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A b s t r a c t

An important step in the inflammatory response is the recruitment of leukocytes into 

tissues through the endothelial cells which line blood vessels. Transendothelial 

migration (TEM) is the result o f a multistep cascade in which chemoattractant gradients 

mediate the migration of leukocytes through the endothelial wall and into the 

underlying tissue.

The leukocyte transendothelial migration is a small part of the processes that comprises 

the immune system. However cell migration through the endothelium plays a role in the 

progression of diverse diseases, such as cancer metastasis and atherosclerosis, or 

physiological processes, such as embryonic morphogenesis and wound healing. It is 

necessary to understand the mechanisms of this migration in order to establish, through 

research, how to support, supplement and improve its fiinction.

Consequently there are numerous in vitro assays which attempt to mimic chemotactic 

gradients. The majority of these assays have limitations as they take place in the 

absence of flow with no precise control over the concentration of the chemokine 

gradient. However, in recent times the design of the standard chemotaxis assay has been 

reconsidered in order to incorporate modem microfluidic platforms, computer 

controlled flow devices and cell tracking software. Assays under fluid flow which use 

biochips have provided data highlighting the importance of shear stress on cell 

attachment and migration towards a chemokine gradient. However, the in vivo 

environment is much more complex than that which is found in conventional cell assay 

chambers and 2-dimensional biochips. To reproduce realistic in vivo conditions, 

microfluidic biochips must present an environment capable o f replicating the release of 

a chemokine gradient from tissues through the endothelium, such as occurs at sites of 

inflammation.

The aims of this thesis are to a) develop an engineered microenvironment for leukocyte 

migration studies closely imitating physiological conditions, b) generate an equivalent 

o f natural chemokine gradient in a tissue-mimicking matrix and c) assess the migration
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o f leukocytes towards a gradient o f chemokine in real time under precision controlled 

flow conditions.

We developed and comprehensively evaluated four prototypes o f  new microfluidic 

biochips designs. We have concluded that these designs were not entirely suitable for 

sophisticated chemotactic assays. However, considering the complexity o f the 

challenges involved across physics, engineering and immunology, we believe the work 

presented here will be o f considerable significant interest to those who take up the 

challenge to create ever more realistic biochip.
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1 Introduction

1.1 General overview

The recruitment o f leukocytes into tissues through the endothelial cells which line blood

vessels is an essential first step in the inflammatory response. Multiple biochemical
1 2signals are required to direct this process ’ which is relevant for all instances o f 

inflammation^’ Transendothelial migration (TEM) is the result o f a multistep cascade 

in which different events culminate in the successful migration o f a leukocyte through 

the endothelial wall and into the underlying tissue (Fig. 1-1). The first step (a) is the 

margination o f leukocytes in free flowing blood to the endothelial wall after which they 

make contact with the endothelial cells and begin rolling on the surface o f  the 

endothelium. This rolling is mediated by selectin ligands expressed on the surface o f  the 

endothelial cells. Selectins form weak bonds with carbohydrate ligands on the surface 

o f leukocytes. These bonds are rapidly broken and reformed as the leukocytes are 

pushed along by the flow o f blood giving the impression that they are rolling on the 

surface o f the endothelium.

Cytokines are small signalling proteins that are known to induce the high affinity state 

o f certain integrin receptors on leukocytes. Cytokines also stimulate the expression o f 

matching integrin ligands on endothelial cells, which further slow leukocytes down (b). 

Cytokines, which are a family o f  proteins and peptides, also allow cells to communicate
5 18with each other ' . Leukocytes which are adhered to the vessel wall (c) are stimulated 

to migrate across the endothelium into the tissues via a gradient o f chemotactic 

cytokines termed “chemokines” (d)'^. Leukocytes reach the tissue interstitium then bind 

to the extracellular matrix through a set o f specific expressed integrins .

Chapter 1
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Figure 1-1: Model o f multistep leukocyte adhesion cascade resulting in transendothelial migration. First 

step is the initial attachment o f free floating leukocytes which lead to the margination (a). Interactions 

between endothelium integrins and cells ligands induce the slowing down o f leukocytes (b) which further 

results in leukocytes migration across the endothelium (c) due to a gradient o f  chemokines (d).

Due to the essential role of leukocytes in inflammation, defects in leukocyte function 

often result in a decreased capacity for an inflammatory response with subsequent 

vulnerability to infection. Therefore, the leukocyte adhesion cascade is an important 

area of study for developing methods to control inflammation by modulating or 

blocking leukocyte adhesion to the endothelium. Likewise, the development o f anti

inflammatory drugs is largely dependent on research into inflammation using in vitro 

model systems and in vivo microcirculation studies.

1.2 Experimental procedures
2  IIn past years, many in vitro studies (e.g. Boyden chamber, Dunn chamber) have 

shown the important role o f the release o f chemokines in leukocyte homing. These 

assays had significant limitations as experiments were performed in static environments 

without any shear stress; this is in contrast to in vivo conditions where cells are 

continually exposed to shear stress in flowing blood. New assays, based on the micro

electromechanical systems (MEMS), utilizing continuous-flow microfluidic biochips 

have been proposed to overcome these limitations. Human capillaries are mimicked 

within 2-dimensional (2D) microfabricated channels in which continuous flow o f cells 

and flow of chemokines are dispensed thanks to a microfluidic pump system. Cells are 

then free to migrate in 2D (only x-y axis) toward the gradient o f chemokines.
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However, it is necessary to keep in mind that in the in vivo milieu, the leukocyte 

adhesion cascade is not taking place in a smooth environment as is the case in the 

channel of a microdevice. In the human body, the leukocytes and other blood cells 

circulate within blood vessels. Capillaries are the thinnest vessels represented by a one- 

layer of endothelium that enables exchange of nutrients and chemical substances 

between the blood and the tissues. Arteries and veins are named the conduit vessels 

since they carry the blood away from and back towards the heart. Their anatomies 

exhibit a three-layer structure (endothelium, smooth muscle cells and connective tissue).

Thus, the anatomy of blood vessels and the morphology of the cells composing their 

endothelium layer are different, depending on their function. Therefore, high 

endothelial venules are distinguished from regular venules by their cuboidal cells 

opposed to the squamous cells found in regular venules.

Therefore, the interface between the lumen and the underlying tissue is not a linear or 

flat surface, instead it presents a continually changing topography difficult to simulate 

in a model system. Epoxy resin casts of inflamed and non inflamed blood vessels 

confirm this . Hence, the generic structure of a standard venule is used as a model for 

our study instead of focusing on one specific type of blood vessels bearing specialised 

endothelial cells and other differentiating characteristics (Fig. 1-2).

a)
Endothelial cells

Smooth muscle cells

Fibroblasts --------

Figure 1-2: a) Generic schematic model o f the human blood vessel wall (venule). The inner layer is 

called tunica intima. It is structured by a pavement of endothelium maintained by a layer o f  internal 

elastic lamina. The middle layer called media layer is made o f smooth muscle cells and elastic tissue. The 

outer layer is the adventitia mainly composed o f connective tissue and fibroblasts, b) Scanning electron 

photograph representing the microcirculatory topology^^ (bar = 50 ^m).

Lumen

Tunica intima
Media

Adventiia
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Thus, the diffusion of chemokines from the extracellular matrix to the lumen encounters 

a markedly different environment to that presented by in vitro models to date.

1.3 Aim of this study

Current standardised microfluidic assays present a reductionist environment in which 

chemotaxis can be monitored. Hence, to reproduce realistic in vivo conditions, 

microfluidic biochips must present an environment capable of replicating the situation 

where chemokines are released in a concentration gradient from tissues through the 

endothelium, as occurs at the site of inflammation. Significant efforts by researchers are 

focused on the development o f the next generation of microfluidic biochips in order to 

present more physiologically relevant 3D environments enabling the cells to migrate in 

the X, y and z axes.

The aims of this thesis are to:

• Develop an engineered microenvironment for leukocyte migration studies 

closely imitating the physiological conditions,

• Generate an equivalent of natural chemokine gradient in a tissue-mimicking 

matrix,

• Assess the migration o f leukocytes towards a gradient of chemokine in real time 

under precision controlled flow conditions.
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2 The function o f leukocytes within the human body and technical 

approaches for in vitro investigations

2.1 Introduction

The process o f inflammation is crucial for protecting the body against external 

infectious agents or pathogens (worm, protist, bacteria, fungi, and virus) and also 

against internal agents (virus, bacteria, and tumour). Some pathogens are harmless or 

beneficial for our system and other can cause illness. A harmfiil pathogen first needs to 

enter the body and can do that through a number o f ways e.g. through the skin, via 

droplet infection, direct contact, contaminated food/drink, or cuts in the skin. Therefore, 

day-to-day events expose humans to multiple incidences where their immune system is 

challenged.

Human body has two main fluid-carrying systems, blood and the lymphatic system. 

They not only support the transport o f cells and soluble factors to screen or clear 

infection, but also distribute and provide the energy required for the body to do its 

routine tasks. An adult human has approximately 5 litres o f  blood which flows 

throughout the body. All blood cells have a common lineage, originating in the bone 

marrow from the pluripotent stem cells through a process called hematopoiesis. 

Through this process, stem cells are differentiated into three types o f cells: erythrocytes 

(red blood cells), leukocytes (white blood cells), and thrombocytes (platelets). 

Leukocytes are subdivided into neutrophils, lymphocytes (B cells and T cells), 

monocytes, eosinophils and basophils. The lymphoid system transports the fluid called 

lymph via lymphatic vessels that interact with the blood system to drain fluid from the 

tissues. It also distributes immune cells, such as lymphocytes throughout the body.

It is necessary to understand the mechanisms o f immune system in order to establish, 

through research, how to support, supplement and improve its function. The 

transendothelial migration (TEM) is a small but essential element o f the total immune 

function. Cell migration through the TEM mechanism plays a critical role in the 

progression o f many diseases, such as cancer metastasis and atherosclerosis, or 

physiological processes, such as embryonic morphogenesis and wound healing. Assays 

developed in this area to date have enabled investigation o f the different steps o f the
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TEM, observing each step in isolation. However, the existing assays are approaching a 

point where they are no longer sufficient to answer “the next questions”: for example, 

can the leukocytes migrate without the action of external chemical cues? Are there key 

signals generated in vivo which are not present in existing in vitro assays? For this 

reason it is necessary to develop new experimental platforms for the study of TEM.

2.2 Basic cell structure: an introduction

Cells are found in any living organism providing structural and functional properties of 

the surrounding environment. There are two types of cells: eukaryotic and prokaryotic 

cells. Prokaryotic cells are believed to be the precursor of living organisms on Earth 

because of their capacity to live in inhospitable conditions such as extremes of 

temperature, pH, and radiation. They are usually unicellular and can be found in a 

variety of organisms including human. The presence of a nucleus in eukaryotic cells and 

their large size differentiated them from prokaryotic cells. The most familiar eukaryotic 

cells are found in animals and plants presenting a complex subcellular organization.

Humans have an estimated 10*'* cells of different types such as skin cells, stomach cells, 

liver cells, brain cells, eyes cells, and many more. They have different abilities and 

functions depending on their nature. Figure 2-1 shows the compartments and the 

components of a simplified cell system.
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Figure 2-1: Diagram o f  eukaryotic or animal subcellular components. A cell is composed o f  flexible cell 

membrane that exhibits on its surface proteins involved in cell signalling. The cytoskeleton is part o f  the 

cell membrane and enables the locomotion o f  the cells via filament protrusions (e.g. lamellipodia, 

filopodia). Within the cell is found the genetic code deoxyribonucleic acid (DNA) inside the nucleus 

which manages protein synthesis. This synthesis is also performed by organelles (ribosome, 

mitochondria, lysosome, endoplasmic reticulum and Golgi apparatus).

The plasma membrane o f  a cell separates its interior from its surrounding milieu. It is 

selectively permeable and regulates the movement o f  water, nutrients and waste into 

and out o f  the cell. The cell membrane is a flexible lipid bilayer (mainly phospholipids) 

that supports on its surface different proteins involved in cell signalling. The genetic 

code that coordinates protein synthesis is confined in the nucleus. Protein synthesis is 

also carried out by organelles such as ribosome, mitochondria, lysosome, endoplasmic 

reticulum and Golgi apparatus. Each o f these have different role in the day-to-day 

fiinctioning o f the cell. The free volume inside the cell contains a gel-like material, the 

cytoplasm. It maintains in suspension the in-cell components where metabolic pathways 

occur (e.g. transport and diffusion o f proteins in and out o f the cell). A network o f  long 

protein filament (actin filaments, intermediate filaments and microtubules) extending 

throughout the cytoplasm is called the cytoskeleton. This dictates the shape o f the cell
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and permits cell locomotion via dynamic formation of cytoplasmic protrusions, such as 

lamellipodia and filopodia. This locomotion essentially relies on the association o f the 

motor protein myosin with actin. This interaction is a key step for the crawling 

movements and polarization of cells.

2.3 Immune system

The immune system is the body’s defence system, protecting the organism against 

pathogens and other infectious organisms. Through a cascade o f mechanisms that first 

includes the identification of hostile organisms, the immune response leads to the 

neutralization o f the threat to the organism.

The human immune system has two components: innate (or non-specific immunity) and 

adaptive (or acquired immunity). The innate immune response is an immediate defence 

against infection. Leukocytes are part of the innate immune system which includes 

phagocytes (macrophages, neutrophils, dendritic cells), mast cells, basophils, 

eosinophils, and natural killer cells. Macrophages and dendritic cells are mature 

monocytes that phagocytose by engulfing and ingesting foreign bodies. This phagocytic 

process can be followed by the presentation of digested proteins on the surface o f the 

cells that informs other immune cells of the nature o f the invader. These types of cells 

are identified as antigen presenting cells (APC) such as dendritic cells, macrophages, 

and B cells. Signalling proteins called cytokines are also released through these immune 

responses, promoting recruitment and activation of immune cells. Natural killer cells 

are cytotoxic that means they kill infected cells by injecting molecules inducing cell 

apoptosis. They are activated in response to macrophage-derived cytokines. Neutrophils 

are also phagocytes but they are the first immune cells to arrive at a site of infection 

directed by chemotactic cytokines.

A second line o f defence, the acquired immune system, comes into play at the later 

stages of the organism’s immune response. Cells associated with the acquired immune 

system are capable o f recognising specific pathogens after one or multiple exposure to 

it. A process of immunological memory is activated after the first response to the same 

pathogen. Leukocytes such as B lymphocytes and T lymphocytes are the major cells of 

adaptive immune system. The adaptive immune system can be activated via signals
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produced as a result of the innate immune response, and also through a process known 

as antigen presentation (Fig. 2-2).

These complex but efficient mechanisms that control the immune system have varying 

modes of action. It has been shown that mechanisms from one system can be influenced 

by the other, such as activation of adaptive cells by cytokines produced by innate cells. 

That is why most studies of the immune system are artificially simplified and divided 

into several steps in order to isolate each parameter that influences cells reaction in the 

immune response.

2.4 Activation and recruitment of immune cells

Immature lymphocytes B-cells and T-cells originate from hematopoietic stem cells in 

the bone marrow. Only B-cells mature there while T-cells become mature in the 

thymus. T-cells and B-cells that are mature but not activated are called naive cells.

B-cells represent an essential component of the adaptive immune system. They can be 

differentiated into plasma B-cells and memory B-cells. Once they have been exposed to 

antigens, they become fully activated and are responsible for the production o f antibody 

molecules. Antibodies are proteins found in blood, lymph and throughout the body 

designed to recognise and neutralise foreign bodies.

T-cells are a class of lymphocytes involved in the control of cell-mediated immunity. 

There are different types of T-cells; helper T-cells, cytotoxic T-cells, memory T-cells, 

regulatory T-cells, and natural killer T-cells. Although they all have specific functions 

in the immune responses, their activation processes are developed on the similar 

scenario.

The process o f T-cell activation relies on the binding o f T-cell receptors (TCR) to a 

small peptide presented by the major histocompatibility complex (MHC) on the surface 

of antigen presenting cells. These peptides result o f the internalization and the digestion 

of an antigen by B-cells, macrophages or dendritic cells. The combination of 

peptides/MHC fiarther binds to a mature T-cell receptor. The expression of a co

stimulatory molecule found on the MHC complex is also required for activation o f T- 

cells via its binding to T-cell receptor. If only one binding occurs in the absence of the
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second binding, it results in an anergy and no specific immune response is displayed in 

the body. However, in the case o f both signals, T-cells become fully activated and start 

secreting cytokines.

Toll-like receptors (TLR) found on innate cells are also a key step in the production of 

cytokines, they recognise what is called the pathogen-associated molecular patterns 

(PAMP) found on pathogens. This complex promotes the proliferation and secretion of 

effector molecules and enables the immune system to recognise self cells and non-self 

cells. This is an important step in the development of the phenomenon of 

immunological memory.
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Figure 2-2: Schematic drawing showing the activation o f  innate and adaptive immune cells. Stem cells 

are the origins o f naive lymphocytes B-cells and T-cells. The maturation o f  naive T-cells and B-cells 

takes place in the thymus and in the bone marrow respectively. Activation o f naive T-cells (adaptive 

immunity) occurs when they are stimulated via their bindings to antigen-presenting cells (innate 

immunity). B-cells become activated when they have been exposed to antigens. Innate and adaptive 

immune cells are activated by co-operation and co-stimulation between the immune cells.
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The activation and recruitment of effector cells at the site o f infection relies on a 

cascade of intertwine events, whereby one cytokine stimulates its target cells to release 

additional cytokines. A gradient of cytokines is formed and can be diffused in the blood 

flow and tissue. However cytokines are mostly effective at a short-distance and each 

cytokine is specific to particular cell-surface receptor(s). There are different types o f 

cytokines such as lymphokines, interleukins and chemokines. Lymphokines are 

produced by lymphocytes in particular T-cells while interleukins are produced by T- 

cells but also macrophages. Chemokines are chemotactic cytokines that are often 

released in response to interleukins. They chemotactically guide cells of both the innate 

and acquired immune system. The structure of chemokine can be CC that means it has 

two adjacent amino-acid cysteine (abbreviated C), CXC with an amino acid represented 

by “X” between the two CC, CX3C with three amino acids between the CC pattern, and 

the last one is C structure with cysteine at both beginning and end o f the molecule.

The impact of cytokines on leukocytes can be synergistic^^ which means that a 

combination of cytokines could increase T-cells stimulation more than the additive 

effects o f such cytokines when used singularly. Individual cytokines can have different 

effects on cells (pleotropy^”*) such as tumour necrosis factor-alpha (TNF-a) which can 

enhance cell adhesion molecule and cytokine expression but can also cause cell death of 

rnmour cells. Another effect o f cytokine secretion can be the suppression of its own 

effect by feedback inhibition .

In this study we have focused on the subclass o f cytokines with chemotactic activities, 

or chemokines.

2.5 Leukocyte locomotion

The key functional characteristic enabling leukocytes to reach their ultimate target is 

their locomotion. The basic mechanism for cells to circulate in the body is through the 

fluid systems (blood and lymph vessels). The process of migration occurs when cells 

are attached to the vessel wall in opposite to free flowing cells that circulate in the fluid 

systems. Only cells that first adhered to the substrate are able to migrate into the tissue. 

Therefore, the homing process relies on what is called substrate dependent locomotion.
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Cell adhesion is supported by integrin receptors that bind to ligands o f the substrate. 

Integrins activation is triggered by chemokines. Integrins exhibit multiple 

conformations: a low-affinity and a high-affmity binding. Changing in conformation of 

integrins is mediated through cellular stimulation often called “inside-out” signalling. 

This refers to the exchange o f  information inside and outside o f the cells. Several 

studies suggest that the low-affmity reveals a bent conformation while the high-affmity 

exposes an extended conformation .

Once cell integrin receptor binds to its specific ligands, cells are fiirther capable of 

crawling on the substrate thanks to intra cellular rearrangement. This is thought to be 

the result o f three coordinated reorganization and involves numerous different proteins.

Actin is a globular protein; its monomeric form called G actin polymerizes to form long 

filamentous polymers (F actin) with a diameter o f around 7 nm. Myosin II is a motor 

protein that drives movement along F actin responsible o f  actin-based motility.

Cell crawling is initiated when cross-linked subunits actin interact with myosin and 

polymerized actin filament. This interaction generates protrusions such as lamellipodia 

or pseudopodia^’, and promotes adhesion o f the leading edge o f the cell to the 

substratum. The adhesion at the front o f the leading edge o f  the cell is firmer than at its 

rear. The cytoplasmic reorganization such as the contraction o f the actin/myosin 

network leads to the advance o f the nucleus by traction force^*. The nucleus is 

translocated forward and the adhesion to substratum at the trailing edge o f  the cells is 

reduced allowing the release/retraction o f the trailing edge.

2.6 Leukocyte adhesion molecules

In the leukocyte transendothelial process, the migration o f the cells is relying on 

different intra and extra cellular parameters. It has been shown that cells crawl when 

they are first activated allowing them to adhere to the substratum. A wide range o f  cell 

adhesion molecules (CAM) is known to promote the interaction between cell-cell and 

cell-extracellular matrix. These molecules are proteins and are found on the surface o f 

the cells embedded in the plasma membrane or in the cytoplasm, this is why they are 

called transmembrane receptors. A molecule that binds to a specific receptor is a ligand.
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Bindings o f  similar CAM is a homophilic binding, while bindings o f different CAM is a 

heterophilic binding.

There are four different families o f receptor that allow the binding o f the cells to the 

surrounding environment or other cells. The immunoglobulin superfamily (IgSF) is a 

large group o f CAM that includes cell surface antigen receptors, antigen specific 

receptors and diverse cytokine receptors. IgSF molecules are either homophilic which 

means they bind to another identical cell molecules or heterophilic which is a non

identical binding.

Some important IgSF involved in the TEM process are;

ICAM-1 (ICAM-2 and 3): intercellular adhesion m olecule-1 (-2 and -3),

VC A M -1: vascular cell adhesion m olecule-1,

PECA M -1: platelet-endothelial cell adhesion m olecule-1.

Integrins are heterodimers that means they have two distinct chains called the alpha and 

the beta subunits. Two main functions o f the integrins are the attachment o f the cells to 

the extracellular matrix (ECM) and the signal transduction from the ECM to the cell 

(“ inside-out signalling”).

Cadherins are described as homophilic CAM that are calcium (Ca ) dependant such as 

E-cadherins (epithelial-cadherins). The cadherin family presents different class 

depending on the structure o f the cadherin molecules. Cadherins within one class would 

stick one to the others. Therefore, cadherins are important between cells within a tissue 

because they ensure that cells are bound together.

The selectin family binds to heterophilic CAM and is Ca^^ dependant. Selectins are 

essential in the interaction between leukocytes (lymphocytes, neutrophils) and the 

vascular endothelium. Selectins are divided in three family members depending on 

where they are found, for example: E-selectin for endothelial, L-selectin for leukocyte, 

and P-selectin for platelet.
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2.7 Typical cell culture conditions

Cells that are directly isolated from tissues or from blood are known as primary cells. 

They have a limited lifetime with the exception o f  some cells derived from tumours. 

However, tumours cells undergo senescence as they replicate and over time they can 

lose their capacity to proliferate. Consequently cell lines with the ability to proliferate 

indefinitely have been developed. Some cells grow in suspension as opposed to 

adherent cultures. Cells isolated from blood can usually be grown in suspension. These 

cells are able to grow to a higher density than adherent cells. Most adherent cells 

derived from tissue such as endothelial cells require a substrate to attach to. Therefore, 

the density o f the adherent cells in culture is limited by the size o f  the surface where 

they grow.

Cells are cultured in media in tissue vessels such as flasks with various sizes and 

surface coatings. Cell culture takes place under controlled conditions (pH, temperature) 

in a sterile environment with a supply o f  nutrients for growth. Regulation o f pH and 

temperature is typically carried out in a cell incubator that allows the maintenance o f 

cells in an atmosphere o f 5 % CO 2 at 37 °C. Chemical buffering (HEPES, sodium 

bicarbonate) can also be used to balance the pH o f a cell culture. In that case, there is no 

need to incubate the cells in 5 % CO2 environment.

M edia for cell culture needs to be enriched with nutrients which are analogous to those 

found in the body. The composition o f the media varies with the nature o f  the cells. In 

general, cells need a source o f  energy such as carbohydrates (glucose, galactose...), 

amino acids (L-glutamine) or salts (sodium pyruvate). Other important source o f 

nutrients is certain alkaline minerals such as calcium and magnesium that enable acid- 

alkaline balance in the body but also regulate integrin conformation. They are found in 

the form o f ions (CP^, Mg^^) and are flowing in and out o f  the cell membrane through 

the ion channels. These ions are usually in competition because o f  their similar 

valences. They also have an impact on the adhesive and migratory activities o f many 

cell types^^, especially the ion Mg^^. Therefore, EOT A and EDTA are reagents that are 

commonly used to chelate the ion Ca^^ in presence o f  Mg^^.
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The most common growth factors used is the serum that is a complex mix o f albumin. 

Fetal bovine serum (FBS) is usually added to the cell culture medium. Contamination in 

the culture of bacteria is avoided by carrying out all manipulations under a bio-safety 

hood and antibiotics can also be added to the media such as penicillin and streptomycin.

Cells that are cultured in media need to be regularly split in order to avoid the process 

of apoptosis, or natural death, which occurs when cell density becomes too high. The 

split step is also mentioned as passaging. Depending on the cells, their protein 

expressions differ with the number of passages. Cells in suspension are split by diluting 

a small volume of cells into a larger quantity of fresh media. For the adherent cultures, 

cells are attached to the surface and needed first to be detached with an enzyme solution 

such as Trypsin-EDTA. Fresh media is then added to a small amount of cells.

2.8 Conventional chemotactic assays

As explained above, a gradient of cytokines such as chemotactic cytokines can regulate 

multiple cell activities, for instance cell activation and cell recruitment at the site of 

inflammation. Therefore, different chemotactic assays have been developed to study the 

influence o f chemokines on cells.

One of the most commonly used migration assays is the Boyden chamber/Transwell 

assay (Fig. 2-3). This system is used to quantify the migration o f cells exposed to 

different chemokine concentrations. The chamber contains two compartments separated 

by a microporous filter (with commonly used pore sizes between 2 )am to 12 p,m) 

through which cells migrate. The relevant chemoattractant solution is placed in the 

lower chamber to create a chemotactic gradient while leukocytes are incubated in the 

upper chamber. The cells need to squeeze between the pores of the filter. In some cases, 

endothelial cells are grown on the membrane to replicate the in vivo environment. The 

advantage o f the Boyden Chamber is that it facilitates the observation o f the effect of 

chemokines on cells, allowing analysis of both chemokinetic (speed at which cells 

migrate) and chemotactic effects (direction in which cells migrate). One of the 

limitations of the Boyden chamber is that there is no reliable way to sustain the 

chemokine gradient. In a matter o f hours the chemokine becomes homogeneously 

diffused in the upper chamber and the cells will no longer migrate through the pores.
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Another hmitation with a Boyden Chamber type assay is that there is no possibiHty to 

incorporate the effects of shear stress on the cells under investigation.

Upper
CompartmentInsert

Porous Membrane

L o w erC ^£W ttii^

Figure 2-3: Illustration o f the Boyden Chamber assay. The chamber consists in two compartments 

separated with a porous membrane in which cells can migrate through. The lower compartment is filled 

with a chemoattractant solution creating a gradient by natural diffusion in the upper compartment which 

contains the cells. The gradient generated allows the cells to migrate through the porous membrane into 

the lower compartment.

30The agarose or Dunn chamber assays are examples of other standard chemotaxis 

assays which have been used to show the importance of chemokine gradients by 

evaluating leukocyte motility dependent on the concentration of specific chemokines. 

These static experimental systems are implemented predominantly to estimate the 

ability of particular cells to migrate towards a gradient o f chemokines. However, they 

all have the same disadvantage; the cells are incubated in static conditions and not under 

hemodynamic shear stress conditions, as would be found in vivo.

2.9 Micro-electromechanical systems

Micro-electromechanical systems (MEMS) technology was developed in the 1950s^''^^. 

MEMS were facilitated by the development o f microfabrication techniques^^"^' which 

were utilised in the design o f the micro-electronic components (e.g. transistor, 

integrated circuit/^'^'’. During the 1990s the novel aspects of MEMS were used to 

combine the mechanical and electronics micrometer elements on a common substrate. 

The size o f these devices was so technologically attractive that, subsequently, many 

diverse areas of research became interested in miniaturisation such as chemistry, 

biology, bioengineering and physics. Chemical reagents and markers for biomedical 

studies can be very costly and large volumes of each reagent were previously necessary 

for each experiment. This is why miniaturisation is a cost effective solution since it
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reduces the total sample volume from millilitre to nanolitre and maximise the usable 

surface area on which the reaction is carried out. It was seen as a means of miniaturising 

the laboratory. A subset of the MEMS devices appeared in the latter part of the 80s 

termed “lab-on-a-chip”. A wide range o f novel mechanical systems emerged utilising 

new MEMS influenced designs which utilise low volume liquid handling devices'^ '̂^*’ 

and biochip platforms^^’ There were a significant number o f advantages in using 

these designs from the point o f view o f cost and time. For example, multiple parts o f the 

same assay can be run in sequence; additionally, replicates can be included and run in 

parallel^'^'^^. Biochips can be applied to various fields of medical research including 

immunology, genomic and proteomic research, as well as pharmacology and 

toxicology.

In the earliest biochip designs that utilised the effects of biological shear, the 

architecture o f the channels had square cross-sections which precluded laminar flow. 

More recent advances in soft polymer lithographical processing and design comprised 

of channels with rounded cross-sections which are better suited for enabling laminar 

flow. Now, after half a century since the original development o f MEMS technology, 

designs are more advanced and processes of microfabrication are better understood 

(Fig. 2-4). As a consequence of this, the layout o f a biochip can rapidly be redesigned 

and that design can be subsequently manufactured with much more ease and at a lower 

cost. Soft polymer and MEMS technologies can be used for chemotaxis assays and 

allow detailed dissection of disease processes at the cellular level in a disposable 

biochip.

Figure 2-4: Examples o f commercially available microfluidic biochips, (a) |i-Slide V from the ^-Slide 

family chip o f IBIDl GmbH (Germany) for parallel immunoassays, (b) Different designs o f  Cellix 

biochips (Ireland). Each chip contains enclosed microcapillaries that can be coated with different 

antibodies, (c) Lab-on-a-chip o f Agilent (Santa Clara, CA) with a network o f  channels and wells enabling 

sample handling, mixing, and dilution.
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2.10 Microfabrication of a biochip

The architecture o f  a biochip relies on the process o f  fabrication used to develop its 

structure, but also on the m aterials employed^^. Laser ablation (excim er, CO 2), 

m icrolithography (X ray, E beam , photolithography) or m icrofabrication (w et etching, 

dry etching, contact printing) are the m ost com m on processes used over the past few 

decades'*'’ A batch o f  m aterials is used as prim ary m aterial or substrate such as 

glass, quartz, epoxy, polym ethylm ethacrylate (PM M A ), polydim ethylsiloxane (PDM S), 

silicone, polyim ide and gels^^’ N ew  techniques are constantly tested for

developm ent o f  precise patterns for exam ple laser beam  (pulsed or continuous) enables 

fast and accurate m icrofabrication.

In our study, we focused on the process o f  m icrolithography, and m ore precisely the 

photolithography. This m icrofabrication technique presents different steps for the 

developm ent o f  channels netw ork on a chip. These steps can vary  depending on the 

desired architecture o f  the chip.

First, the pattern o f  the device is designed using com puter-aided design (CAD ) 

software. A blueprint o f  the chip is then produced and transferred to a photoresist 

m aterial such as epoxy (e.g. SU8) to m anufacture a photoresist mask. Such m aterials 

have different characteristics and their photoresist perform ance varies w ith their 

viscosity, their nature (positive or negative photoresist) and their sensitivity to exposure 

radiation. The structure o f  a photoresist after light or radiation exposure is m odified; it 

can be polym erized or photosolubilised. A m ask is usually  generated using an electron 

beam  (e-beam ) and is m ade o f  borosilicate or quartz glass covered w ith a layer o f  

chrom e and photoresist. The quartz plate is then developed and the chrom e is etched, 

creating the photom ask. A  cheaper m ethod to develop a m ask is to print the m ask on 

paper.

The substrate o f  the chip needs to be free o f  dust particles (e.g. organic or inorganic 

m aterials) that could affect the substrate bond strength and could further cause defects 

in the patterns. Therefore, any contam inations are rem oved using a solvent treatm ent 

technique (e.g. m ethanol). The next step is the spin-coating o f  a photosensitive m aterial, 

which m eans that a uniform  layer o f  this m aterial is deposed on top o f  the cleaned
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substrate. The thickness of the layer rehes on the parameters set for the spin-coating 

process but also on the photoresist material chosen.

When a soft baking has been proceeded to remove the solvent contained in the 

photoresist, the coated substrate is next exposed to specific radiation. This creates a 

latent pattern in the resist layer that is further developed (via developing solution) to 

produce the final three-dimensional relief image.

Radiation 
Photoresist mask

Photosensitive material 

Substrate

Changes in photosensitive 
material creating a latent pattern

Wash the jrfiotosensitive layer 
with a developing solution

Pmltive photoresist,
only exposed material is removed

Negative pliotoresist,
unexposed material is removed

Figure 2-5: Schematic representation o f the photolithographical process used for the microfabrication of 

biochips. A substrate is recovered with a photosensitive material. A mask describing the pattern desired is 

used to change the property o f  the photosensitive layer via radiation. Photosensitive layer is washed and 

the pattern on the substrate is developed.

A plasma treatment is further carried out to provide increased wettability and 

biocompatibility for surface adhesion (e.g. cells, proteins).
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2.11 Microfluidic platforms

Microfluidic biochips are typically made to mimic human capillaries using a specific 

channel network. These systems are essential for the study o f basic cell signalling 

related phenomena, such as T-cell chemotaxis,^^’ bacterial chemotaxis,^’ 

morphogenesis, ’ and regulation o f gene expression ’ . Channels are usually coated 

with proteins present in extracellular matrix or endothelial cells.

A continuous flow with varying shear stresses can be applied in closed-channels using a 

precisely controlled microlitre injection or dispensing system^^’ The

advantage of such systems is that the control o f the gradient of chemokines in these 

channels is predictable, reproducible and easily quantified^'’ There are limited reports 

in the literature on the microfluidic devices where tunable concentration gradients can 

be produced. The gradient o f chemokines in such dual channel microfluidic biochips is 

created not by physiological means but by the exogenous addition o f the chemokine of 

choice,^' by alternating g r a d i e n t s , o r  by natural diffusion between two continuous 

flows^^. This is a disadvantage, as it does not mimic physiologically relevant chemokine 

concentrations or patterns of their release. Even if the surface of the channel is coated 

with extracellular proteins, it still cannot imitate either the diffusion of chemokines 

from the tissue at the site o f inflammation, or the leukocyte migration through the 

endothelium. One attractive design option is to grow a confluent layer o f endothelial 

cells on a coated channel. Then, a continuous flow of cells is dispensed over the 

endothelial cells and the adhesive properties of these cells on the endothelial layer can 

be observed using standard microscopic procedures^'’.

21In a recent review, Keenan and Folch have summarised the technical aspects of 

current microfluidic biochips in which a gradient o f chemokines can be mechanically 

controlled. The designs which are now possible using advanced computer-aided design, 

moulding and manufacturing techniques are limited only by the creativity o f 

researchers. Both biologists and physicists have focused on improving microfluidic 

biochips, this cross disciplinary collaboration is essential for the successful creation o f 

new model systems. The advantage o f this complimentary research is clear and many of 

the interesting innovative designs described below have come from this 

interdisciplinary approach.
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2.12 Theory of microcapillary flow

The mechanisms of fluid flow in a complex are depending on the nature o f the flow but 

also on the environment in which it flows through. In the human body, the blood 

circulates through a channel network such as arteries, arterioles, veins or capillaries. 

The arterial blood pressure maintains the flow and the surrounding environment under 

physiologic conditions and is regulated by the pumping action of the heart. It has 

previously been shown that the vessel walls are not linear and rigid but are covered with 

rough endothelial cells and are elastics.

Therefore, it is important to understand the complexity of the in vivo milieu from a 

physical point of view in order to be familiar with the terms that are used for developing 

artificial networks.

- What is a fluid?

A fluid is defined as a substance that is continuously deformed due to the application of 

a shear stress (x).

- Shear stress:

A shear stress (t) is defined as a stress component applied on a material (e.g. fluid). For 

example, a shear stress on a fluid between two infinite plates causes its deformation 

under a certain shear rate (du/dy). It is then related to fluid viscosity t  yx = ^ du/dy

shear stress shear rate

Figure 2-6: Illustration o f  the response o f  a fluid to shear stress applied between two infinite plates. The 

draw ing shows that the fluid is deform ed when a shear stress t  is applied.

- Viscosity:

The viscosity (t|) of a fluid is determined as the resistance of a fluid to deformation 

under shear stress.
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- Nature of fluid:

A fluid can be characterized depending on its behaviour under shear stress conditions. A 

Newtonian fluid is defined such as shear stress is directly proportional (or linear) to 

shear rate, whereas the relation between shear stress and shear rate o f a non-Newtonian 

fluid is non linear. Therefore, flowing water (Newtonian fluid) comparing to flowing 

blood (non-Newtonian fluid) would not flow on the same manner within a system.

- Flow regime:

Laminar flow is characterized by smooth straight line motion at a velocity independent 

from time. While turbulent flow is defined as stochastic and irregular fluctuations in the 

flow motion with a velocity dependant in space and time.

difference o f  the velocity profile betw een lam inar flow  (straight layers) and turbulent flow (irregular 

layers).

- Reynolds number:

The dimensionless Reynolds number (Re) is used to classify the flow whether it is 

laminar (Re < 2300, viscous forces are dominant) or turbulent (Re > 2300, inertial 

forces are dominant). It is defined as the ratio o f inertial forces (vp) to viscous forces 

(t|/L) and is evaluated by using the following equation:

V
where p is the density of the fluid, r\ the viscosity, v the velocity and L the maximum 

between the width and the depth of the channel.

I  Velocity profile
- —  - _  .  _ _ ___

Laminar flow

Figure 2-7: Illustration o f  the velocity profile o f  a flow depending on its nature. The drawing shows the

Equation 2-1
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2.13 Physiological range of shear stress

Under different physiological conditions blood vessels are subjected to differing shear 

stresses. Shear stress is defined as the tangential force per unit area that is exerted by the 

flowing fluid on the surface o f the conduit tube. Shear stress is a potent facilitator of 

integrin conformational changes during leukocyte arrest on blood vessels and antigen- 

presenting cells^^. The magnitude of shear stress is proportional to the velocity gradient 

near the tube wall, i.e. it is dependent on the speed of the flowing blood. Shear stress is 

expressed in dyne per cm (dyn/cm ). The physiological range of shear stresses varies

considerably depending on the type o f vessel and its inflammatory state (Table 2-1),
2 2 2 typically more than 10 dyn/cm in arteries and 1 dyn/cm to 5 dyn/cm in postcapillary

venules^^. The physiological range of shear stresses for leukocyte recruitment close to
9 *77 78the postcapillary venules is usually around 1 to 6 dyn/cm ' .

Cell type
Shear stress 

(dyn/cm^)
Surface/coating assay Assay conditions References

Vascular endothelial 

cells

10-100 - in vivo

0.6-22 Gelatin in vitro no

Hepatocytes <2 Collagen type I in vivo 71)

Mouse embryonic 

stem cells
6.5-16 Collagen type 1 in vitro 79, 81

Human umbilical 

vein endothelial 

cells (HUVECs)

4-25
Gelatin 

Collagen type l/IIl
in vitro 79, 82, 83

Bovine/Porcine 

aortic endothelial 

cells (BAEC-BAEC)

4-25
Fibronectin 

Collagen type I
in vitro 74, 79

HeLa cells 4-25 - in vitro 79

Chinese hamster 

ovary (CHO)
2-25 von Willebrand factor in vitro 84

Leukocytes 0.5-10

HUVEC monolayer 

Fibronectin 

HUVECs

in vitro 85, 86, 87

Neutrophils 0.72 to 6.2 Human fibrinogen in vitro 78

Table 2-1: Table presenting the shear flow conditions for different type o f cells in micro fluidic biochip or 

in vivo milieu (modified from Kim et alJ^)
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Different model systems have shown mechanisms of leukocyte transmigration and
O Q  Q r t

described the multistep paradigm for leukocyte recruitment ' . However, recently 

substantial evidence has been accumulated highlighting the impact of shear stress^ 

on the induction and enhancement of T cell migration. In that work, shear stress was 

applied to the cells which would encounter physiological flow and response differences 

were detected^^’ Due to these innovative in vitro methods, leukocyte capture and
77 07subsequent rolling are known to be mediated by shear stress ’ ' . Transendothelial 

migration has been reproduced in vitro using these biochip designs highlighting the 

hitherto unknown importance of shear stress in transmigration due to its ability to 

modulate the activity of many of the cell bound proteins and their ligands involved in 

the extravasation process^^’

2.14 Tools for analysis and interpretation

There is a wide variety o f image analysis software packages available to researchers. 

These can be used to assess and quantify the morphometric parameters of cells. The 

commonly used and relevant packages^^ are ImageJ (National Institute of Health), 

ImagePro (MediaCybemetics), Volocity (ImproVision), Cell (Olympus), Analysis Pro 

(Analysis), MetaMorph (Molecular Devices). Many of these applications emerged from 

researchers and spin out companies, for example CellTrek from the University of 

Virginia. Such software applications are now de rigueur in labs which need to track 

multiple fast-moving cells over a selected area for a fixed time period. Cell-tracking 

software is necessary for the compilation and analysis of the masses of data which 

results from any experiment which involves the tracking of cells in a flow environment. 

Some software packages are also used for mathematical modelling of proposed chip 

designs to approximate their expected efficacy^^’

It is beneficial to have mathematical modellings of a continuous flow o f cells 

concurrent with the data which describes the diffusion of a gradient of chemokines, 

correlating to the experimental data obtained. It enables the researcher to anticipate the 

movement of the chemokine gradients in response to the flow and thus aids in the 

rationalisation o f the design. MATLAB® (from Mathworks) is one of the most 

powerful software packages for numerical computing and modelling. As many non

programmers have to work with these packages, the utilization of this kind of software
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has become easier and more accessible to a wider range o f  users. Thus, the interface o f 

the software has become more intuitive over time. COMSOL M ultiphysics® 

(previously femlab, from ComsolLab) is a fully developed Matlab platform integrated 

in a user-friendly Finite Element Analysis (FEA) Graphic User Interface (GUI). 

COMSOL extensively covers the majority o f  advanced multiple physics applications in 

a modular software package; among these there are dedicated modules for 

fluidodynamics problems. The user friendly interface o f this package effectively 

removes all programming steps from the design process to the post-processing 

simulation.

2.15 Methods to generate a natural gradient of chemokines

Natural chemotactic cytokines (chemokines) can be obtained from bacteria or 

eukaryotic cells'^ '. More precisely, they can be derived from freshly isolated 

leukocytes, connective tissue cell cultures or malignant cell lines. Alternatively, 

recombinant chemokines can be produced. To stimulate the cells and keep them 

activated, cells need to be induced with endogenous (cytokines) or exogenous
I(bacterial, viral) agents

Conventional assays such as Boyden chambers allow the incubation o f  cells (e.g. 

leukocytes) in presence with cytokines to stimulate and enhance cells secretion o f 

chemokines. The supernatant is then isolated and screened using a technique called 

enzyme-linked immunosorbent assays (ELISA). This technique is used to detect and 

identify the presence o f an antibody or an antigen in a supernatant. Chromatography 

techniques are used to purify and isolate the natural chemokines.

Chemokines can also be secreted by endothelial cells such as human umbilical vein 

endothelial cells'®^ (HUVECs) that have been stimulated with cytokines (e.g. TNF-a, 

IL-I). It has been shown that the production o f chemokines by both HUVECs and 

leukocytes are increased when they bind to each o t h e r ' T h e r e f o r e ,  the interaction 

between leukocytes and HUVECs is one o f  the key mechanisms for the release o f 

natural chemokines.
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Murphy et al. mimicked this interaction between activated leukocytes and endothelial 

ligands in an artificial manner in order to produce natural chemotactic cytokines'*’̂ . It 

has previously been shown that the leukocyte function-associated antigen-1 alpha 

(LFA -la) molecule is involved in leukocytes migration into the tissue at the site of 

infection and induces cytoskeleton rearrangement in leukocytes (e.g. T-cells) promoting 

cells l o c o m o t i o n T o  address the mechanism of this phenomenon, Murphy et al. 

coated protein G-sepharose beads with immobilized antibody to LFA -la and incubated 

them with leukocytes in a non coated plate. They noticed that cells migrated towards the 

coated beads suggesting that the interaction between anti-LFA-la and cells integrin 

mediated the release of chemokines (e.g. M IP-la and MIP-ip). This was validated by 

neutralizing antibodies to M lP -la  and M IP-ip that further inhibited cells migration.

Such natural ways o f generating a gradient of chemokines in an engineered environment 

could be used as alternative methods to the pump-assisted approach o f gradient 

establishing in microfluidic platforms.

2.16 Diffusion and transport of particles in the human body

The natural movement o f particles within a system makes them to move from a higher 

concentration area to a lower concentration area. This is possible due to the random 

molecular motion also called diffusion. This mixing creates a gradient of concentration 

over the time until reaching a homogeneous concentration at an infinite time.

In biology, the diffusion of particles through the cell membrane or the tissue is 

fundamental for the transport o f nutrients in and out o f the cells or to clear the body of 

waste substances. The diffiision of cytokines is also a primordial process in the body 

mediating immune responses. Therefore, techniques have been developed in order to 

understand and observe the basic mechanisms of different nature of transports in the 

body. Ultrasound waves are commonly used for the imaging of the blood transport in 

vessels (e.g. optical Doppler tomography). Magnetic resonance angiography is another 

imaging technique for the visualization o f flowing blood in vessels.

However, for the imaging at a cellular level, other techniques have been widely used for 

the study o f molecule mobility through cell membrane or tissue involving fluorescent
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markers. For example, fluorescence correlation spectroscopy (FCS) is a technique that 

uses correlation analysis to characterize the dynamics o f weak fluorescent signals'*’’ 

such as binding o f protein to its environment. The measurement o f  the fluorescence 

intensity and its temporal decay is related to the diffusion speed o f  the molecules and 

the diffusion coefficient o f the particles (e.g. proteins) can be calculated.

The fluorescence loss in photobleaching'”* (FLIP) is another technique based on the fact 

that repeatedly photobleached area in a matrix gives information about molecules 

transport within this matrix. If the fluorescence o f  the area bleached is continuously 

recovered until total loss o f it, it means that non-bleached molecules are free to diffuse 

in the matrix. Thus, it can give an idea on how molecules are bind to their environment.

The fluorescence recovery after photobleaching'*’̂  (FRAP) technique is widely used to 

track dynamic behaviour o f molecules in living cells. A fluorescent labelled area is 

bleached for a short period o f time and stopped to monitor the fluorescent recovery o f 

the bleached area. Large amount o f protocols o f FRAP experiments are available and 

one can be carried out using the beam from a confocal laser scanning microscope.

The previous techniques are used to obtain quantitative information o f the particle 

studied such as its hydrodynamic radius or its diffusion coefficient within a matrix.

Therefore, the progression o f a gradient o f chemokines within a system relies on the 

characteristic o f the chemokines used and also on the environment in which they evolve 

in. Using FRAP technique is a reliable technique to evaluate the characteristic o f 

diffusivity o f particles through a specific environment (e.g. gel).
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3 Efficacy of existing chemotactic assays

Chemotactic assays are in vitro experimental tools for the evaluation of cell migration. 

The migratory ability of cells is assessed by detecting the response of cells towards a 

gradient of a chemotactic factor. The response of cells to a gradient is quantified in two 

ways: the rate of cell movement and the directional orientation of the movement. 

Conventional in vitro assays are widely carried out in different environments such as in 

matrices composed of gel"®’ (e.g. collagen, agarose), filters with variable pore size
77(Boyden chamber), or plate chambers (Dunn chamber, parallel plate chamber ).

These assays enable the determination of qualitative and quantitative responses o f cells 

towards a chemotactic gradient. A qualitative response refers to the behaviour o f cells in 

presence of chemokines, whether they are reacting to these molecules or not. Thus, the 

observation of what is happening to the cells is directly visualized and evaluated using 

microscopy and image acquisition. A quantitative response refers to the analysis o f cells 

locomotion, more precisely to the quantification o f the rate of the cell movement as well 

as the direction in which cells are migrating. The response of the cells is also visualized
117using microscopy and, again, images are acquired, but additional measures are 

generated using image analysis software.

Specialised software is used for multiple tasks e.g. image enhancement for fiirther 

visualization of details on images; image processing such as the classification of 

objects, the automatic count or track of objects on images and also mathematical 

calculation such as Fourier Transform for image filtering or reconstruction. These 

computation tools are useful for the analysis o f biological images. In the case of 

chemotactic assays, the response o f cells to chemokines can be estimated and 

quantified.

The aim o f the present research is to advance the development of a physiological 

environment for the cells within an implemented chemotaxis assay. This environment 

should present similar characteristics to the in vivo environment. It includes mechanical 

stress on cells to mimic the blood flow and also a channel network that imitates the 

vessel structure found in tissues. The diffusion of chemokines occurs through the
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different layers o f the tissue (Fig. 1-2) which is usually mimicked in vitro using gels 

such as agarose, collagen, and many more.

Therefore, assays under-agarose present a straightforward approach to observe cell 

responses within a gel scaffold. The protocol for these assays have been widely used
I 1 ”>

and described in literature (and later in this chapter). Briefly, two wells are punched 

in the gel at a distance o f 5 mm from each other; cells and chemotactic solution are 

dispensed in separate wells. The gradient of chemokine is diffbsed through the gel 

allowing the cells to migrate along this gradient. The time for cells to migrate the 

distance between the two cells usually takes up to 4 hours.

The study o f cells in Dunn chamber' is an alternative method to study migrating cells 

towards a gradient o f chemokine. This chamber consists in 2 ring-wells one filled with 

an inert solution (e.g. phosphate buffer saline) and the other with a solution of 

chemokine, both separated by a 1 mm wide bridge. Cells are seeded on a cover slide 

places upside down on the chamber. This method allows the observation o f the response 

o f cells towards the chemotactic gradient generated on a shorter distance than under 

agarose assay and within a reduced time o f incubation (2 hours).

Therefore, before developing new assays, it is first necessary to evaluate the behaviour 

o f cells in conventional chemotactic assays and to get a clear understanding of the 

efficacy and limitations o f the existing approaches. Under agarose assays were used to 

study the cells within a gel environment and the Dunn chamber was used to evaluate the 

cell responses on a short distance (1 mm). The experimental data obtained were 

analysed using Image-Pro software.

3.1 M aterials and m ethods

3.1.1 Cells isolation and culture

Neutrophil isolation: Blood (20 ml) was collected from healthy volunteers into sterile 

heparinized Vacutainer® tubes (Becton Dickinson, U.K.). Whole blood was gently 

mixed with 6 % dextran in 0.9 % NaCl in a 4:1 ratio in a 50 ml tube. This step causes 

the red blood cells to clump and sediment to the bottom of the container. After 45 min
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of incubation at 37 °C and 5 % CO2, the leukocyte-rich supernatant was removed and 

gently layered on top of a Lymphoprep gradient (Fresenius Kabi Norge, Norway) and 

centrifuged for 30 min at 400g at 4 °C. As the neutrophils sediment to the bottom, the 

supernatant was discarded and the neutrophil pellet was washed twice in 10 ml of 

phosphate buffered saline (PBS) and centrifuge at 400g at 4 °C for 5 min. The cell 

pellet was then resuspended in 3 ml o f distilled water and 1 ml o f erythrocyte lysing 

solution (3.6 % NaCl) was added. The neutrophils were then counted on a 

haemocytometer and 2 x 10  ̂cells/ml was resuspended in PBS (Gibco, Invitrogen, Ltd, 

UK).

The purity o f the isolation of neutrophils was assessed by staining the cells with a 

fluorescent dye Hoechst 33342 which stains DNA thereby enabling to visualize cell 

nuclei. Therefore the typical segmented nucleus of neutrophils could be observed. 

Simultaneously, cell viability assays were performed.

PBL isolation and culture: Peripheral blood lymphocytes (PBL) were isolated from 

buffy coats obtained from healthy volunteers from the Irish Blood Transfusion Service 

(National Blood Centre, James’s Street, Dublin 8). Buffy coats were diluted with PBS 

in a ratio 1 ;3 in a 250 ml container. In 50 ml tubes, a volume of 30 ml of diluted blood 

was layered onto 15 ml of Lymphoprep gradients (Fresenius Kabi Norge, Norway). The 

preparation was centrifuged at 1200g for 20 min at 4 °C. The buffy layer (Fig. 3-1) was 

removed and centrifuged at 1500 rpm for 5 min and resuspended and washed twice in 

RPMI 1640 supplemented with FCS (10 %), penicillin (100 U/mL), streptomycin (100 

^ig/mL), L-glutamine (2 mM). When lymphocytes were washed twice, they were 

resuspended in RPMI 1640 serum free medium in a 175 cm^ flask at a concentration of 

1-2 X 10  ̂ cells/ml for 2h. This step allows the separation of adherent cells such as 

monocytes or platelets from lymphocytes. Lymphocytes in suspension were then 

centrifiaged at 1500 rpm at room temperature for 5 min and resuspended at 2 x 10  ̂

cells/ml and activated with phytohaemagglutinin (PHA) at a concentration of 1 |ig/ml. 

After three days, cells were centrifuged at 1500 rpm for 5 min and resuspended in 

complete medium at a concentration o f 1-2 x 10  ̂ cells/ml. Cells were cultured for ten 

days and activated every 2 days with 20 ng/ml of interleukine-2 (IL-2). After ten days, 

routine check of cells migratory capability was performed using anti-LFA-1 antibody. 

PBL could be maintained in culture for approximately 7 days.
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An “activation buffer” "^ was prepared for the experiment involving the migration of 

PBL on a surface coated with ICAM-1 or VCAM-1. The buffer consisted in 20 mM 

HEPES, 2 mg/ml glucose, 5 mM MgCb, 1 mM EGTA, the pH of the final solution was 

7.2. A “washing buffer” was used to wash cells from the culture medium. This buffer 

also consisted in 20 mM Hepes and 2 mg/ml glucose but was not supplemented with 

magnesium and calcium.

I

Diluted whole blood

Lymphoprep

Plasma

MNC

Lymphoprep

Granulocytes 

and erythrocytes

Figure 3-1: Procedure o f  isolation o f  peripheral blood lymphocytes (PBL) from buffy coats. Diluted 

bufify coat (1 :3 in PBS) was dispensed on 15 ml o f  lymphoprep in 50 ml tube and centrifuge at 1200g for 

20 min at 4 °C (left drawing). After centriftigation, mononuclear cells (MNC) containing PBL were 

collected for fijrther purification (right drawing).

HUT78 culture: T lymphoma cells line 78 (HUT78) were cultured in RPMI 1640 

medium supplemented with L-glutamine (2 mM), Hepes buffer (1 M), sodium 

bicarbonate (1.5 g/1), sodium pyruvate (1 mM), glucose (4.5 g/1),

penicillin/streptomycin (5 ml), 8% FCS.

3.1.2 Biological reagents for chemotactic assays

Stromal Cell-Derived Factor la  (SD F-la, CXCL12)"^ is a chemoattractant for T 

lymphocytes and monocytes purchased from Sigma-Aldrich (Ireland). It is a member o f 

a-CXC chemokine family and its molecular weight is around 8 kDa. It was used at a 

concentration of 100 ng/ml.
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Interleukine-8 (IL -8)"’ is also called monocyte-derived neutrophil chemotactic factor 

(Sigma-Aldrich, Ireland). It belongs to the chemokine a-CXC family and has a 

molecular weight o f  8.4 kDa. It presents a chemotactic activity in vitro  for T cells and 

was used at a concentration o f  100 ng/ml.

Formyl-methionyl-leucyl-phenylalanine (FM LP)"’ is a synthetic chemotactic peptide 

affecting the orientation and movement o f  leukocytes. FMLP m im ics the activity o f  

bacterially-derived peptides. It was used for the activation o f  neutrophils at a 

concentration o f  1 ng/ml.

The antibody L F A -la  reacts with the alpha chain o f  LFA-1 the CD 11 a/CD 18 integrin
1 1 o

heterodimer presents on human T-lymphocytes . A vial o f  1 ml contained purified 

antibody in PBS with 0.1 % BSA and 0.02 % sodium azide (Monosan, Netherlands). A 

range o f  concentration o f  anti-LFA -la was used for the routine check o f  cells 

polarization. Dilution in PBS from 0.5:100 up to 10:100 was performed.

Bovine serum albumin (BSA)"^ is a single polypeptide isolated from bovine blood 

plasma that contains albumin. Albumins are a group o f  acidic proteins which occur 

plentifully in the body fluids and tissues o f  mammals. BSA is routinely used in biology  

to inhibit cell attachment to surfaces. It is diluted in PBS at a concentration o f  2 %.

3.1.3 Staining reagents

The fluorescent stain Hoechst 33342 was used for labelling nuclear DNA in order to 

visualize the nuclei o f  live neutrophils. It is used at a concentration o f  5 |^g/ml. Cells 

(20 1̂ - 1x10^ cells/m l) are dispensed on a cover glass in a 6 well plate and incubated 

for 10 min at 37 °C and 5 % CO2 . This step allowed cells to stick onto the cover glass. 

Cells were washed twice with PBS in order to remove any non-attached cells and 

Hoechst stain was dispensed on top o f  the cells and incubated for 5 min. Additional 

wash was performed before dispensing prewarmed medium on top o f  cells. Hoechst is 

excited by ultraviolet (UV) light at around 350 nm and emits a blue fluorescence light at 

around 461 nm.
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Ethidium bromide/acridine orange (EB/AO) solution (1 %) was used to evaluate cells 

viability. Acridine orange was excited at a wavelength o f 500 nm and its green 

fluorescence emission was at 526 nm, while ethidium bromide was excited at 510 nm to 

get an orange fluorescence emission at 595 nm. Viable cells take up acridine orange and 

appeared green when observed under fluorescent microscope, whereas non-viable cells 

take up ethidium bromide and appeared orange.

3.1.4 Characteristics and preparation of the agarose gel
1 7 0Agarose is a polysaccharide obtained from agar that forms a gel when the 

temperature of aqueous agarose solution cools down. Agarose gel is a viscoelastic 

material which means that it exhibits both viscous and elastic characteristics when 

undergoing deformation. The viscosity o f a material relies on its response when being 

deformed by a shear stress. The elasticity of a material also relies on its response to a 

mechanical deformation under stress but its particularity is that when the stress is 

stopped the material returns to its original shape. The geometrical measure of that 

deformation is the strain. Therefore, a viscoelastic material exhibits time dependant 

strain or time dependant deformation. In other terms, the stiffness of the agarose gel 

would increase with gel concentration.

Agarose gel is widely used for chemotactic assays because it has little or no effect on 

live cells. Ultra-pure agarose (Pronadisa, Madrid, Spain) with a low gel point (31 °C for 

a 0.5 % gel and 39 °C for 2 % gel) was used to create an inert matrix in which cells 

were dispensed. The melting point o f an agarose solution of 0.5 % and 2.5 % is 85 °C 

and 88 °C respectively. The gel was formed by diluting agarose in distilled water in 50 

ml tube and was vortexed gently. With the lid of the tube loosely attached, the agarose 

solution was heated in a microwave for about 5 s and vortexed at high speed for 5 s. 

This was repeated until the agarose was totally dissolved. The liquid agarose was then 

dispensed on the bottom of a well and cooled down at room temperature to gelify. A 

concentration range (weight/volume, w/v) o f 0.1 % up to 2 % was used to study the 

impact of the gel concentration on cells mobility.
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3.1.5 Assays for investigation of the polarity of ceils

PBL cells were tested before each experiment in order to assess their capacity of 

polarization. A 96-well plate was coated with goat anti-mouse (GAM, dilution 1:200 in 

PBS). The plate was kept overnight at 4 °C and washed twice with PBS. The plate was 

then coated with anti-LFA-la antibody (range of dilution 1:200 to 1:10 in PBS) for 1 

hour at 37 °C and washed twice with PBS. The preliminary coating with GAM enabled 

the presentation of anti-LFA-la to the cells in the appropriate orientation, with antigen 

(LFA-1) binding sites facing away from the substrate towards the surface of the cells. 

Cells were dispensed onto the coated surface at a concentration of 15 000 cells per well 

and incubated for 30 min at 37 °C. Polarization o f cells was observed under an inverted 

Nikon microscope and the pictures were acquired using ImageQ software. PBL cells 

polarity was compared to the polarization o f HUT78 cells that were dispensed on the 

coated surface using the same protocol that for PBL. HUT78 cells were used because 

they are known to develop high polarity when they are stimulated with immobilized 

antibody to L FA -la '^ '.

Polarization of PBL was also tested on human recombinant lCAM-1-Fc and VCAM-1- 

Fc chimeric proteins^’ Both ligands are known to have an important role in leukocyte 

rolling during the leukocyte homing process. For this experiment, the surface was first 

coated with anti-human IgG (Fc specific) at a dilution o f 1:1000 in PBS. This step 

enabled the presentation o f ICAM-1 or VCAM-1 to the cells in a proper spatial 

orientation, with the Fc fragment oriented towards the support substrate and receptor- 

binding sites facing outwards. A titration o f ICAM-1 and VCAM-1 (0 ^g/ml, 1 ^g/ml,

2.5 )ng/ml and 5 |^g/ml) was performed to determine the optimised concentration for cell 

polarization. A volume o f 100 îl of 0.5 x 10  ̂cells/ml was dispensed in each well and 

incubated for 30 min.

3.1.6 Image-Pro-based analysis

The quantification o f the capacity of the cells to polarize on a substrate was processed 

by analysis o f the microscopic cell images using Image-Pro software. The images 

obtained from the Dunn chamber and the under agarose assays were also processed 

using this software and the method used is explained in each respective section (§ 3.1.7 

and § 3.1.8).
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The images acquired with ImageQ software were opened in the main window of Image- 

Pro. The intensity level o f each image was edited to enhance the contrast between the 

background of the image and the cells. The correction o f the image intensity was carried 

out manually by changing the range of the intensity (Fig. 3-2). The background was also 

flattened to enhance this contrast.

However, the variability in the quality o f the images could present artefacts restraining 

further image processing. For example, the background of the image may not be 

flattened enough and the intensity of the image might vary considerably across the 

image, mostly at the edges o f the image. Therefore, an area of interest (AOI) was 

chosen in the middle o f the image in order to minimise artefacts (Fig. 3-2).

b n ^ P r v P U n  P k U ( « 1 .J p |.2  1 0 M

P t c lu r i t . l p f : }  tOO%

Figure 3-2: Example o f  image analysis using Image-Pro software. An area o f interest (AOI) o f the 

digitally taken microscopic image was selected (white square) and the range o f the intensity o f the image 

was set (right panel) to adjust the contrast between the background o f the image and the contour o f the 

cells.

Filters were applied on the area o f interest to measure various parameters o f the selected 

objects. The purpose was to assess the ability o f the cells to polarize on a coated 

substrate to establish the best concentration of the coating. To simplify, the longer the 

shape o f the cell was the better the polarization was. Therefore, the filters selected were 

the Area, the Axis (major), and the Aspect. As it is shown on figure 3-3, the filter Area 

measured the area of an object. If an object presents a porous surface (hole), there is an 

option to measure only the area without the hole. There was no need to take into
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account this option as the type o f  the objects we measured presented no holes. The filter 

Axis (major) measured the length o f the major axis o f the selected object and the filter 

Aspect measured the ratio between the major and the minor axis o f the objects. For the 

last two filters, the software used a simplified model o f  the filtered object that was 

equivalent to an ellipse.
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Figure 3-3: Algorithm o f fiher selection in Image-Pro application. Each microphotograph of cells was 

processed using the filters Area, Axis (major) and Aspect which take into account the shape o f the object 

filtered.

The objects were screened on each image depending on the range o f  each filter. In our 

case the target objects (to be included in analysis) were the cells and the unwanted 

objects were for example artefacts from the background or dust particles (Fig. 3-4).
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Figure 3-4: Example o f the experimental acquisition and process window in Image-Pro software. 

Experimental acquisition window in the background with the selected area showing polarized cells that 

have been processed by Image-Pro with the Area, Aspect and Axis (major) as chosen object filters. These 

settings enabled to discriminate between the desired objects to be included in calculation fi'om the 

unwanted structures (i.e. dust particles, background artefacts).
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Once all the parameters were set, the filtered objects were observed using the 

Count/Size dialog box. The contour of the cells that were in the range set was displayed 

in red (Fig. 3-5).

F ie  E d t A cqi«e Advanced Sequence E rhence P rocess M e w je  Macro Window H e^

^  SSf DOQ>^^ a m
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T o U iC o u l

Figure 3-5: An example of a result o f  cells screened on an experimental acquisition in Image-Pro using 

the filters (Area, Aspect, Axis). The cells that fitted in the range o f  the filters were outlined in red.

The data obtained using each filter were visualized in the Data box in Image-Pro and 

subsequently exported to an Excel sheet for further analysis. The filter that was linked 

to the polarization ability of the cells was the filter Axis (major).

3.1.7 Migration of cells under an agarose gel

The assay using agarose gel^^’ was used to observe the response of a population of 

cells to one or more chemoattractant sources. A 12-well cell culture plate was filled 

with 500 ^1 of agarose mixture. A concentration range o f agarose was tested from 0.1 % 

to 2 % to study the influence of the composition of the gel on the cells mobility. Three 

reservoirs separated from each other by 5 mm were punched into the agarose plate with 

a 500 |il pipette. (Fig. 3-6). Chemoattractant solution (100 îl) was dispensed in one 

well, while cells (100 ^il) were dispensed into the central well. In the third well, 100 îl 

o f PBS was dispensed as a control. The diffusion o f the chemokine solution generated a
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chemotactic gradient from the reservoir containing the chemoattractant solution to the 

well containing cells.

Therefore, the cells were in the situation where in one side they could detect a gradient 

o f chemokine, while in the other side they had no particular signal due to the neutrality 

of the PBS. Hence, in the same well, the chemotactic experiment was run in parallel to 

the control assay.

WeU with PBS

Well with cells

Well with chemoattractant

Agarose gel
Gradient o f  Chemokine

Figure 3-6: Schematic illustration o f  the under agarose assay setup. Three reservoirs were punched in the 

agarose gel and were filled with PBS (control), cells and the chemoattractant solution. The gradient o f  

chemokines was diffused from the chemoattractant reservoir to the reservoir that contained the cells.

Once cells were dispensed in the well, we let them to settle down for 10 min. Pictures of 

each well were taken after that at t=0 and t=4h using ImageQ software. The acquired 

pictures were then opened in Image-Pro. The filters previously described in section 

3.1.6 were used to select each cell. The filter named Centre-X was also chosen to give 

the position of each cell across the image (in arbitrary units). The data obtained in 

Image-Pro were exported into an Excel sheet. The image was divided into 6 segments 

o f equal size. The total length of the 6 segments represented 400 |^m. The mean number 

o f cells across the image was displayed for each segment.

3.1.8 Generation of chemokine gradient in tlie Dunn chamber

The behaviour o f cells subjected to a linear concentration gradient o f chemoattractant 

was observable in the Dunn Chemotaxis Chamber (Hawksley DCClOO). The Dunn 

chamber consists o f two ring wells separated from each other with a 1 mm wide bridge. 

When a cover glass is placed on top o f the wells, the chamber was designed such as a
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20 )im gap separates the bridge from the cover glass. This gap allows the diffusion of 

solution along the bridge (Fig. 3-7).

/  Bridge . 
Inner Well 

'  Outer W e l j^  
Glass Slide

©

Figure 3-7: Scheme o f the Dunn chamber DCClOO Hawskley. Cells were seeded on the glass slide and 

placed upside down on top o f the chamber. The two ring reservoirs were separated by a 1 mm wide 

bridge. The outer well was filled with chemoattractant solution and the inner well with PBS. The gradient 

o f chemokines was induced fi'om the outer well to the inner well through the 20 ^m gap.

A glass slide was immerged in 2 % BSA solution for 5 min at room temperature and 

washed twice with PBS. Neutrophils were cultured on BSA-coated glass slide for Ih at 

37 °C. Then, the glass slide seeded with cells was inverted onto the chamber. The inner 

well o f the chamber was filled with PBS which represented the gradient concentration 

o f C = 0 %. While the outer well of the chamber was filled with the chemoattractant IL- 

8 which represented the gradient concentration of C = 100 %. The gradient in the 

chamber was set after 30 min and the chemotaxis assay was recorded for a time lapse of 

2 hours on an inverted microscope.

The images collected from ImageQ were analyzed with Image-Pro software using the 

same filters previously explained (§ 3.1.6). The tool “Track object” was subsequently 

selected and each filtered cell was tracked over the period o f the record. The 

coordinates o f each track was then normalized in an Excel sheet.

3.2 Results

3.2.1 Analysis of the viability of tlie cells

Neutrophils were isolated and used on the day of their isolation. The quality o f the 

isolation was evaluated by staining the cells with the Hoechst dye to observe the 

nucleus morphology. It is shown on figure 3-8 that isolated neutrophils presented a
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segmented nuclear structure that is the typical nuclear morphology o f neutrophils. The 

cells were also stained with EB/AO to observe viable and non-viable cells under 

microscope. Neutrophils were counted on a haemocytometer and the yield of 

neutrophils isolation was estimated around 90%.

Figure 3-8: Fluorescence photograph o f  the nuclear morphology o f  neutrophils stained with Hoechst dye. 

Visualization under UV light permitted to observe the segmented nuclear structure that is typical o f  

neutrophils nuclear shape.

Cultured cells such as PBL and HUT78 cells were tested on anti-LFA-la. The figures 

3-9 present the behaviour o f cells to different concentrations o f anti-LFA-la. A titration 

from 1:200 up to 1:10 was done for both cells. Control on plastic with no specific 

coating was done to compare cells morphology.

The pictures showing the polarization of PBL and HUT78 on anti-LFA -la were 

analyzed using Image-Pro software to quantify the morphology of the cells depending 

on the coating of the substrate. The same protocol was applied to the pictures showing 

the polarization o f PBL on VCAM-1 and ICAM-1.

For each picture, the data displayed came from the filter “Axis (major)” that described 

the total length of the tracked cells. Experiments were duplicated (n = 3) and standard 

error of the mean was displayed on each graph.
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Figure 3-9: Lymphoma cell line HUT78 and peripheral blood lymphocytes (PBL) polarization in 

response to L FA -la  cross-linking. The microphotographs show cells o f cultured lymphoma HUT78 (left 

panel) and PBL (right panel) acquiring locomotory behaviour reflected in their polarisation response to 

immobilized L FA -la antibody on the plastic surface. Concentrations o f immobilized antibody are 

indicated on each microscopic panel.
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1:200co n tro l 1:100 1:20 1:10

Concentration of anti-LFA-1a

G raph  3-1: Polarization o f PBL cells on several dilutions o f  L FA -la antibody immobilized on the 

bottom o f a 96-well plate. PBL were incubated on the coated surface for 30 min at 37 °C. Pictures o f  the 

cells taken with an inverted microscope were analyzed with Image-Pro software using the filter “Axis 

(major)”. Cells dispensed on a substrate coated with anti-LFA -la at a concentration o f 1:200 displayed 

the most elongated shape. Results are the mean ± S.E.M. o f three independent experiments.
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Graph 3-2: Polarization of HUT78 cells on several dilutions of LFA-la antibody immobilized on the 

bottom of a 96-well plate. HUT78 were incubated on the coated surface for 30 min at 37 °C. Pictures of 

the cells taken with inverted microscope were analyzed with Image-Pro software using the filter “Axis 

(major)”. The pick on the graph shows that the morphology of the cells was the most elongated at the 

concentration of 1:200 of anti-LFA-la. Results are the mean ± S.E.M. of three independent experiments.

It has been found that both PBL and HUT78 present a highest length o f the major axis 

with a concentration o f anti-LFA-la o f  1:200.

A titration o f endothelial ligands coated on the surface o f a 96-well plate was also 

carried out (Fig. 3-10). A plate was coated with ICAM-1 and VCAM-1 at a 

concentration o f 1 |ig/ml, 2.5 |ag/ml and 5 ^g/ml.
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Figure 3-10: Peripheral blood lymphocytes (PBL) polarization in response to ICAM-1 and VCAM-1. 

Representative microphotographs show PBL cells acquiring motile phenotypes reflected in their 

polarisation response to immobilized ICAM-1 (left panel) and VCAM-1 (right panel) on the plastic 

surface. Concentrations o f  immobilized ligands are indicated on each microscopic panel.
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G raph 3-3: Polarization o f  PBL cells on several dilutions o f ICAM-1 immobilized on the bottom o f a 96- 

well plate. PBL were incubated on the coated surface for 30 min at 37 °C. Pictures o f the cells captured 

with the microscope were analyzed with Image-Pro software using the filter “Axis (major)”. The pick on 

the graph shows that the morphology o f the cells was the most elongated at the concentration o f 1 ng/ml 

o f ICAM-1. Results are the mean ± S.E.M. o f three independent experiments.
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Graph 3-4: Polarization o f PBL cells on several dilutions o f VCAM-1 immobilized on the bottom o f a 

96-well plate. PBL were incubated on the coated surface for 30 min at 37 °C. Pictures of the cells 

captured with the microscope were analyzed with Image-Pro software using the filter “Axis (major)”. The 

pick on the graph shows that the morphology o f the cells was the most elongated at the concentration of 1 

|ig/ml of VCAM-1. Results are the mean ± S.E.M. o f three independent experiments.

We have established that PBL exhibit a greater polarization when they are seeded on a 

substrate coated with 1 ^g/ml of VCAM-1 as well as 1 ng/ml of ICAM-1.

3.2.2 Chemotactic responses of cells within a gel environment

The following graphs show the quantification of the migration of PBL cells towards a 

gradient o f chemokine (CXCL-12) or PBS in an under-agarose assay. Each image 

acquired on the microscope at t=0 and t=4h was divided into 6 equal segments which 

represent a total distance of 400 ^m. The mean number o f cells across the image was 

displayed for each segment.

At time t=0 the amount of cells in each segment was similar in both experiments. At 

time t=4h, cells migrated in the direction of the diffiision o f chemokine at a maximum 

rate of 1.6 |im/min. This caused a clearly defined cell scattering over the substrate 

which is demonstrated on graph 3-5. The responses o f the cells to the gradient o f PBS 

over 4 hours were negligible in comparison to the responses of the cells that migrated 

towards the chemoattractant gradient (graph 3-6).
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Graph 3-5: Quantification o f the migration of PBL cells towards a gradient o f CXCL-12 in an under

agarose assay. Each image acquired on the microscope was segmented into 6 equal segments. Results are 

the mean ± S.E.M. o f three independent experiments. The mean cells number are displayed for each 

segments at time t=0 and t=4h. The results o f the experiments show that after 4 hours the cells were 

migrating towards the gradient o f  chemokines.

Cells
Gradient of PBS

Agarose gel
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Graph 3-6: Quantification o f  the migration o f PBL cells towards a gradient o f  PBS in an under-agarose 

assay. Each image acquired on the microscope was segmented into 6 equal segments. The mean cells 

number are displayed for each segment at time t=0 and t=4h. Results are the mean ± S.E.M. o f  three 

independent experiments. The results o f  the experiments show that after 4 hours the responses o f the cells 

to the gradient o f  PBS were negligible.
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However, it was noticed that the cells were not able to migrate the total distance 

between two reservoirs. The most probable explanation o f this phenomenon is that once 

the gradient was diffused and the concentration became homogeneous, the cells were 

not stimulated by chemokines anymore.

3.2.3 Responses of the cells to a short-term chemotactic gradient

The Dunn chamber was used to observe the migration o f neutrophils towards a gradient 

of chemokines (IL-8). Neutrophils were used because they are known to respond more 

rapidly to a gradient of chemokines compared to the PBL .

The migration of neutrophils was tracked using Image-Pro. Normalization of each track 

was implemented in order to have all the starting positions of the cells at the origin of 

the axes on the graph. Nine tracks of cells were randomly picked up from three 

independent assays. The readout o f the graph was becoming overcomplicated if more 

cells than nine were picked up. Results are shown on graph 3-7 and 3-8.
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Graph 3-7: Migration o f  neutrophils in response to a gradient o f  IL-8 in a Dunn chamber. The gradient is 

indicated on the graph by an arrow on the left side. The tracks o f  neutrophils were processed using 

Image-Pro. The results o f  the experiments show that the cells migrated over 2h in the direction o f the 

diffusion o f chemokines.
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Graph 3-8: Migration o f  neutrophils in response to a gradient o f  PBS in a Dunn chamber. The gradient is 

indicated on the graph by an arrow on the left side. The tracks o f neutrophils were processed using 

Image-Pro. The results o f  the experiments over 2h show that the cells randomly migrated close to their 

initial positions and not exclusively towards the gradient o f PBS.
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It is shown on graph 3-7 that neutrophils migrated towards the gradient o f IL-8 (50 

ng/ml) over 2 hours at a maximum rate of 1 |im/min, whereas the cells in presence o f a 

PBS gradient randomly migrated close to their initial positions.

3.3 Discussion

Conventional chemotactic assays have been used in order to evaluate and observe the 

responses of cells to different chemokines. In the under-agarose setting, the cells were 

placed in the central reservoir while the chemokine and the buffer solution (PBS) were 

dispensed in the adjacent reservoirs (Fig. .3-6). The advantage o f this configuration of 

reservoirs was that within the same well we observed both the response o f the cells 

towards a gradient of chemokine and the control response. Therefore, the cells had the 

choice to respond to the chemoattractant solution or to the PBS solution that were 

diffused on each side of the well containing the cells. The chemotactic gradient in such 

setting supported the migration of cells over 4 hours. The configuration o f the under 

agarose assay did not allow the cells to migrate the migration testing distance (MTD) of 

5 mm between the two reservoirs mainly because once the chemokines had ftilly 

diffused within the gel and the concentration gradients were consequently annihilated, 

cells were not exposed to the chemotactic stimuli anymore and no directed migration 

occurred. The under-agarose assay also provided essential information on the 

characteristic o f the agarose gel. The higher the concentration of the agarose solution 

was, the more viscous the gel was and therefore the quicker the solution turned into gel. 

In other terms, the viscosity of agarose solutions during gelation was dependent on the 

temperature. An agarose solution of 2 % starts its gelation at a higher temperature'^'* (~ 

50 °C) than a solution o f 1 % 40 °C). Many proteins of mammalian tissues start

denaturing over 40 thus agarose 2 % could not be used, as its gel point would not 

allow the introduction o f chemokines into the gel without the risk o f partially 

denaturing them. What is more, concentrations of agarose below 0.5 % were not viscous 

enough to enable the punching o f reservoirs in the gel. Thus, if  agarose gel was to be 

used in the biochip as a matrix enabling efficient chemokine diffusion, only agarose at 

0.5 % and 1 % concentrations would be suitable.

The Dunn chamber assay was used to assess the ability o f cells to move towards a 

gradient o f chemokines as it incorporated a migration testing distance o f 1 mm that was 

significantly shorter than the 5 mm MTD in under agarose assays. A fast sustained
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diffusion of chemokines was established in this chamber and cells seeded on the cover 

slip could rapidly move along the gradient which was fiilly established over 30 min. 

However, the diffusion of chemokines from one side of the bridge (Fig. 3-7) to the other 

side occurred from liquid to liquid (chemokine solution to PBS solution), and not from 

a gel to a liquid such as would be likely found in the in vivo situation, for example, from 

the vascular tissues (solid) to the blood flow (liquid). Therefore, an attempt was made to 

fill the outer reservoir with gel enriched with chemokine and to assess the capacity of 

the cells to migrate towards the resulting generated gradient. But the Dunn chamber 

setup did not enable the diffusion from gel to liquid mainly because o f the system 

limitations. Specifically, when working with liquid in both ring reservoirs, once the 

cover glass was placed on top o f the chamber a balance between the two liquids 

naturally occurred. Conversely, with a gel, it was more difficult to create a balance 

because the gel would not diffiise through the bridge.

These two assays were appealing due to their relative simplicity, cost effectiveness and 

rapid setup. However, they have not been used subsequently for further chemotactic 

experiments because their experimental conditions were not reflecting the physiological 

in vivo milieu. Indeed, cells that were maintained in Dunn/agarose conditions for at 

least 2 hours could not respond in the same manner as in vivo situation, as multiple 

physiologically encountered factors were missing (e.g. shear flow and 3D oriented 

migration). In addition, in the under-agarose assay large volumes (millilitres) o f agarose 

gel were dispensed in a well whereas smaller volumes (microlitres) would be dispensed 

within a biochip environment. The manipulation of agarose gel when working with 

biochip would be different than when working in well plates. Microlitres of gel would 

gelify quicker than millilitres because of the faster gel cooling. Therefore, the 

temperature environment when dispensing the gel in biochips was expected to be 

crucial.

One of the key objectives o f these preliminary assays was to determine a concentration 

range in which cells were capable of migration in 2D environment. However, the 

established exact concentration o f chemokines could not be subsequently applied to a 

biochip platform because the biochip environment would present more complex 

experimental conditions than within under-agarose assays, such as the application of 

shear stress. Indeed, the diffusion o f chemokines in a biochip could be affected by the
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shear s t r e s s a p p l ie d  in the channels. Therefore the concentration gradient could vary 

from the under agarose assay and would have to be adjusted accordingly.

The ability o f cells to polarize on the surfaces coated with ligands such as ICAM-1 and 

VCAM-1 was studied to establish the optimised concentration where cells exhibit a 

higher polarity reflecting cell locomotory potential. That was important for further 

experiments in a biochip environment where the flowing cells would be exposed to the 

immobilized ligands on the surface o f the channel. The coating o f the charmel would 

allow the cells to attach and subsequently migrate towards a gradient o f chemokine.

The quality o f T-cell isolation proved to be a crucial integral step influencing the 

outcome o f chemotactic assays. The motility o f cells was largely dependent on cell 

viability in the preparations. As the isolation o f the cells had to be done on a weekly 

basis, the cell isolation was established as a routine procedure. This routine 

manipulation permitted to reduce the time for the PBL extraction from buffy coat from 

20 min to 10 min, thereby reducing potential stress on cells during the isolation. That 

resulted in an increase of cell viability by 20 % and thus an improved yield of the cell 

isolation.

An important aspect of the work presented in this chapter was also the analysis of 

results via Image-Pro software for image processing. This was as important as the 

optimization o f the isolation of cells and o f the concentration of the chemokine. The 

image analysis with this software permitted to evaluate the responses o f cells to a 

substrate coated with different reagents (anti-LFA-la, ICAM-1, VCAM-1). Image-Pro 

provided a usefiil and rapid methodology to convert qualitative observation into 

quantitative results.
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4 Evaluation of the diffusion of molecules through a matrix

Molecular diffusion is defined as the transfer o f molecules from an area o f  higher 

concentration (C2) to an area o f lower concentration (C i) by random molecular motion. 

The molecules gradually mix which creates a gradient. Therefore, the concentration is 

also gradually changing and we can say that a concentration gradient is created. The 

concentration o f molecules is dissipated and becomes homogeneous at an infinite time 

(too) as it is depicted on figure 4-1.

Q
 ̂ Concentration gradient at t = tp

Ci - C2
Concentration gradient at t = t .

Figure 4-1: Illustration o f  the diffusion o f  m olecules in a matrix. M olecules diffuse from the more 

concentrated area C2 to the less concentrated area C\  (top panel) creating concentration gradients across 

the matrix. The concentration o f  m olecules becom es hom ogeneous over tim e (bottom  panel).

Different types o f  difftision are described in the l i t e r a t u r e s u c h  as the atomic

diffusion (diffusion at the atomic scale). Brownian motion (random motion o f

molecules in liquid or gas) and osmosis (diffusion o f  a solvent through a semi-

permeable membrane e.g. cell membrane). For each o f these, different physical laws are
128applicable depending on the matrix (nature o f  the milieu) where the molecules are .

The parameter that describes the ability o f  a molecule to diffuse in a matrix is called the 

coefficient o f d i f f u s i o n a n d  is expressed in cm^/s. The coefficient o f diffusion varies 

with the experimental conditions such as the temperature and pressure

In this study, the gradient o f molecules (i.e. chemokines) created by diffusion within a 

matrix (i.e. gels) was one o f the key elements o f the whole study. Prior to expose cells
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to a gradient of chemokines released from a matrix in a biochip setting, the 

characteristics of diffusion of the chemokines within each gel needed first to be defined.

Three gels were used: agarose gel, collagen and extracellular matrix (ECM) gel. The 

agarose gel was used as it had previously been reported to be suitable for chemotactic 

assays (Chapter 3). Collagen is a fibrillar protein and is one o f the components of 

connective tissues and can be used as a gel. The gel formed can be used for multiple 

biological applications such as a thin layer on tissue-culture surfaces to enhance cell
131attachment or as a gel to study cell invasion into collagen scaffold or to promote cell 

expression and f u n c t i o n T h e  extracellular matrix is the defining feature o f most 

connective tissues in the human body . It is mainly composed of proteins such as 

collagen, laminin, fibronectin and polymers called glycosaminoglycans (heparin 

sulphate, hyaluronic acid and others) that provide structural support to the cells. The 

agarose, collagen and ECM gels have been extensively used p r e v i o u s l y ' a n d  are 

widely accepted by scientists for their biocompatibility.

Diverse methods are available to enable the researchers to observe, analyze and

quantify the diffusion o f molecules in a matrix. These include such methods as
112fluorescence resonance energy transfer (FRET), fluorescence lifetime imaging 

(FLIM),'^’ and fluorescence after photobleaching (FRAP)'^*. One of the most common 

of these is FRAP using a confocal microscope. This technique has been used for 

decades and is now a routine method used for the evaluation and study o f the diffusion 

coefficient of molecules principally because most research group can avail o f the 

confocal microscope facilities'^^.

However, before applying the FRAP technique for the evaluation o f the diffusion of 

molecules within the selected matrices, it is essential to understand the underlying 

mechanisms of this method. That would facilitate further evaluation and interpretation 

of the coefficient of diffusion obtained.
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4.1 Materials and methods

4.1.1 Theoretical basis of fluorescence recovery after photobleaching
71 I “y f tThe ‘fluorescence recovery after photobleaching’ (FRAP) technique ' was used to 

define the diffusion coefficient o f chemokines within the following gels: agarose, ECM, 

collagen. Fluorescent molecules that have the same molecular weights as the 

chemokines used for chemotactic assays are incorporated into the gels. When the 

sample is observed under the microscope, the fluorescent molecules of an unbleached 

area are in equilibrium. Bleaching a fraction of the fluorescent molecules in a region of 

interest (ROI) disturbs this equilibrium. Under optimal conditions the recovery kinetics 

is dependent only on the mobility of the investigated molecule and partial fluorescence 

recovery can be observed (Fig 4-2).

ROI

ROlo

t = 0 t = t.■1

ROI

RO lo

F igure 4 -2: Schem atic representation o f  the diffusion o f  m olecu les in a fluorescence recovery after 

photobleaching (FR A P) experim ent. Fluorescent m olecu les in the sam ple are in equilibrium  at tim e t=0. 

A region o f  interest (ROI) is bleached at tim e t|. The fluorescence recovery occurs by diffusion  o f  

fluorescent m olecu les into the ROI over time (t2>ti). A  region o f  interest aw ay from the b leaching area 

(ROlo) was selected  for further data processing (i.e. correction o f  the background o f  the im age acquired).

The branch o f physical sciences that explains the basis of the fluorescence recovery 

phenomenon is quantum mechanics. In the quantum mechanics terms, the macroscopic 

behaviour o f any systems or matter relies on their behaviours at an atomic scale i.e. the 

behaviour o f molecules, atoms, and electrons. A molecule is composed o f at least two 

atoms and is electrically stable. An atom is the basic unit o f matter consisting of a 

central nucleus surrounded by a cloud of negatively charged electrons. Electrons reside 

in the atomic orbital which presents different energy levels or electronic states which 

are described by the Jablonski diagram'^^ (Fig. 4-3). An important intrinsic property of 

an electron is its spin direction S, which corresponds to its dynamic angular position
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(spin - ' /a ,  spin + ' / 2 )  within the molecule which is directly linked to its energy state. The 

ground state refers to the electronically stable state ( S o )  and the excited states are named 

depending on the level where the electrons are such as singlet state (S|, S2 ... Sn) or 

triplet state (Ti, T2 ... Tn). In a singlet state, all electrons in the molecule are spin-paired 

so S=0  (an electron at -V2 and another at +V2). In a triplet state, one set o f electron are 

unpaired S=1 (an electron at +'/2 and another at +V2). The transition between those states 

involves absorption or emission o f photons (basic unit o f light).

A  = photon absorption  

F = flu orescence  

P = ph ospho rescence  

S  = s ing let s tate  

T  =  trip let s tate  

IC =  in ternal conversion  

IS C  = in tersystem  crossing

*  P ro cesses  involving photon  

/ W \  R ad ia tio n less  transitions

Figure 4-3: A Jablonski diagram representing electronic states of a molecule. The diagram shows the 

different routes by which an excited molecule can return to a stable state. A molecule is excited when it 

absorbs a photon (A) which disturbs the electronic equilibrium of the molecule. The energy level of a 

molecule depends on the configuration of its electrons (singlet S, triplet T). To relax to an electronic 

stable state (ground state), the excess of energy of an excited molecule can be internally converted (IC) 

via radiationless transitions. These transitions can be subsequently followed by the emission of a photon 

which is the principle of fluorescence (F) or a transition between singlet state to triplet state called 

intersystem crossing (ISC) can take place. The relaxation from triplet state results in a post-illumination 

of a photon which is called phosphorescence (P).

Therefore, from a quantum mechanics point o f view the absorption o f light by a 

molecule (e.g. fluorophore) elevates electrons from the ground state to an excited state 

which presents a higher energy. Different intra-molecular redistributions o f energy are 

possible to allow the molecule to return to the electronic ground state. For instance, the

exc ited  states

03
<Dc

LU

7

ISC

Electronic ground state
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excess of energy of an excited molecule can be internally converted (IC) to further relax 

from the excited state to the ground state by emission o f a photon; this is the principle 

o f the fluorescence. Another transition called the intersystem crossing (ISC) occurs 

when the spin of an excited singlet state reversed, leaving the molecule in an excited 

triplet state. The lifetime of the excited triplet state (up to 10 s) is longer than an excited
c  o

singlet (10' to 10' s) and is chemically more reactive. Therefore, more time is needed 

for the excited electron to relax from a triplet state to the ground state than from a 

singlet state. This is observed by the post-illumination emission of a photon which is 

called phosphorescence. An alternative phenomenon can occur during the relaxation of 

the triplet state which is the interaction between a fluorophore molecule and another 

molecule (e.g. oxygen) that produces irreversible covalent modifications''*®’ These 

modifications lead to the bleaching of the fluorophore molecules''*^ which is the 

principle of the process called the photobleaching. Some molecules would only partially 

be bleached whereas some other would irreversibly be bleached'"*^. That depends on the 

fluorophore molecule and its interaction with the matrix but also on the intensity o f the 

laser beam focused on the area to bleach. It is important to choose a fluorescent dye that 

can be irreversibly photobleached (e.g. FITC-dextran). In these circumstances, the 

fluorescence recovery of a bleached area of a fluorescent sample would only depend on 

the random motion of unbleached molecules and not on the self-recovery fluorescence 

of the bleached molecules. Depending on the sample studied, this random motion of 

unbleached molecule can result from the diffiision of molecules, the binding to other 

molecules, or the transport processes, but overall it provides the information on the 

behaviour o f the molecules within the matrix

Therefore, considering that the FITC-dextran can be irreversibly photobleached, if  a 

fluorescence recovery occurs it means that the molecules are able to diffiise within the 

gels. If no fluorescence recovery is observed, that could be explained by molecular 

interactions between the fluorophore molecules and the molecules composing the gels 

and in this case, the employ of these gels for our study would be impossible and other 

matrices should be considered.
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4.1.2 Evaluation of the diffusion coefficient

When an area o f a sample containing fluorophore molecules is bleached, a fluorescence 

recovery curve !(/) is obtained (Fig. 4-4). The following empirical formula from 

Ellenberg et al. introduces the diffusion coefficient D:

K t)  =  //inaiCl -  w/2 +   ̂ Equation 4-1

where Ifmai is the plateau level, w is the width o f the bleached spot and t the time.

The diffusion coefficient D o f the investigated molecule can be measured via the 

halftime of the fluorescence recovery (ti/2). This coefficient reflects the mean squared
1 9 0displacement explored by the molecule through a random walk over time.

Images o f the FRAP assays were acquired with the Zeiss Meta LSM 510 confocal 

microscope. Any images acquired from electronic devices (e.g. confocal microscope''’̂ ) 

contain background signal o f various intensity, such as detector readout noise 

autofluorescence (medium, glass) or artefacts from pixel saturation. Therefore, the 

background signal of each image was corrected by subtracting the measurement 

collected for each time step from an area away from the bleached region ( R O I o ) ,  which 

had been manually selected prior to the image acquisition.

To compare different graphs obtained for each experiment, the average prebleach 

fluorescence intensity values were normalized to one by dividing the intensities o f all 

time points by the average prebleach intensity. The initial fluorescence intensity plateau 

on the curve 1(0 corresponded to the pre-bleach intensity. Mobile fraction (F^) of 

fluorescent probes and immobile fraction (F j)  could be determined from this curve (Fig 

4-4).
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P reb leach
I,

Mobile ract ioi i  I
c

1 ,

T im e

Ii: initial intensity

l o :  intensity at timepoint t o  (first photobleach intensity)

I1/2: half recovered intensity (Ii/2= ( I e - I o)  /  2 )

Ih‘. endvalue of the recovered intensity

t|/2: halftime o f  fluorescence recovery to I1/2 (t i/2 -  to)

M obile fraction F m  = ( I e  -  lo )  /  ( I i - l o )

Immobile fraction Fi =1 -  Fm

F igure 4-4: R epresentation o f  the results o f  a FRA P experim ent. The graph show s the variation o f  the 

fluorescence intensity w ith the tim e during a FRAP assay. A  fluorescence baseline intensity (Ii) is 

recorded before the photobleaching occurs (1). A fter the bleach (2), the fluorescence drop to a m inim um  

o f  intensity (Iq) and unbleached m olecu les start to  d iffuse into the ROI, hence the increase o f  fluorescence  

(3). A  fluorescent recovery threshold is reached ( I e) w hen a flat line is obtained (4). Experim ental graphs 

permit to evaluate the fraction o f  m obile (Fm) and im m obile fluorescent m olecu les (Fj) but also the 

halftim e o f  fluorescence recovery (ti/2) o f  the ROI w hich  is directly linked to the ability o f  m olecu les to  

diffuse w ithin a matrix.
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For qualitative determination o f  the recovery dynamics a first approximation can be 

done using the follow ing exponential equation.

= A.( 1 -e Equation 4-2

where I is the fluorescence intensity, A is the endvalue o f  the recovered intensity ( I e ) ,  t  

is the fitted parameter which is related to the half-time t|/2, and t is the time after the 

bleaching pulse. After determination o f  x by fitting the above equation to the recovery 

curve the corresponding halftime o f  the recovery can be calculated with the following  

formula:

In 2
= ------ Equation 4-3

T

4.1.3 FRAP settings

Fluorescent dextran, which has a molecular weight analogous to chemokines o f  around 

10 kDa such as CXCL-12 or IL-8, was used as a model to estimate the predicted rates o f  

diffusion o f  these chemokines in gels. Agarose, collagen and ECM gel were m ixed with 

FICT-dextran at a concentration o f  5 mg/ml. A volum e o f  10 |il o f  this mixture was 

dispensed on a glass slide and a cover glass was placed on top o f  the sample to 

hom ogeneously spread the sample on the glass slide. The slide was then ready to be 

observed using confocal microscopy.

FRAP experiments were performed on a Zeiss Meta LSM 510 confocal system  based 

on a Zeiss Axiovert inverted m icroscope using 63x oil immersion lens. An argon laser 

at fiill intensity at 488 nm was selected for the excitation o f  FITC-dextran fiuorophore. 

The laser was focused in the region o f  interest and a prebleached image series were first 

acquired at low  intensity illumination to measure the fluorescence intensity prior to the 

disturbance o f  the equilibrium caused by bleaching. The bleaching o f  the ROI was 

continued at higher intensity illumination and finally stopped to acquire a series o f  

postbleached images which would exhibit the fluorescence recovery in the ROI.

The chemokine diffusion coefficient (Z)) was determined by comparing i\a  measured in 

the gels o f  different composition (ECM, agarose, collagen) to that in similar size droplet
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of saline containing 5 mg/ml FITC-dextran with known diffusion coefficient of 

8 .0  X 10'^ cm^/s.

4.1.4 Protocol for the preparation of the sample of gels

Dextran labelled with fluorescein isothiocyanate (FITC) with a molecular weight of 10 

kDa was purchased from Sigma-Aldrich (Ireland). This fluorescent dye was chosen 

because of its molecular weight that was close to the chemokines used for chemotactic 

assays: IL-8 and SD F-la. A stock solution o f 100 mg/ml of FITC-Dextran in phosphate 

buffered saline (PBS) was prepared. It was then dispensed in the gel to obtain a final 

concentration of 5 mg/ml. When that dye was excited at 492 nm, its green fluorescence 

emission was around 518 nm.

The agarose gel was prepared as it has previously been described in chapter III and was 

used at a concentration of 1 % and 0.5 %. The FITC-dextran was introduced in the 

agarose solution and vortexed for 5 s. A volume of 10 |xl of this solution was dispensed 

on a cover glass and turned into gel when its temperature cooled down at 20 °C.

Extracellular matrix (ECM) gel is isolated from Engelbreth-Holm-Swarm murine 

sarcoma (Sigma-Aldrich, Ireland). This gel is mainly composed o f laminin, collagen 

type IV, heparin sulphate proteoglycan and entactin. It presents a final protein 

concentration of 8-12 mg/ml. The gel was stored at -20 °C and before use was thawed 

overnight at 2-8 °C. ECM turned into gel within 5 minutes at 20 °C. Therefore all 

materials used to manipulate ECM gel needed to be cool down at 4 °C. FITC-dextran 

was mixed with the gel at 4 °C and 10 |o.l of this solution was dispensed on a cover glass 

and allowed to turn into gel at room temperature.

Collagen is a fibrous structural protein which is found in most supportive tissues, 

connective tissues and border between tissues in the body. It is a major component of 

the extracellular matrix, making the structure o f fibres or membranes. Bovine collagen, 

Type-1 purchased from Biosciences (Bedford, MA) at a concentration of 3 mg/ml 

turned in gel when its pH was brought to neutrality using the following procedure. A 

neutralized isotonic collagen solution was prepared by mixing 8 parts of chilled 

collagen solution to one part o f 0.01 M sodium hydroxide (NaOH) and 1 part of lOX 

phosphate buffered saline. The pH of the solution was assessed by pH paper and
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adjusted to 7.4±0.2 using 0.1 M hydrochloric acid (HCl). The diluted material could be 

used right away or stored at 2-8 °C for several hours. Before gelation at 37 °C for 10 

min, collagen was m ixed with FITC-dextran and dispensed on a cover glass.

The cover glass with each solution was incubated at room temperature in a 

humidification chamber to avoid dehydration o f  the samples.

4.2 Results of the FRAP experiments of diverse gels

Series o f  images acquired during a FRAP experiment (Fig. 4 -5) show the evolution o f  

the fluorescence intensity o f  a region o f  interest (ROI). In this example, a bleached area 

in a sample o f  PBS labelled with FITC-Dextran fully recovered by the diffiision o f  

unbleached m olecules into the ROI.

40 ijm

• • •

1 2 3 4 5
t = 0 t tl/2 t = t„C

Figure 4-5: Example o f experimental acquisitions o f  the fluorescence recovery o f a bleached area 

obtained during a FRAP experiment. A droplet o f  FITC-Dextran mixed in PBS was dispensed on a cover 

glass. The first panel shows the fluorescence intensity o f  the sample before the bleach. When the laser is 

focused on the region o f  interest (ROI) o f the sample at a high intensity, fluorescent molecules became 

photobleached (panels 2-3). Fluorescence recovery o f the ROI (panels 4-5) indicates that unbleached 

molecules diffused into the ROI.

The fluorescence recovery curves I(?) were obtained for each matrix investigated: PBS, 

ECM, agarose gels (0.5 %, 1 %) and collagen. The m icroscope software enabled the 

mathematical processing o f  the fluorescence intensity value at each timepoint and the 

curves 1(0 acquired for each assay permitted to directly obtained the halftime (ti/2 ) for 

the half fluorescence recovery in the matrices which was determined by resolving the 

equation 4-3 and the results are reported in table 4-1.

Knowing the coefficient o f  diffusion o f  the FITC-Dextran (MW: 10 kDa) in PBS'"*  ̂ and 

its t |/2  from the FRAP assay, it was possible to estimate the difftision coefficient o f  each
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gel by comparing the Ua of similar size droplet of FITC-dextran in PBS and ti/2 of 

FITC-dextran in gels^'"

Matrix t (s ) t |/2 (s)
Coefficient of 

diffusion (10'^ cm^/s)

PBS 1.55±0.18 0.50±0.08 8.00*

ECM 2.15±0.25 0.35±0.05 5.56±0.7

Collagen 2.06±0.12 0.34±0.02 5.48±0.3

Agarose 0.5 % 2.86±0.44 0.27±0.03 4.27±0.5

Agarose I % 3.15±0.20 0.23±0.02 3.60±0.2

Table 4-1: Sum m ary table o f  data obtained in FRAP experim ents. The fitted param eter x obtained from  

the fluorescence recovery curves for each matrix (PBS, ECM , collagen, agarose 0.5 %, agarose 1 % ) is 

reported in the table. The halftim e t |/2 (s) was calculated for each matrix using equation 4-3 and their 

diffusion coefficients (cmVs) were estim ated. Results are the mean ± S.E.M . o f  three independent 

experim ents. * Data from literature^'’

4.3 Discussion

FRAP experiments were carried out to evaluate the coefficient of diffusion of the 

chemokines (IL-8, CXCL-12) within a gel environment. FITC-dextran was used as a 

fluorescent marker and was mixed in PBS, ECM gel, collagen and agarose gel (0.5 % 

and 1 %). That marker was chosen because it would react in a similar marmer than the 

chemokines (used in chemotactic assays) due to its analogous molecular weight. FITC- 

dextran was also chosen because it could be totally photobleached. Therefore, the 

fluorescence recovery of a bleached area was possible only because of the diffusion of 

unbleached molecules within the sample.

The half-time obtained for each matrix from the fluorescence intensity curve I(/) 

enabled the study of the behaviour of the fluorescent molecules within different 

environments. According to the faster rate of diffusion of unbleached molecules into the 

bleached area in the PBS sample than the rate of diffusion of the fluorescent molecules 

in gels, the freedom of movement of the fluorescent molecules in a liquid is higher than 

in a gel. This is explained by the physical characteristics of gels that are described as
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porous materials. The structure o f a gel relies on networks o f cross-linked polymer 

chains in which “pore size” is a defining parameter. A pore is the void space in a solid 

matrix, where the void may be filled with air or liquid. Therefore, molecules in a porous 

material have less freedom of movement than in a liquid such as in PBS and would thus 

diffiise in a slower manner. This is why the difference between the rate o f diffusion of 

the FITC-dextran in each gel and in the PBS was significant.

The slower coefficient o f diffiision was the agarose gel at 1 % and the faster coefficient 

of diffusion was obtained in ECM gel. These coefficients are directly linked to the 

porosity o f each matrix. Therefore an agarose 1 % presented a narrower porosity than 

an agarose 0.5 %, a collagen, or than an ECM gel'"**. Therefore, different rates o f 

diffiision of chemokines could be generated in a biochip setting which would give the 

opportunity to assess the most suitable gel for chemotactic assays.

The diffiision coefficient o f each gel was essential to determine because it directly gave 

information on the motion of molecules. It was clear that negligible interactions with 

the matrix molecules and the fluorescent molecules occurred because a fluorescence 

recovery in the bleached area was observed. Therefore, the FITC-dextran molecules 

were able to diffiise in the gels. That was important to know for the subsequent 

advanced experiments in which chemokines would diffiise from a gel milieu in a 

channel network. The capacity o f the gel to release the chemokines in the channel 

network in the presence o f a shear flow had to be first mathematically justified. 

Therefore, knowing the coefficient o f diffiision o f each gel allowed us to process further 

simulations o f the diffiision of molecule within the different architecture o f the biochips 

designed.
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5 Chemotactic assays within microfluidic biochips

The biochip application area became popular and evolved in the last decades from plate 

based tests to devices which fit on less than a square centimetre called “lab-on-a- 

chip” '"*̂ ’ Indeed, a complete “laboratory” with miniaturised and integrated systems

can be created on a chip such as miniaturised mixers'^', diffusion chambers'^'’, integrated 

electrodes'*®, pumps^’, valves^^ and more. When these chips are used to study the 

behaviour o f fluids at the micrometre scale they are named microfluidic biochips. The 

miniaturisation o f a laboratory to a small device exhibits several advantages such as the 

decrease o f reagent consumption, the cost per analysis, and the time for each analyse. 

These biochip platforms also allow researchers to increase the quality o f their data 

thanks to more controllable process parameters. This is possible because a biochip 

provides an environment wherein repetitive tasks are automated which consequently 

minimises any human intervention and manipulations. Therefore, data are more 

reproducible, significant and reliable. These chips are adopted and applied in multiple 

areas^"*’ such as clinical diagnostics, bio-defence, genomics, environmental

monitoring and chemotactic assays.

Most of the current microfluidic biochips used for chemotactic assays designed to 

study, for example, inflammation processes are manufactured in such a way that cells 

flow on the surface o f a flat defined chamber'^^ such as a capillary microchannel^^. 

Chemical reagents in solution (i.e. chemokines^^, n a n o p a r t i c l e s a n d  cells are directly 

dispensed into the channel under controlled flow rate condition. Real-time imaging of 

the responses of cells to chemical reagents can be performed under inverted 

microscope. The design o f this type o f biochip allows the cells to migrate in both the x 

and y axes but not along the z axis which means that the freedom of movement o f cells 

is restricted to a fully planar system as shown in figure 5-1.
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Figure 5-1: Schematic illustration showing a conventional close channel with a cell movement in its 

allowed two degrees o f  freedom. Drawing shows the mobility o f  the cells flowing along the flat channel 

(x-y plane).

However, the cells homing in response to a diffusion o f chemokines (i.e. during the 

process o f inflammation) in the body is not taking place in a simple 2-dimensional plane 

and smooth milieu such as found in currently commercially available biochip designs. 

In fact, chemokines are diffused from and through the wall tissues into the blood flow 

(Fig. 1-1 and 1-2) which means that in order to provide an in vitro model which is 

closer to the in vivo homing conditions, it is necessary to release the chemokines not 

only in the main channel o f a chip but also from the surroundings {e.g. wall tissues). 

Therefore, the novel biochip designs had to include the followings: 

a constant cell flow rate (e.g. physiological regime),

an environment in which cells can freely move on all their three degrees of 

freedom,

a release o f chemokines that mimics the diffusion from and through the wall 

tissues.

Therefore, one o f the main purposes in this study is to reproduce in vitro the generation 

o f a gradient o f chemokines to trigger the cellular activation and migration towards the 

gradient. Thus, the in vitro experimental environment which will mimic the in vivo 

tissues will be generated by a matrix such as a gel. The main channel o f the device will 

contain the flow o f cells. The matrix enriched with chemokines will be connected to the 

main channel on the same plane or underneath to create a 3D support in which cells will 

be free to migrate.

The design of biochips is a real challenge for both engineers and biologists because the 

current biological models, for example o f homing process, as previously explained, 

need to be more exhaustive; hence the novel designs will be more complex. The 

development o f new biochip platforms depends on the knowledge o f the engineers in

Continuous flow  o f  cells
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computer-aided design'^* (CAD). Several software packages (e.g. Auto-CAD, 

SolidWorks) are available to develop 2D and 3D drawings o f each component which 

define the structure o f the biochip, hi addition, CAD software allows the designing o f 

the static structure whereas other software packages (e.g. COMSOL Multiphysics®) 

make it possible to implement the dynamic experimental simulation o f the biochip 

performance. COMSOL'^^ is a simulation environment for numerical computing and 

modelling which covers all the most advanced multiple applications in physics in a 

modular software package (e.g. acoustic module, chemical engineering module, MEMS 

module); among these there are dedicated modules for fluidodynamics problems. 

Therefore, the use o f computer-aided design software reduces the developing time, 

costs and allows fast additional engineering.

In this work, the preliminary biochip designing was carried out using SolidWorks 

software for the visualisation o f the structure o f the chip on a static 3D model. 

COMSOL (COMSOL AB, Burlington, MA) software permitted the creation of 

multiphysics model to study the behaviour o f fluids within each design. The 

characteristics o f the pattern o f the chip were entered in COMSOL to create a 2D 

axisymmetrical model in which the influence o f the chemokine diffusion coefficient (cf. 

Chapter 4) and the shear flow were fiilly characterised within the chip. Once the designs 

were achieved, Auto-CAD software was used to display the technical specifications of 

each structure such as the dimensions o f the pattern within the chip. Once all o f those 

steps were checked and optimised, the first prototype then was manufactured.

In this study, we developed the 2D designs as well as the dynamic simulation o f the 

novel microfluidic biochips and the company Cellix Ltd'^*  ̂ (Ireland) provided us the 

scientific consulting. Cellix Ltd is a spin-off SME company o f Trinity College 

Dublin'"'®. Cellix commercialised technology is based on several patented inventions in 

microfluidic devices and technology. They currently have several microfluidic-based 

chips on the market which are the results o f previously successful research studies
1 Icarried out in the Institute of Molecular Medicine (IMM, Dublin, Ireland). By 

continuously developing new chip and applications, Cellix has been competitive on the 

market. Thus, new chip designs were developed utilising their consultancy and 

expertise. After the first modelling and validation phase, by CAD software, the 

polymeric based chips were first manufactured by Epigem'^' (United Kingdom). This
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company has a substantial industrial knowledge and relevant technology to precisely 

manufacture a wide range o f polymer based devices and templates. The chips 

manufactured by Epigem were then assembled by Cellix with purpose designed inlets 

and outlets to comply with their proprietary pump connectors (Fig. 5-10).

Once the prototypes were manufactured and tested, the chemotactic assays were 

performed.

5.1 M aterials and m ethods

5.1.1 Commercially available microfluidic biochips

The standard commercially available VenaS™ biochip (Fig. 5-2) contains eight straight 

channels with input ports to connect the chip to the microfluidic pump and output ports 

from where liquid is evacuated. The dimensions of the microchannels are 400 |im (W) x 

100 (im (D) X 20000 ^im (L). The fluidodynamic response o f any injected fluid within 

such biochip is evaluated by calculating the Reynolds number using the equation 2-1 

(c f Chapter 2) where the liquid is considered to be water with p is the density of the 

fluid (1000 kg/m^), t| is the viscosity (10'^ kg/m.s), v is the velocity (1 m/s) and L is the 

length of the channel (0.02 m). Therefore, the Reynolds number calculated under the 

above specified condition is equal to Re = 0.02; therefore the flow in such microchannel 

is laminar (Re «1).

Figure 5-2: Photograph o f  a commercialised microfluidic biochip. Photograph shows a VenaS™ 

microfluidic biochip manufactured by Cellix Ltd which contains 8 channels (400 nm-lOO nm-20000 ^m) 

(Courtesy o f Cellix Ltd).
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Another important feature for our biological experiments is that the chips enable the 

adhesion of cells onto these channels in a similar manner than the adhesion o f cells onto 

the wall tissues in in vivo (c f Fig. 1-1). To achieve this, the surface o f each channel was 

coated with leukocyte-endothelial cell adhesion protein such as ICAM-1 and VCAM-1 

at a concentration of 1 |o,g/ml. The biochip was then kept in a humidification chamber to 

avoid any evaporation o f the reagents and incubated at 37 °C for 2 hours. The channel 

was washed twice with PBS and blocked with 2 % BSA for 30 min at 37 °C and 

washed again twice with PBS. PBL cells at a concentration of 5 x 10  ̂cells/ml were then 

dispensed by using the Cellix pump at various shear stresses: 0, 1,2,  3, 4, 5, and 10 

dyn/cm^ to study the influence o f shear stress on the ability o f cell adherence.

5.1.2 Biochip for chemotactic assays in a 3D plan

The aim was to develop a design in which cells can migrate in the three x, y and z axes 

by connecting a Channel B (Ch. B) to a Channel A (Ch. A) which was underneath the 

Channel B (Fig. 5-3).

Channel B

Continuous flow o f cells

Channel A

Figure 5-3: Illustration o f  the freedom o f movement o f  the cells in the x, y and z axes in a novel biochip 

design. Channel A is connected to the Channel B and can be filled with gel and chemokines. The 

diffusion o f chemokines will occur from the Channel A into the Channel B and cells will be free to 

migrate from the Channel B to the Channel A.

The software eDrawing from SolidWorks was used to develop the chip model design 

which is here called “Prototype 1” (Fig. 5-4).
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Direction o f the 

diffiision of 

chemokines

Direction o f the
►

flow o f cells

Figure 5-4: 3D schematic drawing o f  the novel design called Prototype 1. The model shows the Channel 

B which will contain the continuous flow o f cells and the two perpendicular channels A| and A2 which 

will contain the chemokines. The diffusion o f  chemokines into the Channel B will stimulate the migration 

o f cells towards the gradient o f chemokines generated.

With such design, the cells will continuously flow  in the Channel B, while  

perpendicular channels Ai and A 2 will be filled with a gel enriched with chemokines. 

This system was designed to avoid any constrain for the cells to migrate from the 

Channel B through the gel into the different Channels A containing the chemokines. 

Cells will have the choice to migrate towards either o f  the part o f  the Channel A: A i, 

A 1, A 2, or A 2.

5.1.3 Mathematical model applied to the Prototype 1

For the design o f  the Prototype 1, the gel will first be dispensed in the Channel A | with 

the pump at a shear stress o f  1 dyn/cm^ (Fig. 5-5). It was necessary to estimate the 

volum e AV o f  the gel which could seep into the Channel B while it was dispensed in the 

Charmel A i. Calculations were done with both water and agarose 2 % solution in order 

to obtain a range o f  volum e AV depending on the viscosity o f  the solution used.
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A t time t=to

Interface between

Channel A and Channel B

Channel A

Channel B

At time t=t„ when the gel is 

dispensed in Channel A Volume AV of

seeped into 

Channel B
Channel A

At the interface between

Channel A and Channel B: Pq +AP/2Channel B

Figure 5-5: Determination of the excess of liquid in the Channel B from the gel dispensing step in the 

Prototype 1. It was assumed that the outlet ports of the Chaimel B were sealed and therefore Channel B is 

compared to a close system which at time t=to has a volume of air Vq at a pressure Pq; according to the 

gas law, at to, Po-Vq = const. When the gel is dispensed in the Channel A, a volume of liquid AV can seep 

into the Channel B. When applying a pressure Pi at the entrance of Charmel A at t„, the pressure along the 

Channel A will decrease to attain P2 . The difference of pressure between Pi and P2 is named AP. The 

pressure in Channel B at the intersection of both channels is equal to Pq + AP/2.
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It was assumed that:

the temperature and the pressure were constant at to, 

both channels A and B have the same volume, 

both outlet ports o f the Channel B were closed,

when the pressure is dropped the gel should be set because of the low volume 

dispensed,

Channel B is a closed system which contains a volume of air Vo at a pressure Po 

at time t = to. According to the ideal gas law: PoVo= const.

When the gel is dispensed in Channel A at time t = t„ , according to the conservation of 

mass in a closed system the volume of air in Channel B at the intersection of the two 

channels will be:

AP
PoVo = (Po +  ) X (Vo - A V ) — const Equation 5-1

where AP is the difference o f pressure between P| and P2 when the gel is dispensed in 

the Channel A and AF is the volume which may enter into the top channel.

The equation above leads to:

^ f^oxAP
A K = -------------------------------------------  Equation 5-2

2P0 + AP

In order to calculate the volume IsV , the difference o f pressure AP needed first to be 

estimated when dispensing the gel at a shear stress o f 1 dyn/cm^ using the following 

equations. The average of fluid velocity in the microchannel (400 |xm x 100 îm x 

20000 îm) will be given by formula'^^:

Equation 5-3

with T being the shear stress applied in the channel, h the depth of the channel, b the 

width o f the channel and // the viscosity o f the fluid.
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The mean velocity Q o f  the fluid in the circular capillary under a limitation o f  laminar 

flow  was subjected to Poiseuille’s law :

A P x
Q = --------------------

128  X 77 X L Equation 5-4

with D  being the diameter o f  the capillary, rj the viscosity o f  the fluid and L the length 

o f  the capillary.

Therefore, to calculate AP, the previous equation led to:

Q X 128 X 77 X L n ^
=  —_____________ ______ Equation 5-5

7T X

The hydraulic diameter Dh is calculated when handling flow  in a non-circular cross-

section channel and it is defined as:
^  4  X cross sectional area  Equation 5-6

 ̂ perimeter  o f  channel

For a square cross-section channel with sidewall a and b;

A x  a x  b _ 2 x  a x  b Equation 5-7

 ̂ 2((Z -l- fj) a b

Hence, it was possible to calculate the volum e that could seep into the Channel B for 

different shear stresses during the gel dispensing step using equation 5-2. Before 

carrying out a chemotactic assay, the mathematical model was validated using the gel 

pure or m ixed with FITC-dextran (5 mg/ml) dispensed into the Channel A  in order to 

study its behaviour within the biochip.

5.1.4 T-junction biochip design

An alternative design incorporating a T-junction structure which will be further referred 

as “Prototype 2” was developed to connect a perpendicular channel on the same x-y  

plane as Channel B. This design was developed to allow  the cells, flow ing in Channel 

B, to migrate towards the gradient o f  chemokines generated from each branch o f
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Channels A (Fig. 5-6). The CAD generated model obtained with eDrawing is presented 

in figure 5-7.

Channel A ,

/  71
Channel B

/
C ontinuous flow  o f  cells  

------------------------------------------ ^  L q  T j

/

Channel A ’l

F igure 5-6: Illustration o f  the freedom  o f  m ovem ent o f  cells in a T-junction design. The m odel show s 

that cells w ill be free to migrate from the Channel B to the Channels A i and A ’l on a 2D  plan.

D irection o f  the

diffusion

chem okines

D irection o f  the

flow  o f  ce lls

F igure 5-7: Schem atic representation o f  Prototype 2 based on T-junction structure. The m odel show s the 

Channel B w hich w ill contain the continuous flow  o f  cells. The diffusion o f  chem okines w ill occur from  

the four perpendicular channels A |, A  i, A 2 , and A 2 . One perpendicular channel can be filled  w ith one 

chem okine (e.g . S D F -la )  and the other side o f  the channel with another chem okine (e .g . R A N TE S) to 

study the possib le potentiation o f  one chem okine with another.

The purpose o f  the T-junction design was to study the influence o f  two chemokines 

working in synergy'^'* (§ 2.4). Crossed channels A | and A 2 can be filled with one type o f  

chemokine (e.g. S D F -la ) and channels A i  and A 2 can be filled with another 

chemokine (e.g. RANTES). This design presented the option to vary the relative 

concentrations o f  both chemokines to study any possible potentiation o f  one chemokine 

with another. However, experiments with the same chemokine in the four channels A i, 

A 1, A 2 , and A 2 were first tested to evaluate the validity o f  the design.
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5.1.5 Simulation of physical phenomena in the Prototype 2

COMSOL was used to generate mathematical models describing the physical 

phenomena within the Prototype 2. These models were a prediction o f the direction of 

the diffusion of the chemokines in response to the flow and thus helped in the validation 

of the design. Once the chip was developed, the gel pure or mixed with FITC-dextran 

was first dispensed into the Channels A without dispensing the cells in the Channel B in 

order to observe the behaviour of the gel at the intersection of both channels.

To describe the computational model, different steps have to be set: determine and 

simplify the geometry, specify the physics behind the problem, create the meshing of 

the defined geometry and finally identify all the solvers and post-processing condition 

for a clear convergence and accuracy on the model. The description of all the steps that 

lead to the simulation for the Prototype 2 are here below reported.

The geometrical definition and shape of the channels was developed by creating an 

axysimmetric two-rectangular subdomain (Fig. 5-8). These are representing Channel B, 

comprising with the flowing cells (subdomain 1) and Channel A, filled with gel and 

chemokines (subdomain 2). The multiphysics model choice is based on convection- 

diffusion equations. Convection is the transport o f molecules or heat due to the 

movement of the surrounding molecules whereas diffusion is described as the net 

transport of molecules resulting from random motion. Due to the nature o f the 

experimental design, the model conditions were set to be at constant temperature. 

Therefore, the governing equation was the diffusion. There, we assume the system to be 

at ideal condition, and therefore the equation of conservation is the main equation used 

for the model. In the model, the inlet o f the subdomain 1 defines the conditions at the 

entrance of the Channel B, which means where a continuous flow of cells will be 

dispensed. From the experimental data, the inlet boundary was set to 1 dyn/cm . In 

order to have a degree o f freedom on the model the opposite end of subdomain 1 was 

define as the output o f the system and therefore set to be the depending variable in the 

model. Channel A-to-Channel B interface, where fluid mixes with the gel, was 

described to be linear in the model and was set to have continuous non-boundary slip 

condition. This defined the ideal experimental case where the gel maximum dissolution 

surface diffuses the chemokine along the fluid-cell channel.

- 7 4 - Chapter 5



The aim of the simulation was to show the dynamic of the diffiision o f chemokines 

from the subdomain 2 to the subdomain 1, thus the coefficient o f diffusion of the 

chemokines in each gel was also set. Following to the geometrical definition of all 

subdomain boundary conditions, a meshing process was carried out to refine the model 

and remove any possible incongruencies or irregularities in the boundaries and internal 

nodes. There, triangular elements without any single point solution where implemented 

and checked. After that, the model is solved according to the experimental conditions 

set in each individual element.

Channel B

0.6
Subdomain 1

0.4

0.3

Finite mesh pre solver
■0.1

-0.2

-0.3

-0.4

-0.5

-0.6

-0.7
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y (pm)
-0.9

x (pm)

■2 - 1,8 - 1.6 - 1.4 - 1,2 -1 -0.8  -0.6  -0,4  -0,2  0 0,2  0,4  0.6  0.8  1 1.2 1.4 1,6 1,8  2

Figure 5-8: Finite element model o f  the Prototype 2 using COMSOL. The design o f the chip is divided 

into two subdomains: the subdomain 1 represents the Channel B and the subdomain 2 represents the 

Channel A. Both subdomains are meshed accordingly.

Before carrying out a chemotactic assay, the mathematical model was validated using 

the gel with no chemokines in order to study its behaviour within the biochip. The gel 

pure or mixed with FITC-dextran (5 mg/'ml) was dispensed in the Channel A.
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5.1.6 3D Biochip with a membrane

Taking into account the advantages o f the configurations o f the Boyden chamber and 

the under-agarose assay (§ 2.8, § 3.1.7), two alternative designs were also considered: 

1) a microfluidic channel can be created within a gel scaffold in which cells could 

continuously flow, and 2) a porous membrane coated with a gel introduced into a 

biochip setting can mimic the blood vessel wall environment. Technologically, the first 

design was not conceivable with the facilities available during the project. Nonetheless, 

a new device based on the second design was developed which consisted of two 

separate chips that are assembled together with a porous membrane placed between the 

two chips (Fig. 5-7). The surface of one chip is either flat or two channels are etched. 

Therefore, different configurations are possible: either two chips with both etched 

channels are assembled together (Prototype 3a) or two chips which the bottom chip is 

flat and the top chip with etched charmels (Prototype 3b) are assembled together. In the 

Prototype 3b, either a gel can be filled on the bottom channel or chemokines can 

continuously flow underneath the membrane. Prototype 3b was first used to observe the 

response o f the flowing cells to a membrane coated with cell adhesion molecules (§2.6).

 ► Direction o f  the

flow o f  cells
Prototype 3a t 'la m p  screvN 

Fluid ports

Chip » ith 2 ctchcd channels 
on the bottom inside

Porous mem brane

Chip w ith 2 ctched channels 
on the top

Prototype 3b Clam p screw

Fluid ports

Chip with 2 ^ c h e d  channels 
on the bottom inside ---------

Porous pfem brane

Plasma treated substrate

Figure 5-9: Drawings representing the design o f  the Prototypes 3. Either two chips with etched channels 

are assembled together (Prototype 3a) or one flat chip is assembled with a chip with etched channels 

(Prototype 3b). A porous membrane is placed between the two chips, for example, to mimic the vessel 

blood wall tissues. Clamp screws ensure tight contact o f  the chips and the resulting formation o f  sealed 

channels between them.
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The Isopore® membrane (Millipore, Ireland) with 3 ^m of pore size was mainly used as 

a barrier fiinction between the two chips on a similar manner than the in vivo 

endothelial layer which separates the blood flow from the tissues. In addition, the 

porosity of the membrane makes also possible the migration of cells through it. A 

polycarbonate membrane was chosen due to the smooth glass-like surface which 

permits microscope experimental observation on the surface of the membrane. In this 

arrangement, the membrane was coated with fibronectin (1 mg/ml) according to the 

manufacturer specifications. Then, it was washed twice with PBS and placed between 

the two chips. Then, cells were dispensed into the channel at a shear stress o f 0.5 

dyn/cm^ for 10 min.

For the observation of the cells on the membrane, the cells were stained with the green 

fluorescent dye CellTracker CMFDA (Invitrogen, Ireland) that readily penetrated 

through the membranes of live cells. Once inside the cell, this probe reacts with 

intracellular components to produce cells that are both fluorescent and viable for at least 

24 hours after loading. This fluorescent stain features peak absorbance at 492 nm and 

peak emission at 517 nm. The lyophilized product was dissolved in DMSO to a stock 

concentration of 10 mM. The stock solution was then diluted to a final working 

concentration of 5 in serum-free medium. Cells were re-suspended in pre-warmed 

CellTracker dye working solution and incubated for 15 min at 37 °C. After 15 min, cells 

were washed twice with medium and re-suspended in pre-warmed medium and 

incubated for another 30 min at 37 °C before their uses in the chips.

5.1.7 Microfluidic platform and standard operating procedure

The experimental microfluidic system was composed of a Minis Nanopump (Cellix 

Ltd), a heating plate, a Microscope Cage Incubator (OkoLab) and a Nikon microscope 

(Fig. 5-10). The chip was placed on the heated stage on the microscope. The pump was 

connected to the input o f the chip via flexible tube. The temperature during the assay 

was controlled and maintained at 37 °C by the Microscope Cage Incubator and the 

heating plate. Sample in the channel was directly observed under the inverted 

microscope with different lens magnification (lOx, 20x). Images were acquired with 

QICAM Fast 1394 digital camera (Qlmaging, Canada) designed for high-resolution 

using Qcapture software for real-time image preview and capture.
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Figure 5-10: Image showing the elements composing the microfluidic platform. The microfluidic system 

consists of a Mirus Nanopump (Cellix Ltd), a heating plate, a microscope incubator cage (OkoLab) and a 

Nikon microscope. The biochip is placed on the heated stage on the microscope. The pump is connected 

to the inlet o f  the chip via a flexible tube.

Cellix’s Mirus Nanopump was used to reproduce the heamodynamic shear stress in the 

microcapillary biochips. This high precision pumping system is designed to aspirate 

small sample volumes and support flow rates (100 nL/min up to 20 fiL/min) within the 

biochip channel with a range of shear stresses from 0.05 dyne/cm^ up to 20 dyn/cm^ 

controlled by the FlowAssay software. For example, in in vivo conditions the range o f 

shear stresses found in postcapillary venules is between 1 to 5 dyn/cm^ and more than 

10 dyn/cm^ in arteries'^^. A reservoir contains the cells media that will be dispensed in 

the Channel B. The reservoir also enables the heating o f the media at 37 °C. Depending 

on the experimental conditions required, the shear stress may be preset to incrementally 

increase during an assay. This was used in the study of cells adherence in response to a 

shear stress (§ 5.1.1). For the chemotactic assays, cells were dispensed into the 

Channel B using the pump at a shear stress of 0.5 dyn/'cm for 2 min in order to let the
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cells adhere to the channel. The shear stress was then increased to 1 dyn/cm for an hour 

experiment.

The FlowAssay software (Cellix Ltd) enables the user to execute preset protocols 

controlling the pump (Fig. 5.1 la). Different steps need to be followed for the set up of 

the pump. First, the pump was initialized and the geometry o f the channels used for the 

experiment was loaded. The pump was preliminary washed out with PBS before use.

The pump was ready for use when the washing steps were completed. Then, different 

steps o f the protocol were optimised and subsequently executed in all experiments:

Step 1:

Wet Tip (3 fil): a drop of liquid is dispensed at the edge of the tip to avoid any 

formation o f bubble when the liquid will be dispensed into the channel.

Step 2:

Syringe setting (6 îl): this step represents the volume of the sample that will be 

picked up. The concentration of cells used for the whole study was set to 

5x10^  cells/ml.

Step 3:

Wet Tip (3 |il): see S>tep 1.

Step 4:

Dispense into chip/preinject cells (1.5 |xl): this step was to inject the cells into 

the Channel B before applying any shear stress. This preinject step was to allow 

the gravitational cell settling at the bottom of the channel.

Step 5:

Variable Flow Rate: the value o f the shear stress but also the duration for each 

value of shear stress was chosen depending on the experiments carried out 

(Fig. 5.11b).
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Figure 5-11: Example o f the process window in FlowAssay software. Different steps o f the protocol had 

to be followed in order to first wash out the channels and then pick up the reagent before dispensing it 

into the channel (a). The value o f shear stresses and the duration at which the sample was dispensed were 

set (b) for each experiment.

During each experiment, the flow rate graph was continuously displayed showing the 

volume fraction of the sample dispensed into the Channel B as well as the value of the 

shear stress applied (Fig. 5-12). Real time imaging was performed with Qcapture 

software.
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Figure 5-12: Example o f a process window during a microfluidic experiment in FlowAssay software. 

The graph on the top o f the window displays the dynamic change in the shear stress (dyn/cm^) with the 

time (min) and the graph on the bottom shows the volume (^1) o f the sample dispensed in the channel 

with the time (min).

5.1.8 Protocol of channel coating and gel dispensing in the Prototypes 1 and 2

The gel (ECM, agarose or collagen) dispensed in the Channel A in the Prototype 2 is an 

essential step in order to obtain a smooth surface at the intersection of both channels to 

ensure a laminar flow. Then, from a stock solution o f the gel 10 [il only 1 |il (which is 

the maximum volume that can contain this channel) was pipetted out and dispensed 

inside the Channel A. The gels used were thermosensitive, and as expected from their 

properties, the lower the volume is pipetted, the quicker the gel changes its molecular 

organization to gelify. This is why, by pipetting out 10 |̂ 1, we minimized the effect of 

the temperature on the pipetted gel solution.

Due to the low melting temperature of all gels, all the preparations were performed 

below 4 °C temperature. In this case, ice containers were used to reduce the temperature 

during the mixing procedure. The chip was placed on a steel plate on ice because the 

plastic o f the chip poorly conducts heat. According to the temperature at which agarose
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becom es gel (§ 3.1.4), the chip needed to be warmed up at 40 °C on a heating plate to 

facilitate to dispense o f  the agarose solution into the Channel A.

The coating o f  the surface o f  a channel was also crucial as the chemotactic assays relied  

on the capacity o f  the cells to stick onto a hom ogeneous coated surface. Tw o protocols 

for coating the channels and for dispensing the gel were used in order to find the best 

method. Protocol A: Channel B was coated first with recombinant human ligands and 

then the gel was dispensed into the Channel A. Protocol B: the gel was firstly dispensed  

Channel A and then the Channel B was coated with recombinant human ligands.

Protocol A: Channel coating/Gel dispensing:

the outlet ports o f  the Channel A  were sealed with squeezed steel pms,

the solution o f  ligands (10 îl) was dispensed into the Channel B,

the chip was incubated Ih at 37 °C in the humidification chamber placed in the

incubator with 5 % CO2,

the Channel B was washed twice with PBS (10 ^1) in order to remove the 

solution o f  ligands that have not been im m obilized onto the surface o f  the 

channel,

the outlet ports o f  the Channel B were sealed and the outlet ports o f  the Channel 

A were unsealed,

A volum e o f  10 |xl o f  gel was pipetted and 1 |al was carefully dispensed into the 

Channel A. The experimental conditions depended on the gel used (see above). 

The chip was incubated at 20 °C for 30 min (*) to allow the gel to set.

Protocol B: Gel dispensing/Channel coating:

the outlet ports o f  the Channel B were sealed with squeezed steel pins,

10 1̂ o f  gel was pipetted from the stock solution and 1 |al was dispensed in each 

Channel A at the appropriate experimental conditions depending on the gel used 

(see above). The chip was then incubated at 20 °C for 30 min (*) to allow  the 

gel to set,

the outlet ports o f  the Channel B were unsealed and the outlet ports o f  Channel 

A were sealed,

the solution o f  ligands (10 fal) was dispensed into the Channel B,
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the chip was incubated Ih at 37 °C in the humidification chamber placed in the 

incubator with 5 % CO2,

the Channel B was then washed twice with PBS (10 |al) in order to remove the 

ligands that have not been immobilized onto the surface o f the channel.

(*) Technical notes: at this stage, two options o f chemokines incorporation into the gel 

were possible:

1. gel was dispensed into the Channel A and left to gelify. Subsequently, gel 

was soaked with chemokines for Ih at 37 °C by dispensing chemokines in 

the Channel B,

2. gel was directly mixed with chemokines and dispensed in the Channel A.

It was also possible to seal the outlet ports with 2 % agarose instead of the steel pin. In 

this case, the ports o f the channels were permanently sealed because the agarose gel was 

too viscous to pipette it out from the outlet ports. That is why sealing the ports with 

agarose gel was only processed when the Channel A was first filled with the gel.

Both protocols were tried out and they both have advantages and background which are 

discussed in the results part (§ 5.2.3.3).

In the Prototype 1, the gel was dispensed in the Channel A with the pump. First, the two 

output ports o f the top channel were sealed with squeezed steel pin and then 10 ^1 of gel 

was aspirated with the pump to subsequently dispense it into the Channel A. The chip 

was placed on ice if agarose was used or on heated stage if  collagen and ECM gels were 

used in order to let the gel gelify during the dispensing. The solution o f ligands (§ 5.1.1) 

was further dispensed into the Channel B and incubated Ih at 37 °C.

5.1.9 Culture of cells

PBL cells were used for this study at a concentration o f 5 x 10  ̂ cells/ml and 6 îl were 

aspirated with the pump to dispense it into the Channel B. The protocol o f isolation of 

the cells as well as the culture is detailed in the section 3.1.1.
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Human umbilical vein endothelial cells (HUVEC) isolated from human umbilical cords 

were cultured in complete M l99 media that was obtained by using the following 

protocol. First, 3 ml of M l 99 media was added to 10 000 units of heparin. A volume o f 

10 ml o f M l99 media was added to endothelial cell growth mitogen (ECGM) and 5 ml 

o f that solution was mixed with the heparin solution. Then, the M l99 media was 

supplemented with 5 ml o f the heparin/ECGM solution, 5 ml of penicillin/streptomycin 

and 20 % FBS.

Tissue culture flasks were coated with 0.2 % gelatine type A porcine skin (Sigma, 

Ireland) to allow successful adherence o f HUVEC. Gelatine was warmed up at 40 °C to 

permit gelatine to go into solution and 5 ml was dispensed into a T75 flask. The flask 

was then incubated at 4 °C for 20 min to let the gelatine turn into gel. Excess o f gelatine 

was removed before seeding the cells.

HUVEC were used at passages 2 or 3 for the experiments as they had the highest level 

o f CD44 expression. HUVEC cells that have reached 80 % of confluence were re

seeded on a new flask. First, the media was removed from the flask. Trypsin is used to 

detach the cells from the flask. However, the serum in the media contains trypsin 

inhibitor, therefore adherent cells were washed twice with pre-warm PBS and 5 ml of 

trypsin was dispensed on top o f the cells and incubated at 37 °C, 5 % CO2 . The process 

o f trypsin proteolysis was stopped after 5 min by dispensing 5 ml of complete media 

into the flask. Cells were counted, spin down and re-suspended in complete media for 

further cell culture or directly used for the experiments carried out with the Prototype 3. 

HUVEC in suspension (200 |il o f 10 x 10  ̂ cells/ml) were dispensed on the bottom of 

the chip (Prototype 3b) and incubated for 30 min at 37 °C, 5 % CO2 in order to let the 

cells to settle down and to adhere onto the surface of the chip. The non-adherent cells 

were then washed twice with complete medium. The adherent cells were activated with 

20 ng/ml o f TNF-a for 2 hours at 37 °C, 5 % CO2 . The cells were washed twice with 

media and the bottom of the chip was sealed with the top chip.
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5.2 Results

5.2.1 Evaluation of the adherence of ceils in VenaS™ channels

VenaS™ biochips from Cellix Ltd were used to assess the capacity o f PBL to adhere to 

ICAM-I and VCAM-1. After 2 min at 0 dyn/cm^ (static), cells settled and adhered at 

the bottom of the channel and shear stress was gradually increased to 10 dyn/cm^ 

(Graph 5-1).

I  80 - -

BBSA
60 - - ■  ICAM-1

□  VCAM-1
c  4 0 - -

20 - -

Shear stress dyn/cm

G rap h  5-1: Adhesion o f PBL cells on the surface o f a VenaS™ channel coated with BSA, ICAM-1 and 

VCAM-1 in response to an increase o f shear stress.

Graph 5-1 shows that 50 % of adherent cells were still attached onto the coated surface 

at 1 dyn/cm^ whereas at higher shear stresses (10 dyn/cm^) only 20 % of the cells 

remain attached to the surface o f the channel. This correlates with the in vivo cell 

adhesion observation which occurs at low wall shear stresses (1 dyn/cm^).

Therefore, working with a channel with a surface coated with ICAM-1 and VCAM-1 

will allow cells to adhere onto the channel to subsequently migrate towards the gradient 

of chemokines generated in the new Prototypes.
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5.2.2 Results obtained using the Prototype 1

5.2.2.1 Design of the Prototype 1

The design o f the Prototype 1 is presented in figures 5-13 and 5-14 where the 

Channel A corresponds to the sinuous line and the Channel B corresponds to the 

straight line. Input and output ports o f each channel are on each side o f the chip. The 

sinusoidal shape o f the Channel A was done to have multiple intersections between 

Channel B and A to create a multiple release o f chemokines.

Input ports Output ports

Channel A Channel B

Figure 5-13: Photograph representing the Prototype 1. The sinuous channel corresponds to the 

Channel A which is underneath the straight Channel B. The bottom  channel will be filled with gel and 

chem okines while the cells will continuously flow in the Channel B. The four intersections between the 

Channels A and B represent the sites where the chem okines will be released from  the Channel A to the 

flowing cells.

The specifications given by Cellix Ltd for the Prototype 1 are presented below 

(Fig. 5-14). For each type o f  chip, input ports and output ports have the same properties.
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Figure 5-14: Schematic drawings showing the technical specifications o f  the Prototype 1. The general 

overview  o f  the design o f  the chip is shown in figure (a). The dim ensions o f  the intersection between the 

Channels A and B are given in figure (b). The technical specifications o f  the inlet/outlet ports “b” o f  the 

channels are presented in figure (c). D imensions are given in mm.
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5.2.2.2 Mathematical model applied to the Prototype 1

The volume o f  gel that could come into the Channel B o f the Prototype 1 while the gel 

is dispensed in the Channel A can be firstly calculated as the average fluid velocity Q 

(cmVs) o f w ater dispensed in Channel A using equation 5-3:

Th^b „ ■ cQ — _____  Equation 5-3
^ r̂i

T =  1 dyn/cm^ 

h = 0.01 cm 

b = 0.04 cm 

r| = 10'^ g/cm.s

1 X O.Ol  ̂ X 0.04 
6 X 10-

Q = -----  ̂  ̂  =  66 X 10  ̂ cm^/s

where equation 5-5 is applied to calculate the difference o f pressure AP between the 

inlet port and the outlet port o f the Channel A while the gel was dispensed in it;

Q X 128 X n X L
AP  =  --------------- -------

j l  X Equation 5-5

Q = 66.1 O'*’ cmVs 

L = 2 cm

D = (2x0.04x0.01 )/(0.04+0.01) = 1.6x10'^ cm

66 X 10“  ̂ X 128 X 10“2 X 2 
n X (1.6 X 10-2)^AP = ------- _   ̂ ^ 1 0 - 2 ^ 4 -------- “  dyn/cm^ =  0.82 x 10  ̂N / cm}

There it results that the variation in pressure between Channel A and Channel B is

A P=  0.82 X 10'^ N/cm^.

Knowing AP, the volume that may seep into the top channel was estimated using 

equation 5-2:

Vq X A P
~  2Pq -H AP  Equation 5-2

Vo = 2 x 0 .0 4 x 0 .0 1  = 8 x  10'^ cm^

Po= 1.013 b a r=  1.013 x IO'^'n W  

AP = 0.82 X 10'^ bar = 0.82 x 10’’ N/cm=
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8.10-^x0.82x 10'̂
"  2x1.013x10'^+0.82x10'^

which results in a AV = 0.32 nl.

The same calculations were done for the agarose gel 2 % and we obtained a volume 

A V= 164 nl.

Therefore from the theoretical calculation the volume AV of the liquid that could seep 

into the Channel B is on the range of the nanolitre which results to be negligible in 

comparison with the total volume injected (10 |al).

S.2.2.3 Validation of the model

During the validation phase of the new channel prototype it was experienced that when 

the gel was pre-loaded into the syringe and then injected into the Channel A, the gel 

seeped into the Channel B for each attempt to entirely fill the volume o f the Channel B. 

Solution to this problem was using manual syringe injection of the gel in the Channel A 

(Fig. 5-15) by a 10 |al pipette. This resulted to be effective and allowed the gel to only 

seep at the surrounding o f the Channel A, where the excess of gel in the Channel B was 

removed by counter-injection by a 10 |il pipette of air or PBS. It is important to notice 

that by doing this, the injected-gel when approximating to the intersection of both 

channels was partially washed away and subsequently replaced by “air bubble” 

formation (Fig 5 -15a). This was consistently seen across every experiments carried out. 

The phenomenon was highlighted by injecting fluorescent dyes (e.g. FlTC-dextran) 

mixed with the gel and then imaged by optical microscopy (Fig. 5-15b). When the same 

experiment was carried out with shear stresses (0.1, 2 and 5 dyn/cm^) applied in the 

Channel B by controlled pump injection, the decrease in fluorescence intensity in 

Channel A occurred within seconds which means that the concentration of FITC- 

dextran in the gel decreased and that fluorescent molecules have been washed away.
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Figure 5-15: Photographs o f  the intersection o f  the channels o f  the Prototype 1 when the Channel A was 

filled with gel. Gel seeped from the Channel A (Ch. A) to the Channel B (Ch. B). When the excess o f  gel 

was washed away from the Channel B dispensing PBS with a pipette, the gel at the intersection o f  both 

channels within the Channel A was also washed away, (a) An “air bubble” was formed in the Channel A. 

(b) Under fluorescence observation; no visible gel was detected at the intersection o f  the channels, (c) 

Observation o f  the fluorescence intensity o f  the gel when the pump was used to remove the gel from the 

Channel B, a time t=0, (d) after applying PBS at 1 dyn/cm^ for 5s.

The three types o f  gel mentioned earlier were used for this experiment. W orking with 

collagen and ECM gels allowed us to wash out any excess gel from Channel B. 

However, agarose gel was not a viable procedure as agarose gel blocked the Channel B 

irreparably because o f its greater viscosity when compared to the two other gels.

After the gel (either ECM or collagen) was removed from the Channel B, no gel 

remained in the Channel A, or at the intersection o f both channels; that lack o f  gel 

created a “gap” which changed the flow path: the fluid dynamic was turbulent and not 

laminar.

These observations are clearly confirmed when cell-media injection were carried at 

variable shear stresses (0.1 and 1 dyn/cm ). The results are shown on figure 5-16.
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A, - D irection o f  th 
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Channel A
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captufcd in the “g a p ^

Bottom o f  the Channel A after the

gel was removed = “gap” with 

accum ulation o f  cells in it.

F igure  5-16: Experimental observation o f  the distribution o f  the cells in the Channel A at the intersection 

o f  both channels in the Prototype 1. The cells dispensed into the Channel B fell into the “gap” created in 

the Channel A by the lack o f  gel at the cross section area. The cells were captured in the “gap” and the 

regime o f  the fluid flow becam e turbulent.

The cells fell down into the “gap” formed by the lack o f  the gel at the cross section area 

in the Channel A. This “gap” led to the formation o f  a vortex (Fig. 5-17).
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Channel B

Flow o f  cells

described as a

single line

Channel A

Creation o f  a vortex because o f  the

lack o f  gel in the Ch. A

Figure 5-17: Schematic representation o f  the dynam ic o f  the flow o f  cells in the Prototype 1. W hen the 

flow o f  cells (orange line) com ing from the Channel B attains the intersection with the Channel A, the 

flow is trapped in the Channel A because o f  the lack o f  gel which creates a vortex.

C ells w ere not in a continuous flow in g  state anym ore, but w ere continuously captured  

in the “gap” w here a large cluster o f  ce lls  w as formed.

5.2.3 Results obtained using the Prototype 2 

5.2.3.1 Design of the Prototype 2

The design  o f  the Prototype 2 is presented in figure 5-18. This w as achieved by  

d esigning a new  chip w ith three Channels B connected to either four Channels A  

(C hannels A |,  A i ’, A 2 , A 2 ’) or tw o Channels A  (A | and A 2 ).
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Figure 5-18: Schem atic draw ings showing the technical specifications o f  the Prototype 2. The general 

overview  o f  the design o f  the chip is shown in figure (a). Detail o f  enlargem ent junc tion  cross section: 

dim ensions o f  the end o f  the Channels A at the intersection o f  both channels are given in figure (b). 

Dim ensions are reported in mm.

As it is shown in figure 5 -18b, the junction connection between Channels A and 

Channels B is purposely made not sharply straight with a 90 degree angle, but with 

wider enlargement at 45 degrees. The reason for such a design was in response to the 

experiments carried out with Prototype 1 where it was found that when a gel is
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dispensed in a straight channel this create a prominent meniscus. However, with the 

configuration o f the Prototype 2, having a channel with wider end allows the gel to 

create a flatter meniscus which would have an almost negligible impact on the resulting 

fluid dynamics o f the channel.

S.2.3.2 Theoretical validation o f Prototype 2 model

T he theoretical prediction o f the diffusion o f  ehemokines in the Prototype 2 is presented 

in figure 5-19. From the implemented finite element model and solved mesh geometry 

(Fig. 5.8), it can be seen that the colour coded concentrations within each domain 

reflects the concentration o f the flow o f cells in mol/m^. The concentration changes 

along the subdomain 1 due to the difference o f pressure between the inlet and the outlet. 

The arrows depict the direction o f the flow and the diffusion o f molecules (mol/m .s) in 

subdomain 1 and subdomain 2 respectively. The red streamlines corresponded to the 

sum of the arrows in the subdomain 1. The blue streamlines were the representation o f 

the dynamic o f the gradient in the subdomain 2.

Ch. B / Subdomain 1
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Figure 5-19: Theoretical model showing the dynamic o f  molecules and fluid in the Prototype 2. The 

model shows the result o f  the dynamic o f  the gradient o f  ehemokines (blue streamlines) in response to the 

flow (red streamlines).
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This theoretical model shows that the dynamics o f  the laminar flow changed when it is 

viewed at the channel intersection point and that it erodes the gel (arrows going into the 

subdomain 2). The erosion o f the gel will induce a diffusion o f chemokines only on the 

vicinity o f the intersection (blue streamlines). In addition, as the gel gets eroded, the 

surface o f the gel becomes not linear at both comers o f the Channel A creating 

perturbation to the main laminar flow. Therefore, the comers encountered by the flow 

were an obstacle for both the flow and the gradient as it is shown in figure 5-19. This is 

why on both comers the streamlines o f the concentration gradient were chaotic. This 

means that the observation o f the cell migration should be observed after the T-junction 

where the cells are in laminar flow and where the chemokines are diffused.

5.2.3.3 Validation o f the model

Prototype 2 was successfully manufactured following the specifications and protocols 

given in section 5.1.8. Protocol A, which consists o f first coating Channel B with 

ligands and then filling Channel A with gel has shown drawbacks: a) the ligands 

dispensed in Channel B were also distributed in Channel A which made the surface o f 

Channel A wet, b) the wet surface o f Channel A made the filling o f the gel irregular. 

Following to these observations. Protocol A was found to be unsuitable to be 

implemented on Prototype 2.

On the other hand, the advantage o f Protocol B is that the surface o f the Channel A was 

not wet during the gel dispensing, thus the filling resulted to be more effective than in 

Protocol A. However, if  the gel seeped into Channel B, we observed that a layer o f  gel 

was left on the surface o f the Channel B which made the dispensing o f  the ligands 

inhomogeneous. Nonetheless, Protocol B was chosen because it presented fewer 

drawbacks than Protocol A especially during the gel dispensing step.

When a gel is dispensed in Channel A, the gel seeps into the Channel B (Fig. 5-20a). 

The excess o f  gel is then removed by dispensing air or PBS with a pipette into Channel 

B. As mentioned before (§ 5.2.2.3), when ECM and collagen were used, it was possible 

to remove the gel in Channel B. Hence, the surface o f the gel obtained at the 

intersection o f both channels appeared flat (Fig. 5-20b). If the gel was dispensed just at 

the edge o f the Channel A, the surface o f the gel formed a meniscus (Fig. 5-20c). Even

- 9 5 - Chapter 5



in this case, Channel B was impossible to clean when the agarose gel was dispensed in 

Channel A; the agarose gel remained in the Channel B. In addition, due to the 

thermoplastic nature o f the agarose polymer solution, which melts at around 85 °C

it into the channel when the temperature is above 50 °C (remark: the gel set w ithin the 

pipette within 5 s). Contrastingly to the agarose solution, chemokines are denatured 

above such temperature (> 50 °C). Due to these contrasting thermal properties between 

agarose and chemokine, it was decided not to use the agarose gel as suitable matrix for 

chemokine diffusion.

Figure 5-20: Images o f  Channel A filled with gel in the Prototype 2. Gel (ECM or collagen) is dispensed 

in Channel A. (a) Under fluorescence observation, the gel mixed with FITC-dextran seeped from Channel 

A to Channel B. (b) A flat surface o f  the gel is subsequently obtained to the washing o f  Channel B, (c) 

but a meniscus can also be obtained.

Although the gel was injected under controlled pressure in Channel A, the surface o f the 

gel dispensed presented a meniscus. Consequently, the higher pressure derived from the 

fu id  being under shear stress forced the gel to retract back into Channel A. This can be 

explained by the predominant shear force versus the injected force applied on the gel

(Chapter 3), it was only possible to pipette it from the stock solution to further dispense

jf4-FI'['C-dextran

'Meniscus o f  gel

[ Ch. B

(Fig 5-21).
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Scale bar ; 200 nm  

No gel left in Channel A 

after 1 dyn/cm^

Gel with FITC-dextran 

left in Channel A

Figure 5-21: Photograph showing the dynamic o f  the gel to a shear stress in the Prototype 2. The gel was 

mixed with FITC-dextran and dispensed into the Channel A. The surface o f  the gel dispensed presented a 

meniscus. When a shear stress o f  1 dyn/cm^ was applied the gel was pushed back into Channel A.

The attempts to get a flat surface o f  the gel w hen the gel w as d ispensed in the design  

with Channels A i/A ’ i and fis .ilA ' 2 have proven to be technically  unfeasible. W hen the 

gel was dispensed in Channels A , the m eniscus form ed w as rem oved by exerting a 

pressure to the gel to get a flat surface, but the gel from both C hannels A was pushed  

into the Channel B w hich w as subsequently blocked (Fig. 5-22).

Gel

Pressure exerted on irhe gel

Ch. A ’,

Figure 5-22: Schematic drawings o f  the issues met during the dispensation o f  the gel in the Prototype 2. 

Observation made when dispensing the gel in the Channels A |/A ’i and For example, in Channels

A |/A ’|, the meniscus formed (a) was gently pushed (b) in order to get a flat surface. The pressure exerted 

on the gel (black arrow) kept pushing the gel towards the Channel B (c). Thus, when both Channels A 

were filled with the gel (d), the Channel B was blocked with the gel (e).

It resulted that working w ith Channel B w hich  is connected on ly  to C hannels A | and A 2 

w as more successfu l to d ispense the gel and subsequently w ashed the Channel B to get 

a flat surface o f  gel (Fig. 5-23).

Channel B

\  ✓
Channel A
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Ch. A|
Gel

X
Ch. B

Figure 5-23: Schematic drawing showing the gel dispensed in Channel A, in the Prototype 2. The 

Channel B was connected only to the Channel A |. When the gel was dispensed in the Channel A i, a 

meniscus was formed, but when the Channel B was washed a flat surface was possible to obtain (dash 

line).

By using this experimental design it was difficult to account for any migrating cells 

towards the gradient o f chemokines (Fig. 5-24). This could be mainly associated with a 

low concentration o f chemokine diffusion.

Figure 5-24: Experimental setup arrangement o f  a chemotactic assay run with Prototype 2. The gel 

mixed with chemokines was filled in the Channel A and the cells were continuously flowing in the 

Channel B. There was no significant migration o f  cells observed towards the gradient o f  chemokines.

The loading o f the gel in Channel A is a very important issue during the experimental 

preparation. In fact, if  the surface o f the gel is not flat, the uniform distribution, and 

subsequent diffusion o f the chemokine is not possible. As referred in the introduction, 

the surface does not need to be perfectly flat, but at least as smooth as possible to 

maintain a laminar flow within the chip. Therefore, wider and longer channels were two 

possible options to prevent the recurring problems encountered with Prototype 2, such

Channel A] filled 

with 

gel+chemokines

Continuous flow' o f  cells in the Channel B

n
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as vortexing and turbulence by non-laminar fluid flow condition. Also the avoidance of 

the obstruction o f the Channel B with the gel would be another aspect to take into 

account during the designing phase of the chip. The modified design of the Prototype 2 

is called Prototype 2m.

5.2.4 Results obtained using the Prototype 2m 

5.2.4.1 Design modification on Prototype 2

The design of the Prototype 2 was subsequently modified in order to have only one 

intersection between Channels B and A. This design was named Prototype 2m. The 

reason for such a design was to avoid the difficulties o f filling the gel in Channel A. 

Therefore, the designs o f these chips were done in such a way that Channels B were 

wider than in the first Prototype 2 (Fig. 5-25). With this new design, there was more 

control on the gel because the volume of the gel dispensed was greater than in the 

Prototype 2. Thus, if gel seeps into the Channel B, it will not obstruct it because of the 

wider Channel B.

Gel

— ► Pressure exerted on the gel 

D irection o f  the shear stress

(c)

Ch. B

Figure 5-25: Schem atic drawings show ing the behaviour o f  the gel when dispensed in Prototype 2m. The 

excess o f  gel in Channel B (a) was washed away when applying a shear stress (b) and a flat surface can 

be obtained (c).

Four new channel designs were developed with wider Channel B (1 mm or 1.5 mm) and 

with various patterns of the junction between Channels A and B (Fig 5-26).

(a)
Ch. A

(b)
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F igu re  5-26: Schem atic drawings showing the technical specifications o f  the Prototype 2m. The general 

overview o f the design o f  the chip is shown in figure (a). The dim ensions (in mm) o f  the different 

junctions between the Channels A and B are given in figure b, c and d. The first junction is called Jn, the 

second Js and the third Jo.
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S.2.4.2 Theoretical validation of Prototype 2m model

The COMSOL simulations for the Prototype 2m are presented in figures 5-27 and 5-28. 

The simulation o f the design with Js junction shows that the flow will erode (red 

streamlines) less the gel than in the previous design (Fig. 5-19), and the simulation for 

Jn junction will exhibit more perturbations o f  the flow on one o f  the comers o f the 

Channel A (Fig. 5-28).

Surface: Concentr«boa c [moi/m *] Contour; C oncentrabongrailen t, c [moi/m ^  Arrow: Total Flux, c ^ s)]
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Figure 5-27: Theoretical model showing the dynamic o f molecules and fluid in a Js junction in the 

Prototype 2nj. The model shows the result o f  the dynamic o f the gradient o f  chemokines (blue 

streamlines) in response to the flow (red streamlines). The cell flow is not disturbing the surface o f the gel 

and the gradient o f chemokines is diffusing at the vicinity o f Channel A but also into the Channel B.
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Figure 5-28: Theoretical model showing the dynamic o f  m olecules and fluid in a Jn junction in the 

Prototype 2m. The model shows the result o f  the dynamic o f  the gradient o f  chemokines (blue 

streamlines) in response to the flow (red streamlines). The streamlines o f  the flow show that the impact o f  

the flow on the surface o f  the gel is negligible and that the gradient o f  chemokines is diffused at the near 

vicinity o f  the Channel A.

Here, the simulations show that the gradient (blue streamlines) is diffiised across the 

surrounding area o f  the channel intersections. Therefore, in this particular case, the area 

to investigate and analyse when running a chemotactic assay is in Channel B right after 

either junction.

S.2.4.3 Validation of the model

When the gel with FITC-dextran was dispensed in the Jn junction, two different profiles 

o f the surface o f the gel were observed: 1) the gel either seeped into the Channel B (Fig. 

5-29a) or 2) a meniscus at the end o f the Channel A was formed (Fig. 5-29b). In the 

case o f  the Js junction, the gel systematically seeped into the Channel B (Fig. 5-29c). 

The excess o f gel in Channel B was then washed but more pressure had to be applied to 

remove the gel from Channel B because the Channel B was wider than in the previous 

design and subsequently no gel remained in the Channel A (Fig. 5-30d). Furthermore, 

as previously mentioned, the microscopic irregularities on the surface o f the channel did
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not permit a linear washing of the gel (Fig. 5-29e); some gel was left on the surface of 

the Channel B.

Channel B I Channel B I Channel B

Channel A I  ̂ Channel IK y  I Channel A

Scale bar : 200j^m

Figure 5-29: Photographs o f  the junc tion  o f  the channels in the Prototype 2m  when the Channel A was 

filled w ith gel. In the Jn junc tion , the gel either seeped into the Channel B (a) or a m eniscus w as formed 

(b). In a Js junction , the gel system atically  seeped into the Channel B (c). The excess o f  the gel in the 

C hannel B w as w ashed out but the gel kept being pushed back into the Channel A (d). It was noticed that 

the w ashing o f  the Channel B w as not hom ogeneous (e). This can be explained by the irregularities on the 

surface o f  the channel.

Finally, the channel with a Jo junction did not show the same issue as the one 

previously described for the Jn and Js junctions. Even if the gel still seeped into the 

Channel B, as Channel B was wider, the filling of the gel was easier than in the 

Prototype 2 and a flat surface was possible to obtain when the Channel B was washed. 

Therefore, these channels were used for chemotactic assays because the flat surface of 

the gel was able to sustain a laminar flow of cells.

S.2.4.4 Chemotactic assays within Prototype 2m

The results of the chemotactic assays carried out with the Prototype 2m were processed 

using Image-Pro. There, the displacements of each cell were fully tracked. The graphs 

5-2 and 5-3 show the final normalized track of each cell; the subtracks of each cell are 

described by the icons within the track (e.g. square, triangle). For an easier read out, 20
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cells were randomly chosen. Images were acquired just after the junction o f both 

channels where the gradient is diffused within the flow. It was expected that the cells 

will be influenced by the chemokines and will therefore be able to migrate against the 

flow towards the gradient which will be represented on the graph by an accumulation of 

tracks between the abscissa - 400 and 0. Therefore, the influence of the gradient of 

chemokines on the direction of migration o f the cells was assessed by comparing the 

subtracks o f the cells obtained from both experimental assays and control. The number 

o f subtracks of the cells found between the abscissa - 400 and 0 were compiled in the 

tables 1 and 2.

Track 1
406;e0 Track 2

Track 3

300,00 Track4
Track 5

Track 6
Track 7

Track 8

Track 9
Track 10

TrackPVI 200,00
I

- 200,00
Track 12

Track 13
Gonrnnnut f lo w  o f  cbIIs

■ : > - 200,00
Track 14
Track 15

Track 16
300,00 Track 17

Track 18
Track 19

Track 20

-400,00

X position (^m)

G raph 5-2: Graph showing the migration o f  PBL cells in the Prototype 2m  (control). The cells that had 

adhered on the surface o f  the channel were observed in real time under the microscope. The images o f  the 

migration o f  the cells were acquired after the junction o f  both channels. Each cell was tracked and the 

final normalized track o f  the migrating cells (n=20) shows that the cells are randomly distributed close to 

their initial position.
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Total number 

o f subtracks

Number o f subtracks | % of subtracks 

between abscissa - 400 and 0

Track 1 35.0 9.0 25.7

Track 2 35.0 35.0 100.0

Track 3 35.0 4.0 11.4

Track 4 35.0 8.0 22.9

Track 5 35.0 16.0 45.7

Track 6 35.0 2.0 5.7

Track 7 35.0 5.0 14.3

Track 8 35.0 8.0 22.9

Track 9 35.0 35.0 100.0

Track 10 35.0 2.0 5.7

T rack 11 16.0 10.0 62.5

Track 12 35.0 9.0 25.7

Track 13 14.0 7.0 50.0

Track 14 35.0 6.0 17.1

Track 15 9.0 9.0 100.0

Track 16 10.0 8.0 80.0

Track 17 18.0 18.0 100.0

Track 18 6.0 6.0 100.0

Track 19 25.0 3.0 12.0

Track 20 7.0 7.0 100.0

A verage 50.1

Table 5-1: Table shows the quantification o f the subtracks o f the cells migrating against the flow in the 

Prototype 2m. For each final track of the migrating cell, the number of subtracks positioned between the 

abscissa - 400 and 0 were quantified and it was found that 50.1% o f the cells analysed migrated against 

the direction of the flow.
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Graph 5-3: Graph showing the migration o f  PBL cells in response to a gradient o f  chem okines in the 

Prototype 2m. The cells that had adhered on the surface o f  the channel were observed in real time under 

the microscope. The images o f  the migration o f  the cells were acquired after the junction o f  both 

channels. Each cell was tracked and the final norm alized track o f  the migrating cells (n=20) shows that 

the tracks o f  the cells were mainly distributed between the abscissa 0-400, which means in the direction 

o f  the flow o f  cells, but not towards the gradient o f  chemokines.
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Total number 

of subtracks

Number of subtracks 

between abscissa

% of subtracks 

- 400 and 0

Track 1 41.0 40.0 97.6

Track 2 32.0 0.0 0.0

Track 3 41.0 2.0 4.9

Track 4 41.0 2.0 4.9

Track 5 41.0 41.0 100.0

Track 6 41.0 4.0 9.8

Track 7 41.0 34.0 82.9

Track 8 41.0 41.0 100.0

Track 9 21.0 5.0 23.8

Track 10 41.0 22.0 53.7

T rack 11 41.0 5.0 12.2

Track 12 28.0 24.0 85.7

Track 13 18.0 5.0 27.8

Track 14 29.0 19.0 65.5

Track 15 11.0 3.0 27.3

Track 16 10.0 9.0 90.0

Track 17 14.0 5.0 35.7

Track 18 41.0 19.0 46.3

Track 19 7.0 7.0 100.0

Track 20 4.0 2.0 50.0

A verage 50.90

Table 5-2: Table shows the quantification of the subtracks o f the cells migrating against the flow in 

presence o f a gradient of chemokines in the Prototype 2m. For each final track of the migrating cell, the 

number of subtracks positioned between the abscissa - 400 and 0 were quantified and it was found that 

50.9 % of cells analysed migrated against the direction o f the flow.

The diffusion o f  the chemokines into the channel did not influence the migration o f  

cells because there was no significant difference in the direction o f  the migration o f  the 

cells against the flow  between the control (50.1 %) and the chemotactic assay (50.9 %). 

However, the PBL “random” path in the chemotaxis assay was limited to +/- 100 |im on 

y-axis unlike the motility o f  cell in the control limited to +/- 200 |^m on y-axis. 

Therefore, the gradient o f  chemokines difftised within the channel permitted to localize 

the migration o f  cells at the surroundings o f  the chemokines diffusion.
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5.2.5 Results using the Prototype 3

The Prototype 3b (§ 5.1.6) which was composed o f one chip with a flat surface 

assembled to a chip with etched channel is shown on figure 5-30a; a membrane was 

placed between these two chips. The two chips were then assembled on a frame kit to 

seal them together by pressure (Fig. 5-30b). By using this arrangement, the ability o f the 

cells to stick onto the coated membrane when a shear stress is applied was assessed.

( a ) ......................................I (b)

Figure 5-30: Photographs show the Prototype 3b. Two chips were assembled together (a) on a frame (b).

The cells that were flowing onto both fibronectin coated surface and non-coated surface 

were flowing on the same manner onto either surface. Flowing cells trapped into the 

membrane were shown by the decrease in the overall fluorescence intensity o f all 

imaged cells at time t= 1 Omin (Fig. 5-31).
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Scale bar: 100 |am

Figure 5-31: Fluorescence im ages o f  the flowing cells stained with green CellTracker on the surface o f 

the porous m em brane in Prototype 3b. The m em brane was coated with fibronectin and the images were 

acquired at time t=0 (a) and t=10m in (b). Control was perform ed on a non-coated m em brane and images 

were acquired at t=0 (c) and t=10m in (d).

By com paiing the cells response between the different surfaces, it became clear that the 

experimental setup could be optimised. Therefore, additional experiments were 

conducted in the following fronts: a) a thin layer o f  collagen was coated on the 

membrane before assembling this membrane on the chip; b) endothelial cells were 

directly cultured on the surface o f the bottom chip, or on a membrane or on a collagen 

layer. The observation made for each o f this experiment is explained below:

a) Membrane coated with collagen: the issue observed was that the membrane was 

not homogeneously smooth after the gel was poured; and therefore when the 

membrane was placed in the Prototype 3a or 3b the cells were not flowing on a 

flat surface. At some stages, the channel was even sealed because o f  the 

unsmooth coated membrane.

b) Layer o f endothelial cells: when the endothelial cells reached confluence on 

either the collagen layer or the membrane, the top channel was placed on top o f 

that surface in the Prototype 3b. However, the cells were squeezed and there was 

not a smooth confluent layer o f cells anymore. When the endothelial cells were 

directly cultured onto the surface o f the chip, the cells did not grow.
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5,3 Discussion

Four prototypes were designed, developed, tested and validated as viable platforms for 

chemotactic assays. First, the designs were studied and mathematical models were used 

to predict the behaviour o f fluids within the chips.

In light o f the results presented in the previous section, it was found that Prototype 1 

was not a suitable design to be used for chemotactic assays because it did not com ply 

with the required volume o f chemokine-gel necessary to diffuse into the main-stream 

channel and significantly attract cells towards its generated gradient. One o f the reasons 

behind this inefficacy is that the gel did not properly set while it was dispensed into 

Channel B. Another reason is linked to the nature o f the polymer injected. In fact, the 

low volume o f gel injected was highly thermosensitive to the ambient environment 

which made the control o f this gel, when dispensed, difficult. Therefore, in each 

experiment with Prototype 1, excess o f gel were found in the injection channel and 

when that excess was washed, no gel was found at the intersection o f both channels. 

This resulted in a change o f the flow path for the cells approximating to the junction o f 

both channels due to the presence o f an unexpected “void” created by gel washing out. 

From these considerations, it was sufficient to conclude that Prototype 1 was not a 

suitable solution to be used for chemotactic assay.

In light o f the experience and knowledge generated from Prototype 1, Prototype 2 was 

subsequently designed and tested. There, the multiphysics simulations using COM SOL 

software were o f importance to assess the combinatorial behaviour o f the chemokine 

gradient in terms o f diffusion o f chemokines into the continuous flow o f cells. The 

results from these simulations have shown that a chemokine gradient is diffused at the 

immediate vicinity o f the T-junction section. Following to those conclusions, Prototype 

2 was experimentally tested using a fluorescent staining (FITC-dextran) mixed in the 

gel. Different patterns o f the surface o f the gel, when it reached the intersecting 

channels, were possible which were either a meniscus or an excess o f gel into the 

Channel B. From this evidence, the design o f Prototype 2 was revised in several ways to 

finally design the Prototype 2m. These modified prototype solutions derived from the 

analysis o f the simulations with the aim to reduce the stagnation o f the gel and 

subsequently increase the chemokine gradient to diffuse within the cell flowing channel.
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Several solutions were attempted but in all these, one persisting problem was still '^ery 

much occurring: the washing of the gel from the injection channel. From an in depth 

investigation, it was found that this problem is linked to the physical properties ol the 

gel used as a vector for the chemokine gradient diffusion and by the micro irregularties 

in the channel surface which acted as a further constrain to the gel injection (Fig 5-2)e).

When the chemotactic assays were performed with the latter designs, no significant 

difference was found between the control and the experimental assays. These results 

were confirmed by carrying out a random-walk motion plotting. It was found that in 

both systems cells migrated with a full random pattern. A further investigation 

highlighted that the chemokine diffusion was seriously limited to immediate proximity 

o f the intersection of the injection channel into the main stream flow. The problem tiere 

was due to the contrasting pushing action o f the mainstream shear stress on the injected 

gel surface. Another reason is that the diffusion of chemokines was washed away before 

the cells adhered onto the Channel B and therefore the cells did not have the 

opportunity to come in contact with the chemokines.

The last prototype. Prototype 3, was designed to be a very challenging configuraticn in 

which a porous membrane was placed between two chips to mimic, for example, the 

blood wall tissues. When the membrane was coated with fibronectin, or collagen or 

endothelial cells, no adherence of cells were observed on the coated surfaces.

The point of this study was to diffuse a gradient of chemokines on a similar manner as 

in vivo. Therefore, the next experiments were focused on the generation of a gradient of 

chemokines released from activated cells that will mimic a more physiological 

generation of chemokines.

Finally, there is a huge amount of information to be gathered from this study. Firstly, 

there is a substantial novelty in the design and development o f a multichannel device in 

a single or multiple planes. Secondly, there is an increased interest in the use of gels for 

the diffusion of chemokines within a continuous flow o f cells. Implemer.ting 

chemotaxis assays within a 3D tissue-like environment has come to the attention of the 

research community relatively recently. Since then efforts have been made to develop 

more physiological in vitro models o f the cell migration cascade. However, the
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“homing” step which consists in the migration o f cells from the blood flow through the 

tissue was not possible in standard 2D environment cell-based assays. Therefore, these 

assays are no longer sufficient to answer all the questions we have: for example, can the 

leukocytes migrate without the action of external chemical cues? Are there key signals 

generated in vivo which are not present in existing in vitro assays? This is why, new 

technologies should enable the development o f a more complete and dynamic in vitro 

environment combining a natural gradient o f chemokines diffused through a tissue-like 

matrix into the blood flow. Accordingly, gels have being optimised to be used more 

effectively thanks to their biocompatibility and ability to allow chemokines to difftise at 

a constant rate such as happens within in vivo tissue.

I believe the questions and issued raised in this study relating to what is necessary to 

develop a physiologically relevant engineered microenvironment for leukocyte 

migration studies and generating a natural chemokine gradient in an artificial matrix 

while also considering the variables that shear flow brings to the problem, are crucial 

and should be taken into account when developing more physiological milieu for 

chemotactic assays (cf. Chapter 7).
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6 Generation of a natural gradient of chemokines

In the previous chapter, the aim was to create a system where it was possible to observe 

cells responding as they would in vivo to a chemoattractant gradient diffiised from a gel. 

However, the design limitations which we have outlined above did not permit us to 

observe the migration o f cells towards the chemokines. One of the reasons is the 

difficulty in obtaining a homogeneous diffusion o f chemokines due to the issues met 

with the gel (e.g. the interface between the flow of cells and the gel was not smooth).

An alternative method was studied in this chapter in an attempt to create a “natural” 

secretion and diffusion of chemokines. Lymphocyte function antigen-la (LFA-la) is a

leukocyte integrin that mediates the adherence of activated leukocytes to endothelial
88 118 ligands . The mechanism of adhesion between activated LFA -la on T-cells and

ligands induces a cascade of molecular signals such as the secretion of a range of

cytokines (e.g. chemokines: TNF-a'*, MlP-la'^^, MlP-ip'^^). Therefore, a “natural”

gradient of chemokines can be generated by artificially mimicking this integrin/ligand

interaction.

Murphy el al. shows that the presentation of the antibody to LFA -la on a substrate 

such as sepharose beads promotes cell adhesion. When the cells adhere to the anti-LFA- 

la  coated beads, the cells are stimulated and secrete chemokines which, over time, 

create chemoattractant signals that stimulate the surrounding cells. The secretions o f the 

chemokines M IP-la and M IP-lp were investigated by incubating the cells with 

antibodies that neutralized those secretions. Under these conditions, the cells did not 

adhere onto the anti-LFA-la coated beads which showed that the cells secreted 

chemokines which further stimulated the nearby cells. Therefore, these experiments 

were carried out in this chapter to generate a “natural” gradient of chemokines and an 

additional treatment of the cells with a microtubule inhibitor (Taxol) was performed to 

assess the ability of migration of cells towards anti-LFA-la coated beads.

Based on the fact that cells stimulated by immobilized antibodies to LFA -la secrete 

chemokines that subsequently mediate cells m i g r a t i o n a n  experiment with a confined 

area coated with anti-LFA-la was developed using low-volume liquid handling devices. 

A line of anti-LFA-la was coated in the middle of a well and the PBL cells were
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dispensed into the well. As described, cells attached onto antibodies line will secret 

chemokines which will mediate cells migration towards the coated area. Therefore, it 

was expected to observe an accumulation o f cells on the an ti-L FA -la coated line. If the 

results o f these two experiments were validated, it would validate a new design that 

would be adapted for the diffusion o f chemokines via an anti-L FA -la coated substrate.

6.1 M aterials and m ethods

6.1.1 Low-volume liquid dispensing

Equator GX8 system (Deerac Fluidics, Ireland) enables low-volume liquid handling 

using the Spot-on technology (Fig. 6-1). It consists o f  eight independent pipetting tips 

that are controlled via the Spot-on software. A volume o f liquid from 50 nl up to 20 |al 

can be dispensed in a 96 well plate. A program is first developed in order to define the 

tasks that the tips had to perform (e.g. aspirate, dispense).

Figure 6-1: Photograph o f  the Equator GX8 equipm ent for low -volum e liquid handling. This device 

consists o f  8 autom ated controlled tips, a w ashing stage, and a reservoir from w hich the sample is 

aspirated. The sample can also be aspirated from a reservoir plate (Greiner, U bottom  96-well plate) and 

further dispensed into the experim ental plate.
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The tasks were programmed in such a way that two tips were selected to aspirate the 

liquid from the reservoir plate (96-well plate U bottom, Greiner) and to dispense it in 

the well o f a 96-well plate (flat bottom, Nunc). The first tip aspirated a volum e o f  4 |al 

o f  an ti-L FA -la from the well A1 o f the reservoir plate and the second tip aspirated 

simultaneously 4 |̂ 1 o f PBS from the well A2 (Fig. 6-2). A nti-L FA -la was dispensed in 

four wells and PBS was dispensed in two wells.
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Figure 6-2: An exam ple o f  the acquisition w indow o f  the Spot-on station software. The tasks 

program m ed are referenced in the left side o f  the window. The tasks consisted in selecting one tip to 

aspirate 4 |il o f  an ti-L F A -la  from the reservoir plate (a) and to dispense it in four w ells in the 96-well 

plate (b). The same steps were perform ed to dispense the PBS in two different wells.
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The sample was dispensed into the well according to the pattern designed in the Spot-on 

software which was a straight line o f six droplets with a volume o f 50 nl each, so a total 

volume o f 300 nl (Fig. 6-3) was dispensed in the middle o f a well.
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Figure 6-3: An example o f  the liquid dispensing pattern edited in Spot-on station software, (a) The 

volume o f each drop was defined at 50 nl. (b) The pattern consists in a straight line o f 6 drops.

6.1.2 Automated cell-based visualization

The IN Cell Analyzer 1000 (GE Healthcare, Ireland) is a rapid and automated image 

acquisition and analysis platform for cell-based assays. The IN Cell Analyzer comprises 

several core components including a Nikon microscope, high-resolution CCD camera, 

quality optics, laser auto-focus, and a motorized stage. All scanned cells within a 

sample are in focus due to the fast infrared laser autofocus system. Lens magnifications 

used are 4x and lOx. A temperature control module manages the microplate heat 

condition to maintain the live cell environment at 37 °C while under image acquiring 

process. The IN Cell Analyzer was used for the experiments with a line o f  anti-L FA -Ia
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and with the beads to record in real time the responses o f the cells to the antibodies 

coated surfaces. The images were acquired every minute for a period o f  6 hours at 

37 °C. The images were acquired at four different spots chosen on the line o f 

an ti-L FA -la and four random spots were chosen for the experiments with the beads. A 

total o f  1440 images were recorded for each experiment.

6.1.3 A nti-L FA -la handling assays

The in vitro cell-based assay developed consists in coating a line o f an ti-L FA -la 

antibody (1:10 in PBS) on a well o f  a 96-well plate using Equator system. The plate was 

incubated for 30 min at 37 °C. The wells o f the plate that were not used were filled with 

w ater in order to avoid the drying o f the liquid dispensed. Then, an ti-L FA -la line was 

washed twice with PBS and 2% BSA was dispensed into the well and incubated for 5 

min at 20 °C. The wells were washed twice with PBS and 5 x lO"* PBL cells per well 

were dispensed and placed in the IN Cell Analyzer with the temperature set at 37 °C. 

There was no CO2 control on the IN Cell Analyzer therefore the cells were resuspended 

in “activation buffer” (cf. § 3.1.1). The same steps o f the protocol were followed to 

dispense PBS (control). The images were acquired with a 4x lens in order to visualize 

the line in its totality.

6.1.4 Generation of a gradient of chemokines using sepharose beads

Protein G sepharose beads (GE healthcare, Ireland) were used as a substrate for the 

presentation o f ligands to the cells. The average beads size is 90 /am and the stock 

solution has a concentration o f 900 000 beads/ml. The beads were diluted in order to 

have a range between 10 and 20 beads per well. Beads were first incubated with goat 

anti-mouse (IgG/Fc specific) antibody overnight at 4 °C and then coated with 

an ti-L FA -la. Beads are made o f highly cross-linked agarose 4 % which means that 

beads are porous. Therefore, the concentration o f ligands would be higher than for the 

coating o f a surface o f a plate. Hence, a titration o f an ti-L FA -la was processed with a 

range o f dilution o f 1:1000, 5:1000 and 1:100 and the best dilution o f an ti-L FA -la 

found to coat the beads was 1:100. Control was performed using non coated beads. The 

plates were either incubated in the IN Cell Analyzer for 6 hours or placed in the 

incubator for 24 hours. The purpose o f carrying out the experiments in both the IN Cell
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Analyzer and the incubator is that in the IN Cell Analyzer the focus is made 

automatically on the bottom o f the plate while with the inverted microscope we can 

change the focus. Therefore, pictures were acquired on the inverted microscope a) on 

the bottom o f the plate and b) on the side/top o f the beads to observe the density o f the 

cells that adhere onto the surface o f the beads at time t=0 and t=24h.

To assess the ability o f  the cells to secrete chemokines such as macrophage 

inflammatory protein-la (M IP-la) and macrophage inflammatory protein-ip (M lP-ip), 

the cells were treated with two antibodies to neutralise M lP-la and M lP-ip. Cells were 

pre-treated with antibodies at a concentration o f 5 fig/ml for 15 min prior to chemotactic 

assays.

Cells were also treated with Paclitaxel (Taxol) which is a mitotic inhibitor which 

interferes with the normal function o f microtubule breakdown by stabilizing 

microtubule structure. The ability o f cell to use its cytoskeleton is destroyed. Therefore, 

this drug was used to block the capacity o f cells to proliferate. The final concentration 

o f Taxol dissolved in DMSO used for treatment o f cells was 5 |iM for 30 min at 37 °C 

and 5 % CO2. The concentration o f the stock solution concentration was 10 mM; hence 

0.5 |il o f stock solution was used per ml o f  cells.

The adhesion o f the cells on the anti-LFA-la coated beads was evaluated using Image- 

Pro in order to compare the massive data (1440 images) collected from each 

experiment. According to the images acquired o f the beads shown in Murphy et al. 

paper, when there are no cells stick onto the surface o f the beads, that surface is 

homogeneous and shown as smooth grey scale on the image, whereas when cells stick 

onto the beads, the outline o f  the cells is shown in a darker grey than the surface. 

Therefore, the more the cells adhere onto the surface o f the beads, the more 

heterogeneous the surface is. Finally, as the outline o f the cells was darker than the 

middle o f the cells, we can say that the cells looked similar to “holes”. Therefore, 

Image-Pro software was used to estimate the average o f  “holes” on the surface o f each 

bead shown on each picture acquired. The filter applied was Holes (Fig.6-4) which is 

described as the number o f holes within the selected object which was a bead.
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Figure 6-4: Algorithm o f  filter selection in Im age-Pro application. Each m icrophotograph o f  beads 

assays was processed using the filter Holes. This filter enables to count the num ber o f  holes w ithin a 

selected object which was the beads.

The data obtained with Image-Pro were exported into Excel sheet and the data were 

processed for each experiment.

6.2 R esults

6.2.1 Evaluation of the migration of cells in response to an anti-L FA -la coated 

line

The results o f the responses o f the cells to the an ti-L FA -la coated line at time t=0 and 

t=6h are shown on figure 6-5. An obvious line was observed representing the cells that 

had adhered onto the an ti-L FA -la coated line. This is explained by the fact that the 

cells that adhere onto antibodies can secrete biochemical signals which stimulate 

surrounding cells'*’̂ . On the right side o f  the well, it was noticed that no cells remained 

after t=6h whereas on the left side o f the well an accumulation o f cells were observable.
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Figure 6-5: Images o f  the responses o f  the PBL cells to an an ti-L F A -la  coated line. Observations were 

m ade at tim e t=0 and t=6h with a 4x lens. At time t=0, the surface o f  the well was homogeneously 

covered with PBL cells. At tim e t=6h, the an ti-L F A -la  coated line was clearly covered with cells. On the 

left side o f  the image there was an aggregate o f  cells (a) whereas on the right side o f  the image no cells 

rem ained (b).

Images o f  control were acquired on the middle o f  the well (Fig. 6-6a) and it was noticed 

that no cells remained on the centre o f  the well where the line o f  PBS was coated. 

Nonetheless, an aggregate o f  cells were settled on the left side o f  the well (Fig. 6-6b).
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Figure 6-6: Images o f  the responses o f  PBL cells to a PBS coated line (control). Images were acquired at 

tim e t=6h in the middle o f  the well in the left side o f  the well with a 4x lens after 6h o f  incubation on the 

IN Cell analyzer. The cells did not attach to the PBS coated line (a) but they were aggregated in the left 

side o f  the well (b).

The sam e experim ents w ere carried out d irectly  on the surface o f  the plate (w ithout 

BSA) or on poly-L-lysine coated surface in order to allow  the cells to attach to the 

bottom  o f  the well m ore firm ly than on BSA due the h igher electrostatic interaction. 

How ever, the sam e observations w ere m ade, the cells w ere “ro lling” on the left side o f  

the well. In order to elim inate the possibility  that the IN Cell A nalyzer plate was not 

aligned and that the cells were “rolling” from  one side to the other, the plate was 

incubated at 37 °C with 5 %  C O 2 in the incubator for 6 hours. In that case, the cells 

were hom ogeneously  d istributed on the surface o f  the plate and no significant 

differences w ere observed betw een control and the experim ental assay because both 

PBS and antibodies coated lines were not covered w ith cells. Therefore, this setting was 

not optim um  for the secretion o f  chem okines to further d irect the m igration o f  cells.
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6.2.2 Evaluation of the migration of cells in response to anti-L FA -la coated 

beads

The images acquired with the inverted microscope o f the responses o f the cells to anti- 

LFA-1 a  coated beads are shown on the figure 6-7.

t=24h t=24h

View of the bottom of the beads

Scale bar: 100 |im

Figure 6-7: Images showing the responses o f  the cells to the an ti-L F A -la  coated beads. Images were 

acquired on the bottom  o f  the beads as well as on the side/top o f  the beads. A fter an incubation o f  24 

hours, the beads were covered with cells, whereas no cells adhered onto the non coated beads (control).

The beads coated with an ti-L FA -la were covered with cells after 24 hours o f 

incubation. The control shows that the cells did not attach to the non coated beads. To 

explain the adhesion o f cells to anti-L FA -la coated beads, cells were incubated with 

antibodies to M IP -la  and M IP-1(3 to prove if the secretion o f these two chemokines 

mediates cell migration towards the beads covered with cells.

An important remark is that the beads were randomly moving on the bottom o f the 

plate; they were not stable, but were “rolling” on the surface o f the plate.
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The results obtained with the cells treated with antibodies that neutralise the secretion o f  

M lP -la  and M IP-ip  are shown on figure 6-8.
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Figure 6-8: Images showing the responses of anti-M IP-la and anti-M IP-ip treated cells to the anti-LFA- 

1 a coated beads. Images were acquired on the bottom o f the beads as well as on the side/top of the beads. 

After an incubation o f 24 hours o f the cells in presence with the anti-LFA -la coated beads, the cells did 

not cover the beads.

The anti-L FA -la coated beads were not entirely covered with cells when the cells were 

previously incubated with antibodies to M IP -la  and M IP-ip. These results prove that
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the cells adhered to an ti-L FA -la coated beads secrete the chemokines M IP -la  and 

M IP-ip that subsequently promote cells migration towards the beads and cell adhesion 

onto the beads. To support these results, cells were treated with a microtubule inhibitor 

Taxol.

Pictures acquired o f the bottom and the top o f the beads incubated with cells treated 

with Taxol show that an ti-L FA -la coated beads were covered with cells (Fig. 6-9).

Scale bar: 100 |xm

Figure 6-9: Images showing the responses o f  the Taxol treated cells to the anti-LFA -la coated beads. 

Images were acquired on the bottom o f  the beads as well as on the side/top o f  the beads. Af^er an 

incubation o f  24 hours o f  the cells in presence with the coated beads, the cells covered the beads.

The inhibition o f the microtubule did not inhibit the adherence o f cells onto the beads 

(Fig. 6-9). Therefore, for the previous experiments with an ti-L FA -la coated beads, the 

mechanism by which the beads were covered with cells cannot be the migration. An 

explanation is that the cells were randomly picked up by the beads “rolling” on the 

bottom of the plate.
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6.2.3 Quantification of the attachment of cells on coated beads

The results o f the quantification o f the attachment o f cells onto the an ti-L FA -la coated 

beads depending on the treatment o f the cells (antibodies to M lP -la  and M IP-lp, Taxol, 

and non treated cells) are shown on graph 6-1. Controls are performed for each cell 

treatment with non coated beads.

* non coated beads
* anti-LFA-1a coated  beads

140

120

1 100 
n

o 80 
(/>

o
f  60
0

1
E 40
3z

20

Control MIP-1 a treated MP-iptreated Taxal treated Non-treated 
cells cells cells cells

Experimental conditions

Graph 6-1: Quantification o f  the attachm ent o f  PBL cells onto an ti-L F A -la  coated beads. The graph 

shows the results o f  the attachm ent o f  cells depending on the treatm ent o f  the cells (antibodies to M lP - la  

and M lP -lp , Taxol, and non treated cells). Controls are perform ed with non coated beads with the same 

cell treatment than previously detailed.

The graph shows that between the experiments which involved anti-M IP-la, anti-MIP- 

ip  or the control and the experiments which involved Taxol treated cells or non treated 

cells; there was a difference in the number o f holes o f approximately 50 %. Less than 

half the cells were attached onto the surface o f the beads in the control or cells treated 

with the antibodies than in the Taxol/non treated cells experiments, which confirms 

what was previously observed during the microscopic analysis.
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6.3 Discussion

A method was investigated to generate a “natural” gradient o f chemokines secreted by 

the stimulation o f cells which was attached to an ti-L FA -la coated line or onto anti- 

L F A -la  coated beads. The PBL cells adhered onto the anti-L FA -la coated line when 

the plate was placed in the IN Cell Analyzer as it was shown on figure 6-5. Since at the 

end o f each experiment the majority o f the non-adhered cells remained on the left side 

o f  the well, it was reasonable to stipulate that the plate on the IN Cell Analyzer was not 

precisely aligned. When the experiments were carried out in an incubator, the anti-LFA- 

la  coated line was not covered with cells. Therefore, the cells did not migrate towards 

the line. The fact that the line was covered with cells when the plate was placed in the 

IN Cell Analyzer demonstrated that a) the cells adhered onto the coated line when they 

were relocated from one side o f the well to the other side because o f the IN Cell 

Analyzer sample plate slightly unbalanced and that b) no directed migration o f cells 

occurred due to the secretion o f chemokines.

In the bead assays, as expected, the cells adhered onto anti-L FA -la coated beads after 

24 hours o f incubation. According to Murphy et al., this was first explained by the fact 

that the cells secreted chemokines that directed the migration o f cells (e.g. M IF-la , 

M IP-ip). To assess this statement, two antibodies were used to block the secretion o f 

M IP -la  and M IP-ip. The cells were not able to adhere onto the an ti-L FA -la coated 

beads when they have previously been treated with antibodies to M IP -la  and M IP-ip. 

The results have shown that inhibiting the secretion o f these chemokines decreased the 

quantity o f adherent cells (Graph 6-1). A microtubule inhibitor (Taxol) was used to 

investigate the ability o f cells to migrate towards the coated beads. The cells treated 

with Taxol adhered onto the beads in a similar manner than when the cells were not 

treated. The results on the graph 6-1 show that the Taxol treated cells adhered onto the 

beads as much as non-treated cells which means that the cells were not migrating 

towards the release o f the chemokines at the surrounding o f  the beads. This is explained 

by the fact that the beads placed on the bottom o f the plate were not immobilized but 

were “rolling” on the surface o f  the plate. It was shown that the cells did not migrate 

towards the beads; the cells were randomly “picked up” by the rolling beads.

- 126- Chapter 6



Finally, these cell-based assays have shown that it would be o f relevance for cell 

adherence assays but not for mediating directed cell migration. Therefore, there was no 

application o f it in the context o f this research.
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7 General discussion of the full work presented in the thesis

Cellular chemotaxis is a fundamental molecular mechanism involved in various aspects 

o f  immunology. The ultimate mission o f researchers is to identify new treatments that 

will address unmet medical needs. Principle among these goals is the desire to make 

treatments more effective through targeted drug delivery. Currently the two 

predominant research fields are oncology and immunology and within both fields the 

characteristics o f white blood cells such as lymphocytes (T and B cells) are responsible 

for fighting bacterial and fungal infections. Cancer is a major cause o f mortality and 

approximately 60 % o f global cancer occurs in developed countries with probably 10 

million new cases per year at present and is likely to double by 2020'^ '. However, the 

problem with cancer treatment is that the body’s immune system does not recognise 

cancer cells as abnormal and therefore cannot fight them. A major aspect o f cancer is 

angiogenesis where blood vessels form within tumours providing the nutrients for 

continued growth. Drugs are currently being developed for the inhibition o f adhesion 

and transmigration o f metastatic cancer cells. The inhibition mechanism that these drugs 

utilise disrupt cell signalling pathways e.g. by proteolysis administrating a drug such as 

Velcade® (bortezomib) used for patients with multiple myelomas'^*, by blocking cell 

adhesion molecule using Erbitux® (Cetuximab) resulting in inhibition o f cell growth 

for patients with neck c a n c e r ' o r  the inhibition o f the microtubule cytoskeleton for 

example by Taxol in patients with breast cancer is an alternative method to inhibit cell 

carcinoma migration'^'’. These drugs, before being sold by pharmaceutical companies, 

have first to be tested in in vitro assays to evaluate their efficacy on cancer cells but also 

their toxicity on healthy cells. In vivo animal tests are also carried out before testing the 

drugs on volunteer patients in clinical trials. Although animal tests are still widely used 

they have high constraints: a) ethics approval which is time consuming to obtain, b) an 

important economic budget because o f the high dose o f drugs dispensed into the 

animals, and c) another constraint is the constant and massive sacrificing o f animals for 

the sake o f human beings. To avoid those disadvantages on animal trials, chemotaxis 

systems have widely been developed and used to elucidate the underlying biology o f  a 

process like cell migration.

Cell-based assays are concrete examples o f  pre-clinical studies. These assays were 

largely carried out for instance on plates coated with ECM-derived integrin ligands’’  ̂ to
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describe cell adhesion and locomotion. These experimental models involving expsing  

cells to cell adhesion molecules immobilized on substrates demonstrated that colhgens, 

laminins, arginine-glycine-aspartate called RGD-containing proteins (fibronectin, ibrin,
173vitronectin) also stimulate cells by activating various signalling pathway: and 

promoting cell-cell adhesion. In chapter 3, cell adhesion was mediated by coatiig the 

base o f a plate with immunoglobulin superfamily proteins (VCAM -1, lCAM-1) aid the 

antibody to L FA -la. A range o f concentration o f  these molecules was used to assess the 

ability o f cells to migrate and polarize. This part o f work was essential for the later 

chemotactic assays performed within a biochip design where cells were adhered (nto a 

ligands coated channel.

W orking in a physiologically relevant in vivo milieu is crucial when investigating 

chemotaxis. Initially, agarose has been the most used gel for mimicking the tssues 

because o f its cost effectiveness, biocompatibility and its straight forward usabilit/ as it 

was shown in Chapter 3 with the under-agarose assay. This assay enabled us to olserve 

the migration o f cells towards a gradient o f chemokines within a gel scaffold. The Dunn 

chamber is another well known assay in which cells migrate onto a cover glass in 

presence o f a chemoattractant solution. These assays allow us to observe the responses 

o f cells to a concentration o f chemokines gradually diffused on a 2D plan. Howe^er. in 

in vivo conditions, the cells freely migrate within a 3D surrounding. Limitations in 

standard chemotaxis assays led biologists to jointly work with physicists, engineers and 

chemists to develop new microfluidic devices. Those devices were considered a 

relevant model for chemotaxis assays.

Current microfluidic platforms have certain advantages particular to their design and 

have achieved widespread use in biological assays. From simple microfluidic devices to 

highly advanced biochips, the researchers can at present use computer controlled flow 

devices and cell tracking software on almost any environment to study for e.g., the 

response o f cells to chemokines diffused at a site o f inflammation. To date, those 

devices had a common design which consisted o f a main channel in which cells 

continuously flow as in blood vessel. Depending on the design o f the device, a network 

o f channels was dedicated to generate a gradient o f chemokines that was directly 

injected into the main flow o f cells. In those designs the gradient was mechanically 

controlled^”' or passively diffused by contacting two fluid flows'^"'. That gradient
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could also be generated in a microstructure “gap” '^^ or in a network o f channels which
QO

were perpendicularly connected to the main channel . These types o f system allowed 

researchers to perform real time observations o f leukocyte adhesion cascades, 

consisting o f initial contact, slow rolling and adherence o f  cells on the surface o f the 

biochips with different surface coatings. In Chapter 5 (§ 5.2.1), cell adhesion was 

shown to depend on the characteristics o f  ECM ligands (lCAM -1, VCAM-1) and in 

addition it has proven to be sh e a r - ra te -d e p e n d e n tW e  can say, at this time, “standard” 

microfluidic assays for chemotaxis which utilise shear flow, include controlled 

chemokine gradients and surfaces which are coated with ligands. However, this model 

system, for all its advantages, was incomplete as one important step was missing; that is 

the migration o f cells through the endothelium into the tissues.

In this work, new microfluidic designs have been developed to study chemotactic 

assays using conventional soft lithography to fabricate soft polym er biochips. Three 

designs were produced in order to present a unique site in which chemokines were 

diffused from a gel matrix and from which cells could freely migrate into (Fig. 5-14, 5- 

18, 5-26). These designs did not allow us to investigate the influence o f chemokines on 

the flowing cells. Multiple problems were initially determined: a) the filling o f the gel 

in the Channel A was intrinsically due to the difficulty to dispense the low volume o f 

gel, b) the interface o f the gel with the flowing cells was either not flat or had a 

meniscus-like shape, and c) the diffusion o f the chemokines into the Channel B was 

limited bccause it was either washed away in such manner that cells were not stimulated 

or because the gel kept being pushed back in the Channel A. The point o f this study was 

to present a more physiologically relevant environment to the cells. However, the 

biochips which we developed are still different from the in vivo milieu because no 

consideration was made to mimic the physiological characteristics o f  the blood vessel, 

the diffusion o f chemoattractant molecules through the vessel wall or the migration o f 

cells from the flow through the blood vessel. Therefore, the validity o f  the responses o f 

the cells acquired within soft polymer biochips could be truncated because some as yet 

uncharacterized intra- and extra-cellular mechanisms may not occur in a simplification 

o f  the in vivo milieu. The progress on the fabrication o f microfluidic biochip evolves 

rapidly and since the beginning o f this work, alternative material for the scaffold has 

been used instead o f soft polymer.
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The in vivo setting was widely reproduced utilising soft gel scaffolds for cell-ba;ed

assays. Current improvements in biomaterials synthesis allow the researchers to use fne

hydrogels'^^''^*. Recently, by combining the advantages o f both “under-agarose assa/s”

and microfluidic biochips, hydrogel-based microfluidic devices have been developec to

investigate chemotaxis. A hydrogel is a network o f polymer chains that are waisr-

insoluble in which w ater is the dispersion medium; agarose or collagen are com non

examples o f  such gels. The advantage o f using synthetic polymeric scaffold is tha it

offers the capacity for rapid transport and exchange o f materials. Diffusion o f

biochemical signal is then possible through the gel for cells feeding or stimulation o f

embedded c e l ls H y d r o g e l- b a s e d  microfluidic devices are relatively new, yet tley
180have already shown much promise . It is possible to observe in real time he 

morphogenesis o f  neurons in the presence o f chemokine gradient in an ECM-like miLeu 

under interstitial flow conditions'*’. The migration o f cells towards a gradient o f 

chemokines in a hydrogel scaffold has also been d e m o n s tra te d M ic ro f lu ic ic s  

technology offers a wide scope o f applications for biomaterials, especially for m edcal 

and biological uses. However, biomaterials properties need to be optimised end 

functionally adjusted in order to mimic biological interfaces. Therefore, there is an

increasing demand to develop and optimise new materials to address such problems in
182biology and medicine . Different hydrogel polymers have also been used to deve op 

microvascularised tissue^^ in the field o f tissue engineering. Among some o f the 

hydrogel polymers used, there are poly(ethylene) glycol, polysialic acid, poly(lactic-:'o- 

glycolic acid). Therefore, making a parallel with microfluidic biochips, tissue 

engineering applications provide a new method for the study o f inflammatory diseases.
183Using MEMS technology to supply a support for the 3-dimensional scaffold, artificial 

capillaries can be used for mimicking the in vivo conditions, for example to study the 

impact o f shear stress on cells in a more physiological milieu. Therefore, merging o f 

these technologies together provided the missing bridge between gel chemotaxis assays 

with no flow and 3D chemotaxis under flow conditions.

To summarize, the development o f advanced devices for mimicking the in \ivo 

conditions, for instance to study the behaviour o f cancer cells when they migrate and 

disseminate to generate metastatic tumours, is essential to understand in order to 

develop strategies enabling to combat the increasing number o f  cancer patients 

worldwide. Relatively simple to manufacture and cheap devices offer a crucial
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alternative as pre-clinical trial platforms to costly customised animal tests and can 

provide physiologically relevant data faster than animal tests with a lower volume o f 

reagents. In this context, we developed and comprehensively evaluated four prototypes 

o f new microfluidic biochips designs. We have concluded that these designs were not 

entirely suitable for sophisticated chemotactic assays; however we believe that we have 

significantly contributed to the progress in this challenging field during the course of 

the project. The meaning o f the term research refers to a constant investigation based on 

an initial idea to determine information to confirm or invalidate these thoughts. From 

that, a method is elaborated and developed in order to study the parameters we want to 

evaluate. Therefore, although the results obtained in our study have not led to an 

immediate resolution o f the issues with the creation o f  chemokine gradients under shear 

flow, the designs we had developed were innovative enough to enable us to collect 

valuable information and progress the future direction o f microfluidic biochip design. 

Through these devices, the importance o f designing ever more comprehensive 

imitations o f the in vivo milieu in the context o f chemotactic studies has been 

elucidated. There are currently a lot o f “more physiological” microfluidic biochips 

designs in progress, which are made possible with hydrogel adapted for microfluidic 

conditions and with the potential use o f tissue engineering as a support for the 

investigations o f cells free to migrate in a 3D environment. As a consequence, further 

observations and interpretations o f multimolecular mechanisms underlying cell 

adhesion, cell signalling pathways and dynamic changes o f cell morphology, for 

example during cancer spreading and inflammatory processes, are to be expected using 

these types o f devices in the future.
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8 Conclusion

The new devices developed in the course o f this study were expected to provide a better 

approximation o f the in vivo physiological environment for cells and were designed to 

include many more in vivo parameters than are currently offered by standard 

microfluidic biochips. It has been shown that the prototype models developed were not 

directly applicable for advanced chemotaxis assays. Our chip designs were innovative 

and challenging as they took into account the difftision o f chemokines from and through 

the tissues into the flow o f cells at a precise site and allowed the cells to freely migrate 

within a 3D plan. However, the complexity o f the behaviour o f the gel within the chip 

imposes a significant problem. In the Chapter 7 it has been shown that the progress in 

the development o f microfluidic platforms with more physiological milieu evolves very 

quickly. Examples o f next generation microfluidic platforms have been presented such 

as microfluidic hydrogels or engineered tissues that are expected to facilitate the 

elucidation o f diverse biological processes involved at the site o f inflammation.

Considering the complexity o f the challenges taken up in this thesis across physics, 

engineering and immunology, I think the solutions and the results here presented are o f 

considerable importance to the scientific and industrial research communities. Therefore 

as a concluding remark 1 feel that in the future advances in chemotaxis assay we can 

predict that chemotaxis assays based on hydrogels will be focused towards smart, 

injectable and highly physiologically adaptable scaffolds where vascularisation and 

chemokine gradients will be generated by the natural adaptive response o f the in vivo 

surrounding tissue.
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T he role o f chem otactic gradients in the im m unological response is an area which elicits a lot o f 
a tten tion  due to  its im pact on the outcom e o f  the inflam m atory process. C onsequently  there are 
num erous standard  in vitro designs which attem pt to  mimic chem otactic gradients, albeit in static 
conditions, and with no contro l over the concentration  o f  the chem okine gradient. In recent times 
the design o f  the standard  chem otaxis assay has incorporated  m odern  m icrofluidic platform s, 
com puter controlled flow devices and cell tracking softw are. Assays under fluid flow which use 
biochips have provided da ta  which highlight the im portance o f  shear stress on cell attachm ent 
and m igration tow ards a chem okine gradient. However, the in vivo environm ent is far m ore 
com plex in com parison to  conventional cell assay cham bers. The designs o f  biochips are therefore 
in constan t flux as advances in technology perm it ever greater im itations o f  in vivo conditions.
R esearchers are focused on designing a generation o f  new biochips and enhancing the 
physiological relevance o f  the current assays. The challenge is to  com bine a shear flow with a 3D 
scaffold contain ing the endothelial layer and perm itting a natural diffusion o f  chem okines through 
a tissue-like basal m atrix. H ere we review the latest range o f  chem otaxis assays and assess the 
innovative features o f  their designs which enable them to better im itate the in vivo environm ent.
We also present some alternative designs tha t were initially em ployed in tissue engineering which 
could potentially be used in the establishm ent o f novel chem otaxis assays.

Introduction

The recruitm ent o f leukocytes into tissues through endothelial 
cells lining the blood vessels is an essential step in the 
inflam m atory response. M ultiple biochem ical signals are 
required to direct this process' * which is relevant for all 
instances o f inflam m ation.’ "' Transendothelial m igration 
(TEM ) is the result o f  a m ultistep cascade in which different 
events culm inate in the successful m igration o f a leukocyte 
through the endothelial wall and into the underlying tissue 
(Fig. I A). The first step (a) is the m argination o f leukocytes 
from  free flowing blood to  the endothelial wall where they
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Trinity College Dublin, H Dublin, Ireland 
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begin rolling on the surface o f  the endothelium . This rolling 
is prom oted  by the expression o f  selectins on endothelial 
surfaces. Selectins bind weakly to  carbohydrate  ligands on 
the surface o f  leukocytes causing them to roll on the surface of 
the endothelium . C ytokines induce the high aflinity state o f 
integrin receptors on the leukocytes and also stim ulate the 
expression o f m atching integrin ligands on endothelial cells, 
which further slow leukocytes dow n (b). C ytokines, which are 
a family o f proteins and peptides, also allow cells to communicate 
with each other.^ Leukocytes which are adhered to the 
vessel wall (c), are stimulated to  migrate across the endothelium 
into the tissues via a gradient o f  chem otactic cytokines (d) 
(chem okines).’’ Leukocytes which reach the tissue interstitium  
then bind to  the extracellular m atrix  via a set o f specific 
expressed integrins.^®

D ue to  the essential role o f  leukocytes in inflam m ation, 
defects in leukocyte function often result in a decreased 
capacity  for an inflam m atory response with subsequent

Insight, innovation, integration

Inflam m atory studies are  carried ou t to  understand  how the 
im m une system behaves when challenged. L im itations in 
existing biological assays led biologists to  w ork conjointly 
with physicists, engineers, and  chemists. This review shows 
the results o f this m ultidisciplinary co llaboration  from 
standard  chem otaxis assays to microfluidic platform s. Two 
parallel microfluidic technologies are outlined in this paper

and biological processes involved a t the site o f  inflam m ation 
using these platform s are highlighted. The purpose o f this 
review is to  show th a t m ore than  tw o routes can be followed 
using alternate  m aterials from  separate fields o f  research. 
This review provides a novel po in t o f  view on current and 
prospective chem otaxis assays which fits in w ith the focus o f 
Integrative Biology.
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vulnerability to infection. Therefore, the leukocyte adhesion  
cascade is an im portant area o f  study when developing  
m ethods to control inflam m ation by m odulating or blocking  
leukocyte adhesion to the endothelium . The developm ent o f  
anti-inflam m atory drugs is largely dependent on research 
into inflam m ation using in vitro  m odel system s and in vivo 
m icrocirculation studies. In the past few years, m any in vitro  
studies^' (e.g. Boyden cham ber, D unn cham ber) have shown  
the pivotal role o f  the release o f  chem okines in leukocyte  
homing. These assays had significant limitations as experiments 
were perform ed in static environm ents w ithout any shear 
stress, this is in contrast to in vivo conditions where cells are 
continually exposed to shear stress in flow ing blood . N ew  
assays, based on the micro-electromechanical systems (M EM S), 
utilizing continuous-flow  m icrofluidic b iochips have been 
proposed to overcom e these lim itations. H um an capillaries 
are m im icked within tw o-dim ensional (2D ) m icrofabricated  
channels in which continuous flow o f  cells and flow o f  
chem okines are dispensed thanks to a m icrofluidic pum p  
system . Cells are then free to m igrate in 2 D  (only  .v-y axis) 
toward the gradient o f  chem okine. H ow ever, it is necessary to 
keep in m ind that in the in vivo m ilieu, the leukocyte adhesion  
cascade is not taking place in a sm ooth environm ent as in the 
channel o f  a m icrodevice. T he interface between the lumen and 
the underlying tissue is not a linear or flat surface (Fig. IB), 
instead it presents a continually changing topography difficult 
to sim ulate in a m odel system . E poxy resin casts o f  inflamed 
and non-inflam ed blood vessels confirm  this.^^ Thus, the 
diffusion o f  chem okines from  the extracellular m atrix to the 
lum en encounters a m arkedly different environm ent to that 
presented by in vitro m odels to date. Consequently, standardised 
m icrofluidic assays present a reductionist environm ent in 
which chem otaxis can be m onitored. H ence, to reproduce 
realistic in vivo conditions, m icrofluidic b iochips m ust present 
an environm ent capable o f  replicating the situation where a 
chem okine gradient is released from  tissues through the 
endothelium  such as at the inflam m ation site. Therefore,

efforts are being m ade by researchers to  enhance tie  next 
generation o f  microfluidic biochips in order to preseit more 
physiologically relevant 3D  environm ents for cells to nigrate  
in the .v, v and 2  axes. This review gives a perspective cf recent 
developm ents in this area, in particular, (1) standard chenotaxis 
assays, (2) M E M S, (3) m icrofluidic platform s, (4) shetr stress 
and (5) tools for analysis and interpretation. In this piper, we 
also review current chem otaxis assay designs and com nent on  
upcom ing m odels which are currently being developec.

Standard chemotaxis assays

One o f  the m ost com m only used m igration assay; is the 
Boyden cham ber/Transwell assay (F ig. 2). This system is used 
to quantify the m igration o f  cells exposed to different chem o
kine concentrations. T he cham ber contains tw o com pa'tm ents 
separated by a m icroporous filter (with com m only used pore 
sizes between 2 |im  to 12 |im ) through which cells m igrite. The 
relevant chem oattractant solution  is placed in thf lower 
cham ber to create a chem otactic gradient w hile leukocytes 
are incubated in the upper cham ber. The cells need to squeeze

U pper
.Com partm entInsert

Porous M em brane

l£WCTCoin£Mto»eiU

Fii>. 2 The Boyden cham ber assay is illustrated  as tw o com pirtm en ts 
separa ted  with a porous m em brane in w hich cells can m igra te hrough. 
T he lower com partm ent is filled with a ch em o attrac tan t solution 
creating a g radient by natura l diffusion in the upper com partm ent 
which con tains the cells. The grad ien t w hich is generated allows 
the cells to  m igrate th rough  the porous m em brane in to  the lower 
com partm ent.

c a ll  0 / tfw Meed MM*/

So 9
o

Lumen
Endothelial cells

Smooth muscle cells 
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Intinna

Media
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Fig. I M odel o f  m uhistep  leukocyte adhesion cascade resulting in transendothelia l m igra tion  (A). T he first step is the initial attachm ent o f  free 
floating leukocytes which leads to  the transm igration  (a). In terac tions betw een endothelium  integrins and cells ligands induce the  slowing dow n of 
leukocyte (b) which fu rther results in leukocytes m igra tion  across the endothelium  (c) due to  a g radient o f  chem okine (d). (B) Schem atic model o f 
the diflerent layers o f  a hum an b lood vessel tissue. The inner layer is called the intim a. It is structu red  by a pavem ent o f  endothelium  m aintained by 
a layer o f  in ternal elastic lam ina. The m iddle layer is called the m edia and  is m ade o f  sm ooth  m uscle cells and  elastic tissue. T he ou te r layer is the 
adventitia which is m ainly com posed o f connective tissue and fibroblasts.
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Fig. 3 T h e  D unn cham ber consists o f  tw o concentric wells separated  
by a 20 jim glass bridge (im age courtesy o f  Hawksley M edical and 
L ab o ra to ry  E quipm ent, Lancing, Sussex, U K ). Cells are seeded on a 
glass slide and placed inverted on top  o f  the concentric wells. A 
g rad ien t is created  from  the inner well to  the ou te r well and the 
responses o f  cells can be visualized in the bridge region.

betw een the pores o f the filter. In some cases endothelial 
cells are grown on the m em brane to  replicate the in vivo 
environm ent. The advantage o f  the Boyden cham ber is that 
it facilitates the observation o f  the effect o f chem okines on 
cells, allowing analysis o f  both  chem okinetic (speed at which 
cells m igrate) and chem otactic effects (direction in which cells 
m igrate). One o f  the lim itations o f  the Boyden cham ber is that 
there is no reliable way to sustain the chem okine gradient. In a 
m atte r o f  hours the chem okine becomes hom ogeneously 
diffused in the upper cham ber and the cells will no longer 
m igrate through the pores. A nother lim itation with a Boyden 
cham ber type assay is that there is no way to  incorporate the 
effects o f  shear stress on the cells under investigation.

T he agarose’ ’ o r D unn cham ber assays are o ther standard  
chemotaxis assays which have been used to show the importance 
o f chem okine gradients by evaluating leukocyte m otility 
dependant on the concentration  o f specific chem okines 
(Fig. 3, 4). These static experim ents were im plem ented 
predom inantly  to estim ate the ability o f particu lar cells to 
m igrate tow ards a gradient o f  chemokines. However, they all 
have the same disadvantage; the cells are incubated in static 
conditions and not under hem odynam ic shear stress conditions, 
as w ould be found as in vivo.

Micro-electromechanical systems

M icro-electromechanical systems (M EM S) technology was 
developed in the 1 9 5 0 s . M E M S  were facilitated by the 
development o f microfabrication techniques^' which were 
utilised in the design o f the micro-electronic com ponents 
(e.g. transistor, integrated circuit).^’ D uring the 1990s the 
novel aspects o f M EM S were used to combine the mechanical 
and electronics m icrom eter elements on a com m on substrate. 
The size o f these devices was so technologically attractive that, 
subsequently, m any diverse areas o f research became interested 
in m iniaturization such as chemistry, biology, bioengineering 
and physics. Chemical reagents and markers for biomedical 
studies can be very costly and large volumes of each reagent 
were previously necessary for each experiment. T hat is why 
m iniaturisation is a  cost effective solution since it reduces the 
total sample volume from millilitre to  nanolitre and maximise 
the usable surface area on which the reaction is carried out. It 
was seen as a means o f miniaturising the laboratory. A subset of 
the M EM S devices appeared in the latter part o f  the 1980s 
termed “ lab-on-a-chip” . A wide range o f novel mechanical 
systems emerged utilising new M EM S influenced designs which 
utilise low volume liquid handling devices’* and biochip 
platform s.’® '*̂  There were a significant num ber o f  advantages 
in using these designs from the point o f view of cost and time. 
For example, multiple parts o f the same assay can be run in 
sequence; additionally, replicates can be included and run in 
parallel.'*^ ^  Biochips can be applied to various fields o f medical 
research including immunology, genomic and proteomic research, 
as well as pharm acology and toxicology.

In the earliest biochip designs tha t utilised the effects o f 
biological shear, the architecture o f the channels had rectangular 
cross-sections which precluded lam inar flow. M ore recent 
advances in soft polym er lithographical processing and design 
com prised o f  channels w ith “ U -shape” cross-sections which 
are better suited for enabling lam inar flow. Now, after ha lf a
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Fig. 4 (a) Schematic m odel o f  an under-agarose assay. D epending on the desired num ber o f  experim ental set poin ts, tw o o r m ore wells can be 
punched in to  the agarose gel. Cells are seeded in one well and  a chem oattrac tan t so lu tion  is placed in the second well, (b) Cells are then exposed to 
a g radient o f  chem okine and are able to m igrate under the agarose gel (Source: Cell signalling lab, T C D , 2007). (c) Exam ple o f  microfluidic biogel. 
A garose gel base on vertical P D M S m acrofluidic pillar tem plate. H orizontal chem okine grad ien t generated by opposite  side m icroinjection, 
(d) M agnification o f  m icroneedle chem ical injection and PD M S p illar structu re (p illar diam eter, </> = 10 nm ). (C ourtesy o f  D r Adriele 
P rina-M ello— C R A N N  IM M -T C B E  (T C D . D ublin); m icroscope m agnification xIO).
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Fig. 5 Examples o f commercially available microfluidic biochips, (a) ^-Slide V from the n-Slide family chip o f IBIDI GmbH (Germany) for 
parallel immunoassays, (b) Different designs o f Cellix biochips (Ireland). Each chip contains enclosed microcapillaries that can be coated with 
different antibodies.

century since the original development o f M EM S technology, 
designs are more advanced and processes o f microfabrication are 
better understood (Fig. 5). As a consequence of this, the layout o f 
a biochip can rapidly be redesigned and that design can be 
subsequently m anufactured with much more ease and at a lower 
cost. Soft polymer and M EM S technologies can be used for 
chemotaxis assays and allow detailed dissection o f disease 
processes at the cellular level in a disposable biochip.

Microfluidic platforms

Microfluidic biochips are typically made to  mimic hum an 
capillaries using a specific channel network. These systems are 
essential for the study o f basic cell signalling related phenomena, 
such as T-cell c h e m o t a x i s , b a c t e r i a l  chem otaxis,” *'' 
m orphogenesis,’®'** and  regulation o f gene expression.**'*^ 
C hannels are usually coated w ith proteins present in 
extracellular m atrix  o r endothelial cells.

A continuous flow with varying shear stresses can be applied 
in closed-channels using a precisely controlled microlitre 
injection or dispensing system .’®''’®''"'** *̂  The advantage o f 
such devices is th a t the contro l o f  the gradient o f  chem okines 
in these channels is predictable, reproducible and easily 
quantified.*®'*' T here are limited reports in the literature o f 
microfluidic devices where tunable concentration  gradients 
can be produced.

The gradient o f chemokines in such dual channel microfluidic 
biochips is created no t by physiological m eans but by the 
exogenous addition o f  the chemokine o f  choice,*® by alternating 
gradients,*^ or by natu ral difTusion between two continuous 
flows.** Tliis is a disadvantage as it does not mimic physio
logically relevant concen trations or pa tterns o f  release. Even if 
the surface o f  the channel is coated w ith extracellular proteins, 
it still can not im itate the diffusion o f chem okines from  the 
tissue at the site o f  inflam m ation, no r the leukocytes m igration 
through the endothelium .

One attractive design option  is to grow a confluent layer o f 
endothelial cells on a coated channel. Then, a continuous flow 
o f  cells is dispensed over the endothelial cells and the adhesive 
properties o f these cells on the endothelial layer can be 
observed using standard  m icroscopic procedures.*^

In a recent review, K eenan and Folch"' have sum m arised 
the technical aspects o f  current microfluidic biochips in which

a gradient o f  chem okines could be m echanically controlled. 
The designs which are now possible using advanced com puter- 
aided design (C A D ), m oulding and m anufacturing techniques 
are limited only by the creativity o f  researchers. Both 
biologists and physicists have focused on improving microfluidic 
biochips, this cross disciplinary co llaboration  is essential for 
the successful creation o f  new m odel systems. The advantage 
o f this com plim entary research is clear and m any o f  the 
interesting recent designs described below have come from 
this interdisciplinary approach .

Shear stress

U nder different physiological conditions blood vessels are 
subjected to  differing shear stresses. Shear stress is defined as 
the tangential force per unit area that is exerted by the flowing 
fluid on the surface o f  the conduit tube. Shear stress is a po tent 
facilitator o f  integrin conform ational changes during 
leukocyte arrest on blood vessels and antigen-presenting 
cells.*'' The m agnitude o f shear stress is p roportional to  the 
velocity gradient near the tube wall, i.e. it is dependent on the 
speed o f  the flowing blood. Shear stress is expressed in 
dyne cm ' .  The physiological range o f shear stresses varies 
considerably depending on the type o f  vessel and  its 
inflammatory state (Table 1), typically m ore than 10 dyn cm “  ̂
in arteries and 1 dyn cm "^ to  5 dyn cm “  ̂ in postcapillary 
venules.** The physiological range o f  shear stresses for 
leukocyte recruitm ent close to the postcapillary venules is 
usually around  1 to 6 dyn cm “ .̂**'*’

Different m odel systems have show n m echanism s o f 
leukocyte transm igration  and  described the m ultistep 
paradigm  for leukocyte recruitment.*** ™ However, recently 
substantial evidence has been accum ulated highlighting the 
im pact o f  shear stress^' on the induction  and enhancem ent 
o f  T  cell m igration. In that w ork, shear stress was applied to 
the cells which w ould encounter flow physiologically and 
significant avidity and response differences were detected.’'*'̂ * 
Due to  these innovative in vitro methods, leukocyte capture and 
subsequent rolling are known to be mediated by shear 
stress.**'^* Transendothelial migration has been reproduced 
in vitro using these biochip designs highlighting the hitherto 
unknow n im portance o f shear in transm igration due to 
its ability to modulate the activity o f many o f the cell
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Table 1 Microfluidic shear flow conditions for different type o f cells (modified from Kim el al.)

Cell type Shear stress/dyn cm ^ Surface/coating assay Assay conditions Ref.

Vascular endothelial cells 10-100 in vivo 103
0.6-22 Gelatin in vitro 104

Hepatocytes < 2 Collagen type 1 in vivo 103
Mouse embryonic stem cells 6.5-16 Collagen type 1 in vitro 103, 105
Hum an umbilical vein endothelial 4-25 Gelatin in vitro 103, 106, 107
cells (HUVECs) Collagen type I/III
Bovine/porcine aortic endothelial 4-25 Fibronectin in vitro 103, 108
cells (BAEC-PAEC) Collagen type I
HeLa cells 4-25 in vitro 103
Chinese hamster ovary (CHO) 2-25 von Willebrand factor in vitro 109
Leukocytes 0.5-10 HUVEC monolayer

Fibronectin
HUVECs

in vitro 72, 61, 110

Neutrophils 0.72-6.2 Human fibrinogen in vitro 74

bound proteins and their ligands involved in the extravasation 
process.̂ ^-’"'-’*'

Tools for analysis and interpretation

There are a wide variety o f image analysis softw are packages 
available to  researchers and these can be used to  assess and 
quantify  the m orphom etric param eters o f cells. The com m only 
used and  relevant packages are ImageJ (N ational Institute 
o f Health),** Im agePro (M ediaCybernetics). Volocity 
(Im proV ision), Cell (O lym pus), Analysis Pro (Analysis), 
M etaM orph  (M olecular Devices). M any o f these applications 
emerged from  researchers and spin out com panies, for 
exam ple CellTrek from  the U niversity o f  Virginia. Such 
softw are applications are now de rigueur in labs which need 
to track multiple fast-m oving cells over a selected area for a 
fixed tim e period. Cell-tracking softw are is necessary for the 
analysis o f  the large data  sets which are generated from  any 
experim ent which involves the tracking o f  cells in a flow 
environm ent. Some softw are packages are also used for 
m athem atical modelling o f  proposed chip designs to  approx
im ate their expected efficacy.*** “

It is beneficial to  have m athem atical m odelling o f a con
tinuous flow o f cells concurrent w ith the data  which describes 
the diffusion o f a gradient o f chem okines, correlating  to  the 
experim ental da ta  obtained. It enables the researcher to 
anticipate the m ovem ent o f  the chem okine gradient in 
response to flow and thus aids in the rationalisation  o f  the 
design. M atL ab (from M athw orks) is one o f  the m ost powerful 
softw are packages for num erical com puting  and m odelling. As 
m any non-program m ers have to  w ork with these packages, the 
utilization of this kind o f softw are has become easier and more 
accessible to a w ider range o f  users. Thus, the interface o f 
the softw are has become m ore intuitive over time. Com sol 
M ultiphysics (previously fem lab, from  C om solL ab) is a fully 
developed M atlab  platform  integrated in a user-friendly Finite 
Element Analysis (FEA ) G raphic  U ser Interface (G U I). 
Com sol extensively covers the m ajority  o f  advanced m ultiple 
physics applications in a m odular software package; am ong 
these there are dedicated m odules for fluidodynam ics 
problem s. The user friendly interface o f this package 
effectively removes all program m ing steps from  the design 
process to the post-processing sim ulation.

Optimised microfluidic systems 

Modified Boyden chamber

Some o f the researchers are focused on im plem enting 
m odifications to  the existing systems, such as a modified 
Boyden cham ber s e t u p . T h i s  design was developed in order 
to  study the effects o f  shear stress on leukocyte trans-endothelial 
m igration in real tim e under flow conditions (Fig. 6). Here, the 
effects o f both  apical and sub-endothelial chem okines were 
exam ined concurrently. The m em brane was coated with 
fibronectin and hum an umbilical vascular endothelial cells 
(H U V ECs) were cultured on this surface. It had been shown 
that the chem okine C X C L12 is expressed by the vascular 
endothelium  and is a key regulator o f  the recruitm ent o f 
leukocytes from the bloodstream through the endothelium.*’ 
The chem okine CCL5 is released by platelets*** and  is also 
produced by m any cells in the extracellular com partm ent 
(basal layer) beneath the endothelium . T hus, cells were loaded 
at a physiological shear stress o f  2 dyn cm “ ^, and experim ents 
run under continuous flow over a period o f tim e in the 
presence o f  bo th  chem okines. U nder these conditions there 
was a significant increase in the num ber o f  cells m igrating 
through the H U V EC  cell layer in shear conditions com pared 
to shear free conditions. Strikingly, a com bination  o f  CCL5 
and CXCL12 caused a significant increase in m igration, m ore 
than would be observed when com bining the effect o f 
the individual chemokines. M ost interestingly, this observed 
increase in m igration due to  com bining the effects o f 
both  chem okines was only observed under flow conditions. 
This indicates th a t the optim al efficacy o f  chem okines in

tkm
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Fig. 6 Representation of the modified Boyden chamber o f Schreiber 
el a lP  for studying the transmigration of lymphocyte under flow 
conditions. Cells are migrating through the endothelial cells coated 
membrane undergoing a physiological shear flow.
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prom oting  extravasation through the endothehum  is depen
dent on shear stress.

The advantage o f the model described above is that it allows 
the observer to  evaluate the different responses o f  lymphocytes 
to  chem okines and shear stress in real time. The principle steps 
o f the leukocyte adhesion cascade; rolling, capture and 
transm igration , can be visually observed and recorded 
through the endothelial layer. C om binations o f  chemokines 
can be presented to  the cells and the synergistic effects o f  apical 
and  sub-endothelial release o f  chem okines can be evaluated.

However, chem okines loaded in the bottom  com partm ent 
are  in solution. That means that the diffusion o f  chemokine 
through the insert is from liquid to liquid. A lthough this 
system has yielded interesting results by releasing a com bina
tion o f chemokine, the conditions o f  this assay are still far 
from  ideal.

Ladder chamber

Saadi et alJ'^ described a device which allows the study of 
m igration o f cells tow ards a gradient o f chem okines (Fig. 7). 
A n interesting aspect in this design is that the gradient o f 
chem okines originates from a “ reservoir” and is diffused 
through a collagen type I gel dispensed in the microgrooves. 
These m icrogrooves connect the “ reservoir” channel with a 
channel in which cells are continuously flowing. C hannels were 
coated with fibronectin in o rder to  mimic the presentation 
ligands on the endothelium . A steady state gradient was set 
up in 15 to  18 min and could be m aintained for 3 h. Once 
the gradient was established, experim ents were run with 
neutrophils and  interleukin-8 (IL-8) was dispensed in the 
“ reservoir” channel. N eutrophils were then dispensed in the 
continuous flow channel. Once the cells reached a microgroove
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Kig. 7 Design o f  the Ladder cham ber (a) for generating  a diffusion of 
chem okines from  the right channel (chem okine) to the left channel 
(cells). Both channels are connected by horizontal m icrogrooves (b) o f 
3 - 10 urn height (c). ten times bigger than  both  m ain channels {100 nm). 
W ith kind perm ission from  Springer Science + Business Media: 
Biomed. Microdevices. G enera tion  o f  stable concen tration  gradients 
in 2D  and 3D  environm ents using a m icrofluidic ladder cham ber, 9, 
2007. 627-635, Saadi, W. ei al„ tigure 1.
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containing collagen/iL-8 they m igrated through the collagen 
in the direction o f the lL-8 gradient.

This inventive cham ber design is useful for studying the 
ability o f cells to  m igrate tow ards a gradient o f chemokines 
found at areas o f  inflam m ation throughout the tissue. In 
previous microfluidic assays, cells were exposed to a shear 
stress that can influence the m igration o f cells in the direction 
o f the flow. In the Ladder cham ber, the diffusion o f chemokines 
from the m icrogrooves allows cells to  move perpendicular to 
the central flow. The chem otactic ability o f multiple 
chemokines can be assessed using this design in the presence 
or absence o f  shear stress.

One notable draw back, the au thors point out, is that only 
the cells which are localized close to the border o f the 
microgroove can “ feel” the gradient o f  chemokine. The 
gradient is not dispensed into the m ain flow o f cells as 
in vivo but is only next to  the microgroove. This means that 
the am ount o f  cells which may actually  have the potential to 
m igrate tow ard such a gradient is considerably diminished and 
solely dependent on their position in the channel.

It is interesting to point ou t tha t a parallel study was carried 
out in a similar channel network*^ in which microchannels 
laterally constrain cell m orphology. This system allows loca
lised d rug  delivery to  the an terio r and posterior regions o f 
locom oting neutrophils. This results in observable mechanical 
changes in the leading or trailing edges o f motile cells visualized 
using optical m icroscopy. Localization o f  actin and m icro
tubules was tracked in live cells providing real time observation 
o f the cytoskeletal dynamics. This assay enables precise 
characterisation o f the m orphology o f the cells crawling 
tow ards a gradient o f  chem okine under complex mechanical 
constrains im posed, for example, by hum an connective tissue. 
A draw back o f  that device is that cells are constrained in hard 
polym er and not in soft flexible tissue as in in vivo. Therefore, 
some reservations can be m ade regarding direct extrapolation 
o f these cytoskeletal changes on the cells m igrating in an 
extracellular m atrix-like environm ent.

Hydrogels in microfluidics

Microfluidics technology offers a wide scope o f  applications 
for biom aterials, especially for medical and  biological uses. 
However, biom aterials properties need to  be optim ised and 
functionally adjusted in order to mimic biological interfaces. 
Therefore there is an increasing dem and in developing and 
optim ising new m aterials to  address such problem s in biology 
and medicine.** One o f  the prom ising solutions is presented by 
the use o f  hydrogels. A hydrogel is a netw ork o f  polym er 
chains tha t are w ater-insoluble in which w ater is the dispersion 
medium; agarose o r collagen are com m on examples o f  such 
gels. The advantage o f  using a synthetic polym eric scaffold is 
that it offers the capacity for rapid transport and exchange 
o f m aterials. Diffusion o f a biochem ical signal is then 
possible through the gel for cells feeding or stim ulation o f 
em bedded cells.

H ydrogel-based microfluidic devices are relatively new, yet 
they have already shown much prom ise and produced some 
interesting results which will be outlined below. The idea o f a 
hydrogel based design, as with the o ther microfluidic designs

This journal  is (c The Royal Society of  Chemistry  2009 Integr. Biol., 2 009 , 1 , 1 7 0 - 1 8 1  | 175



we have described, is to  reproduce an environm ent which 
presents the sam e in vivo properties o f blood vessels. It 
has previously been shown that cells are able to  migrate 
under an  agarose gel tow ard a gradient o f  chemokines.^^ 
U nfortunately , these agarose assays enable no fine contro l o f 
the generation  o f  the gradient o f chem okines and cells 
move under static conditions. Recently, by com bining the 
advantages o f bo th  “ under-agarose assays” and microfluidic 
biochips, hydrogel-based microfluidic devices have been 
developed to investigate chemotaxis.

M icrofluidic polym eric netw orks can be fabricated by using 
conventional soft lithography stam ping as reported  in the 
lite ra tu re .'^  ’ '* Several techniques are applied depending 
on the rheological properties o f  the polym ers used. We will 
now discuss a subsection o f microfluidic devices which are 
com posed alm ost entirely o f  hydrogels.

H ydrogel-based microfluidic device

In one example o f  a microfluidic hydrogel device,’  ̂ Cheng 
el at. based their research on the design o f the “ under-agarose 
assay” using standard  molding processes and three channels 
com posed o f agarose were molded on a fibronectin-coated 
glass side (Fig. 8).

The diffusion coefficient o f F IT C -D extran  in agarose is well 
established*^’ '̂’* and is used to investigate putative generation of 
a gradient o f chem okines in m any systems. A fluorescein 
solution was loaded in the source channel o f  the design 
outlined in Fig. 8 and the center channel and sink channel 
were loaded w ith PBS. The difference in intensity o f 
FIT C -dextran  in the three channels enabled Cheng el a l ^  to 
show that a concentration  gradient is formed from the source 
to the sink channel w ithin 10 min.

These researchers have met the challenge o f  developing a 
m icrochannel com posed o f  hydrogel. The system is stable and 
a gradient o f chem okines can be produced through the gel 
enabling cells to  m igrate from the centre channel loaded with 
cells tow ard the chem okine gradient.

Cheng el al. are presently addressing the challenge of 
im plem enting their microfluidic channels w ith continuous 
physiological flow. They have already tested the application 
o f shear stress in the centre channel which had been coated 
with endothelial cells. T his hydrogel channel system would be
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H g. 8 R epresentation o f  a hydrogel channel netw ork by Cheng 
el com posed o f  three independent channels m olded in an agarose 
gel m atrix. The upper channel is the reservoir tha t con tains chem okine 
which is diffused th rough  the  agarose ge). A gradient o f  chem okine is 
generated in the center channel which contains cells. Reproduced by  
permission o f  The R oyal Society o f  Chemistry.
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a m ore physiologically relevant environm ent for chem otaxis 
than  hard  plastic designs as it m ore accurately mimics the 
extracellular m atrix beneath the endothelium  o f b lood vessels. 
If this device can be refined to allow creation o f  relevant 
shear stresses, it could represent a d ram atic departu re  for 
chem otaxis assays in general and allow the investigation o f 
some interesting sub-endothelial events post-extravasation .

M icrofluidic hydrogel using a sacrificial element

A nother example o f  a microfluidic hydrogel netw ork’  ̂ is the 
model described by G olden and Tien based on sacrificial layer 
microfluidic fabrication m ethods.’  ̂ S tandard  m icrofluidic 
techniques are used to  develop a polydim ethylsiloxane 
(PD M S) stam p in order to  m ould a channel netw ork in 
gelatine. Then, a hydrogel is dispensed on top  o f the gelatine 
channels. The gelatine can be easily flushed aw ay w ith PBS, 
leaving behind the hydrogel cast, by applying heat to  the plate. 
This w orks because hydrogel jellifies a t room  tem perature and 
gelatine melts a t 37 °C, leaving only a hydrogel channel 
netw ork rem ains (Fig. 9).

D ifferent hydrogels can be used to  form m icrofluidic 
gel channels (M atrigel, collagen, fibrin) (Fig. 10(a)) and a 
com bination  o f gel layers can be used (Fig. 10(b)). Thus, 
depending on the experim ental conditions a specific gel can 
be the substrate while ano ther type o f gel can be used to form 
the top  layer (Fig. 10(c)). The diffusion o f  m acrom olecules into 
the gel is possible by applying differential pressures between 
the inlet and  the outlet o f the channel. The biocom patibility  o f 
such gels is high enough to  enable the viability o f em bedded 
cells under a perfusion procedure. Endothelial cells were also 
able to  grow in a collagen netw ork (Fig. 10(d)). Cells can also 
be em bedded in the m atrix, for instance collagen can be mixed, 
before casting, w ith fibroblast (Fig. 10(e)).

The advantage o f  this hydrogel netw orks is very broad. 
H ydrogels are biocom patible and cells grow easily in such a 
m atrix. The diffusion o f molecule into gel shows tha t perfusion 
conditions could be created in such an environm ent. It is 
possible to  envisage growing cells in the channel and then 
perfuse the gel w ith a chem okine p rio r to inserting in into the 
channel. The natu ra l diffusion o f chem okine in a collagen or 
agarose gel is well established.’* If a continuous flow o f 
T-cells a re  running into a coated channel in a natural-like 
environm ent w ith a diffusion o f chem okine, it m ight be
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Fig. 9 Illustra tion  o f  the fabrication  o f  m icrofluidic hydrogels ne t
w ork by G olden and  Tien^*. In brief, a PD M S stam p is sealed on a 
substra te  creating  m icrofluidic architecture. T he in troduc tion  o f  sacri
ficial gelatine at 4 °C and fu rther gelation a t 23 °C creates a gelatine 
mesh. T he mesh is then encapsulated  in hydrogel (type collagen, 
fibrinogen, M atrigel) and polym erized. T he sacrificial gelatine is 
flushed aw ay after m elting at 37 °C creating an open m icrochannel 
in a hydrogel environm ent. Reproduced by permission o f  The Royal 
Society o f  Chemistry.
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Fig. 10 Sam ple o f  m icrofluidic hydrogels, (a) A hexagonal channel 
netw ork encasted in a fibrin gel. (b) F luorescence im ages o f  super
posed collagen gel layers, (c) Phase con trast im age o f  a netw ork 
channel designed on  a com bination  o f  collagen (bo ttom  layer) and 
fibrin (top  layer), (d) M onolayer o f  endothelial cells grow ing in the 
collagen channel, (e) Em bedded fibroblasts in collagen gel with nuclei 
sta ined  in blue (H oechst 33342). Reproduced by permission o f  The 
R oyal Society o f  Chemistry.

interesting in considering that this device could be used as an 
im plem ented chem otaxis assay.

“ Gel” cage in microfluidic device

A 3D  gel scaffold'®' has been developed in a creative 
microdevice (Fig. 11) for the study o f  the m orphogenesis o f 
endothelial cells (EC) under physiological shear stresses in 
ECM -like environm ent. Two parallel channels controlling
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Fig. I I  Schem atic o f  the  m icrofluidic device by V ickerm an et 
consisting o f  tw o parallel channels and  a central “ gel" cage. PD M S 
m icropillars provide a m echanical support to  collagen. A n endothelial 
cell m onolayer cultu red  fo r six days presents a capillary-like structure. 
Reproduced by permission o f  The R oyal Society o f  Chemistry.

fluid flow are connected to  a central “ gel” cage for 3D 
cell culture. T hat cage presents a PD M S wafer design providing 
a m echanical support for hydrogels such as collagen. 
Pro-angiogenic gradient is diffused through the m atrix under 
static flow and is stable for up to  40 h. However, to get a 
constant gradient over a longer period o f  time a slow flow is 
established in the two m icrochannels to  generate interstitial 
flow through the cage. E ncapsulated o r m onolayer endothelial 
cells were cultured in collagen for up to seven days. Time lapse 
images shows EC sprouting mechanism s over 40 h from initial 
root-like structure to  lum en-like structure. The m orphology of 
EC changes depending on the presence or absence o f an 
interstitial pro-angiogenic gradient. An isolated ring-like 
configuration was form ed w ith no gradient, while cellular 
cords o r lum en-like structures were observed in the presence 
o f a gradient.

The advantages o f  such 3D devices in the research of 
angiogenesis are considerable. Such an  approach  consolidates 
the m ain factors that an ideal in vitro model system should 
contain. Cells encapsulated in the “gel” cage undergo a 
physiological shear stress but, to  date, the generation of 
interstitial shear has no t been possible. So far, in the examples 
used, physiological shear stress has been considered. Interstitial 
flow is also im portan t as it corresponds to the m echanical 
changes w ithin the hum an tissue due to  the blood flow. 
T herefore, interstitial stress is an  im portan t param eter to  lake 
into account during studies o f cell m igration into tissue. The 
gel cage has proven its efficacy for grow th o f endothelial cells, 
but o ther cells can be encapsulated in the hydrogel m atrix. The 
behaviour o f  leukocytes under continuous shear stress, with or 
w ithout gradient o f  chem okine, has been widely studied. 
However, a key step in leukocyte hom ing is the m igration o f 
cells w ithin tissue. W orking w ith this device could elucidate a 
num ber o f  cell signalling in teractions which occur between 
tissue and leukocyte m orphology under interstitial flow, as 
m any o f these m echanism s still rem ain unclear.'**^

3D extracellular matrices

N ative tissues are rich in fibrous m aterials such as fibrin, 
collagen, fibronectin, lam inin and o thers, therefore presenting 
heterogeneous properties. Synthesized matrices have already 
been widely used to  study tissue m orphogenesis and the 
interaction between cells and ECM . However, these matrices 
present isotropic properties in which cells are random ly 
distributed. G illette et al. have m icrofabricated three- 
dimensional cell-seeded matrices'®’ for a physiologically relevant 
in vitro environm ent. They have dem onstrated  in situ  collagen 
fibre assembly creating three-dim ensional m atrices which 
contain  collagen I, M atrigel, fibrin or alginate. D ifferent 
m atrices can be seeded w ith cells such as hum an umbilical 
vein endothelial cells (H U V EC s). M atrices laced w ith collagen 
have show n encouraging results in m ediating collagen fibres at 
the interface o f two phases, and also present a stable environment 
for m ulticellular structures. H U V EC s seeded in m atrices 
contain ing collagen com pletely filled the channels. So far, 
m icrofluidic biochips have only been coated with cells on their 
surface but have no t yet organised to  form a capillary 
structure. The varieties o f  ECM  com position tha t have been
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d ev elo p ed  p re se n t a sim ple a p p ro ac h  to  in te rface  m ultip le  3D  
m atrice s  fo r  tissue eng ineering  b u t a lso  fo r b io log ical studies. 
H U V E C -seed ed  co llagen  w ith in  hydrogel scaffo lds can  be 
used as an  e n h an ced  en v iro n m en t fo r the  s tu d y  o f  cell ^ell 
in te rac tio n .

Potential alternative microfluidic models

T issu e  en g in eerin g  is a  re la tively  new  an d  d y n am ic  research  
field; n o n e th e less , it is an  excep tionally  challeng ing  an d  
p ro m is in g  resea rch  a rea  fo r th e  fu tu re . D esp ite  en o rm o u s 
ad v an ces  in  tissue eng ineering , w hich  include the  clinical 
a p p ro v a l o f  tissue eng ineered  skin , a  n u m b er o f  scientific 
b a rrie rs  still p rev en t the  fa b rica tio n  o f  m o re  com plex  organs. 
H yd ro g e ls  have  a lso  been used  as tem p la tes  fo r im m uno- 
iso la tio n  a n d  m ic ro en cap su la tio n  technology.'**^ T here fo re , 
to  en g in eer fu n c tio n a l tissues it is im p o rta n t to  eng ineer a 
v a sc u la r  n e tw o rk  th a t can  p e rfo rm  a s im ila r fu n c tio n  to  in vivo 
tissue. Several s tu d ies  have used b io log ical h ydrogels to  m im ic 
th is co m plex  in vivo e n v i r o n m e n t . D e v e l o p i n g  
m ic ro v ascu la rised  tissue is an  im p o rta n t goal in tissue 
eng ineering .

N a tu ra l m a te ria ls  have a lso  been used in c o n ju n c tio n  w ith 
tissue-eng ineering  scaffolds to  p ro v id e  m ore  su p p o rt fo r cell 
g ro w th . F o r  exam ple , fibrin-filled po ly(lactic-fo-g lyco lic  acid) 
o r  P L G A  scaffo lds have been used to  m o d u la te  tissue invasion  
in vivo fo r  b o n e  r e g e n e r a t i o n .F i b r o b l a s t s ,  o steo b lasts, 
v ascu la r sm o o th  m uscle cells, a n d  c h o n d ro cy tes  successfully 
a tta c h  an d  grow  to  these hydrogel scaffolds. Po ly(ethy lene) 
glycol (P E G ) is a n o th e r  p o ly m er w idely used  in tissue 
eng ineering  to  im p ro v e  the  b io co m p a tib ility  o f  im p lan ted  
m edical devices a n d  also  used as an  ex trace llu la r m atrix  
(E C M ) model.'®** '®’  In recent w o rk , it h as been used in 
c o m b in a tio n  w ith  o th e r  po ly m ers fo r the  syn thesis o f  
co p o ly m ers based  o n  d isu lfid e -co n ta in in g  P E G  d iac ry la te  
(P E G D A )"®  to  c rosslink  th io l-m od ified  h y a lu ro n a n  and  
ge la tine  m a c ro m o n o m e rs  (n a tu ra l c o m p o n e n ts  o f  in vivo 
E C M ). In a n o th e r  s tudy , a  ne tw o rk  is developed  w ith  P E G D A  
a n d  PE G  to  s tu d y  th e  influence o f  artificial m atrices on  h u m an  
stem  c e l l s ." ' P o lysia lic  acid  is a  p o ly m er k n ow n to  p lay  a 
reg u la to ry  ro le  in neu rogenesis a n d  neu ra l fu n c tio n s. Based on 
th a t,  a p ro m is in g  polysialic  acid -b ased  h y d r o g e l" ' has  been 
developed  w hich  h as  successful b io co m p a tib ility  an d  stab le  
p ro p e rtie s  u n d e r  physio log ica l co n d itio n s.

U sing  a c o m b in a tio n  o f  m icroflu id ic  ch an n e l techno logy  
a n d  soft lith o g ra p h y  p a tte rn in g  o f  hydrogels , these  scaffolds 
c an  localise the  de livery  o f  cell g ro w th -fac to r an d  increase  the 
cell surface  b in d in g  reac tion . T h ere fo re , m ak in g  a p a ralle l w ith 
m icroflu id ic b io ch ip s, tissue eng ineering  ap p lica tio n s  p rov ide  
a new m eth o d  fo r th e  study  o f  in flam m ato ry  diseases. U sing  
M E M S  tech n o lo g y  to  supp ly  a su p p o rt fo r the  three- 
d im ensional scaffold,'®^ artificial cap illa rie s can  be used  to  
study the im pact o f  shear stress on  cells in a m ore physiological 
milieu and could po tentially  form  the nucleus o f  g roundbreak ing  
ap p lica tio n s in th e  dev e lo p m en t o f  ch em o tax is  assays.

F idkow ski e l at. rep o rted  experim en ta l resu lts  achieved by 
using  a b io d eg rad ab le  an d  b io co m p a tib le  m ic ro v ascu la tu re  
network*’̂  dev elo p ed  in po ly(g lycero l sebaca te) (PG S). 
D ifferent steps a re  necessary to  build  up  this artificial capillary.

A  silicon w afer is processed by standard  lithography  techniques’* 
a n d  th en  sp in  co a ted  w ith  sucrose  so lu tio n , P G S  p re p o ly m er is 
p o u re d  over the  co a ted  w afer a n d  cu red . A fte r  th e  d isso lu tio n  
o f  th e  sucrose  layer, th e  p a tte rn e d  P G S  film  is re leased  an d  
p laced  betw een  a glass slide a n d  a  flat P G S  layer. It is cu red  
several tim es to  fac ilita te  th e  b o n d in g  be tw een  th e  tw o  layers. 
T h e  m o u ld in g  p rocess resu lts  in a  tra n s p a re n t cap illa ry  
n e tw o rk  cap a b le  o f  resisting  the  effect o f  a  flow ra te  o f  
100 n L  h ~ '.  T h u s, en d o th e lia l cells c an  be g ro w n  in th is 
n e tw o rk  u n d e r  p e rfu s io n  cu ltu re  co n d itio n  fo r a  p e rio d  u p  to  
4 w eeks. C onfluency  is reach ed  a f te r  14 d ays. T h is  device is 
su itab le  fo r tissue eng ineering  because  o f  the  b io co m p a tib le  
n e tw o rk  dev elo p ed  in PG S . It is im p o r ta n t th a t such  m ate ria l 
p ro v id es a n  e n v iro n m en t th a t c an  su p p o rt physio log ica l flow 
an d  m ass tra n sp o r t.  Its in vivo c o m p a tib ility  m ak es it an  
in te res tin g  m odel fo r use d u rin g  a  c h em o tax is  assay . T h is  
n e tw o rk  can  be b o n d e d  to  a  well w hich  h a s  p rev io u sly  been  
lo ad ed  w ith  a  ch em o k in e. P G S  h as  s im ilar m ech an ica l p ro p e r 
ties to  b lo o d  vessels such as the  ab ility  to  p e rm it tra n s p o r t  o f  
oxygen an d  c a rb o n  d ioxide. C h em o k in es  cou ld  th u s be 
d iffused  th ro u g h  a PG S  ne tw o rk  c rea tin g  a ch em o tac tic  
g ra d ie n t in a physio log ica lly  re levan t e n v iro n m en t.

Using chemotaxis systems to elucidate the 
underlying biology

C ell-e x tra ce llu la r  m atrix  in te rac tio n s  a re  essen tia l fo r the  
c o n tro l o f  cell ad h es io n  in m an y  fu n d a m e n ta l b io log ical 
p rocesses such as ang ionenesis , ap o p to s is  a n d  in flam m atio n . 
T h ey  can  a lso  have  a p ro fo u n d  im p ac t o n  n o rm al a n d  tu m o r 
cell signal tran sd u c tio n  cascades. T h e  resu lts  o f  th e  s tu d ies 
o n  cell fu n c tio n s  d u rin g  the  tissue-specific  h o m in g  p rocess 
in d ica te  th a t  m echan ical p ro p e rtie s  o f  the  su rro u n d in g  
m ic ro en v iro n m en t a re  critica l fo r reg u la tin g  cell-E C M  
in te r a c t io n s ." ’

R e levan t cell-based  assays can  be c a rried  o u t o n  p la te s  
co a ted  fo r exam ple , w ith  E C M -d eriv ed  in teg rin  l ig a n d s ."*  
T h u s, th e  ex p erim en ta l m odels im p lem en tin g  cell ex p o su re  to  
m olecu les a d so rb e d  on  su b s tra te s  en ab led  to  d e m o n s tra te  th a t 
co llagens, lam in in s , ‘R G D ’-c o n ta in in g  p ro te in s  (fib ro n ec tin , 
fib rin , v itro n ec tin ) as well as im m u n o g lo b u lin  su p erfam ily  
p ro te in s  (V C A M , IC A M s) a re  cap ab le  o f  m ed ia tin g  cell 
a d h e s io n ." ’

W o rk in g  in a  physio log ica lly  re lev an t in vivo m ilieu  is 
crucia l. T h e  e n v iro n m en t fo r cell-based  assays is w idely 
im ita ted  u tilising  so ft gel scaffolds. In itia lly , ag a ro se  has been 
th e  m o st u sed  so ft gel, because  o f  its  c o st effectiveness. C u rre n t 
im p ro v em en ts  in b io m a te ria ls  syn thesis a llow  th e  re sea rch ers  
to  use  fine E C M -lik e  m atrices (i.e. hydrogels). B iochem ical 
signals a re  d iffused  th ro u g h  these  gels an d  a  lib ra ry  o f  
chem o k in es a n d  ch em o k in e  re ce p to rs  h as been b u ilt u p . " * '" ’

P ara lle l to  adv an ces in o th e r  b io log ical assays, m icroflu id ic  
p la tfo rm s  p resen ted  a ch allen g in g  new  se ttin g  fo r cells to  
evolve in. It w as possib le  w ith these types o f  system s to  
p e rfo rm  real tim e o b se rv a tio n s  o f  leukocy te  a d h es io n  
cascades, consi.sting o f  initial con tact, slow rolling an d  adherence 
o f  cells o n  th e  su rface  o f  the  b io ch ip s w ith  d ifferen t su rface  
c o atin g s. Cell ad h es io n  has been show n  to  d ep en d  on  the  
c h arac te ris tic s  o f  E C M  an d  in a d d itio n  it has p ro v en  to  be
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sh e a r - ra te -d e p e n d e n t.H o w e v e r , this model system, for all 
its advantages, is incom plete as one im portan t step is missing. 
T hat is, the m igration o f  cells through the endothelium  to the 
tissue.

It is a t this junctu re  in general biochip developm ent that the 
researchers were able to com bine the technologies o f  gel 
chem otaxis and m icrofluidic assays to  further develop the 
in vitro model. It has previously been shown tha t it is possible 
to  observe the real time m orphogenesis o f neurons in the 
presence o f  chem okine gradient in an ECM -like milieu under 
interstitial flow conditions.'® ' The m igration o f  cells tow ards a 
gradient o f  chem okine in a hydrogel scaffold has also been 
dem onstrated .’ ’ T herefore, merging o f  these technologies 
together provided the missing bridge between gel chem otaxis 
assays with no flow and 3D chem otaxis under flow conditions. 
As a consequence, further observations and in terpre tations o f 
m ultim olecular m echanism s underlying cell adhesion, cell 
signalling pathw ays and dynam ic changes o f cell m orphology 
during  inflam m ation process are expected to  be seen using 
these types o f  devices.

Conclusions

Studies focused on inflam m ation-associated phenom ena are 
widely carried ou t by biologists to better understand how the 
im m une system responds to foreign bodies and pathogens. 
L im itations in standard  chem otaxis assays inspired the 
biologists to  w ork jo intly  with physicists, engineers and 
chemists. In this review, we have shown the evolution o f this 
m ultidisciplinary area, presenting some examples o f next 
generation m icrofluidic platform s, in order to  elucidate diverse 
biological processes developing a t the inflam m ation site.

C urren t m icrofluidic platform s have certain advantages 
particu lar to their design and have achieved widespread use 
in biological assays. From  simple m icrofluidic devices to 
highly advanced biochips, the researchers a t present, can use 
com puter controlled flow devices and cell tracking softw are in 
the m ost sophisticated experim ental environm ents under 
study, such as for example, the m odels im itating the progress 
o f  inflam m ation. However, even the ideal situation  in an 
in vilro environm ent by default is still far from  the realistic 
in vivo scenario because in vivo conditions are m uch m ore 
com plex than those found in conventional 2D  biochips. 
T herefore, the new challenge for researchers is to  com bine a 
shear flow environm ent w ith a 3D endothelial layer which 
allows a natural diffusion o f  chem okines through a tissue-like 
basal matrix. The new devices described here are expected to 
provide a better approxim ation o f  the in vivo physiological 
environm ent for cells and are intended to  include m any m ore 
in vivo related param eters than are currently  offered by 
standard  microfluidic biochips.

We also show that tissue engineering, traditionally a separate 
area o f  research, is now providing leads to  the developm ent o f 
new chemotaxis assays. The central idea o f this work is to 
design capillaries which mimic the microvasculature capable o f 
w ithstanding physiological flow rates.*^

It is an interesting exercise to  chart the evolution o f m icro
fluidic platform s. It started  with simple straight channels 
connected to a pum p to deliver a controlled shear stress to

specific type o f cells. Since it has been established how 
im portan t shear stress is for leukocyte hom ing, a ttem pts were 
m ade to  introduce finely controlled chem okine gradients. The 
m ore progress has been m ade, the m ore it was noticed tha t it 
was diflicult to include all the im portant in vivo param eters in a 
single chip. It is possible, o f course, to  w ork on different 
param eters a t different times. But presently it is understood 
the challenge is to  w ork on multiple and com peting param eters 
sim ultaneously. We can say, a t this time, standard  microfluidic 
assays for chem otaxis which utilise shear flow, include 
controlled chem okine gradients and surfaces which are coated 
with ligands.

W ould it be realistic and honest to  say tha t w ith these 
param eters we are closer to  an in vivo model? In reality, we 
feel m uch w ork needs to  be done. F or this purpose, we need to  
keep in m ind tha t being focused on one area o f  a research field 
is no t always helpful when developing new assays. However, 
every researcher needs to  revisit and rethink existing designs in 
order to  enable new assays to  evolve in this area. T hat is why 
we have included the current progress made in tissue engineering. 
The goal o f  tissue engineering in this area is to develop 
vascularised tissues as well as mimicking the com plex structure  
and architecture o f  the surrounding  biological tissues. T here
fore, synthetic and  natu ral hydrogels are im portan t milestones 
to develop biom aterials tha t are capable o f  being treated  by 
physiological flow, which respond in a physiological m anner 
and are capable o f facilitating extravasation.

In light o f  this, we can predict that advanced research in 
chem otaxis assay based on hydrogels will be focused tow ards 
sm art, injectable and highly physiologically adap tab le  
scaffolds where vascularisation and chem okine gradients will 
be generated by the natural adaptive response o f  the in vivo 
su rrounding tissue.
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