with a fresh one. The solution tem perature was kept betw een 20 and 22°C 

during all developing time.

The main param eter involved in the developing process was the developing time. 

This has to be appropriate and correct to develop the pattern exposed in order to avoid 

phenom ena o f  under-developing and over-developing. D eveloping tim e was also 

influenced by the resist thickness, the soft baking process, and finally the resist 

sensibility. Thus, any kind o f  interaction betw een developer and the substrate was done 

by follow ing the indication given by the developer suppliers and, w here unknow n or 

uncertain, carrying out a series o f  test to determ ine the developing tim e for the different 

resist thickness layers exposed for a certain length o f  tim e were determ ined.

As shown before the follow ing table will report the m ain param eters involved, 

calculated and m easured for a proper developing technique (Table 3.6).

I'able 3 .6  D eveloping  param eters involved  for develop ing  S hip ley  and M icroresist 
techno logy  resist exposed  to UV light cond ition

Developer
Developing

time
[secondsj

Resist
thickness

i^mj

Developing
Temp.

I°C|

Shipley

IVllcroposit MF 319  

Micro-resist

20-60 1.0-2.5 21 ± I

ma-D 330
60-120 6.0-11.0 21 ± I

3 .4 .9  R in se ,  a n d  D r y

Rinsing was done by a chem ical rinse in a distilled w ater-solution for five m inutes. Then, 

the substrates were blown off, with dry nitrogen or air, to ensure no w ater condensation 

occurred during the drying process. Finally sam ples were kept in a sterile sam ple holder 

to facilitate the transportation (Figure 3.13).

It was very im portant to carry out a m icroscope inspection o f  the patterns ju st

m anufactured to exclude defects or irregularities in the geometry. If they were present it 

was im portant to be able to discover where the defects w ere caused.

At this point the photoresist was used as a protective m ask to transfer the pattern into

the underlying m aterial via an etching process.
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Spinner

Figure 3.13 Final stage o f  sample preparation. Sample were stored in a 25- 
sample holder and inform ation was recorded for each substrate

3.5 Etching

Dry and wet etch were the two main etching processes used in alternative to the laser 

systems described before {i.e.. CO2 and Excimer). These two processes were used 

because o f their different etching characteristics to micropattern the surface o f the 

substrates under examination. Firstly, dry etch was used for its anisotropic etching 

properties. This system could etch patterns with high aspcct ratio and controlled etching 

properties. Secondly, a wet etch technique was adopted to respond to the patterning 

requirements. This process was developed in consequence o f inconsistency experienced 

with the dry etching technique.

3.5.1 Dry etching

In this study, Ar*̂  ion beam etching was used to etch polymer substrates. Once the pattern 

had been transferred to the polymer surface through the lithographic process the 

specimen was positioned in the vacuum-chamber o f the ion beam etching (IBE) machine 

(Commonwealth Scientific, Alexandria, VA, USA). Figure 3.14 shows the IBE used in 

the Physics Department in Trinity College.
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Figure 3.14 Ar" ion etching machine; (left) controller panel, and (right) vacuum chamber and etching table

The etching curves for the polymers and glasses used were determined because very little 

literature was found about the etch rate o f polymers and glasses with ion m illing. 

Thermanox and PS were found to be not suitable for ion m illing  etching. The surface o f 

these last two was irregularly etched by the accelerated ion impacts.

PMMA, and silica based glass etching curves were successfully determined (Figure 

3.15) and it can be seen that the etching rate is very slow for all the materials. These 

results are also comparable w ith Kaufman et al. (1987). In fact, they found that for 

PM M A, for example, using an ion m illing  process the etching rate was 40 nm/minute 

(using a current density o f 0.4 mA,/cm“ , and an ion current o f 1200 eV).
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Figure 3.15 PMMA, S I818, and SiOi (experimental data) Silicon wafer (Sze, 1988) 
etch curves using Ar* ion m illing  process. Relation between etch rate and ion 
density. (Ion gun voltage acceleration 1200 eV)
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For silicate glass it was found that the etch rate was o f  12 nm/minute (beam source 1.5 

kV, temperature chamber = 190°C, and source power = 1.6 W/cm^) (Kohler, 1998).

Twenty samples between PMMA and silicate glasses were etched for different times 

in order to achieve different depths. In Table 3.7, the ion-milling settings used for etching 

PMMA and silica glasses are reported. WLSI analysis was carried out on channel 

dimensions, roughness and cross section.

Table 3 .7  Ion m illing  se ttings for PM M A  and silica  g lass based substrate

Resist
Exposure

dose
[mJ/cm^]

Exposure
time

|seconds|

Exposure
range

(optimal)
Inmj

Resolution
lRm|

Room
Temp.

[°C|

H umidity
(%l

PMIVIA 120-210 30-45
350-450

(436)
0.48 20 ±  1 - 3 0  ± 2

Silica glass

SiOz;

B 2 0 ,-S i0 2

350-450 30-60
300-440

(365)
0.5 20 ±  1 - 3 0  ± 2

During the manufacturing o f  a second batch o f  samples the ion milling broke down 

and since then many difficulties made the machine unavailable. Therefore, another 

etching process had to be found and developed.

3 .5 .2  W e t  e tc h in g

Glass samples were etched using a selective etchant bath solution. From the literature it 

was found that different solutions o f  hydrofluoric acid (i.e., 1:10, 1:7, and 1:6 HF:H20 

concentrations) were commonly used for gross etching and isotropic bulk etching 

(W illiams, 1996). The etch rate o f  these solutions was respectively found to be o f  60 

nm/minute for the 1:10, 50 nm/minute for 1:7 and 100 nm/minute for the 1:6 

concentration.

A buffered HF solution (HF/NH4F) was adopted. This HF based solution guaranteed 

a controlled and balanced pH o f  the bath and a milder etching action than the previous 

diluted HF experienced. An etch rate o f  0.26 |im/minute was reported by Jacobson et al. 

(1994) on borosilicate glass. The etching o f  small chips (max size = 1 cm ) was carried 

out. A debonding o f  the two layers was causing an inconvenient resist lifting and 

consequently an under-etching o f  the sample substrate. The problem still existed even
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with the help o f  an adhesion promoter. A new solution had to be found in order to 

achieve a proper etching.

A thicker photoresist (microresist technology ma-P1275) and its combined adhesion 

promoter were tried to achieve a stronger and more shielding effect between glass surface 

and resist.

A new batch o f  20 samples was prepared with this new resist (microresist ma-P 

1275), following the process described above. The samples were then etched using the 

same buffered solution HF/NH4F as before. Grooves were etched for total times o f  ten 

minutes in order to achieve an expected groove depth o f  2.5 |im. WLSl measurement o f  

the etched samples revealed a groove depth o f  only 1.5 )im and a predominant isotropic 

etch o f  the side walls.

Fiuorosilicic acid (H2Si06) was selected as a safer and less aggressive etchant than 

hydrofluoric acid. Literature was found about the etching properties o f  this acid for 

microdevices fabrication (Baldock et a i ,  2000). This new etchant did not require any 

metal deposition in the microlithographic process.

Hexafluorosilicie acid commercially pure (technical grade o f  34%) was purchased 

(Fischer Scientific, UK). A 100 ml acid solution was sufficient to guarantee a uniform 

pH concentration on the bath and a proper etch o f  the substrate surface. Then, to reach 

the best etch performance temperature was controlled around 28°C (± 0.5° C).

Etch rate curves were determined for borosilicate glass and then silicate glass to 

determine the etch curve o f  both substrates, shown in Figure 3.16.

From the isotropic etching a trapezoidal shaped cross-section o f  the channel was 

obtained with a 0.4 rate between width and depth. This geometrical etch limited the 

substrate groove depth. Fifteen samples were successfully etched using this technique 

achieving a remarkable quality o f  the pattern’s geometrical features (i.e., cross-section, 

depth, roughness).

The wet etch process, as said before, has several limitations in particular when the 

pattern size is approximately a few micrometers. This is a good reason why initially the 

dry etch technique was approached as a suitable technique for our study.
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Figure 3.16 Etch curve o f hexatluorosilicic acid solution determined 
for borosilicate glass (B iO j-S iO i) and silicate glass (Si02). Two 
samples were measured at fixed etching time (5, 10, 15 minutes) to 
determine the relative etch depth

Another alternative that was presented in the literature was the plasma etching technique. 

At the time the etching protocol was developed for this study the only plasma etching 

system available was a small O2 plasma system (circular chambers) capable o f  etching 

the glass substrate at an etch rate o f 12 nm/minute. Therefore, the O2 system was only 

used for superficial treatment o f the substrate as w ill be described in this chapter later.

3.5.3 Resist Removal

Once finished the etching process was finished, the photoresist was stripped o f f  using a 

wet solution. Pure acetone was used i f  the substrate was non-reacting to it, or i f  the resist 

supplier recommends it, or otherwise a resist remover i f  specified by the supplier, to have 

a smooth removal action. This remover is specifically designed to remove the resist-type 

used and it is recommended in case o f multilayer lithography or particular resist.

The removal time (or stripping time) was in relation to the resist thickness and in this 

case, using an acetone solution it was o f the order o f minutes. A fter that, the substrate 

was chemically cleaned in a m ild bath o f deionised water and dried with compressed 

nitrogen gas. Inspection followed, to check the pattern, as describe in Appendix (section 

3.12.6.1).
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3.5.4 Plasma Etching

Plasma etching was used to improve the surface binding charge of the substrate used in 

this study. The plasma etching system available for this work was a small laboratory- 

oriented barrel system (Junior plasma system from Europlasma NV, Belgium) (Figure 

3.17). In this work it was mainly used for two purposes (i) to homogenise the superficial 

charge of substrates, and (ii) to etch and remove thin layers of particles (a few angstroms 

only) from the micropatterned surface. With the first treatment free radicals were created 

at the top surface layer of the substrate to improve the surface binding. The second 

treatment was used to clean the micropattemed surface and to remove any possible 

contaminant left before the biochemical coating. The plasma was also used to regenerate 

the surface charge after every experimental analysis of cells (a few angstroms removed 

every time).

Figure 3 .17  Plasm a system  used in th is study. B arrel system  for labora to ry  app lica tions

The plasma system was supplied with oxygen (O2) but it was also possible to use 

different gas etchants. The control of the gas and many other parameters was necessary to 

control the etching process. Following the indication provided by the machine manual the 

overall control of the etching system was reduced to only three parameters {i.e., power 

input, gas flow and treatment time). Varying these parameters it was possible to deliver a 

different treatment to the substrate surface. The settings for the two processes used in this 

work were determined following the indication given in the literature for mild and severe
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etch ing  and  adap tin g  those found  to the system  used , T able 3.8 reports  those inpu t 

settings to  etch silicate  based  g lasses (b o ro silica te  and  silicate  glass).

T o q u an tify  the dose o f  trea tm en t to g ive to the sam ples it w as n ecessary  to  have an 

o u tp u t p aram ete r to  m easu re  and correlate . T he d eg ree  o f  h y d ro p h ilisa tio n  is a p a ram eter 

that co rre la tes the am oun t o f  su p erfic ia l trea tm en t g iven  in re la tion  to the d eg ree  o f  

adhesion  o f  a sing le  drop  o f  w e ll-k n o w n  liqu id  (co m m o n ly  d e io n ised  w ate r) on top  o f  the 

su rface  u n d er exam ina tion  T he d eg ree  o f  adhesion  betw een  su rface  and liquid is

m easu red  by the co n tac t angle J sl at the in terface  b etw een  the tw o m ateria ls , see F igure 

3 .18. In this case the liquid  used  w as d e io n ised  w a te r because o f  the large range o f  

con tac t angle feasib le  (<  10° - >  77°).

Tangent to 
drop shape 
at contact 
point

Contact angle: angle 
between langeni and 
surfaec

Figure 3.18 (left) Schematic representation o f  a contact angle Ysl between substrate (solid) and liquid 
drop (fully characterised liquid), (right) contact angle measurement on borosilicate glass superficially 
treated at 200 Watts for 8 minutes (surface activation treatment)

Table 3.8 Plasma treatment setting parameters and contact angle (output) measured in 
relation to the input value given. The output values are given in mean value and standard 
error o f  the mean (s.e.m.) for n = 4 samples

Treatment
Power
Input

(VVattsI

Exposure
time

[minutes]

Gas flow 
[mtorr|

Base
pressure
jmtorr)

Chamber
temp.

r c ]

Superficial
Activation

200 8 220 100 29

Etching 600 15 2 2 0 100 35

The system  used  to m easure  the con tac t an g le  value w as based  on the g raph ical 

determ ina tion  o f  drop con tou r on top o f  the su rface  and  the re la tive ang le  in scribed  by
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the two traced tangent lines, see Figure 3.18 for details. The system used was a 

computerised system (FTA 125, First ten angstroms, VA, USA) between a CCD camera 

and dedicated software (First ten angstroms video drop shape analysis, VA, USA) 

(Figure 3.19). The system was efficient and reliable with a tolerance o f  1

Once, the degree o f  adhesion between the treated surface and a water solution was 

measured, it was possible to determine the dose o f  treatment to give in relation to the 

three input parameters.

Figure 3.19 Contact angle system used for plasm a treatment m easureinent. A CCD 
camera (left) was used to acquire the images o f  a well-known single drop o f  de
ionised water injected on top o f  the treated surface by a syringe (right). Samples 
were positioned on the black support standing just underneath the syringe

Contact angle o f  a treated batch o f  samples (n =  25) o f  borosilicate glass was measured 

after 30 seconds, 1, 3, 7, 30 minutes, 1, 5, 12 hours, and after 1, 3, and 7 days. 

Measurements were repeated at least four times per each fixed interval From the 

information gathered from the fully characterised O2 plasma process it was possible to 

describe the different stages o f  the hydrophilicity treatment on the surface o f  the substrate 

by an hysteresis curve.

Limitations were the lack o f  surface characterisation due to lack o f  equipment (e.g., 

XPS analysis), although substantial improvement was found.
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3.6 Lymphocyte cells and culture

Two kinds o f  human lymphocyte T cell types were used in this study. These cells were 

(i) normal human peripheral blood T lymphocytes (PBTL) and (ii) malignant T 

lymphoma cells line 78 (HUT78) (ATCC, Rockville, VA, USA),

PBTL lymphocytes were harvested from peripheral blood o f  healthy volunteers in 

the Department o f  Clinical Medicine, Trinity College Dublin. A standard method, based 

on centrifugation/density gradient separation was used to isolate lymphocytes from the 

whole blood (Murphy, 1998).

T lymphoma cells line HUT78 were originally derived from peripheral blood o f  a 

patient with Sezary syndrome. These cells have properties o f  a mature human T cell with 

helper/inducer activity. The morphology o f  this cell is typical lymphoblastoid.

Both cell types were cultured in sterile flasks in RPMI 1640 medium and 

supplemented with HEPES buffer (Life Technologies, Paisley, U.K.), antibiotics and 

10% FBS (fetal bovine serum), (Summint Biotechnology, CO, USA). The culture 

concentration was maintained between 3 - 9 x 10'”' cells/m l in a humidified atmosphere in 

the presence o f  5% CO2 atmosphere at 37°C.

Different activation conditions were used for the two cell types. PBTL cells were 

pre-activated with 25 ng/ml o f  phorbol myristate acetate (PM A) (Sigma, ST. Louis, MO, 

USA) for 48 hours at 37°C, 5% CO2 in a medium RPMI 1640 supplemented with 2mM 

L-glutamine + lOmM HEPES + lm M  sodium pyruvate +4.5 g/L glucose + 1.5 g/L 

sodium bicarbonate + 10% FBS. HUT78 cells have a constitutively active phenotype and 

therefore were cultured in a complete medium without PMA at 5%C02 at 37°C.

3.7 Antibodies and integrin selection

Monoclonal antibodies (anti-LFA-1 mAbs) and LFA-1 natural ligands (ICAM -1) were 

used on top o f  the microfabricated substrate (Volkov et al., 2001). Three experimental 

wells o f  a six well plate containing microtextured substrate chips, were treated with a thin 

layer coating (few nanometres) o f  mAb to a-chain o f  LFA-1 (clone SPV-L7 by Sambio, 

Uden, The Netherlands). Two control wells containing square glass chips treated 

similarly with a control mAbs, isotype-matched murine IgG (Dako, Bucks, UK), were 

used to compare the cell response. Recombinant ligands (ICAM -1) (R&D system s, USA)
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were also used in this study, to check the similarity o f cell response induced by 

physiological ligands and antibodies.

3.8 Substrate coating for cell motility

Microtextured samples were prepared to be coated with ligands using a two steps 

cleaning protocol. First, chip substrates were washed in a bath of methylated alcohol for 

30 minutes to soften grease and remove any contaminants. Secondly, to remove any trace 

o f dirt, and to superficially activate and charge the surface o f the substrate, they were 

immersed in a bath of HCl for a 60 minutes. After that, they were washed with fresh 

medium (RPMI 1640 serum free). Then, they were coated with a primary antibody, 

following the documented protocol (Kelleher et a i ,  1995).

Then, cytotoxic reaction was investigated. In fact, the main requirement of 

biomaterials for cellular and molecular biology applications is to have a low cytotoxicity 

when used in cell culture. This is expressed by the number o f cells still alive after a 

certain incubation time on a tested material. Cytotoxicity was analysed after having 

cleaned the substrates. The substrates were immersed in culture medium and cells were 

seeded on top o f it. Following an overnight incubation at 37 degrees the cells were 

stained with a mixture o f ethadium bromide and acridine orange and analysed by 

fluorescence microscopy to establish cell viability. The substrates were considered 

biocompatible if the number o f viable cells (displaying green fluorescence) was greater 

than 95%.

Amongst all the substrates initially selected, the best materials that could be used 

were borosilicate glass and silicate glass. These two types o f glass were satisfying all the 

protocol requirements, easy to sterilise, completely inert, not cytoxic, and not subjected 

to deterioration by aging. Moreover, they were also transparent with a controlled amount 

of fluorescence emission and it was possible to achieve a good degree o f hydrophilicity.

3.8.1 Investigation o f the substrate adhesion

Recombinant ligands or mimicking antibodies are commonly immobilised in tissue 

culture plastic flasks or wells by electrostatic bonds. Microscope slides are also used for 

the same purpose. In this study, at the basis o f the stochastic response o f motile cells, two 

main interfacial physical properties were required; (i) the uniformity o f the ligand coating 

and (ii) the ligand adhesion to the substrate. Therefore to obtain such uniformity an
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enhancement over the hydrophilic response o f the exposed substrate surface to ligands 

was addressed. To measure this enhancement, a simple water contact angle test was 

carried out to measure the affinity o f de-ionised water towards the material selected. It 

resulted that the examined plastic (Thermanox plastic, PMMA, and PS for cell culture 

flask) and glass (borosilicate and silicate microscope slides) surfaces had a contact angle 

ranging between 30 and 60 degrees, see Table 3.9. With those values o f contact angle it 

was necessary to treat the substrate surfaces with plasma treatment to increase the 

hydrophilicity response o f the substrate to create a stronger ligands-substrate adhesion.

Treated substrates were coated with a layer o f motility-inducing monoclonal 

antibodies (mAbs). It was important to maintain a homogeneous layer o f coated mAbs in 

order not to create islands o f preferential cell accumulation or possible ligand 

concentration gradient during cell migration.

3.8.2 Substrate coating

After the plasma treatment, the substrate was positively charged by HCl bath to 

maximise the adhesion property between substrate free surface radicals and the antibody 

molecules. This adhesion was qualitatively assessed by two techniques. The first 

technique was by observing the uniformity o f the fluorescent optical contrast properties 

of fluorescing labelled ligand immobilised on the substrate {i.e., plane and microgrooved) 

under green UV light. A typical example o f mAb {i.e., anti-LFA-I) uniform coating is 

reported in Figure 3.20 for microgrooved substrate.

Table 3.9 Experimental analysis o f  surface contact angle o f  five  
selected  materials for cell investigation

Material Contact angle [± 1 ]

PMMA 68

PS 57

Thermanox 45

Si02 35

BjOrSiOs 35
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Figure 3.20 Fluorescence analysis o f  anti-LFA-1 niAb coating. The uniform green 
colour is the niAb coated layer on the substrate, (magn. 40X)

The second technique involved the qualitative inspection o f the cell activation on the 

substrate microenvironment to identify possible non-uniformity o f the cell distribution, 

i.e., patches or areas o f spontaneously aggregated cells. The areas displaying non- 

uniform distribution o f the cells were excluded from analysis.

3.9 Cell adhesion, polarisation and motility

Having coated and inspected the two surfaces, the measurement o f adhesion and 

activation of physiological (high conc.) and non-colliding (low conc.) concentrations o f 

cells was the next step. The two cell types used were activated and placed on both the 

two surfaces (plane and grooved) in order to have the same experimental conditions in 

terms o f cell response. In parallel to that a control substrate sample was included in the 

micro-well assay. To maintain the same surface properties the same microtextured 

substrates were prepared again for the second cell type to have a complete reproducibility 

o f the microenvironment conditions for both cell types. Furthermore, the same 

experimental setup was repeated twice, first for the physiological cell density and then 

for the non-colliding concentration cells.

Cultured HUT78 lymphoma cells or activated PBTL lymphoid cells were added on top 

of a plane and microtextured borosilicate glass coated with LFA-1 mAb (1.75 |Xg/mI).
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The two different cell concentrations used were for the physiological concentration 250 

|il o f  suspension at 5 x 10^ cells/m l; w hereas for the non-colliding case the same 

concentration o f  cells was diluted in order to reach a cell concentration o f  10 - 20 x 10^ 

cells/w ell (250 |il o f  suspension at 1.5 x 10^ cells/m l). All w ells w ere initially pre-w ashed 

with fresh m edium  to precondition them . Then, a control cham ber, containing a treated 

substrate was also treated sim ilarly with igG. A fter that, the cells were added and 

incubated for one hour at 37°C to stim ulate adhesion, successive polarisation and 

motility.

Subsequently non attached cells w ere rem oved by triple gentle w ashing o f  the wells 

with warm ed culture medium.

Cell polarisation was then assessed by estim ating the percentage o f  cells undergoing 

cytoskeletal rearrangem ents and form ation o f  uropods (locom otion-associated 

phenotype), over the total num ber o f  adherent cells per m icroscopic field. The estim ation 

o f  cell polarisation was based on the deform ation index (D l), a com m on param eter to 

m easure polarisation in cell biology.

The deform ation index was calculated from the m easurem ent o f  the best-fit elliptical 

contour o f  the activated cells in each field. Initially, two random  fields were chosen and 

from them a random  population o f  cells were m easured using Scion image software 

(Scion Corp., MA, USA). M ajor and m inor elliptical axes o f  the best-fit cell contour 

shape were the two main param eters m easured. Then, the calculation o f  the ratio betw een 

the m ajor and the m inor axis was given the cell deform ation index.

DI and the initial population m otility w ere the prelim inary m otility indicators for 

every cell m igration analysis to access the degree and quality o f  cell activation o f  the 

lym phocytes onto the substrate.

3.10 Individual cel! migration analysis

3.10.1 Time lapse microscopy

The experim ental apparatus for both observing and tracking cell m ovem ent is show n in 

Figure 3.21. Coated substrates assem bled in a cell culture m ulti-well assay, as described 

above, were placed on the stage o f  an inverted m icroscope (N ikon Eclipse TE 300, 

Japan) and cells were observed under phase-contrast optics at two different 

m agnifications (i.e.. 20X and 40X). Extra long focal length lenses were used to enable
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the observation o f cells through thick support (i.e., culture flask or microscope slide). The 

light source was regulated at a low intensity to avoid any interaction with the activated 

cells. Cells were observed using a CCD camera (JVC TK-C1380, Japan) mounted on the 

microscope port and displayed on a video. At a magnification o f the camera o f 20X, each 

field displayed was having a filed o f view o f approximately 800 microns by 600 microns. 

The same resolution was achievable with the x40 magnification with a consistent 

improvement in the detail resolution. The CCD camera was then connected to a personal 

computer by a dedicated capture card (Leica DClOO system, Germany). Dedicated 

software allowed the acquisition o f captured images and subsequent processing (Leica 

Qwin standard ver.2.2 and Leica DClOO v 2.41). Cells were maintained at a constant 

temperature o f 37 ± 0.1 °C during the tests by a temperature controlled table stage 

mounted on the microscope (HT 200, MiniTUB, Germany). Room temperature and 

humidity were controlled at all times by an air conditioning system (temperature 20 ± 

1 °C, humidity < 40%).

M iiltiwclls w ith m icropattcrned  siibstrab.'s 
on (cm pcratu rc contro lled  table

Inverted  m icroscope 
lA*nscs (x20, \40, x60, xlOO)

CCD cam era

F igure 3.21 Nikon Eclipse TE 300 system equipped with CCD camera, and dedicated software for 
capturing sequential frames or continuous recording
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3.10.2 Preliminary settings

To observe any appreciable cell movem ent during the course o f  each experiment, a 

preliminary video recording o f  the cell behaviour was carried out. From this test it 

emerged that it was possible to follow cell motility every few minutes. During this gap in 

time another closed field could be followed and tracked at the same time. The second 

selected field had to be close to the first one in order to reduce possible convection 

phenomenon in the medium solution caused by agitation.

3.10.3 Cell tracking and image analysis

With the versatility o f  this system, it was possible to capture image-frames using a semi

automated function and to promptly adjust the capturing conditions to highlight specific 

features during the experimental test, such as uropods protrusions or extremely extended 

fine tails. This technique was preferred to a completely automatic tracking system 

because o f  the size o f  the cell tracked (~ 20 jim) and the extreme difficulty o f  capturing 

the cell contour and therefore to define a cell-substrate contrast threshold. Other 

advantages were found in the reduction o f  the tracking-loss that occurred in an automatic 

target-search run by the dedicated software.

The acquisition time between two observations was determined at first by direct 

observation o f  cell movem ent on activated substrate. A group o f  cells was examined 

during their motile behaviour and time intervals between relevant changes on the cell 

direction o f  motion were recorded. The average time calculated was approximately 6 

minutes.

A second approach to determine a cell-tracking interval time was to directly induce a 

migrating-altering-stimulus to a single cell. A micromanipulation technique was used to 

change the direction o f  cell migration. The cell-trailing edge was disturbed in its motion 

by controlled lifting with a glass microneedle. The stimulus was sufficient to force cell 

cytoskeleton rearrangement at a direction perpendicular to that previously taken. Cell 

changes were captured every minute and the sequence o f  frames is illustrated in Figure 

3.22.

Significant changes were examined after an interval range o f  5 minutes for both 

HUT78 and PBTL cells. Shorter intervals were also tested and no significant changes in 

the cell shape could be distinguished. Longer time intervals, however, resulted in overly- 

smooth and, thus, inaccurate cell paths.
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Figure 3 .22 M icrom anipula t ion  o f  cell m igra t ion  dynamics. Ceil cytoskeleton rearrangem ent to 
p erpendicu la r  st im ulus. (H U T 7 8  lym phom a cell , magn, 60X , sam pling  time every  minute)

Another aspect to determine during cell-tracking time was the duration o f  the 

experimental analysis. In this study single cells were tracked on their path for a total 

tracking time o f  60 minutes (Figure 3.23). This cell-tracking time was chosen to avoid 

any doubling process intervening with the lymphoid T-cell response. Although the 

tracking o f  single individual cells for longer periods was technically achievable, a 

substantial change in the gross population could intervene due to proliferation with a 

consequent change in cell motility behaviour. During cell tracking two main exclusion 

criteria were used to remove tracked cells from the analysis; (i) cells that were leaving 

the field o f  investigation and (ii) cells that did not move more than a cell radius from 

their initial position during the experiment.

A cell tracking process had to be employed to gather quantitative information after 

cell movem ent was recorded. From each frame captured, a standard set o f  data was 

measured using Scion Image software (Scion Corp., MA, USA). Initially, calibration was 

carried out to determine the scaling factor between pixel and micrometers from the CCD 

image picture. This operation was facilitated by the combination o f  a specific calibration 

function available with the software used and the microscope calibration scale.

Cell movem ent was measured by the amount o f  displacement o f  the apparent centre 

o f  mass (centroid) o f  the cell. Thus, the centroid o f  each cell was tracked separately 

(Figure 3.24). In addition, several other parameters were measured using the built-in 

functions o f  Scion Image. The final output data file included perimeter, and enclosed area 

o f  the cell, direction angle, and cell centroid (x and y  position o f  the centre o f  a Bezier 

curve).
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Figure 3.23 Superim position  o f  tw o d ifferen t tim e in tervals ( t o  and t h o ) .  C ell m igration  can be 
exam ined  and quan tified  by  a set o f  locom oting  param eters

Cell  s p e e d  = I(distance(Xj_i,Yj.i: X j ,Y i) ) / t im e

F igure 3 .24  Schem atic  rep resen tation  o f  sing le  cell path and exam ple 
o f  cell cen tro id  track ing  m easurem ent. C ell cen tro id  coo rd inates w ere 
then  used to ca lcu la te  cell speed

83



3.11 Measurement of individual cell migration parameters

3 .1 1 .1 Application o f  persistent random walk model to experimental data

Qualitative differences in individual cell paths were described using a persistent random 

walk model, this follows the Gail and Boone (1970) model applied to a two-dimensional 

confinement. The model was employed for each topographical surface and cell 

concentration.

An average o f 30 motile cells was measured for each experiment. Each setup was 

divided in relation to the cell density investigated in each field. In fact, at low cell 

concentration cell-tracking was limited to 5 - 8 cells per field and therefore several 

experiments had to be undertaken to reach a significant population number (n = 30 cells).
-y

Then, for each cell measured, the square of the displacement {T } was calculated for 

every time interval as follows:

to describe the cell population the main requirement o f Gail and Boone (1970) and Dunn 

(1983) models was the normal distribution around the mean value o f the cell speed. Tests

distribution o f  the cell displacements. By doing that, it was possible to describe the cell 

population behaviour at each time interval by the relative mean and standard deviation o f 

the population under investigation.

The mean square displacement was calculated at each time interval by averaging the 

square displacements of each cell calculation over the total number o f cells.

eqn. 3.1

where {T^h was the square displacement o f an individual cell /, N  was the total number 

o f images analysed.

In order to use the mean o f the square displacement as a significant parameter

o f goodness o f fit described by a (x"-test) were carried out to estimate the normal



where Nc was the total number o f cells analysed, (<T^>), was the mean square 

displacement o f the cell population at a discrete time interval t, and (T^)j was the square 

displacement o f cell /  for the discrete time /.

The equation suggested by Gail and Boone that correlates the mean square 

displacement <T^> with diffusion and persistence for a moderately persistent interval o f 

time t in a two-dimensional system was:

< T ^  > = 4D* ( t - P * )  eqn. 3.3

where D*  and P* were the parameters directly calculated from the experimental data.

By plotting the mean square displacement <T^> curve against time, the random 

motility coefficient (D) and persistence (P) could be determined graphically as the slope 

of the asymptotic linear part o f the curve and the intersection o f the extrapolation o f the 

linear curve to the x-axis, as will be shown in the following chapter (section 4.5.2).

3.11.2 Statistical analysis of individual cel! speed distributions

Cell speed distributions were determined by discretising the cell speed population into 

0.5 |im/min bins and counting the number o f cells with best-fit values for speed falling 

within each bin. This was done for each experimental arrangement. Distributions were 

plotted as number of cells observed expressed by the mean value of each bin interval. 

The probability plots based on the test o f goodness o f fit were also calculated to check 

the scattered distribution o f the cell speed population.

Following that, a non-standard normal probability distributions for speed were 

calculated with the mean S  and standard deviation Os in speed for motile cells as:

( S - ' s f

f { S )  = - ^ = L = -e  eqn. 3.4

Normally distributed curves were plotted within each experiment for each o f the two 

lymphoid cells. A graphical comparison followed by a Student’s t test gave an indication 

on the difference in T cell motility for each experimental setup.
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3.12 Appendix to Chapter 3: Details of the microfabrication 

processes

3.12.1 Microfabrication technique: overview

M icrofabrica tion , m icro lithography , and m icrom ach in ing  are used  for a variety  o f  app lica tions, such  as 

sensors, actuators, b iom edical dev ices and in m icroelec tron ic  dev ice  m anufacturing . M icro fabrication  is a 

p rocess used to construct physical ob jec ts  w ith d im ensions in the m icrom eter to m illim etre range. 

M icrofabricated  ob jec ts o r dev ices are com prised  o f  a range o f  m in iature  struc tu res, includ ing  m oving  parts 

(can tilevers and d iaphragm s), sta tic  struc tu res  (flow  channe ls  and w ells), chem ically  sensitive surfaces 

(p ro te in s  and ce lls) and elec trical dev ices (resis to rs and transis to rs) (R ai-C houdhury , 1997).

L ithography  is the basic  techno logy  that has been successfu lly  used to develop  the in tegrated  circu its 

(IC) industry  over the past few  decades. T o  date, op tical lithography  con tinues to  be the dom inant 

techno logy  for the IC industry , and it has been used in p roduction  by lead ing-edge h igh-vo lum e 

m anufacturers. In the past few years th is  techno logy  has been ex tended  to a  m ore ex trem e scale  w ith  the 

adop tion  o f  techno log ies such as ex trem e u ltrav io let, e -beam , and x -ray  p ro jection . T he field o f  lithography  

dem ands huge investm ent for p rocess developm ent and p roduction  to drive the next generation  o f  m icro 

com ponen ts and hence , a new  m in ia tu riz ing  era. T herefo re , it requ ires constan t tra in ing  and invo lvem en t o f  

both  sc ien tists and engineers.

T he  m icro lithography  and m icrom ach in ing  industry , in the con tex t o f  new  pow erful techno logy  

availab le  on the m arket at low  price, has changed  every  aspect o f  the IC industry  and thus had influence on
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everyday life. What was thought to be impossible to achieve ten years ago, in the electronic field, is 

becom ing a reality today thanks to the adoption o f  the sub-micron technology in the IC industry. The 

silicon revolution had driven the evolution o f  all the other collateral fields in which it has been applied. In 

the last two decades, there has been massive investm ent in the m icroelectronics infrastructure worldwide 

and Ireland has played an important role in the European scenario.

In addition to that, the common technology constantly integrates novel materials in parallel to the well 

known ones. M agnetic materials, polym ers and biocom patible materials were developed for specific 

applications. This integration was not inexpensive. In fact, the introducfion o f  new m aterials gave rise to a 

problem regarding the lack o f  knowledge in their properties (for instance, material failure, incompatibility, 

contam ination, thermal incom patibility and low process integration).

Typical exam ples o f  the synergetic contribution o f  m icrolithography and new material can be found 

in the com puter industry, biomedical industry; surgical instrum entation and biological and chemical 

analysis industries.

One o f  the rapidly em erging application fields for microm achining technology is the biomedical 

industry. These technologies are o f  interest because they offer miniaturised system s at subm icron precision 

with low production cost. It enables the developm ent o f  biom edical devices previously unattainable with 

the conventional manufacturing techniques.

Several factors have driven this recent fusion between biology, m edicine and microfabrication. 

Commercial high-volum e low-price technologies such as whole genom e sequencing projects and drug 

discovery have created a need for these devices. Scientifically, the ability to design and control 

experim ents at the m icrom eter scale has attracted the interest o f  biologists, who have started pioneering 

studies using this technology.

The main types o f  biomedical devices that utilise m icrom achining technologies are neural stim ulation 

and recording system s (Blum et al., 1991; Akin et al., 1994), biological/chem ical analysis systems 

(Effenhauser et ciL, 1993; W ilding et al.. 1994), whole cell systems (Austin et ciL, 1997; AylifTe et al., 1997; 

den Braber et al., 1995; Bousse, 1995) , surgical instrum entation (M athieson et al., 1994), prosthetic 

devices (Bell et al., 1997), and tactile sensors (DeSouza and Wise, 1994).

3.12.2 Microfabrication technology

M icrofabrication technology uses a sequence o f  process steps from different technologies to produce a 

physical structure. Varying the process steps and m aterials used can lead to a large range o f  possible 

devices.

Two microm achining processes can be found in this technology: (i) bulk and (ii) surface 

m icromachining. The first process is when on a substrate a device is build out o f  its bulk. The second 

process is when the device is built on the surface o f  the substrate. Each type o f  process is represented in 

Figure 3.25. Often, devices are built with a com bination o f  both types o f  the two machining processes. 

M icrofabrication consists o f  two main processes (i) m icrolithography, which transfers a pattern into a 

material and (ii) m icrotechnical etching or m icroetching, which creates features by selectively removing 

materials (either thin films or substrate) in defined patterns.
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Structural m aterial

Sacrificial material

Substrate

^ m a s k in g  m aterial

/Panisotropically v  
etched hole

F igure 3 .25 A p p e n d ix . Schematic exam ples o f  Bulk (left) and Surface m icrom achining (right) processes. 
On the left, a sacrificial m aterial and a structural m aterial are deposited and patterned. The sacrificial material 
is then rem oved. O n the right, a hole is anisotropically etched through the substrate

3.12.3 Substrate Materials

O ne o f  the first and m ost im portan t phases o f  every  m icro fab rica tion  p rocess is the se lection  o f  the 

substrate . T h is phase is even m ore delicate  for b iom edical and b io logical app lica tions w here 

b iocom patib ility  is an im portan t feature (von R ecum , 1996). A m ong  all the substrates availab le  now adays 

there are three m ain fam ilies o f  b iom ateria ls w idely  used.

Silicon: S ilicon  is the m ost com m on m aterial in m icro fab rica tion  in the fabrication  o f  in tegrated  

circu its. It com es in a sing le-crysta l w afer form , w ith typical d iam eters o f  75-200 m m  and th ick n esses  o f  

0 .25 -1 .0  mm . In add ition  to its  excellen t elec trical p roperties, silicon  also p ossesses ou ts tand ing  m echan ical 

p roperties, enab ling  the design  o f  m icrom echan ica l s truc tu res (P etersen , 1982). T here  exists a w ide  range 

o f  w ays to m icrom ach ine  silicon , and the ability  to do th is in com bination  w ith in teg ra ted -c ircu it 

fabrication  leads to the po ten tia l to form m ono lith ica lly  in teg ra ted  m icrosystem s.

For b io logical o r m edical m icrosystem s, silicon m ay not be the m aterial o f  choice . It is no t op tica lly  

transparen t, p reven ting  the use o f  transm ission  m icroscopy , and its cost can po ten tia lly  be too large for 

d isposab le  devices.

Glass; A lthough  the range o f  m icrom ach in ing  p rocesses for g lass is less ex tens ive  than for silicon , 

g lass p rov ides som e un ique  features, m ost no tab ly  optical transparency . G lass substra tes are ava ilab le  in 

m any d ifferen t co m positions and sizes. T w o im portan t exam p les are fused silica  substra te  and borosilica te  

substrate . Fused silica  substra tes are pure am orphous silicon  d iox ide (S iO i). T hey  can w ithstand  high 

tem pera tu res (r,„/;.,„,„^,= l5 8 0 °C ), are op tica lly  transparen t dow n to short w ave leng ths, and have very  low 

au to fluorescence. B orosilica te  substrates, o f  w hich , the m ost com m on is Pyrex*^ (type C om ing  7740), are 

m uch less expensive than fused silica  o r quartz  (and can be less expensive than silicon).

Plastics: Plastic  is often  the least expensive substrate m ateria l. T he  availab ility  o f  m ass p roduc tion  

p rocesses (e.g. in jection  m olding, em bossing) that can be ex tended  to the m icrosca le  m eans tha t plastic 

dev ices can be ex trem ely  inexpensive to p roduce  in volum e. T h is  a llow s for d isposab le  dev ices, w hich 

m in im izes issues o f  steriliza tion , clogging , and drift. F or these reasons, a m ajo rity  o f  com m ercia l
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enterprises use plastic m icrodevices, especially for disposable clinical applications. Most devices to date 

have been separation channels for capillary electrophoresis. M ethods o f  fabrication include injection 

m olding, hot em bossing, and casting (especially o f  poly-(dim ethylsiloxane) (PDM S), all o f  which are batch 

processes capable o f  replicating a whole wafer at a time. W hile these m ethods are not conventional 

microfabrication processes, they all require standard silicon or glass m icrofabrication in the beginning to 

make the master/mold. In addition, the softness o f  plastics can mean poor dimensional tolerance and 

stability, and autotluorescence is often a problem.

3.12.4 Microlithography process

Photolithography is the process o f  transferring patterns o f  geom etric shapes on a m ask to a thin layer o f 

radiation-sensitive material (called resist) covering the surface o f  the substrate under a photolithography 

process. A schematic representation o f  the process is shown in Figure 3.26.

Mask

Computer
(b)

Photoresist

Substrate

UV light

4 4 U I

( C )

Pattemcd
photoresist

Figure 3 .26 A ppendix . Photolithographic process, (a) Mask designing, (b) mask manufacturing, (c) substrate 
cleaning and preparation, (d) photoresist spin-coating, (e) mask aligning and exposure (0  substrate develop

3.12.4.1 Mask designing and manufacturing

The geom etric patterns on the mask are designed in conjunction with the etch rate o f  the process involved. 

Therefore, it is important to plan all the photolithography steps in advance/sequentially. Firstly, patterns are 

drawn with a dedicated com puter-aided design (CAD) program (Figure 3.26a), and then transferred onto a 

mask (Figure 3.26b). The mask is usually a glass plate {i.e., quartz for high resolution or soda-lim e for 

resolution o f -1 0  (am) that has on its surface a photodefinable opaque material (usually chrome) in the 

desired pattern. If the features and tolerances in the pattern are relatively large (> 20 pm ), then a sim pler 

m ask-m aking process can be used. For features below 20 |am a more sophisticated mask m anufacturing 

process is required (i.e., e-beam lithography) and is typically prepared by a mask vendor.
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3.12.4.2 Cleanroom requirements

A fter m ask m aking , the pho to lithography  p rocess requires a clean  processing  room , especia lly  for the m ask 

a lign ing  and exposure area. T he  need for such  a clean room  arises because  dust partic les in the air can 

settle  on the substrate  and m asks and cause defects in the patterns. T he situation  is c ritical at the 

lithograph ic  exposure a rea  w here a partic le  adhering  to the m ask can create  opaque patches on the m ask. 

W hen these patches are transferred  to the underly ing  pho to resis t, they  com prom ise the entire lithographic 

process. T herefo re , it is im portan t to have a clean room  w here the total num ber o f  dust partic les per unit 

vo lum e is con tro lled  a long  w ith  tem pera tu re  and hum id ity . A typical clean room  for m icro fab rica tion  is a 

c lass 100, w here the dust partic le  count has to  be four orders o f  m agn itude  low er than o rd inary  room  air, 

see  F igure 3.27 for the partic le  d is tribu tion  cu rves for various c lasses o f  clean  room .
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F igure 3 .27  A ppendix . Partiaicmcnt distribution curvc

3.12.4.3 Substrate cleaning

At the beg inn ing  o f  the p rocess it is im pera tive  to rem ove any  trace o f  d irt from  the top  o f  the substrate 

surface. H ence, a deep  c lean ing  to rem ove any  con tam inating  agen ts had to  be carried  ou t befo re  the 

lithographic  process. T he m ost com m on prob lem s associated  w ith d irty  substra tes are poor adhesion  and 

defects. Poor adhesion  leads to a loss o f  line w idth  contro l across the substrate  and, in the w orst cases , to 

com p lete  loss o f  pattern  elem ents. D efects lead to irregular pa ttern , like p inho les o r spo ts  that com prom ise  

the full process.

T he im portan t variab les associated  w ith the c lean ing  step  include type o f  reagent, tim e and 

tem perature  o f  c lean ing , type o f  surface  to be cleaned, and cho ice  o f  the c lean ing  equ ipm en t.
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3.12.4.4 Spin-coating of photoresist

The first step in the iithographical process is called resist coating and consists in deposing a uniform 

thin/thick layer o f  photoresist (Figure 3.26d) on top o f  the clcancd substrate (Figure 3.26c).

3.12.4.5 Photoresist 

Basic Photoresist Chemistry

Photoresists have been used in the printing industry for over a century. In the 1920s, they found wide 

application in the printed circuit board industry. The sem iconductor industry adapted this technology to 

wafer fabrication in the 1950s. Negative and positive photoresists designed for sem iconductor use were 

introduced by Eastman Kodak and the Shipley Company, respectively, in the late 1950s.

The photoresist is the heart o f  the m asking process. The preparation, bake, exposure, etch, and 

removal processes are fine-tuned to accom modate the particular resist used and the desired results. The 

selection o f  a resist and developm ent o f  a resist process is a detailed and lengthy procedure.

Photoresist com position

Photoresists are manufactured for both general and specific applications. They are tuned to respond to 

specific wavelengths o f  light and different exposing sources. They are given specific thermal flow 

characteristics and formulated to adhere to specific surfaces. These properties derive fi'om the type, 

quantity, and m ixing procedures o f  the resist particular chemical com ponents. There are four basic 

ingredients (T ab le  3 .10) in photoresists: polymers, solvents, sensitizers, and additives.

The ingredients that can contribute to the photosensitive properties to the photoresist are special light 

and energy-sensitive polymers.

Table 3.10 Appendix, 
cach com ponent

Photoresist com ponents and description o f  the function o f

Component

Polymer

Solvent

Sensitizers

Additives

Function

Polym er structure changes from soluble to 

polymerised (or vice versa) when exposed by the 

exposure source in an aligner

Thins resist to allow application o f  thin layers by 

spinning

Controls and/or modifies chemical reaction o f 

resist during exposure

Various added chemical to achieve process 

results, such as dyes

The most com m only used resists are designed to react to ultraviolet or laser sources. They are called 

optical resists. O thers respond to x-rays or electron beams.
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For the negative resist, the po lym ers change from  unpo iym erised  to polym erise  after exposure  to  a light or 

energy  source; for the positive it is the opposite . Physically  the po lym ers form  a cross-linked  m ateria l that 

is e tch -resistan t (see F igure 3.28), In m ost negative resists the po lym er base is po ly isoprem e type.

T he  basic positive pho to resis t po lym er is a p h eno l-fom ia ldehyde  po lym er, also ca lled  phenol- 

fo rm aldehyde novolak  resin (F igure  3 .29). W ith in  the resist, the po lym er is re la tively  inso lub le . A fter 

exposure  to the p roper light energy , the resist converts  to a m ore so lub le  state.

CH,
CH

CH,

Double bond  

 CH,

R a n

Unpolymerised

Energy

Polymerised

F igure 3 .28 A ppendix . Negative photoresist base, (left) polyisopreme molccule, (middle) 
schematic representation of unpoiymerised and [right) polymerised resist

Ortho-Position 
(2 and 6)

V
Meta-Position 

(3 and4) 
Para-Position (4)

CH, 

M eta-cresol

H

C O

H

Form aldehyde

F igure 3 .29 A ppendix . Positive photoresist base. Phenol-formaidehyde novolak resin structure

T h is  reaction  is ca lled  pho toso lub ilisa tion . T he  pho toso lub ilised  part o f  the resist can be rem oved  by a 

so lven t in the developm ent process. Pho to resis ts  in general respond  to m any form s o f  energy. T h e  form s 

are often referred  to by  the ir general ca tegory  (ligh t, heat rad ia tion , etc,), o r by  specific  po rtion  o f  the 

e lec trom agnetic  spectrum  (u ltrav io le t light), d eep  u ltrav io let (D U V , I line, etc,).

T he traditional novo lak-based  positive  resist has been fine tuned  for use w ith  I-line exposure sources 

(F igure 3,32), R esist m anufactu rers have developed  chem ically  am plified  resists  for th is  exposure source. 

R esists for x-ray  and elec tron  beam  (E -beam ) are based on po lym ers d ifferen t from  conven tional positive 

and negative resist chem istry . T able  3.1 I con ta ins a list o f  resist po lym ers used  in resist p roduction .
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Table 3.11 A ppendix . Photoresist polymers: comparison between common resists

Resist Polymer Polarity Sensitivity
(Coul/cnt^)

Exposure
Radiation

Positive
N ovolak  

(M -C resol fo rm aldehyde)
+ 3-5 X 1 u v

N egative Poly  Isoprene - 5x10'^ u v

P M M A P o ly -(M ethy l-M ethacry la te) + 5x10'^ E beam

P M IP K Poly -(M ethy l-lsop ropeny l-K etone) + 1 x 10'^ E beam/Deep UV

PBS P o ly -(B u ten e -l-S u lfo n e) + 2x10* E beam

T F E C A Poly -(T rifluo roe thy l-C h lo roacry la te) + 8 x 1 0 ’^ E beam

C O P  

(PC  A)

C o p o ly m er-(a -C y an o -E th y l-A cry la te -a - 
A m ido-E thy l-A cry la te)

- 5 X 1 o ’ X ray

PM PS P o ly -(2 -M ethy l-P en tene-l -Su lfone) + 2 X IQ-’ E beam

Photoresist Perform an ce  Factors

T he selection  o f  a pho to resis t is a com plica ted  procedure. T he prim ary  d riv ing  force is the d im ensions 

requ ired  on the substrate  surface. T he resist m ust first have the capab ility  o f  p roduc ing  those d im ensions. 

B eyond that it m ust also function  as an e tch  barrier du ring  the etch ing  step , a function  that requ ires a 

certain  th ickness for m echanical streng th . In addition , resist m ust adhere to the top  substrate surface  or the 

e tched  pattern  w ill be d isto rted . T h ese  are resist perform ance factors. In the se lection  o f  a res ist, the 

p rocess eng inee r often  m ust m ake trad e -o ff  decis ions betw een  the various perfo rm ance factors. T he 

pho to resis t is one part o f  a com plica ted  system  o f  chem ical p rocesses and equ ipm en t that m ust w ork 

together to produce the im age resu lts and be productive, that is, an acceptab le  cost o f  ow nersh ip  for the 

w hole pattern ing  process.

Resolution capability

T he sm allest open ing  o r space that can be p roduced  in a pho to resis t layer is genera lly  referred  to  as its 

reso lu tion  capability . T he  sm aller the line produced , the better the reso lu tion  capability . R esolution  

capab ility  for a p a rticu la r resist is referenced  to a p articu lar p rocess includ ing  the exposing  source  and 

develop ing  process. C hang ing  the o th er p rocess param eters w ill a lte r the inheren t resolu tion  capab ility  o f  

the resist. G enerally , sm aller line openings are p roduced  w ith th inner resist film  th icknesses. H ow ever, a 

resist layer m ust be th ick  enough to function  as an etch barrier and be pinhole-fi'ee. T he  selection  o f  a resist 

th ickness is a trad e -o ff  be tw een  these tw o goals.

T he capab ility  o f  a particu lar resist re la tive to reso lu tion  and th ickness is m easured  by its aspec t ratio 

(F igure 3.30). T he aspect ratio  is ca lcu la ted  as the ratio o f  the resist th ickness to the im age opening . 

Positive resists have a h igher aspect ratio  com pared  to negative resists, w hich m eans that fo r a g iven 

im age-size opening , the resist layer can be thicker. T he ab ility  o f  positive  resist to resolve a sm aller 

open ing  is due to the sm aller size o f  the polym er. It is a little like the requ irem en t o f  using a sm a lle r brush 

to pain t a th inner line.
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T Resist
Aspect Ratio W

T
eqn. 3.5

Figure 3.30 Appendix, Aspcct ratio o f photoresist

A dhesion  capability

In its role as an etch  barrier, a  pho to resis t layer m ust adhere well to the surface layer to fa ith fu lly  transfer 

the resist open ing  in to  the layer. L ack o f  adhesion  results in d is to rted  im ages. R esists d iffer in th e ir  ability  

to adhere to the various surfaces used in m icro tab rica tion . W ithin the pho tom ask ing  process, there  are a 

num ber o f  steps that are specifica lly  inc luded  to p rom ote the natural adhesion  o f  the resist to the  substrate 

surface. N egative resists genera lly  have a h ig h er adhesion  capab ility  than positive resists. In any  case  i f  the 

adhesion  o f  the resist is no t strong enough an adhesion p rom o ter can be also used to overcom e th is 

inconvenience.

Photoresist exposure  speed, sensitivity , and exposure source

T he prim ary  action o f  a pho to resis t is to  change structure in response to an exposing  light or rad iation . An 

im portan t p rocess factor is the speed  at w hich  that reaction  takes place. T he faster the speed , the faster the 

substrate  can be p rocessed  through the m ask ing  area. N egative resists typ ica lly  require  5 to 15 seconds o f  

exposure tim e, w hile positive  resists take three to four tim es longer.

T he sensitiv ity  o f  a resist re la tes to the am ount o f  energy  requ ired  to cause the po lym erisa tion  or 

pho toso lub ilisa tion  to occur. Further, sensitiv ity  re la tes to the energy  associated  w ith specific  w avelength  

o f  the exposing  source (T ab le  3,12),

Table 3.12 A ppendix , Table o f electromagnetic spectrum of light and wavelength specifications

N am e y r a y s  X rays

W avelength  (X,) jq-ii jq-8 
|cm |

Ultra Short
. .  ̂ . . . . . .  Infrared j .  Broadcast

violet V isible radio ..(IR) radio w ave
(U V) w ave

10*  10- ^  10'^  10^  10“*

C om m on positive and negative pho to resis ts  respond to energ ies in the u ltrav io let and  deep  u ltrav io let 

(D U V ) portion  o f  the spectrum  (w aveleng th  range: 100-400 nm ). Som e are designed  to respond  to 

particu lar w avelength  peaks (G , H, I lines in Figure 3 ,32) w ith in  those ranges. Som e o ther res is ts  are 

designed  to w ork w ith x-rays or e lec tron  beam s (e-beam ). R esist sensitiv ity , as a param eter, is m easu red  as 

the am ount o f  energy  requ ired  to in itia te  the basic  reaction. T he specific w aveleng ths the resist reac ts to are 

called  the spectral response  characteristic  o f  the resist. F igure 3.31 show s the spectral response 

characteristic  o f  a typical p roduction  resist. T he peaks in the spectrum  are reg ions (w avelengths) tha t carry

94



Appendix to Chapter 3

higher am ounts o f  energy. Different light sources used in m asking areas are also influencing the resist 

exposure because o f  their different emissions.

- m »-P1275
ma-P 1275 exposed

3

2

0
450 500350 400250 300

wavelength [nm]

F igure 3.31 Appendix. Exposure response curve (Source: 
Microresist technology ma-P1275 positive tone resist)
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F igure 3 .32 A ppendix . Mercury (Hg) spectrum [from VLSI 
technology by Sze ( 1988)]

C om p arison  o f  P ositive and N egative  R esists

Up to the mid-1970s, negative resist was dom inant in the masking process. The advent o f  VLSI (very large 

scale integrated) circuits and image sizes in the 2 to 5 |im  range strained the resolution capability o f  

negative resists. Positive resists had been around for over 20 years, but their poorer adhesion properties 

were a drawback and their superior resolution capability and pinhole protection were not needed.

By the 1980s, positive resist was the resist o f  choice. The transition was not an easy task to 

accom plish. Switching to a positive resist requires changing the polarity o f  the masks or reticles. 

Unfortunately, it is not a m atter o f  sim ply reversing the fields in the mask-m aking process. Reticle/mask 

dim ensions print differently with the two resists (F igure  3 .33).
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With negative resist and a iight-field mask the dimension in the resist is smaller than the mask/reticle 

dim ension due to light wrapping (diffraction) around the image. With a positive resist and a dark-field 

mask, the diffraction tends to widen the image. These changes must be considered in m aking the 

m ask/reticle and designing the other m asking processes. In other words, an entirely new process is required 

to switch resist types.

Substra te Unpolymerysed resist 

Polymerysed resist

S u b stra te

F ig u r e  3 .3 3  Appendix. Changes in image size with: (top) image size 
reduction with light-field mask and negative resist; (bottom) image size 
enlargem ent w ith dark-t'ield mask and positive photoresist

Most o f  the images o f  the mask layers are holes. With positive resist, the mask polarity is dark field which 

results in additional pinhole protection for the substrate (Figure 3.34). Clear-field masks are prone to small 

cracks in the glass surface. These cracks, called glass dam age, block the exposing light, creating in the 

photoresist layer unwanted holes, which in turn etch into the wafer surface as holes. The same is true for 

dirt particles that locate on the clear area o f  the m ask/reticle. On a dark-field mask, the majority o f  the 

surface is covered by chrome is hard and less likely to have pinholes. Thus the wafer has fewer unwanted 

pinholes.

Another problem with negative resists is oxygenation. This is a reaction o f  the resist to oxygen in the 

atmosphere, and it can result in a thinning o f  the resist film by as much as 20%. Positive resists do not have 

this property. Another important consideration is the resist cost. Positive resists are more expensive than 

negative resists but for a dem anding process the higher cost can be justified.
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Exposure

c rack

B

Figure 3.34 Appendix, (top) CIcar-field mask w ith dirt particic and glass 
crack; (bottom) result in negative resist after developm ent

Developing characteristics differ between the two types o f  resists. Negative resists develop in readily 

available solvents and feature a high solubility differential between the polymerised and unpolym erised 

areas. The image dim ensions remain relatively constant during the developm ent step. Positive resists have 

a lower solubility between the polym erised and unpolymerised areas requiring carefully prepared 

developer solutions and require temperature control o f  the process. D issolution inhibitor systems are added 

specifically to control dim ensions during development.

A num ber o f  fabrication areas producing devices and circuits with image sizes greater than 2 |im  still 

use negative resists, hi Table 3.13 a com parison o f  properties o f  the two resists is shown.

I able 3.13 Appendix. Com parison o f  negative and positive results

Parameter Negative Positive

Aspect ratio (resolution) Higher

Adhesion Better

Exposure Speed Faster

Pinhole Count Lower

Step Coverage Better

Cost Higher

Developers Organic Solvents Aqueous

Stripper Acid Acid

Physical Properties o f Photoresists

The performance factors ju st detailed and all o f  the ten basic process (Figure 3.35) steps are related to a 

num ber o f  physical and chemical properties o f  the resist. These properties are rigorously controlled by 

resist manufacturers.

N egative resist
O xide

S u b s tra te

GlassChrome
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P R O C E S S  S T E P P U R P O S E

Surface preparation Clean and dry
substrate surface

Spin-coating

Soft bake

Alignment and 
Exposure

Spin coat a thin layer 
o f  photoresist on surface

Photoresist evaporation 
o f  solvent by heating

Precise alignment o f  mask 
to substrate and exposure

Substrate

Substrate

Substrate

u
Substrate

Development

Hard bake

Removal o f  unpolynierised 
resist

Additional evaporation 
o f  solvents

Substrate

Substrate

Develop inspect 

Dry/wet etching

Inspect surface
for alignment and defects

Etching o f the surface 
by wet or diy etching

Substrate

Substrate

Resist removal 
(strip)

Final inspection

Remove o f  photoresist 
from substrate

Surface inspection 
for etch irregularities 
and other problems

r
Substrate

r
Substrate

F igure 3 .35 Appendix. Ten step microfabrication process

In the following Table 3.14 a summary o f  the main factors that have to be considered when choosing a 

photoresist is listed.
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Table 3.14 Appendix. Physical properties and main requirements for photoresist

Parameter Function and properties

Viscosity Major param eter for resist thickness, used for a specific temp.

Viscosity sensitivity Resist must avoid any alteration from its original formulation to 
preserve properties

Surface tension Main properfies o f  the final resist shape

Refraction Resist refractive index has to be close to 1.45 (glass index)

Storage and control o f resist To have a consistency on the resist properties, resist must be 
stored following producer specification

Light and heat sensitivity Resist must be protected fi-om heat and light

Shell life Resist is subjected to perform ance decay time

Cleanliness It must be handled in a cleanroom to guarantee a high 
cleanliness standard

3.12.4.6 Resist spin

The spin-coating process consists o f  tree main steps: (i) flooding the substrate with resist solution, (ii) 

accelerating to a desired rotational speed, and (iii) spinning at a constant speed near dryness.

Initially, a small puddle o f  viscous resist is dispersed onto the centre o f  the substrate, which is 

attached to a spindle. The spindle is then spun rapidly, rotating the substrate at several thousands o f 

revolutions per minute for several seconds. During this stage the resist is subjected to two forces: an 

outward centrifugal force caused by rotation and a shear force on the flowing liquid. Fundamental 

param eters that govern film uniform ity and thickness include resist properties such as com position, 

m olecular weight, and viscosity, as well as angular velocity, exhausts conditions, and acceleration o f  the 

spinner.

The film thickness depends only on the spinning param eters if  it is assumed to be constant the resist 

system parameters, i.e., constant m olecular weight, viscosity, and the film thickness. A com m only used 

form ula relating spin speed to final thickness is:

kP^
z  =    eqn. 3.6

-<jQ}

where z is the final resist thickness, P percentage o f  solids in the resist, w the rotational velocity o f  the 

spinner and is a constant.

Although equation 3.6 allows the prediction o f  the film thickness that can be spun fi'om a given resist, 

it does not predict the quality o f  the film that will be obtained and the variation in thickness across the 

substrate. These properties are determ ined primarily by the spinning and environm ental parameters during 

the spin process. It is important to not modify the experimental conditions so as not to change the resist
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th ickness  by an unknow n factor. T herefo re , it is necessary  to run som e p re lim inary  sp inn ing  tests to bu ild  a 

p ro p er th ickness-sp inn ing  speed  curve.

F inally  film th ickness  is dependen t on the tem perature  and hum idity ; therefo re  all the  equ ipm en ts and 

resists  shou ld  all be in therm al equ ilib rium . T h is  is can be done by keep ing  every th ing  in the sam e room  

and by keep ing  the resist sto red  in a dark  space.

3.12.4.7 Soft baking

O nce the resist is spun  onto  the substrate , the next step  is rem oving  the so lven t fi'om the resist. T h is  is 

know n as soft bak ing  and plays a critical ro le in de term in ing  subsequen t param eters such as adhesion , 

exposure tim e, and developm ent. Soft bak ing  is done prim arily  to rem ove the so lven t part from pho toresis t 

at a tem pera tu re  betw een 80 and 90°C . T h is  tem perature  range is o p tim ised  for h igh  so lven t evaporation  

and m in im um  resist shrinkage during  soft baking. Soft bak ing  techn iques include convection  bak ing , 

infrared  baking, conduc tion  bak ing , m icrow ave baking and rad io -frequency  baking. H ot plate conduction  

bak ing  is w idely  used in industry  as it can be inco ipora ted  in to  an in -line hand ling  system .

3.12.4.8 Microlithography exposure

A fter the substrate  has been coated  w ith resist and properly  soft baked, it is next exposed  to som e form o f  

pa tterned  radiation to create a latent im age in the resist layer (F igure 3 .26e). T here  is a substantial 

d ifference , during  the exposure rad ia tion , betw een  beam -fo rm ing  system s, such as ions or e lec trons, and 

m ask system s as used in e lec tron  im age p ro jec tion , pho to lithography , and x-ray lithography . T he quality  o f  

the latent im age is dependen t on the alignm ent and exposing  (A & E ) hardw are , the chem istry  and physics 

o f  the in teraction  betw een (he radiation  and the resist, and, in the case o f  m ask system s, the quality  o f  the 

m ask.

It is im portan t that a co rrect a lignm en t o f  the im age patterns and estab lishm en t o f  the p recise  im age 

d im ensions in the resist are ob tained , because  the exposure step  coun ts for the 60%  for overall process. T o 

ach ieve a correct a lignm en t a  p roper a ligner system  m ust be used.

A ligners are se lec ted  and com pared  by several crite ria  (T ab le  3 .15) that relate to  their ability  to 

p roduce  the requ ired  im ages in a consisten t and productive  m anner.

Table 3.15 A pp en d ix . A lig n e r se lec tio n  erite ria  

A lignm ent Selection Criteria

•  R e s o lu t io n  C a p a b il i ty /L im it

•  A lig n m e n t A c c u ra c y

•  C o n ta m in a t io n  L ev e l

•  R e lia b il i ty

•  P ro d u c tiv i ty

•  O v e ra ll  c o s t  o f  o w n e rs h ip
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Perhaps the most important param eter is the resolution capability, or the ability o f  the machine to produce a 

particular size image. The higher the resolution capability the better was the machine. In addition to the 

resolution o f  the required image size, the aligner must be capable o f  placing the images in the correct 

position on the substrate. This perform ance param eter is called the registration capability o f  the aligner. 

The final perform ance factor is cost o f  ownership which includes initial purchase cost, substrate throughput 

(the time required to load, align, expose, and unload the substrate), maintenance cost and the uptime o f the 

machine.

In com parison to the beginning o f  lithography, in the m id-1970s, the choice o f  an aligner system, 

today, has expanded to include both optical and non optical aligners (Table 3.16). Optical aligners use an 

ultraviolet light source, while non-optical systems use exposure sources from other parts o f  the 

electrom agnetic spectrum. The systems in use today were developed to keep pace with the reduction o f  

feature size, increased pattern density, and required defect reductions.

Table 3.16 A ppendix. A ligner techniques and 
types availab le on the market

A lig n er  T y p es

O p tica l N on op tica l

C o n tac t X -R ay

P rox im ity E B eam

P ro jec tion

S tep p e r

A general com parison o f  the features and capabilities o f  the different system s summ arised in Table 3.15 is 

presented in the following Table 3.17.

Table 3.17 A ppendix. C om parison betw een  aligner system s and related properties

Aligner
system

M ask Reticle
Exposure
Sources

Resolution
(m icrons)

Throughput
Substrate/hr

Contact
Proximity

X Hg 0.25-0.5 30-120

Scanning
Projection

X X Hg 0.9-1.25 30-100

Step and 
Repeat

X Hg/ExL/KrF/DUV 0.35-0.80 65-90

Step and 
Scan

X Hg/ExL/KrF/DUV 0.25-0.40 50

X-ray X X X-ray 0.10 20+

E-beam Direct write Electron beam 0.25- 2-10
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Chem istry and physics o f  exposure detennine in large part the resolution o f  the latent image. In addition, a 

num ber o f  processing considerations must be taken into account. These include energy density and 

uniformity, dose rate, exposure time, and the exposure am bient (for instance, vacuum, oxygen, air). The 

energy density, available from a source, dictates the exposure time and resist-sensitivity required to form 

the latent image. Clearly a source with low energy output requires excessively long exposure tim es or very 

sensitive resists. It is also im portant that the energy source has to be stable both temporally and spatially 

during exposure. Feature size is critically dependent on the exposure dose, and small variations in absorbed 

dose can create unacceptable variations in line width. An excessive dose rate can result in loss o f  the 

desired reactions during resist exposure.

The exposure environm ent is also an important parameter. For exam ple, electron- beam and ion-beam 

hardware must operate in hard vacuum. Some photoresists and X-ray resists require an atm osphere 

containing am ounts o f  moisture or oxygen. It is also important that the environm ent is reproducibly 

controlled both during and after exposure. M any solid-state reactions in polymers continue to occur in 

vacuum for many hours after removal from the source; this phenom enon is known as post-exposure curing 

and is mainly seen in negative resists. Another consideration is to ensure that the energy is distributed 

evenly throughout the entire film thickness. Photoresists must have sufficiently low optical density at the 

exposure wavelength, and this becom es an increasing concern at the shorter wavelengths.

The most com m on process still widely used today, in small production where the imaging resolution 

is not requested to be sub-m icrons, is the contact aligning process.

Using this technique the pattern transfer process is accom plished using a lithographic exposure. Three 

parameters are m ainly influencing the exposure process: (i) resolution, (ii) mask-alignm ent, and (iii) 

exposure dose. Resolution is the minimum feature dimension that can be transferred with high fidelity to a 

resist tllm on a substrate. Mask alignm ent is the technique used to align the mask to the substrate. The most 

common techniques are: (i) shadow printing and (ii) contact printing m ethods (Sze, 1988). In shadow 

printing, mask and substrate are in direct contact with no gap between the two surfaces. In contact printing, 

a gap (~1 |im ) is present between the two layers that can be a m ajor problem in case o f  dust contamination. 

In small production and one layer exposure only the shadow printing is the most common technique used. 

Exposure dose is a param eter that correlates the mask aligner lamp emission wavelength to the photoresist 

response to that particular wavelength. This last factor is also related to the sensitivity o f  the resist and it is 

described by a specific response curve that is given by the resist producer.

After defining the exposure specifications, both the substrate and the mask are brought into contact 

and with the source light (i.e., UV light source is conventionally used in m icrolithography) (Figure 3.26b, 

Figure 3.26e). Photoresist under the transparent portions o f  the mask will be exposed, causing it to becom e 

soluble in a developing solution. This is known as a positive photoresist (negative photoresist gives the 

inverse pattern). The substrate and mask are then separated, and the exposed photoresist is rem oved in a 

developing solution (Figure 3.26f).

3.12.4.9 Resist development

Once the latent image has been formed in the polym er film, it must be developed to produce the final three- 

dimensional relief image. The developing process is the most com plex o f  the processing steps; it has the
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greatest influence on pattern quality, and requires much more process developm ent effort than any other 

step.

Resist developm ent is a chemical reaction by diffusion o f  the solvent m olecules into the polymer 

structure. This developing solution is specifically formulated to react with the unpolymerised regions o f  the 

photoresist used and dissolve them. For example, two types o f  chemical developers are used with positive 

resists, alkaline-water solutions and non-ionic solutions. The advantage o f  using a positive resist during 

developm ent is quantified on the minimum distortion in the adjacent regions to the pattern. This can be 

quantified by the variation o f  the dissolution energy during the process between resist and developer.

The most common developer is a non-ionic organic solution called tetra-methyl-ammonium 

hydroxide (TM AH); this developer is formulated to have good strength over time. Developer strength is 

the main factor that characterises every developer solution and can be m easured by the pH o f the solution. 

This factor is tem perature dependent and can vary a lot by a tem perature variation o f  ± I °C in the solution. 

Therefore is very im portant to standardise the developing process to reproduce the same conditions o f  time, 

temperature, concentration, hum idity and cleanliness.

The principle o f  the developing technique is based on the same principle as photographical 

developm ent and it is based on the surface reaction o f  the substrate with exposed resist to a developing 

solution for a length o f  time depending on the following factors: (i) resist thickness, (ii) resist sensibility, 

(lii) soft baking process, (iv) developer concentration, (v) tem perature o f  the solution, and (vi) m ethod o f  

developing. There are different developing m ethods (i) wet developm ent (where the most common is the 

imm ersion technique), (ii) spray developm ent, (iii) puddle developm ent, and (iv) dry development. In 

relation to the methods used, there are different tricks to take into account. In this study wet developm ent 

was the only process used.

After the com pletion o f  the developing cycle, it is necessary to rinse and thoroughly dry the substrate 

o f  all residual developers and rinses. Generally, the last rinse used in the process consists o f  a chemical 

rinse in a water-based system. It is also useful to blow o ff the substrate, with dry nitrogen or air, to ensure 

no water condensation occurs during the drying process.

After all this steps it is important to inspect the pattern to exclude defects or irregularities in the 

pattern geometry.

The photoresist can now be used as a protective mask to transfer the pattern into the underlying 

material via etching process. After the etching o f  the substrate the photoresist is stripped o ff (i.e., using a 

solvent, or plasma oxidation), leaving behind the etched image on the substrate.

3.12.4.10 M ierocontact prinfing

A different m ethod o f  pattern transfer called m icrocontact printing has recently been introduced. 

M icrocontact printing uses a soft polym eric stamp, usually made o f  PDM S, which has been formed by 

m olding to a master made by conventional microfabrication, if  the resolution required is in the order o f 

micrometers. For patterns in the nanoscale region a more sophisticated technique is required (i.e., e-beam 

lithography) to m anufacture the master die. This die is used to produce multiple copies o f  the original 

pattern or to use it as a normal stamp (Casey et a!.. 1997). The stamp technique is to transfer the molecules 

from the stamp to the substrate, where they form a self-assem bled monolayer in the same pattern as the
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stamp. These patterns can then be used as resists for etching or as passivation layers to prevent deposition. 

This method o f  pattern transfer is advantageous when working with non-cleanroom -com patible materials 

or chem icals, or non-planar substrates, although unresolved issues exist with m ultilevel pattern registration.

3.12.5 Microtechnical etching

In principle all m aterials can be patterned by an etching process. M icrotechnical etching, in opposition to 

additive pattern generation, is a universally applicable method. The respective etching process has to be 

chosen, however, considering the chemical properties o f  the m aterials to be removed and all the other 

m aterials not to be removed, The etching process not only determ ines the rate o f  dissolution o f  the 

respective materials, but also affects the geom etries, i.e.. certain deviations from the pattern o f  the etch- 

resistant mask. The rate and selectivity o f  the dissolution as well as the geom etries produced during 

progressing etching are the essential criteria in choosing the etching procedure.

E tching processes are divided into two major groups as shown in Figure 3.36. These are wet-etching 

and dry-etching processes. The processes o f  the two groups differ in the mobile phase acting as etching 

medium, i.e.. the phase in which the particles from the solid are transferred into and removed fi'om the 

surface.

In wet etching processes the detaching o f  the material is done by its interaction with a liquid, the 

“etching bath” . The interaction is accom plished by redox and solvation processes. If the oxidation proceeds 

without an outer source o f  current, we speak o f  outer-currentless etching processes. O ther wet etching 

process are electrochem ical, photochem ical and photoelectrochemical etching processes with either a 

source o f  current, or supported by light or with both. W et chemical etching processes are classified also by 

the etch grooves they produce. Generally wet etchants work isotropically, but there are as well wet 

chemical etchants with crystallographic preferences that work anisotropically. These are used for shaping 

m onocrystalline materials.

In dry-etching m ethods the material is transferred into the gaseous phase and then removed. There are 

three main processes (i) ion etching, (ii) plasm a etching and (iii) reactive vapours etching. The etching 

processes working with accelerated ions are sub-divided into sputter etching, reactive ion etching and 

various ion beam etching techniques. Beside the accelerated ions, other sources for activating etching 

processes in the gaseous phase are used, e.g. electron beams or light.

In microfabrication the etch m ethod is distinguished by the etched material and the etch depth as 

surface and bulk (substrate) m icromechanics.

All etching processes have certain parameters in common that are independent from the material to be 

etched, the kind o f  etching medium and the application. These parameters are (i) the etching rate and 

selectivity, (ii) the form determ ining param eters degree o f  anisotropy and (iii) degree o f  sloping o f  

sidewalls decide on the efficiency and, (iv) quality o f an etching process.

The first requirem ent o f  an etching process is the processing time. Thus, the etching steps o f  the 

process should proceed rapidly and should demand times com parable to the others process steps. W ith wet 

chemical processes this requirem ents can be achieved by choosing a convenient etching m edium  and 

etching conditions. W here, with dry etching process there are fundamental physical and chemical limits. 

For example, dry etches are o f  longer duration, as their etch rates often do not exceed I to 10 nm /s with an
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etching time o f  about 3 to 30 m inutes to etch l|am film. However, to ensure a good controllability and 

reproducibility o f  the etching process the etching time must not be too short, as the starting and the end 

phase are more subjected to interferences.

D R Y  E tch in gW E T  E tch in g

Photoelectrochemical Etching
Ion Etching

Plasma Etching

Vapour Etching

Ion Beam Etching

Laser beam Etching
Electrochemical Etching

Reactive Ion Beam 
Etching

L ith o g ra p h ic  E tch in g

Chemical assisted 
Ion Etching

Open-circuit
Etching

Electron beam 
Etching

Figure 3.36 Appendix. O verview  over the most important classcs o f  m icrolithographic c tching processes

The etch rate R is the amount o f  substrate that has to be removed in a material in a certain amount o f  time. 

It is the ratio o f  the actual etched material thickness /i..,,/, and actual etching time

R  = h e t c h / t e i c h  eq n .3 .7

The chemical com ponent dom inates all etching processes in term s o f  material phase transition. It is 

important to know that the transport process o f  the particles at the surface is controlled by a conventional 

diffusion law. Thus, a specifically selected etching media is not attacking only the materials for which it 

has been selected but will interact, and etch, others. The quality o f  having a specific etchant is called 

selectivity. The specificity o f  the etching o f  a material is a decisive criterion for the general developm ent 

o f  etching solution. And still, etching rates and the relative etching ratios are dependent on the m orphology 

o f  the material as well as on the geom etry o f  the structure to be etched.

Etching m ethods are divided into two classes according to their etching velocity in the directions in space. 

These are isotropic and anisotropic etching methods.

Isotropic etching etches in all directions equally, leading to mask undercutting and a rounded etch 

profile (Figure 3.37, left). Isotropic etching does not allow etching at the same time deep and narrow  slits.
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Because o f  the undercutting at the mask edges, an isotropic etchant is able to pattern slit with a maximum 

depth o f  ha lf their width, (max. ratio dept/w idth =  0.5).

A nisotropic etching is directional (Figure 3.37, m iddle, right) and can be caused either by the 

dependence o f  surface on the direction, or by a preferential m otion o f  reactive particles in the mobile 

phase. Anisotropic etching is either chem ically (by the direction o f  motion o f  the particles in the mobile 

phase) or physically induced (ion etching methods).

In general, wet etching has a predom inant isotropic behaviour whereas anisotropic etches are more 

com mon with dry etching. Chemical etches are more selective than physical etches but am enable to fewer 

materials. The aim is to find a com plem entary set o f  m aterials and etchants, thus allow ing selective pattern 

transfer.

Isotropic Etch

/

Resist
Undercutting

✓
Substrate

Anisotropic Etch

Dry etching

Substrate

Anisotropic Etch

Wet etching

Substrate

Over etch

Substrate

Resist lift ^  Over etch

/
Substrate

Figure 3.37 A ppen d ix . Iso trop ic  (le ft)  an d  an iso tro p ic  (m id d le , rig h t)  c tch in g . A n iso tro p ic  e tch in g  b y  d ry  e tch in g  
(m id d le ) o r by w et e tch in g  (righ t). Iso trop ic  over-c tch  su rfacc  (b o tto m -le ft)  and  an iso tro p ic  p rob lem  fo u n d  d u rin g  
e tch in g  (b o tto m -rig h t)

It has to be noted that real etching structures rarely have very ideally smooth edges. This is because they 

are characterised by a finite roughness and real edge geoinetry. This has to be taken into account when 

designing the mask pattern. The geom etry o f  a flank formed during an etching process under the edge o f  

the mask is determ ined by global specifics o f  the etching m ethods as well as by the local properties o f  the 

material.

Another important param eter to be aware o f  is the presence o f  deviations in every single step o f  the 

process. This can drive to a loss o f  accuracy in the microfabrication. Thus, to reduce any kind o f  deviations 

it is important to reduce the num ber o f  process steps to the essential num ber and as a consequence reduce 

the systematic error introduced. Table 3.18 summ arises the possible sources o f  deviation to take into 

account when considering the etching process.

As structures o f  exact measures or at least exactly reproducible measures are required, anisotropically 

etching process is searched for that reproduces the mask geom etry most exactly. Dry-etching processes, 

especially ion beam etching produce the least deviations from the resist mask. They posses low lateral etch 

rates and thus allow structures o f  great aspect ratios to be prepared, i.e., structures that are as high as they 

are wide or even higher then broad. Besides they are preferentially used for structures that are sm aller than 

5 |am. Since in this study, m icrom eter accuracy is one o f  the key elem ents for subsequent cellular
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investigation. It is very im portant to plan and develop in advance all the technical aspect o f every 

technological step taken, as described in Chapter 3.

Table 3.18 Appendix. Sources o f  deviations in etching

Process Deviation

film com position

Film deposition exactness o f  film thickness

hom ogeneity

I.ithographic prototype (mask) deviations in mask pattern

resist thickness

resist thickness hom ogeneity

resist sensitivity (batch, age)
Resist mask light dose, dose distribufion

resist developer (concentration.
temperature, convection)

etchant concentration

etchant temperature

etchant convection

adhesion o f  resist mask
Etching degree o f  anisotropy o f  etching

adhesion o f  film on underiayer

etching tim e control

overetching time

Another important aspect that has to be considered either for scientific reasons or for industrial application 

is the monitoring o f  the etching process. The progressing o f  the etching process has to be monitored 

through time in order to characterise the kinetic evolution o f  the etching, the influence o f  the process and 

the material parameters on etching rates. Therefore, the m onitoring process is critical to detem iine the 

etching param eters and to minim ise the attack o f  the etchant on m aterials not to be etched. Thus, a 

com plete control and knowledge o f  the etching time for a specific material can lead to the definition o f the 

etch rate; where the etching time tco, is given by the material thickness to be etched and the etch rate r.

tetch= deich/r eqn. 3.8

If the etch rate can be estim ated only by a lim ited accuracy and the start and final phase o f  etching are not 

reproducible, it is better to carry on a com plete m onitoring phase o f  the etching progression under 

standardise technical procedure in order to evaluate the extra etching time introduced by those two phases. 

The exact com pletion o f  an etching process is especially important for thin film or sensitive film where 

certain properties have to be preser\'ed. In particular for dry etching it is important to m onitor the process 

to overcome the low selectivity o f  the process.

There are two ways to m onitor an etching process: by an in-situ m easurem ent or by measuring the 

relative etching product at the end o f  the process. The first can be carried out during the process and in
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relation to the environm ent measuring the optical transparent films and distinguishing between the different 

layers o f  material. Interference or ellipsom etry measurem ent are the two most com mon technique used in 

this case. Then, there is a com plete set o f  specific techniques available to measure the etching progression 

in relation to the material properties and the environm ent where the etching takes place; for instance 

emission spectroscopy, or m ass-spectroscopy, and electrochem ical m ethods for wet-etching process.

3.12.5.1 Etching processes applied in this study 

W et etch ing  process

The mechanism for wet chemical etching involves three essential steps, as illustrated in Figure 3.38 the 

reactants (1) are transported {e.g., by diffusion) to the reacting surface, (2) chemical reactions occur at the 

surface, and (3) the products from the surface are transported away (e.g. by diffusion). Thus, the adoption 

o f  a proper wet etchant is o f  prim arily importance. Wet etchants are selected for their ability to uniform ly 

remove the top layer o f  a substrate without attacking the underlying material. This property, as m entioned 

above, is called selectivity. In conjunction with agitation and temperature o f  the etchant solution they will 

m fiuence the etch rate o f  the substrate Then, the exactness o f  the image transfer is dependent on several 

other process factors. They include incomplete etch, overetching, undercutting, and anisotropic/isotropic 

etching o f  the sidewall as we described above. And also, the preparation o f  the surface to etch is important 

and requires particular attention during the initial cleaning o f  the surface and inspection.

WET ETCHING

Reactants

Surfjjce

Substrate

Figure 3 .38 Appendix. Basic mcchanism In wet chemical etching

There is a wide range o f  techniques and etchant solutions applicable in relation to the material to etch 

(W illiam s, 1996). In this work a specific wet etching technique is considered to m icrofabricate biom aterial 

substrates.

In this work only a SiOa base glass and polymers were used as substrates and therefore this im plies the 

adoption o f  a wet etching technique for non-m etallic material.

W et chem ical etch in g  o f  non-m eta ls

Within this big family o f  wet-chemical etching there is one that will include the family o f  the SiOi glasses 

that is called non-oxidising etching or non-metal etching. This family is characterised by a high pH-value
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and the fonnation o f  chemical com plexes (called hydroxocomplexes) that can be easily solvated by water, 

due to their ionic nature.

For example Si02 forms:

Si02 + 2 H2O  + 2 0 H  => [Si(OH)6]^- eqn. 3.9

This forming o f  hydroxocom plexes is a special case o f  non-oxidising etching. Instead o f  hydroxide ions 

acidic anions, as i.e. chloride and fluoride, or neutral m olecules react as ligands.

M^Oy + zZ"' + yHzO 2y OH eqn. 3.10

M,Oy + zL + yH jO  ^  2y OH' eqn. 3 .1 1

A typical example for non-oxidising dissolution is the etching o f  SiO: com plexes in HP-containing etchant 

(i.e., Si02 glass and Borosilicate glass). The com plexing is not restricted to dissolution o f  oxidic materials.

In the case o f  Si02 the formation o f  soluble com plexes has the nature o f  Si(IV) and in relation to the 

m edia it can be either a [Si(OH)(,]^' in a strong alkaline solution or Si(F)6]“’ in an F solution.

Dry etching process

Dry etching is a generic term that refers to the etching techniques in which gases are the prim ary etch 

medium and the substrate is etched without wet chemicals. The etching process intervenes as a transition o f 

solid material through a phase boundary by changing the superficial properties, i.e., physical or chemical, 

into single atoms or m olecules that can be etched from the surface. Hence, the transport mechanism is more 

efficient in a gas solution; especially under low pressure and low' gas concentration.

There are two main m echanism s for the removal reaction at the interface solid-gas; by mechanical 

impulse {i.e., sputter effects), or by volatile transformation (gaseous phase, i.e.. reactive ion-etching (RIK) 

or plasma etching). This is the main difference between physical sputtering dry etching system s and 

reactive plasm a etching. Therefore, there are three main dry etching techniques: plasma, ion beam milling 

(IBE etching), and reactive ion etching (RIE).

The dry etching process has some advantages over wet etching. First, it preserves the substrate along 

the process and that reduces the risk o f  contamination. Dry etching can be applied further down than 3 |jm  

pattern size where wet etching has etching limits for small dim ensions (> 3 |am). W here wet etching is 

generally isotropic, and requires more process steps, with an increase in the probability o f  contam ination, 

dry etching can be anisotropic and it is based on a very sim ple process. Finally, wet etching uses hazardous 

and toxic chem icals that require a proper handling where dry etching only requires the supply gases to the 

chamber system.

Plasma etching

In principle, a plasm a etcher requires the same elements: a chemical etchant and an energy source. 

Physically a plasma etcher consists o f  a chamber, vacuum system , gas supply, and a power supply. The 

substrate is loaded into the cham ber and the pressure inside is reduced by a vacuum system. A fter the 

vacuum is established, the cham ber is filled with reactive gas. The most common gases used are CF4 or O2. 

A power supply creates the radiofrequency field (RF) through electrodes in the chamber. The field
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energ ises the gas m ixture to a p lasm a state. In the energ ised  sta te , the fluorine a ttacks the targeted  surface, 

converting  it into volatile  com ponen ts that are rem oved  from the system  by the vacuum  system .

At the beg inn ing  the p lasm a system  w as designed  w ith c ircu lar cham bers (barrel etchers). In th is 

design , ions are energ ised  by the non -d irec tiona lity  o f  the p lasm a. T h is  will confer a sem i-iso trop ic  etch ing  

to the substrate crea ting  a tapered  sidew all. In th is system , it is hard  to supply  a constan t am ount o f  e tchan t 

to all the substrate because o f  the non -d irec tiona lity  o f  the e tch ing  ions. For m ore p recise  e tch ing , p lasm a 

p lanar system s are p referred . T hese  system s are based on the sam e princip le  o f  the barrel system , bu t the 

substra te  are p laced paralle l to the under the RF e lec trode , see F igure 3.39.

PLASMA ETCHING

Plasma
f i e ld

Suh.slrati.'

S a m p le  h o ld e r

Figure 3 .39 A ppendix . Planar plasma ctching system 

T he  etch ing  takes p lace w ith the substrate im m ersed  in the p lasm a field  and the ions are m ore d irectional 

than in the barrel system  and th is is g iv ing  a m ore an iso trop ic  etch; for in stance  vertical s id ew a lls  are 

feasib le w ith th is system . T he uniform ity  o f  the etch ing  is increased  w ith the ro tation  o f  the substrate  

holder.

T he plasm a e tch ing  techn ique in relation  to the gas used and the RF pow er se ttings can range from 

being  a p roper e tch ing  process, to a sim ple  m ild  treatm ent for superfic ial app lica tion . It can be also  used 

for p lasm a deposition  o f  con tro lled  thin film on substrate.

Ion beam  etching (IBE)

Ion beam  etch ing  processes w ere com m ercia lly  in troduced  m ore than 10 years ago. T he m ain app lica tion  is 

for in tegrated  c ircu its, d irect w riting  o f  th ree-d im ensional struc tu res  on a m icroscop ic  and nanoscop ic  

level. T h is  m ethod  is a d ry  etch system  (see F igure 3.40). U nlike the chem ical p lasm a system , ion beam  

e tch ing  is a physical p rocess. T he  substra tes are p laced  on a h o ld er in a vacuum  cham ber and a stream  o f  

argon is in troduced  into a cham ber. W hen argon en ters in the cham ber is sub jec ted  to a stream  o f  h igh- 

energy  e lec trons from a set o f  ca thode (-) anode (+) e lec trodes. T he elec trons ion ise  the argon a to m s to a 

h igh-energy  state w ith a positive  charge. T he substrates are he ld  on a negative ly  g rounded  h o ld er w hich 

a ttrac ts the ionised  argon atom s. As the argon a tom s travel to the substrate  ho lder they  accelerate , p ick ing  

up energy. At the substrate  surface, they  crash  into the exposed  substrate layer and literally  b last sm all 

am oun ts from the substrate  surface; th is  is on ly  happening  i f  the ion energy  is su ffic ien t to e jec t a tom s.
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m olecu les and ions from the m aterial e tched . T h is  p rocess is ca lled  m om entum  transfer and no chem ical 

reaction  takes p lace betw een  the argon a tom s and the substrate  m aterial.

Ion beam  etch ing  is also called  spu tte ring  etch ing  or ion m illing .

ION BEAM ETCHING
Heated cafhode

Plasma region 
(Anode)

Shield ing grid  
A ccelera tion  e lec trode

N eulru lisatio ii e lec tro d e

S u b stra te

S am ple  h o ld er

F ig u re  3.40 A ppendix . Ion beam  e tch ing  (m illing  p rincip le)

A num ber o f  advan tages exist for ion m illing  com pared to p lasm a etch ing  o f  reactive ion e tch ing  (R IE ). 

V ertical profiles w ith sm all to lerance are possib le  because o f  the h igh ly  co llim ated  ion beam . C on tro lled  

tapering  can be m anufactu red  by a con tro lled  rotation o f  the table  from  the ion beam  source. In add ition , 

the operating  pressure is at least 100 tim es low er than those for p lasm a etch ing  and R IF .

B ecause o f  the physical nature o f  the p rocess, ion m illing  has a p o o r se lec tiv ity , especia lly  w ith 

pho to resis t layers. S elec tiv ity  in a physical p ro cess  depends on the d ifference in spu tte r yield p roperties 

betw een  m aterials. F inally , re-deposition  and trench ing  o f  the e tched  p roduc ts can be serious lim itations o f  

th is process.

R eac tiv e  ion  e tc h in g  (R IE )

R eactive ion etch ing  (R IE ) system s com bine  the characteristic  p ropertie s  o f  the spu tter-p lasm a (partic les o f  

high k inetic  energy) w ith  those o f  p lasm a etch ing  (h ighly  reactive  therm alised  partic les). T he system s are 

sim ilar in construction  to the p lasm a system s bu t have the capab ility  o f  ion m illing . The com bination  

brings the benefits o f  chem ical p lasm a etch ing  a long  w ith the benefit o r d irectional ion m illing.

C hoosing  adequate  e tch ing  gases and excita tion  cond itions, the specific  advantages o f  p lasm a etch ing  

(high selectiv ity ) and o f  spu tte r-e tch ing  (an iso trop ic  rem oval) can  be com bined  in the RIE process. For 

exam ple, a  m ajo r advantage o f  RIE system s is in the etch ing  o f  S iO i over a layer o f  Si.

Instead o f  noble gases reactive gases can be used as a tm osphere  in spu tter-e tch ing . In the R IE -process 

cations are p roduced  from  reactive gases that are accelerated  w ith high energy  to the substrate  and as well 

can react chem ically  w ith  the substrate  m aterial. From the reactive  gas ions and reactive  neutral partic les
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are fonned that support the etching process. Ions as w ell as neutral particles o f  high kinetic energy are 

formed also in the periphery o f  the plasma. T hey get their energy by collision  processes with accelerated 

ions or are fonned o f  the ions by co llis ion s with charge transfer. Radicals and other reactive species get to 

the surface by diffusion as in sputter-etching. The RIE-plasma can be generated as in sputter-etching in a 

planar reactor. The generation o f  the thermalised and the energised particles proceeds in the same non

partitioned plasma space. Hence, the fonning and decom posing rates o f  all types o f  particles are strongly  

interdependent. Parameter changes affect differently the various kinds o f  particles and their concentrations 

and energy distribution, so that by the choice o f  the outer conditions at least a certain influence is viable. 

The com position o f  the etching gas, the power density o f  the plasma (related to the active etching area), the 

substrate temperature and the total pressure are the important parameters for adjusting the etch rates and 

the percentage o f  anisotropy.

3.12.6 Final step in tiie etching processes 

3.12.6.1 Resist strip and inspection measurement

Photoresist plays a major role in both the two etching techniques described above. For both wet and dry 

etching processes a patterned layer o f  photoresist is the preferred etch barrier. In wet etching, there is a 

lim ited attack o f  the resist by the etchants.

However, in dry etching, residual oxygen in the system  attacks the resist layer. The resist must remain 

thick enough to stand up to the etchants without becom ing so thin that pinholes are present.

Another resist related dry etch problem is resist baking. Within the dry etch chamber, the temperature 

can rise as high as 200° C, a temperature that can bake the resist to a condition that makes it hard to rem ove 

from the substrate. Another temperature related problem is the tendency o f  the resist patterns to flow  and 

distort the im ages. An unwanted effect o f  dry etching is the re-deposition o f  polym er on the side o f  the etch 

pattern that is then difficult to remove.

After having considered all the unwanted effects that can occur during the etching process, resist 

stripping is the last operation to be carried out in a microfabrication process. It is usually rem oved by wet 

chem ical etching but there is growing use o f  O 2 plasma stripping.

A number o f  different chem icals can be used in relation to the substrate material, the polarity o f  the 

resist, and the chem ical condition o f  use this etchants.

Generally the resist-removers are divided into categories as universal, positive resist and negative-only  

resist remover. It depends on the resist producer and the process used the adoption o f  one category rather 

than another.

Wet chemical etching is well favoured because it is less expensive and has low  process requirements 

(i.e., low  temperature and process steps).

After that, a final inspection o f  the substrate is carried out by visual and m icroscopic inspection. In 

conjunction, a measurement o f  the critical dim ensions is also part o f  the inspection.
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C H A P T E R  4

4 RESULTS

4.1 Introduction

A fter the presentation o f  som e prelim inary results relating to the biology o f  T cells 

(section 4.2) and substrate preparation (section 4.3) the m ain body o f  results regarding T 

cell m igration are presented in section 4.4 and section 4.5.

4.2 T lymphocytes preliminary investigation

The aim o f  this prelim inary investigation was to characterise the difference in shape o f  

the two cells (HUT78 lym phom a and PBTL cells) and to establish a threshold betw een 

normal lym phocytes and the lym phom a cells. Therefore, the diam eter o f  a large 

population o f  lym phocyte cells was m easured on a silicate glass slide substrate. The 

image (Figure 4.1) gives an idea o f  the difference in size betw een the two lym phoid T 

cells.
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Figure 4.1 Microscope analysis o f lymphoid T cells, (left) HUT78 lymphoma cell and (right) nornial 
PBTL cell

PBTL cells mean diameter, calculated from a population o f 320 cells, was 7.31 ± 1.25 

|im . For HUT78 cells a total number o f 314 cells were measured using the same 

procedure and the resulting mean diameter was 12.34 ± 2.88 |j,m. Figure 4.2 shows the 

complete set o f measurements. The difference between the two sets o f cell diameters was 

statistically significant (p<0.05)

35

30
HUT78 diam. =  12.34 fim  

Cell threshold = 10 |am

i

HUT78

PBTL

HUT78 mean

PBTL mean

50 100 150 200 250

No. of cells

300 350 400

Figure 4.2 Cell diameter measurement o f PBTL and HUT78 lymphoid cells. PBTL (bright line) and 
HUT78 (dark line) mean regression show the geometrical difference in size between the two cell types. A 
possible threshold can be set at 10 |Jm (mid dark line)

11 4



4.3 Analysis of different processes substrate micropatterning

4.3.1 C O 2 ablation

A summary o f these measures is given in Table 4.1 where the best results obtained from 

the CO2 ablation system are listed.

It appeared from the results that the patterns ablated were grossly etched and not 

optically transparent, therefore although the technique was very versatile for all materials 

it did not comply with the preliminary substrate requirements o f this study.

Table 4.1 CO2 laser etching. M easurement results o f  different topographical geom etry on selection o f  
polym ers

M aterial Pattern
Width

l/im l
Depth l i m l

Roughness 

Ra ljumi
Comment

P M M A
Single line 

Parallel lines

76

66

45

53
10-12

Irregular grooved  
surface

P V C Single line 108 75
15-20 High surface

(test) Parallel lines 98 68 roughness

PS
Single line 

Parallel lines

85

63

49

58
8-12

Grooved surface 
burnt

Silicate Single line 102 41
12-16

Material failure:
g lass Parallel lines 87 49 Thennal shock

4.3.2 Excim er ablation

The excimer laser set to use ArF gas (A, = 193 nm) was used to ablate patterns to achieve 

a better definition and reduce the laser aberration. First, only polymer substrates were 

ablated to controlled groove width and depth, to minimise the aberration factor (required 

for optical transparency). Channels were ablated with controlled geometrical dimensions. 

From the WLSl analysis it was found that the patterns grooved did not have a regular 

cross-section, as reported in the Table 4.2 and shown in Figure 4.3. Furthermore, the 

ablated polymers were subjected to modification o f their surface properties, as clearly 

pointed out by the SEM analysis, in Figure 4.4, Figure 4.5 and Figure 4.6. This change in 

properties was also reflected in a consequent change in their optical properties and a 

possible explanation o f this surface modification was on the high energy transferred from 

the laser beam when focused to such a dimension scale. Because o f the heat transfer on 

the substrate surface, polymers were reaching their glass transition temperature (Tf,). This



w as causing , first the change in p o ly m er p roperties  at the su rface  level (re -p o ly m erisa tio n  

o f  the chain  structu res) second  the fo rm ation  o f  crack s at the edge o f  the g rooves due  to 

localised  residual s tresses no t re lieved  at coo ling  due to the p o o r co n d u c tiv ity  o f  the 

p o ly m ers  used , as show n in F igure 4 .6  and F igure 4.7 .

I'able 4.2 Excinier ablation. Properties m easured from excim er laser ablated substrates (PM M A  
and HIPS)

Material Etch time 
Is!

Intensity
ImJ/cnt^l

Pinhole 

Size liJtiil

Width

liuti!

Depth

lUmJ

Roughness

l^unl

30 1.046 15 13.55 6.40 3.761-4.224

30 1,123 15 27.83 9.95 2.257-2.905
PIMMA

30 1,123 15 51.42 11.44 2.778-3.434

60 0,114 15 36.44 10.20 3.51 1-3.693

30 1.046 15 48.31 15.82 3.761-4.224

PS 60 0.114 15 1 1.46 2,469-2.761

60 0.114 15 38.81 1 1.68 3,347-3.823

O ptical p roperty  m easu rem en ts  w ere  ca rried  out in a  com para tive  w ay, befo re  and  after 

the ab lation  p ro cess , and the resu lts are show n in T ab le  4.3 p o in tin g  ou t the n ecessity  to 

find ano ther m icro fab rica tion  technique.

O nly  few  tests w ere  carried  ou t u sin g  T herm anox  as a  substra te  m ateria l. T h erm an o x  

is a p o ly e th y len e  te rep h ta la te  p o ly m er w ith con tro lled  su rface  p o ro sity  and  charge , 

created  by  p lasm a trea tm en t. A lthough  the m ateria l p ro p erties  are b e tte r than PS , the 

resu lts o f  laser ab la tion  w ere  c lea rly  d iffe ren t from  the op tical p o in t o f  v iew , as is show n 

in F igure 4.8.

A fter hav ing  also  investigated  the change in op tical p ro p erties  o f  all the m ateria ls  it 

w as concluded  that the E x c im er laser ab la tion , as for the C O 2 laser, needed  a  m ore 

de ta iled  investigation  because  o f  the d rastic  changes induced  at the top o f  the su rface  

substra te  such as irregu lar ro ughness and  m icrocracks. T herefo re , laser ab lation  sy stem s 

w ere  no t su itab le  for the p u rpose  o f  this investigation .
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Figure A

M aterial: PMMA
Laser wavelength; 193 nni In A rF
Lens ratio: 4:1
Intensitj'; LI 23 m j/pulse
Etch time: 30 s
Groove

width: 27.8 |im  
depth: 9.94 jam 

Roughness (Ra): 2.257- 2.905 |im

Figure B 

M aterial: PS
Laser wavelength: 193 nm in A rF 
Lens ratio: 5:1 
Intensitj': 0.114 m.l/pulse 
Etch time: 60 s 
Groove

width: 36.4 |im  
depth: 10.21 |ini 

Roughness (Ra); 3.511 -3.693 pm

Figure C

M aterial: PMMA
Laser wavelength: 193 nm in ArF
Lens ratio: 5:1
liitensitj': 0.114 m.l/pulse
Etch time: 60 s - 120 s
Groove

width: min=11.4 pm ; max=38.8 [im 
depth: m in= 6.97 pm ; m ax=lL68 pm 

Roughness (Ra): 2.469 - 2.761 pm

Figure D 

M aterial: PS
Laser wavelength: 193 nm in KrF 
Lens ratio: 4:1 
Intensity: 1.046 m J/pulse 
Etch time: 60 s 
Groove

width: min=48.3 pm; max=135 pm 
depth: miii=6.4 pm ; m a\=15.82pm  

Roughness (Ra); 3.761 - 4.224 pm

Figure 4.3 Excim er ablation WLSI: 3D profile m easurem ents. (A) Single pattern ablated on 
PMMA, and (B) single channel ablated on PS with ArF (k  = 193 nm). (C) Parallel lines on 
PMMA, and (D) parallel lines on PS at different pulse intensity with ArF {X=  193 nm)
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Figure 4.4 Excimer ablation. SEM analysis o f  parallel patterns on (a) PMMA and (h) PS. Note the cross 
section measurements, and the roughness o f  the grooves between the two materials. In both materials it is 
evident the irregular ablation o f  the laser technique (indicated by arrows)

Figure 4.5 Excimer ablation. SEM analysis o f  irregularly ablated parallel patterns on (a) PMMA and (b) 
PS in agreement with WLSl analysis. Top view (a) and cross section frontal view (b). In both materials 
irregularities are evident (highlighted by arrows)

Figure 4.6 Excimer ablation. SEM analysis details o f  groove. Note the 
presence o f  microcracks along the left side o f  the grooves sidewall and 
melted PMMA at the bottom o f  the channel

1 1 8



Table 4.3 Excimer ablation. Change in optical properties for PMMA and HIPS before and after ablation

Material and Properties
Measurement Measurement Change

(before process) (after process) IVoJ

PMMA

PS

Refractive index

Transmission of light [%]

Refractive index 

Transmission o f light [%]

1.49

92

1.59

1.25

65

1.31

61

16

30

18

29

m  *  -

Figure 4.7 Microscope investigations of (a) PMMA and (h) PS grooved surfaces (left: magn. X I50; right: 
magn. X75). Note wrinkles at the edges o f the grooves caused by the polymer thennal shock at cooling 
when shrinking after ablation

Figure 4.8 Microscope investigations o f Thermanox surfaces (left: magn. x60; right: magn. xl25). Note 
the evident loss of transparency caused by the ablation polymer structure changes

4.3.3 Ion beam etching (IBE)

Ar* ion beam etching was carried out on three different substrates; PMMA, borosilicate 

glass, and silicate glass. Once the etching curves for all materials were determined, 

twelve samples were successfully etched using the Ar  ̂ ion etching process. WLSl profile 

measurements o f  all the patterns were carried out and the results o f  these simple and 

complex samples etched are reported in Table 4.4.
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Table 4.4 IBE etching, WLSI results for PMMA, borosilicate and silicate glass in 
and roughness. (Ion density o f 0,75 ± 0 .10 A/cm^)

terms of width, depth.

Material
Etching

Time
IniinJ

yvidth

l/iml
Depth

I/ml

Expected
Depth
I/ml

Depth
Error

l/mj

Ra*

I/ml
O'Ra

i/imj

20 29.4 0.53 0.8 0.27 0.08 0.13

35 10.3 1.12 1.4 0.28 0.18 0.06

PM M A 35 25.2 1.18 1.4 0.22 0.32 0.12

40 17.1 1.56 1.6 0.34 0.28 0.05

40 32.1 1.53 1.6 0.07 0.45 0.20

20 14.6 2.12 2.8 0.68 0.55 0.34

Borosilicate 20 17.2 1.05 2.8 1.25 0.68 0.22

Glass 40 25.2 4.43 5.6 1.17 0.85 0.21

40 36.2 4.16 5.6 1.44 0.76 0.32

Silicate
20 21.1 1.01 2.8 1.79 0.44 0.22

Glass
20 23.9 0.70 2.8 2.1 0.50 0.28

40 35.3 1.13 5.6 4.47 0.5 0.24

(Ra = Avg. channel roughness; CT«„* = Roughness standard deviation)

The etching tim e was longer than the laser ablation technique (as m entioned in 

A ppendix, section 3.12). The advantage with IBE is a sharper cross-section o f the 

channel (anisotropical etching), as shown in the follow ing W LSI m easurem ents. Figure 

4.9. As the figure shows, the sidew alls o f  the groove were vertical and straight and the 

geom etry o f  the pattern could be changed in relation to the ion gun pow er and sample- 

table angle.

Borosilicate and silicate glass show ed the sam e response during etching but had a 

higher etching rate com pared to the other m aterials. Since ion etching is a sputtering 

technique, with a total absence o f  beam  focusing the glass m aterials w ere not subjected to 

therm al shock during etching, in the w ay they were for laser ablation.

The opposite behaviour was found for PM M A. In fact, PM M A was not easy to 

prepare and etch because o f  a series o f  problem s that occurred during the 

m icrolithography process. A t first, PM M A had a “softening” reaction during the sample 

cleaning by acetone. The sam e problem  o f  reaction o f  the substrate to chem icals 

intervened after the etching process during the resist removal.
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Figure A

Material: Silicate glass 
Ion milling etching 
Etch time: 40 minutes 
Groove

width: min= 30 pm; m ax=50 |.im 
depth: 1.03 um 

Roughness (Ra): 0.280 - 0.480 (Jm

Figure B

Material: PMMA 
Ion milling etching 
Etch time: 40 minutes 
Groove

width: 17.1 )jni 
depth: 1.55 |im  

Roughness (Ra): 0.280 |jm

Figure C

Material: Borosilicate glass 
ion milling etching 
Etch time: 20 minutes 
Groove

width: 14.1 fim  
depth: 2.12 )^m 

Roughness (Ra): 0.550 |am

Figure D

Material: Borosilicate glass 
Ion milling etching 
Etch time: 40 minutes 
Groove

width: 36.2 |im  
depth; 4.16 pm 

Roughness (Ra): 0.76 |am

Figure 4.9 IBE WLSI 3D profile. (A J  Bifurcation pattern on SiO:. ( W  Bifurcation pattern 
on PMMA. fC J  Parallel grid (15 |im spaced) on B203-Si02- ( D )  Parallel grid (35 |im  
spaced) on B203-Si0

121



Polystyrene substrate reacted with the photoresist by creating a strong bond at the 

interface o f  the polym ers, probably during the baking phase. Thus, it was difficult to 

rem ove the resist from the substrate, unless using a drastic plasm a etching. After, it was 

also found that this double layer o f  polym ers was toxic for cell culture and therefore the 

substrate m aterial was discarded.

Finally, concerning the transparency o f  the substrate, it w as found that the refractive 

index was unm odified (< 10%) for the two silicate glass substrates w hereas it was 

reduced for the PM M A substrate, see Table 4.5 below.

T able 4.5 IBE etch ing . V ariation  in optical p ropertie s  for PM M A , borosilica te  and silicate  g lass before and 
a fter e tch ing  process

Material and Properties
Measurement 

(before process)
Measurement 
(after process)

Change
1%J

PMMA
R efractive index 1.49 1.35 9

T ransm ission  o f  light [%] 92 78 15

SiOz; R efractive index 1.51 1.45 4

8203-8102 T ransm ission  o f  light [%] 98 92 6

ion beam  etching was com pliant with the m anufacturing specification o f  this study in 

term s o f  optical properties and geom etrical shape o f  the grooves etched. U nfortunately, 

continuous technical problem s m ade the process unavailable for long periods o f  tim e and 

therefore another technique had to be developed in replacem ent.

4.3.4 Wet etching (WE)

A set o f  twelve substrates was etched for an expected groove depth o f  2 )im (calculated 

from the theoretical etch rate found in literature), using an etch depth/w idth ratio o f  0.2  

(low selectivity <0.4). Single channel patterns o f 10 |im  width were patterned to analyse 

the etchant effect on this geometry. The results o f  different HF concentrations on the 

etching process can be seen in the follow ing W LSI m easurem ents. From these 

m easurem ents it was clear that the HF etching had a lifting action on the resist by 

infiltrating betw een the “shielding” layer o f  resist and the glass substrate, as reported in 

Table 4.6. This phenom enon was predom inant as can be seen in Figure 4.10, where the 

top surface o f  the m aterial was non-uniform , showing a sort o f  coarseness induced by a 

drop/pool o f  HF acid stagnating on top o f  the glass (typical infiltration surface).

122



Figure A

M aterial: Borosilicate glass 
W et etching: H F:H 20 1:10 
Etch time: 30 m inutes 
Groove

width: 1 0 - 1 4  |im  
depth: 0.4 |jm  

R oughness (Ra): 0.23 - 0 .29 |0̂ m

Figure B

M aterial: Borosilicate glass 
W et etching: H F:H 20 1:7 
Etch time: 40 m inutes 
Groove

width: 1 0 - 1 4  
depth: 0.3 |im  

R oughness (Ra): 0.30 - 0 .36  |im

Figure C

M aterial: Borosilicate glass 
W et etching: H F:H 20 1:6 
Etch time: 20 m inutes 
Groove

width: 2 0 - 5 0 |j m  
depth: 1 |im  

R oughness (Ra): 0.4 (im

Figure 4.10 Wet etching (HF etchant). (A) HF (1:10) wet etching. WLSl measurement o f  B2 0 3 -Si0 2  
sample. Note the surface o f  the substrate after etchant infiltration underneath the resist layer. (B) HF 
(1:7) wet etching. WLSl measurement o f  B203-Si0 2  sample. The variation in roughness due to 
etchant is relevant. (C) HF (1:6) wet etching. WLSl measurement o f  B203 -Si0 2  sample. Note the 
variation in roughness along the long axis direction

As a consequence o f  that the cross-section o f  the grooves was irregular and with a non

regular roughness. This variation was even more evident at a lower concentration o f  HF 

where the HF etching action was increased by the bath dissolution, see Figure 4.10.
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Table 4.6 HF w et etch ing: W L SI results for B orosilica te  and S ilica te  glass: p ro cess param eters (i.e. ,  
etchant concen tration , and etch in g  tim e), and g ro o v e  m easurem ents (i.e.,  channel depth , variation and 
rou gh n ess)

M aterial
Etchant Etching Depth Expected Depth Ra*

conc. Time Intinj / W Depth f/jm/ Diff.1%1 IfimJ

Borosilicate
1:10 30 0.4±0.1 2.0 80 0.2±0.05

Glass 1:7 40 0.3±0.1 2.0 85 0.3±0.1

1:6 20 1,0±0.1 2.0 50 0.4±0.1

Silicate
1:10 30 0.9±0.1 2.0 55 0.35±0.07

Glass 1:7 40 0.8±0.l 2.0 60 0.4±0.08

1:6 20 0.9±0.3 2.0 53 0.3±0.09

(R a =  A verage  channel roughn ess)

Buffered HF:NH4F w as successfu lly  used after the inconvenient experience reported with  

HFiHiO etchant. Trial sam ples were prepared and etched as described in Chapter 3. in 

this case six sam ples were investigated. From the W LSI analysis it w as more obvious 

than before that there was an isotropic effect on the etchant o f  the glass substrate, as 

show n in Figure 4.11.  Although the etching bath resulted very aggressive twenty m inutes 

w ere enough to obtain an etch depth o f  2.5 |im , the isotropic action o f  the etchant was 

predominant with a consequent enlargem ent o f  the pattern size (isotropic etch factor =  

0.25). Resist lifting w as also found when the etching tim e was longer than fifteen  

minutes.

+8 3734

0 000

um

4 1603  
0 280

mm

0.000T T

0,374mm

M aterial: Borosilicate glas.s

W et etching: HF buffered  
Etch time: 20  m inutes

G roove
width: 50 um  
depth: 2.5 (im

R oughness (Ra): 0 .1 fim

F ig u re  4 .11  HF B u ffered  w et etch in g . W LSI m easurem ent o f  B 203 -S i0 2  sam p le. N o te  the isotrop ic  
etch in g  induced  by the co n tro lled  etchant and the m ild  sid ew all angle
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H exafluorosilicic acid (H2Si06) w as used for the two silicate glasses in order to have a 

less aggressive etching and a m ore controlled pH o f  the bath solution. From the 

prelim inary etching curve it was seen that there was no difference in the etch curves 

betw een borosilicate and silicate glass. Thus, only borosilicate glass was patterned 

because o f  the lower fluorescence reflection shown during m icroscopy.

Fifteen sam ples were etched with parallel grids with different geom etrical properties 

{i.e., w idth, depth and pitch) follow ing the etch curve reported in C hapter 3 (see Figure 

3.16). WLSI m easurem ents followed to determ ine the m ain properties o f  the patterns, as 

reported in Table 4.7.

Table 4 .7  H exafluorosilic ic  etching. S ign ifican t p rocess and pattern  m easurem en ts on borosilica te  g lass 
ob ta ined  w ith W LSI investigation

Material
Etching  

Time jm inj
Width

ljumi

Total Depth 

Ifjm l

Ridge 

Depth I/Jntj

Spacing

lUntI

Ra*
Uim!

5 5 2.6 0.3 5 0.1

5 28 2.5 0.8 20 0.08

10 20 2.5 0.5 15 0.1

B orosilicate 10 15 3.5 0.4 10 0.15

Glass 12 40 5 1.5 25 0.15

12 33 5 1.3 20 0.15

15 10 5.9 1.15 10 0.21

15 20 5.9 1.45 16 0.22

(R a =  A verage channel roughness)

The isotropic etching was also analysed by the W LSI im ages, as can be seen in Figure 

4.12A. The effect o f  the isotropic etching was to sm ooth ridges and steps in order to 

create a uniform  pattern as can be observed in Figure 4.12B. This sm oothing response 

w as intrinsic to the etchant used {i.e., w idth-depth ratio =  0.4). Therefore, an initial gross 

etching was carried out to create a “pool” to constrain the cells, as shown in Figure 4.12C 

w here the perim etral w alls are deeper than the internal ridges.

D ifferent grid patterns were m anufactured and m easured and the follow ing im ages are 

representative o f  the hexafluorosilicic etching on borosilicate glass (see Figure 4.12).

From the results shown there w ere no signs o f  etchant infiltration. This inconvenient 

phenom enon was avoided by the adoption o f  a thick resist (m icroresist technology ma- 

P1275) and a com bined adhesion prom oter to strongly bond the resist to the glass 

substrate underneath.
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+3 0494

0 000

Figure A

Material: Borosilicate glass 
Wet etching; Hexafluorosilicic acid 
Etch time: 5 minutes 
G roove

sidewall: 2.6 |im  
ridges: 0.3 fim 

Roughness (Ra): 0.1 ^m

2 11256

Figure B

Material; Borosilicate glass 
Wet etching: H exafluorosilicic acid 
Etch time: 12 minutes 
Croove

sidewall; 5 ^m 
ridges: 1.5 |jm  

Roughness (Ra): 0.15 |im

0 ;eo

0 ooc
0 3'4

Figure C

Material; Borosilicate glass 
Wet etching; HexaHuorosilicic acid 
Etch time: 10 minutes 
Groove

sidewall: 5.9 jim 
ridges: 1.15 |am 

Roughness (Ra): 0.21 |jm

3 4927
0 780

Figure D

Material; Borosilicate glass 
Wet etching: Hexafluorosilicic acid 
Etch time: 20 minutes 
Groove

sidewall: 5.9 |im  
ridges: 1.45 |im  

Roughness (Ra): 0.22 |ini

F igure 4.12 H2Si0 6  wet etching. W L Sl m easurem en ts  o f  8 2 0 3 - 8 1 0 2  samples. N ote the variation in depth 
betw een sidewalls  and ridges operated  by the isotropic etching. (A) Parallel grid (18 |jm  spacing) w ith  deep 
sidewall and shal low  ridges. (B) Parallel grid (25 | im  spacing) with deep  sidewall and shallow ridges. (C) 
Parallel grid (10 jjm spacing) with deep sidewall and shallow ridges. (D) Parallel grid (15 |jm  spacing) 
with deep sidewall and shallow ridges
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4.3.5 Plasma etching

Plasma etching was used to enhance the hydrophilicity o f the substrate used in this study. 

Moreover, each material has different treatment response dependence versus time. 

Therefore, surface properties had to be investigated as a function o f  time to determine the 

hysteresis o f the treatment. This problem was relevant when plasma treatment was used 

for moderate processes such as for surface activation.

Borosilicate glass chips were subjected to plasma treatment to increase the degree o f 

hydrophilisation o f the surface to enhance binding with the surface treated. To achieve 

that, the hydrophilic hysteresis response o f borosilicate was studied in order to maximise 

the amount o f free substrate radicals available to bind ligand proteins.

Twenty five samples o f borosilicate glass were treated and measured after different 

lengths o f time, as describe in Chapter 3. The resulting hysteresis curve obtained from 

the plot o f these measurements versus time gave an indication o f the change in the 

hydrophilic surface property. From the plot o f this curve (Figure 4.13) two main regions 

could be identified: the in itia l untreated-treated variation (interval to - to i ) ,  and the decay 

o f hydrophilic property operated by oxidation o f the surface (i.e., passivation) through 

time (from // to tioooo).

40

Contact Angle of Borosilicate Glass 
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Figure 4.13 Hysteresis curve for borosilicate glass. Change o f surface properties measured by the 
variation in contact angle with time (io) untreated surface, max treatment, from (/;) loss o f
hydrophilicity in terms o f contact angle
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The hysteresis curve was providing a full description, in tim e, o f the substrate surface 

charge property. Therefore it was possible to guarantee a proper surface-adhesion 

betw een substrate and ligands w ithin days from  the treatm ent. In fact, hydrophilic 

substrates were still active after seven days o f  treatm ent, although the contact angle was 

increasing from 8° to 25° but still inside the hydrophilicity range (< 30°), as it can be 

seen in Figure 4.14. Thus, if  the substrate was used w ithin a day o f  the treatm ent the 

degree o f hydrophilicity  was still very high guaranteeing a proper adhesion response, see 

Figure 4.15.

I I
Figure 4.14 Plasma etching. Contact angle measurem ent on borosilicate glass carried out (left) 30 seconds 
(< 10°) and (right) 7days after treatment (-25°)

I
Figure 4.15 Plasma etching. Contact angle m easurem ent on borosilicate glass carried out (left) 30 seconds 
(< 10°) and (right) 1 day after treatm ent (> 20°)

Furtherm ore, the surfaces o f  the glass sam ples were also enhanced by the use o f  the HCl 

bath during the preconditioning o f  the sam ples for ligand coating. Therefore two 

com pletely different processes im proved the surface adhesion betw een the glass substrate 

and the protein coating. The first one was creating and activating the surface radicals by a 

physical process, w hereas the second one did it by charging the already existing surface 

radicals by chem ical reaction. This surface enhancem ent was also observed by a 

m icroscope fluorescent analysis o f  the ligand coating distribution on the surface.
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4.4 Cell response and contact guidance on treated substrate

4.4.1 Cell activation and polarisation

Cell recep to r interaction with im m obilised  recom binan t  ligands or m im ick ing  antibodies 

w as  a de te rm inan t  factor for the expression  o f  m otil i ty  in the lym phoid  cells under  study.

In the absence o f  LFA-1 b ind ing  ligands the cells do not d isp lay  a polarised  

locom otive  pheno type  even in the p resence  o f  soluble ac tivators  such as PM A. Control 

IgG also  did not induce any  m otility  assoc ia ted  ph en o m en a ,  as show n in Figure 4,16.

T he investigation  o f  the motile  pheno type  induced  by anti-LFA-1 im m obilised  on 

borosilica te  substrate  w as also co m p ared  with recom binan t  natural l igands ( IC A M -I)  to 

co m p are  the ex tent o f  response  induced  on these env ironm ents .  As show n in Figure 4 .1 7b 

and  c, the nature o f  these responses  w as  similar for both  ligands and  cell types. Therefore  

anti-LFA-1 could  be  used  as a suitable ligands for inducing  m otility  on top o f  the 

fabricated  substrates.

At least 10 cells w ere  m easu red  at the beg inn ing  o f  each expe rim en t {to) and after 

five m inu tes  (/<;)■ The reason for choosing  this length o f  tim e w as  in relation to the fact 

that w ith in  the first five m inutes  the po larised  cells reach a m otility  critical stage w here  

they  are fully activated. Centroid  translocation, e llipse m ajo r  axis and  m inor axis w ere  

m easu red ,  although this could  b e  also qualita tively  seen by  over lay ing  two sequentia l 

im ages on the co m p u te r  screen or by  tracking  cell locom otion  on the v ideo im age output. 

T he two substrates chosen  for this experim ental  research w ere  (i) a flat substrate  and  (ii) 

a m icrogrooved  substrate  {i.e.,  channel groove and  spac ing  o f  11 ± 2  )u.m and  depth 1.15 ± 

0.15 | im )  m ade  by the w et e tch ing  technique.

For each o f  the experim enta l  setups ana lysed  in this s tudy  the deform ation  index 

(DI) w as  calculated, as desc ribed  in C hap ter  3 at to and 6  and  averaged  to have an 

im m edia te  estim ate  o f  the cell population  motility, w ith in  each field se lec ted  (T able  4.8). 

From the analysis o f  the results it w as  found that for the first five m inu tes  o f  cell 

locom otion , cell concentra tion  and topographical geom etry  directly  affected cell 

polarisation. In the flat substrate  setup, for both concen tra tions  the DI w as  on average, 

b igger than for the respective patterned  experim ents ,  see F igure 4.18.
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Figure 4.16 Cell activation response o f  PB TL  cells and H U l 78 lym phom a cells, (a) Cells  exposed to 
control (IgG). (b) (only) PB TL  cells  response to pre-activation (PM A ). (c) Cells  activated by LFA-1 
niAb. Note that cells  are adherent in (c) but not in (a) and (h)

Control iCAM-1 Anti-LFA-1
(a) (b) (c)

Figure 4.17 Cell activation. PB TL  and H U T 78  T  cells response induced  by ICAM-1 and an ti -L FA -1 . 
(a) Cells  exposed to control IgG. (h) Both cells activated via  ICA M -1. (cj  Cells  activated via anti- 
LFA-1 . Note the similar  activation for H U T 78  and PB TL  lym phoid  cells
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T able  4.8 C ell po larisa tion . D eform ation  index  m ean and standard  dev iation  ca lcu la ted  at to and  t ;  

(averaged) for H U T 78 and  PB TL  cells  u nder d ifferen t env ironm ental cond itions

Topography Cell type Low cell cotic. High cell conc.

Flat
HUT78 2.15 ±0.73 1.43 ±0.26

PBTL 2.55 ±0.67 1.65 ±0.34

Microgrooved
HUT78 2.07 ±0.50 1.27 ±0.32

PBTL 1.88 ±0.61 1.40 ±0.38

Surface
type

Cell
Conc,

Cell
type

G roo\ed High PBTI.

Grooved High HUT78

[■'lat High PBTL

Flat High HUT78

G rooved Ij j w PBTL

G roo\ed Low HUT78

Flat Low PBTL

Flat Low HUT78

0 0.5 I 1.5 2 2.5 3 3.5

D e fo rm a t io n  Index (D l )

Figure 4.18 Cell po larisation , D efonna tion  Index confidence  interval va lues ca lcu lated  for all the 
experim ental se ttings investiga ted  in th is study  at to and (averaged)
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M oreover, the DI param eter could forecast the cell behavioural response on the different 

experim ental conditions. For instance, on flat substrate and low cell concentration PBTL 

cells show ed a larger DI m ean value but sm aller confidence interval than the HUT78 

cells as an indication o f  a m ore diffusive cell population on average, w hereas for HUT78 

cells it w as observed a higher variability in individual cell m otile behaviour.

4.4.2 Cell alignment and measurement of guidance

As stated above, o f  the m any topographical environm ents designed and fabricated only 

two were selected for cell guidance and locom otion studies: (i) flat substrate and (ii) 

m icrogrooved substrate.

Elem ents o f  control guidance by the topographical cues were qualitatively 

investigated and com pared with the flat substrate, used as the control surface. It was 

found that m icrogrooves induced alignm ent in both the cell types. In the follow ing 

pictures, a typical cell alignm ent o f  HUT78 cells (F igure 4.19) and PBTL cells (Figure 

4.20) are shown, in parallel grid for a total observation tim e o f one hour.

M oreover, because lym phocytes are flexible m otile cells they were capable o f

dynam ic changing o f  the direction o f  their m otion even under topographical constraint. In 

fact, in several experim ents, it was observed that they could crawl out o f  the ridge o f  the 

groove and align along a new direction independently from the groove cues. The 

follow ing sequence o f  im ages show s this m otile response from an individual HUT78 

lym phoid cell (Figure 4.21). From this set o f  figures it can be seen that T cell types are 

also capable o f  a perpendicular m igration across the pattern m ain direction and therefore 

free to overcom e in a random  direction the channel ridges when not exposed to a specific 

chem ical gradient. Further detailed analysis is needed to decide w hether there is an 

overall tendency for alignm ent to occur (see below).

A m ongst all the patterns investigated, one in particular em erged to be the m ost

suitable for qualitative and quantitative com parison with the previously described 

structures. A parallel set o f  lines was chosen and used under the experim ental settings 

described in Chapter 3. Follow ing O ’Hara and Buck (1979) grid topography was divided 

in three main categories in relation to channel w idth and spacing: narrow  (< 10 |im ), 

m edium  ( 1 0 - 2 5  jim ) and coarse (> 25 |im ). Because o f  the lim itations im posed by the 

m icro fabrication processes, only “ m edium ” grooves w ere m anufactured and investigated, 

leaving the narrow  groove for future studies.
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HUT78 
t =  0 min

HUT78 
t =  60 min

Figure 4.19 HUT78 lymphom a cells migrating along the 
channel direction. N ote the alignm ent o f  pseudopods and trailing 
edge on the direction o f  the channel

PBTL 
t = 0 min

PBTL  
t =  60 min

Figure 4.20 PBTL cells m igrating along the channel. Note 
the initial perpendicular direction.



Figure 4.21 HUT78 lymphom a cells migrating perpendicularly to the grid. From the sequence o f  im ages can be seen the 
direction o f  migration and the trailing edge controlling the protrusion.



Having considered the previous studies, and on the basis o f the preliminary cell 

rr.easurement and qualitative measurement o f the response o f lymphocyte cells on flat 

substrate and parallel grids, the analysis o f the two cell tj^ e s  was reduced to only two 

substrates: (i) a control flat substrate and (ii) a parallel grid pattern. The geometrical 

d.mensions o f the grooves microfabricated with wet etching, as described in Chapter 3, 

were a width o f 11 ± 2  |j,m, spacing 11 ± 2 |im and depth 1.15 ± 0 .15  |im. By using this 

defined topographical environment contact guidance cell response was studied.

Cell alignment behaviour induced by the surface topography to both HUT78 and 

PBTL cells was investigated for a test length o f one hour, with a sampling interval o f five 

minutes. By using the method proposed by Wilkinson et al. (1982), described in Chapter 

2, cell alignment response was calculated for the entire motile cell population under 

investigation.

This method quantifies the amount o f alignment towards a directional pattern by 

measuring the direction angle o f all cells having a motile behaviour at each interval o f 

tracking time (angle between 0 and 90°). In the absence o f any factor biasing the 

direction of locomotion, the distribution o f  the angles at each interval should be equally 

distributed betw een 0 and 90°. This result can also give an indication o f the accuracy o f 

the measuring process.

Therefore, for each o f the four experimental settings (i.e., HUT78 or PBTL cell, and 

flat or grooved surface) the direction angle at each tracking interval for each cell path 

was measured and plotted for an angle range o f 90° (symmetrical distribution around the 

y-axis). The adopted model resulted to be adequate to the system under investigafion 

because it was capable o f detecting and highlighting pattern o f alignment over highly 

motile T lymphoid cell types. This implied that the migrating cells were not constantly 

migrating along one preferential direction (extreme alignment such as for fibroblasts) but 

were capable o f changing their directions of motion within a few minutes (as shown in 

the previous chapter).

A pattern o f cell alignment could be distinguished between non-constrained and 

constrained experimental condition. In particular, PBTL cells, responding in a high cell 

concentration environment followed an expected random distribution in the flat substrate, 

as shown in Figure 4.23. In the grooved assay an indication o f alignment is shown by the 

higher concentration o f cells found around 0-20° angle range (see Figure 4.25). For the 

HUT78 cells it was found that for the flat substrate alignment was almost evenly
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distributed (Figure 4.22). Almost the same pattern was found for the grooved 

experiments in which elements o f  alignment could not be found, as plotted in Figure 

4.24. It is important to notice that in this case, for both surfaces, the angle o f  alignment is 

giving only an indication o f  the cell behaviour because o f  the interference created by the 

high cell concentration and subsequently in determining the morphometrical information 

o f  the cells measured. Therefore this analysis can mainly identify alignment path between 

flat and grooved substrate.

For the low cell concentration, it was found that when the PBTL cells were 

migrating over a flat surface the angle o f  alignment had a bell-shape distribution, as 

shown in Figure 4.27. This was an indication o f  a higher num ber o f  cell switching 

directions between 30 to 60 degrees and also denoted random locomotion behaviour, as 

then showed in the following wind-rose graph.

The same consideration could be done for the HUT78 cells responding to a flat 

substrate although two distinct zones were identified, around 20 and 55 degrees (Figure 

4.26). These could have been associated, for instance, with the morphological shape o f  

the cells and consequently the centroid and alignment angle measured.

Different cell behaviour was found when both the cell types were migrating over the 

microgrooved surfaces. In fact, it was found that for PBTL cells the angle o f  alignment 

distribution was more projected tow ards lower alignment angle than higher (Figure 4.29). 

This was an indication that the channel groove was reducing the random locomotion by 

reducing the range o f  alignment o f  the cells. The same conclusion could be drawn for the 

HUT78 cells in terms o f  reduction o f  random locomotion (Figure 4.28).

Although a baseline o f  random distribution is shown when interpolating the 

histogram distribution it can be noticed that there is no indication o f  complete alignment 

(angle o f  alignment close to 0°). Two main reasons can be attributed to these results. The 

first is associated with the highly motile nature o f  the cell under investigation and the 

consequent change in cell shape. The second can be related to the nature o f  the analysis 

carried out in terms o f  cell-shape measurement, time lapse analysis, and histogram bin- 

size subdivision (bin size =  5°). Although the combinations o f  these last factors could 

bias each individual result presented these were not affecting the comparative nature o f  

the study.

By following W ilkinson’s model and assumptions, a simple measure o f  the 

significance o f  this distribution was calculated by sum m ing the num ber o f  intervals for
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each cell at angles betw een 0 and 44° to the axis o f  the topographical pattern (A)  and by 

the num ber o f  intervals betw een 45 and 90° to the sam e axis (B).  By carrying out a 

S tudent’s t-test o f the difference betw een A and B  a p-value was derived. At the sam e 

tim e, an easy com parison betw een different experim ents was also done by calculating the 

p-value associated with the ratio betw een the sum  o f  A  and the sum o f  B.  If  this value 

was close to 1.0 it m eant that the angle distribution is random . A value greater than 1.0 

could be attributed to a guidance response behaviour o f  the cells under investigation.

The results o f  a test em ployed to m easure the significance o f  the p-value for flat 

substrates for the high and low cell concentration experim ental setup denoted w hat was 

highlighted by the plot o f  the angle distribution, in fact, neither in the high nor in the low 

cell concentration any alignm ent was found. These results are shown in Table 4.9 and 

highlight the com parative analysis betu 'een the two cell types

Different results were highlighted for the grooved substrate. In this case, as shown in 

the histogram  distribution, statistical significance could be found betw een the aligning 

cells {A)  and the non-aligning {B)  for both the two concentrations. In particular in the 

high cell concentration the p-value calculated was significant but not as strong as the 

value determ ined for the low cell concentration. Table 4.10 reports all the results for the 

grooved experim ental conditions and gives an indication o f  the difference betw een the 

two cell types.
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Table 4.9 Cell alignment. Statistical analysis o f  the alignm ent measurem ents carried out under high and 
low cell concentration for flat experim ental substrate

Experiment
(Conc.-Surface-Cell type)

No.
Cells

Mean
(A-B)

s.e.m.
(A-B)

p-value EA/EB p-value

H igh‘-F lat-H U T 78 25 -0 .24 1.00 NotS 0 .9 6 NotS

H igh*-Flat-PBTL 24 -0 .42 0 .9 9 NotS 0.93 NotS

Low^-Flat-H UT78 28 0.52 1.94 NotS 1.09 NotS

Low^-Flat-PBTL 30 0.33 1.16 NotS 1.07 NotS

(High*=high cell concentration; Low '=low  cell concentration; Flat=flat substrate; Grooved=parallei
grids; NotS=not significant)

Table 4.10 Cell alignment. Statistical analysis o f  the alignm ent m easurem ents carried out under high
and low cell concentration for grooved experimental substrate

Experiment
(Conc.-Surface-Cell type)

No. Mean 
Cells (A-B)

s.e.m.
(A-B)

p-value lA /I B p-value

H igh*-G rooved-H U T78 28 1.50 0 .74 < 0 .0 4 1.29 < 0 .04

H igh*-G rooved-PBTL 30 1.53 0.73 < 0 .04 1.29 <0.05

L ow *-G rooved-H U T78 32 3.03 1.13 <0.01 1.87 <0.03

Low^-G rooved-PBTL 37 3 .79 1.35 <0.01 222 <0.01

(High*=high cell concentration; Low"=low cell concentration; Flat=tlat substrate; Grooved=parallel 
grids; NotS=not significant)
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HIGH CONCENTRATION OF CELLS

C  Flat 3

A n g le  o f a lig n m e n t

Figure 4.22 HUT78 lymphoma cell alignment 
distribution over flat substrate (0° indicates along 
the y-axis where 90° indicates x-axis)
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A n g le  o f  a lig n m e n t to  g ro o v e  a ^ s

Figure 4.24 HUT78 lymphom a cell alignment 
distribution over parallel grooved substrate (0° 
indicates alignm ent towards the groove main 
direction axis; 90° indicates perpendicular 
alignm ent to the groove)
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Figure 4.23 PBTL cell alignm ent distribution over 
flat substrate (0° indicates along the y-axis where 
90° indicates x-axis)
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Figure 4.25 PBTL cell alignm ent distribution over 
parallel grooved substrate (0° indicates alignm ent 
towards the groove main direction axis; 90° 
indicates perpendicular alignm ent to the groove)



LOW CONCENTRATION OF CELLS
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Figure 4.26 HUT78 lymphom a cell alignment 
distribution over flat substrate (0° indicates along 
the y-axis where 90° indicates x-axis)
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Figure 4.27 PBTL cell alignm ent distribution over flat 
substrate (0° indicates along the y-axis where 90° 
indicates x-axis)
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Figure 4.28 HUT78 lym phom a cell alignment 
distribution over parallel grooved substrate (0° 
indicates alignm ent towards the groove main 
direction axis; 90° indicates perpendicular alignment 
to the groove)

Figure 4.29 PBTL cell alignm ent distribution over 
parallel grooved substrate (0° indicates alignment 
towards the groove main direction axis; 90° indicates 
perpendicular alignm ent to the groove)



4.5 Investigation of individual cell migration

Single cell migration analysis was carried out for an averaged population o f  « = 30 

lymphocyte cells under the four different experimental conditions for HUT78 lymphoma 

and PBTL cells. The four in vitro microenvironments, where cell migration was observed 

and quantified, were distinguished by the cell density on the substrate and by the nature 

o f  the topography on the substrate: (i) high cell concentration (0.5 x 10^ cells/ml) and (ii) 

low cell concentration (0.15 x 10^ cells/ml) were used and combined to (iii) flat substrate 

micropattem or to (iv) grooved micropattemed substrate. In the following sections the 

single analysis o f  each parameter involved in the characterisation o f  cell locomotion is 

given.

4.5.1 Time lapse recording and single cell tracking

After having selected a field to investigate, sequential image acquisition was carried out, 

as described in Chapter 3. Locomotory cells were randomly selected and tracked in each 

field for each specific image captured by using Scion image software. Results o f  the four 

experimental setups are depicted in the following figures where the motile behaviour o f  

cell populations, on selected fields over 60 minutes, were recorded and analysed (from 

Figure 4.30 to Figure 4.37).

To obtain quantitative measures o f  the intrinsic single cell motility from the time- 

lapse recording, the movem ent o f  the isolated cells was followed by tracking the cell 

body locomotion (motile cells only) along the substrate. Using a semi-automated tracking 

system the cell centroid o f  motile cells was determined. Therefore, by describing the 

change in the centroid position over time it was possible to trace the distance travelled by 

each cell tracked over the course o f  each experiment.

For the low cell concentration experiments the amount o f  locomotion was associated 

with the pure motile action o f  each individual cell tracked, this was not the case for the 

high cell concentration where cell-cell collision phenom ena biased the extent o f  each 

individual cell migration. This was presumably due to the fact that two or more cells 

came in contact with each other close enough to enable the physical interaction o f  

contacting cell m em branes or surface structures and to exchange chemical stimuli. This 

affected the single cell behaviour and the consequent cell migration paths.
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HIGH CELL CONCENTRATION
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Figure 4.30 Phase-contrast images o f  HUT78 lymphoma cells moving on flat substrate (high cell cone.)- Anti-LFA- 
1 was immobilised on borosilicate glass to induce cell motility. The circle represents a field area where cell 
migration was followed and the two arrows respectively highlight a colliding cell and an isolated cell migration. In 
this experiment cell collisions reduced cell migration



HIGH CELL CONCENTRATION
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F igure 4.31 Phase-contrast im ages o f  PB TL cells m oving on flat substra te  (h igh cell eonc.). A nti-LFA -1 w as 
im m obilised  on borosiliea te  g lass to induce cell m otility. T he c ircle  rep resen ts a  field  area w here ce ll m igration  
w as fo llow ed  and the tw o arrow s respective ly  h igh ligh t a co llid ing  cell and an iso lated  cell m ig ra tion . In th is 
experim en t cell co llis ions reduced  cell m igration



HIGH CELL CONCENTRATION
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F ig u re  4.32 Phase-contrast images o f  HUT78 lymphoma cells m oving on m icrogrooved substrate (high cell 
conc.). Anti-LFA-1 was imm obilised on borosilicate glass to induce cell motility. The cells tracked (« =  20) were 
random ly selected polarised cells inside the microfabricated pattern. Cell collision is constraining the free 
locom otion o f  the cells analysed



HIGH CELL CONCENTRATION

^  PBTL 
t = Oinin

PBTL 
t = 20 min

PBTL 
t = 40 min

PBTL 
t = 60 min

Figure 4.33 Phase-contrast images o f  PBTL cell m igration on m icrogrooved substrate (high cell conc.)- Anti-LFA-1 
was im m obilised on borosilicate glass to inducc cell motility. The cells tracked ( n =  12) were random ly selected 
polarised cells inside the microfabricated pattern. Cell collision is constraining the free locomotion o f  the cells 
analysed



LOW CELL CONCENTRATION
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Figure 4.34 Phase-contrast images o f  HUT78 cell migration on flat substrate (low cell conc.)- Anti-LFA-1 was 
im m obilised on borosilicate glass to induce cell motility. Colliding cells (for instance, 13, and 14) and cell 8 at the 
edge o f  the field-view were discharged from the locomotion analysis. Note cell m itosis intervening after 40 m inutes 
on cell 24.
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F igure 4 .35  Phase-eon trast im ages o f  PB TL cell m igration  (« =  7) on flat substrate  (low  cell conc.)- A nti-LFA -1 w as 
im m obilised  on borosilica te  glass to  induce cell m otility . S everal experim en ts w ere requ ired  to  reach a consisten t 
cell population
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F igure 4 .36  Phase-contrast im ages o f  H U T 78 cell m igration  {n =  5) on  flat substrate  (low  cell conc.)- A nti-LFA -1 
w as im m obilised  on borosilica te  glass to induce cell m otility . N o te  cell 2 and 4 m ov ing  across ridges
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Figure 4.37 Phase-contrast images o f  PBTL cell m igration (« = 11) on flat substrate (low cell conc.). Anti-LFA-1 
was im m obilised on borosilicate glass to induce cell motility, (top left) Note cell 4 and 7 m oving across ridges



Cell continuous paths were produced by linking the discrete positions o f  the centroid at a 

fixed interval o f  five minutes. From the analysis o f  these patterns it can be seen that the 

m ovem ent o f  cells was consistent with the behaviour expected for a persistent random 

walker, in fact, the movem ent o f  cells tended to persist along their directions over a time 

scale o f  minutes, while over longer times they took a random direction. In the following 

figures (from Figure 4.38 to Figure 4.45) the cell paths for several cells under the four 

experimental conditions were tracked and plotted over a total time o f  60 minutes.

From the qualitative analysis o f  the single path diagrams three main points emerged: 

(i) there was a different response between HUT78 and PBTL cell response on the same 

substrate; (ii) cell concentration interfered with cell migration, and (iii) the different 

substrate geometries had an influence on the typical cell random walk distribution.

It was quite difficult to quantitatively distinguish between experiments. This was a 

resuh o f  the poor dimensional ratio between cell paths (tens o f  micrometers) and field 

observation (several hundreds o f  micrometers). In order to analyse and compare the cell 

paths between these different microenvironments, a particular graphical method called 

“wind rose” was applied. By superimposing the starting position o f  each cell in each field 

to a comm on origin it was possible to reduce the field size to only one hundred 

micrometers.

A better understanding o f  either each single cell path or the overall experiment came 

out after the application o f  the wind rose graphical display. For example, it emerged 

immediately that under a high cell concentration on flat substrate PBTL cells moved 

(Figure 4.46) more and were more aligned towards the Y axis. Whereas, the HUT78 had 

a random persistent distribution, as showed in Figure 4.47.

A similar pattern was also found for the low cell concentration on flat substrate 

experiments although in this set o f  experiments the motile response o f  cells was not 

biased by cell-cell interaction or collision. Wind rose results o f  the HUT78 cell 

experiments are superimposed and shown in Figure 4.50, whereas for the PBTL cell 

experiments in Figure 4.51.

As for the flat experiments, when HUT78 lymphom a cells and PBTL cells migrated 

on microgrooved substrates their response showed that they did not all move in the 

direction o f  the grooves {i.e., forced alignment) but they still preserved an extent o f  

random persistent migration, as showed in the section 4.4.2. This phenomenon was 

smoothed by the cell-cell collision for the high cell concentration experiments where for 

HUT78 cells although cell migration was reduced by the topographical geometry, a
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random  pattern could be still seen (Figure 4.48). The resulting wind rose graph from the 

PBTL set o f  experim ents indicated a sim ilar response to the HUT78 lym phom a cells 

(Figure 4.49).

The evidence for the interaction betw een cell and topography was found in the low 

cell concentration experim ents. HUT78 lym phom a cells show ed a random  response as 

shown in Figure 4.52. On the contrary, the PBTL cells show ed a rem arkable tendency to 

align towards the direction o f  the channels, as it can be seen in Figure 4.53.

W hen the total am ount o f random  alignm ent or directional alignm ent induced by the 

topographical cues was m easured for each cell segm ent and subdivided, two conclusions 

could be made. First, that the random  m igration tendency was the predom inant pattern 

followed by the cell analysed although w hen in the presence o f  topography the 

percentage distribution shifted tow ards a more accentuated directional alignm ent in both 

concentrations. Second, from the results shown it was also possible to qualitatively 

estim ate the contribution given to the alignm ent by cell-cell collision in the high cell 

concentration case. Tabic 4.11 reports the results o f  the distribution for the flat 

experim ents, where Table 4.12 shows the results m easured for the topographical 

substrate.



T able  4.11 Percentage o f  alignment o f  T ceil types under different experimental environments. 
High and low cell concentration experiments on flat substrate. (100% indicates complete 
alignment to the preferential direction o f  motion; <10% complete random inigration)

Experiment
(Conc.-Surface-Cell type)

<10% 10-30% 30-50% 50-80% >80%

H igh*-Flat-H UT78 5 28 16 33 18

H igh*-Flat-PBTL 8 20 20 23 29

Low^-Flat-HlJT78 12 51 35 2 0

Low^-Flat-PBTL 21 43 36 0 0

(High* = high cell concentration; Low*= low cell concentration; Flat =  flat substrate; Grooved =
parallel grids)

Table 4.12 Percentage of  alignment o f T  cell types under different experimental environments.
High and low cell concentration experiments on grooved substrate., (100% indicates complete
alignment to the preferential direction o f  motion; <10% complete random migration)

Experiment
(Conc.-Surface-Cell type)

<10% 10-30% 30-50% 50-80% >80%

H igh*-G rooved-H U T78 5 17 29 42 1

H igh*-G rooved-PBTL 4 37 31 27 1

Low ^-G rooved-H U T78 21 65 12 2 0

Low ^-G rooved-PBTL 10 64 20 6 0

(High* = high cell concentration; Low "=  low cell concentration; Flat = flat substrate; Grooved = 
parallel grids)
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HIGH CELL CONCENTRATION - FLAT SUBSTRATE
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F igu re  4.38 HUT78 cells on flat substrate (high conc.)- Typical cell paths 
using tim e-lapse m icroscopy for high cell concentration responding to an anti- 
LFA-1 antibody. Continuous paths o f  centroid position were traced with 5 
m inute intervals in a colliding environm ent (Please note in green starting 
position; red finishing position)
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F igure  4.39 PBTL cells on flat substrate (high cone.). Cell m igration was 
more accentuated than for the HUT78 cells. Paths were traced with 5 
m inute intervals (Please note in green starting position; red finishing 
position)



HIGH CELL CONCENTRATION - GROOVED SUBSTRATE
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Figure 4.40 HUT78 cells on grooved substrate (high conc.). Cell migration is 
lim ited by the nature o f  the substrate and by the density o f  the cell in the field. 
D ifference with the flat surface is evident (Direction o f  grooves parallel to the 
Y-axis). Please note in green starting position; red finishing position

Figure 4.41 PBTL cells on grooved substrate (high cone.). M igration is 
restricted by the topography and by the cell density (Direction o f  grooves 
parallel to the Y-axis). Please note in green starting position; red finishing 
position



LOW CELL CONCENTRATION - FLAT SUBSTRATE
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Figure 4.42 HUT78 cells on flat substrate (low conc.). Super-im position o f  Figure 4.43 PBTL cells on flat substrate (low conc.). Super-im position o f
several experim ents in one single graph. Cell paths follow the random several experim ents in one single graph. M igration o f  cells follows a more
directions over longer period o f  tim e and tend to cover extended area. (Please random nature than HUT78 cells with a tendency to be less persistent. (Please
note in green starting position; red finishing position) note in green starting position; red finishing position)
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Figure 4.44 HUT78 cells on grooved substrate (low conc.). Super-im position o f  
several experim ents in one single graph. Although migration is limited by 
grooves it can be seen that the random walker m ethods is still applicable by the 
random direction o f  the paths in the longer tim es (Direction o f  grooves parallel 
to the Y-axis). Please note in green starting position; red finishing position

6(K) -

5(K) -

4(H) -
E
zi.

3(X) -

2(X) -

1(H) -

!()() 2(H) 300 4(M) 6(H) 7(H)5(X)

Xl^ml

Figure 4.45 PBTL cells on grooved substrate (low conc.). Super-im position o f 
several experiments in one single graph. M igration in this case is more directed 
towards the direction o f  the grooves in the longer tim es (Direction o f  grooves 
parallel to the Y-axis). Please note in green starting position; red finishing 
position



HIGH CELL CONCENTRATION - FLAT SUBSTRATE

170

^  100

30 1(K) 170

X | n m |

Figure 4.46 Wind-rose graph o f HUT78 cells on flat substrate (high conc.). 
Cells (n = 25) were normalised to a common starting origin and superimposed 
in order to highlight the random distribution in cell migration
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Figure 4.47 Wind-rose graph of PBTL cells on flat substrate (high conc.). 
Cells {n -  24) were showing a random distribution in migration although 
some directional patterns can be seen
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Figure 4.48 Wind-rose graph o f HUT78 cells on microgrooved substrate 
(high conc.). Cells {n = 28) were still showing a random distribution in 
migration although grooves were effecting cell directional migration

Figure 4.49 Wind-rose graph of PBTL cells on microgrooved substrate 
(high conc.). Cells (n = 30) were still denoting a random pattern although 
their migration resulted more aligned along the grooves direction
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LOW CELL CONCENTRATION - FLAT SUBSTRATE

Figure 4.S0 Wind-rose graph o f HUT78 cells on flat substrate (low conc.). 
Cells {n = 27) were oriented in a random pattern distribution from the 
common origin

Figure 4.51 Wind-rose graph o f PBTL cells on flat substrate (low conc.). 
Cells (« = 30) were showing a mild right translocation in their random pattern 
distribution from the origin
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Figure 4.52 W ind-rose graph o f  HUT78 cclls on microgrooved substrate (low 
conc.). Cells (w = 32) were highly active and oriented in a random pattern 
distribution denoting a m ild response to the topographical pattern
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Figure 4.53 W ind-rose graph o f  PBTL cells on m icrogrooved substrate (low 
cone.). Cells (n = 37) were highly active and showed a considerable alignment 
along the topographical pattern



To proceed in the com parison betw een cel! types, cell concentration, and substrate a 

norm al distribution o f the cell speed population was calculated. These statistical tests 

were also at the basis o f  the application o f  Gail and Boone and Dunn m odels to calculate 

the m ean o f the square displacem ent. Therefore tests o f  each individual experim ent 

w ere carried out and the norm al distribution graphs and the probability plots o f  the 

norm al distribution around the m ean value are shown in follow ing figures (from  Figure 

4.54 to Figure 4.61).

A fter having checked that the cell speed data w as norm ally distributed around the 

m ean, a com parison betw een HUT78 and PBTL cells w ithin each experim ent was 

undertaken by a S tudent’s t-test and an F-variance test to analyse the extent o f  difference 

betw een the raw -data and the m ean value. These results w ere giving an indication o f  the 

m otile behaviour through the experim ents o f  the tw o cell mean values and raw data 

populations, as can be seen for the high cell concentration condition in Figure 4.62 and 

Figure 4.63; and for the low cell concentration in Figure 4.64 and Figure 4.65.
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Figure 4.54 HUT78 cells on flat substrate (high conc.). (left) HUT78 normal distribution o f  the cell speed 
data, (right) Probability plot against expected normal distribution o f  the raw data, =  38.60, p = 0.99)
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Figure 4.55 PBTL cells on flat substrate (high conc.). (left) PBTL normal distribution o f  the cell speed 
data, (right) Probability plot against expected normal distribution o f  the raw data, =  36.45, p =  1.0)
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F ig u re  4 .56  H U T 78 cells on grooved  substrate  (h igh  conc.). (left) H U T 78 norm al d is tribu tion  o f  the cell 
speed  data , (right) P robability  p lo t against expected  norm al d is tribu tion  o f  the raw  data. =  61 .24 , p =  
1 .0 )
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F ig u re  4 .57  PB T L  cells on grooved  substrate  (high conc.). (left) PB TL  nom ial d is tribu tion  o f  the cell 
speed  data, (righ t)  P robability  p lo t against expected  norm al d is tribu tion  o f  the raw  data. (%  ̂ =  33 .21, p 
=  1.0 )
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F ig u re  4 .58 H U T 78 ce lls  on flat substrate  (low  conc.). (left) H U T78 norm al d is tribu tion  o f  the cell speed 
data , (righ t) P robability  p lo t against expected  norm al d is tribu tion  o f  the raw  data. (X^ =  11.76, p =  0 .98)
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Figure 4.59 PBTL cells on flat substrate (low conc.). (left) PBTL normal distribution o f the cell speed data, 
(right) Probability plot against expected normal distribution o f the raw data, (y^ = 10.77, p = 0.99)
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Figure 4.60 HUT78 cells on grooved substrate (low conc.). (left) HL)T78 normal distribution o f the cell 
speed data, (right) Probability plot against expected normal distribution o f the raw data. (%‘ = 9.53, p = 1.0)
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Figure 4.61 PBTL cells on grooved substrate (low conc.). (left) PBTL Normal distribution o f the cell speed 
data, (right) Probability plot against expected normal distribution o f the raw data. ( / ’ = 14.47, p =1.0)
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Figure 4.62 HUT78 versus PBTL cell speed distribution on Hat substrate (high cone.), (histogram = raw 
data; line normal distribution), p-value > 0,05 and F-value = not significant, therefore the two series were 
not statistically different
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Figure 4.63 HUT78 versus PBTL cell speed distribution on microgrooved substrate (high conc.). 
(histogram = raw data; line nomial distribution), p-value > 0,05 and F-value = not significant, therefore the 
two series were not statistically different
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Figure 4.64 HUT78 versus PBTL cell speed distribution on tlat substrate (low cone.), (histogram = raw 
data; line normal distribution), p-value < 0.01 and F-value = significant, with statistical difference between 
the two distributions
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Figure 4.65 HUT78 versus PBTL cell speed distribution on microgrooved substrate (low conc.). 
(histogram = raw data; line normal distribution), p-value > 0.05 and F-value = not significant, therefore the 
two series were not statistically different
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Table 4.13 Statistical analysis of the cell population measurements carried out under high cell 
concentration. Descriptive statistics of mean and std. dev., value of goodness of fit

Experiment No. Cells
Mean

(^m/min)
St. dev. 

(fjjn/min) [p-valuej
t test 

[F  test]

High-Flat-HUT78 25 2.07 1.28
38.60
[0.99]

Not Sign

High-Flat-PBTL 24 2.79 1.85
36.45
[0.96]

[Not Sign]

High-Grooved-HDT78 28 1.03 0.58
61.24
[1.00]

Not Sign

High-Grooved-PBTL 30 0.849 0.39
33.32
[1.00]

[Not Sign]

Table 4.14 Statistical analysis of the cell population measurements carried out 
concentration. Descriptive statistics of mean and std. dev., value of goodness of fit

under low cell

Experim ent No. Cells
Mean

(/jm/min)
St. dev. 

(lini/min) Ip-value]
t test 

/F  test!

Low-Flat-HUT78 28 2.38 0.50 11.76
[0.98] <0.01

Low-Flat-PBTL 30 3.69 0.70
10.77
[0.99]

[< 0.02]

Low-Grooved-HUT78 32 3.66 0.53
9.53

[1.00] > 0 .0 5

Low-Grooved-PBTL 37 3.21 0.71
14.469
[1.00]

[> 0.05]
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The statistical analysis results calculated for the cell speed were, firstly, establishing a 

difference in response o f the two cell types under flat substrates. Secondly, establishing a 

close speed similarity o f the two cells when exposed to topography, starting from the 

assumption that they were different under uniform conditions. The accuracy o f the 

method used was o f the order o f a fraction of a micrometer, which is an order o f 

magnitude smaller than the translation distance and therefore caused negligible errors. 

This indicated that the measurement o f the migration over a topographical surface was 

different in relation to the cell type analysed.

4.5.2 Quantitative m easurem ent o f  cell migration

By using the Gail and Boone model the long term analysis was calculated for each 

experimental condition and for each cell type. Three main parameters could describe the 

random migration o f HUT78 and PBTL cells; persistence, speed and diffusion, as 

described in Chapter 2. The short term analysis was also calculated by applying Dunn’s 

model. From the comparison o f the results obtained between the two models, differences 

in values for each parameter were found, although the trend in the results did not change. 

The origin o f such a difference could be attributed to the different model used for 

describing the short term data. A comparative analysis o f the results between the two 

models is reported in Table 4.15 for high cell concentration and Table 4.16 for low cell 

concentration; where persistence P, speed S, and diffusion D and the mean value o f the 

turning angle (<Ok>) are reported for both the two models.

Then, by applying the long term analysis model for moderately large intervals 

(where t > P) to the cell population measured, cell displacement and mean square 

displacement were calculated and plotted as a function o f time for each individual 

microenvironment.

From the results calculated it was found that for the high cell concentration 

experiments when on coated flat substrate PBTL cells were more motile than HUT78 

cells, having a large diffusion and relative faster speed between sampling intervals. When 

introducing the grooved substrate the two cell types responded to the surface by a 

reduction in speed, and diffusion. In particular PBTL cells were ten times less diffusive 

than on the flat surface. Persistence was not influenced in both experiments although a 

more persistent trend path could be traced for the HUT78 lymphoma cells compared to 

the PBTL cells.
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Different results were obtained for the low cell concentration experiments. On flat 

substrate normal PBTL cells, as for the high cell concentration case, were found to be 

more motile, more diffusive but less persistent than HUT78 cells by showing a typical 

random behaviour, as shown in the wind rose graph in Figure 4.51. On the contrary, for 

the grooved case HUT78 lymphoma cells reflected what was already found in the high 

cell concentration experiments by gaining motility and speed and, therefore, being 

comparable in their response to the PBTL cells.

These results can be seen from the analysis of the mean square displacement <T^> 

graphs, Figure 4.67 and Figure 4.69 for high cell density and Figure 4.71 and Figure 4.73 

for low cell density. From the mean square displacement plots it can be seen that after an 

exponential start, the curves became linear denoting a steady response (called long term 

variation) in the persistence behaviour o f  the migrating cells. By using this linear model 

the slope o f the linear asymptotic curve represents the diffusion coefficient (D*). The 

intersection of the extrapolated linear curve to the time-axis is also associated with the 

persistence in locomotion {P*). A similar number o f HUT78 and PBTL cells were used to 

calculate and plot the square o f the mean displacement <T> on the four different 

experimental substrates, as shown in the following figures (Figure 4.66, and Figure 4.68 

for high cell concentration and Figure 4.70 and Figure 4.72 for low cell concentration).
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T able  4.15 M olility o fH U T 78  and PBTL cells on flat and m icrogrooved substrate carried out at high conc. 
Individual parameters based on long term and short term data analysis

HIGH CELL CONCENTRA TION Experiments

Individual
param eters

Flat
HUT78

Flat
PBTL

Grooved
HUT78

Grooved
PBTL

<Ok> 0.198 0.147 0.220 0.201

Persistence (P) 
[min] 21.91 21.57 17.45 16.81

Long term data Speed (S) 
[jUm/min] 2.00 2.60 1.00 0.847

Diffusion (D) 
[IO-^cm-/s] 0.75 2.378 0.31 0.32

Persistence (P) 
[min] 9.34 10.39 16.22 14.12

Short term data Speed (S) 
[jjm/min] 1.58 1.98 0.77 0.80

Diffusion (D) 
"[ia\'m -/s] 0.78 1.36 0.32 0.31

T able  4.16 M otility ot'H U T 78 and PBTL cells on flat and m icrogrooved substrate carried out at low conc. 
Individual param eters based on long tem i and short term data analysis

LO W  CELL CON CENTRA TION Experiments

Individual
param eters

Flat
HUT78

Flat
PBTL

Grooved
HUT78

Grooved
PBTL

<Ok> 0.155 0.166 0.183 0.168

Persistence (P) 
[min] 28.9 20.8 22.39 24.34

Long term data Speed (S) 
[jjm/min] 2.39 3.6 3.62 3.21

Diffusion (D) 
[Iff^cm-/s] 2.85 4.95 5.08 4.37

Persistence (P) 
[min ] 6.66 5.06 6.06 5.74

Short term data Speed (S) 
[fjm/min] 3.76 5.33 5.70 5.20

Diffusion (D) 
[ 10'^ cm'/s] 3.14 5.15 6.58 5.19

169



HIGH CELL CONCENTRATION - FLAT SUBSTRATE
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Figure 4.66 Mean accum ulated displacem ent <T> plotted against time for HUT78 and PBTL cells over 
flat substrate (high conc.)- PBTL cell response was more evident than HUT78 cells, (error bar =  standard 
deviation from the mean value)
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Figure 4.67 Mean square displacem ent <T> plotted against time for HUT78 and PBTL cells over flat 
substrate (high conc.). It can be seen that PBTL cells had a larger square displacem ent and therefore 
diffiasion, where persistence resulted to be com parable in both cases, (error bar = negligible)
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HIGH CELL CONCENTRATION - GROOVED SUBSTRATE
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Figure 4.68 Mean accum ulated displacem ent < 7 >  plotted against time for HUT78 and PBTL cells over 
grooved substrate (high conc.). PBTL and HUT78 cells had the same mean response when expose to 
topography (error bar = standard deviation from the mean value)
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Figure 4.69 Mean square displacem ent <T^> plotted against time for HUT78 and PBTL cells over 
grooved substrate (high conc.). From this plot it can be seen that the behavioural response o f  both cell 
types was sim ilar in terms o f  diffusion and persistence
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LOW CELL CONCENTRATION - FLAT SUBSTRATE
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F igure 4 .70  M ean accum ulated  d isp lacem en t < 7 >  p lo tted  against tim e for H U T 78 and PB TL cells over 
flat su b stra te  (low  conc.)- P B T L  cell response  w as m ore ev iden t than H U T 78 cells, (erro r bar =  standard  
dev ia tion  from  the m ean  value)
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F igure 4.71 M ean square d isp lacem en t <T^> p lo tted  against tim e for H U T 78 and PB T L  cells  over flat 
substra te  (low  conc.). It can be seen that PB T L  cells  had a larger square d isp lacem en t and therefore  
d iffiision , w here p ers is tence  resu lted  to be  sm aller than H U T 78 cells, (e rro r bar =  neg lig ib le)
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LOW CELL CONCENTRATION - GROOVED SUBSTRATE
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Figure 4.72 Mean accumulated displacement <7> plotted against time for HUT78 and PBTL cells over 
microgrooved substrate (low conc.)- PBTL cell response was similar to HUT78 cells, (error bar = standard 
deviation from the mean value)

40000 ^

35000 -

30000 -

25000 -

20000

15000

10000 -

HUTs
5000 - - X -  PBTLs

OX
20 40 50 6010 30

Time (min)

Figure 4.73 Mean square displacement < 7 ^ >  plotted against time for HUT78 and PBTL cells over 
microgrooved substrate (low conc.). It can be seen that PBTL and HUT78 cells showed the same graph 
than the high cell concentration but with the displacement one order o f magnitude bigger, (error bar = 
negligible)
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CHAPTER 5

5 DISCUSSION

5.1 Overview

In the Introduction to this thesis it was stated that quantitative differences in motile 

normal (PBTL) and malignant (HUT78) lymphoid T cells needed further investigation. 

In particular it was noted that very little is known about the interaction between normal 

and malignant cell types and the surrounding environment in terms of response to 

topographical geometries and cell population concentrations. In order to understand this, 

a series of experimental tests were designed and conducted, after having analysed the 

limitations introduced in the in vitro experimental investigation.
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5.2 Topographical control of cell motion: experimental 

requirements

In cell investigations, accurate analysis and development of each experimental process 

has been found to be essential (Bignold, 1992; Wilkinson, 1998; and Tan et a i, 2001). In 

fact, these authors pointed out the importance of implementing a proper experimental 

assay so as not to bias the results measured.

From the literature survey it was found that several important factors have an 

influence on the cell motile behaviour when responding to topographical geometry. 

These can be summarised as follow:

• Pattern topography

• Substrate material

• Microfabrication technique

• Superficial properties o f the substrate

• Cell activation and polarisation

• Experimental methods

• Microenvironments

Wilkinson (1998) highlighted the significance o f the isolation of each single factor that 

contributes to cell migration in order to gather a complete understanding on leukocytes 

motile behaviour. Volkov et al. (1998) showed that the migration of lymphoid T cells is 

susceptible to the environment in which they are activated. Therefore it was clear that, to 

mimic the in vivo response o f these T cells on artificially recreated environments, all 

these parameters had to be carefully controlled. Thus, the preliminary objective of this 

study was to setup an experimental assay to investigate T cell alignment and migration.

From the integration of the literature available and the morphological measurements 

undertaken on HUT78 lymphoma and PBTL cells (Chapter 4, section 4.2) it was found 

that to affect T cells, a pattern size of micrometer dimensions had to be fabricated. In 

fact, T cells are small objects (-10  pm) compared to fibroblasts or epithelial cells (> 40 

jam) and they do not have strong focal adhesion contacts with the substrate with which 

they interact. Therefore a possible cell sorting mechanism (a possible use of the results 

from this study) had to be based on the different cell morphology {i.e., diameter) of the
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two cells under investigation. From the measured diameter of both cells a size of 

approximately 10 jam was assessed to be suitable to create a physical barrier for the small 

PBTL cells compared to the large HUT78. This idea was based on the same principle as 

discrete pore size filters but without any gravitational effect.

Therefore the hypothesis to test was that the given topographic pattern could 

generate constraints on the migrating PBTL where it would not affect the HUT78 cells. 

To support this hypothesis, only recently, Tan and Saltzman (2002) showed that, a 

pattern of parallel lines of 10 pm (width and spacing), induced on neutrophils (similar 

size to T cells) an enhanced locomotory response by maximising the contact between cell 

and substrate.

This hypothesis has been found to be in disagreement with Haston et al. (1982) 

where they showed that lymphocytes did not respond to any two-dimensional 

topographical cues. Therefore, they promoted the usage of three-dimensional assays such 

as filters and collagen gel matrices. Filter chambers have been reported to have an 

intrinsic inaccuracy introduced by the macro/micro gravitational effect associated with 

the vertical migration of the cells. On the other hand, gel assays have been described as 

suitable substrates for cell migration analysis although they are elaborate to prepare and 

they are not ideal for quantitative analysis of cell migration when not in the presence of 

chemotactic gradient (Wilkinson, 1998).

The main limitation found in the Haston et al. (1982) study was the non-activation of 

the lymphocyte cells by any ligands or specific motility inducers {i.e., mAb). In fact, 

these cells need to be activated to adhere and migrate (Springer, 1990b).

Therefore, a visual analysis o f cell migration on a two-dimensional 

microtopographical pattern was proposed, to be the most suitable experimental solution 

to measure the motile response of T cells when triggered by LFA-1 on a geometrically 

controlled environment.

Two factors play an important role in the success of this experimental analysis; these 

are the selection of the substrate material and the microfabrication process used. They 

had a major influence on the final results obtained. Several materials and processes were 

investigated in this study (as reported in previous Chapters), and following the selective 

criteria based on the final geometrical shape of the pattern to transfer, it was found 

hexafluorosilicic wet etching of borosilicate glass substrate corresponded to the 

requirements of this study, as shown in Figure 4.12 (Chapter 4, page 126).
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The adhesive properties o f the surface comprising the ridge of the patterns, have been 

extensively reported to be factors that could have an influence on the analysis of 

guidance and consequently on the motile response (O’Hara and Buck, 1979; Meyle et a l, 

1995, Kasemo, 1998). In particular, it has been recently shown by Tan et al. (2001) that 

different adhesiveness of the substrate can create a preferential motile pattern on 

neutrophils and therefore might also have an influence on lymphocytes. Their 

interpretation of this phenomenon was that cell guidance was controlled by either the 

substrate adhesion or by the microfabrication process.

The substrate adopted in this study was a borosilicate glass and it was chosen among 

other materials for several reasons, as reported in Chapter 3; mainly because it had a low 

cytotoxic response after the fabrication process. Tan and Saltzman (2002) showed that 

material composition can have a profound effect on cell migration. From their study two 

main conclusions were drawn. Firstly that it was necessary to create a homogeneous 

surface on the patterned substrates to eliminate the localised effects of the topographical 

techniques used. Secondly, that a “natural” material {i.e., glass) had a stronger interaction 

with motile cells than a synthetic material {i.e., polyimide) as illustrated by migration 

differences.

These conclusions were in complete agreement with the choices of this study of 

creating a uniformly treated substrate in which a single factor, such as topography, was 

isolated for investigation. Therefore, a homogeneous adhesivity was obtained by surface 

treatment on top of the glass samples, as reported in Chapter 4. Beside this uniform 

distribution of properties, this treatment also had an influence on the homogeneous 

immobilisation of the monoclonal antibodies on top o f the substrate, see Chapter 3. 

Although, the surface adsorption o f chemicals could have had a negative influence on the 

substrate preparation this has been checked and tested in a series o f preliminary 

experiments by using fluorescent labelled protein molecules. The uniform intensity o f 

fluorescence worked as an indication of the efficient surface coating (see Figure 3.20 

page 78). In addition to that the coating concentration of ligands was chosen on the basis 

of previous published data (Volkov et al., 1998). Therefore the concentration used 

corresponded to the optimal motility inducing ligand density.

Simultaneously with these material studies a suitable experimental observation of the 

cell motile evolution through time was developed on the basis o f what had been 

previously reported by Volkov et al. (1998). In fact, cell observation was found to be a 

controversial topic in cell motile behaviour analysis. For instance, Wilkinson et al.
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(1982) observed lymphocj^e locomotory behaviour for a total length o f 4 hours but used 

only 7 minutes to describe the alignment and guidance of the cells selected. In another 

study, a shorter experimental observation (<15  minutes) was sufficient for Parkhurst and 

Saltzman (1994), and Tan and Saltzman (2002) to quantify the extent of leukocyte 

motility. In their case the tracking time chosen was one order of magnitude less than the 

total experimental time {i.e., one minute). Finally, Chettibi et al. (1994) tracked 

neutrophils for a total experimental o f time o f 400 seconds with a sampling interval of 5 

seconds.

Although recently, Wilkinson (1998) stated that a remarkable amount o f information 

can be gained from a 30 minutes observation for leukocytes in relation to their typical 

migrating speed of 5 - 30 |im/min, this can not justify such a variation in total 

experimental time as reported in previous studies.

Therefore, in order to keep the same ratio between sampling time and total 

experimental time, a total time of 60 minutes was chosen for the present study on the 

basis of a measured T cell rearrangement of around 5 minutes, as shown by the 

micromanipulation analysis in Chapter 3. This choice also provided sufficient discrete 

information for cell quantitative analysis, as shown in section 5.4 and 5.5.

The last factor that was taken into account in this study was the microenvironment in 

which tests were carried out. In fact, the reproducibility o f the experimental conditions 

was of vital importance as previously highlighted by McCartney and Buck (1981), 

Bignold (1992), and Wilkinson (1998) where they stated that it is essential to not 

introduce any biasing alterations in the experimental environments. In particular, Bignold 

(1992) showed that the variability of the leukocyte motility could change by an order in 

magnitude as a ftinction of the assay conditions. Such variability can significantly bias 

the entire comparative investigation if not kept under control.

5.3 Cell adhesion and polarisation

The motile behaviour of lymphocytes is expressed in full only when the cells are 

triggered via locomotory-inducing receptors. A multistep model was introduced to 

describe this type of migration (Chapter 2, section 2.10) and can be subdivided in 

activation time steps as schematically shown in Figure 5.1.

T cell rolling, adhesion and migration is supported by different ligands depending on 

the activation stage during the inflammatory response (Butcher, 1991). LFA-1 has been
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associated with the recruitment of T cells in terms of firm adhesion, polarisation and 

active locomotion (del Pozo et a l, 1996). In particular Kelleher et al. (1995) showed that 

anti-LFA-1 mAbs can be used in vitro to induce adhesion and migration behaviour in 

both HUT78 and PBTL cells, thus mimicking respective T cell recruitment stages in vivo. 

Then, one of the findings of Volkov et al. (1998, 2001) was that anti-LFA-1 mAbs 

induced phenotypic and locomotory changes in T cells similar to those observed using 

recombinant natural LFA-1 ligands (ICAM-1).

Minutes40 jim/s

  _
Endothelial l a ^ e r _ _________

Step]: Step 2
Initiation Rolling Activation Migration
of contact by chemokines (using activated Step 5.

of LFA-1 receptors LFA-1 receptors) Crossing the
endothelium
(> 10 min)

Figure 5.1 T ransendothelia l m igration  p rocess  d u ring  in flam m ato ry  response . T im e scale evo lu tion  and 
subdivision  in stages. (B u tcher and P icker, 1996)

Therefore, in this study LFA-1 mAb was immobilised and used to trigger T cell 

migration over a two-dimensional substrate, based on the experimental procedures 

developed by Volkov et al. (2001). Experimental evaluation of LFA-1 induced 

activation, polarisation and migration on HUT78 and PBTL was undertaken over plane 

surfaces to compare the extent of response of these two T cell types under the same 

experimental conditions. The same experiment was also repeated to compare the 

locomotory response induced by anti-LFA-1 to the one induced by ICAM-1 natural 

ligand. This observation was found to be in agreement with previous findings of Volkov 

et al. (1998, 2001).

In this thesis a deformation index (DI) was calculated and used to quantify the 

amount of cell polarisation developing in the first five minutes, after exposure of two T 

cell t;/pes to two different topographies using varying cell concentrations. The biasing 

contribution of cell-cell interactions, for the grooved substrate, was estimated by the
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comparison of the D1 between high and low  cell concentration and it was found to be 

increased by 25% for PBTL cells and 38% for HUT78 cells. For the flat substrate, the DI 

variation between high and low cell concentration was found increased by 30% for 

HUT78 cells, and 35% for PBTL cells. When the analysis was limited to the only high 

cell concentration, the DI variation measured between the flat and the srooved substrates 

decreased by 11% for HUT78 cells and 15% for PBTL cells. For the only low cell 

concentration, the DI variation between the flat and the srooved  substrates was found to 

be decreased by 4%> for the HUT78 cells and by 26% for PBTL cells, respectively 

(Figure 4.18, page 131).

However, in this thesis the DI analysis, summarised in Table 4.8 (page 131), could 

be only used to assess the dynamic locomotory response of lymphoid cells and not as a 

quantitative analysis as shown by Brunette with fibroblast cells (1986a,b).

These quantitative results were in agreement with the data of Volkov et al. (2001) 

where they interpreted the extent of polarisation as a reliable indication of the T cell 

locomotory response and cytoskeleton persistence. In fact there is evidence that cell 

polarisation is mediated by the internal structure of the cytoskeleton and this is also 

correlated to the cell type under investigation.

5.4 Cell alignment and contact guidance

From the measurement of cell alignment it was found that HUT78 lymphoma and PBTL 

cells were able to either align and migrate along the groove path, or cross, 

perpendicularly to the pattern ridges (as shown in Figure 4.19 and Figure 4.20). This 

response can be attributed to the motile nature of T cell types under investigation, as 

shown by Volkov et al. (2001), where changes in the motile direction might be attributed 

to the absence of firm focal adhesion contacts. This cell response was mainly associated 

with the motihty triggered by the immobilised monoclonal antibodies (anti-LFA-I).

This result is not in agreement with Clark et al. (1987), and Nagata et al. (1993); 

they stated that cell types which were less adhesive were less responsive to topographical 

guidance, such as leukocyte cells. The same conclusions were reached in another study 

by Clark et al. (1990) in which they compared the alignment response of two fibroblast 

cell types, that are barely motile and have firm focal adhesion due to their cell 

morphology, to PMN leukocytes, that are smaller in size and comparable to the T cell
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under investigation. From their findings it was shown the non-aligning phenomenon of 

leukocyte cells.

From the results presented in this work T cells showed, in the low cell concentration 

experiments, an aligning tendency towards the direction of the pattern (grooved) in 

comparison to the control surface (flat). This response was also more evident for the 

PBTL cells than for the HUT78 lymphoma cells (Chapter 4, page 139). For the high cell 

concentration, although the cell-cell collision did bias the response, there is an aligning 

pattern for the PBTL cells, where no alignment was found for the HUT78 cells (Chapter 

4, page 138).

Alignment comparison with 3D experimental assays

From the results shown in this study it emerged that at low cell concentration both T cell 

types showed alignment towards the groove main direction. At this concentration, the 

mean cell angle, for the fM  substrate was found to be 43° for HUT78 cells and 47° for 

PBTL cells, {i.e., evenly distributed). For the grooved substrate the mean angle was 

closer to the axis of alignment and was respectively of 38° for HUT78 cells and 41° for 

the PBTL cells (as shown in Figure 5.2).

These alignment results are in agreement with the study by Wilkinson et al. (1982) 

on PMN leukocytes, in which he suggested the definition of “cell motile alignment” in 

terms of migratory guidance response for dynamic motile cells such as leukocytes 

(shown in Figure 5.3). From the comparison of the graphs, the similarity of the findings 

between the two guidance studies is even more evident, although the cell types 

investigated and the experimental conditions were different. In fact, it can be seen that 

the extent of alignment shown in the grooved case for HUT78 (mean angle of 38°) and 

PBTL (41°) is comparable with the 3D collagen (35.7°) and 3D fibrin (37.1°). Whereas, 

both the flat experiments for HUT78 (43°) and PBTL (47°) cells are comparable with the 

2D fibrin case (43.8°). Then, one of the disadvantages reported in using 3D collagen gels 

and fibrin clots is the creation of a uniform cell adhesion; whereas in the approach taken 

in this thesis, the structure used had the same adhesive properties over the entire surface 

thereby introducing fewer causes o f experimental variation.

The interpretation of these results was also shown by the student’s t-test calculated 

for the low cell concentration. In fact, the p-value was found to be statistically significant 

on the grooved surface for both cell types as it was found for the PMN leukocytes on 3D 

collagen and fibrin assays. On the contrary, no statistical significance was found for the
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flat substrate (both cell types) and this w as in agreement with the 2D fibrin results by 

Wilkinson et al. (1982), as shown in Table 5.1.
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Fable 5.1 Cell Alignment. Comparison between alignment results calculated in this study and those 
reported by Wilkinson et al. (1982) for PMN leukocytes

Experiment
(Conc.-Surface-Cell type)

No.
Cells

Mean
(A-B)

s.e.m.
(A-B) p-value lA /Z B p-value

High*-Flat-HUT78 25 -0.24 1.00 NotS 0.96 NotS
High*-Flat-PBTL 24 -0.42 0.99 NotS 0.93 NotS

1 Low^-Flat-HUT78 28 0.52 1.94 NotS 1.09 NotS
: Low^-Flat-PBTL 30 0.33 1.16 NotS 1.07 NotS
] High*-Grooved-HUT78 28 1.50 0.74 <0.04 1.29 <0.04

High*-Grooved-PBTL 30 1.53 0.73 <0.04 1.29 <0.05
Low'^-Grooved-HUT78 32 3.03 1.13 <0.01 1.87 <0.03
Low"^-Grooved-PBTL 37 3.79 1.35 <0.01 2.22 <0.01

Wilkinson etal. (1982)

PMN-Aligned 3D collagen 26 5.0 1.08 <0.001 1.78 <0.001
PMN-Aligned 3D fibrin 15 0.0 1.49 NotS 1.0 NotS
PMN-Aligned 2D fibrin 33 5.25 0.68 <0.001 1.75 <0.001

,(High*= high ceil concentration; Low = low cell concentration; Flat = flat substrate; Grooved = parallel 
!grids; NotS = not significant; PMN = polymorphonuclear neutrophils)

j .

From this comparison it can be concluded that the two-dimensional topographical pattern 

Vised in this study induced the same degree of alignment of HUT78 and PBTL cells as the 

inost common alignment assays.

/Alignment com parison with chem otactic experim ents

Another factor that may potentially bias cell guidance response is the presence of a 

^hemotactic concentration. This factor has been reported in many studies as main 

alignment factor. In particular, Shields et al. (1985) have shown that, in the presence of a

Uniform gradient of concentration, neutrophils responded by showing uniform turning
!
^ngles. From comparison of the cell alignment response measured in this study and the 

î ne presented by Shields et al. (1985), it can be concluded that their responses were 

Associated with an apparently random motile behaviour. In fact, the more concentrated 

the chemotactic concentration was, the narrower was the angle distribution due to the 

strong polarisation induced by the chemotactic factor. In fact, for two different 

chemotactic concentrations neutrophil cells responded with a turning angle of 87.9° (at 

10'*̂  M of fMLP) and 62.2° (at 10'*̂  M of fMLP) (over 180° interval range) towards the 

gradient direction. By reducing these results to a 90 degree interval, it emerged that the 

chemotactic response was still very predominant and guiding neutrophils towards one 

preferential direction, as shown in the tracked paths in Figure 5.4.
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Figure 5.4 Histogram o f turning angles o f  neutrophils moving in uniform concentration of fMLP. 
(left) 10'*’ M fMLP. Mean angle 87.9° and (right) 10''* M fMLP. Mean angle 62.2° centred at zero 
degrees (main gradient direction) (Shields et al., 1985)

Therefore, the conclusions that emerged, from the comparative analysis o f the results 

presented with other studies is that the tw'o-dimensional topographical pattern is a 

valuable solution for cell alignment measurement.

5.5 Single cell migration investigation

5.5.1 Qualitative analysis o f  single T cell migration

The experimental approach used to measure the random motility o f individual lymphoid 

T cells was a combination o f time-lapse microscopy and image analysis, with a 

mathematical model to describe single cells as persistent random walkers. Thus, cell 

speed movement, directional persistence and rate o f diffusion were measured and studied 

for HUT78 lymphoma and normal PBTL cells responding to a motility-inducing 

monoclonal antibody. These three param eters are independent from the experimental 

assay characteristics, and therefore allow comparative analysis between different studies 

(Dann, 1983; Alt, 1990; Parkhurst and Saltzman, 1994).

To summarise the experiments in this study: a physical guidance was applied to 

po arised HUT78 lymphoma cells and normal PBTL cells. This guidance was provided 

on.y by the geometrical properties o f the channel, whereas active cell locomotion was 

triggered and supported by monoclonal antibodies to the single cell receptors (LFA-1) 

immobilised on the surface o f this physical constraint. Therefore, the response o f T cells 

to the substrate was stimulated by the surface constraint and not guided, as in the 

presence o f chemotactic gradient. For instance, in Parkhurst and Saltzman (1994), cell
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migration is clearly controlled by the chemotactic gradient applied, as shown in Figure 

5.5.

Another consideration that can be done by confronting the results presented in this 

thesis, shown from page 152 and the results o f  Parkhurst and Saltzman (1994) shown in 

Figure 5.5, is on the realistic representation o f the cell migratory response. In fact, when 

in Figure 5.5, leukocyte cell size (7 -9 |J,m) is taken into account to evaluate the total 

migrating distance, it emerged that over a test length of 12 minutes the cell migratory 

response was limited. This factor has not been contemplated in many studies and 

therefore the interpretation o f  the results can be biased by only considering the centroid 

position, as in Parkhurst and Saltzman where over a total area o f  100 )im^ cell size counts 

for the 10% of this area.

Perlpherat blood Peripheral blood Peripheral blood Semfnal
lympfiocytesneutfophiJs leukocytesm onocytes

UpBtittOft (f/fni M. pasJratn ^en ) X p sss itm  (ifml X

Figure 5.5 Sample cell paths for leukocytes fiom peripheral b lood and semen m igrating in 0,4 mg/ml 
collagen gels containing either control (first row) and 5 x 10'^ M fMLP. Each cell path represents a total 
m easirem ent time o f 12 m inutes with 3 m inutes cell-tracking. (Parkhurst and Saltzman, 1994)

Therefore, from the results o f  this thesis several factors affecting the motile behaviour of 

T cells could be established for the first time. Among this the biasing effect o f  the cell 

density on PBTL cell motile behaviour or a possible, yet unknown, migratory stimulus 

imposed by a specific topographical geometry for the HUT78 cells. From the graphs 

shov.n in the results Chapter (from Figure 4.38 onwards), it was clear that the difference 

in alignment was induced by the micropatterned substrate. The random motile behaviour
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was still evident from the cell migration paths. At high cell concentration cell-cell 

collision influences could be distinguished, especially for the micropattemed surfaces. 

On the other hand, at low cell concentration, the earlier mentioned motility-stimulating 

effect actuated by topography was more evident than at high cell density.

These results are also in agreement with the results of different studies on the presence of 

cytoskeletal persistence of the locomotory components of a cell such as actin filaments 

(Lackie, 1986), microtubulin filaments (Ratner et a i,  1997), and vimentin intermediate 

filaments (Brown et a i,  2001).

5.5.2 Random walk model: quantitative analysis and model confirmation

From the wind-rose graphs the remarkable difference in the migratory behaviour of 

HUT78 versus PBTL can be seen. This evidence reinforced the conclusions previously 

drawn about the influence of the physical constraint in the PBTL and HUT78 cell 

migration.

From the application of the random walk model (reported in Chapter 2), a 

quantitative measure between the locomotory responses of HUT78 and PBTL cells could 

be carried out. To implement the linear models described in Chapter 2, the normal 

(Gaussian) distribution of the cell population around the mean cell speed needed to be 

confirmed. Thus, each cell population could be represented by its respective mean and 

standard deviation values as shown by the probability distribution plot (page 160).

Cell speed analysis and confirmation

A comparative Student’s t test were carried out between the HUT78 and PBTL cell speed 

distributions over the same experiments to determine if there was a statistical 

significance difference between their migration speeds. It was found that, for high cell 

concentration, there was no statistical difference. One of the reasons was because of the 

slow cell speed caused by cell-cell interactions. From the analysis of the normal 

distribution it was found that both the cell speed curves had a 95% confidence interval 

comprised between 0 - 4  |im/min for the flat substrate and 0 - 2  |im/min for the grooved 

substrate (see Figure 4.62 and 4.63, page 163). The main result obtained from the high 

cell concentration experiments was that cell speed of both T cell types was halved on 

grooved substrate compared to the flat case.

A different scenario was found in the low cell concentration experiments. For the flat 

substrate a statistically significant difference was found (comparative student’s t-test)
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between the cell speed mean of HUT78 versus PBTL cells. In that case the 95% 

confidence interval was smaller than in the previous case, and it was found to be of 1.2 -  

3.8 |im/min for HUT78, and 2.1 - 5.2 |im /m in for PBTL cells, respectively. In this 

particular experimental setup it was found that HUT78 migrated at a significantly lower 

speed, as shown in Figure 4.64 and Figure 4.65 (Chapter 4). No statistical difference 

between the two T cell speed distributions was revealed by the compared t-test on the 

constrained confinement, although the p-value was found just above the 95% confidence 

interval. Thus, the confidence interval calculated was found to be larger than the one 

measured for the flat substrate (1.6 - 4.9 fxm/min for PBTL; 2.4 -  4.7 |lm/min for 

HUT78), as shown in Figure 4.65.

From the analysis of the low cell concentration results, it also emerged that HUT78 

cells were found to be more motile over the micropatterned substrate than the PBTL 

cells. Interestingly, a similar tendency was also noticed in the high cell concentration 

experiments. PBTL cells responded to the topographical geometry with a more 

accentuated alignment towards the groove direction (as also shown by the wind-rose 

graph). Therefore, topography influenced T cell migration and this migration was 

different in relation to the T cell types under investigation, as summarised in Table 4.13 

and 4.14. The interpretation of this difference between HUT78 and PBTL cells lies on 

the different morphological adaptation o f the two cell types to the topographical 

geometry. In the general discussion (section 5.5.3) a fijrther explanation of these results 

will be given.

Confirmation of the results calculated and the literature available was also carried 

out in terms of interval of cell speed. Among the few works present, it was found that in 

Volkov et al. study (2001) cell speed range o f 0.5 -  4 |im/min was reported in HUT78 

lymphoma cells triggered by anti-LFA-1 on flat substrate. In another study by Parkhurst 

and Saltzman (1994) a cell speed range of 5 -  9 |0.m/min was measured and reported for 

peripheral blood lymphocyte cells, when driven by the presence of a chemoattractant 

(fMLP) on 3D collagen gels. The reasons for such difference can be attributed to the 

experimental setup, as for instance the chemical composition of the gradient (if present).

Cell displacem ent analysis

From the quantitative analysis of the mean displacement and square mean displacement 

the same conclusions reached for the speed analysis could be extended to this case. In 

fact, on the flat substrate, as for the cell speed, a relevant difference in cell centroid
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displacem ent between HUT78 and PB TL cells w as found. W here, the two T cell types 

had an alm ost identical locom otory response in the m icrogrooved substrate.

M oreover at high concentration on the fla t substrate, PBTL cells w ere nearly one order o f 

m agnitude more m otile than on the m icrogrooved surface. U nder the same cell 

concentration the HUT78 m igratory response on flat surface was found to be twice as 

fast as on the m icrogrooved surface.

Nonetheless, at low cell concentration, PB TL cells show ed the sam e characteristic 

response behaviour than for the high cell concentration. Thus, they had a slow response 

for the first 30 m inutes and then, in the next 30 m inutes they gained m otile behaviour. A 

possib le explanation to this phenom enon could be associated with the different PBTL 

activation dynamics by the anti-LFA-1 antibodies.

U nder the same low cell concentration, HU T78 cell response on flat substrate was 

still slow er than the PBTL response, although the different concentration had a 

considerable influence on the HU T78 m igratory response. Then, when exposed to the 

patterned surface their m otile response resulted com parable to the PBTL cells.

Persistence and diffusion analysis and confirmation

Persistence and diffusion w ere calculated  from  the asym ptotic response o f the mean 

square  displacem ent curves w here cell m otility  reached a persistent random  m igration as 

described  by Gail and Boone (1970). For all the four experim ental analyses o f  this study 

it w as possible to distinguish betw een the diffusive behaviour o f  the HUT78 and PBTL 

cells. In fact, relevant differences in cell persistence and diffusion for the two cell types 

w ere found on the flat substrate, under both the cell concentrations. W here, on the 

m icrogrooved experim ents the d ifference was not as evident as in the flat experiments. 

Then, it was also found that persistence w as sim ilar in three over four confinem ents and 

as it can be seen from the graphs show n from page 169, it was influenced by the testing 

length in time.

Confirm ation o f  these results w ith the literature available, show ed that for a halved 

test length {i.e., 30 m inutes) the value o f  the persistence and diffusion changed and 

becam e approxim ately com parable to the results showed by Parkhurst and Saltzm an 

(1994), based on a total experim ental observation time o f  12 m inutes. Another factor that 

also influenced the m easurem ent o f  cell persistence w as the size o f  the cell population 

used for the experim ental analysis (i.e., n ~ 30 cells). In fact, sm all sam ple population
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can bring to an over/underestimation o f the migratory phenomenon in relation to the 

experimental conditions in which the cells are investigated.

Although various suggestions have been brought forward in different works, Wilkinson 

(1998) hypothesised, as a result of twenty years o f  research on leukocyte cells, that a cell 

population o f around 30 cells and a test length o f not less then 30 minutes, could provide 

sufficient information on the motile behaviour o f these cell types. However, the findings 

of this thesis demonstrate that there is a considerable difference in cell motility between 

the first 30 minutes and the following 30 m inutes next, suggesting a two stages migratory 

response for the HUT78 and PBTL cells. This difference brought forward the needs to 

calculate the persistence and the diffusion in the short term to evaluate possible 

discrepancies in the results.

Random walk model confirmation

Using the same data population and test length, persistence, speed and diffusion were 

calculated with Dunn model (short term). Differences in results between Dunn model and 

Gail and Boone model were considerable. For cell persistence the variation ranged 

between 10 and 75% for HUT78 and PBTL cells respectively; where for cell speed it was 

ranging between 6 and 60%. On the contrary, it was found that the diffusion coefficient 

was relatively close in both models by showing only a 20% variation.

An interpretation o f these differences was given by Dunn (1983) in terms of the 

mathematical formulation o f the two models. In fact, when he compared the two models, 

he found a variation o f 50% for the persistence value and of 30% on the speed, thereby 

for the diffusion coefficient the variation was found to be around 30%. Therefore, from 

this evidence it emerged that the rate o f  diffiasion is the best parameter to compare 

different studies.

Diffusion confirmation

Confirmation o f  the rate o f diffiision results calculated in this work with the more general

results measured by Parkhurst and Saltzman (1994) on lymphocyte migration in 3D
8 2collagen gels, where a diffusion range o f 0.8 to 1.7 x 10' cm /s was reported, brought to 

the consideration that those results were comparable with the high cell concentration 

results (range 0.31 -  2.38 x 10"* cm^/s). In the same study, Parkhurst and Saltzman

compared the response of lymphocytes with the response o f neutrophils (PMN). The
8 ^diffusion coefficient calculated for neutrophils was of 1.2 to 5.6 X 10' cmVs was found
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for neutrophils. Interestingly, the rate of difftision calculated for the low cell
8 2concentration was ranging between 2.85 and 6.58 x 10' cm /s.

In a similar study by Chettibi et al. (1994) the diffusion range of neutrophils was 

measured (ranging from 0.007 to 0.78 |xm/s) when activated by different concentrations 

of chemoattractants for an experimental time ranging from 100 to 300 seconds.

Despite the similarity in the result range of variation, substantial differences between 

the experimental setup were determined to have an influence on the nature of the results 

compared, such as chemotactic gradient, and experimental test length. Therefore, it can 

be concluded that there is a considerable variation associated with the type of leukocyte 

investigated. This conclusion explains the need of specific experimental analysis of each 

cell types such as this thesis work.

5.6 Recapitulation

A comparison of the results between similar studies on lymphocyte cell present in 

literature and the results o f this thesis was attempted, although several factors made such 

a comparative analysis difficult. Firstly, it was found that a limited literature was 

available on T cell migration triggered by anti-LFA-1 antibodies. Secondly, it was also 

found that only few preliminary studies were carried out on T cell migration on different 

topographical geometries. Nonetheless, the cell speeds are of a similar order of 

magnitude as obtained previously.

One of the main conclusions of this thesis is that HUT78 lymphoma cells are faster 

and more diffusive when exposed to grooved substrate than on flat substrate, at low cell 

concentration, whereas the opposite response is the case o f the high cell concentration. A 

possible explanation could be that the lymphoma T cells tend to form spontaneous 

clusters and promote cell-cell interactions when sufficiently close to other cells.

On the other hand, for the normal PBTL, at low cell concentration, the diffusion 

coefficient was not as much influenced by the topographical geometry as it was for the 

high cell concentration, where cell migration was biased by clusters formation. A 

possible interpretation of these results on T cell motility, when locomoting on the two 

substrates (flat or grooved), could be attributed with a specific alignment of the 

cytoskeleton promoted by the topography.

This lead to the suggestion that when PBTL cells are migrating on grooved substrate 

geometry their morphological response is also influenced by their smaller cell size
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compared to HUT78 cells. Thus, the physical constraint introduced by topography acts as 

a limitation for PBTL cell migratory response, by directing a preferential alignment 

towards the main direction o f the pattern.

Furthermore, from the findings o f this study there is evidence that brings forward the 

suggestion that the two T cell types are following different migratory patterns driven by 

the minimisation o f their structure rearrangements. This minimisation response for 

lymphoid T cells was not as evident as it has been reported for tissue cells such as 

fibroblasts. Therefore, the considerations about a possible cell size barrier, induced by 

topography, are also applicable for normal PBTL and malignant HUT78 cells. This 

interpretation could lead to a further application o f this two-dimensional topographical 

geometry in terms o f T cell sorting device, or as a two-dimensional assay for lymphocyte 

cell motile investigation.
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CHAPTER 6

6 CON CL USIONS AND FUTURE WORK

6.1 Conclusions

T cell locomotion was analysed in this study. Specifically, HUT78 lymphoma and PBTL 

cells locomotion were compared under two experimental conditions: flat and grooved 

surfaces and high and low cell concentrations. The preliminary technical requirement 

was to manufacture and coat suitable surfaces. After examination o f  many techniques, 

the microfabrication process was successfully implemented to fabricate different 

topographies on a borosilicate glass substrate using hexafluorosilicic acid wet etching. 

Surface treatment was developed to enhance cell-ligand adhesion. Next LFA-1 

monoclonal antibody were immobilised on top o f the topographically functionalised 

substrate to induce locomotory response on T cells. When cell polarisation and alignment 

was measured quantitatively, it was found that topographical geometry induced different 

alignment of HUT78 lymphoma and normal PBTL cells in broad agreement with the 

results o f previous studies.
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Single cell measurement and ceil-population motility

• HUT78 lymphoma and normal PBTL cells showed random distribution behaviour 

when activated by LFA -1 on top o f flat glass substrate.

•  PBTL cells compared to HUT78 showed migrating alignment towards the direction 

of the pattern groove.

• HUT78 and PBTL cell speeds were statistically different at low concentration on flat 

substrate.

• On the grooved surfaces, the larger HUT78 cells were more persistent and diffusive 

than PBTL cells at both concentrations.

• Cell alignment was showed and measured on grooved substrate at low concentration.

• At high concentration the alignment was biased for both T cell types, although could 

be distinguished for PBTL cells.

•  Cell concentration affected the extent o f  locomotory response o f both T cell types.

• Different migratory response over topographical geometry between lymphoma 

HUT78 and normal PBTL cells were associated with cell morphology.

• The experimental setup was compliant with more complex experimental assays and 

was suitable for the analysis o f alignment and migration o f the two T cell types under 

investigation.
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6.2 Future Work

A number o f directions can be investigated in the fiature. These can be focused on

improving each o f the several aspects covered in this work.

• Microfabrication processes w'ere found to be at the basis o f this experimental 

research study. The author believes that more selective and dedicated processes 

could prospect a broaden choice o f patterns to use in a further investigations.

• In this thesis, only one geometrical constraint was fully implemented for cell

characterisation. It would be very interesting to extend the investigation could

different pattern geometries and shape (which the author has shown can be

fabricated with available equipment, see Figure 3.9, p. 58).

• A fiarther investigation could account o f the in-out signalling interactions 

intervening between cytoskeleton and extra-cellular-matrix. Furthermore, gene 

expression analysis could also contribute to the identification o f specific 

intracellular function involved during migration.

• A cell sorting device, based on the topographical geometry used in this study, 

would be interesting to develop for the investigation o f the physical separation 

mechanism investigated in this thesis.
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ABSTRACT

Norm al and m alignant cell m igration represents a fiindam entally im portant process 

involved in tissue growth and developm ent, inflam m ation and cancer m etastasis. 

Leukocyte trafficking from blood into tissues is currently described as a m ulti-step 

process that involves initial tethering and rolling, firm adhesion, polarisation and 

subsequently active locom otion through the vascular endothelium . A specialized 

leukocyte population com prising T lym phocytes and involved in cell-m ediated im m unity 

has a m ajor impact on the overall efficiency o f  host defence. A num ber o f  factors have 

been previously reported to contribute to the success o f  directed T cell m igration tow ards 

effector sites in tissues and organs. These physiological variables include expression o f  

specific cell surface receptor repertoire, chem oattractants and extracellular matrix 

com position providing both natural m igration barriers and tissue-specific 

m icroenvironm ent architecture.

in this thesis we have tested the hypothesis that m igration o f  different T cell tj^Des 

could be influenced by specific topographical geom etry o f  the substrate as one o f  the 

contributing m icroenvironm ental factors. Therefore, the objective o f  this study w as to 

quantify the extent o f  difference in the locom otory response o f  m alignant cells (H U T78 T 

lym phom a cell line) and norm al peripheral blood T lym phocyte cells (PBTL) to 

m icrofabricated surfaces with distinctive custom -produced topographical patterns.

Two different surface topographies were im plem ented to com pare the m igratory 

behaviour o f  these two T cell types under equivalent surface treatm ent and coating 

conditions. These topographical cues were; (i) flat and (ii) m icrogrooved substrates. 

Furtherm ore, different cell concentrations were also em ployed on the sam e 

m icroenvironm ents to investigate the contributory effect o f  cell-cell interactions. Finally, 

quantitative differences in locom otory behaviour betw een m alignant HUT78 and normal 

PBTL cells were calculated utilising a developed theoretical m odel for tw o-dim ensional



cell m igration. The results dem onstrate that the HUT78 lym phom a cells have a 

significant tendency to be m ore diffusive than the PBTL cells w'hen m igrating on 

topographical surface. By contrast, PBTL cells w ere faster and m ore diffusive than 

HUT78 cells on the flat substrates. Sim ilar results w ere also found for the tw o cell 

concentrations exam ined, although cell-cell interactions were biasing the m igratory 

response.

The main conclusion o f this study is that the two distinctive T cell types investigated 

do align and m igrate differently on the topographically m odified surfaces to which they 

are exposed and this has been verified by quantitative analysis.
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NOMENCLATURE

Roman symbols

A angle of alignment (0-44°)

B  angle o f alignment (45-90°)

D diffiision constant

D* diffiision experimental value

P persistence

P* persistence experimental value

R diffusion coefficient

S  cell speed

square cell speed 

T displacement

' f  square displacement

<T> mean displacement

< f >  mean square displacement

<</> square distance

N  number o f intervals

t time interval

Greek symbols

Ok turning angle

contact angle surface-liquid 

jX rate of diffusion

p  persistence effect

0 cell angle

vii



ABBREVIATIONS

ArF Argon Fluoride gas (excimer laser)

B 2 0 3 ~ S i0 2 Borosilicate glass (microfabrication)

C O 2 Carbon dioxide (laser ablation)

D1 D eform ation index

EC Endothelial cell

ECM Extra cellu lar matrix

HsSiFs H exafluorosilicic acid (microfabrication)

HF H ydrofluoric acid (microfabrication)

HUT78 T lym phom a Fluman cell line HUT78

IC Integrated circuit (microfabrication)

IgG Im m unoglubulin G

KrF Kripton F luoride gas (excimer laser)

ICAM Intercellular adhesion molecule

LFA-1 Leukocyte function associated m olecule 1

PBTL Peripheral Blood T Lymphocyte

PE Poly-ethylene (microfabrication)

PM M A Poly-m ethyl-m ethacrylate (microfabrication)

PMN Polym orphonuclear leukocyte

PS Poly-styrene (microfabrication)

PVC Poly-vinyl-chloride (microfabrication)

SEM Scanning electron microscopy

Si02 Silicate glass (microfabrication)

TEM Transm ission em ission microscopy

VCAM Vascular cell adhesion molecule

WLSI W hite light scanning interferometry (m icrofabrication)

inAb M onoclonal Antibody

s.e.m. Standard eiTor o f  the mean



GLOSSARY

Axial elongation is the preferential direction or rearrangement of the cytoskeleton and 

consequently cell morphology.

Cell alignment or cell orientation is the cell migration or guidance by an anisotropical 

spatial or chemical variation in the surface properties o f the substrate in which cells are 

responding.

Cell-cell collision is when two or more cells come in contact with each other close 

enough to enable the physical interaction o f contacting cell membranes or surface 

structures and to exchange chemical stimuli.

Cell elongation is the preferential change in cell shape. This elongation can be 

attributed to chemical response (chem ogradient elongation) or mechanical response 

(topographical elongation).

Cell migration or cell locomotion is the active translocation o f  cells or organisms 

activated by their intrinsic cellular mechanism driven by the interaction o f three main 

cytoskeletal structural filaments such as actin, myosin and microfilaments (i.e., 

vimentin).

Cell motion or cell motility is the intrinsic capacity o f the cell to perform locomotion 

when influenced by factors from the environment. The nature o f  the translocating 

process is not specified if  active (i.e., migration, crawling) or passive (i.e., swimming, 

rolling).
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Cell spreading is the increase in area o f a cell when stimulated. This can be associated 

with an external signal (i.e., extracellular matrix) or by an internal signal (i.e., 

reorganisation of the cell structural components)

Contact guidance is the process that occurs when a cell on an oriented substratum 

(natural or artificially created) assumes a  corresponding orientation and moves in 

response to the directional cues (i.e., curvature, alignment o f tissue, etc.).

Locomoting behaviour is the typical behaviour o f an active cell when activated and 

migrating over a substrate. This may depend on other functions such as the adhesion of 

the cell to the substrate, the extracellular matrix stimuli or the ligand-receptor 

interactions.

Motile stimuli are the particular stimuli that direct the migration o f cells towards a 

preferential orientation or axis o f  migration.

Random locomotion or random walk is defined as the non-directed locomotion o f a 

cell in relation to the surrounding environment. For instance cell may move in 

persistently straight paths but randomly directed in relation to the environment.

Random walk model is the description o f cell motion by straight-line segments 

separated by turns. This is associated to an equiprobable distribution o f segmental 

angles; and in which the mean square displacement of the cells is proportional to time.
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CHAPTER 1

1 INTRODUCTION

1.1 General overview

Cell adhesion and migration are phenomena exhibited by many cell types in a variety of 

physiological and pathological conditions. Motile behaviour is one of the fundamental 

features of all the mammalian cells. Cell speed can vary from micrometers per minute for 

white blood cells that have to reach sites o f infection in the body quickly to micrometers 

per hour for tissue cells, including endothelial cells and fibroblasts (Lackie, 1986).

During their life-cycle, cells interact with their extracellular environment in a way 

that influences their motile response. It has been proven that this response is guided by 

topographical cues and/or by chemical driving forces (Curtis and Wilkinson, 1997; Tan 

et al., 2001). It has also been found that uniform concentrations of soluble chemicals 

{i.e., chemo-attractants) may influence cell speed (Shields and Haston, 1985; Moghe et 

al, 1995), and that gradients of chemoattractants can bias the direction of cell movement 

(Zigmond and SuUivan, 1979; Campbell et a l, 1998).
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There is considerable evidence that cell motility can be guided by surface topography 

(Curtis and Wilkinson, 1997). Moreover, the interaction between a migrating cell and its 

surrounding topographical environment can act as a mechanical gradient at the cell- 

surface level; this is termed contact guidance. Contact guidance has been defined as the 

process that occurs when a cell on an oriented substratum (natural or artificially created) 

assumes a corresponding orientation and moves in response to the directional cues 

(Weiss, 1958). The motile behaviour of different cell types on different topographical 

geometries has been widely investigated over the last twenty years (Dunn and Brown 

1986; Clark et a l, 1990; Wilkinson et ai, 1982; Tan and Saltzman, 2002) to determine a 

possible correlation between cell type and cell migration.

Recently, the locomotion of white blood cells and tissue cells has been the subject of 

several comprehensive reviews (Trinkaus, 1984; Lackie, 1986; Singer and Kupfer, 1986; 

Meyle et a l, 1995; Curtis and Wilkinson, 1997). In particular the immuno-response of 

motile lymphocytes to different stimuli {e.g., ECM receptors) has gathered much 

attention because o f the importance of regulating cell migration during the inflammatory 

response (Shimizu and Shaw, 1991). Lymphocyte migration through the vascular wall, 

illustrated schematically in Figure 1.1, is one of the least understood cellular processes. 

The reason for the lack of understanding can be found in the complexity of a number of 

distinct events that occur during the transendothelial crossing, such as cell activation 

from passive streaming in the blood, cell rolling, and cell adhesion, and also because the 

migration process is regulated by a sequence of receptor-ligand interactions.

Conceptually, the effect of the microenvironment on the cell migration response 

during inflammation can be divided into three distinct but ultimately related lymphocyte 

functions: activation, polarisation and migration (Springer, 1990). Cell activation is 

mediated by specific receptors that bind lymphocytes to the endothelium {i.e., selectins), 

whereas polarisation and migration can be mediated by several receptors {i.e., integrins).

The principle at the basis o f cell adhesion and migration is that both are examples of 

receptor-mediated phenomena in which cells sense or interact with their environment 

through specific and reversible binding between surface proteins, known as receptors, 

and complementary extracellular molecules, or ligands. The key receptors involved in the 

attachment and locomotion of cells to substrata coated with ligands or surrogates, belong 

to a family of heterodimeric transmembrane glycoproteins known as integrins (Hynes, 

1987). These adhesion receptors, reviewed by several authors {e.g.. Buck and Horwitz, 

1987; Hynes, 1987; Ruoslahti and Pierschbacher, 1987; Albelda and Buck, 1990), have
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been the subject o f intense investigation. Because these molecules also bind proteins 

associated with the cytoskeleton, they may serve as a bridge between the ECM and the 

cytoskeleton for transducing traction forces necessary for movement.

Rolling Activation ECM Trans-migration
adhesion

 _____   Integrin

CC)7̂Receptor

Li g a n d j^ C  he m oatt r a cto r

Integrin Integrin
activation

Endothelial cells

Ligand

Figure 1.1 Migration o f lymphocyte through blood vessel wall. The extravasation occurs by initial 
attachment o f  lymphocytes to the endotheliuni (vascular lumen), followed by migration between 
endothelial cells (Kuby, 1997)

1.2 Experimental procedures

The experimental analysis o f cell motion was divided in two main areas: (i) surface 

microfabrication o f patterns and (ii)  cell investigation analysis, and the follow ing flow 

charts briefly summarise:

(i) selection o f material substrates (Figure 1.2 and Figure 1.3)

( ii)  methods applied to characterise these biomaterials for cell investigation

(Figure 1.2 and Figure 1.3)

( iii)  artificial biological ligands (Figure 1.4)

The methodology followed was to quantify individual migration such as cell 

movement speed and directional persistence, using time-lapse microscopy combined with 

a computer-aided image analysis. Furthermore, the application o f persistent random walk 

models for cell movement under different experimental conditions provided the 

theoretical platform for interpreting the results.
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treatment
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Figure 1.2 Process tlow-chart showing the methodological approach used for substrate micro fabrication 
(i.e., silicate based glasses). Surface treatment process o f  flat substrates

Micropatterned 
surface

Biomaterials: 
Polymers 

S/'O;; B203-Si02Glass

Pattern Imaging 
(MIcrollthography)

Surface patterning 
(Dry/Wet etching)

Surface Hydrophilicity 
(Plasma treatment)

Figure 1.3 Process flow-chart showing the methodological approach used for substrate micro fabrication 
substrates (i.e., silicate based glasses) M icrofabrication and surface treatment o f  patterned substrate 
surface
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T cells
T cell type: 

HUT 78 lymphoma 
PBTL lymphocyte

Cell culture 
(RPMI medium 

+HEPES + 10%FBS)

Cell polarisation and motility 
(anti-LFA-1, ICAM-1)

Cell activation 
(pre-activator, mAbs)

Figure 1.4 Process tlow-chart o f T cell culture. Schematic overview o f the induction o f T lymphocyte 
locomotion

Two different lymphoid T cells were chosen and compared in this study. These were a 

human T lymphoma cell line HUT78 (HUT78) and normal human peripheral blood T 

lymphocytes (PBTL). Particular attention was paid to quantifying the differences in 

m otility  behaviour between the two cell types, and how cell locomotory response could 

change on the microtextured surface compared to the flat substrate.

1.3 Aim of this thesis

Despite the fact that the\ dynamic lymphocyte migratory response is crucial during 

inflammatory diseases, the motile behaviour is least characterised for the lymphocytes 

than for other white blood cells. Although it has been reported that lymphocyte cell 

m otility  depends on the experimental assays in which the cells are investigated 

(W ilkinson, 1998), very little is known about the correlation between the motile response 

o f these cells and the geometry o f the substrate in which they migrate. No literature was 

found on the comparative locomotory characteristics o f malignant lymphoma and normal 

peripheral blood lymphocyte cells under different in vitro experimental conditions.
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Several questions associated to T cell locomotion during inflammatory response have not 

been addressed and these are:

o Do lymphoid T cells respond to different topographical environments in vitrol

o Can any difference in the motile behaviour between HUT78 lymphoma and 

PBTL cells be analysed and isolated?

o What topographical cues can be used to stimulate these cells?

o Can alignment be a significant parameter to distinguish between the motile 

behaviour of lymphoma and lymphocytes?

o How do cell population densities influence the motile response of HUT78 and 

PBTL?

o What is the response of these two T cell types to the combinatorial interaction 

between cell concentration and topography?

o Is a random motility model applicable to measure the extent of migration of 

HUT78 lymphoma and PBTL cells under different topographical conditions?

A more elucidative understanding of these aspects of the migration of lymphocyte cells 

might give the knowledge needed to develop cell sorting devices based on physical 

constraining. In conjunction with a specific chemical environment, this sorting 

mechanism could also act as a selection channel for drug delivery. It is the objective of 

this thesis to determine the nature of these aspects in terms of cell-substrate 

morphological interaction to enhance the knowledge on T lymphocyte locomotion.



CHAPTER 2

2 LITERA TURE REVIEW

2.1 Introduction

Cell migration is found in many different types of tissue and in a response to a variety of 

environmental cues (Lackie, 1986). Movement is an essential element in physiological 

and pathological phenomena such as wound healing (Clark et a i,  1987), inflammation 

(Wilkinson, 1998), development (Wood and Thorogood, 1987) and the metastasis of 

cancer cells (Trinkaus, 1984). Cell migration is the result of a series of coordinated 

interactions between many biophysical and biochemical processes.

Active cell locomotion of organisms depends on intrinsic cellular mechanisms which 

are influenced by multiple factors from the surrounding environment. Therefore, cell 

locomotion behaviour can depend on both cellular and extracellular properties.

In recent years, significant progress has been achieved in understanding some of the 

cell motility functions, both at molecular level as the roles of some of the key 

components in these processes are identified (Lauffenburger and Horwitz, 1996) and at 

the cell behavioural level through in vitro observations of movement (Meyle et aL,
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1995). Progress has also been made by investigation o f cell locomotory response in a 

confined and characterised microenvironment. Contact guidance of different cell types 

has been extensively investigated to quantify the amount of motility associated with all 

the different factors (intra/extra cells) concurring during motility (Ohara and Buck, 1979; 

Clark et ai, 1987; Curtis and Wilkinson, 1997; Tan and Saltzman, 2002).

This review chapter describes the studies that have been carried out to investigate the 

phenomenon of contact guidance on cell locomotion; the influence and the role of the 

extracellular matrix environment and the characterisation of this environment in relation 

to the motile stimuli induced by different cell types. Finally, an overview on the studies 

on leukocyte cells, their migration and immuno-response phenomena is given.

2.2 Microfabrication process in the biomedical industry

Advances in micro fabrication and nanofabrication have influenced and characterised the 

technological evolution of the biomedical industry. These microtechnological advances 

have facilitated introduction of miniaturised devices for micro/nano scale observation 

and interaction. The primary advantages of miniaturising systems are; (i) increased 

resolution of the analysis results, (ii) reduced analysis times, (iii) smaller sample and 

reagent volumes, (iv) the opportunity to manufacture disposable analysis systems, and (v) 

increased manufacturing precision.

Microfabricated systems can be used to manipulate cells. This application area is 

very exciting because o f its potential to enable experiments that can answer fijndamental 

scientific questions. The published work in this area ranges from examining subcellular 

components, such as the cytoskeleton, cell biology on single cells, such as single-cell 

force sensors, to multicellular analysis, such as flow cytometry, see Table 2.1.

Clinical medicine represents one of the few areas where microsystems are routinely 

used. Other applications such as instruments with primarily medical purposes are less 

well established in clinical medicine, and their acceptance will continue to remain a 

challenge (Bell et ai, 1997; Mathieson et a i, 1994). Finally, micro fabricated biosensors 

are systems that convert a biological signal into an electrical one. Examples of biosensors 

include sensors for small molecules (oxygen, pH, glucose) and large molecules 

(inmunosensors) (DeSouza and Wise, 1994; Bergveld, 1996).
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Table 2.1 Micro fabricated devices with applications involving cells or cell b iology

Application Advantage Reference

Flow cytometry
Small size 

Small volumes

Blankenstein and Laursen, 1998 

Ford et a i ,  1999

Dielectrophoresis
Small size 

Single cell analysis

Zhonghui and Harrison, 1994 

Baldwin et a i ,  2002

Chemical/physical 

substrate patterning

Geometrical control 

Single cell analysis

Blawas and Reichter, 1998 

Chen eta/., 1997 

Curtis and Wilkinson, 1997

Cell mechanics
Single cell analysis 

Geometrical control

Kikuchi et al., 1994 

Carlson et a i ,  1997

Force measurements
Small size 

Single cell analysis

Ruoslahti, 1997 

Sheetz e ta l ,  1998 

Pelham and Wang, 1999

Among all those applications, one area o f particular interest is the characterisation of 

cells by whole cell systems. Applications o f whole cell systems generally fall into one of 

the following categories: cell-sorting systems (Ayliffe et ai,  1997), active cell 

characterization systems (Austin et a i,  1997), cell growth systems (den Braber et ai,  

1995), and microsystems for cell assays (Bousse et al,  1995)

Cell-sorting systems represent a new application area for micromachining 

technologies. One of the goals of the present study was to gain an understanding of 

whether or not cells could be sorted due to variations in the physical nature. Various 

prototype systems have been fabricated and undergone initial systems testing, but final 

cell-sorting systems capable of massively parallel operation are still under development. 

The applications of cell-sorting systems include cell-counting for determining red/white 

blood cell counts, cellular screening tests for disease and cancer detection, and cell 

aging/storage evaluation systems for monitoring storage of biomaterials.

Another new application field for micromachining technologies is the active cellular 

characterisation system. Active cellular characterisation systems have been developed to 

study the cellular processes within individual cells such as the variation on cellular 

properties due to environment changes (Ayliffe et a i,  1997).

Cellular assay systems are another interesting application field of micromachining 

technology. Miniaturised cell assay systems can be used to perform assays on individual
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cells or small groups o f cells using a precisely controlled environment (see Figure 2.1). 

The miniaturised systems for microscale assays can be either a complex system capable 

o f multiple steps in which cells are guided through various microchambers for mixing 

with reagents and other biochemicals such as inhibitors and activators or a simple passive 

system for cell characterisation and biochemical response analysis.

Cell chamber Chemotactant 
chamber

1.0 mm

Figure 2.1 W hole cell analysis system . The system includes a glass cover slip with a polymer channel 
defined on a glass substrate. The area A contains a  micro fabricated channel o f  few m icrons

2.3 Contact guidance and cell motion

Contact guidance has its first appearance in the invention o f tissue culture by Harrison 

who realised the potential value o f the technique. His experiments with cultured neural 

tissue (Harrison, 1910) led him to the conclusion of “stereotropic” nature o f the nerve 

fibre tip when interacting with a rigid support. After that, the stereotropic behaviour 

shown by different cell types was associated with the translocation o f  cells on rigid 

support.

In 1917 Loeb and Fleisher showed that the directed response o f  cells involved more 

than just a substrate availability. They concluded that cells tend to follow the “path o f 

least resistance” within the substrate and that this was a cellular, and not a mechanical 

response. In his study Weiss (1934) extended these conclusions and two decades after he 

introduced the term “contact guidance”. He first proposed the “principle o f  ultrastructural 

organisation” where he described the guided orientation of nerve fibre as purely physico-
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chemical problem” (Weiss, 1934). According to this findings in 1945 Weiss defined the 

principle idea of contact guidance, reported in his study o f fibroblast behaviour on a flat 

surface. Following that, the exact definition of contact guidance, given by Weiss (1958), 

as oriented response o f isolated cells to the shape o f  the substrate such that the 

predominant direction o f  locomotion coincides with the direction o f  least curvature o f  the 

substratum”. In fact, he reported that, if  a suspension of single fibroblasts cells is plated 

on a glass substrate ruled with fine parallel grooves, the cells rapidly become bipolar and 

elongated along the grooves, thus strongly indicating a directed locomotion. Weiss 

(1958) provided two alternative hypotheses for cell guidance in grooves. The first was 

that the cell contents were protruding the substrate margin o f the crossed grooves and the 

second is that the cells adhere more easily to the grooves than to the surrounding plane 

surface and therefore they oriented along the groove. This second hypothesis was 

founded on the principle that narrow linear areas of different adhesiveness can strongly 

influence the direcfion of cell movement (Carter, 1967). This selective adhesion idea, 

applied to the guidance by grooved surfaces, has been investigated in more recent times 

(Ohara and Buck, 1979; Trinkaus, 1984; Tan and Saltzman, 2002) and each study 

provided some explanation of why the shape of the grooves has some effect on the 

spreading and orientation of the cell.

Curtis and Varde (1964) examined the behaviour of fibroblasts on cylindrical 

surfaces (i.e. glass fibre bundles) compared with grooved surfaces and they proposed that 

the response to both substrates had a common mechanism involving the direct detection 

(sensing) of substrate shape by the cells.

Dunn and Heath (1976) confirmed the previous findings o f Curtis and Varde by 

performing experiments of seeding fibroblasts on grooved substrates and noticing cell 

orientation and bidirectional confined movement in the grooves.

Following these experimental results, Wilkinson et al. (1982) examined the guiding 

effects of three different topographies. In their study they introduced a bidirectional 

Neubauer grid and investigated the guidance o f leukocytes in order to quantify the 

amount of alignment induced by the grooves (see section 2.9).

Cell guidance was also investigated and quanfified in vivo by Wood and Thorogood 

(1984, and 1987) during teleost fin morphogenesis. These two pioneering works 

investigated the in vivo migration of embryonic cells along a highly ordered ECM of 

collageneous fibrils, acting as substrate guidance. Although the environment was 

extremely complex to reproduce, the results obtained were similar in guidance and



alignment to the previous in vitro studies. Based on their experience they suggested that 

different cell types could have different alignment response to topological environment. 

In another study they demonstrated that in vivo parallel grooves and ridges elicited an 

orientated response from cells.

Dunn and Brown (1986) extended the analysis of guidance on fibroblasts to over 

twenty-three different sets of parallel grooves. Combining the previous conclusions of 

Ohara and Buck (1979) and Dunn and Heath (1976), and calculating the axial cell 

elongation in the direction of the grooves and cell shape change, they concluded that cell 

shape and orientation was not driven by independent mechanisms when interacting with 

topography.

In 1986 Brunette (1986a) used a micromachining process to manufacture substrates 

with different topographical geometries. Using this new manufacturing process. Brunette 

was also able to investigate in vitro contact guidance of fibroblasts under SEM and TEM 

microscopy. The conclusions obtained by investigating fibroblasts on parallel-grooved 

substrates were in agreement with the general idea that fibroblast alignment was 

proportional to the groove dimensions and spacing. Brunette (1986b) also extended his 

previous findings to the experimental analysis of epithelial cells.

Different patterns were used and studied by Dow et al., (1987) to reproduce different 

in vitro cellular surrounding environments. They conducted a systematic analysis of the 

reaction of different cell types to simple cues to confirm the observations made by Lackie 

(1986) about a possible implication of the grooves geometry to cell locomotion (e.g. 

directional protrusion formation).

Clark et al. (1987, 1990, 1991) extended Dow et al. (1987) results to different 

topographical cues {i.e., simple step and later multiple grooved substrates). Initially they 

used a well known topography to compare neutrophils response to fibroblasts, and 

although in agreement with Dunn and Heath (1976) about the possible implication of cell 

internal structure to the topographical alignment, they found that topographical features 

reduced the probability of a cell making a protrusion and contact in a given direction. 

They also observed that neutrophils were able to overcome ridges and steps that 

fibroblasts were not, and concluded that this dynamic response was caused by the fact 

that neutrophils do not form strong focal adhesions (Lackie, 1986) or exert significant 

traction (Wilkinson et a l, 1982).

In 1990 Clark et al. investigated three different cell types under multiple grooves. 

The cell types were baby hamster kidney cells (BHK), madin darby canine kidney
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(MDCK) cells and cultured chick embryo cerebral neurons. They proved that repeat 

spacing had an inversely proportional effect on cell alignment and they also found groove 

depth regulating the cell alignment process. This conclusion was explanatory of the 

findings of Brunette (1986a,b) where grooves exerted a “trapping” effect on cell 

guidance as schematically reproduced in Figure 2.2.

Figure 2.2 Contact guidance dependency on groove depth and cross-section. Schematic example 
o f {left) cell on V shape cross-section (based on Brunette, 1986a,b); {middle) cell on narrow and 
deep groove (M eylee/a/., 1995); (right) cell on shallow groove (Clark era /., 1987, 1990, 1991)

This trapping effect created by groove depth was directing the cell response (like a binary 

rail). On the contrary, increasing channel width induced an opposite response on cells. As 

a result of those experimental evidences, Clark et at. (1987, 1990) formulated a 

mathematical expression that linearly correlated cell alignment as a function of groove 

depth and width (described in section 2.5). In this work it was also found that shallow 

grooves were less effective in orienting the three cell types under investigation.

Clark et a i, (1987) observed that many cells can easily overcome a single 

topographical feature where multiple cues appear to stimulate a stronger cell response. 

Interestingly they also found that this phenomenon was more prominent with a higher 

cell population density. In a further study an ultrafine structure was used to investigate 

the morphological response of cells (Clark et a i, 1991). In this study BHK, MDCK and 

chick embryo cells responded to this fine structure opening many questions about cell- 

substrate responses in conjunction with different cell types. Subsequently, Meyle et al. 

(1993) used micron and sub-micron structures to study the influence of the 

micromorphology of substrates and the contact response {i.e., biochemical) between 

fibroblasts and implanted biomaterials. They showed that the influence of fibroblast 

anchorage to the implant lead to an extended area of focal adhesion.

Another interesting study was undertaken by Nagata et al. (1993) where neuroblasts 

were aligned perpendicularly to shallow microstructures. This experimental result
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supported the theory of Clark et al. (1990) about the dependence o f cell alignment on 

groove depths. Extending the experimental conclusions of Nagata et al. to fibroblasts, 

Oakley and Brunette (1993) analysed the morphological internal response of these cells 

when aligning to grooved substrate. Fibroblast focal contact formation and alignment 

were investigated by SEM step-by-step analysis in order to derive the process evolution 

at the base of cell contact guidance.

In 1994 Rovensky and Samoilov, using the same in vitro model as Curtis and Varde 

(1976), analysed the morphogenetic interaction of transformed fibroblasts and 

epitheliocytes. They analysed the interaction at the adhering level and quantified the 

amount of change in cell shape related to the geometrical features of the grooves.

Chou et al. (1995) had taken the previous work of Oakley and Brunette (1993) and 

extended to the gene expression, to understand the regulatory factors that induce cell 

organisation and change in shape. In light of that, Meyle et al. (1995) investigated the 

response of gingival keratinocytes to substrate topography and compared it with 

epithelial cells. The diverse response in contact guidance was attributed to the nature of 

the cell types used. This difference was also expressed in terms of different integrin 

receptors that bind cells to the ECM.

A quantitative analysis of the morphological response of fibroblasts to implanted 

biomaterials was conducted by den Braber et al. (1996a,b) to demonstrate the importance 

of ridge dimensions in cell rearrangement when subjected to topography. Channel width 

and depth were progressively changed to identify which factor concurred with the 

dimensional changes of fibroblasts. This experimental procedure also defined a set of 

useful parameters {i.e., circularity index) to identify the dimensional change such as 

width and ridge height.

Brunette and Chehroudi (1999) compared, with the same experimental setup, the in 

vitro and in vivo responses of implanted fibroblasts to surface topography. This 

investigation was also correlated to his previous works where the comparison of different 

microfabrication processes was found to introduce major differences. The same year, Ito 

(1999) reported the effect of surface charge to cell experimental response on 

microtextured substrate. From his review it emerged that, by immobilising biomolecules 

on the surface o f the substrate, it was possible to control cell fianctions such as growth, 

differentiation and apoptosis.

The combinatorial effect of various chemicals applied to micropatterned substrate was 

found to increase the migration of human neutrophils along the direction o f the pattern by
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using the different adhesive property of two materials. In fact. Tan and Saltzman (2002), 

manufactured polymer walls on top of a glass substrate with varied ridge heights and 

spacing to quantify the loss in motility caused by those geometrical features. In 

conjunction they carried out a similar study using a coated substrate with a homogeneous 

layer of Au-Pd. From the quantitative analysis they proved that ridges constrained cell 

motion to an anisotropical bidirectional motion and chemical surface treatment was 

found to not affect the control guidance of cells.

Cell response to nanoscale topography was shown by Dalby et al. (2002) where the 

morphological response of endothelial cells to different nanometric island height patterns 

was observed and analysed. One of the main conclusions of this study was that cell 

response complied more with the nanopattems than with the simple flat substrate.

2.4 Manufacturing process and materials in contact guidance 

investigations

Since the beginning of these investigations, glass has been widely applied as a substrate 

for cell culture and analysis for any kind of experimental research. Polymers have also 

been widely used because of the high degree o f substrate characterisation achievable. In 

addition, titanium, silicon and different oxides have been microfabricated to enhance the 

knowledge on cell interaction on artificial materials. Therefore a precise control of the 

micro fabrication process can lead to an accurate characterisation of the biocompatible 

substrate, (see Appendix section 3.12). An extended summary of the microfabrication 

processes and substrates used for contact guidance and cellular engineering 

investigations is reported in Table 2.2.

Glass substrate: In the 60’s cell investigations were only studied on adhesion and cell 

motility on simple cylindrical glass substrate or culture dishes (Curtis and Varde, 1964; 

Carter, 1967). After that, Gail and Boone (1972) measured fibroblast adhesion on coated 

glass substrates (Pyrex) with cellulose acetate sterilised by ultraviolet irradiation.
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Table 2.2 Microfabrication processes and materials employed in topographical control o f cell contact guidance and locomotion

Material Laser
Ablation Microlithography Micro 

fabrication “ References
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Titanium V V V V Brunette e t a l., 1986
Gold V V V V Curtis and Wilkinson, 1997*’

Silicon Dioxide V V Clark et a/., 1987*’
Silicon Nitride V V Breckenridge e t a l., 1995
Q uartz Glass V V < Wood, 1988

Soda lime Glass M V V Clark et a l., 1990
Borosilicate Glass V V Zonghui and Harrison, 1994
Different polymers V V V V V Kapur et a/., 1999^

Silicones V V V den Braber et al., 1996 ^
PMMA V V V Clark e? a/., 1991’’
PDMS V V den Braber e t al., 1996a,b

PLA-PEG V V V Ito, 1999
PS V V V Dalton, 2001, Dalby et al., 2002

Epoxy V V V Cheroudi e t a i ,  1997'’
Nylon V V V Curtis and Seehar, 1978

Cellulose Acetate V V V Curtis and Varde, 1964*’
Polyimide V V Breckenridge et  al., 1995

Fibrin c lo ts ' Weiss, 1934, Moghe e? a /., 1995
3D Collagen gels‘ Guido and Tranquillo, 1993

Acrilate V V V Meyle et al., 1993

C Microfabrications are only subdivided in main families. Fundamental or suggested paper from many works present in the field in 
literature;'  Material used as 2D or 3D extra-cellular-matrix therefore do not need any microfabrication)



Dunn and Heath (1976) used glass fibre cylinders arranged in a close parallel array over a 

10 mm diameter hole. Measurements of adhesion of a single cell on a glass coverslip 

were taken, and fibres were held in position using silicon vacuum grease and then 

sterilised. Furthermore, they also investigated the response of fibroblasts on top of 

pohshed silica prisms (10 x 10 x 1 mm with different step inclinations).

For the first time in 1982, Wilkinson et al. compared neutrophils locomotion on 

plane surface and Neubauer counting chamber, this being a glass chamber with grooves 

of 2 |im wide and 2 |J,m depth engraved with a diamond tip. This chamber is particularly 

interesting because it is completely transparent and has a low optical aberration.

Dunn and Brown (1986), Nagata et al. (1993), and Rajnicek and McCaig (1997) 

microfabricated grooves, using a lithographic e-beam lithographical process and reactive 

ion etching to pattern the substrate surfaces. The substrate used in this case was a quartz 

substrate and grooves were obtained by removing material from the bulk material.

Microscope glass slides (silicate glass) with single lines for microcirculation analysis 

were also micropattemed by wet etching using a buffered solution of hydrofluoric acid 

by Cokelet et al., (1993).

Quartz cylindrical fibres of 50 |im diameter were micropatterned by Rovensky and 

Samoilov (1994) using different fibre curvature to measure the alignment response of 

fibroblast and epitheliocytes.

Polymer substrate: The first approach to topographical control of cells was reported by 

Ohara and Buck (1979), where, through an ultramicrotome fitted with a sharply edged 

tungsten needle, they microfabricated a chrome-plated brass substrate with parallel 

grooves (with spacing between 5 to 30 p.m) and then transferred the pattern by moulding 

on top of a polyethylene (PE) dish. The negative replicas were used to make positive 

replicas on a thin layer of Epon polymer that was then sterilised and used for cell 

investigation.

In the late 80’s, a new photolithographic process, called e-beam lithography, was 

adopted to achieve a higher quality substrate pattern (Clark et al., 1987, 1990). Grooved 

structures were made in cell culture plastic using photolithographic and dry etching 

techniques. Initially, the plastic was coated with a thin layer o f aluminium, under 

vacuum, and then it was etched with reactive ion etching. The patterns were then 

transferred to the plastic underneath through casting or moulding.
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Microfabrication of different materials with the photolithography technique was used by 

Dow et al. (1987). Poly-methyl-methacrylate (PMMA), titanium, silicon nitride, silica, 

glass and sapphire were micropattemed with different patterns either by etching the bulk 

material or by deposition of material. Each one of these materials was “selectively” 

(Appendix, section 3.12 gives an explanation of the basic microlithography process) 

etched in order to maximise the performance of the substrate {i.e., lattice angle for metal 

materials, controlled temperature for polymers, etch rate for glass).

Meyle et al. (1993) used a silicon wafer as a substrate to create a grid of 1 |xm 

spacing. The negative pattern was then textured either on the surface of dental impression 

material {i.e., Permagum®) or by casting o f the mask on top of an araldite substrate to 

study the degree of compatibility of artificial substrate.

Green et al. (1994) moulded silicone (Silastic®) with the help of a negative mask. 

Then, a comparison with Thermanox® (cell culture flask material) was also made to 

investigate the cell culture response to these fine microtextured substrates.

Poly-dimethyl-siloxane (PDMS) was moulded with a silicon dioxide negative mask 

to pattern fine grooves and ridges for the analysis of fibroblast motion (den Braber et al., 

1996b).

Ford et al. (1999), micromachined PMMA using X-ray lithography for chemical and 

genetic applications analysis. They used this technique because is particularly suitable for 

microfabrication that requires nanometre resolution.

Kapur et al. (1999) used ion etching to create patterns on a silicon wafer. The 

patterns were transferred from a silicon cast to a low-density polyethylene (PE), poly- 

lactic-acid (PLA), polystyrene (PS), poly-dimethylsiloxane (PDMS), and a variety of 

other polymers by solvent casting or injection molding techniques.

Ito (1999) addressed a review on all the possible techniques to control cell functions 

by specific micropattern for macromolecule implantation. Different micropatterning 

techniques were described on different polymers. For instance Silane and poly-ethylene- 

terephtalate (PET) were micropattemed with conventional lithography and then etched 

with oxygen plasma. The surface was then selectively activated with ion-implantation. 

Different microfabrication techniques were used to activate and coat polymers with 

biological molecules {i.e., polysaccharides). For this purpose poly-lactide-poly(ethylene- 

glycol) (PLA-PEG) were used to implanted ligands or biomolecules. Hydrolysed
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PMMA, cured with plasma etching to improve the hydrophilicity o f the surface, was 

used in conjunction with epidermal growth factor (EGF) to enhance cell growth.

Using their experience in microfabrication processes, Lo et al. (2000) developed 

what has been called “durotaxis”, mechanical response of cells to different gradient of 

substrate stiffness. Poly-acrylamide substrates were manufactured at different levels of 

rigidity using the different polymerisation cross-linking of the polymer with temperature.

Dalby et al. (2002) used nanotopography as a manufacturing process for their 

substrate to investigate endothelial cell response in vitro. Following Affrossman et al. 

(1996) previous work in micro/nano fabrication, Dalby et al. (2002) used the 

spontaneous separation property of two different polymers {i.e., polystyrene, PS; and 

poly-4-bromostyrene, PBrS) when spin casted onto silicon wafer. By controlling the 

polymer concentrations and proportions they were able to create different controlled 

topography {i.e., pits, islands or ribbons).

Other substrates: High quality photomask was used to reproduce parallel lines onto 

silicon wafer (Brunette, 1986a,b; Oakley and Brunette, 1993; Chou et a l ,  1995). A thin 

layer of silicon oxide was grown on silicon wafers, which was, then patterned with 

photoresist. Once the oxide was removed a thin titanium layer (50 nm) was sputtered on 

the top of the surface to facilitate cell adhesion and motile response.

Topographical patterns were also micro fabricated by Tan and Saltzman (2002) using 

conventional photolithographic techniques. At the basis of their combined materials 

substrate they microfabricated parallel ridges, and grooves by spinning photosensitive 

polyimide on glass substrate. The surfaces were then coated with a thin layer of Au-Pd 

and Titanium to create a more uniform environment for cell investigation.

2.5 Different cell responses to microfabricated topography

Neurocytes: Harrison (1910) reported the first investigation o f neural cell response in 

relation to the surrounding environment. Following that study, a rising interest has been 

shown regarding the morphological response of different cell types to flat and grooved 

substrate. Another aspect that has been investigated under physical constraint 

(micropattern surface) is the protruding growth cones of neurite cells (Krayanek and 

Goldberg, 1981; Nagata et al., 1993; Rajnicek and McCaig, 1997). In particular Nagata 

et al. (1993) observed a frequent perpendicular alignment of the neurite cells to the
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direction of the microgrooves. Their conclusion was that microgrooved patterns were 

roughly mimicking the aligned in vivo structure o f neurite bundles.

Fibroblasts: Fibroblast behaviour on flat surface was firstly reported by Weiss (1934). 

Since then, fibroblasts have played an important role in orientation and alignment 

research studies. It has been found that these large cells bridge over grooves and align 

along ridges between grooves (Ohara and Buck, 1979). In particular, one group o f 

fibroblasts has been widely investigated: fibroblasts from the heart. The importance o f 

this research in preventing heart disease can justify  the numbers o f different approaches 

taken to explain the nature o f the phenomena. Cell-cell adhesivity (Gail & Boone, 1972), 

cell-substrata adhesion (Dunn & Heath, 1976), alignment (Dunn & Brown, 1986), 

diffusion o f cells (Oster et a l ,  1983), and movement (Abercrombie, 1980) have been all 

investigated.

Quantitative measurement o f  fibroblast cell alignment was measured by Dunn and 

Brown (1986). They found a biological imphcation in response to the surface grooves 

and determined the axial elongation o f cells. They defined this elongation as an 

independent cellular mechanism involved in cell alignment.

Topography, adhesiveness and surface chemistry have been found to modulate 

different cell behaviour in vivo and in vitro (Dow et a i ,  1987; Ito, 1999; Tan and 

Saltzman, 2002). The systematic characterisation and comparison o f different cell types 

(i.e., BHK, MDCK, chick embryo, fibroblasts, and neutrophils) to simple patterns was 

one of the goals of those studies.

Clark et al. (1990, 1991) examined cell orientation in quantitative terms suggesting 

an equation that described the regression analysis o f  alignment against groove depth and 

grating pitch yielded the following equation;

ALIGNMENT= 0.428 DEPTH + 0.0177 PITCH + 0.273 (R^=0.959) eqn. 2.1

A stochastic model by Dunn and Zicha (1995) simulated the migrating locomotion 

behaviour of retraction and protrusion o f chick heart fibroblast to observe the changes in 

area and the relative mass spreading. A correlation has been suggested as an automatic 

mechanism that adjusts spreading in relation to the mass o f the cell and controls the rate 

of protrusion to compensate for the rapid spontaneous retraction. Moreover, a 

morphological study by Chou et al. (1995) on fibroblast cell changes proved that the
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surface topography was a stimulating factor inducing the secretion and assembly of 

mRNA.

Quantitative analysis o f fibroblast morphological cell shape changes, carried out by 

den Braber et al. (1996b), showed that the initial cell size affected the orientation o f  the 

cell along the pattern as a function o f w idth and depth o f the groove.

Epithelial cells from the kidney cortex were compared with fibroblasts on a parallel 

grooved substrate (Ohara and Buck, 1979). The importance o f cell focal contacts was

shown along the orientation o f the two cells to the surface.

Brunette (1986 a,b) studied the orientation net o f epithelial and fibroblast cells using 

TEM and SEM analysis by describing the different aspect o f cell motility in comparison

to fibroblast mechanism when acting on a modified surface.

Leukocytes: Wilkinson et al. (1982) investigated alignment of neutrophil leukocytes in 

different environment conditions and found that leukocytes show contact guidance in 

many different areas o f the substrate. Those results where recently confirmed by Tan and 

Saltzman (2002) by using different biomaterials and topographical geometry. In the same 

year that Wilkinson et al. (1982) worked on neutrophils, Haston et al. (1982) investigated 

the locomotion of lymphocytes on a two-dimensional surface by describing the cell 

migration as a poorly adhesive contact, and therefore faster than fibroblasts. Clark et al. 

(1987) confirmed these findings by a comparative investigation o f polymorphonuclear 

neutrophils versus fibroblasts

Tan et al. (2001) investigated the physicochemical properties of PMN on a set of 

regular arrays o f micrometer scale holes. By varying width and spacing o f the holes they 

measured the extent o f adhesion of neutrophils when subjected to radial flow detachment. 

In their results the measurement o f the random motility factor o f neutrophils was shown 

to be correlated to the substrate materials and the pattern size. In fact by comparing 

different substrates and topographies they found that glass substrate and a pattern o f 10 

|im  in width were the optimal solution for PMN cell motility.

Mesenchymal cells: Wood and Thorogood (1984, 1987) undertook extensive work on 

teleost fin morphogenesis and found that mesenchymal cells migrating from the fin bud 

became contact aligned by the matrix o f  collageneous fibrils during the fin invasion. 

They had also compared the in vivo response to the microtextured induced in vitro 

alignment and found that the cells showed a similar migrating behaviour.

21



Table 2.3 summarises the cells that have been shown to react to topography.

Table 2.3 Different cell types studied on topographical geometry

Cell type References

Endothelial ” Dalby et al. , 2002

Epitenia Clark e/£//., 1987; Brunette, 1986b

Epithelial Chehroudi e t a i ,  1988; Clark e? a/., 1990

Fibroblast “ Abercrom bie and Gitlin, 1965; Clark et al. 1990

Chick heart “ Dunn and Zicha, 1995; Dembo and Wang, 1999

Human gingival Bm nette, 1986a; Oakley and Brunette, 1993

Keratocyte Meyle et al., 1995; Burton et al., 1999

Leukocyte W ilkinson e/* a/., 1982; Tan e? a/., 2001

Lymphocyte Haston et a l . , 1982

Macrophage W ojciak-Stothard et al., 1996

Mcsenchyme W ood and Thorogood, 1984, 1987; Wood, 1988

Monocyte Meyle et al., 1995; Kapur e /a /., 1999

Neuron Weiss, 1945; Rajnieck and McCaig, 1997

Neutrophil Wilkinson e t al., 1982; Tan and Saltzman, 2002

Osteoblast Perizzolo et al., 1999

Osteocyte Vesely et al., 1992

Oligodendrocyte W ebb e /a / . ,  1995

Smooth muscle ceil Guido and Tranquillo, 1993

Tumour cell Curtis, et al., 1995; Horino et al., 2001

(“ paper selected among the several publications available)

2.6 Topographical patterns used in cell investigation

Many parameters are involved in the geometric description of a grooved surface. Thus, it 

is very difficult to attempt a coherent analysis to determine trends about which geometric 

properties induce particular cell responses. A classification o f all phenom ena involved in 

the cell-substrata interaction can be done in terms of the types o f topography on which 

reactions occur and in terms of the effect on the cell. Only a few studies have quantitative 

analysis and data derived from the direct cell investigation. A list o f the topographies that 

have been studied and some references are shown in Table 2.4.
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Table 2.4 Topographical cues investigated and combined references

Pattern type References

Cylindrical fibres Dunn and Heath, 1976; Rovensky and Samoilov, 1994

Converging/diverging cliffs Clarke? al., 1987

Dots Dow et al., 1987; Tan e /a /., 2001

Fibres Weiss, 1934,1945; Wood and Thorogood, 1984, 1987

Grooves/ridges ^ Clark et al., 1990; Meyle et al., 1995

V section Brunette, 1986a,b

Rectangular section ^ many reports, e.g. Clark et al., 1990;

Multiple grooves “ Clark et al., 1990; Rajnicek and McCaig, 1997

Branching Temaux etal., 1992

Discontinuous ridges Brunette etal. 1986a

Spiral grooves Dow et al., 1987

Hills Dow et al.,\9%l

Random roughness Tan and Saltzman, 2002; Dalby et al., 2002

Single cliffs C h rk e ta l., 1987

Spikes Dow et al., 1987; Rovensky and Samoilov 1994

C paper selected among the several publications available)

2.7 Influence of micropattern geometry to cell orientation

Many studies have demonstrated that cell orientation is guided by pattern geometrical 

features. The main result that has been intensively debated and criticised is that the 

parameters controlling the topographical effect are dependent on the type of cells 

examined. For instance shallow grooves were found not to have any influence on 

fibroblasts, while they were affecting neutrophil response (Clark et a l ,  1990).

The dynamic response of fibroblasts to the curvature of cylindrical glass fibres in the 

study of Curtis and Varde (1967) showed that cells migrated and oriented along the axis 

of 5 |im to 15 |lm radius and exhibited dynamic orientation till up to 100 |im radii. To 

confirm their findings they also used silica prisms with angle ridges of 16° and 32°. On 

the prism substrates, fibroblasts stretched along the direction of the ridges although silica 

induced a different cell adhesion response than glass.
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Ohara and Buck (1979) introduced a parallel grooves surface with spacing between 5 - 

30 |J.m to measure cell alignment. To quantify the degree o f alignment o f cells, they 

subdivided the topographical geometries in three classes: fine ( 2 - 8  |im), medium (9 -  

18 |Lim) and coarse (> 19 |j,m). From the statistical results shown they found that 70% of  

the cells were aligned along the fine pattern, 75% along the medium and 60% along the 

coarse. This was an interesting result in terms o f alignment and even more interesting 

when correlated to the fact that fibroblasts and epithelial cells were bridging over the 

grooves without contacting their surface, even when grooves were only 10 )im wide.

From a wider perspective, Dunn and Brown (1986) studied cell shape and alignment 

of cultured fibroblasts on 23 different sets o f regular parallel grooved substrates, which 

ranged from 1.65 |im to 8.96 |0,m in width and repeated spacing from 3.0 |im to 32.0 |im 

with constant depth of 0.69 |lm. Ridge width was found to be the main parameter 

affecting cell alignment. In fact, alignment was found to be inversely proportional to 

ridge width. These findings, in conjunction with the Ohara and Buck (1979) study started 

a discussion on which patterning features were important for alignment; for instance 

whether or not a narrow channel (< 10 |im) would align more cells than a medium one (> 

15 |j.m). Therefore, Dunn and Brown (1986) introduced width o f ridges as a critical factor 

for cell alignment. Moreover all the differences observed in cell shape between the 

different grooves were summarised to a very good approximation, as simple geometrical 

stretch transformations o f the shapes o f cells on planar surfaces.

Different results and considerations were introduced by Brunette’s papers (1986a,b) 

where he examined the response o f fibroblasts to different width and spacing grids. 

Silicon wafers were manufactured with a vertical angle o f 54.7° to form a truncated V 

shape. The grooves were 5 |im wide with a ranging depth of 0.5 - 60 |im and spacing 

distance o f 4.9, 6.6, 8.3, and 80 |im. He concluded that shallow grooves were less 

effective than the deeper grooves in directing fibroblast cells. In a fiirther study. Brunette 

(1986b) studied the alignment o f epithelial cells in grooved titanium-coated substrates 

with a ranging width of 24 - 68 |J.m and depth from 3 |0,m to 5 |im. Contrary to the 

findings o f his previous work with fibroblasts, he found that epithelial cells aligned to 

shallow grooves. To quantify the amount o f alignment he calculated the ratio between 

clusters of cells longest segment oriented in the direction o f the groove and the width at 

right angles to the groove. When this index was equal to 1 there was no indication of 

alignment, for values greater than 1 the cluster was aligned. His results clearly showed
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patterns of alignment in every single grooved substrate he investigated (01 > 1.6 on 

average). These findings might have been induced either by the geometry of the grooves 

or by the cluster dragging of cells toward the least resistance configuration.

Clark et al. (1987) used steps with height of 1.5 |im, 5 |im and 10 |im to investigate 

fibroblasts and neutrophils. Under those steps, they found that fibroblasts have a 

reduction in response proportional to the single step height whereas neutrophils were 

unaffected up to 5 [im height. In conjunction with these observations, convexity or 

concavity of the vertical walls was found to have a role on the guidance of both cells 

(marginally for neutrophils). These results were in agreement with Dunn and Heath 

(1976) who found that cylindrical angles greater than 17° affected the fibroblasts cell 

crossing. The reason of this impediment was attributed to the limited flexibility of 

fibroblast cytoskeleton where it was not the case for neutrophils, smaller in size and more 

flexible.

To ftirther establish the findings of their 1987 study, Clark et al. (1990) used 

multiple steps parallel grooves of increasing depth (0.2, 0.56, 1.10 and 1.90 fim) to 

quantify the effect of the topography on two fibroblasts {i.e., BHK and MDCK) and 

polymorphonuclear neutrophils (PMN). The main findings were that those cells showed a 

completely different response to the same substrate. For MDCK cells the response to 

these patterns was dependent on whether or not the cells were isolated or part of a 

colony. This points out that cell-cell interaction might have an effect on guidance and 

therefore on motion. In particular it was found that groove depth was acting as a 

constraint for cell adhesion and therefore on the expression of cell alignment, as shown in 

Figure 2.3 for instance for BHK cells. By quantifying cell alignment Clark et al. (1990) 

also measured the long axis angle of fibroblast cells inside a range of 0 - 10° along the 

principal groove directional cues (high orientation). Undoubtedly this method was not 

applicable for neutrophils where the alignment angle was ranging between 0 and 90° and 

therefore cell population was not aligned towards the direction of the grooves.

It might be concluded from the results of Clark et al. (1990) that, in Brunette’s work 

the grooved channels used were too deep causing cell trapping. This consideration 

reinforced Clark et a l’s discussion about the fact that two main geometrical parameters 

were contributing to cell alignment; groove depth and spacing.
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Figure 2.3 BHK cells over different topography (SEM pictures). Cell response over flat substrate (left), 6 
|im pitch, 0.3 |i.m depth (middle), and 6fim pitch, 2 (im depth grooves (right). Note the dimension of BHK 
cells in comparison with the grooves and the strong adhesion to the surfaces. (Clark et a i ,  1990)

Dow et al. (1987) considered several microtopographical geometries like steps, grooves, 

spirals and pillars. They investigated the cell response o f BHK and some embryonic 

fibroblast cells (CHF and CH) and neutrophils (PMN) by varying ridge width, groove 

width, groove depth, groove profile, choice of substrates and uniformity of substrate. The 

simplest pattern was a step of 5 |xm in height. After that, grids with different gratings (4 - 

24 |im range), constant pitch (6 jim) and depth (< 2 |im) were manufactured to examine 

the alignment and crossing of chick heart fibroblast. They demonstrated that, for depth 

greater than 0.7 )im, grooves were capable o f producing cell alignment, agreeing with 

Dunn and Brown (1986). Spirals and pillars (max. width = 10 [im, and depth = 3 [im) 

induced an alignment along the pattern direction to minimise cell cytoskeleton 

distortions.

In a further study Clark et al. (1991) studied fibroblast, epithelial and neuronal cell 

behaviour on ultrafine structures and grids with 130 nm width and spacing of 130 nm 

with various depths (100, 210, and 400 nm). There, while all gratings induced the 

alignment of fibroblast cells, the degree of alignment depended on the groove depth. 

Epithelial cells aligned and elongated along the gratings and the elongation was found to 

be depth dependent. Finally, neurones remained mainly unaffected by the grating 

surfaces. In this case cell concentration was kept low to avoid any “cluster dragging” 

phenomenon.

The main argued point in den Braber et al. (1996a) was that, on deeper and narrower 

grooves, cells were bridging from ridge to ridge so that the cells were effectively reacting 

only to the ridges features. Their critique was in agreement with Clark et al. (1990, 1991) 

studies.
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Exceptions were made for neuroblasts and neutrophils that showed a perpendicular 

alignment to the direction of grooves for different pattern depths (0.3 - 0.8 |im) and width 

of 1 )0.m. These cells showed a completely different response to topography than any 

other cells examined before (Nagata et a i, 1993). Another interesting work on 

keratinocytes, monocytes, macrophages and neutrophils on a substrate of 1.2 |j,m depth 

and 0.9 |im pitch was done by Meyle et al. (1995). This study followed the same 

substrate features used by Nagata et al. (1993). From the results presented it was found 

that the same microtextured structure was addressing different morphological changes 

and alignment. In this study it was shown that the dynamic response to alignment 

induced a stiffening effect on the cytoskeleton at a different time scale. Interestingly 

while this change was prominent for fibroblasts and keratinocytes it was not for 

monocytes, macrophages and neutrophils where their flexible cytoskeleton and low 

contact adhesion did not show any kind o f surface alignment. A possible explanation to 

such a low interaction to the microgrooved substrate can be found on the dimension of 

the grooves analysed, on the flexible ability of the cytoskeleton to extend and cross vast 

area of the substrate geometrical cues.

2.8 Experimental methods for cell investigation

Projection technique: Filming techniques have been used since the mid seventies with a 

radical improvement when computerised systems and digital image analysis became 

available. In the beginning a simple projection to a screen o f a phase contrast microscope 

image was used for cell tracking and observation (Gail and Boone, 1970). Forty motile 

cells were tracked for a total time of 2.5 hours. The process resulted in, by present day 

standard, low quality images and also suffered from the calibrations required to display 

the images.

A different technique was used by Ohara and Buck (1979), McCartney and Buck 

(1981) and Wilkinson et al. (1982) to evaluate cell alignment in grooves. They projected 

the image of the sample onto paper and then the direction of the long axis of each cell 

was marked. With the aid of a protractor the marks representing the cells were grouped 

into “orientated” and “not orientated”. Orientated were those between 0° and 45° from 

the direction of the groove; deviating marks were between 45°and 90°.
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Filming technique: On the other hand, where recording was required a movie camera 

was used to film the evolution o f the process (Harris, 1973). Wilkinson et al. (1982) and 

Wood and Thorogood (1984) observed and recorded the cell migration with a time-lapse 

video system directly linked to the microscope. Cell recording time was reduced to 

around 1 5 - 2 0  minutes similarly. Dunn and Heath (1976) measured an average o f 30 

cells with a microscope and filmed the experim ents using time-lapse cinemicrography to 

obtain sample images every 10 - 30 s.

Lymphocyte cells were filmed using a  phase-contrast inverted microscope with an 

attached camera by Haston et al. (1982). Subsequently, the films were analysed with a 

stop-action cine-projector that projected the film onto a drawing paper. Using this setting 

they tracked lymphocytes every 8 seconds for a total test time o f 2 minutes. Shields et al. 

(1985) used the same system described for Haston et al. (1982) to film between 20 - 30 

neutrophils for a total time o f 30 minutes. Films were projected onto drawing paper and 

cells were outlined every 40 seconds. Cell centre was marked and the cell midpoints were 

joined to give a cell track.

In the study by Dunn and Brown (1986) an average o f 80 cells were imaged (24 

hours) using two different systems: a microscope provided with a contrast expansion 

camera and a video camera system aided with capture software. The results obtained with 

these two techniques were averaged to reduce noise and to have the right correspondence 

between original image and digitized image. With this software-acquisition-system it was 

possible to simplify the entire alignment measurement.

The first semi-automatic tracking system was introduced and used by Dow et al. 

(1987). Two types o f measurement were central for their study; static and dynamic 

measurements. Static measurements required mainly photographic techniques to measure 

cell spreading area, orientation and elongation. For the dynamic measurement, post

analysis o f videotape was required. Both these measurement techniques were automated. 

A comparison between an automated (interval time 30 seconds, test length 30 minutes) 

and a manual system (interval 12 seconds, test length 30 minutes) was the idea o f  Dow et 

al. in which they pointed out that for short sampling time (approx 12 seconds) anomalous 

measurement speed could generate inconsistent results.

Clark et al. (1987) used a time-lapse-video system inverted microscope linked to a 

CCTV camera to record cell movement. Cells encountering a step or ridge were filmed 

and their migration was treated along or across the pattern feature. W here for fibroblast it 

was necessary to have a continuous recording o f cell motion for 20 -  22, hours for
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neutrophils it was only necessary for less than 2 hours. After that a statistical comparison 

between individual data groups was made by calculating the % (test of goodness of fit).

Parkhurst and Saltzman (1992) used a computer-based image analysis system to 

monitor human neutrophil movements. Digitised pictures were collected every 1.5 

minutes for a total time of 12 minutes. To facilitate cell tracking during the process an 

overhead transparency was also used to follow, roughly, the overall cell motion. Then 

using the sketched transparency as a guide, the position of each digitised cell was 

accurately determined by outlining the cell boundary and calculating its centroid. Thus, it 

was possible to trace the cell motion on the substrate examined. Using the same 

technique and equipment, Parkhurst and Saltzman (1994) analysed and tracked the cell 

locomotion of neutrophils, and seminal leukocytes for a total time of 13.5 minutes at 1.5 

minutes and monocytes and lymphocytes for 33 minutes at 3 minutes time interval.

Since 1992 computerised and automatic tracking systems were developed and tested 

for different purposes and Guido and Tranquillo (1993) used a second-generation 

computer to process results and carried out more accurate measurement than in previous 

studies.

Cell motion was quantified by Chettibi et al. (1994) using a fully automated tracking 

system. The system was programmed to track 80 cells in a rank order and cell selection 

was based on finding islands of different grey contrast (above a fixed brightness 

threshold). The centroid of each cell tracked was displayed and followed for a time of 2 

minutes at 5 (and then 10) seconds sampling interval. They experienced several 

inconveniences, during the cell tracking, and therefore a manual tracking had to be 

implemented to complete the motility measurements.

On the contrary, Tan and Saltzman (2002) using a fully automated tracking system 

integrated with an inverted light microscope system, monitored more than 50 neutrophil 

cells for a short sampling time o f 90 seconds and maximum test length of 15 minutes. 

Although the automated system they used was suitable for large cell population tracking, 

the problem of cell tracking loss or poor contrast definition was still present and 

contributed to uncertainty in cell tracking.

Other techniques: Brunette (1986a,b) used intensive light microscopy, time lapse 

technique, scanning electron microscopy (SEM), and transmission electron microscopy 

(TEM) to examine either a single cell or a group of cells slowly directing along 

microfabricated surfaces (measured interval of 10, 20, 40, 60, 90, 120, 240 minutes). A
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quantitative function was also used to evaluate the polarisation of cells along the grooves 

in terms of ellipse axes ratio (by the best-fit of the cell shape to an ellipse and by 

measuring the major and minor axis). Another factor measured and computed was the 

ratio between area and perimeter to evaluate the extent of polarisation. Brunette (1986b) 

also carried out a time-lapse study (with a sampling time of 30 minutes for 8 hours) to 

follow fibroblast motility behaviour over grooved titanium and epon surfaces to quantify 

the amount of cell polarisation.

To visualize the morphological changes in the cell cytoskeleton on flat substrata, 

Rovensky and Samoilov (1994) stained the cells with fluorescence staining. Then, using 

fluorescence microscopy, they could analyse cell behaviour. They also conducted a 

quantitative analysis on cell elongation and orientation using an SEM technique to 

highlight cell outlines and edge on cylindrical substrata. In addition to these quantitative 

measurements Chou et al. (1995) used electron and confocal scanning laser microscopy 

(CSLM) on cells cultured in grooved surfaces. Furthermore, Britland et al. (1996) have 

demonstrated that interference reflection microscopy (IRM) reveals focal contact on 

relatively wide grooves/ridges denoting a consequent induction of motion by the surface.

2.9 Quantitative modelling for cell locomotion

Mathematical models for ceil motility have been developed to provide quantitative 

information of the motile process. Already in 1957 Abercrombie et al. suggested the 

necessity of a quantitative analysis of the locomotory behaviour of cells. He pioneered 

the studies on the motility behaviour of chick heart fibroblasts by defining the simple 

velocity as an estimate of the distance travelled in a given unit of time. He had also 

recognised that his measurement was biased by the fact that he only estimated the linear 

extent of migration.

Abercrombie and Gitlin (1965) introduced the definition of random locomotion as “a 

type o f  locomotion that is random in direction and the axis o f  the moving cell or 

organism are not oriented in relation to the stimulus"'. The term “random” locomotion 

can be attributed to the random direction of cells in relation to the surroundings, as 

proposed by Wilkinson (1982), or it can be attributed to random locomotion of cells 

according to a “random walk” model proposed by Gail and Boone (1970).

Wilkinson et al. (1982) used a simplified approach to quantify the alignment and 

migration of neutrophils along the experimental system investigated. Cell guidance was
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measured by simple measurement of the cell directional angle between time interval / 

(between 0 and 90° ignoring the sign). In the absence of any factor biasing the direction 

of motion, the probability that any cell segments would be at any angle between 0 and 

90° to the directional axis should be equal for all angles. This probability was estimated 

by measuring the significance (Student’s test) for each cell as

where A is the sum for each cell of all the angles below 45°, and B is the sum of all the 

angles above 45°. Another possible comparison was the ratio between the sum of all A 

and the sum of B. Following this calculation it was possible to distinguish between 

chemotactic response and unidirectional alignment along the chamber groove.

Following the model proposed by Wilkinson et al. (1982), by sub-grouping the 

turning angle of each individual cell, Wood (1988) was able to quantify the amount of 

alignment induced by microgrooved substrate. In conjunction, cell shape factor was also 

calculated as the ratio between cell alignment in the x-direction and j^-direction. By this 

detailed analysis it was possible to define a threshold to describe the dynamic evolution 

of cell shape changes.

Gail and Boone (1970), proposed a random walk model in which, cell path is 

expressed in straight-line segments separated by turns and in which the mean square 

displacement of the cell was proportional to time. They suggested a two-dimensional 

random walk model for long term analysis in which a single constant D  (cell diffixsion 

constant) could characterise the entire cellular motility. The preliminary hypothesis of 

their model is based on a probabilistic difftision equation expressed by the square 

displacement versus time t as described in equation. 2.3.

cell tracked. By solving equation 2.3 as a function of the mean value of the square

Student's t =
mean{A -  B)

eqn. 2.2
s.e.m.{A -  B)

eqn. 2.3

where D is the cell diffusion, t is the interval time, dT^ is the differential part of the 

squared displacement and 7  ̂ is the square o f the cell displacement calculated for each

displacements <J^> they calculated the mean distance of each cell segments travelled 

by each cells, corrected by the cosine angle of two adjacent segments.
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The equation becomes:

<T^  > = < d ^  > - ^ ^ <  cosdij > eqn. 2.4

where <cf> is the square of the distance between segments and Oij is angle between 

segments i and j.

Equation 2.3 solved for pure random walk where the turning angle Ok = <cos 6ij> -  0 

and for long interval of experimental time t, they found:

< T ^  > = 4D t eqn. 2.5

where the longer the cells persist in their direction of motion the larger the displacement 

will be in a given time t. Instead, when equation 2.4 is calculated for a “tendency to 

persist” (statistical persistence) for large /, the persistence effect p  is introduced as:

<T ^  > = 4Z) / (1 + /7) eqn.2.6

where p =  2 - ^ a j ^  where there is no persistence if 0 and p  = 0.

For moderately large time t {t > P) they introduced D* and P*, to the two-parameter 

linear model and the final equation resulted:

<T ^  > = 4D* ( t - P * )  eqn. 2.7

where D*  and P* are parameters derived from the experimental data. These parameters 

<T^>, D* and P* represented the mean value of the cell population response. Therefore, 

a Student’s t-test on the normal distribution of the cell population had to be carried out to 

justify the usage of the mean values. The advantage of this graphical model stood on the 

visual display of possible trends and on the reduced number of parameters involved. By 

applying the linear model Gail and Boone were able to graphically analyse the motile 

properties of fibroblasts by the simple measurement of segmental distance and angle of a 

seemingly homogeneous population.

Chettibi et al. (1994) adapted Gail and Boone formulation to their study, for P<t and 

used the following simplified equation for D* and speed (5):

D *  = S^ - { \  + P)  eqn. 2.8

In their case they analysed the dispersive motion of neutrophils during the first ten 

seconds that follow a chemotactic activation (short term response).
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From a broader perspective, Alt (1980) approached the mathematical aspect o f stochastic 

migratory systems applied to chemically biased systems (i.e., chemotaxis and chemical 

gradients). From the empirical distribution, he found that cell distribution, under a strong 

aligning gradient direction does not depend on the cosine-distribution (ak = 1). This 

proved the non-applicability o f any two or three dimensional random walk models during 

chemotactic locomotion.

Dunn (1983) suggested that cell motility can be traced as a random walk model but 

with the understanding that a given cell has a tendency to persist for short distance. He 

described the random locomotion response, in a uniform two-dimensional substrate for 

short term analysis and then by adopting Gail and Boone’s model he extended to any 

time interval. His first assumption was based on the measurement o f cell speed in a short 

interval such as between two sampling intervals, and associated turning angle for the 

whole cell population. After having assumed the normal distribution o f  the cell 

population around the mean, as in Gail and Boone’s model, Dunn extended equation 2.3 

for <T^>, depending on the square of the speed S~, and P  in the discrete time t. The 

equation was solved for a two-dimensional case, following the two-parameter model 

suggested by Gail and Boone where the short term member was represented by the 

exponential part. This solution was:

< T ^  > = 2 5 ^ P  [ / - F ( l - e x p ( ^ /P ) ]  eqn. 2.9

Then to relate S  and P  together, the diffusion coefficient o f cells was introduced as:

R = 2 S ^ P  eqn. 2.10

where R is the population rate o f diffusion, S  is the speed, and P  is persistence. By doing

this, he could write the model for cell dispersion in term o f only two parameters, instead

of the initial three.

< T ^  > = R  t - R  P{ \ -QX^ ( t l P)  eqn.2.11

where this equation is similar to equation 2.7, a part from the introduction o f the 

exponential term.

A strong point o f D unn’s model, as for Gail and Boone’s model too, is related to the 

affirmation that cell random movement could be characterised by only two parameters: 

speed and persistence. Despite that, other minor factors such as the turning angle, cell 

adhesion and polarisation are respectively discriminating among directional persistence, 

motile or non-motile phenotype. Their contribution to the quantitative analysis is
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determinant to forecast the cell migration behaviour. Therefore, they have to be taken 

into account during migration experimental analysis.

A model to describe the dispersal migration of cells was proposed by Othmer et al. 

(1988). Using a stochastic formulation to describe the motion o f a sequence o f cell 

reorientations, they showed that the system can be described by a diffusion equation 

similar to the more generalised formulation. The model also incorporated Alt’s (1980) 

results and therefore was taking into account the presence of gradients. The model 

proposed was calibrated on Gail and Boone (1970) and Hall and Peterson’s (1979) results 

and subsequently in compliance with those studies. When in absence of chemotactic 

gradient the formulation is similar to equation 2.11.

Recently, Tan et al. (2001) adapted Dunn’s model to quantify neutrophils 

locomoting behaviour on a micropatterned surface when subjected to chemotaxis and for 

time sufficiently large, t »  P, equation 2.9 reduced to:

r ^ = 4 / /  [ / - P j  eqn. 2.12

where /J., the random motility population coefficient, and persistence {P) were estimated 

from the graphical solution of the slope and intercept of the mean squared displacement 

<T^> (as described in Gail and Boone methods). Therefore, they were able to describe 

the random motility of their entire cell population by a characterising coefficient ( / / )  in 

two dimensions, that is indicative of the cell response to the system subjected. This was 

expressed by equation 2.13.

= eqn. 2.13

Although alternative models (for instance, Markov chain model), have been suggested 

(Boyarski and Noble, 1977; Curtis et a l,  1995) in parallel to the Gail and Boone (1970) 

model and the Dunn (1983) model these two last models have the advantage to describe 

the entire cell motility response by only two parameters. Therefore, many recent studies 

have used either Dunn (1983) or Gail and Boone (1970) models in relation to the

complexity of the system described, Parkhurst and Saltzman (1992, and 1994), Tan and

Saltzman (2002), Moghe et al. (1995).
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2.10 T lymphocyte interactions in the inflammatory response

T lymphocytes emigrate continuously from the bloodstream to secondary lymphoid 

organs and other tissues (extravasation process illustrated in Figure 2.4). When in the 

tissues they establish contact with foreign antigens (Butcher and Picher, 1996). Cell 

motility studies have shown that activated T lymphocytes are highly motile cells, 

reaching speed of 7 - 10 jim/min, which is ten times faster than fibroblasts (Gudima et 

ai ,  1988). During this rapid movement o f lymphocytes adhesion to the endothelium is 

crucial; another important factor regulated by adhesion is the T cell polarization. In order 

to migrate, T lymphocytes acquire polarized morphology that allows them to convert 

mechanical forces into net cell locomotion (Stossel, 1993).

Over the last ten years a general model for lymphocyte extravasation has emerged 

(Butcher, 1991; Springer, 1990; Muller, 2002). The lymphocyte/endothelial interactions 

model describes the migration o f T lymphocyte as a controlled cascade of adhesion steps 

involving either the receptors on the lymphocyte or those on the surface of the 

endothelium. The basic elements of the multi-step model are shown in Figure 2.4.

The first step involves tethering and rolling of lymphocytes along the endothelial cell 

layer. The flowing lymphocytes had to be slowed, and start rolling on the endothelial 

wall and thus interacting with the adhesion receptors present there. This rolling and 

tethering adhesion is mediated by selectins (a particular family of carbohydrate-binding 

molecules) and it is predominantly a weak adhesion with the aim to slow down the 

streaming cells.

The second step is the exposure of lymphocytes to triggering by chemoattractants 

presented by endothelial cells. In this phase, integrins are functionally activated by 

stimulated molecules.

The third step is the activation of lymphocytes resulting in firm adhesion and 

spreading. Firm adhesion is mediated by integrins on the lymphocytes that bind their 

counter ligands on the endothelium belonging to the immunoglobulin superfamily.

For the reader who is not conversant w ith cell b io logy, see the Appendix to this chapter (page 43 to 47)
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The enrollment o f the right integrins depends on the activation state o f  both lymphocytes 

and endothelial cells (Butcher, 1991; Shimizu et a l ,  1992). Integrins are heterodimeric 

receptors that bind cells to endothelium and ECM.

The fourth step implies the migration o f  the lymphocytes through the endothelial 

layer to the inflammatory site. Here, cells crawl to the site where endothelial cells 

connect to each other and migrate in between them to the inflammatory site. This step is 

commonly associated with the mediating function induced by chemoattractants. It is 

believed that integrins mediate the contact and signaling between lymphocytes and 

endothelial cells promoting spreading and cytoskeletal organization to regulate migration 

(DeSouza, 1998). When lymphocytes have passed the endothelium they interact with the 

ECM by integrin-mediated adhesion (Ratner, 1992). Finally, cells enter the site of 

inflammation and fulfill their specific functions.

2.11 T cell activation and adhesion molecules

The fundamental aspect o f the extravasation process is the role o f  activation and adhesion 

between T lymphocytes and endothelium. In accordance with the above described 

multistep paradigm a classification o f the adhesion molecules that are taking part during 

the process has been suggested (Springer, 1990). Every single interaction between 

lymphocytes and the surrounding environment is regulated by a specific array o f cell 

receptors capable o f mediating the adhesion interaction; therefore these adhesion 

molecules can regulate the complex cell-cell and cell-extra cellular matrix interactions 

(Table 2.5).

Three major adhesion molecule receptors mediate these interactions in vivo, as 

introduced above. The first is the immunoglobulin superfamily, which includes antigen 

specific receptors for T lymphocytes. The integrin family is next, which is important in 

the dynamic regulation o f polarization and migration. The third family is the selectins 

which are prominent in the interaction between lymphocyte and neutrophils and the 

vascular endothelium (Springer, 1990).

The immunoglobulin superfamily is based on at least 15 molecules that mediate cell 

adhesion in a wide range o f systems throughout biological activity. They play an 

important role in development, tumorgenesis, and wound healing, and they can be 

associated with lymphocytes functions (Springer, 1990).
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Table 2.5 Adhesion molecules involved during leukocyte-endothelial interactions

Leukocyte Molecule
CD“ and Integrin  

nomenclature

Leukocytes

Expressing’’
Specific ligand

INTEGRINS

LFA-1

MAC-1

PI 50,95

VLA-4

LPAM-1

C D Ila/C D 18

C R 3,C D llb /C D 18

C D llc /C D I8

CD49d/CD29

CD49d/CD-

PM N, Mo,T,B 

M o, PMN 

M o, PMN 

PM N, M o,T,B,NK 

B,T, T subsets

ICA M -l,ICA M 2,IC AM -3 

IC A M -1 ,iC3b,fibrinogen 

iC3b, fibronectin 

VC A M -1,fibronectin 

VCAM -1, fibronectin

SELECTINS

E-

L-

P-

ELAM-1

Leu8,L A M -l,L E C A M -l

C D 62,G M P-I40

EC

B,T,PM N,M O

PLT,EC

Sialyl-Lewis X

G lyC am -l,C D 34

PSGL-1

IM M UNOGLOBULIN

SUPERFAM ILY

ICAM -I 

ICAM-2 

ICAM-3 

VCAM-1 

PEC A M -1

B,T,EC, EpC,M o, 

EC,M o,Lymph 

Lymph

EC,EpC,M acro 

PLT,EC,T,M o

LFA -I,M A C-I

LFA-1

LFA-1,MAC-1 

VLA-4 

VLA-4 

PEC AM

OTHERS

CD44 HCAM ,GP90 Herm es B,T,M o,PM N,EpC Hyaluronate,lam inin,

fibronectin,colagen

C CD, cluster differentiation, the number assigned to the antigen by the International workshops on leukocyte 
typing, as defined as monoclonal antibodies; PMN, neutrophils. Mo, monocytes; T, T lymphocytes; B, B 
lymphocytes; EC, endothelial cells; EpC, epithelial cells; PLT, platelets; Macro, macrophages)

Selectins are a family o f carbohydrate binding molecules. They consist o f several related 

molecules and the main difference between selectins is due to the number o f repeated 

domains present. For example, L-selectin is expressed by leukocyte, E-selectin is 

expressed by endothelial cells and P-selectin is expressed platelets and endothelium 

(Tedder e /a /., 1995)

Integrins are heterodimeric receptors consisting o f paired a-(3 chains. They are 

expressed by a wide range of cells and they represent the most abundant family of 

adhesion molecules. They are subdivided into a large group in relation to their a  and (3 

subunits. Integrins are defined by a  and p subunits and in relation to that they can be
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associated with a specific leukocyte or leukocyte-ECM function, as shown in Table 2.6 

(Springer, 1990; Hynes, 1992).

For example, integrins divided to p i class are also called very late antigens (VLAs) 

because they were discovered on lymphocytes after long-term mitogenic activation 

(Hemler et a l,  1990). They are six VLA molecules that mediate binding between cell 

surface ligands and extracellular matrix.

The so called (32 integrins are restricted to leukocytes and consists o f four molecules. 

LFA-1 is expressed on all types of leukocytes and it participates in the leukocyte- 

leukocyte and leukocyte-endothelial interactions via its co-receptors or ligands, the 

ICAMs, which are members of the immunoglobulin superfamily (Dustin and Springer, 

1989). p3 integrins are represented by two molecules which have different ftinctional 

activities in relation to the extracellular matrix in which they are expressed (Horwitz, 

1997).

Table 2.6 Leukocyte integrins fam ily classification and cell expression

Molecule Other names Ligand^ Cell expression

p i INTEG RINS (P cha in  = CD29)

a l - p i CD 49a/VLA-l CL,LM Activated T cells

a2 -p i CD49b/VLA-2 CL Activated T cells

a3 -p i CD49c/VLA-3 CL,LM ,FN Activated T cells

a4 -p i CD49d/VLA-4 VCAM-1 Resting,activated T,B cells

a5 -p i CD49e/VLA-5 FN Activated T cells

a6 -p i CD49e'VLA-6 LM Activated T cells

P2 INTEG RINS (P chain = CD18)

aL-P2 C D lla/L F A -1 IC A M -l,-2 ,-3 ,-R Resting,activated T,B cells

aM -p2 C D llb /M ac-1 C3bi,FN G ,IC A M -l Activated T cells

ax-p2 CD 11 c/p 15 0,95 C3bi/FNG Activated T cells

P3 INTEG RINS (P chain = CD61)

aIIb-P3 CD41/GPIIb FNG,FN,VN Not T,B cells

av-p3 CD51 VN Not T,B cells

p7 INTEGRINS (P? hum an, Pp mouse)

a4-P7

a4-Pp
VCAM-1 T,B cells

(“ CL, collagen; LM, laminin; FN, fibronectin; FNG , fibrinogen , V N , vitronectin)
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Integrins not only participate in the adhesion, spreading, and cytoskeletal organization 

between lymphocyte and ECM but can regulate the intracellular second messengers by 

which ECM can control cell function as cell shape, growth and differentiation (Wulfmg 

et a i,  1998).

2.12 LFA-1 as a signalling molecule for human T lymphocytes

The interactions between leukocyte-leukocyte and leukocyte-ECM were described in the 

context o f integrin transducing signaling. However in this thesis, P2 integrin LFA-1 

molecule was investigated in activation, adhesion and migration behaviour. Therefore, 

the interaction between LFA-1 and leukocyte cells is o f importance for understanding the 

mechanisms of cell activation, adhesion and migration.

LFA-1 was discovered by Martz and Springer in the early eighties. LFA-1 mediated 

cell adhesion is a temperature and energy dependent process (Dustin and Springer, 1989). 

Furthermore, other conditions indicate that LFA-1 dependent adhesion is controlled by 

other cellular processes. In a normal environment resting leukocytes do not adhere 

spontaneously, but several stimuli can induce LFA-1 mediated interaction and adhesion. 

Phorbol myristate acetate (PMA) strongly induces LFA-1 dependent cell adhesion. There 

is also evidence that monoclonal antibodies (mAbs), can transduce signals to T cells in 

the same way as natural ligands. Therefore, they are ideal candidates for in vitro analysis. 

Figure 2.5 shows a schematic illustration.

Signalling o f cellular events through integrin molecules has previously been 

demonstrated in other systems. Immobilised antibodies to LFA-1 could stimulate 

proliferation o f cloned cytolytic T cells and o f human peripheral blood T lymphocytes 

after activation o f PMA. It was also demonstrated that a mAb (aLFA-1) was more 

capable o f transducing the signals for cytoskeletal reorganisation in HUT78 lymphoma 

cells (Murphy, 1998).

However, anti-LFA-1 does not have the same effects on significant numbers of 

PBTL cells. This may depend on the cellular types and on the state o f activation o f the T 

cell under examination. It was also documented that pre-activation o f PBTL (for instance 

by PMA) was necessary to induce integrin to cytoskeleton signals.
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F igure 2.5 Interactions o f  adhesion receptors expressed on 
lym phocytes (top) and the m odel o f  lym phocyte receptors/ligands 
adhesion to artificial m em branes in vitro  (bottom ). Comparison o f  
activation between natural ligand (ICA M ) and antigen LFA-1.
(Springer, 1990)

It has been reported that motility inducing anti-LFA-1 mAbs induced phenotypic and 

locomotory changes in T cells similar to those observed using recombinant natural LFA- 

1 ligands (ICAMl) (Volkov e ta l ,  2001).

Therefore, anti-LFA-1 mAb can be used in vitro to mimic adhesion and migration 

behaviour of the multistep process for both HUT78 lymphoma and PBTL cells.

2.13 Summary

The summarised literature highlights several aspects of lymphocyte motility on 

micropattemed substrates that remain to be investigated. Clearly, it has been shown that 

the most important factor employed for the investigation is the topographical geometry of 

the pattern. From the literature available it has been found that cell response depends on
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pattern geometry such as width, depth and cross-sectional profile. However, the 

fabrication process, the material substrate and surface treatment also have an influence at 

first on the geometry o f the surface and then on the dynamic response o f the cells.

This dynamic response has been demonstrated to depend greatly on the cell type 

selected and on the experimental conditions in which the investigation is taking place. 

From the literature survey, it also emerged that soft tissue and musculoskeletal cells 

respond to the exposed topography with clear evidence o f contact guidance and 

alignment, whereas blood cells, such as leukocytes, did not have such an alignment to the 

surrounding environment. However, when these cells were exposed to specific chemical 

environments they had the tendency to align along the direction o f the gradients.

From the large set o f experimental studies examined in this literature survey it 

emerged that comparatively little analysis has been undertaken on lymphocyte cells. 

Amongst the few studies found, none o f them have analysed the motile response o f T 

lymphocyte cells when subjected to topography. Comparative studies on normal 

peripheral blood lymphocytes and lymphoma T cells have also not been conducted 

before.

The main reason o f such limited amount o f literature was found in the complex 

experimental environment o f lymphocyte activation and migration. Moreover, a complete 

lack of literature was found for the characterisation of T lymphocyte cell migration when 

exposed to motility inducing ligand (such as LFA-1 or specific family) under a two 

dimensional surface topographies.

More investigation are therefore needed to quantify the nature o f the migration these 

two T lymphocyte T cell types and, following that, to compare the extent o f response 

between these two T cell types.

This literature survey has also highlighted suitable experimental methods and models 

to conduct a qualitative and quantitative investigation o f HUT78 lymphoma T cells and 

PBTL normal cells.
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2.14 Appendix to Chapter 2: General introduction to cell 

biology and cell locomotion

2.14.1 Introduction to cell locom otion

Cell locomotion is essentially a mechanical process that m ust be understood in m echanical, biochemical 

and structural terms. In order to move, cells exert forces both on themselves to change shape and on the 

substratum to which they are attached to drive themselves forward. How these forces are generated, 

regulated and applied are at present fiindamental questions for the study o f  cell locomotion. The forces that 

resist motion and change o f  cell shape present a com plem entary set o f  problem s. The forces that resist cell 

shape change arise from a passive cellular viscoelasticity, active regulatory m echanism s, and interactions 

o f  cells with other cells as well as the substratum to which they are attached. Resistance to motion arises 

m ainly from adhesive interactions with the substratum.

To understand these forces and their effects in detail, a series o f  basic cellular mechanical properties 

must be measured. This task requires m ethods designed specifically for the purpose. Cellular mechanical 

properties are most directly derived from m easurem ents o f  cellular deformability. Generally it would be 

desirable to have quantitative estim ates o f  the elasticity and viscosity for whole cells in different 

physiological states while participating in various interactions with other substrata. O bservations o f  cellular 

processes driven by an external force or by a specific pattern can also provide important information. 

Similarly informative are m easurem ents o f  the effects o f  changes o f  conditions, e.g. strength o f  adhesion to 

the substratum. Cell motion depends on a series o f  factors that try to fully explain the cellular movement, 

including contact guidance by extracellular matrix (ECM ) (Abercrom bie, 1965), and adhesive gradient 

(Carter, 1967). All these mechanism s act in the developm ent o f  cell motion.
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2.14,2 Cell overview

It is no t possib le  to describe  a typical cell, b ecause  cells vary  so g rea tly  in size, shape , con ten t and function. 

A hypothetical com posite  cell can be considered  includ ing  m any know n cell structures. A cell consists o f  

tw o m ajor parts: the n u c leu s and the cy top lasm  separated  by  a th in  m em brane, as show n in F igure 2.6.

T he  cell can be seen as an open  system  in w hich the in terac tions betw een the cytop lasm  and the 

ex tracellu lar m atrix  (E C M ) can , in certain  k inds o f  cell, create the locom otion . Such a cell w ou ld  be self- 

p ropelling . In particu lar, the  cy toskeleton  (C SK ) consists o f  a ne tw ork  o f  p ro tein  filam ents ex tend ing  

th roughou t the cytop lasm  o f  the cells. C SK  is m ain ly  com posed  o f  p ro te in s  {i.e., actin  filam ents). A ctin 

filam ents, usually  in association  w ith m yosin , are responsib le  for m any types o f  cell m ovem ents . M yosin  is 

the p ro to type  o f  a m o lecu la r m oto r that ce lls  use for p ropu lsion . It is a p ro tein  that converts  chem ical 

energy  in the form o f  A TP to m echanical energy  genera ting  force and m ovem ent. T he in terac tions o f  actin - 

m yosin  are responsib le  for cell m ovem ent and cell d iv ision . M oreover, the actin  cy toskele ton  is responsib le  

for the craw ling  m ovem en ts o f  cells, w hich appear to be driven  d irec tly  by actin  po lym erisa tion  as w ell as 

actin -m yosin  in teractions.

W iaoNilli

Uy-H^wntiL-

<’*?! ttBmbffcne

Nucl(X<lus

\ u d « t r
ixirtif.

Fixod

F igure 2.6 A ppendix: (left) Cellular system: schematie representation, (right) SEM image of HUT cell.
Note the size o f the nucleus in relation to the whole cell ( Bray, 1992)

“C ell locom otion” im plies the activ ity  o f  m ov ing  from  p lace to p lace , w ith the help  o f  a  p ropelling  system . 

O n the contrary  “m o v em en t” is the action  to m ove from  p lace to p lace bu t w ithout any se lf-p rope lling  

system , for exam ple a  cap illa ry  p ressu re  o r fluid flow. T w o fundam entally  d ifferen t locom oto ry  patterns 

have been proposed for cell locom otion: (i) the m ovem ent o f  free sw im m ing  ce lls  through a flu id  phase, 

and (ii) the craw ling m ovem ent o f  ce lls  over a rig id  substratum . A lthough  th is w ork is concerned  w ith the 

second  o f  these, it shou ld  be no ted  that the d ifference  betw een  sw im m ing  and craw ling  is som etim es no t so 

c lear cut.
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2.14.3 Cell crawling

The crawling movement o f cells across a surface is the basic forni o f cell locomotion employed by a 

variety o f different kinds o f cells. Examples include the movements o f amoebas, the migration o f 

embryonic cells during development, and the invasion o f white blood cells to fight infection, the migration 

o f cells involved in wound healing, and the spread o f cancer cells during the metastasis o f malignant 

tumours. A ll o f these movements are based on the dynamic properties o f the actin cytoskeleton, although 

the detailed mechanisms involved remain to be fu lly understood.

Cell crawling involves a coordinated cycle o f movements, which can be viewed in stages. First, 

protrusions such as pseudopodia, lamellipodia, and microspikes must be extended from the leading edge o f 

the cell (Figure 2.7). Second, these extensions must attach to the substratum across which the cell is 

migrating. Finally, the trailing edge o f the cell must dissociate fiom the substratum and retract into the cell 

body.

Detachment Translocation Protrusion

Direction of motionDirection of motion

Filopod

Lam ellipodActin filam ents

Anchorage  
and traction

Contraction Contraction 
or track m ovem ent

Anchorage  
and traction

Expansion

Figure 2.7 Appendix: cell crawling process divided in protrusion (leading edge), translocation o f the 
main body followed by detachment and retraction o f the trailing edge

A variety o f experiments indicate that extension o f the leading edge involves the polymerization and cross- 

linking o f actin filaments. For example, inhibition o f actin polymerization blocks the formation o f  the cell 

surface protrusion. However, the mechanisms responsible for generating the force required for extension o f 

this structure have not been established.

Following their extension, protrusions fi-om the leading edge must attach to the substratum in order to 

function in cell locomotion. For slow cells, such as fibroblasts, attachment involves the formation o f focal 

adhesions. Cells moving more rapidly, such amoebas or white blood cells form more diffuse contacts with 

the substrate.

The third stage o f cell crawling, retraction o f the trailing edge is the least understood. The attachments 

o f the trailing edge to the substratum are broken, and the rear o f the cell recoils into the cell body. The
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p rocess appears to  requ ire  the developm ent o f  tension  betw een  the front and rear o f  the cell, g enera ting  

con trac tile  force that even tua lly  pu lls  the rear o f  the cell forw ard.

It is im portan t, how ever, to rem em ber that these  steps do no t necessarily  occur separa te ly  and that several 

o f  these processes cou ld  be occurring  sim ultaneously . In each o f  these steps the ccll m ight be exerting  

force on itse lf  to change its shape and /o r on the substratum  to detach o r m ove forw ard.

2.14.4 Lymphocyte T cell

T he cells under exam ination  in th is thesis are lym phocyte  ce lls  and th e ir m ost abundant subpopu la tion  

ca lled  T  cell, in particu lar. T he exact defin ition  o f  blood is a connective tissue  w hose cells are su spended  in 

a liquid  in terce llu lar m aterial. T he typical b lood  com position  is 45%  ce lls  (called  hem atocrit (H C T )) and 

55%  o f  plasm a. H em atocrit is then d iv ided  to red b lood  cells (99%  o f  H C T ), w hite  b lood  ce lls  and 

p latelets.

B lood cells o rig inate  fi-om bone m arrow  hem ocy tob lasts (a type o f  stem  cell). A stem  cell can 

d ifferen tia te  into any o f  a num ber o f  specia lised  cell types.

T lym phocyte ce lls  orig inate  from stem  cells and they form part o f  the w hite  b lood  ce lls  or 

leukocytes. In particu lar, they  lack o f  g ranu la r cy top lasm  and are ca lled  ag ranu locy tes , as o pposed  to w ith  

the ones that have g ranu lar cy top lasm , ca lled  granulocytes. T ypical g ranu locy tes  are tw ice  the size o f  red 

b lood  cells (red cells =  approx im ate ly  7 m icrom eters) and the m em bers o f  th is g roup  include neu tro p h ils , 

eosinoph ils  and basophils. T hey  have a re la tive ly  short life span , averag ing  about 12 hours.

T he leukocytes o f  the agranulocy te  g ro u p  include m onocy tes and lym phocytes. L ym phocy tes are 

u sually  on ly  sligh tly  larger than red ce lls  (ery throcy tes). A typical lym phocy te  con ta ins a re la tive ly  large, 

round  nucleus surrounded  by a thin rim o f  cy top lasm . T hese  cells account for 25%  to 33%  o f  the 

circu la ting  leukocytes. T hey  have re la tive ly  long life spans tha t m ay  ex tend  for years. T he function  o f  

leukocytes is to p ro tec t the organism  against in fection  and o th er invad ing  pathogens in various w ays.

L ym phocytes are im portan t in im m unity  and they  recogn ise  specific  foreign m olecu les. T hey  inc lude  

B -lym phocytes (B cells) that p roduce  an tibod ies , and T lym phocy tes (T cells) that fulfil the function  o f  

ce ll-m ed ia ted  im m unity . T  ce lls  attach  to fo reign , an tigen-bearing  cells and in teract d irec tly  that is, by  cell- 

to-cell contact. T h is  type o f  response  is ca lled  cell-m ed ia ted  im m unity  (C M l). T  ce lls  m ay also  secrete  

tox ins that are lethal to the ir an tigen  target cells: g ro w th -inh ib iting  factors that p reven t target-cell g row th , 

o r in terferon or cy tok ine  that inh ib its  p ro lifera tion  o f  v iruses and  tu m o u r cells. B cells a ttack  foreign 

an tigens by secre ting  so lub le  factors (an tibod ies).

L ym phocytes can m odify  the ir shape to adapt at the new  substrate  and con tou r and  they can craw l on 

ligand expressing  surface  using  a form o f  se lf-p ropu lsion . T hey  penetrate  the endo thelia l layer and  m igrate  

in to  the underly ing tissue. T h is  p rocess  can be d iv ided  in four sequential steps that are com m on fo r all 

lym phocyte cells. T he  steps are: ro lling , ac tiva tion  by chem oattrac tan t stim u lus, arrest and adhesion , and 

transendothelia l m ig ra tion . T he  com plete  ex travasation  is schem atised  in Figure 2.8.
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Q pirm
a d h e s io n

O  Rolling Q  A ctivation Q E x l r a v a s a t io n

P ro ln fla m m a to ry
m e d ia to rs

M ac-1

ICAM-1L -se lec tin ICAM-1

F igure 2.8 Four sequential steps in lymphocyte extravasation (Diaz-Gonzalcz, 1998)
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CHAPTER 3

3 MA TERIALS AND METHODS

3.1 General introduction

A full description o f the substrate microfabrication technologies o f biomaterials is 

presented. These processes were two dry etching process, (i) laser ablation {i.e., CO2, and 

Excimer laser), and (ii) Ar^ ion plasma etching, and two chemical etchant processes, (iii) 

one with hydrofluoric acid (HF), and (iv) the other with hexafluorosilicic acid (H2Sip6) 

etching.

Next, cell culture and activation protocols are described as a preliminary stage o f the 

cell dynamic response analysis. Finally, the experimental settings and cell measurement 

techniques used to accomplish the experimental analysis are described.
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3.2 Biomaterials: substrate selection

The choice o f  substrate was made in the context o f  (i) the biomaterials used in previous 

studies, (ii) the biocompatibihty requirements for cell culture (the biocompatibility 

response o f  this substrate to chemicals and agents used in cell culture, such as, in 

particular, the cytotoxicity and sterilization factors), (iii) and the limitations given by the 

equipment used for the investigation.

A further requirement was a high degree o f  optical transparency; this was needed 

because an inverted microscope was to be used for the cell analysis and it was important 

to achieve high definition and an extreme resolution o f  the cell in order to determine and 

isolate single cell locomotion. A final requirement was that the substrate had to be 

inexpensive, be com m only available and have a high reproducibility for the 

micropatteming process.

Five candidate biomaterials were investigated. These were three polymers and two 

glasses. The polymers were; (i) poiy-methyl-methacrylate (PM M A ), (ii) poly-styrene 

(PS) and (iii) a polyethylene Terephtalate called Thermanox (trade mark by Nunc 

Scientific Int., Denmark). The two glasses were (i) a common silicate glass (Si02) and 

(ii) borosilicate glass (BaOj-SiOi), a silicate-based glass. The relevant properties o f  the 

five materials are listed in Table 3.1.

Table 3.1 Material properties o f polym ers (PM M A, PS, and Therm anox) and silicate glasses based
(silicate and borosilicate glass)

Material Tg
1°C|

Tm
l°C]

Refractive
index

Transm. o f  
light 1%1

Chemical
stability
(general)

PM M A 100 160 1.49 92* M edium

PS -1 0 0 240 1.59 88* M edium

Thermanox® 80 212 1.50 95* Low

SiOz 696 850 1.51 98 G ood

B2O 3-S 1O 2 720 800 1.52 98 G ood

(Polym er source: Daniels, (1998); Glass source: BS3836 p arti; BS 7011 part 2 section 2.2 (1998); 
BS3473 section 4.2 (1989); *: Light Fluorescence was found when excited at A,=253.7 nm)
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3.3 Laser system arrangement

An initial aim o f this study was to microfabricate a surface using a single-step process at 

a relatively low cost. The technology proposed for this was laser ablation. Among the 

different types o f laser systems and apparatus available on the market, attention was 

focused on a commercially available CO 2 laser system and a built-in Excimer laser 

system.

3.3.1 CO 2 laser system

The CO2 laser solution used is commonly called “engraving systems”. Engraving systems 

are laser-based apparatuses capable of multiple purpose uses in relation to the intensity o f 

the laser source power. It was found that the most reliable product was an assisted 

engraving software system product by Trotec (Epilog laser, CA, USA). The model used 

was a Radius C25 equipped with a 25 Watt CO2 laser, with an optical collimating system 

of ZnSe lenses focused on a micrometer adjustable X-Y table. The engraving process is 

fully controlled by a computer program that can move the laser beam punctually to each 

part o f the engraving table with a precision of microns.

Samples were successfully machined, using a laser power o f 200 watts/cm and a 

minimum pulse time in order to decrease the number o f shots per second. The materials 

used were PMMA (poly-methyl-methacrylate), PVC (poly-vinyl-chloride), PS 

(polystyrene), and Si0 2  glass.

3.3.2 Excimer system

The excimer laser used in this study was a Lambda Physics LPX 100 excimer laser 

(Lambda Physics, Goettingen, Germany), with a maximum power o f lOOW, which 

produces pulses o f 20 ns duration. All experiments were performed at a pulse frequency 

of 2Hz, at room temperature (temp range 17-19°C) in open-air atmosphere (humidity 

level 40-50%). The experimental arrangement is shown in Figure 3.1 and Figure 3.2. 

This simplified arrangement follows the same principle as the focused laser beam o f a 

more sophisticated system (Hogan and Lunney, 1988). A lens L\ was used to weakly 

focus the excimer beam onto an aperture A (slit or pinhole usually) and so control the 

laser fluence (radiation). The aperture was then imaged onto the sample S  by the lenses 

system L2, which consist o f two plano-convex lenses placed back to back to minimize 

spherical aberration (of the image projected).
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A preliminary series o f  tests was carried out to determine the etch rate for each laser 

pulse. The materials used in these experim ents were PM M A and PS, tw o typical 

materials w idely  used in b iological applications. Few tests were also carried out to ablate 

silicate glass (S i0 2 ).

Lens stage 
Weak focussing

Lens stage Z.,:
Beam concentration

L aser
E x cim er

Stage 3:
Specim en (S)

M icroscope surfacc analysis 
( feedba ck )

F igure 3.1 L aser appara tus used in the ablation  studies. From  left: exc im er laser source, w eak focussing  
lens stage (Li ) ,  beam  concen tra tion  lens stage (L i) and specim en  ho ld ing  stage (S). A m icroscope (m agn. 
I OX) w as p laced at the righ t side o f  the specim en  to co rrect the beam  focus

U sing different collim ators (i.e., optical stages), it w as possib le to vary the reduction ratio 

o f  the im age projected on the material surface. Three different optical stages w ere used, 

with three beam reduction ratios, 5:1, 4 .1 , and 2:1. These reduction ratios w ere achieved  

by varying the relative distance betw een the stages (distance b in Figure 3.3). The details 

o f  each configuration are shown in Table 3.2.

F igure 3.2 A rrangem ent used  in the ablation  stud ies. From  left to righ t, excim er laser source, weak 
focussing  stage, beam  concen tra tion  (3 lenses), specim en  ho lder and m icroscope for d irect inspection  and 
focus
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Laser
Excimer

X -

a c d

L] -  b i-convex  focus lens 

Lz -  an ti-aberra tion  lenses 

(concave -  convex)

A =  apertu re /slit 

S -  specim en

Figure 3.3 E xcim er system : lenses schem e arrangeinen t used in the ablation  stud ies

The excim er laser was used with two different gases: ArF (X=193nm), and KrF 

(X=248nm). The purpose o f  the experim ent was to determ ine the best ablation process for 

the polym ers adopted.

At the beginning, the projected m ask was a sim ple slit o f  100 |im  length and 60 |im  

width made by razor blades. Then, different diam eter pinholes (50, 25, 15 |lm ) in 

m olybdenum  for high pow er lasers w ere purchased (C oherent Ltd, Leicester, UK), and 

used to ablate in the order o f  a single spot for each pulse shot.

T able 3.2 E xcim er lenses details . L enses d iam eter w as im portan t to 
reduce  aberration  and  scattered  light; w here focal length  w as im portan t 
to  calcu late  the focus ratio  o f  the laser beam

Size Focal length
|m m | |m m |

(}) = 40.0 50.0
Lens specification (j) = 50 8 76 2

(t) = 50.8 101.6
(j) = 50.8 304.8

_________________ 0 = 50.8__________________500.0

D uring every laser ablation, before starting the surface etching, a calibration phase was 

required to setup and tune the system . The prelim inary calibration procedure carried out 

was to set the laser frequency to 1 Hz and, through a calorim eter system  (M entor Laser 

Power, Azusa, USA), to m easure and set the intensity o f  the laser beam , w ith high 

accuracy in order to not exceed on the pow er supplied. With the help o f  a m icroscope it
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w as possib le  to focus the beam  on  the surface o f  the m ateria l; th is tech n iq u e  is ca lled  

“b es t im age p ro jec tio n ” and can b e  d irec tly  m easu red  by  an ex p ert operator. T he 

tech n iq u e  is based  on an optical m icroscope  ana lysis  o f  a few  ab la ted  spo ts  u n d er 

d iffe ren t laser settings. D irect an a ly ses  o f  the spo ts ab la ted  on the surface gave 

in fo rm ation  ab o u t w h e th e r to change the beam  setting  on the su rface  o r not.

T w o po ly m ers  su rfaces w ere  ab la ted  (o r e tched ), vary in g  the n u m b er o f  shots for 

each position  and  the in tensity  o f  the beam . T hese ex p e rim en ts  w ere  done at a constan t 

freq u en cy  o f  2 Hz to d e term in e  the best etch rate fo r each po lym er. E xperim en ta l etch 

cu rv es w ere  d e te rm in ed  for PS and fo r P M M A  p o ly m er and  co m p ared  w ith  literature. 

T he fo llow ing  F igure 3.4 and F igu re  3 .5 , show s the ab la tion  curve on PS and  PM M A  

w ith  193 nm  ex c im er laser w aveleng th .

E xperim en ta l etch curves o f  the d iffe ren t laser settings {i.e., A rF  (X =  193 nm ), KrF 

(X =  248 nm  gas) w ere  p lo tted  fo r the tw o  p o lym ers (P M M A , and PS) (F igure 3 .6). T hen 

a com parison  o f  the etch ing  ra te /p u lse  cu rves show ed  that there w ere no d iffe ren ces  on 

the ab lation  cu rves for PS m ateria l fo r the tw o settings. O nce these cu rves w ere 

de term ined  substra tes w ere  etched  on the su rface  co n tro llin g  all the geom etrica l 

p aram eters  {i.e., w id th  and  depth  o f  the groove).

A lthough , the techn ique w as p rim arily  no t fu lly  d ev e lo p ed  the su rface  o f  po ly m ers 

w ere  m an u fac tu red  as a seq u en ce  o f  ab lated  spo ts to  form  a stra igh t line o f  

app rox im ate ly  200  |im . V ary ing  frequency  o f  the laser source open  (n u m b er o f  pu lse  p er 

area) and  the in tensity  o f  the laser beam , a varie ty  o f  para lle l lines w ere  etched.

A few  stra igh t channels  w ere  successfu lly  m ach in ed  and  m easu red . Full 

investigations o f  the ch an n e l’s ab la ted  su rfaces w ere  carried  ou t by a non-in v asiv e  

m easu rin g  techn ique . C hannel shape (leng th , w id th , and  d ep th ), c ross-sec tion , and 

ro ughness (Ra o f  un trea ted  and  ab la ted  surface) w ere  m easu red  using  a p ro filo m e te r 

tech n iq u e  called  W hite L ight S can n in g  In terferom ete r tech n iq u e  (W L S I) (m odel N ew  

V iew  100 from  Z ygo  C orp o ra tio n , M idd lefie ld , U SA ). T he W L S In terferom ete r 

techn ique w as ab le  to w ork  in 3D  w ith a reso lu tion  o f  0.1 nm  in dyn am ic  vertical 

reso lu tion  (Z ygo  C orp o ra tio n , M idd lefie ld , USA).
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A typical WLSI output image is reported in Figure 3.7. To complete our analysis on the 

effect o f focused laser beams on the modified polymer surfaces SEM analysis (Scanning 

Electron Microscope) was carried out to point out some damaging defects highlighted by 

the WLSI. This investigation was carried out using a variable pressure SEM (Hitachi S- 

3500N, Tokyo, Japan) with a maximum resolution o f 3.5 nm.

In the Results chapter examples o f the pattern ablated and relative measurement are 

shown in order to point out the advantages and disadvantages o f the laser techniques 

investigated. Several limitations were experienced during the ablation process that leads 

to the decision to adopt another microfabrication technique.
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PMMA curve 248
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Figure 3.6 Excimer ablation. Etch curves for PM M A and PS using laser beam set to ArF 
(A,= 193nm) and to K.rF (A,=248nm) for different fluence intensity
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3.4 Microfabrication: lithographic process

The com plete im plem entation o f  the m icrolithographic process was the result o f  the 

success on every single step in the flow chart, shown in Figure 3.8. A detailed description 

o f  each individual step will follow .

Sub strate selection

Photoresist selection

D eveloping

Soft baking

Spin -coating

S ub strate clean ing

M ask design  and m anufacturing

M ask a lign in g  and Exposure

Figure 3.8 Flow chart o f  the microlithography process

3.4.1 Lithographical mask

The lithographical m ask contains the blueprint o f  the pattern that is to be fabricated on 

the substrate selected. A m ask is usually m ade o f borosilicate or quartz glass and is 

coated on one side with chrom e. The patterns that are needed for the m icrofabrication are 

etched onto the chrom e using an e-beam  technique. To design a m ask it is im portant to 

bear in mind a few param eters: (i) pattern dim ensions, (ii) pattern resolution, (iii) 

photoresist, (iv) lithographic process, and (v) etching techniques. For the process under 

consideration here the m ask was designed in agreem ent with the follow ing specifications, 

see Table 3.3.

O nce specified all the features on the m ask the patterns were designed, e.g. grids, 

channel patterns and bifurcating patterns, see Figure 3.9.

Because o f  the better resolution and the better technological advance o f  the 

photoresist, a positive resist was chosen. This im plies that the m ask had to be 

m anufactured in a negative shape in order to be able to let the positive pattern be
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im pressed  on the resist. F u rth erm o re , a quartz  m ask  w as chosen  to reach  the reso lu tion  

required .

T able  3.3 Mask design param eter specifications

Parameter Value

Pattern dimension (Max, min) 300 pm; 2 pm

Pattern resolution ± 1 pm

Photoresist Positive

Lithographic process Spin coating open air system

Etching process Plasma etching and wet etching

Calibration 
(w =  10;l  =  20 0ntn )

Grid 0  =  300 n m )  
(\v = 7 , 1 0 ,1 3 ,1 6 ,1 9 )  

(diff. pitch and width)

Bifurcation  
0 = 300 uni)

(w = 7 , 10, 13, 16, 19)

High resolution 
microlithography mask

(u sab lea rea  50 x SOnim)

F igure  3.9 Different pattern used in this study for the m icrolithography process and high resolution 
lithographical mask (mask tolerance < 0.1 [im)

T he m ask  w as d esig n ed  w ith  spec ia l d raw ing  p h o to lith o g rap h y  so ftw are  called  Kic 

(W hite ley  R esearch  Inc. C A , U SA ). T he m ask  w as designed  in a 1:1 ratio  (1 u n it =  1 

m icron). O nce the m ask w as d raw n  it w as m an u fac tu red  by  P H O T O N IC S  Ltd 

(M anchester, U K ) fo llow ing  the spec ifica tion  g iven  above in T ab le 3.3.

58



3.4.2 Photoresist

Two different photoresists were used in this work: (i) high resolution positive photoresist 

Microposit S I 818 from Shipley (Chestech, Warwickshire, UK), and (ii) a positive tone 

photoresist ma-P1275 from Microresist-technology (Microresist-technology, Berlin 

Germany).

Initially, Shipley S I818 was used in combination with Ar^ plasma etching and wet 

etching (i.e., HF buffered solution). This photoresist is a positive resist with novolak 

formulation (section 3.12.4.5). It has an excellent resolution (< 0.5 )im) on the patterned 

features and can be used for both dry and wet etching. It has also an excellent adhesion 

and coating uniformity to the substrate. Accuracy is another advantage o f this photoresist 

by the fact that it can work in the G-line (section 3.12.4.5) and also in broadband 

wavelength. These properties make the resist suitable for all o f the most common UV 

systems (absorbance within the ^Hg wavelength). Used in conjunction with a dedicated 

developer (Shipley Microposit MF-319) it reduced discrepancies between exposure and 

development phases. A protocol was developed to maximise the resist properties in 

relation to the technical data sheets provided by Shipley.

In a latter stage, micro-resist ma-P1275 was used for Ar* plasma etching and for wet 

etching (i.e., HF buffered, and hexafluorosilicic acid) for its stronger adhesion and 

shielding effect on a glass substrate to different etching solutions. The main advantage o f 

this resist is its highly viscous formulation based on naphtochinodiazid novolak (widely 

used in microelectronics and micromechanics). It can be spun with conventional systems 

to a maximum thickness of 30 ± 0.5 |im with high uniformity and stability through time. 

Exposure dose was chosen in relation to the thickness o f the layer spun. The spectral 

sensitivity is not modified by the thickness and range between 350 and 440 nm (l-line 

and A,Hg wavelength). Its stability to UV light, acid and alkaline solutions make it the 

ideal resist for microfabrication. From the data sheet it was found the best compromise 

could be reached using a thick resist layer between 7.5 and 10 |im. As for the Shipley 

photoresist, the ma-P1275 was supplied with its combined developer (M icroresist ma- 

D330). Thus, following the indication given in the data sheet and with the aid o f an 

adhesion promoter (called Haft-vermittler from microresist technology, Berlin, 

Germany), a protocol was developed to use this new photoresist formulation efficiently.
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3.4.3 Cleanroom

Two, state o f the art cleanrooms were designed and built to make micro and nano 

fabrications comply with the multidisciplinary research ongoing in Trinity College (see 

Appendix, section 3.12.4.2). These two cleanrooms were also equipped to comply with 

the micro/nano fabrication processes carried out.

The microlithographic process was divided between the two cleanrooms. Cleaning, 

spin-coating and soft baking were carried out in the small lithography room in cleanroom 

class 100. This room was designed and developed to have a reduced level o f 

contamination from the class 10000. Whereas, mask-aligning {i.e., photoresist exposure), 

and developing process were processed in the class 100 cleanroom.

3.4.4 Substrate cleaning

Deep cleaning was carried out using a solvent treatment technique to remove any 

contaminating agents. A dipping technique was chosen with a mild stirring followed by a 

nitrogen spray cleaning and high temperature baking in order to dissolve and remove any 

unwanted trace o f inorganic and organic contaminants

Different reagents were used to clean the polymers and glass materials. Polymers 

were dipped in methanol for two minutes and in distilled water for two minutes to 

remove any organic and inorganic traces. Then, they were sprayed with nitrogen air for 

thirty seconds. High-temperature baking was replaced by a mild plasma treatment (under 

air gas) for 20 seconds at low power dosage (200 watts). Glass materials were dipped in 

acetone for two minutes and then in HCl for 2 minutes to remove the inorganic and 

organic traces. A two minute dip in de-ionised water (Dl water) was followed by nitrogen 

spraying and a high-temperature baking at 150° C for two minutes.

3.4.5 Spin coating

A few parameters had to be taken into account to spin-coat the substrate after the 

cleaning step (section 3.12.4.4). By using two tj^es  o f photoresist, as mentioned above in 

section 3.4.2, the spin-coating set- up parameters had to be determined twice to be able to 

spin the resist to a specific film thickness. The two resists had different viscosities, 

compositions and consequently spinning properties.
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A ssum ing that the polym er properties o f  the resist were constant through tim e and that 

the environm ental conditions are know n and ideally guaranteed by the cleanroom - 

feedback control system ; the spin-coating process is m ainly characterised by the spinner 

param eters like spinning speed and spinning time.

Assum ing that the film thickness can be theoretically calculated using Eqn. 3.6 from 

(section 3.12.4.6), discrepancies em erged betw een the theoretical calculations and the 

resist technical data-sheet film thickness curves. This indirectly brought us to a 

reassessm ent o f  the spinning param eters for both the two resists. B y using the data sheets 

as a starting reference, an experim ental evaluation was carried out to determ ine the 

appropriate spinning condition for our substrate and process. A staircase set o f  

experim ental tests was im plem ented to evaluate the new spinning curve, (n this study an 

experim ental analysis based on four m easurem ents was carried out to determ ine the 

variation o f  the film thickness in relation to spinning speed and volum e o f  resist spun.

Spin-coating curves were traced for the two resists by linear interpolation o f the 

experim ental points m easured. These experim ental points were found by m easuring the 

resist film thickness o f the sam ple by using an ellipsom etry technique. Three sam ples per 

each param eter settings were m easured and averaged in order to reduce the variance o f  

the data collected. In Figure 3.10 and Figure 3.11 spin-coating curves represented by film 

thickness against spinning speed are show n independently by their chem ical form ulation, 

assum ed constant for convenience in this study.

Table 3.4 reports the data used in our study to have an uniform  layer o f  Shipley 

S1818 and m icro-resist m a-P 1275 resist.

T ab le 3.4 Spin coating data used for spinning curve graph for Shipley SI 818 and micro-resist ma-P 1275

Resist
Resist
viscosity
Ig/cm ’̂l

Spin speed
range
|rpm]

Spin time 
[seconds]

Room
temp.
[°C|

Humidity
l%]

Acc.
Ramp
[seconds]

Shipley 
S 1818 1.0 2300-10000 45-60 22±I < 40  ±2 10

Microresist 
ma-P 1275 1.1 1800-5000 45-60 22±1 <40 ±2 10
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3.4.6 Soft baking

Once the resist was spun onto the substrate, a soft baking treatment was carried out for all 

the materials under examination. Crucial chemical variables o f this step were (i) Tg and 

Tm for the materials, (ii) polymer stability to heat and (iii) solvent composition. The 

physical variables involved were (i) baking temperature, (ii) baking time and (iii) baking 

atmosphere.

From the data sheet o f the photoresist used, and from the material properties o f the 

substrate used, it was found that an adequate soft baking required a baking temperature o f 

90°C for a ranging time o f 10 and 13 minutes under room atmosphere condition o f 22 - 

24°C and 40 - 45% of humidity to have an optimal resist evaporation and resist residual 

stress release. The soft baking was performed using a hot conductive plate (Baking stage 

model SB160-10427 Bibby Stuart, Sterlin Ltd, Staffordshire, UK), positioned just beside 

the spin-coating to facilitate the handling o f the substrate from one step to the following 

one (Figure 3.12). This plate can operate between 20 and 300°C with an increase in 

temperature o f I °C at a time.

3.4.7 Mask aligning and Exposure

The mask-aligning and exposure phase is the most important phase of the process and it 

was obtained by the creation o f a latent image on the resist layer. It counts for the 60% o f 

the process and as mentioned in Appendix (section 3.12.4.8), in relation to the process 

and the equipment available, fine features can be transferred and created on the resist.

In relation to what is reported in Table 3.15 (section 3.12.4.8) several criteria had to 

be respected at the time o f the mask-aligner selection, to choose the appropriate 

equipment for the lithographic process run. In this case the mask-aligning system had to 

respond to a sub-micron resolution with a good compromise between reliability and 

running costs. In respect o f those requirements, an optical system with a 

contact/proximity aligning stage was found to be the best solution for the requirements o f 

this work. Then, because only one resist layer was exposed, there was no need for a 

strong aligning accuracy. Therefore, a contact/proximity system was adopted and used 

for the aligning phase. For this purpose a Karl Suss mask-aligner model MJB3 UV 400 

was advised to be the best compromise for our needs. The MJB3 aligner had an accurate 

aligning stage and was equipped with a 400W Hg-UV lamp to achieve a sub-micron 

resolution.
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Figure 3.12 Baking stages (Cleanroom 10000). Soft baking o f  borosilicate and 
silicate glass

As for the spin-coating, the m ask-aligning param eters in this study had to be 

characterised and determ ined for the two resists considered. Follow ing the sam e 

approach used to determ ine the spinning curve, it was possible to develop a proper m ask- 

aligning and exposure protocol for the resists under exam ination. In A ppendix (section 

3.12.4.8) it is shown that the pattern transfer process is m ainly influenced by three 

param eters: (i) resolution, (ii) m ask-alignm ent, and (iii) exposure dose.

The standard resolution o f  a contact aligning system is on the order o f 0 .25-0.5 jim, 

referring to Table 3.17 in section 3.12.4.8. W ith an additional special table and vacuum  

system it can be on the order o f  nanom etres. Such resolution was sufficient for the 

m icrolithographic exposure needed.

A shadow printing technique was used for m ask-alignm ent (section 3.12.4.8), 

because the latent image was transferred w ithout any aberration and because it is the 

m ost com m on technique used in a single layer exposure.

The exposure dose is a param eter that correlates the m ask aligner lamp emission 

wavelength to the photoresist response to that particular w avelength. This last factor is 

also related to the sensitivity o f  the resist and it is described by a specific response curve 

that is given by the resist producer. W hen we assessed the exposure dose it w as found 

that the exposure data provided by the resist-producer did not give the results expected. 

Under-exposure and over-exposure w ere found using this dataset.
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Therefore, a series o f  tests was necessary to im prove the exposure process, since the 

exposure time for the two resists was different (Table 3.5). Since the m ask-aligners 

available were not provided with an energy density m easurem ent system it was necessary 

to calculate and control the exposure-dose (m J/cm  ) for each exposure. The relative 

energy-dose was calculated by m ultiplying the UV light intensity (W /cm ‘) by the 

exposure time (seconds). For this calculation it w as assum ed that the light intensity was 

constant for shorter period o f  tim e and for the initial stage o f  the lamp; for the lamp 

intensity it was referred to the producer technical data.

Table 3.5 Exposure data for Shipley SI 818 and microresist ma-PI 275

Resist
Exposure

dose
[mJ/cm^l

Exposure
time

[seconds]

Exposure
range

(optimal)
|nm|

Resolution
lUm]

Room
Temp.

I°C|

Humidity
(%|

Shipley 

S 1818
120-210 30-45

350-450

(436)
0.48 20 ± 1 - 3 0  ± 2

Micro-resist 

ma-P 1275
350-450 30-60

300-440

(365)
0.5 20 ± 1 - 3 0  ± 2

3.4 .8  D evelop in g

D eveloping the exposed substrate was the m ost delicate step in the m icrolithographic 

process because o f the num ber o f param eters involved in the reaction betw een substrate 

and developing solution. The param eters involved were related to the developing am bient 

tem perature, to the solution, and to the developer properties.

Shipley M icroposit M F-319 and M icroresist technology developer m a-D 330 were 

used in com bination to their specific resist, as described before. Both the developers were 

non-ionic organic solutions (m etal-ion-free). They were handled in the cleanroom  only 

under the same am bient conditions used for the spin-coating and the exposure.

Since the resist film thickness ranged betw een 1 and 8 jj.m, a w et developm ent 

process was carried out to m aintain the developer concentration constant throughout 

process and let the developer react with the exposed pattern in order to rem ove it 

com pletely. A m ild stir to the beaker and to the sam ples was done by a m anual agitation 

in order to have fresh developing solution reacting at the pattern site at all times. Because 

o f the m inim um  reacting area exposed to the developing-solution it was not necessary to 

constantly m onitor the solution pH. After every 10 developm ents the 110 ml solution was
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replaced with a fresh one. The solution tem perature was kept betw een 20 and 22°C 

during all developing time.

The main param eter involved in the developing process w as the developing time. 

This has to be appropriate and correct to develop the pattern exposed in order to avoid 

phenom ena o f  under-developing and over-developing. D eveloping tim e was also 

influenced by the resist thickness, the soft baking process, and finally the resist 

sensibility. Thus, any kind o f  interaction betw een developer and the substrate was done 

by following the indication given by the developer suppliers and, w here unknown or 

uncertain, carrying out a series o f  test to determ ine the developing tim e for the different 

resist thickness layers exposed for a certain length o f tim e w ere determ ined.

As shown before the follow ing table will report the main param eters involved, 

calculated and m easured for a proper developing technique (Table 3.6).

la b l e  3 .6  D eveloping parameters involved for developing Shipley and M icroresist 
technology resist exposed to UV light condition

D eveloping R esist D eveloping
D eveloper thickness Tem p.

[secondsl ||j,m| |°C |

Shipley
2 0 -6 0

M icroposit MF 319

M icro-resist
6 0 -1 2 0

m a-D 330

3.4.9 Rinse, and Dry

Rinsing was done by a chem ical rinse in a distilled w ater-solution for five m inutes. Then, 

the substrates were blown off, with dry nitrogen or air, to ensure no w ater condensation 

occurred during the drying process. Finally sam ples were kept in a sterile sam ple holder 

to facilitate the transportation (Figure 3.13).

It was very im portant to carry  out a m icroscope inspection o f  the patterns ju st

m anufactured to exclude defects or irregularities in the geometry. If they were present it 

was im portant to be able to discover w here the defects w ere caused.

At this point the photoresist was used as a protective mask to transfer the pattern into

the underlying m aterial via an etching process.

1.0 -2 .5  21 ± 1

6 .0 - 1 1 . 0  2 1  ± 1
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Figure 3.13 Final stage o f  sample preparation. Sample were stored in a 25- 
sample holder and inform ation was recorded for each substrate

3.5 Etching

D ry and  w et etch  w ere  the tw o  m ain  e tch in g  p ro cesses  used  in a lternative  to the laser 

system s d escribed  befo re  (i.e., C O 2 and E xcim er). T hese tw o  p ro cesses  w ere  used 

b ecau se  o f  their d iffe ren t e tch in g  ch arac te ristics  to m icropa tte rn  the su rface  o f  the 

substra tes u n d er exam ina tion . F irstly , d ry  etch w as used  for its an iso tro p ic  e tch ing  

p roperties. T his system  co u ld  etch  p a tte rn s  w ith  high aspect ra tio  and  con tro lled  e tch ing  

p roperties . S econd ly , a w e t etch  tech n iq u e  w as adop ted  to respond  to  the p a tte rn in g  

requ irem ents. T his p rocess w as dev e lo p ed  in co n seq u en ce  o f  in consistency  ex p erien ced  

w ith  the dry  e tch in g  techn ique .

3.5.1 Dry etching

In this study , Ar^ ion beam  e tch in g  w as used  to etch  p o ly m er substrates. O nce the pattern  

had  been  transferred  to  the p o ly m er surface th rough  the lithograph ic  p ro cess the 

spec im en  w as p o sitio n ed  in the v acu u m -ch am b er o f  the ion beam  e tch in g  (IB E ) m ach ine 

(C om m onw ealth  S cien tific , A lex an d ria , V A , U SA ). F igu re  3 .14 show s the IB E used in 

the P hysics D ep artm en t in T rin ity  C ollege.
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Figure 3.14 Ar* ion etching machine: (left) controller panel, and (right) vacuum cham ber and etching table

The etching curves for the polym ers and glasses used w ere determ ined because very little 

literature was found about the etch rate o f  polym ers and glasses with ion milling. 

Therm anox and PS were found to be not suitable for ion m illing etching. The surface o f  

these last two was irregularly etched by the accelerated ion impacts.

PM M A, and silica based glass etching curves were successfully determ ined (Figure 

3.15) and it can be seen that the etching rate is very slow for all the m aterials. These 

results are also com parable w ith Kaufman et al. (1987). In fact, they found that for 

PM M A, for exam ple, using an ion m illing process the etching rate was 40 nm /m inute 

(using a current density o f  0.4 mA/cm^, and an ion current o f  1200 eV).

160

i

Si02

PMMA

S1818

Si

0
0 0.2 0.4 0.6 0.8

Ion c u r r e n t  d e n s i ty  [mA/cm^]

Figure 3.15 PMMA, S1818, and Si02 (experimental data) Silicon wafer (Sze, 1988) 
etch curves using Ar" ion m illing process. Relation between etch rate and ion 
density. (Ion gun voltage acceleration 1200 eV)

68



For silicate g lass it was found that the etch rate w as o f  12 nm /minute (beam source 1.5 

kV, temperature chamber =  190°C, and source pow er =  1.6 W/cm^) (Kohler, 1998).

Tw enty sam ples between PM M A and silicate g lasses w ere etched for different tim es 

in order to achieve different depths. In Table 3 .7 , the ion-m illing settings used for etching  

PM M A and silica  g lasses are reported. WLSI analysis w as carried out on channel 

dim ensions, roughness and cross section.

T ab le 3.7 Ion m illing settings for PM M A and silica g lass based substrate

Resist
Exposure

dose
[mJ/cm^l

Exposure
time

[seconds]

Exposure
range

(optimal)
|nm|

Resolution
l^iml

Room
Temp.

|°C |

Humidity
1%)

PMMA 120-210 30-45
350-450

(436)
0.48 20 ± 1 - 3 0  ± 2

Silica glass

SiOz;

BzOj-SiOz

350-450 30-60
300-440

(365)
0.5 20 ± 1 - 3 0  ± 2

During the manufacturing o f  a second batch o f  sam ples the ion m illing broke down  

and since then m any difficu lties m ade the m achine unavailable. Therefore, another 

etching process had to be found and developed.

3.5.2 Wet etching

G lass sam ples were etched using a selective etchant bath solution. From the literature it 

w as found that different solutions o f  hydrofluoric acid (i.e., 1:10, 1:7, and 1:6 HF:H2 0  

concentrations) w ere com m only used for gross etching and isotropic bulk etching  

(W illiam s, 1996). The etch rate o f  these solutions w as respectively found to be o f  60  

nm /m inute for the 1:10, 50 nm /m inute for 1:7 and 100 nm /m inute for the 1:6 

concentration.

A buffered HF solution (H F/N H 4F) w as adopted. This HF based solution guaranteed 

a controlled and balanced pH o f  the bath and a milder etching action than the previous 

diluted HF experienced. An etch rate o f  0 .26  |im /m inute w as reported by Jacobson et al. 

(1 9 9 4 ) on borosilicate glass. The etching o f  sm all chips (m ax size =  1 cm^) w as carried 

out. A debonding o f  the two layers w as causing an inconvenient resist lifting and 

consequently an under-etching o f  the sam ple substrate. The problem still existed  even
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with the help o f an adhesion promoter. A new solution had to be found in order to 

achieve a proper etching.

A thicker photoresist (microresist technology ma-P1275) and its combined adhesion 

promoter were tried to achieve a stronger and more shielding effect between glass surface 

and resist.

A new batch o f 20 samples was prepared with this new resist (microresist ma-P 

1275), following the process described above. The samples were then etched using the 

same buffered solution HF/NH4F as before. Grooves were etched for total times o f ten 

minutes in order to achieve an expected groove depth o f 2.5 ^m. WLSI measurement o f  

the etched samples revealed a groove depth o f only 1.5 |im and a predominant isotropic 

etch o f the side walls.

Fluorosilicic acid (H2Si06) was selected as a safer and less aggressive etchant than 

hydrofluoric acid. Literature was found about the etching properties of this acid for 

microdevices fabrication (Baldock et ai ,  2000). This new etchant did not require any 

metal deposition in the microlithographic process.

Hexafluorosilicic acid commercially pure (technical grade o f 34%) was purchased 

(Fischer Scientific, UK). A 100 ml acid solution was sufficient to guarantee a uniform 

pH concentration on the bath and a proper etch o f the substrate surface. Then, to reach 

the best etch performance temperature was controlled around 28°C (± 0.5° C).

Etch rate curves were determined for borosilicate glass and then silicate glass to 

determine the etch curve o f both substrates, shown in Figure 3.16.

From the isotropic etching a trapezoidal shaped cross-section o f the channel was 

obtained with a 0.4 rate between width and depth. This geometrical etch limited the 

substrate groove depth. Fifteen samples were successfully etched using this technique 

achieving a remarkable quality o f the pattern’s geometrical features {i.e., cross-section, 

depth, roughness).

The wet etch process, as said before, has several limitations in particular when the 

pattern size is approximately a few micrometers. This is a good reason why initially the 

dry etch technique was approached as a suitable technique for our study.
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Figure 3.16 Etch curve o f hexafluorosilicic acid solution determined 
for borosilicate glass (B203-Si0 2 ) and silicate glass (SiOi). Two 
samples were measured at fixed etching time (5, 10, 15 minutes) to 
determine the relative etch depth

Another alternative that was presented in the literature was the plasma etching technique. 

A t the time the etching protocol was developed for this study the only plasma etching 

system available was a small O2 plasma system (circular chambers) capable o f etching 

the glass substrate at an etch rate o f 12 nm/minute. Therefore, the O2 system was only 

used for superficial treatment o f the substrate as w ill be described in this chapter later.

3.5.3 Resist Removal

Once finished the etching process was finished, the photoresist was stripped o f f  using a 

wet solution. Pure acetone was used i f  the substrate was non-reacting to it, or i f  the resist 

supplier recommends it, or otherwise a resist remover i f  specified by the supplier, to have 

a smooth removal action. This remover is specifically designed to remove the resist-type 

used and it is recommended in case o f  multilayer lithography or particular resist.

The removal time (or stripping time) was in relation to the resist thickness and in this 

case, using an acetone solution it was o f the order o f minutes. A fter that, the substrate 

was chemically cleaned in a m ild bath o f  deionised water and dried with compressed 

nitrogen gas. Inspection followed, to check the pattern, as describe in Appendix (section 

3.12.6.1).

71



3.5.4 Plasma Etching

Plasma etching was used to improve the surface binding charge o f the substrate used in 

this study. The plasma etching system available for this work was a small laboratory- 

oriented barrel system (Junior plasma system from Europlasma NV, Belgium) (Figure 

3.17). In this work it was mainly used for two purposes (i) to homogenise the superficial 

charge o f substrates, and (ii) to etch and remove thin layers o f particles (a few angstroms 

only) from the micropatterned surface. With the first treatment free radicals were created 

at the top surface layer o f the substrate to improve the surface binding. The second 

treatment was used to clean the micropattemed surface and to remove any possible 

contaminant left before the biochemical coating. The plasma was also used to regenerate 

the surface charge after every experimental analysis o f cells (a few angstroms removed 

every time).

Figure 3.17 Plasma system used in this study. Barrel system for laboratory applications

The plasma system was supplied with oxygen (O2 ) but it was also possible to use 

different gas etchants. The control o f  the gas and many other parameters was necessary to 

control the etching process. Following the indication provided by the machine manual the 

overall control o f the etching system was reduced to only three parameters {i.e., power 

input, gas flow and treatment time). Varying these parameters it was possible to deliver a 

different treatment to the substrate surface. The settings for the two processes used in this 

work were determined following the indication given in the literature for mild and severe
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etching and adapting those found to the system used, Table 3.8 reports those input 

settings to etch silicate based glasses (borosilicate and silicate glass).

To quantify the dose o f treatment to give to the samples it was necessary to have an 

output parameter to measure and correlate. The degree o f hydrophilisation is a parameter 

that correlates the amount o f superficial treatment given in relation to the degree o f 

adhesion o f a single drop o f well-known liquid (commonly deionised water) on top o f the 

surface under examination The degree of adhesion between surface and liquid is

measured by the contact angle ysL at the interface between the two materials, see Figure 

3.18. In this case the liquid used was deionised water because o f the large range of 

contact angle feasible (< 10° - > 77°).

Tangait to 
drop shape 
at contact 
point

Contact angle; angle 
between tangeni and 
surfacc

Figure 3.18 (left) Schematic representation o f  a contact angle ysL between substrate (solid) and liquid 
drop (fully characterised liquid), (right) contact angle m easurem ent on borosilicate glass superficially 
treated at 200 W atts for 8 m inutes (surface activation treatment)

Table 3.8 Plasm a treatm ent setting parameters and contact angle (output) measured in 
relation to the input value given. The output values are given in mean value and standard 
error o f  the mean (s.e.m.) for « = 4 samples

Treatment
Power
Input

(Watts]

Exposure
time

(minutesj

Gas flow 
jmtorr]

Base
pressure
[mtorr]

Chamber
temp.
(°CI

Superficial
Activation

200 8 220 100 29

Etching 600 15 220 100 35

The system used to measure the contact angle value was based on the graphical 

determination o f drop contour on top o f the surface and the relative angle inscribed by
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the two traced tangent lines, see Figure 3.18 for details. The system used was a 

computerised system (FTA 125, First ten angstroms, VA, USA) between a CCD camera 

and dedicated software (First ten angstroms video drop shape analysis, VA, USA) 

(Figure 3.19). The system was efficient and reliable with a tolerance o f 1°.

Once, the degree o f  adhesion between the treated surface and a water solution was 

measured, it was possible to determine the dose o f  treatment to give in relation to the 

three input parameters.

Figure 3.19 Contact angle .system used for plasma treatment m easurem ent. A CCD 
camera (left) was used to acquire the images o f  a well-known single drop o f  de
ionised water injected on top o f  the treated surface by a syringe (right). Samples 
were positioned on the black support standing ju s t underneath the syringe

Contact angle o f  a treated batch o f  samples {n = 25) o f  borosilicate glass was measured 

after 30 seconds, 1, 3, 7, 30 minutes, 1, 5, 12 hours, and after 1, 3, and 7 days. 

Measurements were repeated at least four times per each fixed interval From the 

information gathered from the fully characterised O2 plasma process it was possible to 

describe the different stages o f  the hydrophilicity treatment on the surface o f  the substrate 

by an hysteresis curve.

Limitations were the lack o f  surface characterisation due to lack o f  equipment {e.g., 

XPS analysis), although substantial improvement was found.
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3.6 Lymphocyte cells and culture

Two kinds o f  human lymphocyte T cell types were used in this study. These cells were 

(i) normal human peripheral blood T lymphocytes (HBTL) and (ii) malignant T 

lymphoma cells line 78 (HUT78) (ATCC, Rockville, VA, USA).

PBTL lymphocytes were harvested from peripheral blood o f  healthy volunteers in 

the Department o f  Clinical M edicine, Trinity College Dublin. A standard method, based 

on centrifugation/density gradient separation was used to isolate lymphocytes from the 

whole blood (Murphy, 1998).

T lymphoma cells line HUT78 were originally derived from peripheral blood o f  a 

patient with Sezary syndrome. These cells have properties o f  a mature human T cell with 

helper/inducer activity. The morphology o f  this cell is typical lymphoblastoid.

Both cell types were cultured in sterile flasks in RPMI 1640 medium and 

supplemented with HEPES buffer (Life Technologies, Paisley, U.K.), antibiotics and 

10% FBS (fetal bovine serum), (Summint Biotechnology, CO, USA). The culture 

concentration was maintained between 3 - 9 x 10  ̂ cells/m l in a humidified atmosphere in 

the presence o f  5% CO2 atmosphere at 37°C.

Different activation conditions were used for the two cell types. PBTL ceils were 

pre-activated with 25 nĝ ^ml o f  phorbol myristate acetate (PM A) (Sigma, ST. Louis, MO, 

USA) for 48 hours at 37°C, 5% CO2 in a medium RPMl 1640 supplemented with 2mM  

L-glutamine + lOmM HEPES + lm M  sodium pyruvate +4.5 g/L glucose + 1.5 g/L 

sodium bicarbonate + 10% FBS. HUT78 cells have a constitutively active phenotype and 

therefore were cultured in a complete medium without PMA at 5%C02 at 37°C.

3.7 Antibodies and integrin selection

Monoclonal antibodies (anti-LFA-1 mAbs) and LFA-1 natural ligands (ICAM -I) were 

used on top o f  the microfabricated substrate (Volkov et al., 2001). Three experimental 

wells o f  a six well plate containing microtextured substrate chips, were treated with a thin 

layer coating (few nanometres) o f  mAb to a-chain o f  LFA-1 (clone SPV-L7 by Sambio, 

Uden, The Netherlands). Two control wells containing square glass chips treated 

similarly with a control mAbs, isotype-matched murine IgG (Dako, Bucks, UK), were 

used to compare the cell response. Recombinant ligands (ICAM -1) (R&D system s, USA)
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were also used in this study, to check the similarity o f cell response induced by 

physiological ligands and antibodies.

3.8 Substrate coating for cell motility

Microtextured samples were prepared to be coated with ligands using a two steps 

cleaning protocol. First, chip substrates were washed in a bath o f methylated alcohol for 

30 minutes to soften grease and remove any contaminants. Secondly, to remove any trace 

o f dirt, and to superficially activate and charge the surface o f the substrate, they were 

immersed in a bath o f HCl for a 60 minutes. After that, they were washed with fresh 

medium (RPMI 1640 serum free). Then, they were coated with a primary antibody, 

following the documented protocol (Kelleher et al., 1995).

Then, cytotoxic reaction was investigated. In fact, the main requirement o f 

biomaterials for cellular and molecular biology applications is to have a low cytotoxicity 

when used in cell culture. This is expressed by the number o f cells still alive after a 

certain incubation time on a tested material. Cytotoxicity was analysed after having 

cleaned the substrates. The substrates were immersed in culture medium and cells were 

seeded on top o f it. Following an overnight incubation at 37 degrees the cells were 

stained with a mixture o f ethadium bromide and acridine orange and analysed by 

fluorescence microscopy to establish cell viability. The substrates were considered 

biocompatible if  the number o f viable cells (displaying green fluorescence) was greater 

than 95%.

Amongst all the substrates initially selected, the best materials that could be used 

were borosilicate glass and silicate glass. These two types of glass were satisfying all the 

protocol requirements, easy to sterilise, completely inert, not cytoxic, and not subjected 

to deterioration by aging. Moreover, they were also transparent with a controlled amount 

o f fluorescence emission and it was possible to achieve a good degree o f hydrophilicity.

3.8.1 Investigation of the substrate adhesion

Recombinant ligands or mimicking antibodies are commonly immobilised in tissue 

culture plastic flasks or wells by electrostatic bonds. Microscope slides are also used for 

the same purpose. In this study, at the basis of the stochastic response o f motile cells, two 

main interfacial physical properties were required: (i) the uniformity o f the ligand coating 

and (ii) the ligand adhesion to the substrate. Therefore to obtain such uniformity an

76



enhancem ent over the hydrophilic response o f  the exposed substrate surface to ligands 

w as addressed. To m easure this enhancem ent, a sim ple w ater contact angle test was 

carried out to m easure the affinity o f  de-ionised w ater tow ards the m aterial selected. It 

resulted that the exam ined plastic (Theirnanox plastic, PM M A, and PS for cell culture 

flask) and glass (borosilicate and silicate m icroscope slides) surfaces had a contact angle 

ranging betw een 30 and 60 degrees, see Table 3.9. With those values o f  contact angle it 

was necessary to treat the substrate surfaces with plasm a treatm ent to increase the 

hydrophilicity response o f  the substrate to create a stronger ligands-substrate adhesion.

Treated substrates were coated w ith a layer o f  m otility-inducing m onoclonal 

antibodies (m A bs). It w as im portant to m aintain a hom ogeneous layer o f  coated m A bs in 

order not to create islands o f  preferential cell accum ulation or possible ligand 

concentration gradient during cell m igration.

3.8 .2  Sub strate  coating

A fter the plasm a treatm ent, the substrate was positively charged by HCl bath to 

m axim ise the adhesion property betw een substrate free surface radicals and the antibody 

m olecules. This adhesion was qualitatively assessed by two techniques. The first 

technique was by observing the uniform ity o f  the fluorescent optical contrast properties 

o f  fluorescing labelled ligand im m obilised on the substrate {i.e., plane and m icrogrooved) 

under green UV light. A typical exam ple o f  m Ab (i.e., an ti-L FA -I) uniform  coating is 

reported in Figure 3.20 for m icrogrooved substrate.

Table 3.9 Experimental analysis o f  surface contact angle o f  five 
selected materials for cell investigation

M aterial C o n ta ct  angle [± 1 ]

PMMA 68

PS 57

Thermanox 45

Si02 35

B203"Si0 s 35
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Figure 3.20 Fluorescence analysis o f  anti-LFA-l niAb coating. The unifonn green 
colour is the mAh coated layer on the substrate, (magn. 40X)

The second technique involved the qualitative inspection o f the cell activation on the 

substrate microenvironment to identify possible non-uniformity o f the cell distribution, 

i.e.. patches or areas o f spontaneously aggregated cells. The areas displaying non- 

uniform distribution of the cells were excluded from analysis.

3.9 Cell adhesion, polarisation and motility

Having coated and inspected the two surfaces, the measurement o f adhesion and 

activation of physiological (high conc.) and non-colliding (low conc.) concentrations of 

cells was the next step. The two cell types used were activated and placed on both the 

two surfaces (plane and grooved) in order to have the same experimental conditions in 

terms o f cell response. In parallel to that a control substrate sample was included in the 

micro-well assay. To maintain the same surface properties the same microtextured 

substrates were prepared again for the second cell type to have a complete reproducibility 

o f the microenvironment conditions for both cell types. Furthermore, the same 

experimental setup was repeated twice, first for the physiological cell density and then 

for the non-colliding concentration cells.

Cultured HUT78 lymphoma ceils or activated PBTL lymphoid cells were added on top 

o f a plane and microtextured borosilicate glass coated with LFA-1 mAb (1.75 |lg/ml).
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The two different cell concentrations used were for the physiological concentration 250 

|il o f suspension at 5 x 10^ cells/ml; whereas for the non-colliding case the same 

concentration o f cells was diluted in order to reach a cell concentration o f 10 - 20 x 10  ̂

cells/well (250 )il o f suspension at 1.5 x 10*' cells/ml). All wells were initially pre-washed 

with fresh medium to precondition them. Then, a control chamber, containing a treated 

substrate was also treated similarly with IgG. After that, the cells were added and 

incubated for one hour at 37°C to stimulate adhesion, successive polarisation and 

motility.

Subsequently non attached cells were removed by triple gentle washing o f the wells 

with warmed culture medium.

Cell polarisation was then assessed by estimating the percentage o f cells undergoing 

cytoskeletal rearrangements and formation o f uropods (locomotion-associated 

phenotype), over the total number o f adherent cells per microscopic field. The estimation 

o f cell polarisation was based on the deformation index (Dl), a common parameter to 

measure polarisation in cell biology.

The deformation index was calculated from the measurement o f the best-fit elliptical 

contour o f the activated cells in each field. Initially, two random fields were chosen and 

from them a random population o f cells were measured using Scion image software 

(Scion Corp., MA, USA). Major and minor elliptical axes o f the best-fit cell contour 

shape were the two main parameters measured. Then, the calculation o f the ratio between 

the major and the minor axis was given the cell deformation index.

Dl and the initial population motility were the preliminary motility indicators for 

every cell migration analysis to access the degree and quality o f cell activation o f the 

lymphocytes onto the substrate.

3.10 Individual cel! migration analysis

3.10.1 Time lapse microscopy

The experimental apparatus for both observing and tracking cell movement is shown in 

Figure 3.21. Coated substrates assembled in a cell culture multi-well assay, as described 

above, were placed on the stage o f an inverted microscope (Nikon Eclipse TE 300, 

Japan) and cells were observed under phase-contrast optics at two different 

magnifications (i.e., 20X and 40X). Extra long focal length lenses were used to enable
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the observation o f cells through thick support {i.e., culture flask or microscope slide). The 

light source was regulated at a low intensity to avoid any interaction with the activated 

cells. Cells were observed using a CCD camera (JVC TK-Cl 380, Japan) mounted on the 

microscope port and displayed on a video. At a magnification o f the camera of 20X, each 

field displayed was having a filed o f  view o f approximately 800 microns by 600 microns. 

The same resolution was achievable with the x40 magnification with a consistent 

improvement in the detail resolution. The CCD camera was then connected to a personal 

computer by a dedicated capture card (Leica DC 100 system, Germany). Dedicated 

software allowed the acquisition o f captured images and subsequent processing (Leica 

Qwin standard ver.2.2 and Leica DC 100 v 2.41). Cells were maintained at a constant 

temperature of 37 ± 0.1 °C during the tests by a temperature controlled table stage 

mounted on the microscope (HT 200, MiniTUB, Germany). Room temperature and 

humidity were controlled at all times by an air conditioning system (temperature 20 ± 

1 °C, humidity < 40%).

M ultiw ells W it h  m icropattcrned  
t eni pe ra tu re co nt roUc d

i i A
Inverted  niicroscopc 

Lenses (x20, x40, x60, xlOO)

earner

Figure 3.21 Nikon Eclipse TE 300 system equipped with CCD camera, and dedicated software for 
capturing sequential frames or continuous recording
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3.10.2 Preliminary settings

To observe any appreciable cell m ovem ent during the course o f  each experim ent, a 

prelim inary video recording o f  the cell behaviour was carried out. From this test it 

em erged that it was possible to follow  cell m otility every few m inutes. D uring this gap in 

tim e another closed field could be follow ed and tracked at the sam e tim e. The second 

selected field had to be close to the first one in order to reduce possible convection 

phenom enon in the m edium  solution caused by agitation.

3.10.3 Cell tracking and image analysis

W ith the versatility o f  this system , it was possible to capture im age-fram es using a sem i

autom ated function and to prom ptly adjust the capturing conditions to h ighlight specific 

features during the experim ental test, such as uropods protrusions or extrem ely extended 

fine tails. This technique was preferred to a com pletely autom atic tracking system  

because o f  the size o f  the cell tracked (~ 20 )lm) and the extrem e difficulty o f  capturing 

the cell contour and therefore to define a cell-substrate contrast threshold. O ther 

advantages were found in the reduction o f  the tracking-loss that occurred in an autom atic 

target-search run by the dedicated software.

The acquisition tim e betw een two observations was determ ined at first by direct 

observation o f  cell m ovem ent on activated substrate. A group o f  cells was exam ined 

during their motile behaviour and tim e intervals betw een relevant changes on the cell 

direction o f m otion were recorded. The average tim e calculated was approxim ately 6 

m inutes.

A second approach to determ ine a cell-tracking interval tim e was to directly induce a 

m igrating-altering-stim ulus to a single cell. A m icrom anipulation technique w as used to 

change the direction o f  cell m igration. The cell-trailing edge was disturbed in its m otion 

by controlled lifting w ith a glass m icroneedle. The stim ulus was sufficient to force cell 

cytoskeleton rearrangem ent at a direction perpendicular to that previously taken. Cell 

changes were captured every m inute and the sequence o f fram es is illustrated in Figure 

3.22.

Significant changes were exam ined after an interval range o f  5 m inutes for both 

HUT78 and PBTL cells. Shorter intervals were also tested and no significant changes in 

the cell shape could be distinguished. Longer tim e intervals, how ever, resulted in overly- 

sm ooth and, thus, inaccurate cell paths.
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F igure 3 .22  M icrom anipu la tion  o f  cell m ig ra tion  dynam ics. C ell cy toskele ton  rearrangem ent to 
p e rpend icu la r stim ulus. (H U T 78 ly inphom a cell, m agn. 60X , sam pling  tim e every  m inute)

Another aspect to determine during cell-tracking time was the duration o f the 

experimental analysis. In this study single cells were tracked on their path for a total 

tracking time o f 60 minutes (Figure 3.23). This cell-tracking time was chosen to avoid 

any doubling process intervening with the lymphoid T-cell response. Although the 

tracking o f single individual cells for longer periods was technically achievable, a 

substantial change in the gross population could intervene due to proliferation with a 

consequent change in cell motility behaviour. During cell tracking two main exclusion 

criteria were used to remove tracked cells from the analysis: (i) cells that were leaving 

the field o f investigation and (ii) cells that did not move more than a cell radius from 

their initial position during the experiment.

A cell tracking process had to be employed to gather quantitative information after 

cell movement was recorded. From each frame captured, a standard set o f data was 

measured using Scion Image software (Scion Corp., MA, USA). Initially, calibration was 

carried out to determine the scaling factor between pixel and micrometers from the CCD 

image picture. This operation was facilitated by the combination o f a specific calibration 

function available with the software used and the microscope calibration scale.

Cell movement was measured by the amount o f displacement o f the apparent centre 

o f mass (centroid) o f the cell. Thus, the centroid o f each cell was tracked separately 

(Figure 3.24). In addition, several other parameters were measured using the built-in 

functions of Scion Image. The final output data file included perimeter, and enclosed area 

o f the cell, direction angle, and cell centroid {x and y  position o f the centre o f a Bezier 

curve).
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F igure 3.23 Superim position  o f  tw o d ifferen t tim e in tervals (to and t6o)- C ell m igration  can be 
exam ined  and quan tified  by a set o f  locom oting  param eters

Cell speed = S(distance(Xj.i,Yj.i; X„Y)) fWme

F igure 3 .24  Schem atic  rep resen tation  o f  sing le  cell path and exam ple 
o f  cell cen tro id  track ing  m easurem ent. C ell cen tro id  coord inates w ere 
then  used  to ca lcu la te  cell speed
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3.11 Measurement of individual cell migration parameters

3.11.1 Application of persistent random walk model to experimental data

Qualitative differences in individual cell paths were described using a persistent random 

walk model, this follows the Gail and Boone (1970) model applied to a two-dimensional 

confinement. The model was employed for each topographical surface and cell 

concentration.

An average o f 30 motile cells was measured for each experiment. Each setup was 

divided in relation to the cell density investigated in each field. In fact, at low cell 

concentration cell-tracking was limited to 5 - 8 cells per field and therefore several 

experiments had to be undertaken to reach a significant population number {n = 30 cells). 

Then, for each cell measured, the square of the displacement {T } was calculated for 

every time interval as follows;

where {7̂ ’ was the square displacement o f an individual cell /, N  was the total number 

o f images analysed.

to describe the cell population the main requirement o f Gail and Boone (1970) and Dunn 

(1983) models was the normal distribution around the mean value o f the cell speed. Tests

distribution o f the cell displacements. By doing that, it was possible to describe the cell 

population behaviour at each fime interval by the relative mean and standard deviation o f 

the population under investigation.

The mean square displacement was calculated at each time interval by averaging the 

square displacements o f each cell calculation over the total number o f cells.

eqn. 3.1

In order to use the mean o f the square displacement <1^> as a significant parameter

o f goodness o f fit described by a (x^-test) were carried out to estimate the normal

eqn. 3.2
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where Nc was the total number o f cells analysed, (<T^>), was the mean square 

displacement o f the cell population at a discrete time interval t, and (T^)j was the square 

displacement o f cell / for the discrete time t.

The equation suggested by Gail and Boone that correlates the mean square 

displacement <T^> with diffusion and persistence for a moderately persistent interval o f 

time / in a two-dimensional system was:

< T ^  >  -  4 D * ( / - P * )  eqn. 3.3

where D*  and P* were the parameters directly calculated from the experimental data.

By plotting the mean square displacement <T^> curve against time, the random 

motility coefficient (D) and persistence (P) could be determined graphically as the slope 

o f the asymptotic linear part o f the curve and the intersection o f the extrapolation o f the 

linear curve to the x-axis, as will be shown in the following chapter (section 4.5.2).

3.11 .2  Statistical analysis  o f  ind iv idual cell speed  d istr ibutions

Cell speed distributions were determined by discretising the cell speed population into 

0.5 jim/min bins and counting the number o f cells with best-fit values for speed falling 

within each bin. This was done for each experimental arrangement. Distributions were 

plotted as number of cells observed expressed by the mean value o f each bin interval. 

The probability plots based on the test o f goodness o f fit were also calculated to check 

the scattered distribution o f the cell speed population.

Following that, a non-standard normal probability distributions for speed were 

calculated with the mean S  and standard deviafion Osin speed for motile cells as:

/ ( 5 )  =  - = ! = • ( ?  eqn. 3.4
^27T(7^

Normally distributed curves were plotted within each experiment for each o f  the two 

lymphoid cells. A graphical comparison followed by a Student’s t test gave an indication 

on the difference in T cell motility for each experimental setup.
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Appendix to Chapter 3

3.12 Appendix to Chapter 3: Details of the microfabrication 

processes

3.12.1 Microfabrication technique: overview

M icrofabrica tion , m icro lithography , and m icrom ach in ing  are used for a varie ty  o f  app lica tions, such  as 

sensors, actuators, b iom edical dev ices and in m icroelec tron ic  dev ice  m anufacturing . M icro fab rica tion  is a 

p rocess used to construct physical ob jec ts  w ith d im ensions in the m icrom eter to m illim etre  range. 

M icro fab rica ted  ob jec ts o r dev ices are com prised  o f  a range o f  m in ia tu re  struc tu res, inc lud ing  m oving  parts 

(can tilevers and d iaphragm s), sta tic  s truc tu res (flow  channels and w ells), chem ically  sensitive surfaces 

(p ro te ins and ce lls) and electrical dev ices (resis to rs and transis to rs) (R ai-C houdhury , 1997).

L ithography  is the basic techno logy  that has been successfu lly  used to develop  the in tegrated  circu its 

(IC) industry  over the past few  decades. T o  date, optical lithography  con tinues to be the dom inant 

techno logy  for the IC industry , and it has been  used in p roduction  by lead ing-edge h igh-vo lum e 

m anufacturers. In the past few  years th is techno logy  has been ex tended  to a m ore ex trem e scale  w ith  the 

adop tion  o f  techno log ies such as ex trem e ultrav io let, e-beam , and x-ray  pro jec tion . T he field  o f  lithography  

dem ands huge investm ent for p rocess developm ent and p roduction  to drive the nex t generation  o f  m ic ro 

com ponen ts and hence , a new  m in ia tu riz ing  era. T herefore , it requ ires constan t tra in ing  and invo lvem en t o f  

both  scien tists  and engineers.

T he  m icro lithography  and m icrom ach in ing  industry , in the con tex t o f  new  pow erfiil technology  

availab le  on the m arket at low  price, has changed  ev ery  aspect o f  the IC industry  and th u s had influence on
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everyday life. W hat was thought to be impossible to achieve ten years ago, in the electronic field, is 

becom ing a reality today thanks to the adoption o f  the sub-micron technology in the IC industry. The 

silicon revolution had driven the evolution o f  all the other collateral fields in which it has been applied. In 

the last two decades, there has been massive investm ent in the microelectronics infrastructure worldwide 

and Ireland has played an important role in the European scenario.

In addition to that, the common technology constantly integrates novel materials in parallel to the well 

known ones. M agnetic materials, polym ers and biocom patible materials were developed for specific 

applications. This integration was not inexpensive. In fact, the introduction o f  new m aterials gave rise to a 

problem  regarding the lack o f  knowledge in their properties (for instance, material failure, incompatibility, 

contam ination, thermal incom patibility and low process integration).

Typical exam ples o f  the synergetic contribution o f  m icrolithography and new material can be found 

in the com puter industry, biomedical industry; surgical instrum entation and biological and chemical 

analysis industries.

One o f  the rapidly em erging application fields for m icrom achining technology is the biomedical 

industry. These technologies are o f  interest because they offer m iniaturised system s at subm icron precision 

with low production cost. It enables the developm ent o f  biomedical devices previously unattainable with 

the conventional m anufacturing techniques.

Several factors have driven this recent fusion between biology, m edicine and microfabrication. 

Commercial high-volum e low-price technologies such as whole genom e sequencing projects and drug 

discovery have created a need for these devices. Scientifically, the ability to design and control 

experim ents at the m icrom eter scale has attracted the interest o f  biologists, who have started pioneering 

studies using this technology.

The main types o f  biomedical devices that utilise m icrom achining technologies are neural stimulation 

and recording system s (Blum et al., 1991; Akin et al., 1994), biological/chem ical analysis systems 

(Effenhauser et al., 1993; W ilding et al.. 1994), whole cell systems (Austin et al., 1997; Ayliffe et al., 1997; 

den Braber et al.. 1995; Bousse, 1995) , surgical instrum entation (M athieson et al., 1994), prosthetic 

devices (Bell et al., 1997), and tactile sensors (DeSouza and Wise, 1994).

3.12.2 Microfabrication technology

M icrofabrication technology uses a sequence o f  process steps from different technologies to produce a 

physical structure. Varying the process steps and materials used can lead to a large range o f  possible 

devices.

Two microm achining processes can be found in this technology: (i) bulk and (ii) surface 

micromachining. The first process is when on a substrate a device is build out o f  its bulk. The second 

process is when the device is built on the surface o f  the substrate. Each type o f  process is represented in 

Figure 3.25. Often, devices are built with a com bination o f  both types o f  the two machining processes. 

M icrofabrication consists o f  two main processes (i) m icrolithography, which transfers a pattern into a 

material and (ii) m icrotechnical etching or microetching, which creates features by selectively removing 

m aterials (either thin films or substrate) in defined patterns.
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/ Structural material

Sacrificial material

»Substrate
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F igure 3.25 A ppendix . Schcmatic examples o f Bulk (left) and Surface micromachining (right) processes. 
On the left, a sacrificial material and a structural material arc deposited and patterned. The sacrificial material 
is then removed. On the right, a hole is anisotropically etchcd through the substrate

3.12.3 Substrate Materials

O ne o f  the first and m ost im portan t phases o f  every  m icro fab rica tion  p rocess  is the selection  o f  the 

substrate . T h is  phase is even m ore delicate  for b iom ed ical and b io log ical app lica tions w here 

b iocom patib ility  is an im portan t feature (von R ecum , 1996). A m ong all the substra tes available now adays 

there are th ree m ain fam ilies o f  b iom ateria ls  w idely  used.

Silicon: Silicon is the m ost com m on m aterial in m icro fab rica tion  in the fabrication  o f  in tegrated  

circu its. It com es in a sing le-crysta l w afer form , w ith typical d iam eters o f  75 -200  m m  and th icknesses o f  

0.25-1 0 m m . In addition  to its excellen t elec trical p roperties, silicon  also p ossesses ou tstand ing  m echanical 

p roperties, enabling  the design o f  m icrom echan ica l s truc tu res (P etersen , 1982). T h ere  exists a w ide range 

o f  w ays to m icrom ach ine  silicon , and the ability  to do th is in com bination  w ith in teg ra ted -c ircu it 

fabrication  leads to the potential to form m ono lith ica lly  in teg ra ted  m icrosystem s.

For b io log ical o r m edical m icrosystem s, silicon  m ay no t be the m aterial o f  cho ice . It is no t op tically  

transparen t, p reven ting  the use o f  transm ission  m icroscopy , and its cost can po ten tia lly  be too large for 

d isposab le  devices.

G lass: A lthough  the range o f  m icrom ach in ing  processes for g lass is less ex tensive  than for silicon , 

g lass p rov ides som e un ique features, m ost no tab ly  optical transparency . G lass substra tes are availab le  in 

m any d ifferen t co m positions and sizes. T w o im portan t exam ples are fused silica  substra te  and borosilicate  

substrate. F used s ilica  substra tes are pu re  am orphous silicon  d iox ide  (S iO i). T h ey  can w ithstand  high 

tem pera tu res (r,oyirt„„g=1580°C), are op tica lly  transparen t dow n to short w ave leng ths, and have very  low 

au to fluorescence. B orosilica te  substrates, o f  w hich, the m ost com m on is Pyrex® (type C om ing  7740), are 

m uch less expensive than fused silica  or quartz  (and can be less expensive  than silicon).

Plastics: P lastic  is often the least expensive substrate m aterial. T he availab ility  o f  m ass production  

p rocesses (e.g. in jec tion  m old ing , em bossing) that can be ex tended  to the m icrosca le  m eans that p lastic 

dev ices can be ex trem ely  inexpensive  to p roduce  in volum e. T h is  a llow s for d isposab le  devices, w hich 

m in im izes issues o f  steriliza tion , c logging , and drift. F o r these reasons, a m ajo rity  o f  com m ercial
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en te rp rises  use p lastic  m icrodev ices, especially  for d isposab le  clin ical applications. M ost dev ices to date 

have been  separation  channels for cap illa ry  e lec trophoresis . M ethods o f  fabrication  inc lude  in jection  

m old ing , ho t em bossing , and casting  (espec ia lly  o f  po ly -(d im ethy lsiloxane) (P D M S ), all o f  w hich are batch 

p rocesses capable o f  rep lica ting  a w hole w afer at a  tim e. W hile these m ethods are no t conventional 

m icro fab rica tion  p rocesses, they  all require  standard  silicon  or g lass m icro fabrica tion  in the b eg inn ing  to 

m ake the m aster/m old . In add ition , the so ftness o f  p lastics can m ean poo r d im ensional to lerance  and 

stab ility , and au to fluo rescence  is often  a p rob lem .

3.12.4 Microlithography process

P ho to lithography  is the p rocess o f  tran sfe rring  patterns o f  geom etric  shapes on a m ask  to a th in  layer o f  

rad ia tion -sensitive  m aterial (called  resist) covering  the surface o f  the substrate  under a pho to lithography  

p rocess. A schem atic  represen ta tion  o f  the p rocess is show n in F igure 3.26.

Figure 3 .26  A ppendix . Photolithographic proccss. (a) Mask designing, (b) mask manufacturing, (c) substrate 
cleaning and preparation, (d) photoresist spin-eoating, (e) mask aligning and exposure (f) substrate develop

3.12.4.1 Mask designing and manufacturing

T he geom etric  pa tterns on the m ask are designed  in con junction  w ith the etch rate o f  the p rocess involved. 

T herefo re , it is im portan t to p lan all the pho to lithography  steps in advance/sequen tia lly . Firstly , pa tte rn s  are 

d raw n w ith a ded ica ted  com puter-a ided  design (C A D ) p rogram  (F igure 3 .26a), and then transferred  on to  a 

m ask (F igure 3 .26b). T he m ask is usually  a g lass p late (i.e., quartz  for high reso lu tion  or soda-lim e for 

reso lu tion  o f -1 0  jam) that has on its surface a pho todefinab le  opaque m aterial (usually  ch rom e) in the 

desired  pattern. I f  the features and to lerances in the pattern  are re la tive ly  large (> 20 |im ), then  a sim pler 

m ask-m ak ing  p rocess can be used. F or features below  20  [im a m ore soph istica ted  m ask m anufac tu ring  

p rocess is requ ired  (i.e., e-beam  lithography) and is typ ically  p repared  by a m ask  vendor.

Pattemed
photoresist

Computer

Photoresist

Substrate

(d) (f)(c) (c)

89



Appendix to Chapter 3

3.12.4.2 Cleanroom requirements

After mask making, the photolithography process requires a clean processing room, especially for the mask 

aligning and exposure area. The need for such a clean room arises because dust particles in the air can 

settle on the substrate and masks and cause defects in the patterns. The situation is critical at the 

lithographic exposure area where a particle adhering to the mask can create opaque patches on the mask. 

W hen these patches are transferred to the underlying photoresist, they com prom ise the entire lithographic 

process. Therefore, it is important to have a clean room where the total num ber o f  dust particles per unit 

volum e is controlled along with tem perature and humidity. A typical clean room for microfabrication is a 

class 100, where the dust particle count has to be four orders o f  magnitude lower than ordinary room air, 

see Figure 3.27 for the particle distribution curves for various classes o f  clean room.
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3.12.4.3 Substrate cleaning

At the beginning o f  the process it is imperative to remove any trace o f  dirt from the top o f  the substrate 

surface. Hence, a deep cleaning to remove any contam inating agents had to be carried out before the 

lithographic process. The most com mon problem s associated with dirty substrates are poor adhesion and 

defects. Poor adhesion leads to a loss o f  line width control across the substrate and, in the worst cases, to 

com plete loss o f  pattern elements. Defects lead to irregular pattern, like pinholes or spots that compromise 

the full process.

The important variables associated with the cleaning step include type o f  reagent, time and 

tem perature o f  cleaning, type o f  surface to be cleaned, and choice o f  the cleaning equipm ent.
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3.12.4.4 Spin-coating of photoresist

The first step in the lithographical process is called resist coating and consists in deposing a uniform 

thin/thick layer o f  photoresist (Figure 3.26d) on top o f  the cleaned substrate (Figure 3.26c).

3.12.4.5 Photoresist 

Basic Photoresist Chem istry

Photoresists have been used in the printing industry for over a century, hi the 1920s, they found wide 

application in the printed circuit board industry. The sem iconductor industry adapted this technology to 

wafer fabrication in the 1950s. Negative and positive photoresists designed for sem iconductor use were 

introduced by Eastman Kodak and the Shipley Company, respectively, in the late 1950s.

The photoresist is the heart o f  the m asking process. The preparation, bake, exposure, etch, and 

removal processes are fine-tuned to accom m odate the particular resist used and the desired results. The 

selection o f  a resist and developm ent o f  a resist process is a detailed and lengthy procedure.

Photoresist com position

Photoresists are manufactured for both general and specific applications. They are tuned to respond to 

specific wavelengths o f  light and different exposing sources. They are given specific thermal flow 

characteristics and formulated to adhere to specific surfaces. These properties derive fi-om the type, 

quantity, and mixing procedures o f  the resist particular chemical com ponents. There are four basic 

ingredients (T ab le  3 .10 ) in photoresists: polymers, solvents, sensitizers, and additives.

The ingredients that can contribute to the photosensitive properties to the photoresist are special light 

and energy-sensitive polymers.

Table 3.10 Appendix. Photoresist components and description of the function of 
each component

Com ponent Function

Polym er structure changes fi'om soluble to

Polymer polymerised (or vice versa) when exposed by the 

exposure source in an aligner

Solvent
Thins resist to allow application o f  thin layers by 

spinning

Sensitizers
Controls and/or modifies chemical reaction o f 

resist during exposure

Additives
Various added chemical to achieve process 

results, such as dyes

The most com monly used resists are designed to react to ultraviolet or laser sources. They are called 

optical resists. O thers respond to x-rays or electron beams.
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For the negative resist, the po lym ers change from  unpolym erised  to polym erise  after exposure  to a light o r 

energy  source; for the positive it is the opposite . Physically  the po lym ers form  a cross-linked  m ateria l that 

is e tch -resistan t (see F igure 3.28). In m ost negative  resists the po lym er base is po ly isoprem e type.

T he basic positive pho to resis t po lym er is a p h en o l-fo n n a ld eh y d e  po lym er, also ca lled  pheno l- 

fo rm aldehyde novo lak  resin (F igure  3 .29). W ithin  the resist, the po lym er is re la tively  inso lub le . A fter 

exposure  to the p roper light energy, the resist converts to a m ore so lub le  state.

CH,
CH3

CH,

Double bond  

 CH,

Energy

Unpolymerised Polymerised

F igure 3 .28 Appendix. Negative photoresist base, {left) polyisopreme molecule, {middle) 
schcmatic representation of unpolymcriscd and (right) polymerised resist
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F igure 3 .29  A ppendix. Positive photoresist base. Phenol-formaldehydc novolak resin structure

T his  reaction  is ca lled  pho toso lub ilisa tion . T he pho toso lub ilised  part o f  the resist can be rem oved  by a 

so lven t in the developm ent p rocess. P ho to resis ts  in general respond  to m any form s o f  energy. T he  form s 

are o ften  referred  to by the ir general ca tegory  (ligh t, heat rad iation , etc.), o r by  specific  po rtion  o f  the 

elec trom agnetic  spectrum  (u ltrav io le t light), deep  ultrav io let (D U V , I line, etc.).

T he  traditional novo lak -based  positive  resist has been  fine tuned  for use w ith I-line exposure sources 

(F igure 3.32). R esist m anufactu rers have developed  chem ically  am plified  resists for th is  exposure source. 

R esists for x-ray  and e lec tron  beam  (E -beam ) are based on po lym ers d ifferen t fi-om conven tional positive 

and negative resist chem istry . T ab le  3 .1 1 con ta ins a list o f  resist po lym ers used  in resist p roduction .
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Table 3.11 Appendix. Photoresist polymers: comparison between common resists

Resist Polymer Polarity Sensitivity
(Coul/crn)

Exposure
Radiation

Positive
Novolak 

(M -Cresol formaldehyde)
+ 3-5 X 10 -'* u v

Negative Poly Isoprene - 5x10'^ u v

PM M A Poly-(M ethyl-M ethacrylate) + 5x10-^ E beam

PIMIPK Poly-(M ethyl-Isopropenyl-Ketone) + 1 x 1 0 ’^ E beam/Deep UV

PBS Poly-(Butene-l -Sulfone) + 2x10'* E beam

TFECA Poly-(Trifluoroethyl-Chloroacrylate) + 8 X 1 O’’ E beam

COP  

(PC A)

C opolym er-(a-C yano-Ethyl-A crylate-a- 
Am ido-Ethyl-Acrylate) - 5 X 10'^ X ray

PM PS Poly-(2-M ethyl-Pentene-l-Sulfone) -t- 2 x 1 0 " E beam

Photoresist Perform ance Factors

The selection o f  a photoresist is a com plicated procedure. The primary driving force is the dim ensions 

required on the substrate surface. The resist must first have the capability o f  producing those dimensions. 

Beyond that it must also function as an etch barrier during the etching step, a function that requires a 

certain thickness for mechanical strength. In addition, resist must adhere to the top substrate surface or the 

etched pattern will be distorted. These are resist perform ance factors. In the selection o f  a resist, the 

process engineer often must make trade-off decisions between the various perform ance factors. The 

photoresist is one part o f  a com plicated system o f  chemical processes and equipm ent that must work 

together to produce the image results and be productive, that is, an acceptable cost o f  ownership for the 

whole patterning process.

Resolution capability

The sm allest opening or space that can be produced in a photoresist layer is generally referred to as its 

resolution capability. The smaller the line produced, the better the resolution capability. Resolution 

capability for a particular resist is referenced to a particular process including the exposing source and 

developing process. Changing the other process parameters will alter the inherent resolution capability o f  

the resist. Generally, sm aller line openings are produced with thinner resist film thicknesses. However, a 

resist layer must be thick enough to function as an etch barrier and be pinhole-fi'ee. The selection o f  a resist 

thickness is a trade-off between these two goals.

The capability o f  a particular resist relative to resolution and thickness is m easured by its aspect ratio 

(Figure 3.30). The aspect ratio is calculated as the ratio o f  the resist thickness to the image opening. 

Positive resists have a higher aspect ratio compared to negative resists, which m eans that for a given 

image-size opening, the resist layer can be thicker. The ability o f positive resist to resolve a smaller 

opening is due to the sm aller size o f  the polymer. It is a little like the requirem ent o f  using a sm aller brush 

to paint a thinner line.
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Resist
Aspect Ratio =  ^  eqn. 3.5

Figure 3.30 Appendix. Aspcct ratio o f photoresist

A d h esion  capability

In its role as an etch barrier, a photoresist layer must adhere well to the surface layer to faithfully transfer 

the resist opening into the layer. Lack o f  adhesion results in distorted images. Resists differ in their ability 

to adhere to the various surfaces used in microfabrication. Within the photom asking process, there are a 

num ber o f  steps that are specifically included to promote the natural adhesion o f  the resist to the substrate 

surface. Negative resists generally have a higher adhesion capability than positive resists. In any case if  the 

adhesion o f  the resist is not strong enough an adhesion promoter can be also used to overcome this 

inconvenience.

Photoresist exposure speed, sensitivity, and exposure  source

The primary action o f  a photoresist is to change structure in response to an exposing light or radiation. An 

im portant process factor is the speed at which that reaction takes place. The faster the speed, the faster the 

substrate can be processed through the masking area. Negative resists typically require 5 to 15 seconds o f  

exposure time, whiie positive resists take three to four tim es longer.

The sensitivity o f  a resist relates to the amount o f  energy required to cause the polymerisation or 

photosolubilisation to occur. Further, sensitivity relates to the energy associated with specific wavelength 

o f  the exposing source (Table 3.12).

Table 3 .12  A ppendix , Table o f electromagnetic speetruni o f light and wavelength specifications

N am e y r a y s  X rays

W avelen gth  (A,) jq-h jq-s 
|cm |

Ultra , ,  . Short „ .Infrared .. B roadcast
violet V isible radio ..

(IR) radio w ave
(IJV) w ave

10  *' 10-^ 1 0 '^  1 0 -  I O'*

Com m on positive and negative photoresists respond to energies in the ultraviolet and deep ultraviolet 

(DUV) portion o f  the spectrum (wavelength range: 100-400 nm). Some are designed to respond to 

particular wavelength peaks (G, H, I lines in Figure 3.32) within those ranges. Some other resists are 

designed to work with x-rays or electron beams (e-beam). Resist sensitivity, as a parameter, is m easured as 

the am ount o f  energy required to initiate the basic reaction. The specific wavelengths the resist reacts to are 

called the spectral response characteristic o f  the resist. Figure 3.31 shows the spectral response 

characteristic o f  a typical production resist. The peaks in the spectrum are regions (wavelengths) that carry
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higher am ounts o f  energy. Different light sources used in masking areas are also influencing the resist 

exposure because o f  their different em issions.

  ma-P 1275
m i-P  1275 exposed

3

2

0
250 350 400 450 500300

wavelength [nm]

F igure 3.31 Appendix. Exposure response curve {Source: 
Microresist technology ma-PI275 positive tone resist)
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F igure 3 .32  A ppendix . Mercury (Hg) spectrum Ifrom VLSI 
technology by Szc ( 1988)]

C om p arison  o f  P ositive and N egative  R esists

Up to the m id-1970s, negative resist was dom inant in the m asking process. The advent o f  VLSI (very large 

scale integrated) circuits and image sizes in the 2 to 5 |im  range strained the resolution capability o f  

negative resists. Positive resists had been around for over 20 years, but their poorer adhesion properties 

were a drawback and their superior resolution capability and pinhole protection were not needed.

By the 1980s, positive resist was the resist o f  choice. The transition was not an easy task to 

accom plish. Switching to a positive resist requires changing the polarity o f  the masks or reticles. 

Unfortunately, it is not a m atter o f  sim ply reversing the fields in the mask-m aking process. Reticle/mask 

dim ensions print difl'erently with the two resists (F ig u re  3 .33).
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W ith negative resist and a light-field masic the dimension in the resist is smaller than the mask/reticle 

dim ension due to light wrapping (diffraction) around the image. With a positive resist and a dark-field 

mask, the diffraction tends to widen the image. These changes must be considered in making the 

mask/reticle and designing the other m asking processes. In other words, an entirely new process is required 

to switch resist types.

Substrate Unpolymerysed resist

Polymerysed resist

Substrate

F igure 3 .33  Appendix. Changes in image size with: (top) image size 
reduction with light-field mask and negative resist; (bottom) image size 
enlargem ent with dark-field mask and positive photoresist

Most o f  the images o f  the mask layers are holes. With positive resist, the mask polarity is dark field which 

results in additional pinhole protection for the substrate (Figure 3.34). Clear-field masks are prone to small 

cracks in the glass surface. These cracks, called glass damage, block the exposing light, creating in the 

photoresist layer unwanted holes, which in turn etch into the wafer surface as holes. The same is true for 

dirt particles that locate on the clear area o f  the mask/reticle. On a dark-field mask, the m ajority o f  the 

surface is covered by chrome is hard and less likely to have pinholes. Thus the wafer has fewer unwanted 

pinholes.

Another problem  with negative resists is oxygenation. This is a reaction o f  the resist to oxygen in the 

atmosphere, and it can result in a thinning o f  the resist film by as much as 20%. Positive resists do not have 

this property. A nother important consideration is the resist cost. Positive resists are m ore expensive than 

negative resists but for a dem anding process the higher cost can be justified.
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Exposure

Chrom e Dirt

J  Negative resist 
I  Oxide 

Subs tra te

F igure 3 .34  Appendix, (top) CIcar-field mask with dirt particic and glass 
crack; (bottom) result in negative resist after development

Developing characteristics differ between the two types o f resists. Negative resists develop in readily 

available solvents and feature a high solubility differential between the polymerised and unpolymerised 

areas. The image dimensions remain relatively constant during the development step. Positive resists have 

a lower solubility between the polymerised and unpolymerised areas requiring carefully prepared 

developer solutions and require temperature control of the process. Dissolution inhibitor systems are added 

specifically to control dimensions during development.

A number o f fabrication areas producing devices and circuits with image sizes greater than 2 |ini still 

use negative resists. In Table 3 .13a comparison of properties of the two resists is shown.

T able 3 .13 Appendix. Comparison of negative and positive results

Parameter Negative Positive

A spect ratio  (reso lu tion ) Higher

A dh esion Better

E xposure Speed Faster

P inhole C ount Lower

Step C overage Better

C ost Higher

D evelop ers Organic Solvents Aqueous

S tripper Acid Acid

P hysica l P roperties o f  P hotoresists

The performance factors just detailed and all o f the ten basic process (Figure 3.35) steps are related to a 

number of physical and chemical properties of the resist. These properties are rigorously controlled by 

resist manufacturers.
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PROCESS STEP PURPOSE

Surface preparation Clean and dry
substrate surface

Spin-coating

Soft bake

Alignment and 
Exposure

Development

Hard bake

Develop inspect

Dry/wet etching

Resist removal 
(strip)

Final inspection

Spin coat a thin layer 
o f photoresist on surface

Photoresist evapoiBtion 
o f  solvent by heating

Precise alignment o f  mask 
to substrate and exposure

Removal o f  unpolymerised 
resist

Additional evaporation 
o f  solvents

Inspect surface
for alignment and defects
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Figure 3.35 Appendix. T en step m icrofabrication process

In the fo llow ing  T ab le  3 .14 a sum m ary  o f  the m ain factors that have to be considered  w hen choosing  a 

pho to resis t is listed.
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Table 3.14 A ppendix . Physical properties and main requirements for photoresist

Parameter Function and properties

Viscosity M ajor param eter for resist thickness, used for a specific temp.

Viscosity sensitivity Resist must avoid any alteration from its original formulation to 
preserve properties

Surface tension Main properties o f  the final resist shape

Refraction Resist refractive index has to be close to 1.45 (glass index)

Storage and control o f  resist To have a consistency on the resist properties, resist m ust be 
stored following producer specification

Light and heat sensitivity Resist must be protected from heat and light

Shell life Resist is subjected to perform ance decay time

Cleanliness It must be handled in a cleanroom to guarantee a high 
cleanliness standard

3.12,4.6 Resist spin

The spin-coating process consists o f  tree main steps: (i) flooding the substrate with resist solution, (ii) 

accelerating to a desired rotational speed, and (iii) spinning at a constant speed near dryness.

Initially, a small puddle o f  viscous resist is dispersed onto the centre o f  the substrate, which is 

attached to a spindle. The spindle is then spun rapidly, rotating the substrate at several thousands o f 

revolutions per minute for several seconds. During this stage the resist is subjected to two forces: an 

outward centrifugal force caused by rotation and a shear force on the flowing liquid. Fundamental 

param eters that govern film uniform ity and thickness include resist properties such as com position, 

m olecular weight, and viscosity, as well as angular velocity, exhausts conditions, and acceleration o f  the 

spinner.

The film thickness depends only on the spinning parameters i f  it is assumed to be constant the resist 

system parameters, i.e.. constant m olecular weight, viscosity, and the film thickness. A com m only used 

formula relating spin speed to final thickness is:

kP^
Z — .—  eqn. 3.6

ĵo)

where z is the final resist thickness, P  percentage o f  solids in the resist, w the rotational velocity o f  the 

spinner and /: is a constant.

Although equation 3.6 allows the prediction o f  the film thickness that can be spun from a given resist, 

it does not predict the quality o f  the film that will be obtained and the variation in thickness across the 

substrate. These properties are determ ined primarily by the spinning and environmental parameters during 

the spin process. It is important to not modify the experimental conditions so as not to change the resist
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thickness by an unknown factor. Therefore, it is necessary to run some prelim inary spinning tests to build a 

proper thickness-spinning speed curve.

Finally film thickness is dependent on the temperature and humidity; therefore all the equipm ents and 

resists should all be in thermal equilibrium . This is can be done by keeping everything in the same room 

and by keeping the resist stored in a dark space.

3.12.4.7 Soft baking

Once the resist is spun onto the substrate, the next step is removing the solvent from the resist. This is 

known as soft baking and plays a critical role in determ ining subsequent parameters such as adhesion, 

exposure time, and developm ent. Soft baking is done prim arily to remove the solvent part from photoresist 

at a tem perature between 80 and 90°C. This temperature range is optim ised for high solvent evaporation 

and m inim um  resist shrinkage during soft baking. Soft baking techniques include convection baking, 

infrared baking, conduction baking, m icrowave baking and radio-frequency baking. Hot plate conduction 

baking is widely used in industry as it can be incoiporated into an in-line handling system.

3.12.4.8 Microlithography exposure

After the substrate has been coated with resist and properly soft baked, it is next exposed to som e form o f  

patterned radiation to create a latent image in the resist layer (Figure 3.26e). There is a substantial 

difference, during the exposure radiation, between beam -form ing system s, such as ions or electrons, and 

mask system s as used in electron image projection, photolithography, and x-ray lithography. The quality o f  

the latent image is dependent on the alignm ent and exposing (A&E) hardware, the chemistry and physics 

o f the interaction between the radiation and the resist, and, in the case o f  mask system s, the quality o f  the 

mask.

It is important that a correct alignment o f  the image patterns and establishm ent o f  the precise image 

dim ensions in the resist are obtained, because the exposure step counts for the 60% for overall process. To 

achieve a correct alignm ent a proper aligner system must be used.

Aligners are selected and compared by several criteria (Table 3.15) that relate to their ability to 

produce the required images in a consistent and productive manner.

Table 3.15 A ppen d ix . A lig n e r se lec tio n  c rite ria

Alignm ent Selection Criteria

• R e so lu tio n  C a p ab ility /L im it

• A lig n m e n t A ccu racy

• C o n tam in a tio n  L evel

• R e liab ility

• P roduc tiv ity

• O verall co s t o f  o w n ersh ip
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Perhaps the most important param eter is the resolution capability, or the abihty o f  the machine to produce a 

particular size image. The higher the resolution capability the better was the machine. In addition to the 

resolution o f  the required image size, the aligner must be capable o f  placing the images in the correct 

position on the substrate. This perfom iance param eter is called the registration capability o f  the aligner. 

The final perform ance factor is cost o f  ownership which includes initial purchase cost, substrate throughput 

(the time required to load, align, expose, and unload the substrate), m aintenance cost and the uptim e o f  the 

machine.

In com parison to the beginning o f  lithography, in the m id-1970s, the choice o f  an aligner system, 

today, has expanded to include both optical and non optical aligners (Table 3.16). Optical aligners use an 

ultraviolet light source, while non-optical systems use exposure sources from other parts o f  the 

electrom agnetic spectrum. The systems in use today were developed to keep pace with the reduction o f 

feature size, increased pattern density, and required defect reductions.

Table 3.16 A ppendix. A ligner techniques and 
types available on the market

A lig n er  T yp es

O p tica l N on op tica l

C o n tac t X -R ay

P ro x im ity E B eam

P ro jec tio n

S tep p e r

A general com parison o f  the features and capabilities o f  the different systems sum m arised in Table 3.15 is 

presented in the following Table 3.17.

Table 3.17 A ppendix. C om parison betw een aligner system s and related properties

Aligner
system Mask Reticle

Exposure
Sources

Resolution
(m icrons)

Throughput
Substrate/hr

Contact
Proximity

X Hg 0.25-0.5 30-120

Scanning
Projection

X X Hg 0.9-1.25 30-100

Step and 
Repeat

X Hg/ExL/KrF/DUV 0.35-0.80 65-90

Step and 
Scan

X Hg/ExL/KrF/DUV 0.25-0.40 50

X-ray X X X-ray 0.10 20+

E-beam Direct write Electron beam 0.25- 2-10
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Chem istry and physics o f  exposure determ ine in large part the resolution o f  the latent image. In addition, a 

num ber o f  processing considerations must be taken into account. These include energy density and 

uniform ity, dose rate, exposure time, and the exposure am bient (for instance, vacuum , oxygen, air). The 

energy density, available from a source, dictates the exposure time and resist-sensitivity required to fomi 

the latent image. Clearly a source with low energy output requires excessively long exposure tim es or very 

sensitive resists. It is also important that the energy source has to be stable both temporally and spatially 

during exposure. Feature size is critically dependent on the exposure dose, and small variations in absorbed 

dose can create unacceptable variations in line width. An excessive dose rate can result in loss o f  the 

desired reactions during resist exposure.

The exposure environm ent is also an important parameter. For exam ple, electron- beam and ion-beam 

hardware must operate in hard vacuum. Some photoresists and X-ray resists require an atmosphere 

containing am ounts o f  moisture or oxygen. It is also important that the environm ent is reproducibly 

controlled both during and after exposure. M any solid-state reactions in polymers continue to occur in 

vacuum for m any hours after removal from the source; this phenom enon is known as post-exposure curing 

and is mainly seen in negative resists. Another consideration is to ensure that the energy is distributed 

evenly throughout the entire film thickncss. Photoresists must have sufficiently low optical density at the 

exposure wavelength, and this becom es an increasing concern at the shorter wavelengths.

The most com mon process still widely used today, in small production where the imaging resolution 

is not requested to be sub-m icrons, is the contact aligning process.

Using this technique the pattern transfer process is accom plished using a lithographic exposure. Three 

param eters are m ainly influencing the exposure process: (i) resolution, (ii) mask-alignm ent, and (iii) 

exposure dose. Resolution is the minimum feature dim ension that can be transferred with high fidelity to a 

resist film on a substrate. Mask alignm ent is the technique used to align the mask to the substrate. The most 

com m on techniques are: (i) shadow printing and (ii) contact printing m ethods (Sze, 1988). In shadow 

printing, mask and substrate are in direct contact with no gap between the two surfaces. In contact printing, 

a gap (~l |am) is present between the two layers that can be a major problem in case o f  dust contamination. 

In small production and one layer exposure only the shadow printing is the most com mon technique used. 

Exposure dose is a param eter that correlates the mask aligner lamp emission wavelength to the photoresist 

response to that particular wavelength. This last factor is also related to the sensitivity o f  the resist and it is 

described by a specific response curve that is given by the resist producer.

A fter defining the exposure specifications, both the substrate and the mask are brought into contact 

and with the source light (i.e.. UV light source is conventionally used in m icrolithography) (Figure 3.26b, 

Figure 3.26e). Photoresist under the transparent portions o f  the mask will be exposed, causing it to become 

soluble in a developing solution. This is known as a positive photoresist (negative photoresist gives the 

inverse pattern). The substrate and mask are then separated, and the exposed photoresist is removed in a 

developing solution (Figure 3.26f).

3.12.4.9 Resist development

Once the latent image has been fornied in the polym er film, it must be developed to produce the final three- 

dimensional relief image. The developing process is the most complex o f  the processing steps; it has the
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greatest influence on pattern quality, and requires much more process development effort than any other 

step.

Resist development is a chemical reaction by diffusion of the solvent molecules into the polymer 

structure. This developing solution is specifically formulated to react with the unpolymerised regions o f the 

photoresist used and dissolve them. For example, two types o f  chemical developers are used with positive 

resists, alkaline-water solutions and non-ionic solutions. The advantage of using a positive resist during 

development is quantified on the minimum distortion in the adjacent regions to the pattern. This can be 

quantified by the variation o f the dissolution energy during the process between resist and developer.

The most common developer is a non-ionic organic solution called tetra-methyl-ammonium 

hydroxide (TMAH); this developer is formulated to have good strength over time. Developer strength is 

the main factor that characterises every developer solution and can be measured by the pH o f the solution. 

This factor is temperature dependent and can vary a lot by a temperature variation o f±  1°C in the solution. 

Therefore is very important to standardise the developing process to reproduce the same conditions o f time, 

temperature, concentration, humidity and cleanliness.

The principle o f the developing technique is based on the same principle as photographical 

development and it is based on the surface reaction of the substrate with exposed resist to a developing 

solution for a length of time depending on the following factors: (i) resist thickness, (ii) resist sensibility, 

(iii) soft baking process, (iv) developer concentration, (v) temperature of the solution, and (vi) method o f 

developing. There are different developing methods (i) wet development (where the most common is the 

immersion technique), (ii) spray development, (iii) puddle development, and (iv) dry development. In 

relation to the methods used, there are different tricks to take into account. In this study wet development 

was the only process used.

After the completion of the developing cycle, it is necessary to rinse and thoroughly dry the substrate 

o f all residual developers and rinses. Generally, the last rinse used in the process consists o f a chemical 

rinse in a water-based system. It is also useful to blow off the substrate, with dry nitrogen or air, to ensure 

no water condensation occurs during the drying process.

After all this steps it is important to inspect the pattern to exclude defects or irregularities in the 

pattern geometry.

The photoresist can now be used as a protective mask to transfer the pattern into the underlying 

material via etching process. After the etching of the substrate the photoresist is stripped off {i.e., using a 

solvent, or plasma oxidation), leaving behind the etched image on the substrate.

3.12.4.10 M icrocontact prin ting

A different method of pattern transfer called microcontact printing has recently been introduced, 

Microcontact printing uses a soft polymeric stamp, usually made o f  PDMS, which has been formed by 

molding to a master made by conventional microfabrication, if  the resolution required is in the order of 

micrometers. For patterns in the nanoscale region a more sophisticated technique is required {i.e.. e-beam 

lithography) to manufacture the master die. This die is used to produce multiple copies of the original 

pattern or to use it as a normal stamp (Casey et ai. 1997). The stamp technique is to transfer the molecules 

from the stamp to the substrate, where they form a self-assembled monolayer in the same pattern as the
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stamp. These patterns can then be used as resists for etching or as passivation layers to prevent deposition. 

This m ethod o f  pattern transfer is advantageous when working with non-cleanroom -com patible materials 

or chem icals, or non-planar substrates, although unresolved issues exist with m ultilevel pattern registration.

3,12.5 Microtechnical etching

In principle all materials can be patterned by an etching process. M icrotechnical etching, in opposition to 

additive pattern generation, is a universally applicable method. The respective etching process has to be 

chosen, however, considering the chemical properties o f  the m aterials to be removed and all the other 

m aterials not to be removed. The etching process not only determ ines the rate o f  dissolution o f  the 

respective materials, but also affects the geom etries, i.e.. certain deviations from the pattern o f  the etch- 

resistant mask. The rate and selectivity o f  the dissolution as well as the geom etries produced during 

progressing etching are the essential criteria in choosing the etching procedure.

E tching processes are divided into two major groups as shown in Figure 3.36. These are wet-etching 

and dry-etching processes, The processes o f  the two groups differ in the mobile phase acting as etching 

medium, i.e., the phase in which the particles from the solid are transferred into and removed from the 

surface.

In wet etching processes the detaching o f  the material is done by its interaction with a liquid, the 

“etching bath” . The interaction is accom plished by redox and solvation processes. If the oxidation proceeds 

without an outer source o f  current, we speak o f  outer-currentless etching processes. O ther wet etching 

process are electrochem ical, photochemical and photoelectrochem ical etching processes with either a 

source o f  current, or supported by light or with both. W et chemical etching processes are classified also by 

the etch grooves they produce. G enerally wet etchants work isotropically, but there are as well wet 

chemical etchants with crystallographic preferences that work anisotropically. These are used for shaping 

m onocrystalline materials.

In dry-etching m ethods the material is transferred into the gaseous phase and then removed. There are 

three main processes (i) ion etching, (ii) plasm a etching and (iii) reactive vapours etching. The etching 

processes working with accelerated ions are sub-divided into sputter etching, reactive ion etching and 

various ion beam etching techniques. Beside the accelerated ions, other sources for activating etching 

processes in the gaseous phase are used, e.g. electron beams or light.

In m icrofabrication the etch method is distinguished by the etched material and the etch depth as 

surface and bulk (substrate) m icromechanics.

All etching processes have certain parameters in common that are independent from the material to be 

etched, the kind o f  etching medium and the application. These param eters are (i) the etching rate and 

selectivity, (ii) the form determ ining param eters degree o f  anisotropy and (iii) degree o f  sloping o f  

sidewalls decide on the efficiency and, (iv) quality o f  an etching process.

The first requirem ent o f  an etching process is the processing time. Thus, the etching steps o f  the 

process should proceed rapidly and should demand tim es com parable to the others process steps. With wet 

chemical processes this requirem ents can be achieved by choosing a convenient etching m edium  and 

etching conditions. W here, with dry etching process there are fundamental physical and chemical limits. 

For example, dry etches are o f  longer duration, as their etch rates often do not exceed I to 10 nm /s with an
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etch ing  tim e o f  about 3 to 30 m inu tes to etch  liim  film . H ow ever, to ensure a good  con tro llab ility  and 

rep roducib ility  o f  the etch ing  p rocess the e tch ing  tim e m ust no t be too short, as the starting  and  the end 

phase are m ore su b jec ted  to in terferences.

W E T  Etching DRY Etching

Ion Etching

V apour Etching

Plasma Etching

Ion Beam Etching

Laser beam Etching

Sputter Etching

Electrochem ical Etching

Lithographic Etching

Reactive Ion Beam 
Etching

Chemical assisted 
Ion Etching

Reactive ion 
Etching

O pen-circuit
Etching

Photoelectrochem ical Etching

Electron beam 
Etching

F igure 3 .36  A ppendix. O verv iew  over the m ost important classes o f  m icrolithographic etch ing processes

T he etch rate R  is the am ount o f  substrate  that has to be rem oved  in a m aterial in  a certain  am oun t o f  tim e. 

It is the ratio  o f  the actual e tched  m aterial th ickness ĥ .,ch and actual e tch ing  tim e

R =  heici/ teich eqn. 3.7

T he chem ical com ponen t dom inates all e tch ing  processes in term s o f  m aterial phase transition . It is 

im portant to know  that the transport p rocess o f  the partic les at the surface is con tro lled  by  a conven tional 

diffusion law. T hus, a specifica lly  se lec ted  etch ing  m edia is no t a ttack ing  only  the m ateria ls for w hich  it 

has been se lected  bu t w ill in teract, and etch , others. T he quality  o f  hav ing  a specific  e tchant is called  

selectiv ity . T he specific ity  o f  the etch ing  o f  a m aterial is a decis ive  criterion  for the general developm en t 

o f  etch ing  so lu tion . A nd still, e tch ing  rates and the relative e tch ing  ratios are dependen t on the m orpho logy  

o f  the m ateria l as w ell as on the geom etry  o f  the struc tu re  to be etched.

E tching m ethods are d iv ided  in to  tw o c lasses accord ing  to the ir e tch ing  velocity  in the d irec tions in space. 

T hese are iso trop ic  and an iso trop ic  e tch ing  m ethods.

Isotrop ic etch ing  e tches in all d irec tions equally , lead ing  to m ask undercu tting  and a rounded  etch 

profile (F igure 3 .37 , left). Iso tropic e tch ing  does not allow  e tch ing  at the sam e tim e deep  and narrow  slits.
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Because o f  the undercutting at the mask edges, an isotropic etchant is able to pattern slit with a maximum 

depth o f  h a lf  their width, (max. ratio dept/w idth = 0.5).

A nisotropic etching is directional (Figure 3.37, middle, right) and can be caused either by the 

dependence o f  surface on the direction, or by a preferential m otion o f  reactive particles in the mobile 

phase. Anisotropic etching is either chem ically (by the direction o f  motion o f  the particles in the mobile 

phase) or physically induced (ion etching methods).

In general, wet etching has a predom inant isotropic behaviour whereas anisotropic etches are more 

com m on with dry etching. Chemical etches are more selective than physical etches but amenable to fewer 

materials. The aim is to find a com plem entary set o f  materials and etchants, thus allowing selective pattern 

transfer.

Isotropic Etch

/

Resist
Undercutting 

/
Substrate

Anisotropic Etch

Dry etching

Substrate

Anisotropic Etch

Wet etching

Substrate

Over etch

Substrate

Resist lift ^  Over etch

Substrate

Figure 3.37 Appendix. Isotropic (left) and anisotropic (middle, right) etching. Anisotropic etching by dry etching 
(middle) or by wet etching (right). Isotropic over-etch surface (bottom-left) and anisotropic problem found during 
etching (bottom-right)

It has to be noted that real etching structures rarely have very ideally smooth edges. This is because they 

are characterised by a t'mite roughness and real edge geom etry. This has to be taken into account when 

designing the mask pattern. The geom etry o f  a tlank formed during an etching process under the edge o f  

the mask is determ ined by global specifics o f  the etching m ethods as well as by the local properties o f  the 

material.

Another im portant param eter to be aware o f  is the presence o f  deviations in every single step o f  the 

process. This can drive to a loss o f  accuracy in the microfabrication. Thus, to reduce any kind o f  deviations 

it is important to reduce the num ber o f  process steps to the essential num ber and as a consequence reduce 

the system atic error introduced. Table 3.18 summ arises the possible sources o f  deviation to take into 

account when considering the etching process.

As structures o f  exact m easures or at least exactly reproducible m easures are required, anisotropically 

etching process is searched for that reproduces the mask geom etry most exactly. Dry-etching processes, 

especially ion beam etching produce the least deviations from the resist mask. They posses low lateral etch 

rates and thus allow structures o f  great aspect ratios to be prepared, i.e., structures that are as high as they 

are wide or even higher then broad. Besides they are preferentially used for structures that are sm aller than 

5 (im. Since in this study, m icrom eter accuracy is one o f  the key elem ents for subsequent cellular
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investigation. It is very important to plan and develop in advance all the technical aspect o f  every 

technological step taken, as described in Chapter 3.

Table 3.18 Appendix. Sources o f  deviations in etching

Process Deviation

film com position

Film deposition exactness o f  film thickness

hom ogeneity

Lithographic prototype (mask) deviations in mask pattern

resist thickness

resist thickness hom ogeneity

resist sensitivity (batch, age)
Resist mask light dose, dose distribution

resist developer (concentration,
tem perature, convection)

etchant concentration

etchant temperature

etchant convection

adhesion o f  resist mask
Etching

degree o f  anisotropy o f  etching

adhesion o f  film on underlayer

etching time control

overetching time

Another important aspect that has to be considered either for scientific reasons or for industrial application 

is the m onitoring o f  the etching process. The progressing o f  the etching process has to be monitored 

through time in order to characterise the kinetic evolution o f  the etching, the influence o f  the process and 

the material param eters on etching rates. Therefore, the m onitoring process is critical to determ ine the 

etching param eters and to minimise the attack o f  the etchant on materials not to be etched. Thus, a 

com plete control and knowledge o f  the etching time for a specific material can lead to the definition o f  the 

etch rate; where the etching time teici, is given by the material thickness to be etched and the etch rate r.

teich= detch/r eqn. 3 .8

If the etch rate can be estim ated only by a lim ited accuracy and the start and final phase o f  etching are not 

reproducible, it is better to carry on a com plete m onitoring phase o f  the etching progression under 

standardise technical procedure in order to evaluate the extra etching time introduced by those two phases. 

The exact com pletion o f  an etching process is especially im portant for thin film or sensifive film where 

certain properties have to be preserved. In particular for dry etching it is important to m onitor the process 

to overcom e the low selectivity o f  the process.

There are two ways to m onitor an etching process: by an in-situ m easurem ent or by m easuring the 

relative etching product at the end o f  the process. The first can be carried out during the process and in
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relation  to the env ironm ent m easuring  the op tical transparen t film s and d is tingu ish ing  betw een  the d ifferen t 

layers o f  m aterial. In terference or e llip som etry  m easu rem en t are the tw o m ost com m on techn ique used in 

th is case. T hen , there is a  com plete  set o f  specific  techn iques availab le  to m easure the etch ing  progression  

in re la tion  to the m aterial p ropertie s and the env ironm ent w here the etch ing  takes place; for instance 

em ission  spectroscopy , o r m ass-spectro scopy , and e lec trochem ical m ethods for w et-e tch ing  process.

3.12.5.1 Etching processes applied in this study 

W et etch in g  process

T he m echan ism  for w et chem ical e tch ing  invo lves th ree essen tial s teps, as illu stra ted  in F igure 3.38 the 

reactan ts ( I )  are tran spo rted  (e.g., by d iffusion ) to the reacting  surface, (2) chem ical reac tions o ccu r at the 

surface, and (3) the p roduc ts  from the surface are transported  aw ay  (e.g . by  d iffusion). T hus, the adoption 

o f  a p ro p er w et e tchan t is o f  p rim arily  im portance. W et e tchan ts are se lec ted  for the ir ability  to un ifom ily  

rem ove the top layer o f  a substra te  w ithou t a ttack ing  the underly ing  m aterial. T h is  property , as m en tioned  

above, is ca lled  selectiv ity . In con junction  w ith agitation  and tem peratu re  o f  the e tchan t so lu tion  they will 

in fluence the etch  rate o f  the substrate  T hen , the exactness o f  the im age transfer is dependen t on several 

o ther p rocess factors. T hey  inc lude  incom plete  etch, overe tch ing , undercu tting , and an iso trop ic /iso trop ic  

etching o f  the sidew all as w e described  above. A nd also, the preparation  o f  the surface to etch is im portan t 

and requ ires particu lar a tten tion  during  the initial c lean ing  o f  the surface and inspection .

WET ETCHING

Surfaee_

Substrate

F igure 3.38 Appendix. Basic mcchanism in wet chemical ctching

There is a w ide range o f  techn iques and e tchant so lu tions app licab le  in relation  to the m aterial to etch 

(W illiam s, 1996). In th is w ork a  specific  w et e tch ing  techn ique  is considered  to m icrofabricate  b iom ateria l 

substrates.

In th is w ork o n ly  a  S iO i base g lass and po lym ers w ere used as substra tes and therefore  this im plies the 

adoption o f  a w et e tch ing  techn ique for non-m eta llic  m ateria l.

W et chem ical etch in g  o f  non-m eta ls

W ithin th is big fam ily  o f  w et-chem ical e tch ing  there is one  that w ill include the fam ily o f  the S iO : glasses 

that is ca lled  non -ox id ising  etch ing  or non-m etal etch ing . T h is fam ily  is characterised  by  a  high pH -value
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and the formation o f chemical complexes (called hydroxocomplexes) that can be easily solvated by water, 

due to their ionic nature.

For example SiOi fornis:

SiOj + 2H2O + 2 0 H‘ => [Si(OH)6]^‘ eqn. 3.9

This fomiing o f  hydroxocomplexes is a special case o f non-oxidising etching. Instead of hydroxide ions

acidic anions, as i.e. chloride and fluoride, or neutral molecules react as ligands.

M^Oy + zZ"- + yHzO ^  x[MZj'^5'/x-x.")+ 2y OH‘ eqn. 3.10

MxOy + zL + yHjO => 2y OH' eqn. 3.11

A typical example for non-oxidising dissolution is the etching o f SiO: complexes in HF-containing etchant 

(i.e.. SiO: glass and Borosilicate glass). The complexing is not restricted to dissolution o f oxidic materials.

In the case of SiOi the formation of soluble complexes has the nature of Si(IV) and in relation to the 

media it can be either a [Si(OFI)ft]^' in a strong alkaline solution or Si(F)6]^‘ in an F solution.

Dry etching process

Dry etching is a generic teirn that refers to the etching techniques in which gases are the primary etch 

medium and the substrate is etched without wet chemicals. The etching process intervenes as a transition of 

solid material through a phase boundary by changing the superficial properties, i.e., physical or chemical, 

into single atoms or molecules that can be etched fi'om the surface. Hence, the transport mechanism is more 

efficient in a gas solution; especially under low pressure and low gas concentration.

There are two main mechanisms for the removal reaction at the interface solid-gas: by mechanical

impulse {i.e.. sputter effects), or by volatile transformation (gaseous phase, i.e.. reactive ion-etching (RIE) 

or plasma etching). This is the main difference between physical sputtering dry etching systems and 

reactive plasma etching. Therefore, there are three main dry etching techniques: plasma, ion beam milling 

(IBE etching), and reactive ion etching (RIE).

The dry etching process has some advantages over wet etching. First, it preserves the substrate along 

the process and that reduces the risk o f contamination. Dry etching can be applied further down than 3 |.im 

pattern size where wet etching has etching limits for small dimensions (> 3 nm). Where wet etching is 

generally isotropic, and requires more process steps, with an increase in the probability o f contamination, 

dry etching can be anisotropic and it is based on a very simple process. Finally, wet etching uses hazardous 

and toxic chemicals that require a proper handling where dry etching only requires the supply gases to the 

chamber system.

Plasma etching

In principle, a plasma etcher requires the same elements: a chemical etchant and an energy source. 

Physically a plasma etcher consists o f a chamber, vacuum system, gas supply, and a power supply. The 

substrate is loaded into the chamber and the pressure inside is reduced by a vacuum system. After the 

vacuum is established, the chamber is filled with reactive gas. The most common gases used are CF4 or O2. 

A power supply creates the radiofrequency field (RF) through electrodes in the chamber. The field
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en erg ises  the gas m ix tu re  to a p lasm a state. In the energ ised  state, the fluorine attacks the targeted  surface, 

co n v ertin g  it in to  vo latile  com ponen ts that are rem oved  fi-om the system  by  the vacuum  system .

A t the beg inn ing  the p lasm a system  w as designed  w ith circu lar cham bers (barrel etchers). In th is 

design , ions are energ ised  by the non -d irec tiona lity  o f  the p lasm a. T h is  w ill confer a sem i-iso trop ic  e tching 

to the substrate crea ting  a tapered  sidew all. In th is system , it is hard  to supp ly  a constan t am ount o f  e tchan t 

to all the substrate  because o f  the non -d irec tiona lity  o f  the e tch ing  ions. For m ore p rec ise  e tch ing , plasm a 

p lanar system s are p referred . T hese system s are based  on the sam e p rincip le  o f  the barrel system , bu t the 

substra te  are p laced  paralle l to the under the RF e lec trode , see F igure 3.39.

PLASMA ETCHING

Plasma
f i e ld

S a m p le  h o ld e r

Figure 3.39 A ppendix . Planar plasma etching system 

T he  etch ing  takes p lace w ith the substrate  im m ersed  in the plasm a field and the ions are m ore d irectional 

than in the barrel system  and th is is g iv ing  a m ore an iso trop ic  etch; for in stance  vertical sidew alls  are 

feasib le  w ith th is system . T he  uniform ity  o f  the etch ing  is increased  w ith the ro tation  o f  the substrate 

holder.

T he  plasm a etch ing  techn ique in relation  to the gas used and the RF pow er se ttings can range fi'om 

being  a p roper e tch ing  p rocess, to a sim ple m ild  treatm ent for superfic ia l app lication . It can be also used 

for p lasm a deposition  o f  con tro lled  thin film  on substrate.

Ion b eam  etching (IBE)

Ion beam  e tch ing  p rocesses w ere com m ercia lly  in troduced  m ore than 10 years ago. T he m ain app lica tion  is 

for in teg ra ted  circu its , d irect w riting  o f  th ree-d im ensional struc tu res  on a m icro scop ic  and nanoscop ic  

level. T h is  m ethod  is a  dry  etch  system  (see F igure 3.40).  U nlike the chem ical p lasm a system , ion  beam  

etch ing  is a physical p rocess. T he substra tes are p laced  on a ho ld er in a vacuum  cham ber and a stream  o f  

argon is in troduced  into a cham ber. W hen argon en ters in the cham ber is sub jec ted  to a stream  o f  h igh- 

energy  e lec trons from a set o f  ca thode (-) anode (+) e lec trodes. T he elec trons ionise the argon a tom s to a 

h igh -energy  state w ith a positive charge, T he  substra tes are he ld  on a nega tive ly  g rounded  h o ld er w hich 

attrac ts the ionised  argon atom s. As the argon a tom s travel to the substrate  ho lder they accelerate , p ick ing  

up energy. At the substrate  surface, they  crash into the exposed  substrate  layer and literally  b las t sm all 

am oun ts from  the substrate  surface; th is  is on ly  happen ing  i f  the ion energy  is su ffic ien t to e jec t atom s.
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m o lecu les  and ions from  the m aterial e tched . T h is  p rocess is ca lled  m om entum  transfer and no chem ical 

reac tion  takes p lace betw een  the argon a tom s and the substrate  m aterial.

Ion beam  e tch ing  is also ca lled  spu tte ring  etch ing  or ion m illing .

ION BEAM ETCHING
A rg o n  ga s

P la sm a  r eg io n  
(An(Klc)

Shielding grid 
Acceleration electrode

Neutralisation electrode

Substrate 

Sample holder

Figure 3.40 A ppendix . Ion beam  etch ing  (m illing  princip le)

A  n u m b er o f  advan tages ex ist for ion m illin g  com pared to p lasm a etch ing  o f  reactive ion e tch ing  (R IE ). 

V ertical p ro files  w ith  sm all to lerance are p o ss ib le  because o f  the h igh ly  co llim ated  ion beam . C on tro lled  

tapering  can be m anufactu red  by a con tro lled  rotation o f  the table from the ion beam  source. In add ition , 

the opera ting  pressu re  is at least 100 tim es low er than those for p lasm a e tch ing  and RIE.

B ecause o f  the physical nature o f  the p rocess, ion m illing  has a poo r se lec tiv ity , especia lly  w ith 

pho to resis t layers. S elec tiv ity  in a physical p rocess  d epends on the d ifference in spu tte r yield p roperties 

be tw een  m aterials. F inally , re-deposition  and trenching  o f  the e tched  products can be serious lim ita tions o f  

th is p rocess.

R eactive  ion etching (RIE)

R eactive ion etch ing  (R IE ) system s com bine  the characteristic  p ropertie s o f  the spu tter-p lasm a (partic les o f  

h igh k inetic  energy) w ith  those o f  p lasm a e tch ing  (h igh ly  reactive  therm alised  particles). T he system s are 

sim ilar in construction  to the p lasm a system s but have the capab ility  o f  ion m illing . T he com bination  

brings the benefits  o f  chem ical p lasm a e tch ing  a long  w ith the benefit o r d irectional ion m illing.

C hoosing  adequate  e tch ing  gases and excita tion  cond itions , the specific  advan tages o f  p lasm a etch ing  

(high se lectiv ity ) and o f  spu tter-e tch ing  (an iso trop ic  rem oval) can be com bined  in the RIE p rocess. For 

exam ple , a m ajo r advan tage  o f  RIE system s is in the e tch ing  o f  S i02  over a layer o f  Si.

Instead o f  noble  gases reactive gases can be used as a tm osphere  in spu tter-etch ing . In the R IE -process 

ca tions are p roduced  from  reactive gases that are accelerated  w ith h igh energy  to the substrate and as w ell 

can react chem ically  w ith the substrate  m ateria l. From  the reactive gas ions and reactive neutral partic les
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are form ed that support the e tch in g  process. Ions as w ell as neutral particles o f  h igh k in etic  en ergy  are 

form ed a lso  in the periphery o f  the p lasm a. T h ey  get their en ergy  by c o llis io n  p r o c esse s  w ith accelerated  

io n s  or are form ed o f  the io n s  by c o llis io n s  w ith  charge transfer. R ad ica ls and other reactive sp e c ie s  ge t to 

the surface by d iffiis io n  as in sp uttcr-ctch in g . T he R IE -plasm a can be generated  as in sp utter-etch in g  in a 

planar reactor. T h e  generation  o f  the therm alised  and the en erg ised  particles p ro ceed s in the sam e n o n 

partitioned  plasm a sp ace . H en ce , the form ing and d eco m p o sin g  rates o f  all typ es o f  particles are strongly  

in terdependent. Param eter ch a n g es a ffect d ifferen tly  the variou s k in ds o f  p articles and their con cen tra tion s  

and en erg y  d istr ibution , so  that by the c h o ice  o f  the outer co n d itio n s at least a certain in flu en ce  is  v iab le. 

T h e  co m p o sitio n  o f  the etch in g  g a s, the p o w er  den sity  o f  the p lasm a (related  to the active  e tch in g  area), the 

substrate tem perature and the total pressure are the im portant param eters for adjusting the etch  rates and  

the p ercentage o f  anisotropy.

3.12.6 Final step in the etching processes 

3.12.6.1 Resist strip and inspection measurement

P h otoresist p lays a m ajor role in both the tv/o etch in g  tech n iq u es describ ed  above . For both w et and dry 

e tch in g  p ro cesses  a patterned layer o f  p h otoresist is  the preferred etch  barrier. In w et e tch in g , there is  a 

lim ited  attack o f  the resist b y  the etchants.

H o w ever , in dry e tch in g , residual o x y g e n  in the system  attacks the resist layer. T he resist m ust rem ain  

th ick  en o u g h  to stand up to the etchants w ithou t b eco m in g  so  thin that p in h o les  are present.

A n other resist related dry etch problem  is  resist baking. W ithin  the dry etch  cham ber, the tem perature 

can rise as h igh as 2 0 0 °  C , a tem perature that can bake the resist to a con d ition  that m akes it hard to rem ove  

from  the substrate. A nother tem perature related problem  is  the tendency  o f  the resist patterns to flo w  and 

distort the im ages. An unw anted  e ffec t o f  dry e tch in g  is  the re-d ep osition  o f  p o lym er on the s id e  o f  the etch  

pattern that is  then d ifficu lt to rem ove.

A fter  hav in g  co n sid ered  all the unw anted  e ffe c ts  that can o ccu r  during the e tch in g  p ro cess, resist 

stripp in g  is  the last operation  to be carried out in a m icrofabrication  process. It is  u su a lly  rem oved  by w et 

ch em ica l e tch in g  but there is  g row in g  use o f  O 2 p lasm a stripping.

A  num ber o f  d ifferent ch em ica ls  can be used in relation to the substrate m aterial, the polarity  o f  the 

resist, and the ch em ica l co n d itio n  o f  use th is etchants.

G en era lly  the resist-rem overs are d iv id ed  into ca tegories as un iversal, p o s itiv e  resist and n e g a tiv e -o n ly  

resist rem over. It d ep en d s on the resist producer and the p rocess used the adoption o f  o n e  ca teg o ry  rather 

than another.

W et chem ica l e tch in g  is  w ell favoured becau se  it is le s s  e x p e n siv e  and has lo w  p rocess requirem ents 

{i.e.. lo w  tem perature and p ro cess steps).

A fter  that, a final in sp ectio n  o f  the substrate is  carried out by visual and m icro sco p ic  in sp ectio n . In 

co n ju n ctio n , a m easurem ent o f  the critical d im en sio n s is  a lso  part o f  the in sp ection .
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C H A PT E R  4

4 RESULTS

4.1 Introduction

After the presentation o f  some prehm inary results relating to the biology o f  T cells 

(section 4.2) and substrate preparation (section 4.3) the main body o f  results regarding T 

cell m igration are presented in section 4.4 and section 4.5.

4.2 T lymphocytes preliminary investigation

The aim o f  this prelim inary investigation was to characterise the difference in shape o f  

the two cells (HUT78 lym phom a and PBTL cells) and to establish a threshold betw een 

norm al lym phocytes and the lym phom a cells. Therefore, the diam eter o f  a large 

population o f  lym phocyte cells was m easured on a silicate glass slide substrate. The 

im age (Figure 4.1) gives an idea o f  the difference in size betw een the two lym phoid T 

cells.
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HUT78 lymphontiia cdl

Figure 4.1 Microscope analysis o f lymphoid T cells, (left) HUT78 lymphoma cell and (r igh t) normal 
PBTL cell

PBTL cells mean diameter, calculated from a population o f 320 cells, was 7.31 ± 1.25 

|0,m. For HUT78 cells a total number o f 314 cells were measured using the same 

procedure and the resulting mean diameter was 12.34 ± 2.88 )im. Figure 4.2 shows the 

complete set o f measurements. The difference between the two sets o f cell diameters was 

statistically significant (p<0.05)

35

30
HUT78 diam. = 12.34 nm 
Cell threshold = 10 |im

HUT78

PBTL

HUT78 mean

PBTL mean

a> 10 7

50 100 150 200 250

No. of cells

300 350 400

Figure 4.2 Cell diameter measurement o f PBTL and HUT78 lymphoid cells. PBTL (bright line) and 
HUT78 (dark line) mean regression show the geometrical difference in size between the two cell types. A 
possible threshold can be set at 10 ^m (mid dark line)

1 14



4.3 Analysis of different processes substrate micropatterning

4 .3 .1  C O 2 a b la t io n

A summary o f these measures is given in Table 4.1 where the best results obtained from 

the CO2 ablation system are listed.

it appeared from the results that the patterns ablated were grossly etched and not 

optically transparent, therefore although the technique was very versatile for all materials 

it did not comply with the preliminary substrate requirements o f this study.

Table 4.1 COi laser etching. M easurem ent results o f  different topographical geom etry on selection o f 
polymers

M aterial Pattern
Width

IHml
Depth IjJnxl

Roughness 

Ra lim t]
Comment

P M M A
Single line 76 45

10-12
Irregular grooved

Parallel lines 66 53 surface

PVC Single line 108 75
15-20

High surface
(test) Parallel lines 98 68 roughness

P S
Single line 85 49

8-12 Grooved surface

Parallel lines 63 58 burnt

Silicate Single line 102 41
12-16

Material failure:
glass Parallel lines 87 49 Thermal shock

4 .3 .2  E x c im e r  a b la t io n

The excimer laser set to use ArF gas Ck = 193 nm) was used to ablate patterns to achieve 

a better definition and reduce the laser aberration. First, only polymer substrates were 

ablated to controlled groove width and depth, to minimise the aberration factor (required 

for optical transparency). Channels were ablated with controlled geometrical dimensions. 

From the WLSI analysis it was found that the patterns grooved did not have a regular 

cross-section, as reported in the Table 4.2 and shown in Figure 4.3. Furthermore, the 

ablated polymers were subjected to modification o f their surface properties, as clearly 

pointed out by the SEM analysis, in Figure 4.4, Figure 4.5 and Figure 4.6. This change in 

properties was also reflected in a consequent change in their optical properties and a 

possible explanation o f this surface modification was on the high energy transferred from 

the laser beam when focused to such a dimension scale. Because o f the heat transfer on 

the substrate surface, polymers were reaching their glass transition temperature (Tg). This
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w as causing , firs t the change in p o ly m er p roperties  at the surface level (re -p o ly m erisa tio n  

o f  the chain  s truc tu res) second  the fo rm ation  o f  crack s at the edge o f  the g rooves due to 

localised  residual stresses not re lieved  at coo ling  due  to the p o o r co n d u c tiv ity  o f  the 

p o ly m ers  used , as show n in F igure 4 .6  and F igure 4.7.

Table 4.2 Excimer ablation. Properties measured from excimer laser ablated substrates (PMMA 
and HIPS)

M aterial Etch time 
Isl

Intensity
ImJ/cm^l

Pinhole 

Size Ifimj

Width

l^ m l

Depth

lim il

Roughness

I m !

30 1.046 15 13.55 6.40 3.761-4.224

30 1.123 15 27.83 9.95 2.257-2.905
P M M A

30 1.123 15 51.42 1 1.44 2.778-3.434

60 0.114 15 36.44 10.20 3.511-3.693

30 1.046 15 48.31 15.82 3.761-4.224

PS 60 0.114 15 11.46 6.97 2.469-2.761

60 0.114 15 38.81 1 1.68 3.347-3.823

O ptical p ro p erty  m easu rem en ts  w ere  ca rried  out in a com para tive  w ay, befo re  and  after 

the ab la tion  p ro cess, and  the resu lts are show n in T able 4 .3 p o in tin g  ou t the n ecessity  to 

find an o th er m icro fab rica tion  techn ique .

O n ly  few  tests w ere  ca rried  out u sing  T herm anox  as a substra te  m ateria l. T herm an o x  

is a p o ly e th y len e  te rep h ta la te  p o ly m er w ith co n tro lled  surface p o ro sity  and  charge, 

created  by  p lasm a trea tm ent. A lthough  the m ateria l p ro p erties  are b e tte r than PS, the 

results o f  laser ab la tion  w ere  c lea rly  d iffe ren t from  the op tical p o in t o f  v iew , as is show n 

in F igure 4.8.

A fte r h av ing  also  investigated  the change in op tical p ro p erties  o f  all the m ateria ls  it 

w as co n c lu d ed  that the E x cim er laser ab la tion , as for the C O 2 laser, needed  a m ore 

deta iled  investigation  because  o f  the drastic  changes induced  at the top  o f  the su rface  

substra te  such as irregu lar ro ughness and  m icrocracks. T herefo re , laser ab lation  system s 

w ere no t su itab le  for the p u rp o se  o f  th is investigation .



Figure A

Material: PMMA
Laser wavelength: 193 nm in ArF
Lens ratio: 4:1
Intensity; L I23 mj/pulse
Etch time: 30 s
Groove

width: 27.8 |am 
depth: 9.94 pm 

Roughness (Ra): 2.257- 2.905 |im

Figure B

Material: PS
Laser wavelength: 193 nm in ArF 
Lens ratio: 5:1 
Intensitj': 0.114 mJ/pulse 
Etch time: 60 s 
Groove

width: 36.4 pm 
depth: 10.21 pm 

Roughness (Ra): 3.511 - 3.693 pm

Figure C

Material: PMMA
l.aser wavelength: 193 nm in ArF
Lens ratio: 5:1
Intensity: 0.114 m.l/pulse
Etch time: 60 s - 120 s
Groove

width: min=lL4 pm; max=38.8 pm 
depth: min= 6.97 pm; max=11.68 pm 

Roughness (Ra): 2.469 - 2.761 pm

Figure D

Material: PS
Laser wavelength: 193 nm in KrF 
Lens ratio: 4:1 
Intensity: 1.046 mJ/pulse 
Etch time: 60 s 
Groove

width: min=48.3 pm; max=135 pm 
depth: min=6.4pm; max=15.82pm 

Roughness (Ra): 3.761 - 4.224 pm

Figure 4.3 Excimer ablation WLSI: 3D profile measurements. (A J  Single pattern ablated on 
PMMA, and f B )  single channel ablated on PS with ArF ( X  =  193 nm). ("CJ Parallel lines on 
PMMA, and ( D )  parallel lines on PS at different pulse intensity with ArF ( k  =  193 nm)
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Figure 4.4 Excimer ablation. SEM analysis o f  parallel patterns on (a) PM M A and (h) PS. Note the cross 
section m easurem ents, and the roughness o f  the grooves between the two materials. In both materials it is 
evident the irregular ablation o f  the laser technique (indicated by arrows)

(a) PIVIMA WD 9 .4 n an  2 0 .0 IeV  x 2 5 0  2C0um

Figure 4.5 Excim er ablation. SEM analysis o f  irregularly ablated parallel patterns on (a) PMMA and (h) 
PS in agreement with WLSI analysis. Top view (a) and cross section t'rontal view (b). hi both materials 
irregularities are evident (highlighted by arrows)

PM M A

Figure 4.6 Excimer ablation. SEM analysis details o f  groove. Note the 
presence o f  microcracks along the left side o f  the grooves sidewall and 
melted PM M A at the bottom o f  the channel
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1 able 4.3 Excimer ablation. Change in optical properties for PMMA and HIPS before and after ablation

M aterial and Properties
M easurement 

(before process)
M easurement 
(after process)

Change
l% !

Refractive index
PMMA

1.49 1.25 16

Transmission of light [%] 92 65 30

Refractive index
PS

1.59 1.31 18

Transmission of light [%] 88 61 29

Figure 4.7 Microscope investigations of (a) PMMA and (h) PS grooved surfaces (left: magn. X I50; right: 
magn, X75). Note wrinkles at the edges o f the grooves caused by the polymer thennal shock at cooling 
when shrinking after ablation

Figure 4.8 Microscope investigations o f Thermanox surfaces (left: magn. x60; right: magn. xl25). Note 
the evident loss o f transparency caused by the ablation polymer structure changes

4.3.3 Ion beam etching (IBE)

Ar  ̂ ion beam etching was carried out on three different substrates: PMMA, borosilicate 

glass, and sihcate glass. Once the etching curves for all materials were determined, 

twelve samples were successfully etched using the Ar  ̂ ion etching process. WLSl profile 

measurements o f  all the patterns were carried out and the results o f  these simple and 

complex samples etched are reported in Table 4.4.
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T able 4.4 IBE etching, W LSI results for P M M A , borosilicate  and silicate glass in term s o f  w idth , depth, 
and roughness, (Ion densi ty  o f  0,75 ± 0 , 1 0  A/cm^)

Material
Etching

Time
fm in/

Width
ljunil

Depth
ljumi

Expected
Depth
Im!

Depth
Error
ljum/

Ra
l/iml

O ru

l ^ t l

20 29.4 0.53 0.8 0.21 0.08 0.13

35 10.3 1.12 1.4 0.28 0.18 0.06

PMMA 35 25.2 1.18 1.4 0.22 0.32 0.12

40 17.1 1.56 1.6 0.34 0.28 0.05

40 32.1 1.53 1.6 0.07 0.45 0.20

20 14.6 2.12 2.8 0.68 0.55 0.34

Borosilicate 20 17.2 1.05 2.8 1.25 0.68 0.22

Glass 40 25.2 4.43 5.6 1.17 0.85 0.21

40 36.2 4.16 5.6 1.44 0.76 0.32

Silicate
20 21.1 1.01 2.8 1.79 0.44 0.22

Glass 20 23.9 0.70 2.8 2.1 0.50 0.28

40 35.3 1.13 5.6 4.47 0.5 0.24

(Ra =  Avg, channel roughness; G r J  — R oughness  standard deviation)

The etching tim e w as longer than the laser ablation technique (as m entioned in 

Appendix, section 3.12), The advantage with IBE is a sharper cross-section o f  the 

channel (anisotropical etching), as shown in the follow ing W LSI m easurem ents. Figure 

4.9. As the figure show s, the sidew alls o f  the groove were vertical and straight and the 

geom etry o f  the pattern could be changed in relation to the ion gun pow er and sam ple- 

table angle.

Borosilicate and silicate glass show ed the sam e response during etching but had a 

higher etching rate com pared to the other m aterials. Since ion etching is a sputtering 

technique, with a total absence o f  beam  focusing the glass m aterials were not subjected to 

therm al shock during etching, in the w ay they were for laser ablation.

The opposite behaviour was found for PM M A. In fact, PM M A w as not easy to 

prepare and etch because o f a series o f  problem s that occurred during the 

m icrolithography process. A t first, PM M A had a “softening” reaction during the sam ple 

cleaning by acetone. The sam e problem  o f  reaction o f  the substrate to chem icals 

intervened after the etching process during the resist removal.
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Figure A

Material: Silicate glass 
Ion milling etching 
Etch time: 40 minutes 
Groove

width: m in=30|Jni; max= 50 fim 
depth: 1.03 um 

Roughness (Ra): 0.280 - 0.480 pm

Figure B

Material: PMMA 
Ion milling etching 
Etch time: 40 minutes 
Groove

width: 17.1 |jm  
depth: 1.55 îm 

Roughness (Ra): 0.280 pm

Figure C

Material: Borosilicate glass 
Ion milling etching 
Etch time: 20 minutes 
Groove

width: 14.1 jini 
depth: 2.12 pm  

Roughness (Ra): 0.550 |.im

Figure D

Material: Borosilicate glass 
Ion milling etching 
Etch time: 40 minutes 
Groove

width: 36.2 pm  
depth: 4.16 pm  

Roughness (Ra): 0.76 pm

Figure 4.9 IBE WLSI 3D profile. ( A J  Bifurcation pattern on SiOi. ( B J  Bifurcation pattern 
on PMMA. {Q  Parallel grid (15 pm spaced) on B203-Si02. (DJ Parallel grid (35 pm 
spaced) on B 2 0 rS i0
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Polystyrene substrate reacted with the photoresist by creating a strong bond at the 

interface o f the polymers, probably during the baking phase. Thus, it was difficult to 

remove the resist from the substrate, unless using a drastic plasma etching. After, it was 

also found that this double layer o f polymers was toxic for cell culture and therefore the 

substrate material was discarded.

Finally, concerning the transparency o f the substrate, it was found that the refractive 

index was unmodified (< 10%) for the two silicate glass substrates whereas it was 

reduced for the PMMA substrate, see Table 4.5 below.

Table 4.5 IBE etching. Variation in optical properties for PM MA, borosilicate and silicate glass before and 
after etching process

Material and Properties
Measurement 

(before process)
Measurement 
(after process)

Change

l% l

PMMA
Refractive index 1.49 1.35 9

Transm ission o f  light [%] 92 78 15

SiOz; Refractive index 1.51 1.45 4

BzOj-SiOz Transinission o f  light [%] 98 92 6

Ion beam etching was compliant with the manufacturing specification of this study in 

terms o f optical properties and geometrical shape o f the grooves etched. Unfortunately, 

continuous technical problems made the process unavailable for long periods o f  time and 

therefore another technique had to be developed in replacement.

4.3.4 Wet etching (WE)

A set o f twelve substrates was etched for an expected groove depth o f 2 |im  (calculated 

from the theoretical etch rate found in literature), using an etch depth/width ratio o f 0.2 

(low selectivity <0.4). Single channel patterns o f 10 )im width were patterned to analyse 

the etchant effect on this geometry. The results o f different HF concentrations on the 

etching process can be seen in the following WLSl measurements. From these 

measurements it was clear that the HF etching had a lifting action on the resist by 

infiltrating between the “shielding” layer o f resist and the glass substrate, as reported in 

Table 4.6. This phenomenon was predominant as can be seen in Figure 4.10, where the 

top surface o f the material was non-uniform, showing a sort o f  coarseness induced by a 

drop/pool o f HF acid stagnating on top o f the glass (typical infiltration surface).
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Figure A

Materia]: Borosilicate glass 
W et etching: H F:H 20 1:10 
Etch time: 30 m inutes 
Groove

width: 1 0 - 1 4  |im  
depth: 0.4 )am 

R oughness (Ra): 0.23 - 0 .29 |im

Figure B

M aterial: Borosilicate glass 
W et etching: H F:H 20 1:7 
Etch time: 40 m inutes 
Groove

width: 1 0 - 1 4  (im 
depth: 0.3 |im  

R oughness (Ra): 0.30 - 0.36 |im

i - '
Figure C

M aterial: Borosilicate glass 
W et etching: H F:H 20 1:6 
Etch time: 20 m inutes 
Groove

width: 20 - 50 (im 
depth: 1 |am 

R oughness (Ra): 0.4 |im

Figure 4.10 Wet etching (HF etchant). (A) HF (1:10) wet etching. WLSI m easurem ent o f  B2 0 3 -Si0 2  
sample. Note the surface o f  the substrate after etchant infiltration underneath the resist layer. (B) HF 
(1:7) wet etching. W LSI m easurem ent o f  B203-Si0 2  sample. The variation in roughness due to 
etchant is relevant. (C) HF (1:6) wet etching. WLSI m easurem ent o f  B2 03 -Si0 2  sample. Note the 
variation in roughness along the long axis direction

As a consequence o f  that the cross-section o f  the grooves was irregular and with a non

regular roughness. This variation was even more evident at a lower concentration o f  HF 

where the HF etching action was increased by the bath dissolution, see Figure 4.10.
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I able 4.6 HF wet etching: W LSl resuUs for Borosilicate and Silicate glass: process param eters {.i.e., 
etchant concentration, and etching time), and groove m easurem ents (i.e., channel depth, variation and 
roughness)

Material
Etchant Etching Depth Expected Depth Ra*

conc. Time IminJ lim ! Depth IfJml Diff.1%1 l/m l

Borosilicate
1:10 30 0.4±0.1 2.0 80 0.2±0.05

Glass 1:7 40 0.3±0.1 2.0 85 0.3±0.1

1:6 20 1,0±0.1 2.0 50 0.4±0.1

Silicate
1:10 30 0.9±0.1 2.0 55 0.35±0.07

Glass 1:7 40 0.8±0.1 2.0 60 0.4±0.08

1:6 20 0.9±0.3 2.0 53 0.3±0.09

(Ra* = Average channel roughness)

Buffered HF:NH 4 F w as su ccessfu lly  used after the inconvenient experience reported with 

HFiHaO etchant. Trial sam ples w ere prepared and etched as described in Chapter 3. In 

this case six sam ples were investigated. From the W LSl analysis it w as more obvious 

than before that there was an isotropic effect on the etchant o f  the glass substrate, as 

shown in Figure 4.11.  Although the etching bath resulted very aggressive twenty m inutes 

were enough to obtain an etch depth o f  2.5 )im, the isotropic action o f  the etchant was 

predominant with a consequent enlargem ent o f  the pattern size (isotropic etch factor =  

0.25). Resist lifting w as also found when the etching tim e w as longer than fifteen  

minutes.

+8 3734

TT •T—

0 000

urn

■4 1603 
0 280

mm

0.000
0 374

M aterial: Borosilicate glass

W et etching: HF buffered  
Etch tim e: 20 m inutes

G roove
width: 50 |am 
depth: 2.5 |im

R oughness (Ra): 0.1 pm

Figure 4.11 HF Buffered wet etching. W LSl measurem ent o f  B 20.rSi02 sample. Note the isotropic 
etching induced by the controlled etchant and the mild sidewall angle
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Hexafluorosilicic acid (H2Si06) was used for the two silicate glasses in order to have a 

less aggressive etching and a more controlled pH o f the bath solution. From the 

preliminary etching curve it was seen that there was no difference in the etch curves 

between borosilicate and silicate glass. Thus, only borosilicate glass was patterned 

because o f the lower fluorescence reflection shown during microscopy.

Fifteen samples were etched with parallel grids with different geometrical properties 

{i.e., width, depth and pitch) following the etch curve reported in Chapter 3 (see Figure 

3.16). WLSI measurements followed to determine the main properties o f the patterns, as 

reported in Table 4.7.

Table 4.7 Hexafluorosilicic etching. Significant process and pattern measurements on borosilicate glass 
obtained with WLSI investigation

M aterial
Etching  

Time Im inj

Width

|^ m |

Total Depth

Iml
Ridge 

Depth Ijjntl

Spacing

/W
Ra*

Ifmil

5 5 2.6 0.3 5 0.1

5 28 2.5 0.8 20 0.08

10 20 2.5 0.5 15 0.1

Borosilicate 10 15 3.5 0.4 10 0.15

Glass 12 40 5 1.5 25 0.15

12 33 5 1.3 20 0.15

15 10 5.9 1.15 10 0.21

15 20 5.9 1.45 16 0.22

(Ra* = Average channel roughness)

The isotropic etching was also analysed by the WLSI images, as can be seen in Figure 

4.12A. The effect o f the isotropic etching was to smooth ridges and steps in order to 

create a uniform pattern as can be observed in Figure 4.12B. This smoothing response 

was intrinsic to the etchant used {i.e., width-depth ratio = 0.4). Therefore, an initial gross 

etching was carried out to create a “pool” to constrain the cells, as shown in Figure 4.I2C  

where the perimetral walls are deeper than the internal ridges.

Different grid patterns were manufactured and measured and the following images are 

representative o f the hexafluorosilicic etching on borosilicate glass (see Figure 4.12).

From the results shown there were no signs o f etchant infiltration. This inconvenient 

phenomenon was avoided by the adoption o f a thick resist (microresist technology ma- 

P1275) and a combined adhesion promoter to strongly bond the resist to the glass 

substrate underneath.
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Figure A

Material: Borosilieate glass 
Wet etching; H exafluorosilicic acid 
Etch time: 5 minutes 
Groove

sidewall: 2.6 pm  
ridges: 0.3 pm  

Roughness (Ra): 0.1 |jm

2 11256
0 280

Figure B

Material: Borosilieate glass 
Wet etching: Hexafluorosilicic acid 
Etch time: 12 minutes 
Groove

sidewall: 5 pm 
ridges: 1.5 |im  

Roughness (Ra): 0.15 pm

3 0 7 8 ?

: . 
0 280

0 OOC

0 3’ 4

Figure C

Material: Borosilieate glass 
Wet etching: H exafluorosilicic acid 
Etch time: 10 minutes 
Groove

sidewall: 5.9 |im  
ridges: 1.15 pm  

Roughness (Ra): 0.21 pm

+3 1S87

3 •(92?
0 d oO

0 574

Figure D

Material: Borosilieate glass 
W'et etching: H exafluorosilicic acid 
Etch time: 20 minutes 
Groove

sidewall: 5.9 pm 
ridges: 1.45 pm  

Roughness (Ra): 0.22 pm

F igure 4 .12 H2Si06 w et etch ing . W LSI m easurem en ts o f  B 203-S i02  sam ples. N ote the variation  in depth 
betw een  sidew alls and ridges operated  by the iso trop ic  etching. fAJ Parallel grid  (1 8 pm  spacing) w ith deep 
sidew all and shallow  ridges. fBJ Parallel grid (25 pm  spacing) w ith deep  sidew all and shallow  ridges. (CJ 
Paralle l grid  (10 pm  spacing) w ith deep  sidew all and shallow  ridges. (DJ Parallel grid  (15 pm  spacing) 
w ith deep  sidew all and shallow  ridges
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4.3.5 Plasma etching

Plasm a etching was used to enhance the hydrophilicity o f  the substrate used in this study. 

M oreover, each m aterial has different treatm ent response dependence versus time. 

Therefore, surface properties had to be investigated as a function o f  tim e to determ ine the 

hysteresis o f the treatm ent. This problem  was relevant when plasm a treatm ent was used 

for m oderate processes such as for surface activation.

Borosilicate glass chips were subjected to plasm a treatm ent to increase the degree o f  

hydrophilisation o f  the surface to enhance binding with the surface treated. To achieve 

that, the hydrophilic hysteresis response o f  borosilicate was studied in order to m axim ise 

the am ount o f  free substrate radicals available to bind ligand proteins.

Tw enty five sam ples o f  borosilicate glass were treated and m easured after different 

lengths o f  tim e, as describe in Chapter 3. The resulting hysteresis curve obtained from 

the plot o f  these m easurem ents versus tim e gave an indication o f  the change in the 

hydrophilic surface property. From the plot o f  this curve (Figure 4.13) two main regions 

could be identified: the initial untreated-treated variation (interval to - tuj), and the decay 

o f  hydrophilic property operated by oxidation o f  the surface {i.e., passivation) through 

tim e (from  // to tioooo).

40

Contact Angle of Borosilicate Glass 
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Figure 4.13 H y s te re s is  c u rv e  fo r b o ro s il ic a te  g lass . C h a n g e  o f  su rfa c e  p ro p e rt ie s  m e a su re d  b y  th e  
v a r ia tio n  in c o n ta c t a n g le  w ith  tim e  {to) u n tre a te d  su rfa c e , ( t o j - t j )  m ax  tre a tm e n t, fro m  ( t j )  lo ss  o f  
h y d ro p h ilic ity  in te rm s  o f  c o n ta c t a n g le
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The hysteresis curve was providing a full description, in time, o f the substrate surface 

charge property. Therefore it was possible to guarantee a proper surface-adhesion 

between substrate and ligands within days from the treatment. In fact, hydrophilic 

substrates were still activc after seven days o f treatment, although the contact angle was 

increasing from 8° to 25° but still inside the hydrophilicity range (< 30°), as it can be 

seen in Figure 4.14. Thus, if the substrate was used within a day o f the treatment the 

degree o f hydrophilicity was still very high guaranteeing a proper adhesion response, see 

Figure 4.15.

I I
Figure 4.14 Plasma etching. Contact angle m easurem ent on borosilicate glass carried out (left) 30 seconds 
(< 10°) and (right) 7days after treatm ent (-25°)

I 1
Figure 4.15 Plasma etching. Contact angle measurem ent on borosilicate glass carried out (left) 30 seconds 
(< 10°) and (right) I day after treatm ent (> 20°)

Furthermore, the surfaces o f the glass samples were also enhanced by the use o f the HCl 

bath during the preconditioning o f the samples for ligand coating. Therefore two 

completely different processes improved the surface adhesion between the glass substrate 

and the protein coating. The first one was creating and activating the surface radicals by a 

physical process, whereas the second one did it by charging the already existing surface 

radicals by chemical reaction. This surface enhancement was also observed by a 

microscope fluorescent analysis o f the ligand coating distribution on the surface.
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4.4 Cell response and contact guidance on treated substrate

4.4.1 Cell activation and polarisation

C ell recep to r in teraction  w ith  im m o b ilised  reco m b in an t ligands or m im ick in g  an tibod ies 

w as a d e te rm in an t facto r fo r the ex p ressio n  o f  m o tility  in the lym phoid  cells u n d er study.

In the absence  o f  LFA-1 b in d in g  ligands the cells do n o t d isp lay  a po larised  

locom otive  p h en o ty p e  even  in the p resen ce  o f  so lub le  ac tiv a to rs  such as PM A. C ontro l 

IgG also  d id  no t induce any  m otility  asso c ia ted  p h en o m en a , as show n in F igure 4.16.

T he investigation  o f  the m o tile  ph en o ty p e  induced  by  anti-LFA -1 im m obilised  on 

bo ro silica te  substra te  w as also  co m p ared  w ith  reco m b in an t natu ral ligands (IC A M -1 ) to 

co m p are  the ex ten t o f  response induced  on these env ironm en ts. A s show n in F igure 4 .1 7b 

and  c, the natu re  o f  these resp o n ses w as sim ilar fo r both  ligands and  cell types. T herefo re  

anti-L FA -1 cou ld  be  used  as a su itab le  ligands for inducing  m otility  on top o f  the 

fab rica ted  substrates.

A t least 10 cells w ere  m easu red  at the b eg inn ing  o f  each ex p e rim en t {to) and  afte r 

five m inu tes {ts).  T he reason  fo r ch oosing  this length o f  tim e w as in re la tion  to the fact 

that w ith in  the first five m inu tes the po larised  cells reach  a m otility  critica l s tage w here  

th ey  are fully  ac tiva ted . C en tro id  tran slo ca tio n , e llip se  m ajo r axis and  m in o r axis w ere 

m easu red , although  th is cou ld  be also  q ualita tively  seen by  o v erlay in g  tw o sequen tia l 

im ages on the co m p u te r screen  o r by  track ing  cell locom otion  on the v ideo  im age output. 

T he tw o substra tes chosen  for this ex p erim en ta l research  w ere  (i) a flat substra te  and  (ii) 

a m icrog rooved  substra te  {i .e. ,  channel groove and  spac ing  o f  1 1 ± 2  )im  and  depth  1.15 ± 

0 .15 |im ) m ade by the w et e tch in g  technique.

For each o f  the ex p e rim en ta l se tups ana lysed  in this stu d y  the defo rm ation  index 

(D l) w as ca lcu la ted , as d esc ribed  in C hap ter 3 at to and /<; and averaged  to have an 

im m ed ia te  estim ate  o f  the cell p o pu la tion  m otility , w ith in  each field  se lec ted  (T ab le  4 .8). 

F rom  the analysis o f  the resu lts it w as found  that fo r the first five m inu tes o f  ce ll 

locom otion , cell co n cen tra tio n  and  topograph ical g eom etry  d irec tly  affec ted  cell 

po larisa tion . In the flat substra te  se tup , fo r bo th  co n cen tra tio n s  the D l w as on average , 

b ig g er than  fo r the respective  pa tte rn ed  experim en ts, see F igure 4 .18.
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Anti-LFA-1 
(c)

Figure 4.16 Cell activation response o f PBTL cells and HUT78 lymphoma cells, (a) Cells exposed to 
control (IgG). (b) (only) PBTL cells response to pre-activation (PMA). (c) Cells activated by LFA-1 
mAh. Note that cells are adherent in (c) but not in (a) and (h)

Control
(a)

ICAM-1
(b)

Anti-LFA-1
(c)

Figure 4.17 Cell activation. PBTL and HUT78 T cells response induced by ICAM-1 and anti-LFA-1. 
(a) Cells exposed to control IgG. (h) Both cells activated via ICAM-1. (c) Cells activated via anti- 
LFA-1. Note the similar activation for HUT78 and PBTL lymphoid cells
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Table 4.8 Cell polarisation. Deformation index mean and standard deviation calculated at to and ts 
(averaged) for HUT78 and PBTL cells under different environmental conditions

Topography Cell type Low cell conc. High cell conc.

Flat
HUT78 2.15 ± 0 .7 3 1.43 ± 0.26

PBTL 2.55 ± 0 .6 7 1.65 ± 0 .3 4

M icrogrooved
HUT78 2.07 ± 0 .5 0 21 ±0.32

PBTL 1.88 ± 0 .6 1 1.40 ± 0 .3 8
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Figure 4.18 Cell polarisation. Deformation Index confidence interval values calculated for all the 
experimental settings investigated in this study at to and r? (averaged)

Surface
type

Cell
Cenc.

Cell
type

G reeved High PBTL

G reoved High HUT78

Flat High P BTI.

Flat High HUT78

G reeved Low PBTL

Grooved Low HUT78

Flat Low PBTL

Flat Low HUT78
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M oreover, the DI param eter could forecast the cell behavioural response on the different 

experim ental conditions. For instance, on flat substrate and low cell concentration PBTL 

cells show ed a larger Dl m ean value but sm aller confidence interval than the HUT78 

cells as an indication o f  a m ore diffusive cell population on average, w hereas for HUT78 

cells it was observed a higher variability in individual cell m otile behaviour.

4.4,2 Cell alignment and measurement of guidance

As stated above, o f  the m any topographical environm ents designed and fabricated only 

two w ere selected for cell guidance and locom otion studies: (i) flat substrate and (ii) 

m icrogrooved substrate.

Elem ents o f  control guidance by the topographical cues w ere qualitatively 

investigated and com pared with the flat substrate, used as the control surface. It was 

found that m icrogrooves induced alignm ent in both the cell types. In the follow ing 

pictures, a typical cell alignm ent o f  HUT78 cells (Figure 4.19) and PBTL cells (Figure 

4.20) are shown, in parallel grid for a total observation tim e o f  one hour.

M oreover, because lym phocytes are flexible m otile cells they were capable o f

dynam ic changing o f the direction o f  their m otion even under topographical constraint, in 

fact, in several experim ents, it was observed that they could crawl out o f  the ridge o f  the 

groove and align along a new direction independently from  the groove cues. The 

follow ing sequence o f  im ages show s this m otile response from an individual HUT78 

lym phoid cell (Figure 4.21). From this set o f  figures it can be seen that T cell types are 

also capable o f  a perpendicular m igration across the pattern m ain direction and therefore 

free to overcom e in a random  direction the channel ridges when not exposed to a specific 

chem ical gradient. Further detailed analysis is needed to decide w hether there is an 

overall tendency for alignm ent to occur (see below).

A m ongst all the patterns investigated, one in particular em erged to be the m ost

suitable for qualitative and quantitative com parison with the previously described 

structures. A parallel set o f  lines was chosen and used under the experim ental settings 

described in Chapter 3. Follow ing O ’Hara and Buck (1979) grid topography was divided 

in three main categories in relation to channel width and spacing: narrow  (< 10 |im ), 

m edium  (10 - 25 |im ) and coarse (> 25 |lm ). Because o f  the lim itations im posed by the 

m icrofabrication processes, only “m edium ” grooves were m anufactured and investigated, 

leaving the narrow  groove for future studies.
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HUT78 
t = 0 min

HUT78 
t = 60 min

Figure 4.19 HUT78 lymphoma cells migrating along the 
channel direction. Note the alignment o f pseudopods and trailing 
edge on the direction of the channel

 ̂ PBTL 
t = 0 min

ml PBTL 
-1  t = 60 min

Figure 4.20 PBTL cells migrating along the channel. Note 
the initial perpendicular direction.



Figure 4.21 HUT78 lymphom a cells migrating perpendicularly to the grid. From the sequence o f  images can be seen the 
direction o f  m igration and the trailing edge controlling the protrusion.



Having considered the previous studies, and on the basis of the preliminary cell 

measurement and qualitative measurement o f the response o f lymphocyte cells on flat 

substrate and parallel grids, the analysis o f the two cell types was reduced to only two 

substrates: (i) a control flat substrate and (ii) a parallel grid pattern. The geometrical 

dimensions o f the grooves microfabricated with wet etching, as described in Chapter 3, 

were a width o f 11 ± 2  |im , spacing 11 ± 2 |im  and depth 1.15 ± 0 .15  |im. By using this 

defined topographical environment contact guidance cell response was studied.

Cell alignment behaviour induced by the surface topography to both HUT78 and 

PBTL cells was investigated for a test length o f one hour, with a sampling interval o f five 

minutes. By using the method proposed by Wilkinson et al. (1982), described in Chapter 

2, cell alignment response was calculated for the entire motile cell population under 

investigation.

This method quantifies the amount o f alignment towards a directional pattern by 

measuring the direction angle of all cells having a motile behaviour at each interval o f 

tracking time (angle between 0 and 90°). In the absence o f any factor biasing the 

direction o f locomotion, the distribution o f the angles at each interval should be equally 

distributed between 0 and 90°. This result can also give an indication o f the accuracy o f 

the measuring process.

Therefore, for each of the four experimental settings {i.e., HUT78 or PBTL cell, and 

flat or grooved surface) the direction angle at each tracking interval for each cell path 

was measured and plotted for an angle range o f 90° (symmetrical distribution around the 

y-axis). The adopted model resulted to be adequate to the system under investigation 

because it was capable o f detecting and highlighting pattern o f alignment over highly 

motile T lymphoid cell types. This implied that the migrating cells were not constantly 

migrating along one preferential direction (extreme alignment such as for fibroblasts) but 

were capable o f changing their directions of motion within a few minutes (as shown in 

the previous chapter).

A pattern o f cell alignment could be distinguished between non-constrained and 

constrained experimental condition. In particular, PBTL cells, responding in a high cell 

concentration environment follow'ed an expected random distribution in the flat substrate, 

as shown in Figure 4.23. In the grooved assay an indication o f alignment is shown by the 

higher concentration o f cells found around 0-20° angle range (see Figure 4.25). For the 

HUT78 cells it was found that for the flat substrate alignment was almost evenly
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distributed (Figure 4.22). A lm ost the same pattern was found for the grooved 

experim ents in which elem ents o f  alignm ent could not be found, as plotted in Figure 

4.24. It is im portant to notice that in this case, for both surfaces, the angle o f  alignm ent is 

giving only an indication o f  the cell behaviour because o f  the interference created by the 

high cell concentration and subsequently in determ ining the m orphom etrical inform ation 

o f  the cells m easured. Therefore this analysis can m ainly identify alignm ent path betw een 

flat and grooved substrate.

For the low cell concentration, it was found that w hen the PBTL cells w ere 

m igrating over a flat surface the angle o f  alignm ent had a bell-shape distribution, as 

show n in Figure 4.27. This was an indication o f  a higher num ber o f  cell sw itching 

directions betw een 30 to 60 degrees and also denoted random  locom otion behaviour, as 

then show ed in the follow ing w ind-rose graph.

The sam e consideration could be done for the HUT78 cells responding to a flat 

substrate although two distinct zones were identified, around 20 and 55 degrees (Figure 

4.26). These could have been associated, for instance, with the m orphological shape o f  

the cells and consequently the centroid and alignm ent angle m easured.

D ifferent cell behaviour was found when both the cell types were m igrating over the 

m icrogrooved surfaces. In fact, it was found that for PBTL cells the angle o f  alignm ent 

distribution w as m ore projected tow ards lower alignm ent angle than higher (Figure 4.29). 

This was an indication that the channel groove was reducing the random  locom otion by 

reducing the range o f  alignm ent o f  the cells. The sam e conclusion could be drawn for the 

HUT78 cells in term s o f  reduction o f  random  locom otion (Figure 4.28).

Although a baseline o f  random  distribution is shown when interpolating the 

histogram  distribution it can be noticed that there is no indication o f  com plete alignm ent 

(angle o f  alignm ent close to 0°). Two main reasons can be attributed to these results. The 

first is associated with the highly m otile nature o f  the cell under investigation and the 

consequent change in cell shape. The second can be related to the nature o f  the analysis 

carried out in term s o f  cell-shape m easurem ent, tim e lapse analysis, and histogram  bin- 

size subdivision (bin size = 5°). A lthough the com binations o f  these last factors could 

bias each individual result presented these w ere not affecting the com parative nature o f  

the study.

By follow ing W ilkinson’s m odel and assum ptions, a sim ple m easure o f  the 

significance o f  this distribution was calculated by sum m ing the num ber o f  intervals for
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each cell at angles between 0 and 44° to the axis o f the topographical pattern (A) and by 

the number o f intervals between 45 and 90° to the same axis (B).  By carrying out a 

Student’s t-test o f the difference between A and B a p-value was derived. At the same 

time, an easy comparison between different experiments was also done by calculating the 

p-value associated with the ratio between the sum of A and the sum of B. If this value 

was close to 1.0 it meant that the angle distribution is random. A value greater than 1.0 

could be attributed to a guidance response behaviour o f the cells under investigation.

The results o f a test employed to measure the significance o f  the p-value for flat 

substrates for the high and low cell concentration experimental setup denoted what was 

highlighted by the plot of the angle distribution. In fact, neither in the high nor in the low 

cell concentration any alignment was found. These results are shown in Table 4.9 and 

highlight the comparative analysis between the two cell types

Different results were highlighted for the grooved substrate. In this case, as shown in 

the histogram distribution, statistical significance could be found between the aligning 

cells {A) and the non-aligning {B) for both the two concentrations. In particular in the 

high cell concentration the p-value calculated was significant but not as strong as the 

value determined for the low cell concentration. Table 4.10 reports all the results for the 

grooved experimental conditions and gives an indication o f the difference between the 

two cell types.
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Table 4.9 Cell alignment. Statistical analysis o f the alignment measurements carried out under high and 
low cell concentration for flat experimental substrate

Experim ent
(Conc.-Surface-Cell type)

No.
Cells

Mean
(A-B)

s.e.m.
(A-B)

p-value 2 A /IB p-value

High*-Flat-HUT78 25 -0.24 1.00 NotS 0.96 NotS

High*-Flat-PBTL 24 -0.42 0.99 NotS 0.93 NotS

Low"^-Fjat-HUT78 28 0.52 1.94 NotS 1.09 NotS

Low^-Flat-PBTL 30 0.33 1.16 NotS 1.07 NotS

(High*=high cell concentration; Low 
grids; NotS=not significant)

"=low cell concentration; Flat=flat substrate; Grooved=parallel

Table 4.10 Cell alignment. Statistical analysis o f the alignment measurements carried out under high 
and low cell concentration for grooved experimental substrate

Experiment
(Conc.-Surface-Cell type)

No. Mean 
Cells (A-B)

s.e.m.
(A-B)

p-value lA /E B p-value

High*-Grooved-HUT78 28 1.50 0.74 <0.04 1.29 <0.04

High*-Grooved-PBTL 30 1.53 0.73 <0.04 1.29 <0.05

Low^-Grooved-HUT78 32 3.03 1.13 <0.01 1.87 <0.03

Low^-Grooved-PBTL 37 3.79 1.35 <0.01 2.22 <0.01

(High*=high cell concentration; Low^=low cell concentration; Flat=flat substrate; Grooved=parallel 
grids; NotS=not significant)
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HIGH CONCENTRATION OF CELLS

A n g ie  o f  a lig n m e n t A n g le  o f a lig n m e n t

Figure 4.22 HUT78 lymphoma ccll alignment 
distribution over flat substrate (0° indicates along 
the y-axis where 90° indicates x-axis)

A n g le  o f  a lig n m e n t to  g ro o v e  a x s

Figure 4.24 HUT78 lymphom a cell alignment 
distribution over parallel arooved substrate (0° 
indicates alignm ent towards the groove main 
direction axis; 90° indicates perpendicular 
alignm ent to the groove)

Figure 4.23 PBTL cell alignm ent distribution over 
flat substrate (0° indicates along the y-axis where 
90° indicates x-axis)
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Figure 4.25 PBTL cell alignm ent distribution over 
parallel grooved substrate (0° indicates alignm ent 
towards the groove main direction axis; 90° 
indicates perpendicular alignm ent to the groove)



LOW CONCENTRATION OF CELLS
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Figure 4.26 HUT78 lymphom a cell alignment 
distribution over flat substrate (0° indicates along 
the y-axis where 90° indicates x-axis)
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Figure 4.27 PBTL cell alignm ent distribution over flat 
substrate (0° indicates along the y-axis where 90° 
indicates x-axis)
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Figure 4.28 HUT78 lym phom a cell alignment 
distribution over parallel grooved substrate (0° 
indicates alignm ent towards the groove main 
direction axis; 90° indicates perpendicular alignment 
to the groove)

Figure 4.29 PBTL cell alignm ent distribution over 
parallel grooved substrate (0° indicates alignm ent 
towards the groove main direction axis; 90° indicates 
perpendicular alignm ent to the groove)



4.5 Investigation of individual cell migration

Single cell m igration analysis was carried out for an averaged population o f  n =  30 

lym phocyte cells under the four different experim ental conditions for HUT78 lym phom a 

and PBTL cells. The four in vitro m icroenvironm ents, where cell m igration was observed 

and quantified, w ere distinguished by the cell density on the substrate and by the nature 

o f  the topography on the substrate: (i) high cell concentration (0.5 x 10^ cells/m l) and (ii) 

low cell concentration (0.15 x 10^ cells/m l) were used and com bined to (iii) flat substrate 

m icropattem  or to (iv) grooved m icropattem ed substrate. In the follow ing sections the 

single analysis o f  each param eter involved in the characterisation o f  cell locom otion is 

given.

4.5.1 Time lapse recording and single cell tracking

A fter having selected a field to investigate, sequential image acquisition was carried out, 

as described in C hapter 3. Locom otory cells were random ly selected and tracked in each 

field for each specific im age captured by using Scion image software. Results o f  the four 

experim ental setups are depicted in the following figures where the m otile behaviour o f 

cell populations, on selected fields over 60 m inutes, were recorded and analysed (from 

Figure 4.30 to Figure 4.37).

To obtain quantitative m easures o f  the intrinsic single cell m otility from the time- 

lapse recording, the m ovem ent o f the isolated cells was follow ed by tracking the cell 

body locom otion (m otile cells only) along the substrate. Using a sem i-autom ated tracking 

system  the cell centroid o f  m otile cells was determ ined. Therefore, by describing the 

change in the centroid position over tim e it was possible to trace the distance travelled by 

each cell tracked over the course o f  each experim ent.

For the low cell concentration experim ents the am ount o f  locom otion was associated 

with the pure m otile action o f  each individual cell tracked, this was not the case for the 

high cell concentration where cell-cell collision phenom ena biased the extent o f  each 

individual cell m igration. This was presum ably due to the fact that two or m ore cells 

cam e in contact with each other close enough to enable the physical interaction o f 

contacting cell m em branes or surface structures and to exchange chem ical stim uli. This 

affected the single cell behaviour and the consequent cell m igration paths.

141



HIGH CELL CONCENTRATION
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Figure 4.30 Phase-contrast images o f  HUT78 lymphom a cclls moving on flat substrate (high cell conc.). Anti-LFA- 
1 was im m obilised on borosilicate glass to induce cell motility. The circle represents a field area where cell 
m igration was followed and the two arrows respectively highlight a colliding cell and an isolated cell m igration. In 
this experim ent cell collisions reduced cell migration



HIGH CELL CONCENTRATION
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F igure 4.31 Phase-con trast im ages o f  PB TL cells m oving on flat substrate  (h igh ce ll conc.)- A nti-LFA -1 w as 
im m obilised  on borosilica te  glass to induce cell m otility . T he circle rep resen ts a field  a rea  w here ce ll m igration  
w as fo llow ed  and the tw o arrow s respec tive ly  h igh ligh t a co llid ing  cell and an iso la ted  cell m ig ra tion , hi this 
experim en t cell co llis ions reduced  cell m igration



HIGH CELL CONCENTRATION
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Figure 4.32 Phase-contrast images o f  HUT78 lymphoma cclls moving on microgrooved substrate (high cell 
cone.). Anti-LFA-1 was immobilised on borosilicate glass to induce cell motility. The cells tracked {n = 20) were 
randomly selected polarised cells inside the microfabricated pattern. Cell collision is constraining the free 
locomotion of the cells analysed



HIGH CELL CONCENTRATION
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F igure 4 .33 Phase-con trast im ages o f  PB TL  cell m igration  on m icrogrooved  substrate  (h igh  cell conc.). A nti-LFA -1 
w as im m ob ilised  on borosilicate  glass to induce cell m otility . T he cells tracked (« =  12) w ere random ly  se lected  
po larised  ce lls  inside the m icrofabricated  pattern . C ell co llision  is constra in ing  the free locom otion  o f  the cells 
analysed



LOW CELL CONCENTRATION
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Figure 4.34 Phase-contrast images o f  HUT78 cell m igration on flat substrate (low cell conc.). Anti-LFA-1 was 
im m obilised on borosilicate glass to induce cell motility. Colliding cells (for instance, 13, and 14) and cell 8 at the 
edge o f  the field-view were discharged from the locomotion analysis. Note cell m itosis intervening after 40 minutes 
on cell 24.



LOW CELL CONCENTRATION
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Figure 4.35 Phase-contrast images o f  PBTL cell m igration {n = 7) on flat substrate (low cell conc.)- Anti-LFA-1 was 
im m obilised on borosilicate glass to induce cell motility. Several experim ents were required to reach a consistent 
cell population



LOW CELL CONCENTRATION
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Figure 4.36 Phase-contrast images o f  HUT7^ cell m igration (n = 5) on flat substrate (low cell conc.). Anti-LFA-1 
was im m obilised on borosilicate glass to induce cell motility. Note cell 2 and 4 m oving across ridges



LOW CELL CONCENTRATION
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Figure 4.37 Phase-contrast images o f  PBTL cell m igration (« = 11) on flat substrate (low cell conc.)- Anti-LFA-1 
was im m obilised on borosilicate glass to induce cell motility, (tap left) Note cell 4 and 7 m oving across ridges



Cell continuous paths were produced by linking the discrete positions o f  the centroid at a 

fixed interval o f  five m inutes. From the analysis o f  these patterns it can be seen that the 

m ovem ent o f  cells was consistent with the behaviour expected for a persistent random  

walker. In fact, the m ovem ent o f  cells tended to persist along their directions over a time 

scale o f  m inutes, while over longer tim es they took a random  direction. In the follow ing 

figures (from  Figure 4.38 to Figure 4.45) the cell paths for several cells under the four 

experim ental conditions were tracked and plotted over a total tim e o f  60 m inutes.

From the qualitative analysis o f  the single path diagram s three m ain points em erged: 

(i) there was a different response betw een HUT78 and PBTL cell response on the sam e 

substrate; (ii) cell concentration interfered with cell m igration, and (iii) the different 

substrate geom etries had an influence on the typical cell random  walk distribution.

It was quite difficult to quantitatively distinguish betw een experim ents. This was a 

result o f  the poor dim ensional ratio betw een cell paths (tens o f  m icrom eters) and field 

observation (several hundreds o f  m icrom eters). In order to analyse and com pare the cell 

paths betw een these different m icroenvironm ents, a particular graphical m ethod called 

“w ind rose” was applied. By superim posing the starting position o f  each cell in each field 

to a com m on origin it was possible to reduce the field size to only one hundred 

m icrom eters.

A better understanding o f either each single cell path or the overall experim ent came 

out after the application o f  the w ind rose graphical display. For exam ple, it em erged 

im m ediately that under a high cell concentration on flat substrate PBTL cells m oved 

(Figure 4.46) m ore and were m ore aligned towards the Y axis. W hereas, the HUT78 had 

a random  persistent distribution, as show ed in Figure 4.47.

A sim ilar pattern was also found for the low cell concentration on flat substrate 

experim ents although in this set o f  experim ents the m otile response o f  cells w as not 

biased by cell-cell interaction or collision. W ind rose results o f  the HUT78 cell 

experim ents are superim posed and shown in Figure 4.50, w hereas for the PB TL cell 

experim ents in Figure 4.51.

As for the flat experim ents, when HUT78 lym phom a cells and PBTL cells m igrated 

on m icrogrooved substrates their response show ed that they did not all move in the 

direction o f  the grooves {i.e., forced alignm ent) but they still preserved an extent o f  

random  persistent m igration, as showed in the section 4.4.2. This phenom enon was 

sm oothed by the cell-cell collision for the high cell concentration experim ents w here for 

HUT78 cells although cell m igration was reduced by the topographical geom etry, a
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random  pattern could be still seen (Figure 4.48). The resulting w ind rose graph from the 

PBTL set o f  experim ents indicated a sim ilar response to the HUT78 lym phom a cells 

(Figure 4.49).

The evidence for the interaction betw een cell and topography was found in the low 

cell concentration experim ents. HUT78 lym phom a cells showed a random  response as 

shown in Figure 4.52. On the contrary, the PBTL cells show ed a rem arkable tendency to 

align tow ards the direction o f  the channels, as it can be seen in Figure 4.53.

W hen the total am ount o f random  alignm ent or directional alignm ent induced by the 

topographical cues was m easured for each cell segm ent and subdivided, two conclusions 

could be made. First, that the random  m igration tendency was the predom inant pattern 

follow ed by the cell analysed although when in the presence o f  topography the 

percentage distribution shifted tow ards a m ore accentuated directional alignm ent in both 

concentrations. Second, from the results shown it was also possible to qualitatively 

estim ate the contribution given to the alignm ent by cell-cell collision in the high cell 

concentration case. Table 4.11 reports the results o f  the distribution for the flat 

experim ents, w here Table 4.12 shows the results m easured for the topographical 

substrate.



Table 4.11 Percen tage o f  a lignm en t o f  T  cell types under d ifferen t experim ental env ironm ents. 
H igh and low  cell concen tration  experim en ts on flat su b s tra te . (100%  ind ica tes com plete  
a lignm ent to the preferential d irection  o f  m otion ; < 10%  com plete  random  m igra tion )

Experiment
(Conc.-Surface-Cell type)

<10% 10-30% 30-50% 50-80% >80%

High‘-Flat-HUT78 5 28 16 33 18

High*-Flat-PBTL 8 20 2 0 23 29

Low^-Flat-HUT78 12 51 35 2 0

Low^-Fiat-PBTL 21 43 36 0 0

(H igh* =  high cell concen tra tion , L o w ^=  low  cell concen tra tion ; Flat =  flat substrate; G rooved  =
parallel grids)

Table 4.12 Percentage o f  a lignm en t o f  T  cell types under d ifferen t experim ental env ironm ents.
H igh and low cell concen tration  experim en ts on grooved substrate. (100%  ind ica tes com plete
alignm ent to the preferentia l d irection  o f  m otion; < 10%  com plete  random  m igra tion )

Experiment
(Conc.-Surface-Cell type)

<10% 10-30% 30-50% 50-80% >80%

High*-Grooved-HUT78 5 17 29 4 2 1

High*-Grooved-PBTL 4 37 31 2 7 1

Low^-Grooved-HUT78 21 65 12 2 0

Low^-Grooved-PBTL 10 64 2 0 6 0

(H igh* =  high cell concen tra tion ; L o w ^=  low cell concen tra tion ; Flat =  flat substrate; G rooved  = 
para lle l grids)
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HIGH CELL CONCENTRATION - FLAT SUBSTRATE
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Figure 4.38 HUT78 cells on flat substrate (high conc.). Typical cell paths 
using tim e-lapse m icroscopy for high cell concentration responding to an anti- 
LFA-1 antibody. Continuous paths o f  centroid position were traced with 5 
m inute intervals in a colliding environm ent (Please note in green starting 
position; red finishing position)
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Figure 4.39 PBTL cells on flat substrate (high conc.). Cell migration was 
more accentuated than for the HUT78 cells. Paths were traced with 5 
m inute intervals (Please note in green starting position; red finishing 
position)



HIGH CELL CONCENTRATION - GROOVED SUBSTRATE
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Figure 4.40 HUT78 cells on grooved substrate (high conc.). Cell m igration is 
limited by the nature o f  the substrate and by the density o f  the cell in the field. 
Difference with the flat surface is evident (Direction o f  grooves parallel to the 
Y-axis). Please note in green starting position; red finishing position

Figure 4.41 PBTL cells on grooved substrate (high conc.). M igration is 
restricted by the topography and by the cell density (Direction o f  grooves 
parallel to the Y-axis). Please note in green starting position; red finishing 
position



LOW CELL CONCENTRATION - FLAT SUBSTRATE
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Figure 4.42 HUT78 cells on flat substrate (low conc.)- Super-im position o f  Figure 4.43 PBTL cells on flat substrate (low conc.)- Super-im position o f
several experim ents in one single graph. Cell paths follow the random several experim ents in one single graph. M igration o f  cells follows a more
directions over longer period o f  tim e and tend to cover extended area. (Please random nature than HUT78 cells with a tendency to be less persistent. (Please
note in green starting position; red finishing position) note in green starting position; red finishing position)



LOW CELL CONCENTRATION - GROOVED SUBSTRATE
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Figure 4.44 HUT78 cells on grooved substrate (low conc.). Super-im position o f  
several experim ents in one single graph. Although migration is limited by 
grooves it can be seen that the random  w alker m ethods is still applicable by the 
random  direction o f  the paths in the longer tim es (Direction o f  grooves parallel 
to the Y-axis). Please note in green starting position; red finishing position

7(X)

5(K) H

4(K) H
E

3(X) H

2(X) 1

1 (H )

2(X)0 UK) 3(X) 4(X) 5(X) 6(X) 7(X)

X | n m |

Figure 4.45 PBTL cells on grooved substrate (low conc.). Super-im position o f  
several experiments in one single graph. M igration in this case is more directed 
towards the direction o f  the grooves in the longer tim es (Direction o f  grooves 
parallel to the Y-axis). Please note in green starting position; red finishing 
position



HIGH CELL CONCENTRATION - FLAT SUBSTRATE
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Figure 4.46 W ind-rose graph o f  HUT78 cells on flat substrate (high conc.). 
Cells {n = 25) were norm alised to a com m on starting origin and superimposed 
in order to highlight the random distribution in cell migration
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Figure 4.47 W ind-rose graph o f  PBTL cells on flat substrate (high conc.). 
Cells {n = 24) were show ing a random  distribution in migration although 
some directional patterns can be seen
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F igu re  4.48 Wind-rose graph o f HUT78 cells on microgroovcd substrate 
(high conc.). Cells (n = 28) were still showing a random distribution in 
migration although grooves were effecting cell directional migration

F igu re  4.49 Wind-rose graph of PBTL cells on microgrooved substrate 
(high cone.). Cells (« = 30) were still denoting a random pattern although 
their migration resulted more aligned along the grooves direction



LOW CELL CONCENTRATION - FLAT SUBSTRATE

Figure 4.50 Wind-rose graph o f HUT78 cells on flat substrate (low cone.)- Figure 4.51 Wind-rose graph o f  PBTL cells on flat substrate (low conc.).
Cells {n -  27) were oriented in a random pattern distribution from the Cells {n = 30) were showing a mild right translocation in their random pattern
common origin distribution fiom the origin



LOW CELL CONCENTRATION - GROOVED SUBSTRATE
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Figure 4.52 Wind-rose graph o f HUT78 cells on microgrooved substrate (low 
conc.). Cells (n = 32) were highly active and oriented in a random pattern 
distribution denoting a mild response to the topographical pattern
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Figure 4.53 Wind-rose graph o f PBTL cells on microgrooved substrate (low 
conc.). Cells {n -  37) were highly active and showed a considerable alignment 
along the topographical pattern



To proceed in the comparison between cell types, cell concentration, and substrate a 

normal distribution o f the cell speed population was calculated. These statistical tests 

were also at the basis o f the application o f Gail and Boone and Dunn models to calculate 

the mean o f the square displacement. Therefore % tests o f each individual experiment 

were carried out and the normal distribution graphs and the probability plots o f the 

normal distribution around the mean value are shown in fo llow ing figures (from Figure 

4.54 to Figure 4.61).

A fter having checked that the ceil speed data was normally distributed around the 

mean, a comparison between HUT78 and PBTL cells w ith in each experiment was 

undertaken by a Student’ s t-test and an F-variance test to analyse the extent o f difference 

between the raw-data and the mean value. These results were giving an indication o f the 

motile behaviour through the experiments o f  the two cell mean values and raw data 

populations, as can be seen for the high cell concentration condition in Figure 4.62 and 

Figure 4.63; and for the low cell concentration in Figure 4.64 and Figure 4.65.
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Figure 4.54 HUT78 cells on flat substrate (high conc.). (left) HUT78 normal distribution o f the cell speed 
data, (right) Probability plot against expected normal distribution o f the raw data. ( X  = 38.60, p = 0,99)

Cell speed [micrometer/minute]

1.00

7 5 '

.5 0 '

25

000

0.00 25 .50 .75 1.00

Observed Cum Prob

Figure 4.55 PBTL cells on flat substrate (high conc.). (left) PBTL normal distribution o f the cell speed 
data, (right) Probability plot against expected normal distribution o f the raw data, (%̂  = 36.45, p = 1,0)
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Figure 4.56 HUT78 cells on grooved substrate (high conc.). (left) HUT78 normal distribution o f the cell 
speed data, (right) Probability plot against expected normal distribution o f the raw data. (X  = 61.24, p = 
1.0 )
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Figure 4.57 PI5TL cells on grooved substrate (high conc.). (left) PBTL normal distribution o f the cell 
speed data, (right) Probability plot against expected nonnal distribution o f the raw data. (%̂  = 33.21, p 
=  1 .0 )
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Figure 4.58 HUT78 cells on tlat substrate (low conc.). (left) HUT78 nomial distribution o f the cell speed 
data, (right) Probability plot against expected normal distribution o f the raw data. { y ^ - W  .76, p = 0.98)
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Figure 4.59 PBTL cells on flat substrate (low conc.). (left) PBTL normal distribution o f  the cell speed data, 
(right) Probability plot against expected normal distribution o f  the raw data, (y^ = 10.77, p = 0.99)
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Figure 4.60 HUT78 cells on grooved substrate (low conc.). (left) HUT78 normal distribution o f  the cell 
speed data, (right) Probability plot against expected normal distribution o f the raw data. (%" = 9.53, p =  1.0)
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Figure 4.61 PBTL cells on grooved substrate (low conc.). (left) PBTL Normal distribution o f the cell speed 
data, (right) Probability plot against expected nomial distribution o f  the raw data, (ĵ  ̂= 14.47, p =1.0)
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Figure 4.62 HUT78 versus PBTL cell speed distribution on flat substrate (high conc.). (histogram = raw 
data; line normal distribution), p-value > 0.05 and F-value = not significant, therefore the two series were 
not statistically different
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Figure 4.63 HUT78 versus PBTL cell speed distribution on microgrooved substrate (high conc.). 
(histogram = raw data; line normal distribution), p-value > 0.05 and F-value = not significant, therefore the 
two series were not statistically different
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Figure 4.64 HUT78 versus PBTL cell speed distribution on flat substrate (low conc.). (histogram = raw 
data; line normal distribution), p-value < 0.01 and F-value = significant, with statistical difference between 
the two distributions
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Figure 4.65 HUT78 versus PBTL cell speed distribution on microgrooved substrate (low conc.). 
(histogram = raw data; line normal distribution), p-value > 0.05 and F-value = not significant, therefore the 
two series were not statistically different
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Table 4.13 Statistical analysis of the cell population measurements carried out under high cell 
concentration. Descriptive statistics of mean and std. dev., value of goodness of fit

Experim ent No. Cells
Mean

(fjm/min)
St. dev. 

(/int/min)
X2

Ip-valueJ
t test 

[F  test!

High-Flat-HUT78 25 2.07 1.28 38.60
[0.99]

Not Sign

High-Flat-PBTL 24 2.79 1.85
36.45
[0.96]

[Not Sign]

High-Grooved-HUT78 28 1.03 0.58
61.24
[1.00]

Not Sign

H igh-Grooved-PBTl, 30 0.849 0.39
33.32
[1.00]

[Not Sign]

l able 4.14 Statistical analysis of the cell population measurements carried out 
concentration. Descriptive statistics of mean and std. dev., value of goodness of tit

under low cell

Experiment No. Cells
Mean

(jUm/min)
St. dev. 

(junt/min)
X2

Ip-value!
t test 

IF testj

Low-Flat-HUT78 28 2.38 0.50 11.76
[0.98] <0.01

Low-Flat-PBTL 30 3.69 0.70
10.77
[0.99]

[< 0.02]

Low-Grooved-HUT78 32 3.66 0.53
9.53

[1.00] > 0.05

Low-Grooved-PBTL 37 3.21 0.71
14.469
[1.00]

[> 0.05]
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T he sta tis tica l ana lysis  resu lts ca lcu la ted  for the cell speed  w ere, firstly , e s tab lish in g  a 

d iffe rence  in resp o n se  o f  the tw o  cell types u n d er flat substrates. S econd ly , es tab lish in g  a 

c lo se  speed  sim ilarity  o f  the tw o cells w hen ex posed  to topography , starting  from  the 

assu m p tio n  tha t th ey  w ere  d iffe ren t u n d e r un ifo rm  cond itions. The accu racy  o f  the 

m ethod  used w as o f  the o rd e r o f  a fraction  o f  a m icrom eter, w h ich  is an  o rder o f  

m ag n itu d e  sm aller than  the transla tion  d istance and  there fo re  caused  neg lig ib le  errors. 

T his in d ica ted  th a t the m easu rem en t o f  the m ig ra tio n  o v er a to p o g rap h ica l su rface  w as 

d iffe ren t in re la tion  to  the cell type analysed .

4.5.2 Quantitative measurement o f  cell migration

B y u sing  the G ail and  B oone m odel the long term  an a ly sis  w as ca lcu la ted  for each 

exp erim en ta l cond ition  and  for each cell type. T hree  m ain  p aram eters  could  d escribe  the 

random  m igration  o f  H U T 78 and  PB T L  cells: p ers is ten ce , speed  and  d iffusion , as 

d esc rib ed  in C h ap te r 2. T he sho rt term  analysis w as also  ca lcu la ted  by  app ly in g  D u n n ’s 

m odel. F rom  the co m p ariso n  o f  the resu lts  ob ta ined  betw een  the tw o m odels, d iffe rences 

in values for each p aram ete r w ere  found , although the trend  in the resu lts did  no t change. 

T he orig in  o f  such a d iffe rence  cou ld  be a ttrib u ted  to the d iffe ren t m odel used for 

d esc rib in g  the sh o rt term  data. A com parative  analysis  o f  the resu lts  b e tw een  the tw o 

m odels is reported  in T able 4 .15 for high cell co n cen tra tio n  and  T able 4 .16  for low  cell 

concen tra tion ; w h ere  p ers is ten ce  P,  speed  S, and  d iffusion  D  and the m ean value o f  the 

tu rn in g  angle ( < 0i > )  are reported  fo r bo th  the tw o  m odels.

T hen , by  ap p ly in g  the long term  analysis  m odel for m odera te ly  large in tervals 

(w h ere  t >  P) to the cell p o p u la tio n  m easu red , cell d isp lacem en t and  m ean square 

d isp lacem en t w ere  ca lcu la ted  and p lo tted  as a  function  o f  tim e for each ind iv idual 

m icroenv ironm en t.

F rom  the resu lts  ca lcu la ted  it w as found  that fo r the high cell concen tra tion  

ex p erim en ts  w hen  on coated  fla t substra te  P B T L  cells w ere  m ore  m otile  than  H U T78 

cells, h av ing  a large d iffusion  and  re la tive  faste r speed  b etw een  sam p lin g  in tervals. W hen 

in troducing  the g rooved  substra te  the tw o  cell types re sponded  to the surface by a 

reduction  in speed , and  d iffusion . In p articu la r PB T L  cells w ere  ten tim es less d iffusive 

than on the flat surface. P ersis tence w as not in fluenced  in both  ex p erim en ts  a lthough  a 

m ore p ers is ten t trend  path  cou ld  be traced  fo r the H U T 78 ly m p h o m a cells co m p ared  to 

the P B T L  cells.
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D ifferent results were obtained for the low cell concentration experim ents. On flat 

substrate norm al PBTL cells, as for the high cell concentration case, were found to be 

m ore m otile, m ore diffusive but less persistent than HUT78 cells by show ing a typical 

random  behaviour, as shown in the w ind rose graph in Figure 4.51. On the contrary, for 

the grooved case HUT78 lym phom a cells reflected w hat was already found in the high 

cell concentration experim ents by gaining m otility and speed and, therefore, being 

com parable in their response to the PBTL cells.

These results can be seen from the analysis o f the m ean square displacem ent <T^> 

graphs. Figure 4.67 and Figure 4.69 for high cell density and Figure 4.71 and Figure 4.73 

for low cell density. From the m ean square displacem ent plots it can be seen that after an 

exponential start, the curves becam e linear denoting a steady response (called long term 

variation) in the persistence behaviour o f  the m igrating cells. By using this linear m odel 

the slope o f the linear asym ptotic curve represents the diffusion coefficient (D ). The 

intersection o f  the extrapolated linear curve to the tim e-axis is also associated with the 

persistence in locom otion (f*). A sim ilar num ber o f  HUT78 and PBTL cells were used to 

calculate and plot the square o f  the m ean displacem ent <T> on the four different 

experim ental substrates, as shown in the follow ing figures (Figure 4.66, and Figure 4.68 

for high cell concentration and Figure 4.70 and Figure 4.72 for low cell concentration).
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Table 4.15 Motility o f HUT78 and PBTL cells on flat and microgrooved substrate carried out at high conc. 
Individual parameters based on long term and short term data analysis

HIGH CELL CONCENTRA TION Experiments

Individual
parameters

Flat
HVT78

Flat
PBTL

Grooved
HUT78

Grooved
PBTL

<Ok> 0.198 0.147 0.220 0.201

Persistence (P) 
[min] 21.91 21.57 17.45 16.81

Long term data Speed (S) 
[jUm/min] 2.00 2.60 1.00 0.847

Diffusion (D) 
[W-^cm'/s] 0.75 2.378 0.31 0.32

Persistence (P) 
[min] 9.34 10.39 16.22 14.12

Short term data Speed (S) 
[fjm/min] 1.58 1.98 0.77 0.80

Dijfusion (D) 
[W-''cm-/s] 0.78 1.36 0.32 0.31

Table 4.16 Motility o f HUT78 and PBTL cells on flat and microgrooved substrate carried out at low conc. 
Individual parameters based on long tenn and short term data analysis

LOW CELL CONCENTRA TION Experiments

Individual
parameters

Flat
HVT78

Flat
PBTL

Grooved
HUT78

Grooved
PBTL

<Ok> 0.155 0.166 0.183 0.168

Persistence (P) 
[min] 28.9 20.8 22.39 24.34

Long term data Speed (S) 
[jum/min] 2.39 3.6 3.62 3.21

Dijfusion (D) 
[W^cm^/s] 2.85 4.95 5.08 4.37

Persistence (P) 
[min] 6.66 5.06 6.06 5.74

Short term data Speed (S) 
[/um/min] 3.76 5.33 5.70 5.20

Dijfusion (D) 
[IO-''cm-/s] 3.14 5.15 6.58 5.19
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HIGH CELL CONCENTRATION - FLAT SUBSTRATE
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Figure 4.66 Mean accum ulated displacem ent <T>  plotted against time for HUT78 and PBTL cells over 
flat substrate (high conc.). PBTL cell response was more evident than HUT78 cells, (error bar = standard 
deviation from the mean value)
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Figure 4.67 Mean square displacem ent <T'>  plotted against time for HUT78 and PBTL cells over flat 
substrate (high conc.). It can be seen that PBTL cells had a larger square displacem ent and therefore 
diffiision, where persistence resulted to be com parable in both cases, (error bar = negligible)
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HIGH CELL CONCENTRATION - GROOVED SUBSTRATE
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Figure 4.68 Mean accum ulated displacem ent < 7 >  plotted against time for HUT78 and PBTL cells over 
grooved substrate (high conc.)- PBTL and HUT78 cells had the same mean response when expose to 
topography (error bar = standard deviation from the mean value)
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Figure 4.69 Mean square displacem ent < T >  plotted against time for HUT78 and PBTL cells over 
grooved substrate (high conc.). From this plot it can be seen that the behavioural response o f  both cell 
types was sim ilar in term s o f  diffusion and persistence
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LOW CELL CONCENTRATION - FLAT SUBSTRATE
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F igure 4 .70 M ean accum ulated  d isp lacem en t < 7 >  p lo tted  against tim e for H U T 78 and PB TL cells over 
flat substrate  (low  conc.). PB T L  cell response  w as m ore ev iden t than H U T 78 cells, (erro r bar =  standard  
deviation  from  the m ean value)
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F igure 4.71 M ean square d isp lacem en t < 7^>  p lo tted  against tim e for H U T 78 and P B T L  cells  over flat 
substrate (low  conc.). It can be seen that PB TL cells had a larger square d isp lacem en t and therefore 
d iffusion , w here pers istence  resu lted  to be sm aller than H U T 78 cells, (error bar =  neg lig ib le)
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LOW CELL CONCENTRATION - GROOVED SUBSTRATE
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Figure 4.72 M ean accum ulated  d isp lacem en t < 7 >  p lo tted  against tim e for HUT78 and PBTL cells over 
m icrog rooved  substrate  (low  conc.). PBTL cell response w as sim ilar to H U T78 cells, (error bar =  standard  
d ev ia tion  from  the m ean  value)
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Figure 4.73 M ean square d isp lacem en t <T^> p lo tted  against tim e for HUT78 and PBTL cells over 
m icrogrooved  substrate  (low  conc.). It can be seen that PBTL and HUT78 cells show ed the sam e graph 
than the high cell concen tration  bu t w ith the d isp lacem en t one o rder o f  m agn itude  bigger, (e rro r bar = 
neg lig ib le)
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CHAPTER 5

5 DISCUSSION

5.1 Overview

In the Introduction to this thesis it was stated that quantitative differences in motile 

normal (PBTL) and malignant (HUT78) lymphoid T cells needed further investigation. 

In particular it was noted that very little is known about the interaction between normal 

and malignant cell types and the surrounding environment in terms o f response to 

topographical geometries and cell population concentrations. In order to understand this, 

a series o f experimental tests were designed and conducted, after having analysed the 

limitations introduced in the in vitro experimental investigation.
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5.2 Topographical control of cell motion: experimental 

requirements

In cell investigations, accurate analysis and development o f each experimental process 

has been found to be essential (Bignold, 1992; Wilkinson, 1998; and Tan et a l, 2001). In 

fact, these authors pointed out the importance of implementing a proper experimental 

assay so as not to bias the results measured.

From the literature survey it was found that several important factors have an 

influence on the cell motile behaviour when responding to topographical geometry. 

These can be summarised as follow;

• Pattern topography

• Substrate material

• Microfabrication technique

• Superficial properties of the substrate

• Cell activation and polarisation

• Experimental methods

• Microenvironments

Wilkinson (1998) highlighted the significance of the isolation of each single factor that 

contributes to cell migration in order to gather a complete understanding on leukocytes 

motile behaviour. Volkov et al. (1998) showed that the migration of lymphoid T cells is 

susceptible to the environment in which they are activated. Therefore it was clear that, to 

mimic the in vivo response of these T cells on artificially recreated environments, all 

these parameters had to be carefully controlled. Thus, the preliminary objective of this 

study was to setup an experimental assay to investigate T cell alignment and migration.

From the integration of the literature available and the morphological measurements 

undertaken on HUT78 lymphoma and PBTL cells (Chapter 4, section 4.2) it was found 

that to affect T cells, a pattern size of micrometer dimensions had to be fabricated. In 

fact, T cells are small objects (-10 pm) compared to fibroblasts or epithelial cells (> 40 

pm) and they do not have strong focal adhesion contacts with the substrate with which 

they interact. Therefore a possible cell sorting mechanism (a possible use of the results 

from this study) had to be based on the different cell morphology {i.e., diameter) of the
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two cells under investigation. From the measured diameter of both cells a size of 

approximately 10 |am was assessed to be suitable to create a physical barrier for the small 

PBTL cells compared to the large HUT78. This idea was based on the same principle as 

discrete pore size filters but without any gravitational effect.

Therefore the hypothesis to test was that the given topographic pattern could 

generate constraints on the migrating PBTL where it would not affect the HUT78 cells. 

To support this hypothesis, only recently, Tan and Saltzman (2002) showed that, a 

pattern of parallel lines of 10 pm (width and spacing), induced on neutrophils (similar 

size to T cells) an enhanced locomotory response by maximising the contact between cell 

and substrate.

This hypothesis has been found to be in disagreement with Haston et al. (1982) 

where they showed that lymphocytes did not respond to any two-dimensional 

topographical cues. Therefore, they promoted the usage of three-dimensional assays such 

as filters and collagen gel matrices. Filter chambers have been reported to have an 

intrinsic inaccuracy introduced by the macro/micro gravitational effect associated with 

the vertical migration of the cells. On the other hand, gel assays have been described as 

suitable substrates for cell migration analysis although they are elaborate to prepare and 

they are not ideal for quantitative analysis of cell migration when not in the presence of 

chemotactic gradient (Wilkinson, 1998).

The main limitation found in the Haston et al. (1982) study was the non-activation of 

the lymphocyte cells by any ligands or specific motility inducers {i.e., mAb). In fact, 

these cells need to be activated to adhere and migrate (Springer, 1990b).

Therefore, a visual analysis of cell migration on a two-dimensional 

microtopographical pattern was proposed, to be the most suitable experimental solution 

to measure the motile response of T cells when triggered by LFA-1 on a geometrically 

controlled environment.

Two factors play an important role in the success of this experimental analysis; these 

are the selection of the substrate material and the microfabrication process used. They 

had a major influence on the final results obtained. Several materials and processes were 

investigated in this study (as reported in previous Chapters), and following the selective 

criteria based on the final geometrical shape of the pattern to transfer, it was found 

hexafluorosilicic wet etching of borosilicate glass substrate corresponded to the 

requirements of this study, as shown in Figure 4.12 (Chapter 4, page 126).
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The adhesive properties of the surface comprising the ridge of the patterns, have been 

extensively reported to be factors that could have an influence on the analysis of 

guidance and consequently on the motile response (O’Hara and Buck, 1979; Meyle et a l, 

1995, Kasemo, 1998). In particular, it has been recently shown by Tan et al. (2001) that 

different adhesiveness of the substrate can create a preferential motile pattern on 

neutrophils and therefore might also have an influence on lymphocytes. Their 

interpretation of this phenomenon was that cell guidance was controlled by either the 

substrate adhesion or by the microfabrication process.

The substrate adopted in this study was a borosilicate glass and it was chosen among 

other materials for several reasons, as reported in Chapter 3; mainly because it had a low 

cytotoxic response after the fabrication process. Tan and Saltzman (2002) showed that 

material composition can have a profound effect on cell migration. From their study two 

main conclusions were drawn. Firstly that it was necessary to create a homogeneous 

surface on the patterned substrates to eliminate the localised effects of the topographical 

techniques used. Secondly, that a “natural” material {i.e., glass) had a stronger interaction 

with motile cells than a synthetic material {i.e., polyimide) as illustrated by migration 

differences.

These conclusions were in complete agreement with the choices of this study of 

creating a uniformly treated substrate in which a single factor, such as topography, was 

isolated for investigation. Therefore, a homogeneous adhesivity was obtained by surface 

treatment on top of the glass samples, as reported in Chapter 4. Beside this uniform 

distribution of properties, this treatment also had an influence on the homogeneous 

immobilisation of the monoclonal antibodies on top of the substrate, see Chapter 3. 

Although, the surface adsorption of chemicals could have had a negative influence on the 

substrate preparation this has been checked and tested in a series of preliminary 

experiments by using fluorescent labelled protein molecules. The uniform intensity o f 

fluorescence worked as an indication of the efficient surface coating (see Figure 3.20 

page 78). In addition to that the coating concentration of ligands was chosen on the basis 

of previous published data (Volkov et al., 1998). Therefore the concentration used 

corresponded to the optimal motility inducing ligand density.

Simultaneously with these material studies a suitable experimental observation of the 

cell motile evolution through time was developed on the basis o f what had been 

previously reported by Volkov et al. (1998). In fact, cell observation was found to be a 

controversial topic in cell motile behaviour analysis. For instance, Wilkinson et al.
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(1982) observed lymphocyte locomotory behaviour for a total length o f  4 hours but used 

only 7 minutes to describe the alignment and guidance o f the cells selected. In another 

study, a shorter experimental observation (<  15 minutes) was sufficient for Parkhurst and 

Saltzman (1994), and Tan and Saltzman (2002) to quantify the extent o f leukocyte 

motility. In their case the tracking time chosen was one order of magnitude less than the 

total experimental time {i.e., one minute). Finally, Chettibi et al. (1994) tracked 

neutrophils for a total experimental o f  time o f 400 seconds with a sampling interval of 5 

seconds.

Although recently, Wilkinson (1998) stated that a remarkable amount o f information 

can be gained from a 30 minutes observation for leukocytes in relation to their typical 

migrating speed o f 5 - 30 )im/min, this can not justify such a variation in total 

experimental time as reported in previous studies.

Therefore, in order to keep the same ratio between sampling time and total 

experimental time, a total time o f 60 minutes was chosen for the present study on the 

basis o f a measured T cell rearrangem ent o f around 5 minutes, as shown by the 

micromanipulation analysis in Chapter 3. This choice also provided sufficient discrete 

information for cell quantitative analysis, as shown in section 5.4 and 5.5.

The last factor that was taken into account in this study was the microenvironment in 

which tests were carried out. In fact, the reproducibility o f the experimental conditions 

was o f vital importance as previously highlighted by McCartney and Buck (1981), 

Bignold (1992), and Wilkinson (1998) where they stated that it is essential to not 

introduce any biasing alterations in the experimental environments. In particular, Bignold 

(1992) showed that the variability o f the leukocyte motility could change by an order in 

magnitude as a function o f the assay conditions. Such variability can significantly bias 

the entire comparative investigation if not kept under control.

5.3 Cell adhesion and polarisation

The motile behaviour o f lymphocytes is expressed in full only when the cells are 

triggered via locomotory-inducing receptors. A multistep model was introduced to 

describe this type o f migration (Chapter 2, section 2.10) and can be subdivided in 

activation time steps as schematically shown in Figure 5.1.

T cell rolling, adhesion and migration is supported by different ligands depending on 

the activation stage during the inflammatory response (Butcher, 1991). LFA-1 has been

178



associated with the recruitment of T cells in terms of firm adhesion, polarisation and 

active locomotion (del Pozo et a i,  1996). In particular Kelleher et al. (1995) showed that 

anti-LFA-1 mAbs can be used in vitro to induce adhesion and migration behaviour in 

both HUT78 and PBTL cells, thus mimicking respective T cell recruitment stages in vivo. 

Then, one of the findings of Volkov et al. (1998, 2001) was that anti-LFA-1 mAbs 

induced phenotypic and locomotory changes in T cells similar to those observed using 

recombinant natural LFA-1 Hgands (ICAM-1).

Minutes

V Endothelial layer

Step I:
Initiation Rolling Activation Migration
of contact by chemckines (using activated Step 5.

of LFA-1 receptors LFA-1 receptors) Crossing the
endothelium
(> 10 mm)

Figure 5.1 T ransendothelia l m igration  p rocess du ring  in flam m ato ry  response, T im e scale evo lu tion  and  
subdivision in stages. (B u tcher and P icker, 1996)

Therefore, in this study LFA-1 mAb was immobilised and used to trigger T cell 

migration over a two-dimensional substrate, based on the experimental procedures 

developed by Volkov et al. (2001). Experimental evaluation of LFA-1 induced 

activation, polarisation and migration on HUT78 and PBTL was undertaken over plane 

surfaces to compare the extent of response of these two T cell types under the same 

experimental conditions. The same experiment was also repeated to compare the 

locomotory response induced by anti-LFA-1 to the one induced by lCAM-1 natural 

ligand. This observation was found to be in agreement with previous findings of Volkov 

etal. (1998, 2001).

In this thesis a deformation index (DI) was calculated and used to quantify the 

amount of cell polarisation developing in the first five minutes, after exposure of two T 

cell types to two different topographies using varying cell concentrations. The biasing 

contribution of cell-cell interactions, for the grooved substrate, was estimated by the
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comparison of the DI between high and low  cell concentration and it was found to be 

increased by 25% for PBTL cells and 38% for HUT78 cells. For the flat substrate, the DI 

variation between high and /ow cell concentration was found increased by 30% for 

HUT78 cells, and 35% for PBTL cells. When the analysis was limited to the only high 

cell concentration, the DI variation measured between the flat and the srooved substrates 

decreased by 11% for HUT78 cells and 15% for PBTL cells. For the only low cell 

concentration, the DI variation between the flat and the srooyed  substrates was found to 

be decreased by 4%> for the HUT78 cells and by 26% for PBTL cells, respectively 

(Figure 4.18, page 131).

However, in this thesis the DI analysis, summarised in Table 4.8 (page 131), could 

be only used to assess the dynamic locomotory response of lymphoid cells and not as a 

quantitative analysis as shown by Brunette with fibroblast cells (1986a,b).

These quantitative results were in agreement with the data of Volkov et al. (2001) 

where they interpreted the extent of polarisation as a reliable indication of the T cell 

locomotory response and cytoskeleton persistence. In fact there is evidence that cell 

polarisation is mediated by the internal structure of the cytoskeleton and this is also 

correlated to the cell type under investigation.

5.4 Cell alignment and contact guidance

From the measurement of cell alignment it was found that HLIT78 lymphoma and PBTL 

cells were able to either align and migrate along the groove path, or cross, 

perpendicularly to the pattern ridges (as shown in Figure 4.19 and Figure 4.20). This 

response can be attributed to the motile nature of T cell types under investigation, as 

shown by Volkov et al. (2001), where changes in the motile direction might be attributed 

to the absence of firm focal adhesion contacts. This cell response was mainly associated 

with the motihty triggered by the immobilised monoclonal antibodies (anti-LFA-1).

This result is not in agreement with Clark et al. (1987), and Nagata et al. (1993); 

they stated that cell types which were less adhesive were less responsive to topographical 

guidance, such as leukocyte cells. The same conclusions were reached in another study 

by Clark et al. (1990) in which they compared the alignment response o f two fibroblast 

cell types, that are barely motile and have firm focal adhesion due to their cell 

morphology, to PMN leukocytes, that are smaller in size and comparable to the T cell
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under investigation. From their findings it was shown the non-aligning phenomenon of 

leukocyte cells.

From the results presented in this work T cells showed, in the low cell concentration 

experiments, an aligning tendency towards the direction of the pattern (grooved) in 

comparison to the control surface (flat). This response was also more evident for the 

PBTL cells than for the HUT78 lymphoma cells (Chapter 4, page 139). For the high cell 

concentration, although the cell-cell collision did bias the response, there is an aligning 

pattern for the PBTL cells, where no alignment was found for the HUT78 cells (Chapter 

4, page 138).

Alignment comparison with 3D experimental assays

From the results shown in this study it emerged that at /ow cell concentration both T cell 

types showed alignment towards the groove main direction. At this concentration, the 

mean cell angle, for the substrate was found to be 43° for HUT78 cells and 47° for 

PBTL cells, {i.e., evenly distributed). For the grooved substrate the mean angle was 

closer to the axis of alignment and was respectively of 38° for HUT78 cells and 41° for 

the PBTL cells (as shown in Figure 5.2).

These alignment results are in agreement with the study by Wilkinson et al. (1982) 

on PMN leukocytes, in which he suggested the definition o f “cell motile alignment” in 

terms of migratory guidance response for dynamic motile cells such as leukocytes 

(shown in Figure 5.3). From the comparison of the graphs, the similarity of the findings 

between the two guidance studies is even more evident, although the cell types 

investigated and the experimental conditions were different. In fact, it can be seen that 

the extent of alignment shown in the grooved case for HUT78 (mean angle of 38°) and 

PBTL (41°) is comparable with the 3D collagen (35.7°) and 3D fibrin (37.1°). Whereas, 

both the flat experiments for HUT78 (43°) and PBTL (47°) cells are comparable with the 

2D fibrin case (43.8°). Then, one of the disadvantages reported in using 3D collagen gels 

and fibrin clots is the creation of a uniform cell adhesion; whereas in the approach taken 

in this thesis, the structure used had the same adhesive properties over the entire surface 

thereby introducing fewer causes of experimental variation.

The interpretation of these results was also shown by the student’s t-test calculated 

for the low cell concentration. In fact, the p-value was found to be statistically significant 

on the grooved surface for both cell types as it was found for the PMN leukocytes on 3D 

collagen and fibrin assays. On the contrary, no statistical significance was found for the
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flat substrate (both cell types) and this w as in agreement with the 2D fibrin results by 

Wilkinson et al. (1982), as shown in Table 5.1.

HUT78 
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^ ^ ^
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Figure 5.2 Alignment at low cell concentration for HUT78 lymphoma cells (left side) and PBTL cells 
(right side). Com parison between results; flat (top) and grooved (bottom)
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Figure 5.3 Alignment o f segments o f  cell path related to the axis o f  alignm ent o f  different ECM: (left) 3D 
Collagen (Mean angle = 35.7°), (middle) 3 0  Fibrin (M ean angle =  37.1°) and (right) 2 0  Fibrin (M ean 
angle =  43.8°). (Angle range 0 - 90°; bin size = 4°) (W ilkinson et al., 1982)
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Table 5.1 Cell Alignment. Comparison between alignment results calculated in this study and those 
reported by Wilkinson et al. (1982) for PMN leukocytes

Experiment
(Conc.-Surface-Cell type)

No.
Cells

Mean
(A-B)

s.e.m.
(A-B) p-value lA /Z B p-value

High*-Flat-HUT78 25 -0.24 1.00 NotS 0.96 NotS
High*-Flat-PBTL 24 -0.42 0.99 NotS 0.93 NotS
Low'^-Flat-HUTVS 28 0.52 1.94 NotS 1.09 NotS
Low'^-Flat-PBTL 30 0.33 1.16 NotS 1.07 NotS
High*-Grooved-HUT78 28 1.50 0.74 <0.04 1.29 <0.04
High*-Grooved-PBTL 30 1.53 0.73 <0.04 1.29 <0.05
Low^-Grooved-HUT78 32 3.03 1.13 <0.01 1.87 <0.03
Low"^-Grooved-PBTL 37 3.79 1.35 <0.01 2.22 <0.01

Wilkinson et al. (1982)

PMN-Aligned 3D collagen 26 5.0 1.08 <0.001 1.78 <0.001
PMN-Aligned 3D fibrin 15 0.0 1.49 NotS 1.0 NotS
PMN-Aligned 2D fibrin 33 5.25 0.68 <0.001 1.75 <0.001

(High*= high cell concentration; Low = low cell concentration; Flat = flat substrate; Grooved = parallel 
grids; NotS = not significant; PMN = polymorphonuclear neutrophils)

From this comparison it can be concluded that the two-dimensional topographical pattern 

used in this study induced the same degree of alignment of HUT78 and PBTL cells as the 

most common alignment assays.

A lignm ent com parison with chem otactic experim ents

Another factor that may potentially bias cell guidance response is the presence of a 

chemotactic concentration. This factor has been reported in many studies as main 

alignment factor. In particular, Shields et al. (1985) have shown that, in the presence of a 

uniform gradient of concentration, neutrophils responded by showing uniform turning 

angles. From comparison of the cell alignment response measured in this study and the 

one presented by Shields et al. (1985), it can be concluded that their responses were 

associated with an apparently random motile behaviour. In fact, the more concentrated 

the chemotactic concentration was, the narrower was the angle distribution due to the 

strong polarisation induced by the chemotactic factor. In fact, for two different 

chemotactic concentrations neutrophil cells responded with a tuming angle of 87.9° (at 

10'*’ M of fMLP) and 62.2° (at 10‘* M of fMLP) (over 180° interval range) towards the 

gradient direction. By reducing these results to a 90 degree interval, it emerged that the 

chemotactic response was still very predominant and guiding neutrophils towards one 

preferential direction, as shown in the tracked paths in Figure 5.4.

183



? i ( V  •

Jill lui
Figure 5.4 Histogram o f turning angles o f  neutrophils m oving in uniform concentration o f  fMLP.
(left) 10'* M tMLP. Mean angle 87,9° and (right) 10'* M fMLP. Mean angle 62.2° centred at zero 
degrees (main gradient direction) (Shields et a l., 1985)

Therefore, the conclusions that emerged, from the comparative analysis of the results 

presented with other studies is that the two-dimensional topographical pattern is a 

valuable solution for cell alignment measurement.

5.5 Single cell migration investigation

5.5.1 Qualitative analysis o f  single T cell migration

The experimental approach used to measure the random motility o f individual lymphoid 

T cells was a combination o f time-lapse microscopy and image analysis, with a 

mathematical model to describe single cells as persistent random walkers. Thus, cell 

speed movement, directional persistence and rate o f diffusion were measured and studied 

for HUT78 lymphoma and normal PBTL cells responding to a motility-inducing 

monoclonal antibody. These three param eters are independent from the experimental 

assay characteristics, and therefore allow comparative analysis between different studies 

(Dunn, 1983; Alt, 1990; Parkhurst and Saltzman, 1994).

To summarise the experiments in this study: a physical guidance was applied to 

polarised HUT78 lymphoma cells and normal PBTL cells. This guidance was provided 

only by the geometrical properties o f the channel, whereas active cell locomotion was 

triggered and supported by monoclonal antibodies to the single cell receptors (LFA-1) 

immobilised on the surface o f this physical constraint. Therefore, the response o f T cells 

to the substrate was stimulated by the surface constraint and not guided, as in the 

presence o f chemotactic gradient. For instance, in Parkhurst and Saltzman (1994), cell
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migration is clearly controlled by the chemotactic gradient applied, as shown in Figure 

5.5.

Another consideration that can be done by confronting the results presented in this 

thesis, shown from page 152 and the results o f  Parkhurst and Saltzman (1994) shown in 

Figure 5.5, is on the realistic representation o f  the cell migratory response. In fact, when 

in Figure 5.5, leukocyte cell size (7 -9 jim ) is taken into account to evaluate the total 

migrating distance, it emerged that over a test length of 12 minutes the cell migratory 

response was limited. This factor has not been contemplated in many studies and 

therefore the interpretation o f the results can be biased by only considering the centroid 

position, as in Parkhurst and Saltzman where over a total area o f 100 )im^ cell size counts 

for the 10% o f this area.

Poriphoral blood Peripheral Wood Peripheral blood Seminal 
neutrophils lymphocytes m onocyte s  leukocytes

0 50 t£)0 0 25 53 7S 100 0 JS. SC 100
X position (fitnt X

m t<K!

Figure 5.5 Sample cell paths for leukocytes fiom peripheral blood and semen m igrating in 0.4 mg/ml 
collagen gels containing either control (first row) and 5 x 10 ® M fMLP. Each cell path represents a total 
m easurem ent time o f 12 m inutes with 3 m inutes cell-tracking. (Parkhurst and Saltzman, 1994)

Therefore, from the results o f this thesis several factors affecting the motile behaviour of 

T cells could be established for the first time. Among this the biasing effect o f the cell 

density on PBTL cell motile behaviour or a possible, yet unknown, migratory stimulus 

imposed by a specific topographical geometry for the HUT78 cells. From the graphs 

shown in the results Chapter (from Figure 4.38 onwards), it was clear that the difference 

in alignment was induced by the micropatterned substrate. The random motile behaviour
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was still evident from the cell migration paths. At high cell concentration cell-cell 

collision influences could be distinguished, especially for the micropattemed surfaces. 

On the other hand, at low cell concentration, the earlier mentioned motility-stimulating 

effect actuated by topography was more evident than at high cell density.

These results are also in agreement with the results of different studies on the presence of 

cytoskeletal persistence of the locomotory components of a cell such as actin filaments 

(Lackie, 1986), microtubulin filaments (Ratner et a l,  1997), and vimentin intermediate 

filaments (Brown et al., 2001).

5.5.2 Random walk model: quantitative analysis and model confirmation

From the wind-rose graphs the remarkable difference in the migratory behaviour of 

HUT78 versus PBTL can be seen. This evidence reinforced the conclusions previously 

drawn about the influence of the physical constraint in the PBTL and HUT78 cell 

migration.

From the application of the random walk model (reported in Chapter 2), a 

quantitative measure between the locomotory responses of HUT78 and PBTL cells could 

be carried out. To implement the linear models described in Chapter 2, the normal 

(Gaussian) distribution of the cell population around the mean cell speed needed to be 

confirmed. Thus, each cell population could be represented by its respective mean and 

standard deviation values as shown by the probability distribution plot (page 160).

Cell speed analysis and confirmation

A comparative Student’s t test were carried out between the HUT78 and PBTL cell speed 

distributions over the same experiments to determine if there was a statistical 

significance difference between their migration speeds. It was found that, for high cell 

concentration, there was no statistical difference. One of the reasons was because of the 

slow cell speed caused by cell-cell interactions. From the analysis of the normal 

distribution it was found that both the cell speed curves had a 95% confidence interval 

comprised between 0 - 4  |im/min for the flat substrate and 0 - 2  )im/min for the grooved 

substrate (see Figure 4.62 and 4.63, page 163). The main result obtained from the high 

cell concentration experiments was that cell speed of both T cell types was halved on 

grooved substrate compared to the flat case.

A different scenario was found in the low cell concentration experiments. For the flat 

substrate a statistically significant difference was found (comparative student’s t-test)
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between the cell speed mean of HUT78 versus PBTL cells. In that case the 95% 

confidence interval was smaller than in the previous case, and it was found to be of 1.2 -  

3.8 |im/min for HUT78, and 2.1 - 5.2 |lm/min for PBTL cells, respectively. In this 

particular experimental setup it was found that HUT78 migrated at a significantly lower 

speed, as shown in Figure 4.64 and Figure 4.65 (Chapter 4). No statistical difference 

between the two T cell speed distributions was revealed by the compared t-test on the 

constrained confinement, although the p-value was found just above the 95% confidence 

interval. Thus, the confidence interval calculated was found to be larger than the one 

measured for the flat substrate (1.6 - 4.9 [im/min for PBTL; 2.4 -  4.7 |im/min for 

HUT78), as shown in Figure 4.65.

From the analysis of the low cell concentration results, it also emerged that HUT78 

cells were found to be more motile over the micropatterned substrate than the PBTL 

cells. Interestingly, a similar tendency was also noticed in the high cell concentration 

experiments. PBTL cells responded to the topographical geometry with a more 

accentuated alignment towards the groove direction (as also shown by the wind-rose 

graph). Therefore, topography influenced T cell migration and this migration was 

different in relation to the T cell types under investigation, as summarised in Table 4.13 

and 4.14. The interpretation of this difference between HUT78 and PBTL cells lies on 

the different morphological adaptation o f the two cell types to the topographical 

geometry. In the general discussion (section 5.5.3) a further explanation of these results 

will be given.

Confirmation of the results calculated and the literature available was also carried 

out in terms of interval of cell speed. Among the few works present, it was found that in 

Volkov et al. study (2001) cell speed range of 0.5 -  4 [xm/min was reported in HUT78 

lymphoma cells triggered by anti-LFA-1 on flat substrate. In another study by Parkhurst 

and Saltzman (1994) a cell speed range of 5 -  9 jim/min was measured and reported for 

peripheral blood lymphocyte cells, when driven by the presence of a chemoattractant 

(fMLP) on 3D collagen gels. The reasons for such difference can be attributed to the 

experimental setup, as for instance the chemical composition of the gradient (if present).

Cell displacement analysis

From the quantitative analysis of the mean displacement and square mean displacement 

the same conclusions reached for the speed analysis could be extended to this case. In 

fact, on the flat substrate, as for the cell speed, a relevant difference in cell centroid
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displacement between HUT78 and PBTL cells was found. Where, the two T cell types 

had an almost identical locomotory response in the microgrooved substrate.

Moreover at high concentration on the flat substrate, PBTL cells were nearly one order of 

magnitude more motile than on the microgrooved surface. Under the same cell 

concentration the HUT78 migratory response on flat surface was found to be twice as 

fast as on the microgrooved surface.

Nonetheless, at low cell concentration, PBTL cells showed the same characteristic 

response behaviour than for the high cell concentration. Thus, they had a slow response 

for the first 30 minutes and then, in the next 30 minutes they gained motile behaviour. A 

possible explanation to this phenomenon could be associated with the different PBTL 

activation dynamics by the anti-LFA-1 antibodies.

Under the same low cell concentration, HUT78 cell response on flat substrate was 

still slower than the PBTL response, although the different concentration had a 

considerable influence on the HUT78 migratory response. Then, when exposed to the 

patterned surface their motile response resulted comparable to the PBTL cells.

Persistence and diffusion analysis and confirniation

Persistence and diffusion were calculated from the asymptotic response of the mean 

square displacement curves where cell motility reached a persistent random migration as 

described by Gail and Boone (1970). For all the four experimental analyses of this study 

it was possible to distinguish between the difftisive behaviour o f the HUT78 and PBTL 

cells. In fact, relevant differences in cell persistence and diffusion for the two cell types 

were found on the flat substrate, under both the cell concentrations. Where, on the 

microgrooved experiments the difference was not as evident as in the flat experiments. 

Then, it was also found that persistence was similar in three over four confinements and 

as it can be seen from the graphs shown from page 169, it was influenced by the testing 

length in time.

Confirmation of these results with the literature available, showed that for a halved 

test length {i.e., 30 minutes) the value o f the persistence and diffusion changed and 

became approximately comparable to the results showed by Parkhurst and Saltzman 

(1994), based on a total experimental observation time of 12 minutes. Another factor that 

also influenced the measurement of cell persistence was the size of the cell population 

used for the experimental analysis (i.e., n ~ 30 cells). In fact, small sample population
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can bring to an over/underestimation o f the migratory phenomenon in relation to the 

experimental conditions in which the cells are investigated.

Although various suggestions have been brought forward in different works, Wilkinson 

(1998) hypothesised, as a result of twenty years o f research on leukocyte cells, that a cell 

population o f around 30 cells and a test length o f  not less then 30 minutes, could provide 

sufficient information on the motile behaviour o f  these cell types. However, the findings 

o f this thesis demonstrate that there is a considerable difference in cell motility between 

the first 30 minutes and the following 30 minutes next, suggesting a two stages migratory 

response for the HUT78 and PBTL cells. This difference brought forward the needs to 

calculate the persistence and the diffusion in the short term to evaluate possible 

discrepancies in the results.

Random walk model confirmation

Using the same data population and test length, persistence, speed and diffusion were 

calculated with Dunn model (short term). D ifferences in results between Dunn model and 

Gail and Boone model were considerable. For cell persistence the variation ranged 

between 10 and 75% for HUT78 and PBTL cells respectively; where for cell speed it was 

ranging between 6 and 60%. On the contrary, it was found that the diffusion coefficient 

was relatively close in both models by showing only a 20% variation.

An interpretation o f these differences was given by Dunn (1983) in terms of the 

mathematical formulation o f the two models. In fact, when he compared the two models, 

he found a variation o f 50% for the persistence value and o f 30% on the speed, thereby 

for the diffusion coefficient the variation was found to be around 30%. Therefore, from 

this evidence it emerged that the rate o f  diffusion is the best parameter to compare 

different studies.

Diffusion confirmation

Confirmation o f the rate o f diffusion results calculated in this work with the more general

results measured by Parkhurst and Saltzman (1994) on lymphocyte migration in 3D
8 2collagen gels, where a diffusion range o f 0.8 to 1.7 x 10' cm /s was reported, brought to 

the consideration that those results were comparable with the high cell concentration 

results (range 0.31 -  2.38 x 10'* cm^/s). In the same study, Parkhurst and Saltzman 

compared the response o f lymphocytes with the response o f neutrophils (PMN). The 

diffusion coefficient calculated for neutrophils was of 1.2 to 5.6 X 10'* cm^/s was found
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for neutrophils. Interestingly, the rate of diffusion calculated for the low cell
8 2concentration was ranging between 2.85 and 6.58 x 10' cm /s.

In a similar study by Chettibi et al. (1994) the diffusion range of neutrophils was 

measured (ranging from 0.007 to 0.78 |im/s) when activated by different concentrations 

of chemoattractants for an experimental time ranging from 100 to 300 seconds.

Despite the similarity in the result range of variation, substantial differences between 

the experimental setup were determined to have an influence on the nature of the results 

compared, such as chemotactic gradient, and experimental test length. Therefore, it can 

be concluded that there is a considerable variation associated with the type of leukocyte 

investigated. This conclusion explains the need of specific experimental analysis of each 

cell types such as this thesis work.

5.6 Recapitulation

A comparison of the results between similar studies on lymphocyte cell present in 

literature and the results o f this thesis was attempted, although several factors made such 

a comparative analysis difficult. Firstly, it was found that a limited literature was 

available on T cell migration triggered by anti-LFA-1 antibodies. Secondly, it was also 

found that only few preliminary studies were carried out on T cell migration on different 

topographical geometries. Nonetheless, the cell speeds are of a similar order of 

magnitude as obtained previously.

One of the main conclusions of this thesis is that HUT78 lymphoma cells are faster 

and more diffusive when exposed to grooved substrate than on flat substrate, at low cell 

concentration, whereas the opposite response is the case of the high cell concentration. A 

possible explanation could be that the lymphoma T cells tend to form spontaneous 

clusters and promote cell-cell interactions when sufficiently close to other cells.

On the other hand, for the normal PBTL, at low cell concentration, the diffusion 

coefficient was not as much influenced by the topographical geometry as it was for the 

high cell concentration, where cell migration was biased by clusters formation. A 

possible interpretation of these results on T cell motility, when locomoting on the two 

substrates (flat or grooved), could be attributed with a specific alignment of the 

cytoskeleton promoted by the topography.

This lead to the suggestion that when PBTL cells are migrating on grooved substrate 

geometry their morphological response is also influenced by their smaller cell size
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compared to HUT78 cells. Thus, the physical constraint introduced by topography acts as 

a limitation for PBTL cell migratory response, by directing a preferential alignment 

towards the main direction o f the pattern.

Furthermore, from the findings o f this study there is evidence that brings forward the 

suggestion that the two T cell types are following different migratory pattems driven by 

the minimisation o f their structure rearrangements. This minimisation response for 

lymphoid T cells was not as evident as it has been reported for tissue cells such as 

fibroblasts. Therefore, the considerations about a possible cell size barrier, induced by 

topography, are also applicable for normal PBTL and malignant HUT78 cells. This 

interpretation could lead to a further applicafion o f this two-dimensional topographical 

geometry in terms of T cell sorting device, or as a two-dimensional assay for lymphoc]/te 

cell motile investigation.
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CHAPTER 6

6 CON CL USIONS AND FUTURE WORK

6.1 Conclusions

T cell locomotion was analysed in this study. Specifically, HUT78 lymphoma and PBTL 

cells locomotion were compared under two experimental conditions: flat and grooved 

surfaces and high and low cell concentrations. The preliminary technical requirement 

was to manufacture and coat suitable surfaces. After examination o f many techniques, 

the microfabrication process was successfiilly implemented to fabricate different 

topographies on a borosilicate glass substrate using hexafluorosilicic acid wet etching. 

Surface treatment was developed to enhance cell-ligand adhesion. Next LFA-1 

monoclonal antibody were immobilised on top o f the topographically functionalised 

substrate to induce locomotory response on T cells. When cell polarisation and alignment 

was measured quantitatively, it was found that topographical geometry induced different 

alignment of HUT78 lymphoma and normal PBTL cells in broad agreement with the 

results o f previous studies.
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Single cell measurement and cell-population motility

• HUT78 lymphoma and normal PBTL cells showed random distribution behaviour 

when activated by LFA-1 on top o f flat glass substrate.

• PBTL cells compared to HUT78 showed migrating alignment towards the direction 

o f the pattern groove.

• HUT78 and PBTL cell speeds were statistically different at low concentration on flat 

substrate.

•  On the grooved surfaces, the larger HUT78 cells were more persistent and diffusive 

than PBTL cells at both concentrations.

• Cell alignment was showed and measured on grooved substrate at low concentration.

• At high concentration the alignment was biased for both T cell types, although could 

be distinguished for PBTL cells.

• Cell concentration affected the extent o f  locomotory response o f both T cell types.

• Different migratory response over topographical geometry between lymphoma 

HUT78 and normal PBTL cells were associated with cell morphology.

• The experimental setup was compliant with more complex experimental assays and 

was suitable for the analysis o f alignment and migration o f the two T cell types under 

investigation.
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6.2 Future Work

A number o f directions can be investigated in the fijture. These can be focused on

improving each of the several aspects covered in this work.

• Microfabrication processes were found to be at the basis o f this experimental 

research study. The author believes that more selective and dedicated processes 

could prospect a broaden choice o f patterns to use in a further investigations.

• In this thesis, only one geometrical constraint was fully implemented for cell

characterisation. It would be very interesting to extend the investigation could

different pattern geometries and shape (which the author has shown can be

fabricated with available equipment, see Figure 3.9, p. 58).

• A further investigation could account o f the in-out signalling interactions 

intervening between cytoskeleton and extra-ccllular-matrix. Furthermore, gene 

expression analysis could also contribute to the identification o f specific 

intracellular fiinction involved during migration.

• A cell sorting device, based on the topographical geometry used in this study, 

would be interesting to develop for the investigation o f the physical separation 

mechanism investigated in this thesis.
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