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Abstract

With the rapidly growing interest in the development of bioprocess systems to
culture and expand mesenchymal stromal cells (MSCs) for cell therapy and re-
generative medicine applications, greater understanding of the structure-function-
property characteristics of mesenchymal cell suspensions is required.

In this thesis, the results of a detailed experimental study into the flow
behaviour of concentrated suspensions of living mesenchymal cells over a wide
range of cell concentrations and in the presence of two macromolecules (hyaluro-
nic acid and polyethylene glycol) often used in cellular therapy applications are
presented. The change in the shear viscosity as a function of shear stress and
shear rate for cell volume fractions varying from 20 to 60% are firstly presented,
showing that these suspensions exhibit highly complex but reproducible rheolog-
ical footprints, including yield stress, shear thinning and shear-induced fracture
behaviours.

The rheological properties of the suspension with the addition of hyaluro-
nic acid (HA), a biomolecule with adhesion sequences for receptors on these types
of cells, was then investigated. With the addition of HA, the rheology of these
cell suspensions is significantly modified at all volume fractions. Using FACS and
confocal imaging, we show that the observed effect of HA addition is due to it sig-
nificantly modulating the formation of cellular aggregates in these suspensions,
and thus the resultant volume spanning network. This understanding permits
the rheology of concentrated mesenchymal cell suspensions to be tailored to suit
particular processing scenarios.

The third part of this project focused on the addition of polyethylene
glycol, a molecule which is not naturally present in tissues but commonly utilised
in hydrogels as injectable delivery vehicles for cells to sites of tissue damage.
Using three different kinds of PEG, the influence of the charge of the molecules is
investigated. The results show the charge is also a crucial parameter to tailor the
flow behaviour of cell suspension when biomacromolecules are added, influencing
the formation and the compactness of the cellular aggregates.

Considering the aggregates as fractal structures, and by taking into ac-
count the changes in volume fractions with shear, a master curve for the range of
conditions investigated was successfully achieved through the use of an analytical
model. Critically, this model also permitted the estimation of the average adhe-
sion force between cells, across a population of millions of cells. The outcomes of
this study not only provide new insight into the complexity of the flow behaviours
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of concentrated, dynamically adhesive mesenchymal cell suspensions, and their
sensitivity to associative biomolecule and synthetic molecule addition, but also a
novel, rapid method by which to estimate adhesion forces between cells.
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Résumé

L’attention de la communauté scientifique, ainsi que le développement, pour les
bioprocédés dédiés à la culture et à l’expansion de cellules souches mésenchyma-
teuses (MSCs) pour la thérapie cellulaire et la médecine régénérative a consid-
érablement grandi pendant ces dernières décennies. Une plus ample compréhen-
sion du lien entre la structure, la fonction et les propriétés des suspensions de
cellules mésenchymateuses est devenue de première importance.

Dans cette thèse, nous présentons tout d’abord les résultats d’une étude
expérimentale portant sur l’écoulement de suspensions concentrées de cellules
vivantes d’origine mésenchymateuse pour une grande gamme de concentration
cellulaire. Nous caractérisons l’évolution de la viscosité relative en fonction de
la contrainte de cisaillement appliquée pour des fractions volumiques cellulaires
allant de 20 à 60%. Ces matériaux ont des empreintes rhéologiques compliquées
mais très reproductibles, incluant des comportements de fluide à seuil, rhéofluid-
ifiants ainsi que des fractures liées à la contrainte de cisaillement.

Les propriétés rhéologiques de la suspension sont ensuite étudiées avec
l’addition d’acide hyaluronique (HA), une biomolécule avec des séquences d’adhésion
pour des récepteurs à la surface des cellules étudiées. Nous montrons que l’addition
d’acide hyaluronique modifie substantiellement le comportement de la suspension
et nous permet de contrôler les propriétés d’écoulement de la suspension à toutes
les fractions volumiques. Cytométrie de flux et imagerie confocal à l’appui, nous
montrons que l’effet observé est dû à un important changement dans la forma-
tion d’agrégats cellulaires dans la suspension, et donc dans l’envergure du réseau
correspondant.

La troisième partie de cette thèse porte sur l’ajout de polyéthylène glycol,
une molécule qui n’est pas naturellement présente dans l’organisme mais fréquem-
ment utilisée dans la formulation d’hydrogel. En utilisant trois types de PEG,
l’influence de la charge des molécules est étudiée. Les résultats montrent que la
charge est un paramètre important dans le contrôle des propriétés d’écoulement
de suspensions cellulaires, car déterminant dans la formation et la compacité des
agrégats.

En considérant les agrégats comme des objets fractals, nous montrons
qu’en prenant en compte les modifications de fractions volumiques avec le cisaille-
ment, nous pouvons obtenir une courbe maitresse pour l’ensemble des conditions
testées, et en extraire la force d’adhésion moyenne entre les cellules, au travers
une population de plusieurs millions de cellules. Cette étude livre de nouveaux
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aspects sur la complexité des propriétés en écoulement de suspensions de cel-
lules méchymateuses, adhérentes et concentrées, sur leur sensibilité à l’ajout de
molécules, qu’elles soient naturellement présentes dans les tissues ou non, ainsi
qu’une nouvelle méthode pour mesurer la force d’adhésion entre les cellules.
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General Introduction

A suspension consists of discrete solid particles randomly distributed in a fluid
medium. The rheology of suspensions in a Newtonian fluid has been widely
studied, as many materials in use today are disperse systems where particles are
dispersed in another phase. Therefore any new insights in the rheology of these
systems can be of great practical importance.

The flow properties of suspensions are closely related to the nature of
the particles within them. Various microscopic parameters intrinsic to the very
nature of the particles being investigated, such as shape, size, affinity with other
particles, elastic modulus, deformability and buoyancy, are highly correlated to
tailoring the resultant macroscopic parameters relevant to continuous processing
methodologies. In the end, the ability to predict and explain the differences in
non-Newtonian behaviours of these complex systems lies in the ability to under-
stand the evolution of the microscopic organization of the particles within the
suspending fluid.

In this piece of research, we investigate the rheological behavior of suspen-
sions of live cells of mesenchymal origin (mouse NIH-3T3) in their culture medium
without serum, with and without the addition of various biomacromolecules. The
two main molecules added are hyaluronic acid (HA) and poly(ethylene glycol)
(PEG). Hyaluronic acid is a macromolecule widely present in several tissues,
whereas polyethylene glycol is a synthetic molecule. According to the volume
fraction of cells in the suspension, the type of molecules added, their concentra-
tions and the shear applied on the material, several complex behaviour can be
observed, as different microscopic re-arrangements occur.

The use of living cells induces biological variability, an input that is inher-
ent to cellular systems, as well as the naturally complex aggregation mechanisms
involved in cell-cell adhesion mechanisms. The macroscale properties of such
materials remain largely unexplored. The lack of published work in this area is
highly linked to the difficulties inherent to the use of living cells in traditional
rheological measurements, which include the variability of the samples or the time
and cost of culturing enough cells for a single test with conventional rheometry
setups.

The rheology of NIH-3T3 cells suspensions is investigated thanks to con-
ventional rotational rheometry setups. The microstructure created by the cells
adhering to each other is studied using conventional bright field (2D) and two-
photon (3D) microscopy. Conventional fluorescence techniques such as flow cy-
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GENERAL INTRODUCTION

tometry are used to study the presence of different receptors of interest on the
surface of the cells. This allows us to first, draw some conclusions on the impact
of volume fraction and of the addition of HA and PEG biomacromolecules on the
mechanical properties of the suspensions, and second to propose links between
the mechanical properties and the microstructure.

This manuscript is divided and organised in several chapters as follows.

In the first chapter, we give an overview of the theoretical background
of rheology and describe the different parameters of interest. This is followed by
a section focussed on rheometry, describing the different existing tests as well as
the different kinds of rheometers.

The second chapter reviews the main results and theory found in the
literature about suspension mechanical properties, going from hard spheres sus-
pensions to deformable spheres suspensions. The main kind of interactions in
suspensions (and especially in colloidal systems) are reviewed, as well as the
main known results on aggregated suspensions.

In the third and last chapter of the theoretical background, we focussed
on the main notions about cell-cell interactions, as well as cell-matrix interactions.
This is required as it allows us to understand more in depth the different biological
mechanisms at play, and thus to link it with the mechanical properties of the
suspensions studied in this project.

The fourth chapter is a materials and methods chapter. The different
materials as well as the different protocols followed during this project are there-
fore detailed here. In this chapter, the main causes for errors are investigated,
especially the ones concerning the rheology protocols (slippage, etc.).

The fifth chapter characterizes the rheology of the cells (NIH-3T3) in the
culture medium without serum. Several volume fractions are investigated over
a wide range of shear stresses. The results of the analysis of the conventional
bright field (2D) and two-photon (3D) microscopy images are presented in term
of fractal dimensions. An analytical model is then used to have the data collapse
onto a mastercurve in a figure of the relative viscosity as a function of the effective
volume fraction. From this collapse, the average adhesion strength between two
cells is extracted and compare with reported literature values, with very good
agreement.

The sixth chapter focusses on the addition of our first molecule: hya-
luronic acid. The same protocols, as used in the previous chapter are used to
investigate the influence of hyaluronic acid, at different concentrations, and of
different molecular weight, on the rheology of concentrated cell suspensions. The
presence of both the specific surface receptors and the hyaluronic acid molecules
are confirmed experimentally, using flow cytometry and confocal imaging.

At last, the seventh and last chapter of this thesis aims to characterize
the influence of the second kind of molecule added to the system: poly(ethylene
glycol). Once again, the same protocols are used for three different kinds of
poly(ethylene glycol) (PEG) molecules (PEG, PEG-NH2, PEG-COOH). Polyethy-
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lene glycol does not have any known specific receptors on the surface of cells, and
therefore does not bind to them in a specific, defined manner. The three different
kinds of eight armed PEG molecules used allows us to study the influence of the
charge of the molecules on the flow behaviour of the suspension.

21





Introduction Générale

Le terme suspension désigne un matériau biphasique, composé d’une phase liquide
dite continue dans laquelle une phase solide est dispersée. La rhéologie d’une
suspension dans un fluide Newtonien a été amplement étudiée, puisque beaucoup
de matériaux utilisés à l’heure actuelle peuvent être classée dans cette catégorie.
De ce fait chaque avancée, théorique ou pratique, peut être d’une importance
cruciale.

Les propriétés en écoulement des suspensions sont étroitement liées à la
nature des particules du milieu dispersé. Plusieurs paramètres microscopiques
intrinsèques à la nature des particules tels que leur forme, leur taille, l’affinité
des particules entre elles, leur module élastique, leur déformabilité et leur den-
sité sont intimement liés aux paramètres macroscopiques essentiels au développe-
ment de techniques ou méthodes pour utiliser les suspensions. La capacité à
prédire et à comprendre les différences entre les comportements non-Newtoniens
de ces matériaux complexes réside dans la faculté à comprendre l’évolution de
l’organisation microscopique des particules au sein de la phase continue.

Dans ce travail de recherche nous nous intéressons à la rhéologie des sus-
pensions de cellules mésenchymateuses vivantes (NIH-3T3 provenant de souris)
dans leur média de culture dénué de sérum, avec ou sans l’ajout de plusieurs
molécules. Les effets de chacune des molécules ajoutées (acide hyaluronique (HA)
et polyéthylène glycol (PEG)) sont étudiés. L’acide hyaluronique est une macro-
molécule présente naturellement dans les divers tissues du corps, tandis que le
polyéthylène glycol est une molécule purement synthétique. Plusieurs comporte-
ments complexes peuvent être observés selon la fraction volumique de cellules, le
type de molécule ajoutée, sa concentration et la contrainte mécanique appliquée,
en fonction des différents réarrangements possibles au niveau microscopique.

L’utilisation de cellules vivantes introduit une variabilité biologique in-
hérente aux systèmes cellulaires et aux mécanismes complexes d’agrégation en-
trant en jeu dans les contacts extra-cellulaires. Les propriétés macroscopiques de
ces matériaux ont été très peu étudiées. Le manque de travaux publiés à ce sujet
est fortement lié aux difficultés venant de l’utilisation de cellules vivantes avec les
techniques de rheométrie conventionnelles, que ce soit dû au coût ou au temps
nécessaires pour obtenir suffisamment de cellules pour un test ou à la variabilité
des échantillons en eux-mêmes.

Les propriétés rhéologiques de NIH-3T3 en suspension sont étudiées au
moyen d’un rhéomètre rotatif. La structure microscopique est étudiée grâce à
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un microscope bi-photonique. Des techniques de fluorescence classiques, comme
la cytométrie en flux sont utilisées pour s’assurer de la présence de récepteurs
spécifiques à la surface des cellules. Ceci nous permet tout d’abord de comprendre
plus en détail l’impact de la fraction volumique ainsi que de l’ajout de molécules
d’HA et de PEG sur les propriétés mécaniques de la suspension, et ensuite de
proposer des liens entre ces mêmes propriétés mécaniques et la microstructure de
la suspension.
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CHAPTER 1. RHEOMETRY AND RHEOMETERS

Résumé du Chapitre

Dans ce premier chapitre, nous introduisons les notions de bases nécessaires à la
compréhension des propriétés non-Newtoniennes des matériaux.

Nous présentons dans un premier temps les différents concepts utilisés
en rhéologie, comme la contrainte de cisaillement, le tenseur de déformation ou
le taux de déformation.

Les principaux éléments servant à caractériser le comportement complexe
de tels matériaux sont ensuite abordés, ainsi que les principaux types de tests
utilisés pour les déterminer.

La troisième partie se concentre sur les différents types de rhéomètres
rotatifs existants, tout en définissant leurs avantages et leurs inconvénients.

La quatrième et dernière partie de ce chapitre se focalise d’avantage sur
les différentes géométries principalement utilisées sur ce genre de rhéomètres, pour
passer en revue les hypothèses, les équations et les avantages relatifs à chacune
d’entre elles.
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Basic definitions

1.1 Introduction

"Πὰντα ρ́ǫι̂". Read ’Panta rhei’, meaning ’Everything flows’. This famous apho-
rism of Simplicus to characterize Heraclitus’s thought inspired Eugene C. Bing-
ham and Markus Reiner to win the term ’Rheology’. The idea behind it is that
everything has a time scale, and if one is prepared to wait long enough, then ev-
erything will flow. The term ’Rheology’ is now used to describe the study of the
flow of matter, whether it is liquid, ’soft’ solid or solid. This area of science, at the
border of physics, mathematics, chemistry and biology, find applications in pretty
much everything that surrounds us. Its industrial impact goes from petroleum
process to pharmaceutical applications, from paints to food, from muds to blood
and so on. For a long time, only two constitutive laws existed to describe the de-
formation of materials, according to their state. The material could either be an
elastic solid, and therefore follow Hooke’s law 1, or a liquid, and follow Newton’s
law 2. However, as it is now known, these two laws are two limiting cases. In
between are pretty much all the materials around us.

1.2 Basic definitions

When one talks about elasticity, Hooke’s law is the first thing that comes to mind.
Robert Hooke experimentally studied the deformation of springs and long wire
in tension. He showed that when he doubled the weight attached to the springs,
the extension doubled. He thus proposed that the force was proportional to the
change in length. However, if he changed of wire length or diameter, he found
a new constant. Therefore his constant was not only a material property, it was
also related to the geometry of the sample. To find the true material constant, the
elastic modulus, Hooke needed to develop concepts that are still used nowadays,
such as stress (force per unit area) and strain. Stress and strain are essential
in rheology, and are defined in more details below, along with the basics of this
science.

1.2.1 Stress tensor

1.2.1.1 Definition

1σ = Eγ where σ is the stress, E is the Young’s modulus and γ is the strain.
2σ = ηγ̇ where σ is the stress, η is the viscosity and γ̇ is the rate of strain.
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T1 = (T11, T12, T13)

T2 = (T21, T22, T23)

T3 = (T31, T32, T33)

Figure 1.1: Infinitesimal unit cube in the
state-of-stress in terms of forces.

In continuum mechanics, the stress is
a measure of the internal forces acting
within a deformable body. As drawn
in Figure 1.1, a material can be virtu-
ally cut into small infinitesimal cubes.

We note (
−→
dFj)j=1,2,3 the forces exerted

by the material exterior to the cube on
its face perpendicular to the j direc-
tion and (dFij)i,j=1,2,3 the components
on the i directions. The stresses act-
ing on the different planes of the cubes
are all related, and can be determined

from the stress tensor, noted
−→
T (M,−→n )

at the center M of a surface ds and de-
fined as:

−→
dF =

−→
T (M,−→n )ds (1.1)

Where −→n is the normal vector to the surface ds.

The state-of-stress tensor T(M) is then defined by:

−→
T (M,−→n ) = T(M).−→n (1.2)

The ij components of the state-of-stress tensor are given by:

Tij = (
dFij

ds
)i,j=1,2,3 (1.3)

1.2.1.2 Symmetry

The stress tensor is symmetric, meaning the rows and the columns of the matrix
for the components of T can be interchanged without changing T. An easy way to
show the symmetry of the stress tensor is to consider a small tetrahedron, like the
one in Figure 1.2. The component T23 produces a moment about the x1 axis. This
moment must be balanced by the one produced by T32 or the angular momentum
would not be conserved. This implies T23 = T32. By using a similar argument on
the other different shear components, we got T12 = T21 and T13 = T31. Thus the
stress tensor is symmetric and we can write:

T = TT (1.4)

where TT is the transpose of T.

1.2.1.3 Pressure
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T23

x1

x2

x3

T32

Figure 1.2: To keep the angular momen-
tum balance, the two shear stress compo-
nents acting on the tetrahedron must be
equal.

One particular simple stress tensor is
the one of uniform pressure. When
a fluid is at rest, it can support only
a uniform normal stress. Thus, in a
fluid under hydrostatic pressure, the
state-of-stress tensor simplifies in an
isotropic tensor (equation 1.5) in which
I is the unit tensor.

T = −pI (1.5)

In an incompressible fluid,
only the pressure gradients affect the
flow motion. Thus, the state-of-stress
tensor is usually decomposed as:

T = σ − pI (1.6)

where σ is called the extra or viscous stress tensor, and accounts for the
forces affecting the motion of the fluid. It often happens that T is referred to as
the total stress tensor and σ as just the stress tensor.

1.2.2 Deformation tensors

After defining the stress tensor used to determine the state of stress in a material,
we define the deformation gradient. To do so, we consider a piece of material, as
shown in Figure 1.3. A is a point embedded in the body and B a neighboring
point separated by a small distance d−→x (t0) at a time t0. The area vector d−→s (t0)
represents a small area around B. This is a past time or initial configuration.
From this state, we apply a deformation on the piece of material. During this
deformation, the points A and B move with the material. The distance between
them will stretch and rotate. This displacement will be indicated by the mag-
nitude and the direction of d−→x (t). We can link d−→x (t) to d−→x (t0) thanks to the
deformation gradient tensor F, defined as:

d−→x (t) = F · d−→x (t0) (1.7)

The deformation gradient describes the state of deformation and rotation
in our piece of material. It can be noted that through this definition the present
position −→x is a function of the past position and of the time.

1.2.3 Velocity gradient

It is useful to define a way to determine the velocity gradient in any direction
at a point in the fluid. We consider two points A and B embedded in a flowing
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B

A

B

A

dx(t0)

dx(t)

ds(t0)

ds(t)

(a) (b)

x1

x2

x3

Figure 1.3: Deformation of a piece of material showing the motion of two neighboring
points A and B, (a) is at rest, (b) after deformation.

fluid, separated by a small distance d−→x (t0) as shown in Figure 1.4. In general,
the velocity in a fluid is a function of both position and time. Thus, the velocity

at point A is
−→
V and

−→
V + d

−→
V at the point B. The relative rate of separation

d
−→
V of the two points can be estimated at any point in the fluid by taking the

gradient of the velocity function:

d
−→
V =

δ
−→
V

δ−→x
· d−→x = L · d−→x (1.8)

where L is the velocity gradient tensor. The velocity gradient tensor and
the deformation gradient tensor described earlier are clearly related. By taking
the time derivative of equation 1.7, we can write:

δ(d−→x (t))

δt
=

δF

δt
· d
−−→
x(t0) + F ·

δ(d
−−→
x(t0))

δt
(1.9)

d−→x (t0) is fixed at a certain time t0, so δ(d−→x (t0))/δt = 0. The previous
equation then becomes:

δ(d−→x (t))

δt
= d

−→
V = Ḟ · d

−−→
x(t0) (1.10)

Using this with the equations 1.8 and 1.7 gives:

Ḟ · d
−−→
x(t0) = L · d−→x (1.11)

In the limit as the past displacement is brought to the present, we can
write:
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A(t0)

A(t)

B(t0)

B(t)

V

dV

dx(t0)
dx(t)

V+dV

Figure 1.4: Relative velocity between two points moving in a fluid.

lim
t0→t

F = I

lim
t0→t

Ḟ = L
(1.12)

1.2.4 Rate of deformation

1.2.4.1 Rate-of-deformation and vorticity tensors

We can extract rotation from the velocity gradient by defining F in terms of
stretch V and rotation R tensors:

F = V ·R (1.13)

Taking the time derivative,

Ḟ = V̇ ·R + V · Ṙ (1.14)

If we let the past displacement coming up to the present, there should
be no displacements, therefore

lim
t0→t

V (t0) = lim
t0→t

R(t0) = I (1.15)

Using the equation 1.12, we obtain:

lim
t0→t

Ḟ = L = V̇ + Ṙ (1.16)

which leads to

LT = (V̇ + Ṙ)T (1.17)
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The time derivative of the stretching tensor is usually called the rate-of-
deformation tensor 2D and is symmetric. Ṙ is antisymmetric and is called the
vorticity tensor W.

2V̇ = 2D = L + LT

2Ṙ = 2W = L − LT
(1.18)

1.2.4.2 Finger and Cauchy-Green tensors

There are two other tensors which can be useful to determine the state of de-
formation of a material: the Finger and the Cauchy-Green tensors. The Finger
tensor, noted B, describes the area change around a point on a plane. Thus, B
can give the deformation at any point in terms of area change by operating on
the normal to the area defined. The Cauchy-Green tensor, noted C, gives the
deformation in terms of length change. They are defined as:

B = F ·FT

C = FT ·F
(1.19)

1.2.5 Shearing flows

Several flow configurations exist to characterize the flow properties of a material.
Shearing flow is one of them, and certainly one of the simplest. One of the main
advantages of such flow is that several components of the stress tensor and of the
rate-of-deformation tensor become null.

1

2

3

A

h

x

V

T2 = (T21,0,0)

Figure 1.5: Schematic of a shearing flow
between two parallel plates.

Using various level of approxi-
mation, several flow geometries can be
used in order to produce an homoge-
neous state of stress and strain within
a fluid. The easiest way to understand
and to illustrate a shearing flow is rep-
resented in Figure 1.5. Here, we con-
sider a piece of material confined be-
tween two parallel plates. The bottom
plate is fixed, whereas the top plate is
moving at a constant speed V . We are
assuming a laminar flow and a no-slip

condition on the two plates, which means:

v1(x2 = 0) = 0

v1(x2 = h) = V
(1.20)

Under such conditions, the deformation of the bulk material can be con-
sidered as the sliding of thin fluid layers one over the others. Then, considering a
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two dimensional flow, the only non null component of the velocity at the distance
x2 from the fixed bottom plate is v1, with its profile given by:

v1(x2) =
V

h
x2 (1.21)

From that, we can easily deduce that the rate-of-deformation tensor, as
defined in 1.2.4.1 is given by:

D12 = D21 =
V

2h
=

γ̇

2
(1.22)

Where γ̇ is the shear rate. Such flow conditions also give rise to simple
expressions of the stress tensor. The relative movement of each layer of material
induces a friction force corresponding to the force which is necessary to move the
upper plate. In this type of flow, the stress tensor is often referred to as the shear
stress, and is given by:

σ12 = σ21 =
F

A
(1.23)

Where F is the necessary force to move the plate, and A the surface
of the plate. The shear viscosity of a material can then be defined as the ratio
between the shear stress and the shear rate.

η =
σ12

γ̇
(1.24)

In the simplest case, the fluid is Newtonian and the shear viscosity is
a constant so the shear stress is directly proportional to the shear rate. Fur-
thermore, the shear stress is the only non null component of the stress tensor so
that the knowledge of the shear stress is enough to fully characterize the mate-
rial under shear flow conditions. In complex fluids however, the relation between
the shear stress and the shear rate is not that simple. Indeed, the shear stress
experienced by the material can be a function of the applied stress and of the
shearing time. The shearing process can also induce normal forces so that the
diagonal components of the stress tensor are not equal to zero. In these cases, the
knowledge of the shear viscosity is not enough to fully characterize the material
flow properties. Therefore, the shear ratio between the shear stress and the shear
rate is then referred as the apparent shear viscosity and is defined as:

η(γ̇, t) =
σ12(γ̇, t)

γ̇
(1.25)

1.3 Complex behaviors

When the ratio between the shear stress and the shear rate is not constant, the
fluid is referred to as non-Newtonian. The fluid can then have both a viscous
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part and an elastic part. It is therefore also called a viscoelastic fluid. The
link between the shear stress and the shear rate can sometimes be complex to
understand because of its dependence to a wide range of parameters such as shear
applied, shear history, ageing... A range of test has been developed through the
years to help and characterize this kind of materials [1, 3, 4, 5].

1.3.1 Normal stress in shearing flow

When a viscoelastic material is sheared between two parallel surfaces, in addition
to the viscous shear stress τ12, there are normal stress differences N1 and N2

defined as follow:

N1 = T11 − T22

N2 = T22 − T33

(1.26)

In this case, "1" represents the flow direction, "2" the perpendicular
direction to the surfaces between which the fluid is sheared and "3" is the neutral
direction. The apparition of normal forces will tend to push apart, or to pull
together closer, the two parallel surfaces, depending on its sign.

1.3.2 Viscoelasticity

1.3.2.1 Integral relation between the shear stress and the shear rate

In the early attempts to characterize viscoelastic solids, Boltzmann[2] suggested
that small changes in stress are due to small changes in strain:

dσ = Gdγ (1.27)

This equation can be rewritten as:

dσ = G
dγ

dt
dt = Gγ̇dt (1.28)

Integrating this equation over all past time, as suggested by Maxwell
[1, 5]:

σ(t) =

∫ t

−∞

G(t− t′)γ̇(t′)dt′ (1.29)

Where t′ is the past time variable running from the infinite past to the
present time t. The elapsed time t − t′ is often denoted s. Thus, equation 1.29
becomes:

σ(t) =

∫

∞

0

G(s)γ̇(t− s)ds (1.30)
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It is then possible to say the stress is an integral, over all past time, of the
relaxation modulus times the ratio of strain. Since the deformation does not have
to be constant through the time, γ̇ is a function of time. This form is frequently
used because G(t) can be measured directly. A way to express G(t) is to write it
as a series of relaxation time λk multiplied by a weighting constant Gk:

G(t) =
N
∑

k=1

Gke
−

t
λk (1.31)

Which in equation 1.29 gives the general linear viscoelastic model:

σ(t) =

∫ t

−∞

N
∑

k=1

Gke
−

t−t′

λk γ̇(t′)dt′ (1.32)

It is also possible to introduce a memory function M as the time deriva-
tive of G(t) and express the previous equations with it. Note that equation 1.29
can be easily written in three dimensions by using the extra stress tensor σ for
the shear stress and the rate of deformation 2D for γ̇:

σ =

∫ t

−∞

G(t− t′)2D(t′)dt′ (1.33)

1.3.2.2 Relaxation spectrum

In the past, another approach which has been widely used is the relaxation spec-
trum H(λ). This approach has mainly been used because it provides a continuous
function of relaxation time λ rather than a discrete set, like introduced in the pre-
vious part. The relation used to link the relaxation modulus and the spectra is:

G(s) =

∫

∞

0

H(λ)

λ
e−s/λdλ (1.34)

Several forms for H(λ) exist, and a consequent part of the literature is
in terms of it [3].

1.3.2.3 Viscoelastic models

Viscoelastic models can be created in order to describe viscoelastic behavior of
materials. A way to do so is to use mechanical components such as springs
or dashpots to build the models. Such approach is based on the mechanical
components defined in Figure 1.6.

The models described in Figure 1.7 are basic viscoelastic models. The
first one is called the Maxwell model. For slow motions, the dashpot or Newtonian
behavior dominates, whereas for rapidly changing stresses, the derivative term
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σ=Eγ

σ=ηγ·

σ=ηγ·
1/N

-σ <σ<σ__
y y

Figure 1.6: Schematic of the basis mechanical components used to model viscoelastic
behaviors.

dominates, thus at short times, the model approaches elastic behavior. We can
define from this model the Maxwell ’s relaxation time λ:

λ =
η

E
(1.35)

Where E is the elastic modulus.

As written in equation 1.31, some materials do not have one but several
relaxation times. A way to model this is to use the generalized Maxwell model,
also known as the Maxwell-Weichert model. This model can have several repre-
sentations, like the one in Figure 1.8-a. It is the most general form of the linear
model for viscoelasticity, and it takes into account that the shorter molecular
segments contribute less than longer ones, creating a varying time distribution.
Several other models exist to describe viscoelasticity (such as the ones shown in
Figure 1.8-a,b), plasticity (as Figure 1.8-c) and elastoviscoplasticity (Figure 1.8-d
for example), mainly build from the components defined before.

1.3.3 Small strain material functions

Several types of small strain experiments are used in rheology. The three more
common techniques are stress relaxation, creep and sinusoidal oscillations. These
three different experimental methods give different quantities to characterize a
material. It is often difficult to transform results from one type of experiment
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γ = σ/E + σ/η· ·

σ = γE + γη·

a. Maxwell Model

b. Voigt Model

Figure 1.7: Schematic of the Maxwell and the Voigt models
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a. Generalized Maxwell Model

b. Kelvin-Voigt Model

c. Norton-Ho� Model

d. Generalized Bingham Model

Figure 1.8: Schematic of other models

to the other. The passage from the creep compliance to the stress relaxation
modulus for example is generally difficult.

1.3.3.1 Stress relaxation

The relaxation modulus is defined as the stress relaxation after a step strainγ0.
Data from stress relaxation experiments can directly be linked to the relaxation
modulus thanks to:

G(t) =
σ(t)

γ0
(1.36)

However, it is impossible experimentally to have a instantaneous jump
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of strain γ to γ0. A short rise and stabilization time is required for current
instruments. Thus, it is difficult to get data for t < 0.01s by stress relaxation
methods. It is also difficult to measure the decay of the stress on a wide range of
decades (typically more than three) with one transducer. This means that other
methods are needed to measure the short and long time ends of the relaxation
spectra.

1.3.3.2 Creep

Creep is the tendency of a material to move or deform under the influence of
stresses. Creep experiments are useful for the long time end of the relaxation
spectra. In such an experiment, the stress is increased instantly from 0 to σ0 and
the strain is recorded as a function of time, see Figure 1.9.

Time

σ
σ0

0 tσ

Time

γ

γ0

0 tσ

γr

γ∞

0

0

.

Figure 1.9: Schematic of a creep experi-
ment, where the stress is increased from 0
to σ0 at t = 0, while the strain is recorded
as a function of time.

Most of the time, data are ex-
pressed in term of creep compliance,
defined as:

J(t) =
γ(t)

σ0

(1.37)

A steady state creep compli-
ance, denoted J0

e , can be defined as the
extrapolation of the limiting slope of
the graph of the compliance as a func-
tion of the time to t = 0. The slope
is the inverse of the viscosity at low
shear rate η0. Thus, if we define γ̇∞
as a steady rate of straining reached
eventually, in steady creep regime we

have

J(t) =
γ0
σ0

+
tγ̇∞
σ0

= J0
e +

t

η0
(1.38)

If we use the simple Maxwell model (the single relaxation time model
defined in Figure 1.7), we obtain

J(t) =
1

E
+

t

η
=

1

E
+

1

λE
(1.39)

However, for more general models, it is more difficult to calculate the
compliance. If we write equation 1.29 for creep experiments, we got

σ(t) =

∫

∞

0

G(t− t′)γ̇(t′)dt′ (1.40)
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Reminding equation 1.29, and considering that at long time the shear
rate becomes steady, we can write

σ(t) =

∫ t

−∞

G(t− t′)γ̇∞dt′ (1.41)

We change the integration variable t′ in s = t− t′ and we equal the two
previous equations [1, 5]

γ̇∞

∫

∞

0

G(s)ds =

∫ t

0

G(s)γ̇(t− s)ds (1.42)

We can rewrite it as

γ̇∞

∫

∞

t

G(s)ds =

∫ t

0

G(s)[γ̇(t− s)− γ̇∞]ds (1.43)

We then integrate both sides from t = 0 to t = ∞ and then interchange
the order of integration of s and t, which finally give [1]

γ0
γ̇∞

=

∫

∞

0
sG(s)ds

∫

∞

0
G(s)ds

= λ0, the longest relaxation time (1.44)

Or since γ0 = J0
eσ0, we finally have

J0
e =

∫

∞

0
sG(s)ds

[
∫

∞

0
G(s)ds]2

(1.45)

The relaxation modulus can thus be used to calculate limiting portions
of the creep wave.
Another type of experiment often done in conjunction with creep is creep recovery,
which is the recoil of strain just after the stress is removed. If the stress imposed
during the test was within the linear range of a viscoelastic material, after the
stress is removed, the recovered deformation can then defined as a recoverable
creep function

Jr(t) =
γr(t)

σ0

(1.46)

where σ0 is the stress before the recovery start. If the recovery is per-
formed after a steady state creep, so γ̇(t) = γ̇∞, the equilibrium creep recovery
directly measures J0

e :

lim
t→∞

Jr(t) = J0
e for γ̇(t) = γ̇∞ (1.47)
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Figure 1.10: Schematic sinusoidally oscillating shear strain, producing a sinusoidal
stress phase shifted by an amount of δ.

1.3.3.3 Sinusoidal oscillations

In this kind of small strain experiment, the material is deformed sinusoidally
within the linear regime. The measured stress will generally oscillate at the same
frequency, but will be shifted by a phase angle δ with respect to the strain wave,
as show in Figure 1.10. This can be expressed mathematically as follow [5]:

γ = γ0 sin(ωt)

σ = σ0 sin(ωt+ δ)
(1.48)

The stress can then be decomposed into two signals, one in phase with
the strain (δ = 0◦) and one out of phase with the strain (δ = 90◦). Thus:

σ = σ′ + σ′′

= σ′

0 sin(ωt) + σ′′

0 sin(ωt+ 90◦)

= σ′

0 sin(ωt) + σ′′

0 cos(ωt)

(1.49)

From this, two very useful dynamic moduli can be defined

{

G′ =
σ′

0

γ0

G′′ =
σ′′

0

γ0

(1.50)

G′ being the in-phase or elastic or storage modulus, and G′′ being the
out-of-phase or viscous or loss modulus. According to the previous equations, δ
can be written as:

tan δ =
G′′

G′
=

σ′′

0

σ′

0

(1.51)
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These notations come from the complex numbers: the prime represents
the real part of a complex number and the double prime its imaginary part, such
as σ′ = ℑ{σ0e

iωt} and σ′′ = ℜ{σ0e
iωt}. This leads to the definition of the complex

number G∗:

σ0 = |G∗|γ0

G∗ = G′ + iG′′
(1.52)

So,

σ0 = |G∗|γ0

σ = G′γ0 sin(ωt) + iG′′γ0 cos(ωt)
(1.53)

Another way to characterize these experiments is in terms of a sinusoidal
strain rate [1, 5], leading to the definition of a dynamic viscosity material function
η∗.

{

η′ =
σ′′

0

γ̇0
= G′′

ω

η′′ =
σ′

0

γ̇0
= G′

ω

(1.54)

1.4 Different types of rotational or shear rheome-

ters

In order to carry out the tests described earlier, measuring devices have been
developed, the rheometers. There are several kind of rheometers, each with some
advantages and some drawbacks. We will focus here on shear rheometers and
describe the different ways the test is controlled.

1.4.1 Controlled strain rheometers

A controlled strain, or CR, rheometer applies a controlled shear rate as an input
and determine the resulting shear stress. Two different kind of measuring systems
exist.

1.4.1.1 CR rheometer with a Searle type measuring system

The upper plate (rotor) is driven by a motor, which speed is controlled, see
Figure 1.11. The lower plate is held at rest and can be jacketed for an accurate
temperature control. The resistance of the liquid being sheared between the two
boundaries (one is stationary, one is rotating) of the sensor system results in a
viscosity-related torque which is acting on the upper plate which counteracts the
torque provided by the drive motor. A torque detector is placed between the
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drive motor and the shaft of the upper plate. In this case, Searle means that
both the rotor and the torque detector are acting on the same motor axis.

M Ω

σ

Figure 1.11: Searle type sensor on CR
rheometers: rotor rotates, torque is mea-
sured on the rotor axis, while the lower plate
or outer cylinder (depending on the geome-
try in use) is stationary.

A change in the geometry of
the sensor system allows to also use
coaxial cylinders and cone-and-plate
geometry.

1.4.1.2 CR rheometer with a
Couette type measuring system

The lower plate is driven by a motor
at a define speed, see Figure 1.12. The
resistance of the liquid against the flow
transmits a viscosity-related torque on
the upper plate, which would induce it
to rotate as well. This torque in mea-
sured by determining which value of
the counteracting torque is needed to
hold the upper plate still. The Couette
design here means the drive acts on the
lower plate or the outer cylinder, while

the viscosity-related torque is measured on the shaft of the upper plate, the up-
per cone or the inner cylinder. Instead of a spring as a torque sensing element,
a secondary motor provides the torque necessary to prevent the upper plate, the
upper cone or the inner cylinder from starting to rotate. Couette type measur-
ing systems maintain laminar flow even when low viscosity liquids are tested at
high shear rates, and it is in this area that they usually surpass Searle-type CR-
rheometers. Assuming for Searle and Couette measuring systems that the gap
used is very small and that the same value of rational speed is used on either the
upper or lower plate, the viscosity of a Newtonian liquid is constant across the
gap and equal for both measuring systems.

1.4.2 Controlled stress rheometers

When using a controlled stress, or CS, rheometer a user-defined torque is applied
to the material, while the resulting shear rate or the motor speed is measured.
As with CR rheometers, Couette and Searle measuring systems can also be used.
Viscosity measurements are then done using the pre-set torque value to calculate
the shear stress, and the measured rotor speed to calculate the shear rate, and
so the viscosity.

Originally, the CS-rheometers were designed to provide a higher sensi-
tivity at very low shear rates. They are also especially designed to determine the
visco-elastic properties of fluids and solids, which, subjected to small strains in a
creep test or to small oscillation amplitudes in a dynamic test are just elastically
deformed but are never forced to flow. Because of their design, they can more

44



Different types of geometry

accurately measure non-Newtonian parameters such as yield stress and thus bet-
ter account for switch from solid to viscous behavior of materials as a function
of shear rate or history. Nowadays, several rheometers have the ability to control
both the torque and the displacement, making them versatile tools to characterize
complex materials.

1.5 Different types of geometry

M2

Ω

σ

M1

Figure 1.12: Couette type sensor on CR
rheometers: lower plate or outer cylinder
(depending on the geometry in use) ro-
tates, the torque is sensed on the inner non-
rotating cylinder, plate or cone.

Once the controlling and the measur-
ing systems are chosen, one has to
choose between a range of geometry.
The links between torque and shear
stress and between angular velocity
and shear rate depend on the chosen
geometry. Each geometry comes with
specificities, and with a set of hypothe-
sis that has to be verified to ensure the
relevance and the validity of the test.

1.5.1 Concentric cylinders

1.5.1.1 Assumptions and equa-
tions of motion

This concept was first made practi-
cal by Maurice Couette in 1890 [5].
Couette used a rotating outer cup and
a torsion wire suspended inner cup.
Working on the equations linking the shear stress with the torque measurements,
the shear rate with the angular velocity, and the normal stress coefficients with
the radial pressure difference is essential in order to fully understand experimental
settings and experimental data. These equations are given below. We consider
the flow of a fluid confined between concentric cylinders with a rotating inner
cylinder, as shown in Figure 1.13.

The equations of motion in cylindrical coordinates are reminded in A.2.
Several assumptions can be defined in order to simplify the equations:

• Steady, laminar and isothermal flow

• vθ = rω only, and vr = vz = 0

• Gravity and end effects are negligible

• Symmetry in θ, therefore ∂
∂θ

= 0
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Figure 1.13: Schematic of a concentric
cylinder rheometer.

Using these assumptions, we
can write:
r-Component

−ρ
v2θ
r

=
1

r

∂

∂r
(rτrr)−

τθθ
r

(1.55)

θ-Component

0 =
∂

∂r
(r2τrθ) (1.56)

z-Component

0 = −
∂p

∂z
+ ρgz (1.57)

Equations 1.55, 1.56 and 1.57 can be used to determine the normal stress,
the shear stress and the hydrostatic pressure in the gap, respectively. According
to the geometry described in Figure 1.13, we can define the boundary conditions:

• vθ = ωiRi at r = Ri

• vθ = 0 at r = R0
1

1.5.1.2 Shear stress

By integration of equation 1.56 over r, we find:

τrθ =
c1
r2

(1.58)

The integration constant c1 can be easily determined, using a torque
balance on the inner cylinder 2:

Mi

Ri

= τrθ(Ri)2πRiL (1.59)

where Mi is the torque on the inner cylinder. Thus we have:

c1 =
Mi

2πL
τrθ(Ri) =

Mi

2πR2
iL

(1.60)

1If both cylinders are rotating, we have vθ = ω0R0 at r = R0
2If the torque is measured on the outer cylinder, we have M0

R0

= τrθ(R0)2πR0L
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1.5.1.3 Shear strain and shear rate

For narrow gaps (K = Ri

R0

≥ 0.99), the curvature of the geometry can be neglected.
We can then define the strain as [5]:

Brθ = γ =
∆x

∆r
=

θR̄

R0 −Ri

(1.61)

Where θ is the angular displacement of the cylinder and R̄ is the point
between the two cylinders such as:

R̄ =
R0 +Ri

2
(1.62)

Similarly, it is possible to assume the velocity gradient is a constant
across the gap, and thus the shear rate is the average between the two cylinders:

γ̇(Ri) =
∆v

∆r
=

ΩiR̄

R0 −Ri

(1.63)

For a wider gap, (i.e. when K ≤ 0.99), we cannot assume that the
velocity gradient is constant across the gap. From the components of the rate of
deformation tensor in cylindrical coordinates, we can write the shear rate as:

|2Drθ| = γ̇ =
∂vθ
∂r

−
vθ
r

= r
∂

∂r

vθ
r

= r
∂Ω

∂r
(1.64)

The shear rate is thus not constant across the gap. In principle, to
evaluate the derivative of the previous equation, we need actual measurements of
the velocity profile. However, such measurements can be very difficult. A way to
avoid that is to use the equation 1.58 to make the shear rate a function of the
shear stress:

γ̇(r) = |r
dΩ

dr
| = 2τrθ

dΩ

dτrθ
= γ̇(τ)rθ (1.65)

Integrating this for a rotating inner cylinder and a stationary outer cylin-
der3, we find:

∫ Ωi

0

dΩ = Ωi =

∫ τRi

τR0

γ̇(τ)

2τ
dτ (1.66)

where γ̇(τ) is a function linked to the type of material tested (Newtonian,
power law...).

3The use of Ω = Ωi at Ri and Ω = 0 at R0 is an expression of the no slip condition.
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Ω , M

RH

Figure 1.14: Schematic of a parallel plates geometry.

1.5.2 Parallel plates

1.5.2.1 Assumptions and equations of motion

The parallel disk geometry is a commonly used geometry, suggested by Mooney
in 1934. This geometry is sketched in Figure 1.14. We now assume:

• Steady, laminar and isothermal flow

• vθ(r, z) only, and vr = vz = 0

• Negligible body force

• Cylindrical edge

The equations of motion can be reduced to:
r-Component

1

r

∂

∂r
(rτrr)−

τθθ
r

= −ρ
v2θ
r

(1.67)

θ-Component
∂τθz
∂z

= 0 (1.68)

z-Component
∂τzz
∂z

= 0 (1.69)

1.5.2.2 Velocity, shear rate and shear strain

We consider one disk as stationary, and the other one rotating at Ω. We assume
we do not have slip at these surfaces and consider the inertial forces as negligible.
In these conditions the velocity can be written:

vθ(r, z) =
rΩz

h
(1.70)

Thus, the shear rate is expressed as follow:
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γ̇(r) =
rΩ

h
(1.71)

and the strain can be written:

γ(r) =
rθ

h
(1.72)

The strain and the shear rate thus vary from zero at the center of the
geometry up to their maximum value at the rim of the geometry.

1.5.2.3 Shear stress

The shear rate is not constant through the geometry, as in a wide gap Couette
flow. Similarly we must use a derivative to relate the shear stress to the total
torque. If we consider the differential torque on an angular ring of thickness dr:

dM = (2πrdr)τr (1.73)

Thus, we have:

∫ M

0

dM = M = 2π

∫ R

0

r2τ(r)dr =
2πR3

γ̇3
R

∫ R

0

γ2τ(γ)dγ (1.74)

By rearranging and differentiating using the Leibniz integral rule4 [5, 6,
7], the stress can be expressed as follow::

τ =
M

2πR3

(

3 +
∂ ln( M

2πR3 )

∂ ln γR

)

(1.75)

The evaluation of the shear stress for an unknown fluid goes through a
necessity of large enough amount of data of ln( M

2πR3 ) versus ln γR to determine
the derivative accurately. In practice, this is most of the time not highly difficult.
If the test material is Newtonian, the derivative equals 1, so the shear stress
becomes:

τapp =
2M

πR3
(1.76)

This shear stress is also called the apparent shear stress and is often used
to calculate the apparent viscosity.

4Assuming a function F exists, can be differentiated and is defined as F (y) =
∫ b(y)

a(y)
f(y, z)dz,

we have dF (y)
dy

= f(y, b(y))db(y)
dy

− f(y, a(y))da(y)
dy

+
∫ b(y)

a(y)
∂
∂y

f(y, z)dz
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Figure 1.15: Schematic of a cone-and-plate geometry.

1.5.3 Cone and plate

1.5.3.1 Assumptions and equations of motion

The cone-and-plate geometry is widely used because of its constant rate of shear.
The proper coordinates for this problem are the spherical ones, see Figure 1.15.
The equations of motion in spherical coordinates are reminded in A.2.

We do several assumptions in order to simplify these equations:

• Steady, laminar and isothermal flow

• vφ(r, θ) only, and vr = vθ = 0

• α ≤ 0.10 rad

• Negligible body force

• Spherical liquid boundary

These assumptions allow us to write:

r−Component

ρ
v2φ
r

=
1

r2
∂

∂r
(rτrr)−

τθθ + τφφ
r

(1.77)

θ−Component

0 =
1

r sin θ

∂

∂θ
(τθθ sin θ)−

cot θτθθ
r

(1.78)

φ−Component

0 =
1

r

∂τθφ
∂θ

+
2

r
cot θτθφ

(1.79)

We can also specify two boundary conditions:
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vφ

(π

2

)

= 0

vφ

(π

2
− α

)

= Ωr sin
(π

2
− α

)

≈ Ωr
(1.80)

1.5.3.2 Shear stress

The shear stress can be found thanks to 1.79. If we integrate this equation, we
find:

τφθ =
C1

sin2 θ
(1.81)

We then do a torque balance on the plate:

M =

∫ 2π

0

∫ R

0

r2τ |(π/2)drdφ =
2πR3

3
τφθ|(π/2) (1.82)

Using 1.81 in 1.82, we obtain:

τφθ(θ) =
3M

2πR3sin2θ
(1.83)

Reminding that α < 0.1rad we can consider that sin2θ = sin2(π/2−α) ≈
1 and that the shear stress is globally constant throughout the material.

τφθ =
3M

2πR3
(1.84)

1.5.3.3 Shear strain and shear rate

Since the shear stress is nearly constant, the shear strain and the shear rate will
also be nearly constant. From B in spherical coordinates, we have:

Bφθ = γ =
φ

α
(1.85)

Similarly from D in spherical coordinates

|2Dφθ| = γ̇ = |
sin θ

r

∂

∂θ
(
vφ
sin θ

)| = |
1

r

∂vφ
∂θ

−
vθ
r
cot θ| (1.86)

Because θ = π/2− α, we can write:

cot θ = cot(
π

2
− α) = tanα ≈ α (1.87)

A good approximation of the velocity profile being
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vφ = Ωr
(π/2)− θ

α
(1.88)

So the shear rate is given by

γ̇ ≈
Ω

α
(1.89)

1.6 Conclusion

The rheology is the study of the flow properties of materials. This science relies on
the different notions defined above. From these theoretical tools, experimental
methods (rheometry) were developed. As discussed above, several tools exist,
good understanding of the existing rheometry solutions is therefore necessary to
choose the best experimental system as possible. This choice is also linked to the
type of information required as well as the type of material tested. Analysis of the
existing literature is therefore a good way to first understand what can be going
on within the material, and second choose the best experimental system. The
next chapter thus focuses on the material tested during this project (suspensions).
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CHAPTER 2. SUSPENSION RHEOLOGY

Résumé du Chapitre

Dans ce chapitre, nous introduisons les principaux résultats connus sur la rhéolo-
gie des suspensions. Nous nous concentrons en premier lieu sur les suspensions
de sphères dures, base de l’étude des suspensions.

Nous nous intéressons ensuite à l’influence de la forme des particules,
pour ensuite résumer les principaux résultats liés à l’étude des suspensions de
sphères déformables, qu’elles soient liquides, comme dans le cas des émulsions,
ou élastiques.

Nous passons ensuite en revu les principales énergies d’interactions dans
les systèmes colloïdaux, des interactions de Van der Walls à la déplétion, en
passant par les interactions hydrophiles.

Nous terminons ce chapitre avec une revue des principaux résultats présents
dans la littérature sur les suspensions agrégées, créant des réseaux pouvant être
étonnement solides.
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Introduction

2.1 Introduction

A suspension consists of discrete solid particles randomly distributed in a fluid
medium. The rheology of suspensions in a Newtonian fluid has been widely
studied in the last decades. Many materials in use today are disperse systems
where particles are dispersed in another phase, therefore any new insights in the
rheology of these systems can be of great practical importance, from biological
materials such as milk or blood, to paint, ink, ceramics, etc [52].

The addition of rigid spheres into a liquid medium induces a hydrody-
namic disturbance. This disturbance, first calculated by Einstein has a small
effect on viscosity. However, if the spheres are small enough (generally below a
micron), colloidal forces between particles can become important, resulting in an
increase in viscosity that can be more of an order of magnitude, even at low con-
centration. Adding particles does not only change the magnitude of the viscosity
as displayed in Figure 2.1. The addition of particles can introduce non-Newtonian
behaviours such as shear thinning, shear thickening, yield stress behaviour, but
also time-dependent behaviour such as thixotropy.

Figure 2.1: Viscosity as a function of shear stress for a polystyrene ethyl-acrylate latex
at different volume fractions, from [49].

The physical properties of the dispersed particles, such as the average
particle size, the size distribution, the type and the magnitude of the energy of
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interaction between the particles or the shape of the particles influence the overall
materials properties [73].

In this chapter, the main known parameters that influence the flow be-
haviour of suspensions are reviewed, starting with hard spheres, then hard non-
spherical particles, followed by deformable particles, up to particles having elec-
trostatic interactions and aggregating systems.

2.2 Hard spheres suspensions

Hard spheres suspensions have been extensively studied, uncovering several im-
portant parameters when one wants to characterize the rheology of such materials.

2.2.1 Dimensional analysis

The first dimensional analysis of this kind of problem was done by Krieger [46].
He focused on the simplest case: a suspensions of rigid monodisperse spheres
suspended in a Newtonian fluid. Assuming that the only interactions existing
between the particles were hydrodynamic, Krieger showed that parameters of
interest are the suspending fluid viscosity ηf , its density ρf , the radius of the
particles a, their concentration or number density N , their density ρp and when
Brownian motion is significant a thermal energy variable kT , with T the absolute
temperature and K the Boltzmann constant. The main variables being the shear
(whether it is the shear rate γ̇ or the shear stress σ) and the duration of the
experiment tEx, the equation of state can thus be written as

η = η(γ̇, tEx, ηf , ρf , a,N, ρp, kT ) (2.1)

Six dimensionless groups are necessary to describe such a system. A
convenient set is the relative viscosity ηr = η/ηf , the volume fraction ϕ = 4π

3
Na3,

a relative density ρr = ρp/ρf , an internal Reynolds number Rei = a2γ̇ρf/ηf , the
Deborah number De = tBr/tEx and the Péclet number Pe = tBrγ̇. Therefore the
reduced equation of state form is

ηr =
η

ηf
= ηr(ϕ, ρr, Rei, P e,De) (2.2)

The last two dimensionless quantities introduced depend on the Brownian
diffusion time of particles in a suspending fluid

tBr =
a2

DT

=
6πηfa

3

KT
(2.3)

Under steady conditions, a constant shear is applied on the material until
an equilibrium is reached, therefore under this condition, De → 0, in the case of
neutrally buoyant particles, ρr → 1, and if the experiments are conducted under
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Figure 2.2: Relative viscosity as a function of the Peclet number: representation of
the master curve from dimensional analysis.

laminar flow conditions, Rei → 0. Under all these conditions, equation 2.2 is
reduced to ηr = ηr(ϕ, Pe). In the case of ϕ = cst, a master curve ηr = ηr(Pe)
can be represented which general shape is as display in Figure 2.2.

2.2.2 Influence of the average particle size

Figure 2.3: Schematic showing the need
for more smaller particle in order to have a
volume fraction constant.

In the case where a constant volume
fraction is required, the use of smaller
particles implies that more particles
are present in the sample, as de-
picted in Figure 2.3. Because of this
increase in the number of particles,
the amount of particle-particle inter-
actions increases which induces an in-
crease in the relative viscosity [46], see
Figure 2.4.

2.2.3 Influence of the size

distribution

Mixing monodisperse spheres with
strongly different diameters results in a
substantial increase in maximum pack-
ing which leads to a substantial de-
crease in viscosity [17, 27]. This de-
crease in viscosity is sensitive to the
volume fraction and to the ratio of size between the large and the small particles.
For very large ratio, the small particles can fill the interstices between the large
ones up to their maximum packing, increasing the maximum packing fraction for
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Figure 2.4: Relative viscosity as a function of the shear stress for 50% monodispersions
in benzyl alcohol of four different particle sizes of cross-linked polystyrene spheres, from
[46].

a monodisperse system ϕm to a maximum packing fraction for a bimodal system
ϕm,m [54]:

ϕm,m = ϕm + (1− ϕm)ϕm (2.4)

If the ratio of size is below 10, the small particles do not fit well in
the interstices, which lead to an a decrease of the maximum packing, and so an
increase of the viscosity, as shown in Figure 2.5.

Further reduction in viscosity is possible if trimodal or higher multimodal
systems are used, even though it becomes quickly difficult to produce particles
small enough in the case of highly multimodal systems. The use of multimodal
size distributions also delay the onset of shear thickening [54].

2.2.4 Influence of Brownian motion

When the particles in the suspension are small enough and/or the temperature of
the material is high enough, thermal motion of the particles within the suspending
fluid can not be ignored anymore. We place ourselves in the case where only
the hydrodynamic and thermal forces are not negligible. The Péclet number is
thus the relevant parameters to study the flow behaviour of the system. General
viscosity curves are shown in Figure 2.1. Two Newtonian regions can be observed,
with a shear thinning region between them. At very high concentrations, shear
thickening can appear if the shear applied is high enough, indicating complex
structural changes [5, 50].

2.2.4.1 Péclet number in concentrated systems

The Péclet number defined earlier is based on Stokes’ law for the hydrodynamic
effect, therefore on the diffusivity of an isolated sphere. In concentrated suspen-
sions, this does not hold, as the viscous resistance encounters by a particle will be
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Figure 2.5: Relative viscosity as a function of the volume % of small spheres in total
solid for various particle size ratio, from [17].

the sum of all the hydrodynamic interactions with all the neighbouring particles.
The resistance will therefore be significantly higher than what is predicted by
Stokes’ law. Krieger suggested that this resistance should be comparable with
the global viscosity of the suspension, therefore to substitute the medium viscos-
ity in the Péclet expression with the suspension viscosity. Such an expression of
the Péclet number can be seen as a reduced shear stress σr:

Pe =
6πηa3

KT
γ̇ =

6πa3

KT
σ =

σ

σc

= σr (2.5)

The curves of the evolution of the viscosity of the suspension as a function
of the reduced shear stress can be well described by the semi-empirical relation
[46]:

η − η∞
η0 − η∞

=
1

1 + σr
(2.6)

where η0 = limσ→0 is the zero-shear or low shear viscosity and η∞ =
limσ→∞ is the high shear viscosity. An example of this is shown in Figure 2.6.
For the three smallest particle sizes, superposition is excellent, however, it is not
for the larger particles. Krieger considered this as an independent evidence from
sedimentation behaviour that large particles form long-lived aggregates, due to
the secondary minimum in the interparticle potential curve [46].
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Figure 2.6: Relative viscosity as a function of the relative shear stress for aqueous
monodisperse latices at a volume fraction of 50% for various particle sizes, from [46].

2.2.4.2 Evolution of the viscosity with the volume fraction

The linear term in the concentration law for the viscosity was first derived from
the viscous dissipation produced by the flow around a single sphere [24, 25]:

ηr = 1 + 2.5ϕ+O(ϕ2) (2.7)

Thus the intrinsic viscosity, defined as [η] = limϕ→0(ηr − 1)/ϕ is exactly
5/2, regardless of the size or the size distribution of the spheres. This equation
is valid only for very disperse spheres (ϕ 6 0.03), as such to avoid interaction
with each other and thus to make sure they are not influenced by the presence of
neighbouring particles. When the volume fraction is higher, the hydrodynamic
interactions can not be neglected anymore. Computing the effect of two body
interactions on the viscosity, the quadratic term was calculated and published by
Batchelor [8]:

ηr = 1 + 2.5ϕ+ 6.2ϕ2 +O(ϕ3) (2.8)

This formula holds for ϕ 6 0.10. Three body hydrodynamic interactions
would produce a term proportional to ϕ3, and so on, however because higher order
expansions are applicable over increasingly small concentration regions, such an
approach was dismissed for studying more concentrated systems [52].

Another kind of approach was thus followed. In the two Newtonian
regions, the relative viscosities should be universal for monodisperse hard spheres,
as no length of time scales are left in the scaling. Therefore, these two viscosities
should be independent of the shear, the medium viscosity, the temperature or
even the particle size. In between these two regions, the Péclet number can be
used to scale the shear. On the low shear Newtonian plateau, Brownian motion
dominates the structure of the material, and hence its viscosity, meaning that the
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Figure 2.7: Test of Krieger-Dougherty equation for concentrated dependence of high
and low-shear limiting viscosities, from [46].

positions of the particles at low enough shear is close to the one at rest. However,
when the shear increases, the hydrodynamic forces start to compete with the
thermal forces, until another equilibrium is found (i.e. the second Newtonian
plateau). The Krieger-Dougherty relation [46] describes well the concentration
dependence of the viscosity for these two Newtonian plateaus, as shown in Figure
2.7:

ηrx =

(

1−
ϕ

ϕmx

)

−2.5ϕmx

(2.9)

where when x = 0 (low shear plateau), ϕm0 = 0.63 (maximum packing
volume ffraction at low shear) and when x = ∞ (high shear plateau), ϕm∞ = 0.71
(maximum packing volume fraction at high shear). The values of the different ϕmx

however can be function of other parameters, such as the shape, the deformability
or the size distribution of the particles.

An expression of the same type was later obtained by Quemada from a
minimum principle applied to the energy dissipated by viscous effects [60]:

ηr =

(

1−
ϕ

ϕm

)

−2

(2.10)

where ϕm is the maximum packing volume fraction. The difference be-
tween these two equations is the exponent, equals to the opposite of the product
between the intrinsic viscosity and the maximum packing volume fraction for the
Krieger-Dougherty equation, and equals to −2 for Quemada. Quemada argued
that even if the condition limϕ→0 = 2.5 is not maintained, it seems rather unjusti-
fied to require the existence of a relation between the exponent in these equation,
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Figure 2.8: Prolate spheroid (re > 1) in simple shear flow. The a-axis is the axis of
rotational symmetry of the particle. The angle φ is the angle between the projection
of the a-axis on the xz plan and the z-axis, and the angle θ is the one between the
projection of the a-axis on the xy plan and the y-axis, as displayed more in details on
Figure 2.9.

ϕm, which mainly depends on lubrication interactions between close particles, and
therefore commands the viscosity when the system is close to the maximum pack-
ing fraction, and [η], which quantifies the long range hydrodynamic perturbation
due to the presence of an isolated particle in the suspending fluid [61].

The divergent behaviour of the zero-shear viscosity was studied theo-
retically from a scaling analysis of the Brownian stress [13]. It was shown that
if the range of the interparticle forces was comparable to the particle size, the
hydrodynamic contribution to the stress scales as the Brownian stress, result-
ing with the zero-shear viscosity following Quemada’s equation with a maximum
packing volume fraction close to the random close packing volume fraction ϕRCP

(ϕRCP = 0.637) [61].

2.3 Influence of the shape of the particles

The behaviour of non-spherical particles in shearing flow has been well studied for
particles that have an axis of rotational symmetry and thus are symmetric along
that axis (spheroids, cylinders, etc.) [56]. Such particles can be characterized by
the particle aspect ratio rp = la/lb where la is the length of the particle along the
axis of symmetry and lb is the maximum diameter perpendicular to the axis of
symmetry. It has been shown that such particles can be considered as equivalent
spheroid with aspect ration re = a/b where a is the length of the semi-axis of
symmetry and b is the length of the orthogonal semi-axis [14]. The relationship
between rp and re is usually determined experimentally.

Particles suspended in a viscous fluid rotate and get oriented by the
shear along the flow’s vorticity vector. From the motion of a spherical particle
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Figure 2.9: Projection of the particle profile in the xz and the xy plans to identify
φ and θ. The angle φ is the angle between the projection of the a-axis on the xz plan
and the z-axis, and the angle θ is the one between the projection of the a-axis on the
xy plan and the y-axis.

in a dilute suspension undergoing shear, it is possible to define the tumbling rate
[41, 56]

φ̇ = γ̇
1

1 + re2
(re

2 cos2(φ) + sin2(φ)) (2.11)

where φ is the the angle between the plane containing the a-axis (axis of
rotational symmetry) and the x-axis and the plane containing the x-axis and the
y-axis, see Figure 2.8 and Figure 2.9 for the projections. The integration of this
equation gives the period of rotation of the particle about the vorticity vector

T =
2π

γ̇

(

re +
1

re

)

(2.12)

The tumbling rate and period are independent of the angle between the
a-axis and the vorticity vector (θ), defined as:

tan(θ) =
Cre

(re2 cos2(φ) + sin2(φ))1/2
(2.13)

where C is an orbit constant, determined thanks to the previous equation
only if θ and φ are known at any point. Even though they are tumbling, the
particles spend more of the rotational period aligned with the flow than they do
across the flow [56]. This effect increases as the aspect ratio deviates from unity.
Jeffrey’s equations have been validated numerically [43, 45] and experimentally
[2, 32, 76].

The rate of work or power that is required to shear a volume of material
V is related to the apparent viscosity of the material [34]

Ẇ = ηγ̇2V (2.14)

In the case of very dilute suspensions, it is possible to consider the mate-
rial as if there was only one particle suspended in the fluid. Under this condition,
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Figure 2.10: Einstein coefficient as a function of particle orientation (a,c) and dimen-
sionless strain (b,d) for various equivalent spheroid aspect ratio, from [56].

the total rate of work is the sum of the rate of work that must be done to shear
the fluid (Ẇf ) and of the work owing to the presence of the particle (Ẇp). The
apparent viscosity of the material can therefore be written as

η =
Ẇf

γ̇2V
+

Ẇp

γ̇2V
(2.15)

Considering a Newtonian suspending fluid, we directly have ηf = Ẇf/γ̇
2V ,

therefore the previous equation can be written again as

ηr = 1 +
Ẇp

ηf γ̇2Vp

ϕ (2.16)

where Vp is the volume of the particles and ϕ is the volume fraction. The
analogy with Einstein’s equation (2.7) allows the determination of the Einstein’s
coefficient (the intrinsic viscosity in the case of spherical particles).

For orbits C = 0, the axis of symmetry of the particle is aligned with the
vorticity vector, therefore the particle rolls along in the flow with steady motion,
thus the contribution of the particle to the viscosity of the suspension is constant
with shear. For every other values of C, and therefore for any other orbits, the
contribution of the particle to the viscosity of the material is dependent on the
angle φ. Figure 2.10 shows the evolution of Einstein’s coefficient, and therefore of
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Figure 2.11: Einstein coefficient as a function of particle aspect ratio for different
particle orientations, from [56].

the particle’s contribution to the viscosity, for C = ∞. Under this condition, the
particle is tumbling in the flow with its axis of symmetry perpendicular to the
vorticity vector [41, 56]. It can be seen in Figure 2.10 that according to particle’s
orientation and the strain, the Einstein’s coefficient can be lower or higher than
2.5, meaning a lower or a higher viscosity than in the case of spherical particles,
respectively. Figure 2.11 shows the influence of the particle aspect ratio on the
Einstein viscosity for various orbit constants.

2.4 Deformable spheres suspensions

A large range of particles can get deformed by the flow. It is therefore central
to take these deformations into account as they can induce specific behaviours.
There are two different cases that can be considered: first, the case of emulsions,
where the particles are seen as fluid droplets of viscosity ηd, then the case of
elastic particles of elastic modulus Gd.

2.4.1 Emulsions

An emulsion consists of droplets of a liquid of viscosity ηd dispersed in another
of viscosity ηf . Many materials of practical importance consist of such systems,
such as paint, soaps, cosmetics, creams, milk, etc. In emulsion, a useful dimen-
sionless parameter is the ratio of the viscosity of the droplet liquid to that of the
suspending fluid ηdr = ηd/ηf . If the viscosity ratio is very high, the behaviour of
the suspension is close to the hard sphere case, however, if it is not, deviations
can be witnessed.

A first deviation is linked to the shape of the particles. For small defor-
mations, the drop assumes an elliptical form [75, 52], where the difference between
major and minor axes, 2a and 2b respectively, depends on
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D =
a− b

a+ b
= 2λdII

1/2
2D

(

1 + 19ηdr/16

1 + ηdr

)

(2.17)

where II2D is the second invariant of the rate of deformation, see equation
1.18 and λd is the relaxation time of the droplet, given by

λd =
aηd
Γ

(2.18)

where Γ is the interfacial tension. The interfacial tension tends to pull
the drop back to a spherical shape, while the viscosity of the suspending fluid
slows down the motion [52].

A second deviation is due to the break up of the drops in the flow. Indeed,
a drop is always under balance between the interfacial forces that keep it together
and the hydrodynamic forces that will deform and ultimately break it up [33].
The drop breakup depends on both the flow type and the viscosity ratio ηdr. If
the viscosity ratio is very large, interfacial tension will have a negligible effect in
shear flows. At high deformation rates, the drop will then align with the flow and
assume a limiting shape [33]

lim
γ̇→0

D =
5

2(2ηdr + 3)
(2.19)

For lower viscosity ratio, breakup can occur if the hydrodynamic forces
exceeds the interfacial tension or D > 1/2 [1, 75]. For small deformations, the
velocity field around the drop can be solved, however, in contrast with the hard
spheres case, the fluid circulation inside the drop has to be considered [1, 68].
The constitutive relation for the particle stress is of the form [1, 52]

σ = 2ηfD

[

1 +

(

1 + 5
2
ηdr

1 + ηdr

)

ϕ+ F

]

(2.20)

where F is function of ηdr, λd, and of the history of deformation. For
steady shear, this equation can be reduced, and the steady shear viscosity can be
written:

η = ηf

[

1 +

(

1 + 5
2
ηdr

1 + ηdr

)

ϕ

]

(2.21)

Once again, if the viscosity ratio ηdr is very large, the drop becomes rigid,
and the coefficient of ϕ tends to 5/2, the Einstein’s result. It is worthwhile to
notice that for steady shear, equation 2.20 implies the existence of a positive first
normal stress coefficient and of a negative second normal stress coefficient.
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Figure 2.12: Relative viscosity as a function of the cell percentage at two different
shear rates for hardened red blood cells, from [16].

2.4.2 Elastic particles

Another approach is to consider the particles as elastic spheres [31, 64]. In this
case, the non-Newtonian effects come from the modulus G of the particle rather
than from the interfacial tension. The previous equations can still be used with
λd = ηs/G.

A good example of elastic particles suspension is blood. Red blood cells
consist of a thin elastic membrane filled with a Newtonian fluid with a viscosity
of 6− 7 mPas [70]. Studies have been made studying the flow of red blood cells
suspension and of hardened red blood cells suspension [15, 16]. As shown in Figure
2.12, the relative viscosity of hardened red blood cells suspensions is globally
independent of the shear applied. Red blood cells being too big to be influenced
by Brownian motion at physiological temperature, the only parameter left is
the volume fraction. In non-hardened red blood cells suspensions however, the
shear is an important parameter. Figure 2.13 shows the effect of shear on the
suspension: an increase in applied shear lowers the viscosity of the suspension.
At very low shear, the viscosity of the suspension with normal deformability is
close to the viscosity of the rigid cells suspensions, see Figure 2.14, and as the
shear increases, shear thinning appears.

At high concentrations, the deformability of the particles can also have an
impact on the packing of the particles. Indeed, at high concentrations, deformable
particles can accommodate each other at rest and squeeze past each other during
the flow, increasing ϕm and thus lowering the viscosity [6].
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Figure 2.13: Relative viscosity as a function of the cell percentage at different shear
rates for normal and hardened red blood cells, from [16].

Figure 2.14: Relative viscosity as a function of the shear stress as the red blood cells
lose deformability, from [15].
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2.5 Pair interaction energy in colloidal systems

Interparticle forces govern the microstructure of suspension-type materials. Thus,
it is essential to understand both their nature and their impact. Most of the
studies on the interparticle forces have been done on colloids. So far, several kind
of interparticle forces have been identified, the main ones being reviewed below.

2.5.1 Van der Waals interaction

In colloid systems, one of the first interaction to be identified was the van der
Waals interaction. This force always exists because of interactions between in-
duced dipoles in the molecules of neighbouring particles [53]. Integration of the
interactions between all induced dipoles in two bodies results in an expression of
the total force. Assuming spherical particles, the interaction can be expressed as
[37, 62, 67]:

UA = −
Apmp

6

[

2a2

R2 − 4a2
+

2a2

R2
+ ln

(

R2 − 4a2

R2

)]

(2.22)

where R is the center-to-center distance, a is the radius of the particles
and Apmp is the Hamaker constant for two particles acting across the medium.
Apmp being always positive for two identical particles [38], the interaction UA is
therefore always attractive. Two ways to estimate the Hamaker constant for two
particles in a given medium exist: one can use A

1/2
pmp = A

1/2
pp − A

1/2
mm, where App

and Amm are the Hamaker constants of the particle and the medium, respectively
[38, 62] or use Apmp = (A2

pp−A2
mm)

1/2 [52]. Because of retardation effects, equation
2.22 is inaccurate if the particles are too far apart (R >> a). However, because
of the rapid decrease of the value of this interaction with R, it can be neglected at
large distances. A way to suppress the van der Waals interactions is to match the
optical indices of the particles and the solvent [38, 67]. It is worthwhile to note
that in the case of surfaces with absorbed layers, Equation 2.22 can be written in
terms of the different Hamaker constants into play (core particle, polymer layer
and solvent medium) [39].

2.5.2 Electric double layer interaction

The screening double layer is a double layer made of counterions and electrolyte
ions that surrounds electrically charged particles in aqueous media. The counte-
rions, which have sign opposed to that of the particle charge are drawn toward
the particle and a monolayer made of such ions develops immediately near the
surface. This monolayer is also called the Stern layer [52]. Outside this layer, the
concentration of counterions gradually decreases toward the bulk concentration of
the aqueous phase. As two particles approach each other, the overlapping double
layers induces long-range repulsive forces due to entropic effects [39]. For two
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Figure 2.15: Interaction potential for Van der Waals interactions (UA) and electric
double layer interaction (UR). DLVO is the sum of UA and UR. Data for numerical
calculations are: Eq (2.22), Apmp = 4× 10−21 J; Eq (2.23b), a = 100 nm, Φ0 = 25 mV,
κa = 35, ǫ = 7.08× 10−10 C2/Nm2, T = 293 K.

identical particles with surface potential Φ0, the repulsive interaction can be put
in the form [37]:

UR = 2πǫΦ2
0a(2a/R) exp[−κ(R− 2a)]; κa < 5

UR = 2πǫΦ2
0a ln{1 + exp[−κ(R− 2a)]}; κa > 5

(2.23)

where ǫ is the permittivity of the medium and κ is the Debye-Huckel
constant, given by

κ =

(

e2
∑

i
noiz

2
i

ǫkBT

)1/2

(2.24)

where e is the charge of an electron, noi is the concentration of ions of
type i in the bulk, zi is the valence of ions of type i, kB is the Boltzmann constant
and T is the absolute temperature. The factor κ has a dimension of 1/length. Its
inverse measures the thickness of the double layer, which is determined by the
concentration of ions in the aqueous phase. It is therefore often called the Debye
screening length [62]. For concentrated systems, it is also required to take into
account the charge of counterions that balance the surface charge of the colloidal
particles. The inverse of an effective screening length can be written as [67]:

κeff = κ

(

1−
3Zϕ

8πa3z(1− ϕ)ns

)1/2

(2.25)
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where ns is referred to the solvent volume (usually, series suspensions
are prepared by diluting a concentrated suspension with the solution used as
dialyzate [36, 62]). The second term between brackets represents the contribution
of counterions, where Z is the mean number of charges per particle and the factor
(1 − ϕ) accounts for the reduced volume available to electrolyte because of the
presence of particles. It has to be noticed that the surface potential can be
expressed in terms of the surface charge, i.e. Φ0 = Ze/4πǫa(1 + κa). Thus,
the mean number of charge Z is usually taken as an adjustable parameter to fit
experimental results [3, 51, 65]. The combination of Equation 2.22 and Equations
2.23 constitutes the DLVO theory for the interaction in charged colloids (see
Figure 2.15).

2.5.3 Hydrophilic interaction

In aqueous media, another kind of interaction is the hydration repulsive forces,
also called structural forces [40, 62, 78]. This interaction arises from highly hy-
drophilic surfaces that cause molecular order in the adjacent and neighboring
water molecules. This superficial hydration leads to a repulsive force between
surfaces [62], with a characteristic length λ ≈ 1 nm [38, 77]. Using the Der-
jaguin approximation, the interaction energy for spherical particles can be written
[37, 38]:

Us = ∆Gpwpπaλ exp[−(R− 2a)/λ] (2.26)

where ∆Gpwp is the free energy on interaction between two particles in
water. A combination of DLVO and hydration forces (see Figure 2.16) have been
used in the literature to interpret measurements of the forces between protein-
covered oil droplets [22] and rheology of protein [9, 10] and clay suspensions [23].

2.5.4 Depletion interaction

When macromolecules are added to a colloid suspension, several behaviors can
be observed, depending on the net interaction between the particles, the macro-
molecules and the solvent [37, 38, 62, 67]. If the particles are fully covered by
the absorbed polymer, the interaction is mainly repulsive. This will be covered
in the next session. In the case of attractive interactions, two mechanisms have
been identified: bridging and depletion. If the polymer chains are able to be ab-
sorbed onto the particle surfaces, and if there are some free binding sites on the
opposite surface, the bridging attraction can occur [38]. This interaction is ex-
ponentially decreasing with a characteristic distance of the order of the segment
polymer length [44]. If the polymer can not be absorbed, it will be excluded
from the surface of the particles. Assuming the particles are large compared with
the polymer, attractive particle-particle forces can arise through a mechanism of
depletion [37, 38, 67].
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Figure 2.16: Interaction potential for DLVO, hydration and depletion interactions.
Data for numerical calculations are: Eq (2.22), Apmp = 4 × 10−21 J; Eq (2.23b), a =
100 nm, Φ0 = 25 mV, κa = 35, ǫ = 7.08 × 10−10 C2/Nm2, T = 293 K; Eq (2.26),
∆Gpwp = 0.5mJ.m2, λ = 1nm; Eq. (2.27), Π = 103Pa, δ/a = 0.1.
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Figure 2.17: Schematic of a pair particles
of radius a and with an exclusion radius of
δ.

Several approaches have been
proposed to explain depletion interac-
tion [42, 62], however one that have
been proven useful for different sys-
tems is the exclusion volume theory [4].
In this theory, the depleting species are
assumed to have an equivalent hard
sphere radius δ, and therefore, to be
excluded from the gap between parti-
cles if R < 2(a + δa) as schematically
displayed on Figure 2.17. Thus the
equivalent hard sphere radius can also
be seen as the thickness of a depletion

layer surrounding the particles. The resulting difference in osmotic pressures be-
tween the depleted zones and the bulk solution leads to an attractive interaction
between the particles [62, 71], and can be written as [42, 65]:

UD =

{

−4π
3
(a+ δ)3

(

1− 3R
4(a+δ)

+ R3

16(a+δ)3

)

Π; R < 2(a+ δ)

0; R ≥ 2(a+ δ)
(2.27)

where Π is the osmotic pressure. The osmotic pressure of the bulk can
be expressed as:
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Π = ρkBT (1 + 2nM/ρmNA) (2.28)

where ρ is the number density of macromolecules, NA is the Avogadro
number, M is the mean molecular weight of polymer and ρm its mass density. The
first term on the left hand side of this equation is the expression of the osmotic
pressure in the case of ideal solutions. The second term arises from the assumption
that the depleting species are spherical, so that the second virial coefficient is
four times the volume of the macromolecule [35, 71]. It is also suggested that
the depletion potential varies with salt concentration when the depleting species
are electrostatically charged [12, 55]. Because of the ionic strength dependence
of the exclusion thickness, it was suggested to use an effective exclusion radius to
take this effect into account [11]:

δ ≈ rg + bκ−1 (2.29)

where rg is the average gyration radius of the polymer and b is a constant.

2.5.5 Polymer-polymer interaction

When a polymer layer is present on the surface of the particles, independently
if it is chemically grafted or absorbed, a repulsive force can be created when
the layers of two neighboring particles overlap. If the thickness of the layer
is large enough, the van der Waals attraction between the cores is negligible
with respect to the Brownian thermal energy. The suspension is thus said to be
sterically stabilized [57, 79]. The origin of this interaction is believed to be due
to the fact that the overlap of the polymer layers reduces the volume available
to each single each, increasing the free energy and hence producing a repulsive
force. The affinity between the solvent and the polymer chains governs this
kind of interaction [29, 57]. Indeed, the free energy is proportional to 1/2 − χ,
where χ is the Flory-Huggins parameter. In good solvent, χ < 1/2, meaning the
interaction is repulsive, whereas χ > 1/2 in poor solvent, meaning the interaction
is attractive. The particle aggregation is then controlled through the value of χ,
which varies with the solvent [63], the pH [28] and the temperature [19].

Using the derivation from de Gennes [20], it is possible to have an ex-
pression for the interaction energy between polymer-covered flat surfaces which
accounts for the osmotic repulsion between polymer layers and the elastic energy
of the chains. The interaction decays rapidly with distance, therefore, using the
Derjaguin approximation, the interaction potential between spherical particles
can be expressed as [11, 81]:

UP =
64πaL2kBT

s3

[

1

5

(

h

2L

)

−1/4

−
1

77

(

h

2L

)11/4

+
3

35

(

h

2L

)

−
3

11

]

(2.30)
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Figure 2.18: Schematic of a particle of ra-
dius a with grafted polymer on its surface.

where s is the mean distance
between the chain attachment points
at the core surface, L is the polymer
layer thickness and h is the surface
to surface distance between cores, see
Figure 2.18. For practical purpose, it
has been suggested to use a simplified
version of the previous equation, con-
sidering that the interaction potential
is roughly exponential [38]:

UP =
100aL2kBT

πs3
exp(−πh/L) (2.31)

This simplification is valid within the limits corresponding to the very
low and very high polymer layer overlapping.

2.6 Aggregated suspensions

It possible in colloidal systems to be in presence of a net attractive potential
between particles, leading to particle aggregation [6, 62]. As summed up by
Genovese [30], the IUPAC [26] defines the terminology that have to be used
when describing an aggregated suspension: a) an aggregate is a group of particles
held together in any way, and more specifically, the structure formed by the
cohesion of colloidal particles; b) when a sol is colloidally unstable (i.e. the rate
of aggregation is not negligible) the formation of aggregates is called flocculation
or coagulation; c) these terms are often used interchangeably, but flocculation is
preferred for the formation of a loose or open network (called floc) which may or
may not separate macroscopically, and coagulation is preferred for the formation
of compact aggregates, leading to a macroscopic separation of a coagulum; d)
the rate of aggregation is in general determined by the frequency of collisions
and the probability of cohesion during collision; e) if the collisions are caused by
Brownian motion, the process is called perikinetic aggregation; if it is caused by
hydrodynamic motion, the process is called orthokinetic aggregation.

The probability of adhesion is given by the interparticule potential during
collision. The combination of attractive and repulsive forces present in many
systems produces complex behaviors, where the probability of adhesion, as well
as its strength depends on where the particle is situated compared to the different
potential wells of the particle’s energy profile [30].

In the case of colloidal particles, aggregation typically leads to the for-
mation of highly branched fractal flocs, called clusters. At low particle volume
fraction, the clusters are not interconnected, and the suspension remains liquid-
like or weakly elastic with no yield stress. In this case, the rheological behaviour
is governed by the discrete aggregates. Above the percolation threshold volume
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fraction (ϕG) [82], the clusters can be interconnected into a network and the
system becomes more solid-like, with a yield stress and an elastic modulus that
increase with the volume fraction. Gelation in aggregating colloids occurs when
the clusters become crowded [62]. If the adhesion strength is very strong, the
fractal type aggregates can join together to produce a large interconnected net-
work. The gelation is then called irreversible. If the adhesion forces are weaker
though, the network created can be transient, and will behave more like a weak
gel-like solid, thus having viscoelastic properties [21]. The gelation is then called
reversible. In practice, many systems fall somewhere between these two situations
[30]. Clusters can be seen as fractal objects because of their self similarity and
their invariance under a change of scale [48]. The average number of elementary
particles in a fractal cluster, N , is related to its average radius, R, and the radius
of the monodispersed spherical particles, a, through the equation

N ≈

(

R

a

)Df

(2.32)

where Df if the fractal dimension of the cluster [6, 30, 47, 48, 59, 66, 69].
The fractal dimension reflects the internal structure of the flocs, is proportional
to the density of the flocs and depends on the mode of aggregation [66]. In
three dimensions, the maximum value Df can take is 3 (for a system packed
like a crystal lattice), and is lower than 3 for more open structures. Known
typical values are 1.8 for diffusion limited cluster aggregation (DLCA) and 2.1 for
reaction limited cluster aggregation (RLCA) [47, 48]. It has been shown to take
even higher values (between 2.1 and 2.7) in the case of orthokinetic aggregation,
according to the volume fraction, the aggregate size, the shear experienced and
the shear history [7, 58, 72].

Clusters are supposed to behave like spherical objects composed of both
the particles and trapped fluid [69]. The aggregation process thus results in
an increase in the volume fraction of the discrete phase, compared to its non-
aggregated value [48]. To take into account this effect, it is possible to define
an effective volume fraction ϕeff which links the volume fraction of the non-
aggregated particles ϕ and a packing factor ϕ∗ [59, 69, 80]

ϕeff ≈ ϕϕ∗ ≈ ϕN
3

Df
−1

≈ ϕ

(

R

a

)3−Df

(2.33)

The viscosity of the aggregated suspension may then be obtained by
introducing the effective volume fraction instead of the regular volume fraction.
Because the aggregates are bigger than the particles, the effective volume fraction
is bigger than the volume fraction of the non-aggregated suspension and thus
the viscosity of the aggregated suspension is much higher than the hard-sphere
suspension.

The shape and the size of aggregates are closely related to the balance
between all the different forces in the system. As discussed earlier, there can be
attractive as well as repulsive forces. With shear, aggregates or flocs are broken
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down and can be restored under quiescent conditions [30] due to the attractive
force field [6, 59, 62, 66, 74]. The structure recovers to a reproducible rest state
in a certain amount of time after being sheared, which can allow to control the
shear history dependence [66]. Under a given shear condition, the steady state
is reached once a balance between breakdown and reformation of the aggregates
is established [69]. The aggregates can then reach a maximum stable size, which
can be predicted either from the balance between aggregate cohesion and flow
related stresses, or from the competition between aggregation and fragmentation
dynamics [18]. This steady state size reduces when the shear is increased [69],
until the flocs are reduced to single particle again [6]. The viscosity thus decreases
for a high zero-shear viscosity to an low infinite-shear viscosity [47, 48, 62, 69].

Several models have been proposed to describe this dependence of the
aggregate size with the shear [30]. Wessel and Ball [80] proposed that when
the energy of the bending moment applied by shear on the aggregates is more
important than the binding energy between the particles, the maximum stable
cluster size can be related to the shear stress of the solvent (σf ), then to the shear
rate and the solvent viscosity through

R ≈ σ
−1/3
f ≈ (ηf γ̇)

−1/3 (2.34)

where ηf is the solvent viscosity. Another approach, found to be more
effective, is to consider that the aggregates are surrounded by an effective medium
with a viscosity equal to that of the suspension [48, 59, 69]. In this case, the
viscosity of the solvent is replaced by the viscosity of the overall suspension.
Snabre and Mills [69] then developed a model for fractal aggregates in the case
when hydrodynamic effects dominate over Brownian motion

R ≈ 1 +
(σc

σ

)m

(2.35)

where σ is the shear stress in the suspension and σc is the characteristic
stress for the breakup of the aggregates, related to the strength of the particle-
particle interactions. It may also be related to the surface adhesive energy per
unit contact area (Ea) or to the adhesion force (Fa), defined as the force required
to separate the particles [18, 69]

σc ≈
Ea

a
≈

Fa

a2
(2.36)

The exponent m in Equation 2.35 depends on the structure of the ag-
gregates, their mechanism of deformation and breakup under shear as well as
the reversibility of the breakup and the aggregation [18, 69]. A weak bounding
energy between particles gives rise to soft clusters (m = 1/2) which are unable
to transmit elastic stresses and thus will be deformed irreversibly and eroded.
On the other hand, rigid clusters (m = 1/3) can transmit small elastic stresses,
which preserves the structure of the rigidly connected particles.
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2.7 Conclusion

Rheology of suspension is not a trivial branch of rheology. Many parameters
have to be considered, and much is yet to be understood. On the top of the
parameters discussed above, more can be added in several types of materials,
such as suspensions of biological nature. When ones considers the suspension of
living animal cells for example, a part of variability has to be taken into account
which is inherent with the biological nature of cells. Moreover, cells are dynamic
particles that can bound and therefore communicate with one another. The next
chapter therefore quickly describes the basic mechanism of cells, why and how
they interact with their surroundings and why understanding the flow behaviour
of cell suspensions is required in the development of certain types of processes.
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CHAPTER 3. CELL AND TISSUE ENGINEERING

Résumé du Chapitre

Dans ce chapitre, nous nous focalisons sur la partie biologique de ce projet. Nous
revoyons en premier lieu les interactions entre cellules, ainsi que les interactions
entre les cellules et la matrice extracellulaire.

La matrice extracellulaire est un composant important de tout tissu. Sa
composition est variable en fonction du tissu étudié, de sa fonction et des cellules
présentes. Ceci est exploré plus en détail dans la deuxième partie de ce chapitre.

Dans la troisième partie de ce chapitre, nous nous attachons à rapprocher
les notions biologiques définies précédemment avec la rhéologie des suspensions.
Pour finir, le projet de thèse est situé dans le contexte global applicatif à la pro-
duction d’anticorps et à l’ingénierie tissulaire.
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Cell-cell and cell-matrix adhesion

3.1 Introduction

Cells are the bricks that make up our body. Each organ is composed of a multitude
of cells, with different purposes and functions. The development of multicellular
organisms as well as their functions require spatial and functional organisation. In
order to do that, cells need to be able to communicate with both the surrounding
cells and their surroundings. In this chapter, the very basics of cell-cell and cell-
matrix interactions are reviewed in order to understand both the difficulties and
limits of cell processes and why it is relevant to overcome them.

3.2 Cell-cell and cell-matrix adhesion

One of the key in the development of complex multicellular organisms such as
plants and animals are the interactions between two cells as well as the inter-
actions between a cell and the extracellular matrix (ECM). These molecular in-
teractions at the cellular level direct the assembly of distinct tissues and their
organization into organs. This complex behaviour would not be possible with-
out the temporally and spatially regulated expression of a wide array of adhesive
molecules. Cells in tissues can adhere either directly to one another through spe-
cialized membrane proteins called cell-cell adhesion molecules (CAMs) that often
cluster into specialized cell junctions, or indirectly through the binding of adhe-
sion receptors in plasma membrane to components of the surrounding ECM, a
complex mesh-work of proteins and polysaccharides secreted by cells into spaces
between them [18, 25]. These interactions allow the aggregation of cells into tis-
sues, as well as the bilateral transfer of information between the outside and the
inside of the cell [11, 16, 17]. This information transfer plays a central role in cell
survival, proliferation, migration and differentiation.

3.2.1 Cell-cell adhesion

The main part of CAMs fall into four major families, as depicted in Figure 3.1:
the cadherins, immunoglobulin (Ig) superfamily, integrins and selectins [11, 18].
However, other membrane proteins, whose structures do not belong to any of the
major families of CAMs also participate in cell-cell adhesion in various tissues.
Many CAMs and other adhesion molecules are made of multiple distinct domains,
many of which can be found in more than one kind of protein. Some of these
domains are responsible for the binding specificity that characterize adhesion
molecules.
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Figure 3.1: The four major families of cell-adhesion molecules and adhesion receptors.
From [25].

Two types of adhesion can be identified: interactions between cells of the
same type (homotypic adhesion) and interaction between cells of different types
(heterotypic adhesion). Two kind of binding can also be identified: the homophilic
binding, which describes the binding of a CAM on one cell with the same kind
of CAM on an adjacent cell, and the heterophilic binding, which describes the
binding of two different class of CAM. CAMs can be broadly distributed along
the regions of plasma membranes that connect cells with other cells or clustered
in discrete patches called cell junctions. Cell-cell adhesion can be tight and long
lasting or relatively weak and transient. Even though it is a stable process, it is
not a static one: indeed, the assembly and disassembly of intercellular junctions
(during morphogenesis for example) are generally accompanied by dramatic cy-
closkeletal rearrangements that promotes changes in cell shape and mobility [17].

CAMs are used for information transfer thanks to sets of multifunctional
adapter proteins located in the intracellular domain.[11, 18]. These adapters
directly or indirectly link the extracellular part of CAMs to elements of the cy-
toskeleton [18]. They can also recruit intracellular molecules that function as sig-
nalling pathways to control protein activity and gene expression. Thus, because
cell-cell adhesions are associated with the cytoskeleton and signalling pathways,
a cell’s surrounding will affect the functional properties and the shape of the cell
itself (outside-in effect), as well as cellular function and shape will affect a cell’s
surrounding (inside-out effect)[15, 37]. Thus connectivity and communication
are intimately related properties of cells in tissues, governing cell size, cell shape,
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Figure 3.2: Lateral interactions between cell-adhesion molecules within the plasma
membrane of a cell form dimers and larger oligomers. Trans interactions between dis-
tal domains of cell-adhesion molecules on adjacent cells generate a zipper-like strong
adhesion between the cells. From [42].

motility and so on [11, 16].

Two different kind of molecular interactions can be identified when study-
ing the formation of cell-cell adhesions. First, CAMs on one cell associate laterally
through their extracellular domains into homodimers or higher-order oligomers
in plane with the cell’s plasma membrane (intracellular, lateral or cis interac-
tions). Second, CAM oligomers on one cell bind to the same or different CAMs
on an adjacent cell (intercellular or trans interactions) [42]. The two cases are
schematically shown in Figure 3.2. Adhesive interactions between cells can vary
considerably, according to the type and the number of CAMs participating and
the tissue. Thanks to this process, very tight adhesions can be generated by
combining many weak interactions. Thus the more CAMs are concentrated in
small areas, such as cellular junction, the stronger the adhesion force. The in-
termolecular interactions of CAMs can also be modified by the association of
intracellular molecules with the cytosolic domains of CAMS, promoting their cis
association. Many properties determine the nature of adhesion between two cells.
Among them are thermodynamic properties (binding affinity of the interacting
molecules), kinetic properties (overall "on" and "off" rates of association or disso-
ciation for each interacting molecules), ensemble properties (density and spatial
distribution of adhesion molecules), biochemical properties (active versus inactive
states of CAMs) and mechanical properties (external forces such as stretching and
pulling in muscles or laminar and turbulent flow in circulatory systems) [25].
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3.2.2 Extracellular matrix role in adhesion

ECM can be seen as a reservoir with components such as proteoglycans, a unique
type of glycoprotein; collagens, a protein that often forms fibers; soluble multi-
adhesive matrix proteins; and others [11]. Thus components of the ECM can bind
both to one another and to certain adhesion receptors located on the cell surface.
Through these adhesions, ECM plays an important role in indirect cell adhe-
sion, and so communication [11, 16, 17]. Multi-adhesive matrix proteins such as
the proteins fibronectin and laminin are long and flexible molecules that contain
multiple domains responsible for binding various types of collagen, other matrix
proteins, polysaccharides, cell’s surface adhesion receptors and extracellular sig-
nalling molecules. These proteins are essential to organize the other components
of the ECM, and thus regulate cell-matrix adhesion, and so cell migration and
shape [16]. The relative volume of cells versus matrix varies greatly among dif-
ferent tissues. Some connective tissues are mostly matrix, whereas many organs
are composed of very densely packed cells with relatively little matrix. On the
same basis, the density of packing of the molecules within the ECM itself can
vary greatly.

According to the tissue studied, the ECM can have different purposes,
such as strengthening in a bone or a tendon or cushioning in cartilage. These
different functionalities are tailored by different combination of the extracellular
matrix components. The composition of the ECM, which can greatly vary de-
pending on the anatomical site and physiological status of a tissue can provide
environmental cues, letting a cell know where it is, and what it should do. Thus,
changes in ECM components, which are constantly being remodelled, degraded
and re-synthesized locally, can modulate the interactions of a cell with its envi-
ronment [16]. Once again, the ECM serves as a reservoir for many extracellular
signalling molecules that control cell growth and differentiation. In addition,
the matrix provides a lattice through or on which cells can move, particularly
in the early stages of tissue assembly [16]. Morphogenesis, the stage of embry-
onic development in which tissues, organs, and body parts are formed thanks to
cell movements and rearrangements, is also dependent on cell-matrix adhesion as
well as cell-cell adhesion [17]. Disruptions in adhesion are characteristic of various
diseases, such as metastatic cancer, in which cancerous cells leave their normal
locations and spread throughout the body [25].

3.3 The extracellular matrix

The extracellular matrix helps to organize cells into tissues, and coordinates their
cellular functions by activating intracellular pathways that control cell growth,
proliferation and gene expression [11, 16, 19, 35]. This can be done thanks to
the direct binding of transmembrane adhesion receptors with ECM components.
Through adapter proteins, the ECM components then interact with the cytoskele-
ton of the cells. Several types of molecules function as adhesion receptors, such
as integrins.

96



The extracellular matrix

Adhesion receptors bind to three types of molecules abundant in the ex-
tracellular matrix of all tissues. First, the proteoglycans, a group of glycoproteins,
cushion cells and bind a wide variety of extracellular molecules [8]. Then are the
collagen fibers, which provide structural integrity and mechanical strength and
resilience. Finally come several soluble multi-adhesive matrix proteins, such as
laminin and fibronectin, which bind to and cross-link cell surface adhesion recep-
tors and other ECM components. [11, 26]

3.3.1 The basal lamina

The basal lamina is the specialized extracellular matrix sheet that plays a major
role in determining the overall architecture and function of epithelial tissue. Most
organized groups of cells in tissues are underlain or surrounded by the basal
lamina, a mesh-work of ECM components usually no more than 60− 120 nm
thick. According to the studied tissue, the basal lamina is structured in a different
way. In epithelial cells, it is a mesh on which only one surface of the cells are
resting. In other tissues like muscle or fat, the basal lamina surrounds each cell.
Basal lamina also plays an important role in regeneration after tissue damage
and in embryonic development, not only for organizing cells into tissues but also
for tissue repair and for guiding migrating cells [11]. In the development of the
nervous system for example, neurons migrate along ECM pathways that contain
basal lamina components. Two distinct basal laminae are employed to form a
tight barrier that limits diffusion of molecules between the blood and the brain
(blood-brain barrier) [25], and in kidney, where a specialized basal lamina serves
as a selective permeability blood filter [2].

Most of the basal lamina components are synthesized by the cells that rest
on it. Four protein components are found in basal laminae [13, 26]. First, the type
IV collagen, trimeric molecules with both rod-like and globular domains, form a
two dimensional network, see Figure 3.3. Then are laminins, a family of multi-
adhesive cross-shaped proteins or multi-domain molecules, that form a fibrous two
dimensional network with type IV collagen and also bind to integrins and other
adhesion receptors. The perlecan, a large domain proteoglycan, binds to and
cross-links many ECM components and cell surface molecules. More specifically,
proteoglycans consist of membrane-associated or secreted core proteins covalently
linked to one or more glycosaminoglycan (GAG) chains, which are linear polymers
of sulfated disaccharides [8, 31]. Finally, the nidogen, also called entactin, is a
rod-like molecule that cross-links type IV collagen, perlecan and laminin and
helps the incorporation of other components in the ECM. Other molecules are
also incorporated to the basal lamina depending on the tissue and functional
requirements of the basal lamina. Cells directly anchor to basal lamina through
cell-surface adhesion receptors, such as integrin, to the mesh-like scaffold. The
other side of the basal lamina is anchored to the adjacent connective tissue by a
layer of fibers of collagen embedded in a proteoglycan-rich matrix. This anchor
layer is called the reticular lamina and is mainly produced by fibroblasts [11]. In
the case of skin, for example, this linkage is mediated by anchoring fibrils of type
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Figure 3.3: (A) Schematic of the two dimensional network formed by the basal lamina
through specific interactions (B) between the proteins type IV collagen, laminin, nidogen
and the proteoglycan perlcan. Arrows in (B) show molecules that can bind directly to
each other. From [1].

VII collagen. The basal lamina and the reticular lamina form the structure called
the basement membrane [11].

3.3.2 Non-epithelial tissues

The same or similar molecules mediate and control cell-cell and cell-matrix inter-
actions in nonepithelial tissues (connective, muscle and neural tissues and between
blood cells and the surrounding vessels).

Connective tissue, such as tendon and cartilage, differs from other solid
tissues in that most of its volume is made up of ECM rather than cells. This
matrix is mainly made of insoluble protein fibers and contains proteoglycans,
various multi-adhesive proteins and hyaluronate, a very large nonsulfated GAG.
The main fibrous protein in connective tissue is collagen. In deformable sites, such
as skin, tendons or heart, elastin fibers can be found, which can be stretched and
relaxed. A family of multi-adhesive matrix proteins, the fibronectines, form their
own distinct fibrils in the ECM of some connective tissues. Several types of cells
can be found in connective tissues, however, the various ECM components are
largely produced by cells called fibroblasts.
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3.3.2.1 Role of collagen

The very large part of the collagen in the body (over 80%) are types I, II and III
collagens [38]. They are fibrillar collagens and are mainly located in connective
tissues. The type I collagen was the first one to be characterized and consists
of a 300 nm long, 1.5 nm thin triple helix made of two α1(I) chains and one
α2(I) chain [10, 32, 34]. These molecules then associate into high-order polymer
(collagen fibrils), which in turn can aggregate into large bundles (collagen fibers).
The other minor classes of collagens include fibril-associated collagens (which link
the fibrillar collagens to one another or to other ECM molecules), sheet-forming
and anchoring collagens (such as the type IV and VII collagens discussed in the
previous section), transmembrane collagens and host defence collagens.

The various collagens are thus distinguished by the ability of their helical
and non-helical regions to associate into fibrils, to form sheets or to cross-link
other collagen types and therefore to form networks. In tendons, for example, long
type I collagen fibrils form thick collagen fibers which can withstand enormous
forces. Type I collagen fibers have a great tensile strength, which allows tendons
to be stretched without being broken. Indeed, gram for gram, type I collagen
is stronger than steel. The addition of other fibrillar collagens regulates the
structures and properties of the fibers. Incorporating type V collagen for example
results in fibers of smaller diameter.

The fibrils of type II collagen are mainly present in cartilage. They are
smaller in diameter than type I fibrils and are oriented randomly in a viscous
proteoglycan matrix. The rigid collagen fibrils gives strength and compressibility
to the matrix, allowing it to resist large deformations in shape, allowing joints to
absorb shocks.

3.3.2.2 Role of hyaluronic acid

Hyaluronan, also called hyaluronic acid (HA) or hyaluronate, is a nonsulfated
GAG formed as a disaccharide repeat composed of glucoronic acid and N - acetyl-
glucosamine by a plasma-membrane-bound enzyme (HA synthase) and is directly
secreted into the extracellular space. This means that HA is the structurally most
simple GAG, but is not an authentic proteoglycan as it is not covalently associ-
ated with protein [31]. It surrounds migrating and proliferating cells, particularly
in embryonic tissues [43]. As well as being a major component of the ECM, HA
forms the backbone of complex proteoglycan aggregates. These aggregates are
found in various ECM, but more particularly in cartilage [43]. HA molecules have
remarkable physical properties such as stiffness, resilience or lubricating qualities
which made it an important component of connective tissues such as joints. HA
covers a wide range of length according to the number of disaccharide repeats
(from a few to around 25, 000). In elbow joints for example, typical HA has
10, 000 repeats for a total mass of 4 MDa. This leads to a length of roughly
10 µm. Individual segments of a HA molecule fold into a rodlike conformation.
Mutual repulsion between negatively charged carboxylate groups contributes to
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these local rigid structure. However, overall, HA is not a long and rigid rod as
is fibrillar collagen. Indeed, it is very flexible, bending and twisting into many
conformations when in solution, forming a random coil.

HA has a large number of anionic residues on its surface, binding a
large amount of water and therefore behaves like a large hydrated sphere with a
diameter of roughly 500 nm. At low concentrations, HA can form a hydrated gel.
As the concentration increases, the long HA molecules start to entangle, forming
a viscous gel. When placed in a confined environment, such as between two
cells, the long HA molecules tend to push outward, creating a swelling within the
extracellular space. The COOH− groups on the surface of HA can bind to cations,
increasing the concentration of ions and thus the osmotic pressure in the gel. The
large amount of water taken up into the matrix contributes to the swelling. These
swelling forces give connective tissues their ability to resist compression forces, in
contact with collagen fibres, which are able to resist stretching forces.

Several adhesion receptors contain HA-binding domains (such as CD44
or CD168) [43]. These adhesion receptors are present on the surface of many
migrating cells and play an important role in cell migration. The loose, hydrated
and porous nature of the HA coat on cells keeps them apart from one another,
giving them freedom to move about and proliferate. The cessation of cell move-
ment and the initiation of cell-cell attachments are frequently correlated with a
decrease in binding between cell and HA, whereas it is because of a decrease in
HA, a decrease in HA-binding cell surface molecules or an increase in the ex-
tracellular enzyme hyaluronidase (which degrades the HA in the matrix). These
functions of HA are important during the many cell migrations that take place in
the body, for wound healing, differentiation and the release of a mammalian egg
cell (oocyte) from its surrounding cells after ovulation or embryonic development
[43].

3.3.2.3 Association of HA and proteoglycans

Proteoglycans can form complex structures. In cartilage for example, the predom-
inant proteoglycan, the aggrecan, assembles with HA into very large aggregates.
The aggregate is made from a long molecule of HA to which multiple aggecan
molecules are bound tightly but not covalently, see Figure 3.4. A single aggrecan
aggregate can be more than 4 µm long, and a volume larger than of a bacterial
cell. Thanks to these aggregates, cartilage have unique gel-like properties and can
resist to deformations which is essential for distributing the load in weight-bearing
joints.

3.4 Link with the rheology of suspensions

As described in Chapter 2, suspensions of particles are complex non-Newtonian
fluids. As for any kind of non-Newtonaian fluids, the development of method-
ologies and processes requires knowledge and understanding of the rheology, to
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Figure 3.4: (a) Electron micrograph of an aggrecan aggregate from fetal bovine epi-
physeal cartilage. (b) Schematic of an aggrecan monomer bound to HA. Image from
[25]with the part (a) from [3].
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identify the difficulties and eventually, overcome them. This challenge has become
of prime importance to bioengineering, bioprocessing and cellular therapies.

3.4.1 Antibody production

Monoclonal antibodies (mAbs) are required for many types of experiments or
medical applications [21]. Mammalian cells are used for expression of all com-
mercial therapeutic mAbs, and grown in suspension culture in large bioreactors,
ranging from 5000 to 25000 L. Typical production processes run for 7 to 14 days
with periodic feeds when nutrients are added to the bioreactor. These fed-batch
processes accumulate mAb titers of 1 to 5 g/L, with some companies reporting 10
to 13 g/L for extended culture durations [21]. The antibody purification process
is initiated by harvesting the bioreactors using industrial continuous disc stack
centrifuges. This is then followed by clarification using depth and membrane fil-
ters [21]. Several chromatography steps are then used to capture and purify the
mAb [9]. Filtration processes are then used to provide additional viral safety,
and then formulate and concentrate the product [39]. The product is then stored
frozen or as a liquid, before being shipped to the drug product manufacturing
site.

Several steps of mAbs production are linked with fluid processes, and
therefore flow has to be controlled. One of these step is the one involving the
culture of cells. According to Li et al. [22], having 20 millions cells per mL is
seen as an improvement, even though it represents a volume fraction of roughly
8.37% (assuming the cells used have an average radius of 10 µm). This volume
fraction is quite small, and might be linked to the difficulties to process non-
Newtonian fluids. Moreover, mammalian cells processes are generally considered
difficult to scale up due to their sensitivity to physico-chemical conditions. During
bioreactor operating condition scale up, agitation and aeration are two important
conditions to be scaled up properly to achieve comparable process performance
across different scales. Agitation is adjusted to provide sufficient mixing and
oxygen mass transfer and is generally scaled using equal specific energy dissipation
rate, whereas aeration is modulated for appropriate supply of oxygen and removal
of excess CO2. [22, 44]. In large-scale bioreactors, these parameters need to be
selected carefully as agitation-related shear forces, e.g., impeller tip speed and
aeration related CO2 accumulation may increase with scale [22].

Therefore, the knowledge of viscosity, as well as a good understanding
of culture performance at different scales, are essential to engineer the different
phases in mAb production [20]. Difficulties to establish consistent flow fields
within bioreactors and high viscosities of concentrated cell suspensions represent
a major limitation to throughput and quality products in mAb production [20].

Better understanding of the flow properties of cell suspensions would al-
low to improve the process of antibody production. More importantly, the ability
to tailor the mechanical properties of such material could drastically improve the
flow conditions, the mixing and thus the productivity.
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3.4.2 Tissue engineering

Cell biology is a field that have evolved widely in the past few decades, with the
appearance of regenerative medicine and tissue engineering. The primary aim of
tissue engineering is to restore, maintain, or improve tissue or organ function by
implementing a combination of cells, engineering and material methods, together
with suitable biochemical and physio-chemical factors. It therefore requires deep
understanding of the mechanisms through which cells are able not only to sur-
vive, but also proliferate and specialized, whether it is on their own (in vitro) or
within an organism (in vivo). However, as most engineering fields, it is necessary
to gather different areas of science in order to develop new technologies. The
fast development of tissue engineering research is not an exception, as biologists,
chemists, bioengineers as well as physicists put their efforts in common to un-
derstand and overcome the different existing limitations, and, ultimately, develop
new methods, techniques and processes. The use of cells in suspension in tissue
engineering implies a need for the understanding and the tailoring of the flow
properties of such materials.

3.4.2.1 Example of cell injection challenge: the case of cardiac tissue
engineering

The first evidence that cell injection may be a viable therapeutic approach for
myocardial infarctions came from the animal studies with injection of fetal or
neonatal cardiac myocytes [4]. Cardiac myocytes injection improved left ventric-
ular function and ventricle thickness, thus attenuating pathological remodeling
upon myocardial infarctions [14, 23, 27, 33]. Injected cardiac myocytes were
demonstrated to integrate through gap junctions and intercalated discs with the
host cardiac myocytes [41]. Yet the enthusiasm generated by these studies was
hampered when massive death of injected myocytes was demonstrated [28, 45].
Zhang et al. [45] intent was to quantify the optimal number of cardiomyocytes
to graft into injured heart. They focused on four doses, ranging from 6 × 106

to 25 × 106 cells. Measuring the size of the graft after one week they reached
two conclusions. First, the size of the graft is terribly small, ranging from 0.4
to 2.7 % of the ventricle. Second, increasing cell number did not increase the
graft size. Even though no quantification of cell survival was not done directly
after injection, it indicates that massive cell death occurred. The two conclusions
reached by Zhang et al. suggest that injection may be a part of the problem.
In Muller-Ehmsen et al. [28], cell survival was quantify through the DNA ratio
between the male DNA and the DNA in the reference samples. Cell survival at
0h and 1h after transplant was 57± 17% and 58± 10%. This suggest that most
of the cells were already dead when reaching the transplantation site, indicating
the injection technique and/or the delivery process may be the issue. To date,
optimization of cell delivery has not been systematically examined. Indeed, as
mentioned by Muller-Ehmsen et al., the needle diameter, the velocity of injec-
tion and the viscosity of cell suspension will affect the forces acting upon the cell
membranes. Knowledge of the mechanical properties of such suspension would
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therefore allow to design cell injection in order to prevent, or at least reduce cell
death.

3.4.2.2 Injectable systems

Another field widely studied in tissue engineering is the design of scaffolds. These
scaffolds are used to give cells a three dimensional support and mimic the ECM
environment. Introducing the proper cues, they are meant to promote healing
and regeneration. In the case of injectable systems, the material is in a liquid
form, with the cells suspended in it, and then injected. The material can then
be crosslinked in order to provide defined mechanical properties, like in the case
of hydrogels (water-swollen polymer network). These scaffolds can be made of
natural (animal (e.g. protein) or plant (e.g. polysaccharides) derived) or synthetic
polymers.

Injectable systems are used in various areas of tissue engineering, from
cardiac to cartilage, or retinal applications. A major advantage of injectable
systems is the minimally invasive, catheter-based treatment required to implant
them, lowering morbidity and the hospitalization period [7, 24].

The base material of injectable systems is thus cells suspended within a
solution of one or several molecules. This cocktail of molecules can be different
according to the aimed tissue, the mechanical properties desired... The flow
properties of cell suspensions on their own is therefore not sufficient to engineer
the process. Indeed, as discussed above, cells are able to sense their environment
through a set of surface receptors. It is thus essential to know the flow properties
of the material used according to its composition. Moreover, the use of some
molecules or some polymers could help to tailor the same flow properties that are
usually problematic.

As mentioned above, the scaffolds (and therefore the molecules making
up the material) can be either natural or synthetic. A commonly used natural
molecule to build hydrogels is hyaluronic acid (HA). As discussed in the previous
part, HA is widely present in the body and is one of the most used biopolymer,
and also play an important role in wound healing, through inflammation and cell
migration regulation [5]. It is thus important to understand how HA, through
its interactions with the cells surface receptors, will modify the flow properties of
cell suspensions. Even though natural polymers have for some time been highly
favored scaffold candidates, as the body, in most cases, does not treat them
as foreign materials, synthetic polymers have emerged as alternative candidates
for scaffolding materials. This is mainly linked with the high cost, the limited
availability as well as poor mechanical properties and batch to batch variations
of natural materials [12].

The most commonly used synthetic hydrogel is polyethylene glycol (PEG),
which is nontoxic and non-immunogenic [4]. Synthetic hydrogels have the advan-
tage of precisely defined compositions and mechanical properties that are gener-
ally easier to tailor. The major drawback coming with very diverse chemistries
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and compositions is that biodegradation products may be cytotoxic, depending
on a specific hydrogel [30]. Synthetic hydrogels can be blended or covalently mod-
ified with natural materials such as proteins and peptides to induce bioactivity
[29]. PEG hydrogels are used for a wide range of tissue engineered scaffolds, from
cartilage to cardiac applications or even tendons and ligaments [4].

3.5 Conclusion

When we concern ourselves with suspensions of a biological nature, few studies
exist, with the published studies being mainly focused on red blood cells, Chi-
nese hamster ovary cells (epithelial in origin) and rat aorta smooth muscle cells
[6, 36, 40, 46]. Even though studying the flow behavior of living mesenchymal
cell suspensions at semi-dilute and concentrated regimes presents several sig-
nificant experimental challenges, it has recently become of prime importance to
bioengineering, bioprocessing and cellular therapies. The effects of adding macro-
molecules in the suspensions also have to be studied as most of the applications
rely on a combination of both cells and macromolecules. This is essential in re-
moving current processing limits in terms of maximum cell volume fraction in
bioreactor-based expansion methodologies and in the development of new encap-
sulation methods and systems for the culture and the expansion of mesenchymal
cells for a multitude of regenerative medicine and cellular therapy applications.
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CHAPTER 4. MATERIALS AND METHODS

Résumé du Chapitre

Dans ce quatrième chapitre, nous nous intéressons aux méthodes expérimentales
utilisées dans cette étude pour caractériser la rhéologie de nos suspensions de
cellules.

La culture de cellules est une partie importante de ce projet. Elle est
décrite en détail dans la première partie de ce chapitre, avec le protocole utilisé
pour mesurer la fraction volumique, ainsi que la viabilité des cellules.

La deuxième partie traite des tests rhéométriques effectués pendant ce
projet. Le protocole expérimental est détaillé, et comprends notamment une étude
des principales causes d’erreur.

Le reste du chapitre est axé sur les techniques utilisées pour caractériser
les cellules ainsi que pour imager les systèmes étudiés. L’attention est tout d’abord
porté sur le protocole de cytométrie de flux utilisé, puis sur l’imagerie confocal.
Enfin la méthode de microscopie bi-photonique ainsi que la méthode de détermi-
nation de la dimension fractale des matériaux sont présentées.
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4.1 Introduction

In order to carry out this PhD project, several experimental techniques from dif-
ferent science areas had to be used. This comes mainly because of the biological
nature of the material studied. In a first part, the different materials and tech-
niques used to grow the cells and prepare the samples are described. Then the
protocol used for the rheological characterisation is reviewed, and the main is-
sues linked with it are investigated. The two following sections are focused on the
characterisation of the cells surface receptors of interest for this project, through
fluorescent active cell sorting (FACS) first, and through confocal imaging next.
Last is the characterisation of the structure of the cell suspension at rest, through
two-photon microscopy.

4.2 Cell suspension preparation

4.2.1 Cell culture

Adherent NIH-3T3 cells were grown in culture media (Dulbecco’s Modified Eagle’s
Medium (DMEM) high glucose, containing 10% of Fetal Bovine Serum (FBS)
(Invitrogen, USA) and 1% of Penicillin/Streptomycin (P/S)), in standard T175
flasks (see Figure4.1).

Figure 4.1: T175 flasks.

Once confluency was reached,
the cells were passaged. To do so,
the media was removed and the at-
tached cells were then washed twice
with sterile Phosphate Buffered Saline
(PBS) (Amresco, USA). Once the PBS
was removed, TrypLE was added. The
flask was then incubated for nearly
5 minutes at 37 ◦C. Once the cells
were detached, media was added in or-
der to deactivate the TrypLE solution.
The mixture containing cells was then
transferred to a 15 mL tube, and centrifuged for 3 minutes at 1400rpm. Two
phases were then distinguishable, as shown in Figure 4.2. The top phase is the
mix of media and TrypLE, the bottom phase is the cell mixture. The top phase
was gently removed, and the cells were re-suspended in fresh media. A fraction
of this sample was then transferred in a new flask, with some more media, and
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then placed into the 37 ◦C incubator with 95% air and 5% CO2.

Figure 4.2: 15 mL tube after being centrifuged. The bottom phase is the cell aggre-
gate, the top one is the mixture of media and TrypLE.

4.2.2 Volume fraction measurements

The fraction of the cells and media mixture that was not used for cell passaging
was centrifuged again in order to split the cells and the media into two layered
phases. The top phase (the supernatant) was removed and the cells were washed
twice with PBS, in order to get rid of any trace of FBS. A known quantity of
media Vminit was then added to re-suspend the cells.

Once the suspension was homogeneous, a hematocrit capillary was plunged
into the suspension. The tube was sealed using a piece of PDMS and was cen-
trifuged at 1400rpm for 3 minutes. The cell aggregate height Hc and the total
height Ht were then measured thanks to a Vernier calipers (see Figure 4.3). The
height of media Hm present in the hematocrit capillary was then calculated, as
well as the volume of cells Vcinit initially present in the whole suspension.

Hm = Ht −Hc

Vcinit = Vminit ×
Hc

Hm

(4.1)

In these capillaries, a height of 1 mm equals a volume of 1 µL. Based
on the volume of cells left in the suspension after the hematocrit test Vcfinal,
the correct volume of media needed in the suspension Vmfinal according to the
required volume fraction ϕ was then calculated, as well as the volume of media
which had to be removed ∆V in order to reach the desired volume fraction ϕ.
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Figure 4.3: Hematocrit capillary after being centrifuged.

Vcfinal = Vcinit − Vc

Vmfinal =
Vcfinal − ϕ× Vcfinal

ϕ

∆V = Vminit − Vm − Vmfinal

(4.2)

The suspension was then centrifuged again, in order to remove the volume
∆V of media before being re-suspended.

4.2.3 Cell viability

The rheological experiments performed throughout this study were conducted in
different suspending medium, including:

• DMEM high glucose,

• DMEM high glucose with 250 µg ·mL−1 of hyaluronic acid (HA)(Lifecore,
Biomedical, USA) of high molecular weight (1.7 MDa),

• DMEM high glucose with 750 µg ·mL−1 of hyaluronic acid (HA) of high
molecular weight (1.7 MDa),

• DMEM high glucose with 30 µg ·mL−1 of hyaluronic acid (HA) of low
molecular weight (66.3 kDa),

• DMEM high glucose with 750 µg ·mL−1 of hyaluronic acid (HA) of low
molecular weight (66.3 kDa),
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• DMEM high glucose with 40 mg ·mL−1 of 8-arms polyethyleneglycole (Jenkem
Technology, USA) (40 kDa),

• DMEM high glucose with 40 mg ·mL−1 of 8-arms polyethyleneglycole-COOH
(Jenkem Technology, USA) (40 kDa),

• DMEM high glucose with 40 mg ·mL−1 of 8-arms polyethyleneglycole-NH2
(Jenkem Technology, USA) (40 kDa).

Figure 4.4: Hemocytometer, white dots
are live cells and blue dots are dead cells.

We first checked if the cells
were able to survive long enough in
suspension in these different medi-
ums, at 20 ◦C to conduct the exper-
iments. The cells viability was mea-
sured using a hemocytometer (see Fig-
ure 4.4). Living cells and dead cells
were counted at different time, up to
nearly 3 hours.

The relative total cell number
was defined as the ratio between the
total number of cells (living and dead)
when the count was done and the total
number of cells from the first count (at
t = 10 minutes). The cell viability was

defined as the ratio between the number of living cells and the total number of
cells. The results of these counts are shown in the Figures 4.5 and 4.6, confirming
that the cells survived in the different suspending fluids long enough to run our
experiments.
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Figure 4.5: Relative total cell number at different time points.
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Figure 4.6: Cell viability at different time points.

4.3 Rheology of cell suspensions

4.3.1 Main protocols

The rheological experiments were conducted with a conventional AR-G2 rheome-
ter (TA instruments, USA). Steady shear experiments were controlled in shear
stress and conducted at 20 ◦C. The suspending fluid was tested using a cone-
and-plate geometry 60 mm, 1◦, however, because of the small volume of material
available, the suspension was tested with a plate-plate geometry (20 mm) with
small gaps. Issues such as evaporation, sedimentation and slip can arise in such
experiments, so several precautions were taken. Due to the suspending fluids be-
ing mainly aqueous fluids, a solvent trap was used to prevent evaporation. Cells
are not neutrally buoyant particles as there density is approximately 10% higher
than the DMEM. Settling of the cells is therefore a phenomenon that has to be
taken into consideration. This settling process can be partially counteract thanks
to shear induced diffusion which re-suspended the cells [1, 3, 6, 11]. For these
reasons, all the shear stresses tested were above 10−2Pa. More over, the time of
the experiments was kept small enough in order to ensure that settling was not
an issue.

4.3.2 Correcting the gap error

One of the main sources of error when using parallel plates is the gap error,
mainly caused by the non-parallelism of the plates. The protocol from Kramer
et al. [10] is widely used, and was chosen for our experiments to determine our
gap error. The true gap is defined as

h = δ + ǫ (4.3)
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Figure 4.7: Ratio between the commanded gap and the measured viscosity as a func-
tion of the measured gap.

where δ is the set (or command) gap and ǫ is the gap error. The actual
shear stress is then defined as

σ = η · γ̇R = η
ΩR

δ + ǫ
= η · ˙γM

δ

δ + ǫ
(4.4)

By rearranging this expression, it can be found that

δ

ηM
=

1

η
× δ +

ǫ

η
(4.5)

From equation 4.5, it is then possible to deduce the gap error. To do so,
the viscosity of a Newtonian fluid (in this case a glycerol solution) is measured
at five different gaps. We then plot δ

ηM
as a function of the commanded gap.

In the case displayed in Figure 4.7, the gap error was found to be ǫ =
198.78
13.108

= 15 µm. From there, we can then calculate the corrected viscosity values,
as

η = ηM
δ + ǫ

δ
(4.6)

The effect of taking the gap error into account is obvious, as shown in the
Figure 4.8: the measured of the viscosity is clearly underestimated at very small
gaps. The gap error gap was thus measured before each use of the rheometer
with the parallel plate geometry.
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Figure 4.8: Effect of the gap error correction on the measurements of the viscosity as
a function of the shear rate for glycerol 80%.

4.3.3 Investigating slippage

In all the equations derived to extract the physical parameters like the shear stress
or the shear rate for the different kind of geometry, a major assumption is made:
the no-slip condition. This means that the material at the immediate contact
of the geometry, whatever the geometry in use, has a velocity equal to that of
the plate. In the case of the parallel plate for example, the no-slip condition is
verified if the material in contact with the bottom plate has a null velocity and
if the part of the fluid in contact with the upper plate has the same velocity as
the upper plate, as diplayed schematically by the broken line in Figure 4.9. If
not taken into account, the shear rate is thus not estimated properly, nor is the
viscosity value.

Yoshimura and Prud’Homme [15] proposed a method to estimate and
correct the error linked to slip, assuming the slip velocity is function of the shear
stress only. As displayed in Figure 4.9, the velocity of the top disk is Ω · r, and
so

Ω · r = Hγ̇(σzθ) + 2US(σzθ) (4.7)

where γ̇ is the shear rate experienced by the fluid. Defining the apparent
shear rate γ̇a as the velocity of the upper plate divided by the gap height

γ̇a =
Ω · r

H
(4.8)
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Figure 4.9: Parallel disk velocity field at any particular radius r. The wall slip velocity
US is the same at each wall. Also shown are the actual shear rate in the fluid γ̇ and the
apparent shear rate γ̇0. From [15].

Equation 4.7 can then be rewritten as

γ̇a = γ̇(σzθ) +
2US(σzθ)

H
(4.9)

In order to verify the no-slip assumption, and if there is slippage, to
quantify it, tests had to be carried out at a given shear stress σR at two different
gap heights H1 and H2. The two apparent shear rates at the rim of the upper
plate are defined as

γ̇aR1 = γ̇aR1(σR)

γ̇aR2 = γ̇aR2(σR)
(4.10)

Using equation 4.9, it can be written that

γ̇aR1(σR) = γ̇R(σR) +
2US(σR)

H1

γ̇aR2(σR) = γ̇R(σR) +
2US(σR)

H2

(4.11)

Since the slip velocity was assumed to be a function of the shear stress
only, US(σR) is the same for each gap height at a given σR, thus

γ̇aR1(σR) =
H1γ̇aR1(σR)−H2γ̇aR2(σR)

H1 −H2

(4.12)

Once the corrected shear rate calculated, it is possible to calculate the
corrected viscosity value
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Figure 4.10: Shear stress as a function of shear rate for three different gap heights (in
µm) at two volume fractions ϕ in DMEM. No slip was measured using this method.

η(γ̇R) =
σR

γ̇R
=

σR(H1 −H2)

H1γ̇aR1(σR)−H2γ̇aR2(σR)
(4.13)

The slip velocity can also be determined:

US(σR) =
γ̇aR1(σR)− γ̇aR2(σR)

2
(

1
H1

− 1
H2

) (4.14)

For our system, two volume fractions were tested at three different gap
heights. No slip was measured as displayed by the superposition of the different
curves in Figure 4.10.

4.3.4 Investigating the influence of the air-liquid interface

The interface between the fluid and the air at the rim of the parallel plate system
can influence the measurements. This is also called the edge effect. Edge effects
can have two very different origins. The first one is linked to the loading technique.
If too much sample is loaded between the parallel plates, the excess sample has
to be removed as it can produce a torque offset [9]. If not enough sample is
loaded, on the other hand, it is as if a plate or a cone of a smaller diameter
was used, resulting in errors when estimating the shear rate and the shear stress.
The only way to prevent this is to ensure that the sample is loaded properly
and that the gap used is consistent with the volume in use. The second one is
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Figure 4.11: Shear stress as a function of shear rate for different rim treatment, at a
volume fraction of 40%.

linked with the surface tension of the material. In some materials, like saliva,
interfacial elasticity can arise from the absorption of proteins to the air-liquid
interface [14]. This elasticity can then influence the measurement of the bulk
material properties. A common way to prevent this is to apply a very dilute
solution of sodium dodecyl sulfate (SDS), typically at 0.1%, at the rim of the
plates. The molecules from this surfactant solution preferentially absorb to the
interface in place of proteins, thus lowering the surface tension and the surface
elasticity, without impacting on the bulk rheology [14].

SDS is known to be toxic for the cells at high concentrations [7], so two
solutions of PBS were prepared, with 0.1% and 0.01% of SDS, respectively. Four
tests were then performed, following the protocol described earlier (see 4.3.1):
one without anything at the rim of the plates, one with each of the SDS solutions
and one with some low viscosity silicone oil.

As can be seen in Figure 4.11, the different edge treatments do not seem
to influence the measurements further than the variability inherent to systems of
biological nature. This also confirms that the procedure used for the loading is
reproducible, without under- or over-loading.

4.3.5 Oscillatory tests

Various oscillatory tests were carried out on the suspension. However, due to the
lack of repeatability of the results, the data are not shown in this thesis. Several
reasons can be thought of to explain this lack of reproducibility, and despite the
time and effort we put into it, we were not able to fix the measurements. First
could be the lack of control of the initial state of the suspension: the suspension
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was pipetted in order to be homogenized before testing, and even if this proce-
dure was as standardized as possible, it was difficult to ensure the exact same
deformation history between all the tests. This was prevented during the flow
experiments through the imposition of a constant stress until the steady state was
reached. Second, and related, is the sensitivity of the aggregates to the shear.
The network created between the cells seem to be quite fragile, so to be probed
properly, low amplitude oscillation should have been used, and because of the
small geometry used, the measured signal was very noisy. Last, sedimentation
could also have played an important role. Indeed, without the imposition of a
constant stress high enough to ensure shear induced resuspension, the cells most
probably were settling.

4.4 Fluorescence activated cell sorting: FACS

Es

Gs

Excitation
Emission

Figure 4.12: Energy level diagram of
the excitation of a single dye.

Immunocytochemical staining is accom-
plished with antibodies that recognize a
targeted protein. Since monoclonal an-
tibodies are highly specific, the antibody
only binds to the protein of interest. The
binding is then visualized using fluores-
cence detection, in which a fluorochrome
is conjugated to the antibody and can be
visualized using fluorescence microscopy.

Fluorochromes have unique and
characteristic spectra of absorption (exci-
tation) and emission. A single dye, con-
jugated to the antibody of interest, is ex-
cited at a particular wavelength thanks
to a light source (mercury lamp for stan-
dard immunocytochemical staining or laser for fluorescence activated cell sort-
ing (FACS)). The lamp provides electromagnetic energy to an electron in that
molecule, which moves to an excitation state at the next energy level Es. The
energy is then released in the form of a photon, causing fluorescence, and the
electron moves back down to the lower energy level Gs (see Figure 4.12). In this
case, two sets of antibodies were used: the first set binds to the desired recep-
tor (CD44 and CD168), while the second set, conjugated with a fluorescent dye,
binds to the first antibody.

The cells were labelled using rat anti-mouse CD44 (Sigma-Aldrich, USA)
and rabbit anti-mouse CD168 (Abcam, UK) primary antibodies and anti-rat
Alexa Fluor 488 and anti-rabbit Alexa Fluor 647 (Invitrogen, USA) secondary
antibodies.

Flow cytometry is a widely used method for analyzing expression of cell
surface and intracellular molecules, characterizing and defining cell types in het-
erogeneous cell populations, assessing the purity of isolated subpopulations, and
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Figure 4.13: FACS protocol, using αCD44 as primary antibody and αmouse IgG-488
as secondary antibody.
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Figure 4.14: Schematic of a flow cytometer.

analyzing cell size and volume. It allows simultaneous multi parameter analysis of
single cells. It is predominantly used to measure fluorescence intensity produced
by fluorescently labelled antibodies. The staining involves making a single cell
suspension from cell culture sample, see Figure 4.13.

When the stained cell sample in suspension buffer is run through the
cytometer, it is hydrodynamically focused through a very small nozzle (Figure
4.14). The tiny stream of fluid takes the cells past the laser light one cell at the
time. There are a several detectors to detect the light scattered from the cells
as they go through the beam. There is one in front of the light stream (Forward
Scatter or FSC) and a number on the side (Side Scatter or SSC). Fluorescent
detectors are used for the detection of fluorochromes themselves.

4.5 Confocal imaging

4.5.1 Labelling HA

An amount of HA was firstly labelled with a fluorescent dye in order to visualize
and to confirm the binding of the HA with the surface of the cells. A known
quantity of HA was dissolved in 0.1M 2-(N-morpholino)ethanesulfonic acid (MES)
buffer. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and
N-hydroxysulfosuccinimide (Sulfo-NHS) were also dissolved in a similar buffer in
a stochastic ratio of 1:1:1 with the acid groups of HA. EDC is a zero-length
crosslinking agent used to couple carboxyl groups to primary amines, which, in

127



Two-photon microscopy

the presence of Sulfo-NHS can be used to convert carboxyl groups to amine-
reactive Sulfo-NHS esters. The two solutions were mixed together and stirred for
several minutes. Amino FluoProbes R© 547H (FluoProbes R©, Interchim, France)
was then dissolved in a similar buffer and then added to the mixture. The pH
was measured after each step. The reaction was left overnight, protected from
the light. The sample was then dialysed for 48h in water. The product after
dialysis was freeze-dried, before behind dissolved in DMEM at the desired HA
concentrations.

4.5.2 Imaging

The labelled HA was then used according to the protocol defined in 4.2. The
suspension was let to react at 37 ◦C for 20 minutes. A washing step was then
added in order to remove any trace of labelled HA that was not bound to the
cells. High resolution images were obtained using an LSR710 confocal microscope
(Zeiss).

4.6 Two-photon microscopy

Two-photon microscopy was invented by Denk et al. [4] and revolutionized three
dimensional in vivo imaging of cells and tissues.

4.6.1 Description of two-photon microscopy

In order to visualise the structure of the cell suspension at rest, a two-photon
microscope was used. Regular fluorescence based techniques use a photon to ex-
cite a fluorescent molecule (fluorophore) that will emit another photon of different
wavelength. Two-photon microscopy is different in the way that the dye has to be
hit simultaneously by two exciting photons in order to reach the next electronic
excited state, see Figure 4.15.

The probability of two-photon absorption by a fluorescent molecule is a
quadratic function of the excitation radiance. The excitation therefore has to be
intense in order for the event to happen. This can induce photodamage in the
sample and photobleaching of the imaged area. These considerations in mind,
two-photon microscopy has several advantages, and the one of interest to us is
linked to the very nature of our material. Indeed, concentrated suspensions are
highly dispersive, and therefore it is quite a challenge to image them, with a large
enough depth to have relevant information. Two-photon microscopy allows us to
image such systems because of the low probability of two photons being absorb far
from the focal volume (see Figure 4.16). Thus, only the focal volume is emitting
light, not the entire depth. This allows to image within opaque materials such as
concentrated cell suspensions.
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Figure 4.15: Jablonski diagram of one-photon (a) and two-photon (b) excitation.
From [13].

Figure 4.16: An experiment to illustrate the difference between ordinary (single-
photon) excitation and two-photon excitation (see arrow). From [12], image credit:
Brad Amos/Science Photo Library, London.
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4.6.2 Sample preparation

After washing with PBS, the cells were re-suspended in a known volume of PBS
with 1:1000 Hoechst (Invitrogen), and left in the incubator, at 37 ◦C for 30 min-
utes. Hoechst stains are part of a family of blue fluorescent dyes used to stain
DNA, and therefore are used to detect the nucleus of the cells. The cells were then
centrifuged and the volume fraction was determined and corrected as explained
in 4.2.2. A certain amount of supernatant was then removed and a solution of
8 mM of SulfoRhodamine B (SRB) added to a final concentration of 800 µM,
while maintaining the volume fraction. SRB or kiton red (C27H30N2O7S2) is a
fluorescent, red, solid, water-soluble dye used for the laser-induced fluorescence
quantification of cellular proteins of cultured cells. Cells are impermeable to SRB,
and thus allowed us to neatly detect the cells in the suspension. A two-photon
microscope was then used in order to take pictures of the suspension at several
heights in order to have a 3D representation of the suspension.

4.6.3 Image acquisition protocol

A small volume of the cell suspension was then gently pipetted between two glass
slide, with 200 µm spacers on each side. Images were taken immediately after.
The laser’s wavelength was set to 940 nm, as it seemed to be the best compromise
to detect both the SRB and the Hoescht staining.

4.6.4 Image treatment

At least five pictures were taken at every height at the exact same spot for each
acquisition channel (one for the SRB and one for the Hoescht staining). Using
ImageJ software1, these images were averaged in order to gain contrast and clarity
(see Figures 4.17 and 4.18).

A pseudo flat-field filter (using a Gaussian blur) was then used to gain
clarity at the edge of the image (see Figure 4.19).

The minimum and the maximum of the brightness and contrast were
then set according to the histogram of the filtered image see Figure 4.20, before
converting it to binary, see Figure 4.21. Each image was then checked thoroughly
to ensure the absence of artefact as well as the fidelity of the conversion.

The ImageJ’s plugin "3D viewer" can also be used to create 3D repre-
sentation of our material, see Figure 4.22.

1Rasband, WS. ImageJ. U.S. National Institutes of Health; Bethesda, Maryland, USA: 2009.
Available: http://rsb.info.nih.gov/ij/
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Figure 4.17: At least five images taken at the exact same spot and at the exact same
height were averaged for the SRB channel.

Figure 4.18: At least five images taken at the exact same spot and at the exact same
height were averaged for the Hoescht channel.
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Figure 4.19: A pseudo flat-field filter (using a Gaussian blur) was used to gain clarity
at the edge of the image

Figure 4.20: The minimum and the maximum of the brightness and contrast were
then setted according to the histogram of the filtered image.

Figure 4.21: The image was then converted to binary.
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Figure 4.22: Image stack converted to a 3D image.

4.6.5 BoneJ

BoneJ 2 is a free plugin for imageJ. It was initially meant to be a tool for the
study of bones structure, but it contained some interesting features that can be
used to study other systems. One of these system is the 3D fractal dimension
calculator from binary stacks, using a box-counting method [5]. This plugin was
used to calculate the 3D fractal dimension of the imaged suspensions, giving us
structural clues on the network built by the cells.

4.7 2D fractal dimension from phase contrast mi-

croscopy images

Following the method defined in [2] and [8], the fractal dimension of the cells
in suspension in the three different medium have been determined. Using some
images such as Figure 4.23, circles of radius Rf containing clusters have been
drawn. The number of cells N is then counted manually for each aggregate.
Using the following relationship, the fractal dimension D is determined:

Rf

a
∼ N

1

D (4.15)

where a is the average radius of a cell, taken equals to 7.5 µm. The
images have been taken using a phase contrast microscope IX51 from Olympus.
This allowed us to compare the fractal dimension measured in 2D and in 3D.

2Doube, M. BoneJ. 2009. Available: http://bonej.org/
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Figure 4.23: Phase contrast microscopy of NIH-3T3 suspension.
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Chapter 5

Rheology of NIH-3T3 suspensions
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CHAPTER 5. RHEOLOGY OF NIH-3T3 SUSPENSIONS

Résumé du Chapitre

Dans ce cinquième chapitre, nous traitons des propriétés rhéologiques des sus-
pensions de cellules NIH-3T3 vivantes. Les échantillons sont préparés selon les
protocoles décrits dans le chapitre précédent.

La première partie traite des résultats expérimentaux obtenus, que ce soit
en rhéométrie ou lors de l’étude de la structure de la suspension au repos à l’aide
d’un microscope bi-photonique.

La deuxième partie est une section consacrée à la discussion de ces ré-
sultats. Le comportement observé est complexe et des mécanismes sous-jacents
sont proposés. Un modèle analytique proposé dans la littérature est utilisé pour
démontrer l’universalité de ces mécanismes en fonction de la fraction volumique.
La force d’adhésion entre les cellules est ensuite calculée pour nos données expéri-
mentales, et est comparée à celles reportées dans la littérature.
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Materials and Methods

5.1 Introduction

The flow properties of suspensions are closely related to the nature of the parti-
cles within them. Various microscopic parameters intrinsic to the very nature of
the particles being investigated, such as shape, size, affinity with other particles,
elastic modulus, deformability and buoyancy, are highly correlated to tailoring
the resultant macroscopic parameters relevant to continuous processing method-
ologies, such as viscosity and viscoelasticty [26]. Insights into the impact of these
microscopic parameters on the rheology of these complex systems allows us to
understand, for example, the evolution of their flow behavior under the imposi-
tions of shear or extensional flows. In the end, the ability to predict and explain
the differences in non-Newtonian behaviours of these complex living systems lies
in the ability to understand the evolution of the microscopic organization of the
particles within the suspending fluid [26]. The use of living cells induces biological
variability, an input that is inherent to cellular systems, as well as the naturally
complex aggregation mechanisms involved in cell-cell adhesion mechanisms. The
microstructure of suspensions of attractive particles is known to be highly sen-
sitive to shear flow, as the cluster shape, size and compactness change with the
imposition of shear stress [13, 16, 22]. Thanks to the recent developments in
microrheology techniques, the rheology of individual cells has started to become,
at least well documented [9, 29, 30]. However, the macroscale properties of such
materials remain largely unexplored. The lack of published work in this area is
highly linked to the difficulties inherent to the use of living cells in traditional
rheological measurements, which include the variability of the samples or the time
and cost of culturing enough cells for a single test with conventional rheometry
setups.

5.2 Materials and Methods

All materials and methods used in this chapter are described in Chapter 4. The
preparation of the cell suspension is described in Section 4.2.2. The protocol for
the rheological characterisation of the suspensions is described in Section 4.3.1,
and the two-photon microscopy protocol and analysis methods are described in
Section 4.6.2 to 4.6.5.
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5.3 Results

5.3.1 Rheology of cell suspensions

We first focus on the suspension behavior of fibroblast cells in standard Dul-
becco’s Modified Eagle’s Medium (DMEM) high glucose, which is a Newtonian
fluid with a viscosity of 1.09 mPa s. Over the range of shear stresses (σ) and
volume fractions (ϕ) tested, several behaviors are exhibited (Figure 5.1). The
flow curves can be divided into different parts, each giving indications of how the
microstructure of the material reacts to the imposition of shear forces.
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Figure 5.1: Shear stress as a function of the shear rate at different volume fractions.

First, under low shear stresses and at high volume fractions, the suspen-
sions exhibit a yield stress. Using a Herschel-Bulkley model on this part of the
curve, the yield stress was estimated to be approximately 0.35 Pa and 1.5 Pa for
ϕ = 50% and 60%. The lack of data at low enough shear stresses is an issue
for the accurate determination of the yield stress for the lower volume fractions.
As the shear stress increases beyond the yield stress, the system displays strong
shear thinning behavior, until a plateau is reached, see Figure 5.2. The appear-
ance of such a plateau indicates a reorganization of the material to a more stable
microstructure. At ϕ = 40% and 50%, this plateau-like region ends abruptly at
1.7 Pa and 4.6 Pa respectively. The viscosity drops significantly thereafter, sug-
gesting a sharp change or rearrangement in the architecture of the cell clusters.
The viscosity stabilizes again at higher shear stresses, reaching a Newtonian-like
plateau prior to the end of the tests. These results suggest that the microstruc-
ture of the material does not evolve any further over the range of shear stresses
tested. At very high volume fractions (ϕ = 60%), the absence of these differ-
ent plateaus and the drop in viscosity suggests that the mechanisms ruling the
behavior of the suspension at 40 and 50% do not apply, or at least do not have
the same impact, at higher volume fractions. Any changes in microstructure
seemingly happen more continuously, without sharp or sudden restructuring. At
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lower volume fraction (20%), the flow curve is substantially different again. The
shape of this curve is similar to that displayed by semi-dilute viscoelastic particles
suspensions [23], exhibiting shear thinning followed by a plateau.
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Figure 5.2: Viscosity of 3T3 suspensions in DMEM as a function of the applied shear
stress at different volume fractions.

Defining the relative viscosity ηr as the ratio between the measured vis-
cosity and the viscosity of the suspending fluid used, Figure 5.3 shows the evo-
lution of the relative viscosity as a function of the volume fraction at different
shear stresses. As discussed in the earlier chapters, non-interacting hard spheres
suspensions rheology should be nearly independent of the shear applied, being
ruled only by the volume fraction. Unsurprisingly, it is hardly the case in our
system. Indeed, cells are not hard spheres, and above all are not non-interacting,
creating clusters and network if the concentration of cells is high enough.

5.3.2 Fractal dimension of cell suspensions

If there is no repulsion between the particles, each collision induces the creation
of an adhesion. This is referred to as Diffusion Limited Aggregation (DLA) and
is characterized by low fractal dimension (approximately 1.7). The second is re-
ferred to as Reaction Limited Aggregation (RLA) and is characteristic of systems
where the particles can have either a repulsive force, or a lower probability of
adhesion when the particles come into contact [27]. In this case, the fractal di-
mension is generally higher, the repulsion being stronger, and we see the fractal
dimension approaching 2.1. The values of the fractal dimension thus give im-
portant structural information about the architecture of the cellular aggregates.
Indeed, the lower the fractal dimension, the more porous the aggregates. There-
fore to obtain a compact structure, it is necessary that the porosity developed
during any growth of an aggregate stay low; in other words, it is necessary to fill
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Figure 5.3: Relative viscosity as a function of the volume fraction at different shear
rates.

the biggest void created after a collision between two sub units with other parti-
cles (Fig. 5.4A). When the ’sticking probability’ is high, the particles tend to stay
where/when they hit the other particles, whereas if the ’sticking probability’ is
low, particles and small clusters of particles will be able to explore several binding
sites before creating a strong adhesion site. Thus, the aggregates and the parti-
cles have more chances to fill the void (Fig. 5.4B). However, when aggregation
also occurs under shear (orthokinetic aggregation), the fractal dimension values
tend to be higher and range between 2.1 and 2.7, according to the volume frac-
tion, the shear experienced, the shear history and the aggregates size [4, 17, 25].
By changing the particles trajectory, the shear changes the arrangement of the
aggregate. Shear forces can also breakup aggregates, finally leading to a balance
between growth and breakup.

5.3.2.1 Estimating the 3D fractal dimension from 2D images

Following the protocol of Allain and Jouhier [2], the fractal dimension of our
suspension can be measured in two dimensions as described in Section 4.7. Using
a circle of radius R, an aggregate is isolated and the cells present in the cluster
are counted. This enables us to plot Figure 5.5, where the slope of the curve
represents the inverse of the fractal dimension. Figure 5.5 shows that for the
fibroblast cell suspensions df = 1.76, which is close to 1.7. This value is within the
range of values (1.48 - 1.94) previously reported for two dimensional aggregation
of particles under different shear and coagulant dose conditions [7]. Ganguly et
al. [10] recently proposed a relationship between 2D and 3D fractal dimensions:

df3D = 0.47df2D + 1.78 (5.1)
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DLA RLA
A. B.

Figure 5.4: Schematic of the outcome of a collision between a primary aggregate and
a smaller secondary aggregate, (A) following the Diffusion-Limited Aggregation (DLA)
and (B) following the Reaction-Limited Aggregation (RLA).
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Figure 5.5: Ratio of the size of an aggregate with the size of a single cell as a function
of the number of cells constituting the aggregate.
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Figure 5.6: Size distribution of the cell suspension studied, the line is a normal dis-
tribution with the same average and standard deviation than the suspension

where df3D and df2D are the 3D and 2D fractal dimensions respectively.
This relationship was found using a regression analysis between data of 2D frac-
tal dimensions and 3D fractal dimensions of a large number of clusters. This
relationship enables us to estimate the 3D fractal dimension from our 2D fractal
dimension. The 3D fractal dimension of our suspension is thus expected to be
close to 2.58.

5.3.2.2 3D fractal dimension from two-photon microscopy images

Using two-photon microscopy images, we managed to measure the actual volume
fraction of the suspensions, the size and shape of the cells, as well as their fractal
dimension, using a box-counting method. The suspensions showed noticeable
polydispersity, as well as variations in cell shape and number of neighbors. The
average particle radius is 7.5 µm with a standard deviation of 1.7 µm. The line in
Figure 5.6 represents a normal distribution with the same average and standard
deviation as our suspension.

For this complex living system, being far from the ideal soft particle sus-
pension, it was essential that our images were representative of the overall suspen-
sion, so that we could confidently extract significant information from them. The
consistency of the relationship linking measured and theoretical volume fraction
between the different systems tested, see Figure 5.7-A, confirmed this. Figure
5.7-B shows that for the fibroblast cell suspensions, the fractal dimension varies
from 2.27 to 2.55 according to the volume fraction. Some what surprisingly, given
the non-ideal, biological nature of these living suspensions, these numbers are in
very good agreement with those estimated using the method of Ganguly et al.
[10], allowing one to estimate 3D fractal dimensions from 2D measurements.
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Figure 5.7: (A) Measured volume fraction as a function of the theoretical volume
fraction. (B) Measured fractal dimension versus measured volume fraction.

5.4 Discussion

The evolution of the relative viscosity as a function of the volume fraction for
soft particles and clusters of soft or hard particles is expected to show different
behaviors according to the shear experienced [15, 18, 23]. For our cellular system,
we expect that the microstructure of the system is evolving with both the volume
fraction and the shear stress. This double dependency has already been observed
in suspensions made of soft particles and/or particles with the ability to aggregate,
and is believed to be linked to the capacity of the particles to deform and orient in
the flow, in the case of disperse systems, and to the ability of the aggregates to be
deformed and eroded, in the case of aggregating systems [15, 23]. This tendency to
be modified with the shear changes the microstructure of the material, increasing
the maximum packing volume fraction and thus inducing shear thinning. The
yield stress and the shear thinning behavior are also linked to the break down
of aggregates or clusters, into clusters of smaller size as well as their progressive
erosion due to the shear. The density and the size of the aggregates modify
the effective volume fraction of the dispersed phase, leading to a change in the
dynamic of the suspension. Therefore, it is crucial to be able to characterize the
structure of the aggregates as well, as a key parameter of the dynamics of the
aggregation and breakup process itself [17].

All cells have the intrinsic ability to associate with other cells through
a multitude of known cell-cell adhesion molecules that they display on their sur-
faces. Cells can thus aggregate and create large clusters, which obviously will
have different dynamics to that of a single cell. The cellular clusters resulting
from this aggregation have previously been referred to by Iordan et al. as objects
following constitutive fractal laws [13]. Accordingly, it is possible to estimate
the average size of the clusters present in the suspension under different shear
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stresses [6]. The size of an aggregate is proportional to the size of the particles
constituting the aggregate, [6, 8, 13], and hence the number of particles in the
aggregate and its fractal dimension are as follows:

R

a
= N

1

df (5.2)

where R is the gyration radius of the aggregate, a is the radius of the
constitutive particles, N is the number of particles and df is the fractal dimension.

As outlined by Snabre and Mills [22], previous experiments [24, 28] and
numerical simulations [19] showed the radius R of a fractal aggregate under a
shear flow follows the equation [6]:

R

a
≃ 1 +

(

σ∗

σ

)m

(5.3)

where the critical shear stress σ∗ = λ
a

is linked to the adhesion energy per
surface units λ and to the elementary radius a (single particle radius). The power
m depends on the reversibility of the deformation experienced by the aggregates
[5, 19]. Two different trends appear when one investigates the behavior of a
sheared aggregate, which correlate with the upper and lower limits of the exponent
m: ’hard’ aggregates are characterized by an m = 1/3, while ’soft’ aggregates
have an exponent m equal to 1/2 [6]. The hard aggregates will be fragmented into
secondary aggregates of similar size because the elastic deformations are conveyed
through their structure. Soft aggregates, on the other hand, are deformed by the
external shear and are peeled-off into individual particles and smaller aggregates
of various sizes [6, 19, 22].

In the case of the current experimental system, we hypothesise that the
cellular aggregates are constituted of both hard and soft aggregate regions: the
central region, where higher numbers of connections between cells exist, is akin
to a hard aggregate, because of the intrinsically high modulus of the cells and a
more uniformly organized micro-structure; whereas the periphery may be seen to
approximate that of a soft aggregate, where branches of cells can be deformed and
detached from the main body of the aggregate more easily. These soft aggregate
regions of the large aggregate are built up of smaller clusters which have collided
and remained linked at their contact points [3, 11, 12]. This arrangement is more
porous and of lower overall link density, and hence weaker. Moreover, the cohesive
strength of the hard and soft aggregates follows different trends [1, 3]. These two
different dynamics have direct impact on the evolution of the microstructure,
and thus are essential in the understanding of the evolution of the viscosity of
the system with the shear.

Such a material should exhibit two critical stresses, a first one linked
to the beginning of the detachment of the soft parts of the aggregates, and a
second one linked to the destruction of the hard aggregates. The different critical
stresses, as well as the different plateaus are linked to the energy equilibrium
between the shear and the dynamic of both desaggregation and re-aggregation,
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Figure 5.8: Schematic of the link between the evolution of the viscosity of the sus-
pension and the change in microstructure of the aggregates. a. A weak network exists
and induces a yield stress. b. The shear thinning is linked with the breakdown of the
soft and weak part of the aggregates. c. The first viscosity plateau is correlated with a
stable micro arrangement. d. The hard aggregates are broken down until the suspension
is made of independent cells. e. Second plateau where the cells are all independent.

as depicted by the schematic of the mechanism in Figure 5.8.

The first critical stress is the yield stress witnessed in the flow curves as
shown in Figures 5.1 and 5.2, and it corresponds (schematically) to Figure 5.8 -
part a. When the shear stress increases and the general weak network is broken,
the soft and weak parts of the original aggregates are detached, and broken down
further (Figure 5.8 - part b). An equilibrium can be reached (Figure 5.8 - part
c), where the shear is too high for the soft aggregates to reform, but too low
for the hard aggregates to be broken down, resulting in the observed plateau in
response to shear. This equilibrium in the structure lasts until the second critical
shear stress is reached, that is, when the abrupt drop in viscosity is observed. At
this point, the hard aggregates are broken down into smaller aggregates, which
are then further broken down, with the system getting closer to a suspension of
independent, single cells (Figure 5.8 - part d).

These two critical shear stresses evolve with the volume fraction. The
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yield stress increases with the volume fraction because of the minimal space avail-
able between the different aggregates. The second critical stress increases with
the volume fraction as well, because the probability of building an organized ag-
gregate increases with the number of cells for a given volume. For ϕ = 60%, only
the first critical stress is visible because of the extremely small amount of space
available between the different aggregates. Even if the aggregates get detached
and broken down, they are so close to each other that no sudden reorganization
is possible.

Several empirical laws exist to describe the evolution of the relative vis-
cosity as a function of the volume fraction. One of the most commonly used is
the Krieger and Dougherty model [14]:

ηr =

(

1−
ϕ

ϕ0

)

−[η]ϕ0

(5.4)

where [η] is the intrinsic viscosity, taken equal to 2.5 for hard spheres.
If one fixes the volume fraction of the suspension, a decrease in ϕ0 increases the
relative viscosity. In our experiments however, the viscosity decreases because of
another phenomenon that has to be taken into account: the aggregates are built
of adhesive cells. Further, the volume fraction inside the aggregate is not equal
to 1. Indeed, a part of the suspending fluid is trapped inside the aggregate. Thus
the effective volume fraction in the suspension post the introduction of shear is
higher than the volume fraction measured before the experiment. Moreover, the
destruction of the aggregates releases the trapped fluid. The effective volume
fraction ϕA is thus defined as [16, 22]

ϕA = ϕ∗ϕ (5.5)

where ϕ∗ is a packing factor, used to determine the maximum radius of
the aggregate in the absence of shear [22] and is defined as:

ϕ∗ =

(

R

a

)3−df

(5.6)

Using the equation 5.3, it is possible to calculate the evolution of ϕ∗ as
a function of σ:

ϕA = ϕϕ∗ = ϕ

(

1 +

(

σ∗

σ

)m)3−df

(5.7)

Inserting now ϕA into the Krieger-Dougherty model, we have:

ηr =

(

1−
ϕA

ϕ0

)

−[η]ϕ0

(5.8)
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Figure 5.9: Relative viscosity as a function of the effective volume fraction for different
HA concentrations and for different shear rates. The solid line is the Krieger and
Dougherty model with ϕ0 = 0.64, the broken line is the Krieger and Dougherty model
with ϕ0 = 0.57.

Taking into account our hypothesis outlined above regarding the resident
structures within the suspension at different shear stresses, and using the out-
comes of the analytical formalism above, Figure 6.9 shows the evolution of the
relative viscosity as a function of the effective volume fraction for different shear
rates. The two lines represent a Krieger and Dougherty model with a maximum
packing volume fraction of 0.64 for the solid line, and of 0.57 for the broken line.
Indeed, for hard spheres suspensions, the random isostatic packing fraction (0.57)
describes well our experimental data for volume fractions lower than 50%, how-
ever, when the volume fraction exceeds 50%, a change in spatial distribution of
particles happens, which induces an increase in the maximum packing fraction,
getting closer to the close random packing fraction [22, 23]. m is taken equal
to the soft aggregate limit (1/2) before the viscosity failure, and equal to the
hard aggregates limit (1/3) afterwards. The different values of df are the ones
measured experimentally.

The only free parameter is then σ∗, which is related with the adhesion
force F ∗ between two cells. The value of this parameter is thus optimized to
induce a collapse of the different data sets onto a mastercurve. In the case of our
fibroblast cells, this parameter is calculated to be equal to 0.65 Pa. According to
the Derjaguin theory [22, ?], the critical force F ∗ required to break a doublet is:

F ∗ ≈ σ∗a2 (5.9)
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with the critical shear stress σ∗ defined as in the equation 5.3. This
value of σ∗ therefore leads to an adhesion force between cells F ∗ of approximately
36.5 pN, which is certainly in the range of cell-cell adhesive forces reported in the
literature, which vary from 15 to 40 pN for mouse fibroblast Balb/c3T3 and up to
48 pN for WM115 melanoma cells [20, 21, 31]. This value of adhesion force is the
adhesion force between two cells, averaged over the whole population, therefore
over millions of cells.

5.5 Conclusion

The data and the analytical model confirm that cell-cell interactions have to
be taken into account in order to explain quantitatively and qualitatively the
flow behaviors of living cells suspensions. Appreciation of the dynamics of the
aggregates within these suspensions of adhesive microparticles are critical in order
to permit analysis and interpretation of the complicated flow curves of this kind of
system. Through this method, the adhesion force between cells can be accurately
measured across a population of thousands to millions of cells by simply coupling
rheometry and two photon microscopy and the developed analytical model.

These results outline the necessity to understand and tailor the flow prop-
erties of cell suspensions. The yield stress behavior witnessed at high concentra-
tion especially explains the current limitation in the case of injectable systems
in tissue engineering and regenerative medicine where syringes are used. The
needles used being the smallest possible, in order to have the less invasive surgery
possible, the shear on the cells have to be considered. Indeed, the shear rate in
these systems ranges from below 10−2 s−1 in the syringe, up to several hundreds if
not thousands in the needle. The pressure necessary to overcome the yield stress
could therefore induce an even higher shear rate in the needle region, which could
in turn potentially harm and kill the cells.
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CHAPTER 6. ADDING HA TO THE SUSPENSION

Résumé du Chapitre

Dans ce sixième chapitre, nous nous focalisons sur l’impact de l’ajout d’une
macromolécule naturelle: l’acide hyaluronique.

Dans une première partie, nous présentons les résultats des expériences
rhéométriques réalisées sur ce système. Différentes concentrations et différents
poids moléculaires sont utilisés pour avoir une spectre suffisamment large de don-
nées pour les comprendre et les interpréter. La présence des récepteurs surfaciques
spécifiques à l’acide hyaluronique est vérifiée sur les cellules par cytométrie de flux.
La présence de particules d’acide hyaluronique à la surface des cellules est elle
aussi vérifiée en fonctionnalisant certaines des molécules avec un fluorophore et
en imageant la suspension grâce à un microscope confocal. La dimension fractale
de ce système est mesurée elle aussi.

Comme dans le chapitre précédent, la deuxième partie de ce chapitre porte
principalement sur la discussion des résultats obtenus. Les mécanismes pouvant
expliquer l’effet de l’ajout de l’acide hyaluronique dans la suspension sont étudiés.
L’impact de l’acide hyaluronique sur la structure de la suspension est discuté, et
le modèle analytique du chapitre précédent est modifié en conséquence.
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6.1 Introduction

In this chapter, experiments similar to those described in the previous chapter are
conducted. The main difference lies in the composition of the suspending fluid.
Indeed, now that the rheological behaviours of live mesenchymal cell suspensions
had been studied, a biomacromolecule was added to the suspending fluid: hya-
luronic acid (HA). HA is widely present in the body and is known to be able to
interact with cells through a set of surface receptors. It is also commonly used
as a component in hydrogels for tissue engineering applications. The aim of this
chapter was to investigate the impact of the addition of HA to the suspension in
terms of influence on the rheology of the material, and to probe the underlying
mechanisms.

6.2 Materials and Methods

All materials and methods used in this chapter are described in Chapter 4. The
preparation of the cell suspension is described in Section 4.2.2. The protocol for
the rheological characterisation of the suspensions is described in Section 4.3.1.
The no-slip condition was verified as described in the Section 4.3.1 (data not
shown). The preparation of the fluorescently labelled HA is detailed in Section
4.5.1, and the fluorescently activated cell sorting (FACS) method is outlined in
Section 4.4. The two-photon microscopy protocol and analysis methods are de-
scribed in Section 4.6.2 to 4.6.5.

6.3 Results

6.3.1 Rheology of cell suspensions with HA

The same set of experiments as performed in Chapter 5 was repeated after
adding a high molecular mass HA (1.7 MDa) to the DMEM at concentrations
of 250 µg/mL and 750 µg/mL.The addition of HA to the media at these con-
centrations created two Newtonian suspending fluids (over the shear rate range
tested), with viscosities of 1.77 mPas and 4.85 mPas (see Figure 6.1).

Defining the relative viscosity ηr as the ratio between the measured vis-
cosity and the viscosity of the suspending fluid used, Figures 6.2 and 6.3 show
the evolution of the relative viscosity as a function of the shear stress and of the
volume fraction, respectively.
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Referring to Figure 6.2, the magnitude of the relative viscosity appears to
be decreased by the presence of HA. The addition of HA also decreases the yield
stress. Both trends are accentuated when the concentration of HA is increased.
Indeed, at ϕ = 50% and 60% with 750 µg/mL of HA, the yield stress is reduced
to 0.01 Pa and 0.09 Pa, respectively. The exponent of the Herschel-Bulkley model
applied on this part of the curves increases from 0.47 to 0.8 at ϕ = 60%, indicating
that the magnitude of shear thinning is also affected. The sharp drop in viscosity
is modified in terms of sharpness, magnitude and threshold. Overall, the presence
of the HA seems to soften the drop, decrease its magnitude and reduce the shear
stress at which the drops occurs (the threshold being approximately 1 Pa and
2 Pa for 250 µg/mL and 0.7 Pa and 1.5 Pa for 750 µg/mL for volume fractions of
40% and 50%, respectively). However, at ϕ = 60% the overall shape of the curve
evolves with the presence of HA. The elements of the flow curves witnessed at
other volume fractions but in the absence of HA start to appear, especially the
appearance of two plateau at moderate and high shear stresses.

Figure 6.3 shows the evolution of the relative viscosity as a function of
the measured volume fraction, at different shear rates, with and without HA. The
evolution of the relative viscosity with both the volume fraction and the shear
applied shows similar behaviour in each system studied, the presence of HA only
reducing the magnitude of the relative viscosity, as mentioned above.

6.3.2 Presence of HA on the surface of the cells

The analysis of the evolution of the relative viscosity with increasing shear and
changes in volume fraction shows that the HA has a noticeable impact on the
rheology of suspensions of fibroblast cells. High resolution imaging of fibroblasts
and fluorescently labeled HA was performed using a confocal microscope in order
to elucidate the underlying mechanisms by which such substantial changes in
behavior may occur. Figure 6.4 shows the presence of HA on the surface of
each of the fibroblast cells. It seems, on closer inspection, that the HA binds
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Figure 6.4: Confocal image of 3T3 with labeled HA (in red).

potentially to very specific sites, as denoted by the presence of bright punctuate
red dots on the surface of the cells, and not as a diffuse layer.

HA is a macromolecule widely spread in several soft connective tissues
and interacts with cells via several receptors [7]. The two primary receptors for
HA are the cell surface glycoprotein (CD) 44 and the receptor for hyaluronic acid
mediated mobility (RHAMM, also known as CD168). Figure 6.5 shows the result
of FACS (fluorescently activated cell sorting) for this two receptors as recently
reported by Hatchet et al. [3] . The gate was set relative to a negative control at
the 1% level. Over 99% of the cells expressed both HA receptors.

6.3.3 Adding HA of different molecular weight

After confirming that the HA was indeed interacting specifically with the cells
and also visualizing its mode of presentation on the surface of the cells, we there-
after decided to investigate the impact of HA molecular weight on the resulting
rheology of the cell suspension. A second HA of lower molecular mass (66.3 kDa)
was thus studied and used at a concentration of 30 µg/mL, in order to have the
same number of molecules as in the 750 µg/mL solution of high molecular mass
HA. It appears that the lower molecular weight of HA, the less effective it is at
changing the rheology of the suspension, especially, the yield stress removal, as
shown in Figure 6.6C. This data suggests that the length of the molecule of HA
(or its hydrodynamic radius) plays a role in the disruption of network formation,
with the high molecular mass HA preventing the formation of the first network,
as shown schematically in Fig. 6.6A and B. This result is not surprising if one
considers the differences in gyration radius, which are theoretically approximately
30 nm for the 66.3 kDa HA, and approximately 160 nm for the 1.7 MDa HA [6].
It is then expected that the higher molecular mass HA will take up more of the
available surface area of the cells, affecting more screening of cell/cell adhesions.
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Figure 6.5: FACS plot for 3T3s. The two quarters on the right are used to show the
presence of CD44, the top two the presence of CD168, thus the top right quarter shows
the presence of both CD168 and CD44.

It is still however unclear mechanistically as to explicitly how the HA prevents
the creation of these adhesions but it is likely due to either a.) the presentation of
the HA molecule over the surface of a cell, at defined interaction sites, effectively
preventing a second cell (through screening) from accessing available cell/cell re-
ceptors; or b.) the compression of the HA chains (similar to the compression of
the grafted polyelectrolytes brushes in colloid stabilization [8]) between two ap-
proaching cells prevents these two cells from getting close enough to create strong
adhesive bonds. In both cases, the resulting adhesion force between the two cells
will be significantly decreased, effecting the observed changes in the rheological
behavior of these concentrated suspensions of adhesive, deformable particles.

6.3.4 Fractal dimension

Figures 6.7 and 6.8B show the fractal dimension measured using the previously
detailed 2D and 3D methods (see Sections 4.6.5 and 4.7), respectively.

The addition of HA induces an increase of the fractal dimension, which
ranges from 2.32 to 2.58, and from 2.37 to 2.63, for 250 µg/mL and 750 µg/mL of
HA, respectively. Some what surprisingly, given the non-ideal, biological nature
of these living suspensions, these numbers are in very good agreement with those
estimated using the method of Ganguly et al. and the measured 2D fractal
dimensions. These data now provide the required insight into the influence of
HA on the cellular suspension: aggregates become harder to form and are less
porous.

166



Results

10
−2

10
−1

10
0

10
1

10
210

0

10
1

10
2

10
3

10
4

10
5

σ (Pa)

η
r

DMEM

HA HMW 750

HA LMW 30

cell
cell surface receptor
HA molecule

A B

C

Figure 6.6: Effect of the molecular mass of HA used. (A) Schematic of the impact of
high molecular weight HA. (B) Schematic of the impact of low molecular weight HA.
(C) Relative viscosity as a function of shear stress for different molecular mass HA, but
with the same number of molecules.

167



Results

 1

 10

 100

 1  10  100  1000

R
/ a

Na. b.

c.

df ≈ 1.76 df ≈ 1.87

df ≈ 1.89

HA: 0 µg/mL

 1

 10

 100

 10  100  1000

R
/ a

Na. b.

c.

df ≈ 1.76 df ≈ 1.87

df ≈ 1.89
HA: 250 µg/mL

 1

 10

 100

 10  100  1000

R
/ a

N

a. b.

c.

df ≈ 1.76 df ≈ 1.87

df ≈ 1.89

HA: 750 µg/mL

Figure 6.7: (A) Measured volume fraction as a function of the theoretical volume
fraction. (B) Measured fractal dimension versus measured volume fraction.

φ

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

T h

M

0 0.1 0.2 0.3 0.4 0.5 0.6
2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

M

D
f

M = 0.8748 Th

R
2
= 0.9635

φ φ

φ

φ

HA HMW: 250 μg/mL

HA HMW: 750 μg/mL

DMEM

HA LMW: 30 μg/mL

Figure 6.8: (A) Measured volume fraction as a function of the theoretical volume
fraction. (B) Measured fractal dimension versus measured volume fraction.

168



Discussion

6.4 Discussion

As mentioned in the previous chapter (see Section 5.3.2), several authors have
studied the creation of fractal aggregates, and identified two different behaviors [1,
2, 5, 10, 11]. The ability of the particles to adhere and the presence of a repulsive
force between them are the main parameters determining which behavior the
aggregates tend to follow. If a repulsive force exists in the system, or if the
particles have a lower probability to adhere to each other, the fractal dimension
is generally higher [9]. As displayed in Figure 6.8-B, the measured 3D fractal
dimensions when HA is added is higher than without. This indicated a reduction
in the adhesion force between the cells, and thus, a reduction in the probability
of two cells to adhere when in contact.

As mentioned as well in the previous chapter, the two critical shear
stresses of this system evolve with the volume fraction. We now know that they
evolve with HA as well. Indeed, both of these critical stresses decrease when HA
is added to the suspension.

These two phenomena (increase in fractal dimension and decrease of the
two critical stresses) can be explained by the adhesion of the HA molecules on the
surface of the cells. The presence of HA decreases the surface available for cell-
cell contact, thus lowering the magnitude of the adhesion force between each cell,
reducing for example the size of the hard aggregates and increasing the fractal
dimension.

Using the model explained in the previous chapter, we can plot Figure
6.9, which shows the evolution of the relative viscosity as a function of the effective
volume fraction for different HA concentrations and different shear rates. The two
lines represent a Krieger and Dougherty model with a maximum packing volume
fraction of 0.64 for the solid line, and of 0.57 for the broken line. In the previous
case (fibroblast cells without hyaluronic acid), the free parameter σ∗ (which is
related with the adhesion force between two cells) was calculated to be equal
to 0.65 Pa, which leads to an adhesion force of around 36.5 pN. The addition
of HA reduces the calculated cell-cell adhesion force to 19.7 pN and 11.3 pN for
250 µg/mL and 750 µg/mL of HA, respectively, which confirm the hypothesis
that the presence of HA decreases the strength of the cell-cell adhesions.

Interestingly though, as can be seen in Figure 6.10, the data for very
high shear rates (900 s−1) seem to deviate from the models, following a Krieger
and Dougherty model with a maximum packing volume fraction of 0.7. This can
be explained by the deformability of cells, which are not absolute hard spheres.
Indeed, suspended NIH-3T3 cells are more elastic spheres, with an elastic modulus
of 100 Pa ± 10 Pa [12]. Their deformability at high shear rates can therefore not
be neglected.

The collapse of all the curves for the different sheared configurations and
the different quantities of HA used into a single master curve trend is significant,
exemplifying that it is the evolution of the fractal aggregates which makes the
observed flow curves different from those previously published for simple hard

169



Discussion

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
10

0

10
1

10
2

10
3

φA

η
r

900 s
− 1

100 s
− 1

10 s
− 1

6 s
− 1

DMEM

HA HMW: 250 μg/mL

HA HMW: 750 μg/mL

HA LMW: 30 μg/mL

Figure 6.9: Relative viscosity as a function of the effective volume fraction for different
HA concentrations and molecular weight and for different shear rates. The solid line is
the Krieger and Dougherty model with ϕ0 = 0.64, the broken line is the Krieger and
Dougherty model with ϕ0 = 0.57.

φ
A

φ
A

φ
A

φ
A

900 s
− 1

100 s
− 1

10 s
− 1

6 s
− 1

DMEM

HA: 250 μg/mL

HA: 750 μg/mL

0 0.2 0.4 0.6 0.8
10

0

10
1

10
2

10
3

η
r

0 0.2 0.4 0.6 0.8
10

0

10
1

10
2

10
3

η
r

0 0.2 0.4 0.6 0.8
10

0

10
1

10
2

10
3

η
r

0 0.2 0.4 0.6 0.8
10

0

10
1

10
2

10
3

η
r

Figure 6.10: Relative viscosity as a function of the effective volume fraction for dif-
ferent HA concentrations and for different shear rates. The solid line is the Krieger and
Dougherty model with ϕ0 = 0.64, the broken line is the Krieger and Dougherty model
with ϕ0 = 0.57.

170



Conclusion

and non-interacting particles, and confirming our overriding hypothesis. Under-
standing and quantifying the links between the cells used, the biopolymer added
and the shear conditions are thus essential when investigating such complex living
cellular systems.

6.5 Conclusion

The introduction of macro(bio)molecules to mesenchmyal cell suspensions allowed
us to interfere with cell-cell interactions, modifying the magnitude of cell-cell ad-
hesion energies and the aggregate dynamics and thus substantially changing the
rheological behavior of these living microparticulate suspensions. Importantly,
we converted previously difficult-to-process high volume fraction suspensions of
cells with yield stress behaviors to suspensions that simply displayed shear thin-
ning and Newtonian-like plateaus. This customization of the flow properties of
cell suspensions at high volume fractions will have impacts in several cellular
engineering bioprocesses, such as monoclonal antibodies production, where diffi-
culties establishing consistent flow fields within bioreactors and high viscosities
of concentrated cell suspensions represent major limitations to throughput and
quality products [4].
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CHAPTER 7. ADDING POLY(ETHYLENE GLYCOL) (PEG) TO THE
SUSPENSION

Résumé du Chapitre

Dans ce dernier chapitre, nous étudions l’impact de l’ajout d’une molécule syn-
thétique, i.e. non présente naturellement dans l’organisme, le polyéthylène glycol.

Les expériences sont réalisées avec trois types de polyéthylène glycol dif-
férents: PEG, PEG-NH2 et PEG-COOH. Ceci permet d’étudier l’influence de
la charge sur le comportement rhéométrique de la suspension. Plusieurs com-
portements complexes sont observés et sont décrits en fonction à la fois de la
contrainte imposée et de la fraction volumique. L’effet de la charge est présent
surtout à faible contrainte et s’estompe de plus en plus lorsque les forces hydro-
dynamiques augmentent. La structure de la suspension au repos est aussi étudiée
pour en déduire la dimension fractale.

Différents mécanismes entrent en jeu en fonction de la fraction volumique
et de la contrainte. A faible cisaillement, les mécanismes en jeu sont déterminés.
A fort cisaillement par contre, plusieurs mécanismes possibles sont proposés pour
expliquer le comportement surprenant de la suspension. Les conséquences de dif-
férentes hypothèses sont ensuite prises en compte dans le modèle analytique.
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7.1 Introduction

The rheology of live NIH-3T3 cells in DMEM, and with an addition of an ad-
herent biologically derived macromolecule (HA) was investigated in the previ-
ous chapters. Significant differences of behavior were witnessed, underlining the
importance of investigating this kind of material in order to develop efficient
bioprocesses. However, other kind of molecules can be used in these processes.
In particular, the choice was made to investigate another category of biomacro-
molecules: synthetic biomacromolecules. These molecules are obviously not nat-
urally present in the body, however they have received significant attention for
the development of new tissue engineering scaffolds [5]. The molecule chosen for
this chapter was poly(ethylene glycol) (PEG). PEG is naturally non-adherent to
the cells, and can be found in a wide range of molecular weights and endgroups
functionalizations. PEG has recently shown promising utility in the field of tissue
engineering for two main reasons. Firstly, this polymer is relatively biologically
inert and has a reduced likehood of causing any significant chronic inflammatory
response [3]. Secondly, PEG molecules can be functionalized in various different
ways, whether it is with proteins, peptides, growth factors or other biochemical
cues affecting the interactions with cells and biomolecules [1].

7.2 Materials and Methods

All materials and methods used in this chapter are described in Chapter 4. The
preparation of the cell suspension is described in Section 4.2.2. The protocol
for the rheological characterisation of the suspensions is described in Section
4.3.1, and experiments were conducted with three different kinds of eight arm
PEGs: PEG, PEG-NH2 and PEG-COOH, at a concentration of 40 mg ·mL−1.
The no-slip condition was not verified experimentally for these systems, however,
because of the there was no slippage in the other systems, the no-slip condition
was supposed to be fulfilled here as well. The main difference between the three
molecules is their charge, as they are all 8-armed PEG of molecular weight of
40kDa. The two-photon microscopy protocol and analysis methods are detailed
in Section 4.6.2 to 4.6.5.
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7.3 Results

7.3.1 Rheology of cell suspensions with different PEG types

The addition of biomacromolecules in the suspension influences the rheology of
the system. In Chapter 6, the impact of the addition of an adherent biomacro-
molecule was investigated, and showed that the ability of some biomacromolecules
to adhere onto the surface of cells significantly modifies the rheological footprint
of cell suspensions. Other kinds of biomacromolecules used in tissue engineering,
such as PEG, can not adhere to cell surface. Although, their addition to cell
suspensions still modify the rheology of the material, as depicted in Figure 7.1.

According to the charge of the 8 armed PEG molecule, the effects seem to
vary greatly. These effects also seem to evolve with both the shear and the volume
fraction. Some of the features of these curves are similar to those observed with
the HA systems, such as yield stress behavior, shear thinning, viscosity failure
and a Newtonian-like plateau. In order to discuss these complex behaviors; we
will discuss behaviors as a function of shear stress.
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Figure 7.1: Relative viscosity as a function of shear stress for different PEG molecules
at different volume fractions.
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7.3.1.1 Low shear stresses (prior to the viscosity decrease)

For low shear stresses (below the critical stress at which the viscosity decreases
drastically), the difference in behavior between the different kinds of PEG is
very noticeable, especially when PEG-NH2 is used. Indeed, at the lowest vol-
ume fraction used (20%), the relative viscosity measured at small shear for the
suspension with PEG-NH2 is roughly thirty times higher than any other system
studied (DMEM, PEG, PEG-COOH). This tendency to increase the relative vis-
cosity with the addition of PEG-NH2 is also witnessed for a volume fraction of
40%, through the increase of the yield stress behavior for the lowest shear stresses
tested. Interestingly though, for higher volume fractions (at least 50%), the rela-
tive viscosity of the PEG-NH2 system at low shear stresses seems to more or less
match the behavior of the suspension with only DMEM. At a volume fraction of
60%, the yield stress is lower than with the DMEM only system.

Focusing now on the PEG-COOH, the relative viscosity of this system is
significantly lower than the suspension with only DMEM at volume fractions of
40%, 50% and 60%. This is less obvious at a volume fraction of 20%, except at
shear stresses below 0.1 Pa. At very low shear stresses, the yield stress behavior
is very nearly removed at volume fractions of both 40% and 50%. At 60%, a yield
stress trend is still visible, but significantly attenuated.

The effect of the addition of PEG (without the NH2 or the COOH groups)
is different again. The relative viscosity at low shear stresses is slightly higher
than that of DMEM only, but not as high as with PEG-NH2 at a volume fraction
of 40%. For a volume fraction of 50%, the relative viscosity of the suspension
with PEG seems to be similar to the one of the DMEM. At 60%, the value of
the relative viscosity of the PEG system at low shear stresses is lower than with
DMEM only, and of magnitude similar to the PEG-NH2 system.

From the analysis of the different systems used, it appears that several
mechanisms are influencing the rheology of the suspension. At low shear stresses,
these mechanisms are obviously linked with the charge of the molecules used and
evolve with the volume fraction. For PEG and PEG-NH2 particularly, the effects
seem to vanish as the cell concentration approaches 60%.

7.3.1.2 Intermediate shear stresses (at the viscosity decrease)

For volume fractions of 40% and 50%, the use of PEG-COOH significantly de-
creases the critical shear stress at which the viscosity drastically decreases. At
60%, it is hard to define a critical shear stress though, as no abrupt change of
slope in the relative viscosity profile is witnessed. The relative viscosity at vol-
ume fraction of 40% and higher is however clearly lower than of DMEM, PEG or
PEG-NH2 systems.

The behaviors of PEG-NH2 and PEG are however slightly different. For a
volume fraction of 40%, it seems that the critical shear stress for each of these sus-
pensions is very similar and slightly higher than for the suspension with DMEM
only. The relative viscosities of the PEG and the PEG-NH2 systems are very
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similar, but higher than of DMEM only. At ϕ = 50% though, the critical shear
stress is the same for the PEG, the PEG-NH2 and the DMEM systems, and the
relative viscosities of these three systems are highly similar. At a volume fraction
of 60% however, the critical shear stress for the PEG system is lower than of
the PEG-NH2 system. As no sharp change in viscosity is observed in the case
of DMEM alone, it is unclear as if the critical shear stress for DMEM alone is
higher or lower than of PEG or PEG-NH2.

7.3.1.3 Higher shear stresses (after the viscosity decrease)

After the rapid decrease in viscosity, there are very little differences between
the PEG, the PEG-COOH and the PEG-NH2 systems, regardless of the volume
fractions. The three systems exhibit a Newtonian-like plateau of similar relative
viscosity. Interestingly, the relative viscosity of these systems is always lower than
of the DMEM alone system, again, regardless of volume fraction. The overlay of
the three different kind of PEG at high shear stresses indicates that this trend is
independent of the charge of the molecule, and therefore is only induced by the
presence of the PEG molecules in the suspension.

7.3.2 Measurement of the fractal dimension of the suspen-

sion with the different types of PEG molecules

The fractal dimension in 3D was measured for these systems, using the previously
detailed method (see Section 4.6.5), as depicted in Figure 7.2. The addition of
PEG in the suspension, whatever its charge, decreases the fractal dimension. This
trend is seen at any volume fraction. This results suggests that the aggregates are
more porous than in the suspension without PEG. Focusing on the different PEG
molecules, it appears that the PEG-COOH system is the one that has the higher
fractal dimension of the three types of PEG used. The addition of PEG and PEG-
NH2 decreases the fractal dimension even more, but intriguingly, considering the
significant differences in their rheological behavior, no definite distinction can be
made between the two.

7.4 Discussion

A common phenomenon occurring when ungrafted molecules are added to a sus-
pension is depletion, as discussed previously in Section 2.5.4. Through the cre-
ation of concentration gradients of the molecule added, the overall impact on the
suspension can be seen as the addition of an attractive force to the system. It
is seen as an attractive force because the particles of the suspension will tend to
be pushed together, with the molecules being excluded from the space between
some of the particles, creating a concentration gradient and thus changing the
osmotic pressure locally within the material.
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Figure 7.2: (A) Measured volume fraction as a function of the theoretical volume
fraction. (B) Measured fractal dimension versus measured volume fraction.

PEG is a synthetic biomacromolecule, which is not naturally present in
the body. No specific PEG receptors are known to exist on the surface of cells,
thus it is highly likely that the PEG molecules do not adhere through specific
receptors onto the cells. However, in the case of PEG-NH2 or PEG-COOH, the
charge of the NH2 or the COOH group could indeed change this behavior, but
this will be discussed later. Focusing on the PEG alone, signs characteristic of
depletion behavior can be observed in Figure 7.1 at a volume fraction of 40%,
for shear stresses ranging from low to intermediate (up to the abrupt viscosity
decrease) included. Indeed, depletion will push the cells together, thus favoring
the creation of a weak network and increasing the shear viscosity at low shear.
However, once in contact, the adhesion strength between the cells is similar to
the case of DMEM alone, as the same set of surface receptors are available. With
the adhesion strength expected to be similar to the DMEM system, the critical
shear stress (σ∗) should thus be similar as well, as confirmed in Figure 7.1 for
volume fraction of 40% and 50%. At volume fractions of 50% and 60%, the
low shear relative viscosity of the PEG system is very similar to that measured
in the DMEM system. This can be explained by the fact that at these higher
volume fractions, the cells are already in contact with each other, and therefore,
depletion obviously does not play any major role. The behavior at higher shear
will be discussed later.

As mentioned above, the charge of the PEG molecules used, through
non specific charge-charge interactions may also change the flow behavior of the
studied system. It is quite difficult to quantitatively know the charge of a cell.
Indeed, both cationic and anionic functional groups contained in the lipid head-
groups contribute to the net electric field at membrane surfaces [2]. Moreover,
cell surfaces are decorated with transmembrane proteins, and also have bound
extracellular matrix (ECM) proteins and fragments even after the trypsinization
(as described in the cell culture methodology, see Section 4.2.1), influencing the
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overall charge of the cell. The negative charge of many ECM molecules and most
proteins on the cellular surface lead us to assume that these cells studied are
negatively charged particles [2, 7].

Applying this insight to the data from Figure 7.1, it is possible to pro-
pose a mechanism for the influence of the charge of our polymer system on cell
suspension behaviors, and therefore to understand and explain the different be-
havior witnessed for the PEG-NH2 and the PEG-COOH addition. Under the pH
condition tested, it is highly likely that the NH2 group becomes a NH+

3 group
(pKa > 8 according to [4] and pKa > 9 according to [6]), and therefore is charged
positively, and that the COOH group becomes a COO− group (pKa < 5 [6]), and
therefore is charged negatively.

With the surface of the cells assumed to be mainly electronegative, the
charge of the NH+

3 end group on the PEG could counteract the effects of depletion.
At a volume fraction of 40%, the low shear relative viscosity is thus even higher
than the one of the neutral PEG system. The yield stress is higher as well, showing
an increase in network connectivity compare with the PEG system. Focusing
more on the results at a volume fraction 20%, the noticeable increase in relative
viscosity at low shear confirms this mechanism. Indeed, in a system where the
concentration in cell would not high enough to create a network, the attraction
forces between the added molecules and the cells act like an attractive force
between the cells, and thus induce the creation of this weak network. At 50
and 60%, there are so many cells in the system that the impact of PEG-NH2 is
very limited, as for the neutral PEG system. The shear induced breakdown also
happens at a similar critical shear stress, as this kind of PEG does not change
the set of receptors used to create adhesion between the cells, but only creates
weak contacts between the loose protein network on the outer periphery of the
cells.

The case of the PEG-COOH system is different, but at least as interest-
ing. Keeping in mind that a cell is globally negatively charged, a negatively charge
group should therefore be repulsed by the cell surface. In this case, the adhesion
strength between the cells should be reduced, as the negatively charged molecules
would increase the depletion and thus prevent the formation of a network. This
would induce a lower critical stress, as well as a lower relative viscosity. Looking
at the Figure 7.1, it appears that indeed, the relative viscosity of the cells with
PEG-COOH system is significantly lower than the DMEM system. The critical
shear stress is also reduced, and the yield stress is significantly reduced or absent.
The fractal dimension also shows the smallest change for all PEG systems (see
Figure 7.2), suggesting that whilst depletion may be substantial, there are some
structural rearrangements as a result of this negatively charge PEG that differ
from the PEG and the PEG-NH2.

Another assumption would be that short range interactions could occur
between the positively charge cell surface bound proteins (or positively charged
domains thereof) and the PEG-COOH molecules. This is definitely possible if
the difference of size between the cells and the PEG molecules are taken into
consideration. This would allow the polymer to bind within the extracellular
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PEG molecule

Cell

A. Schematic of the suspension in DMEM B. Schematic of the suspension in DMEM + PEG

Figure 7.3: (A) Schematic of the suspension in DMEM alone, at shear stresses higher
than the critical shear stress. (B) Schematic of the suspension in DMEM + PEG, at
shear stresses higher than the critical shear stress.

protein layer, whilst not connecting explicitly to the cells. These interactions
would be short range and diffuse within the cell surface bound protein layer.
These bindings would increase the density of the cell protein coat, obscure the
cell surface receptors involved in cellular adhesion and hence reduce cell-cell ad-
hesion strength. Aggregates would thus still be able to be created and would
be denser than the one created in presence of the other kind of PEG molecules,
as confirmed by the values of the fractal dimension for the PEG-COOH system
being slightly higher than for the PEG and the PEG-NH2 systems. Even though,
the exact mechanism remains to be precisely elucidated through complementary
experiments.

When the shear stress is higher than the critical shear stress, another
mechanism seems to be at play. Indeed, the relative viscosities of the three PEG
systems collapsed on to one another, and are lower than the relative viscosity of
the cell suspension with just DMEM. As discussed above, the different types of
PEG molecules have different impacts on the rheology of the suspension, accord-
ing to their charge and therefore according to how they interact with the cells.
Because of this collapse at higher shear stresses, this mechanism appears to be
independent of the charge, and therefore can be imputed to the presence of the
PEG molecules alone. It is likely that the presence of the PEG molecules in some
way reduces the transient contacts between cells that occur when the suspension
is sheared (see schematic in Figure 7.3), acting like a lubricant to the system.

Using the set of equations mentioned in Chapter 5, a mastercurve-like
plot can again be created, see Figure 7.4. The values of σ∗ for the systems with
DMEM, PEG and PEG-NH2 were taken equal to 0.65 Pa, as the critical shear
stress for the viscosity drop is roughly equal for these three systems. For the
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PEG-COOH system however, σ∗ had to be taken equal to 0.05 Pa in order to
achieve the collapse of the curves, indicating an adhesion strength of 2.81 pN.
The same considerations as utilised in the previous chapters were taken for the
parameter m, and the values of the fractal dimensions were the ones measured
from the two-photon microscope’s images for each PEG system. Interestingly,
the data at the highest shear stresses do not seem to collapse on the Krieger-
Dougherty model with ϕ0 = 0.64, but onto one with ϕ0 = 0.72. As discussed
previously, a part of this deviation is likely due to the deformability of the cells.
However this deviation is stronger in the case of the PEG systems, indicating that
another contribution may come from a difference in the microscopic arrangement
of the suspensions and of the molecules under such shearing conditions.

Previously, it was assumed that the presence of PEG molecules in such
concentrations prevented the brief adhesion between neighbouring cells under
high shear, explaining the low relative viscosity. Indeed, when σ∗ is taken to
equal to 0 for shear stresses higher than the intermediate range (i.e. past the
abrupt decrease in viscosity) for the PEG systems, the data collapse once more
on the Krieger-Dougherty model with ϕ0 = 0.64, as displayed in Figure 7.5. Even
if the collapse looks correct, having an adhesion force strictly equal to 0 hardly
makes any real physical sense. It is therefore difficult to confirm the hypothesis
made, as both a change in adhesion strength and/or a change in the microscopic
conformation may be the origin of the differences observed between the PEG
systems and the DMEM, especially when taking into account that a change in
adhesion force often leads to a different microscopic re-organization.

7.5 Conclusion

The described set of experiments have shown that adding biomacromolecules hav-
ing no specific interaction domains for cell surface receptors to a cell suspension
can still have a drastic impact on the rheology of such materials. In addition
of the complex behaviors associated with using live cells suspensions, other phe-
nomena appear to take place at different shear stresses: depletion at low shear
and drastic microscopic re-organization at high shear. According to the charge
of the chosen molecules, the mechanical properties of the suspension at low shear
stresses can be modified significantly, either increasing or attenuating/removing
the yield stress behavior. At high shear stresses, however, it appears that the
charge of the chosen molecule does not matter. These insights into the rheology
of live cells suspensions in the presence of non-adherent biomacromolecules often
used in hydrogel formulations are central to the up-scaling of tissue engineering
bioprocesses such as producing scaffolds seeded with cells, whether it is as a bulk
injectable material or in a microfluidic device.
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General Conclusion

In this piece of work, we investigated the rheology of live mesenchymal cell suspen-
sions. The cells chosen were mouse NIH-3T3, suspended in their culture medium
without serum. Unlike most suspension studies dealing with synthetic or natural
particles (non-living) systems, live cells suspensions have an inherent variability
in shape, size and behaviour over time, for example with cell binding or adhering
to each other dynamically, creating complex living structures. When combined
with the difficulty of culturing enough cells for such tests and keeping them viable
during applicable testing time-frames, it may explain why this research topic has
received very little attention.

Several experimental techniques were used to study this system. The me-
chanical properties of this system were investigated through rheometry, whereas
the structure of the suspension at rest was studied using conventional (2D) and
two-photon (3D) microscopy. Flow cytometry, as well as confocal microscopy
were used to assure the presence of one of the biomacromolecules investigated
(HA) on the cell surface, as well as the presence of some specific cell surface
receptors.

In the first study, we investigated the rheological behaviour of 3T3s cells
in Dulbecco’s Modified Eagle’s Medium (DMEM).

The results discussed in this chapter showed that this system displays
complex rheological behaviours, depending on both the shear applied and the
volume fraction of cells. Indeed, as the volume fraction increased, the suspen-
sion exhibited a yield stress behaviour, followed by strong shear thinning, until
a Newtonian-like plateau was reached. When the shear stress was increased fur-
ther, the viscosity dropped drastically to another Newtonian-like plateau. The
fractal dimension of the network made by the cells at rest was investigated using
conventional phase contrast (2D) and two-photon (3D) microscopy. Using a sim-
ple analytical model, the evolution of the viscosity for different shear stresses as
a function of the effective volume fraction were all collapsed with a mastercurve,
confirming that the evolution of the viscosity with both parameters was mainly
caused by the evolution of the network built by the cells, as well as the size of
the cell aggregates. Last but not least, the use of this analytical model enabled
us to determine the adhesion strength between the cells.

The second part of our study concerned the addition of a biomacro-
molecule naturally present in tissues and often used in hydrogels for tissue engi-
neering applications (hyaluronic acid) to the cell suspension. The impact of the
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addition of hyaluronic acid on the flow properties were investigated with tech-
niques similar those already described in Chapter 4 and used in Chapter 5.

In this chapter, we showed that NIH-3T3 cells had several kinds of surface
receptors specific to hyaluronic acid. These receptors had the ability to bind the
hyaluronic acid when in the media. By functionalising hyaluronic acid with a
fluorescent dye, the presence of hyaluronic acid molecules bound to the cells
was confirmed using confocal microscopy. The impacts of several concentrations
of hyaluronic acid, as well as several molecular weights on the flow behaviour
of the suspension were thereafter being observed in terms of biomacromolecule
molecular weight. The highest concentration of the higher molecular weight tested
changed the rheology the most with a distinct impact. The yield stress behaviour
was significantly decreased, as was the extent of shear thinning, along with the
relative viscosity of the suspension. The sharp viscosity drop was softened and
occurred at lower shear stresses. These results suggested a decrease in network
strength, a proposition that was confirmed through our observation of an increase
in the fractal dimension of the network made by the cells at rest when hyaluronic
acid was added, meaning that the network was also less porous. Using the same
analytical model as described in Chapter 5, it was possible to have the data for the
relative viscosity for different shear stresses as a function of the effective volume
fraction collapsed on the same mastercurve as for the cell suspension without
hyaluronic acid. Through this model, the adhesion strength between two cells
across a population of millions was estimated and was shown to be significantly
lower than the suspension without hyaluronic acid. It was thus hypothetised that
the presence of hyaluronic acid on the surface of the cells effectively screened the
surface receptors normally used by the cells in cell-cell adhesion, and therefore
decreased the number of available adhesion points.

The final part of this study aimed to characterize the impact of the
addition of a synthetic biomacromolecule on the rheology of the suspension. The
chosen molecule was 8 armed polyethylene glycol (PEG). PEG is a widely used
biomacromolecule for tissue engineering and regenerative medicine application.
The fact that it is relatively biologically inert, and the possibility to functionalize
it with a wide range of molecules (proteins, growth factor...) make it a promising
choice for the formulation of hydrogels. With PEG having no known specific cell
surface receptors, we chose to investigate three different kind of PEG molecules
in order to study the effects of the charge of the chain end group ( -OH (no
charge), -COOH (electronegative) and -NH2 (electropositive)) on the behaviour
of the suspension.

The earlier results from the study of the NIH-3T3 cell suspension in
DMEM allowed us to define a reference system, from which the differences caused
by the presence of the PEG molecules, as well as their charge, were investigated.
Symptoms of depletion were observed for the PEG and PEG-COOH. PEG-NH2

had a drastic impact on the rheology of the suspension, increasing significantly
the yield stress behaviour. Interestingly, the addition of either PEG or PEG-
NH2 molecules were not observed to change the critical shear stress at which the
viscosity rapidly decreased. PEG-COOH had a very different impact, decreas-
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ing the relative viscosity, the yield stress behaviour, as well as the critical shear
stress. This was proposed to be related to the fact that cells are mainly negatively
charged, as is the PEG-COOH. The PEG-COOH molecules seem to prevent the
formation of the network. Another assumption would be that short range in-
teractions could occur between the positively charge cell surface bound proteins
(or positively charged domains thereof) and the PEG-COO−, thus allowing the
polymer to bind within the extracellular protein layer, whilst not connecting ex-
plicitly to the cells. These interactions would be short range and diffuse within
the cell surface bound protein layer. This would increase the density of the cell
protein coat, obscure the cell surface receptors involved in cellular adhesion and
hence reduce cell-cell adhesion strength, acting in a similar way as the hyaluronic
acid, only less efficiently, as they lack the specificity of interaction through defined
cell surface receptors. However, the exact mechanism still remain to be precisely
elucidated.

A very peculiar behaviour was observed for shear stresses higher than
the critical shear stress: the relative viscosity for the three different kinds of
PEG molecules used all collapsed onto one another at a given volume fraction,
indicating that in this shear regime, the charge of the molecules used had no
impact on the rheology of the suspension. The analytical model discussed in the
previous chapters was used in two different ways, according to the assumption
made on the reasoning for this collapse at high shear, indicating that even if the
reasons for the collapse at high shear were not clear, microscopic reorganisation
of the suspension was the origin of this behaviour.

The output of this study allows researcher to take into consideration the
complex rheological footprint of cell suspensions when either planning their ex-
periments or developing new methods for tissue engineering or cellular therapy.
The impacts of the addition of biomacromolecules on the mechanical properties
of the cell suspensions is also an important consideration when formulating hy-
drogels for tissue engineering applications, either for a bulk injectable system or
for a microfluidic application.

Future work to continue this project could take several directions. One of
it would be the use of different polymers, and/or of different cell lines. This would
allow, one to study another applied system, but also to add data to the existing
database in order to try and understand more in depth if a single theory for cell
suspensions could be derived. This could then allow one to predict engineering
problems that would occur while the processes are up-scaled. A study focussing
on the same system but with a wider range of concentration and molecular weight
of the chosen polymer could also be useful, especially for the PEG based systems,
to either validate our hypothesis or to formulate a new one. Another direction
would be to develop a method to be able to investigate the rheology of cell
suspensions and image the suspension at the same time. Being able to follow
what is happening within the suspension visually would give precious insights
for the understanding of the mechanisms of such complex materials. Another
way to get useful data would be to focus on the time response of the suspension,
during or post removal of controlled step stresses. In the experiments described
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in this thesis, the time response of the suspension to the applied stress was always
recorded but not thoroughly exploited.
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Au cours de ce travail de recherche, nous avons étudié la rhéologie de cellules
mésenchymateuses vivantes en suspension. Les cellules choisies étaient des NIH-
3T3 de souris, avec leur média de culture sans sérum comme fluide suspendant.
Au contraire de beaucoup d’autres systèmes étudiés, les suspensions de cellules
vivantes ont une grande variabilité en forme, taille et comportement. De plus,
les mécanismes très dynamiques de contacts entre les cellules conduisent à la
formation de structures complexes. Ceci, ajouté à la difficulté d’avoir accès à
suffisamment de cellules, peut expliquer pourquoi ce sujet de recherche n’a reçu
que peu d’attention.

Plusieurs techniques expérimentales ont été utilisées pour étudier ce sys-
tème. Les propriétés mécaniques ont été mesurées à l’aide d’un rhéomètre, tandis
que la structure de la suspension au repos a été analysée grâce à un microscope
classique (2D) bi-photonique (3D). La présence à la fois des polymères ajoutés et
des récepteurs surfaciques d’intérêt ont été vérifié à l’aide d’imagerie confocal et
de cytométrie de flux.

Dans la première partie de notre étude, nous nous sommes intéressés
au comportement rhéologique de cellules 3T3 en suspension dans leur média de
culture sans sérum (Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose).

Les résultats discutés dans le chapitre correspondant montrent une sig-
nature rhéologique complexe, dépendant à la fois de la contrainte appliquée et
de la fraction volumique. En effet, lorsque la fraction volumique augmente, la
suspension commence à se comporter comme un fluide à seuil, suivi d’une forte
tendance rhéofluidifiante, jusqu’à ce qu’un plateau quasi-Newtonien soit atteint.
Quand la contrainte augmente encore, la viscosité chute subitement jusqu’à un
second plateau. La dimension fractale du réseau créé par les cellules au repos a été
explorée grâce à un microscope bi-photonique. En utilisant un modèle analytique
simple, il a été possible de rassembler les évolutions de la viscosité à différent taux
de cisaillement en fonction de la fraction volumique effective sur une même courbe
maitresse. Ceci a permis de mettre en évidence que l’évolution des propriétés en
écoulement de notre matériau était due à des réarrangements microscopiques du
réseau et des agrégats formés par les cellules. Enfin, l’utilisation de ce modèle
analytique nous a permis de déterminer la force d’adhésion entre les cellules et
de la comparer à celle reportée dans la littérature.

La seconde partie de notre étude a porté sur l’ajout dans la suspension
d’une macromolécule naturellement présente dans notre corps: l’acide hyaluronique.
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L’impact de l’ajout d’acide hyaluronique sur les propriétés en écoulement du
matériau a été étudié à l’aide de techniques similaires à celles décrites précédem-
ment.

Dans le chapitre correspondant, nous avons montré que les cellules util-
isées possédaient plusieurs types de récepteurs à leur surface spécifique à l’acide
hyaluronique. Ces récepteurs ont la particularité de permettre à la cellule de
s’accrocher et de se lier avec des molécules d’acide hyaluronique. Après avoir fonc-
tionnalisé des molécules d’acide hyaluronique avec des fluorophores, la présence
d’acide hyaluronique à la surface des cellules a été confirmée par microscopie
confocal. L’impact de la concentration, ainsi que de la masse moléculaire de
la molécule utilisée ont été explorés. La plus haute concentration de molécules
avec la plus haute masse moléculaire est la condition qui modifie le plus les pro-
priétés rhéologiques du matériau. Les tendances de comportement comme un
fluide comportant une contrainte seuil et rhéofluidifiante sont atténuées. La vis-
cosité relative est donc fortement réduite. La chute brutale en viscosité se produit
à une contrainte plus basse, et de manière plus douce. La dimension fractale a
été mesurée comme étant plus haute avec l’acide hyaluronique, indiquant une
structure moins poreuse. En utilisant le même modèle analytique, les données
de ces expériences ont pu être réunies sur la même courbe maitresse que celle
utilisée lors de l’analyse des résultat du chapitre précédent. De part ce modèle,
l’énergie d’adhésion entre les cellules a pu être estimé comme étant significative-
ment inférieure à celle du système sans acide hyaluronique. La présence d’acide
hyaluronique à la surface des cellules empêche l’utilisation d’une partie des ré-
cepteurs recrutés pour l’adhésion cellule-cellule, et ainsi fragilise le réseau.

La dernière partie de notre étude a été focalisé sur l’étude de l’impact
de l’ajout d’un molécule synthétique sur le comportement de la suspension. La
molécule choisie a été le polyéthylène glycol (PEG). Le PEG est une macro-
molécule fréquemment utilisée en ingénierie tissulaire et en médecine régénéra-
tive, principalement à cause de sa bonne bio-compatibilité et de l’aisance à le
fonctionnaliser. Trois types de molécules de PEG avec des groupes de fin de
chaines (-OH (neutre), -COOH (électronégatif) et -NH2 (électropositif)) ont été
utilisés de manière à pouvoir observer l’influence de la charge sur la rhéologie de
la suspension.

Les résultats de l’étude des suspensions de NIH-3T3 dans le DMEM ont
permis la définition d’un système de référence, par rapport auquel les effets des
différentes charges ont pu être comparés. Des signes de déplétions ont été observés
lorsque du PEG et du PEG-COOH ont été ajoutés à la suspension. Le PEG-NH2

en particulier modifie grandement les propriétés en écoulement de la suspension
en augmentant la contrainte seuil. La valeur critique de chute de viscosité ne
semble pas être modifiée par contre. L’impact du PEG-COOH est très différent,
réduisant la viscosité relative de la suspension, le comportement de fluide à seuil
ainsi que la contrainte critique à laquelle la viscosité chute brutalement. Une
explication, basée sur l’électronégativité à la fois des molécules de PEG-COOH,
mais aussi des cellules. Une autre explication proposée est basée sur l’interaction
entre les domaines électropositifs de certaines protéines à la surface des cellules et
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les molécules de PEG-COOH. Dans cette optique, les molécules de PEG-COOH
masqueraient certains des récepteurs responsables de l’adhésion cellulaire, et de
ce fait réduiraient la force d’adhésion entre les cellules, agissant de manière sem-
blable aux molécules d’acide hyaluronique, mais moins efficacement puisque non
accrochées directement aux cellules. Le mécanisme exacte est néanmoins toujours
à étudier pour pouvoir conclure de manière définitive.

Un comportement particulier a été observé pour des contraintes plus
grandes que la contrainte critique: la viscosité relative des trois systèmes à une
fraction volumique donnée est similaire, indiquant que dans ce régime hydrody-
namique, la charge n’a plus d’effet sur la suspension. Le modèle analytique des
chapitres précédents a aussi été utilisé, mais de deux façons différentes, selon
l’hypothèse choisie pour expliquer cette indépendance de la charge. Ceci nous
permet donc de conclure que même si les raisons de ce comportement ne sont pas
encore claires, c’est une réorganisation microscopique de la suspension et de ses
agrégats qui est à l’origine des comportements observés.

Les résultats de cette étude permettent aux chercheurs de prendre en con-
sidération la complexité de la rhéologie des suspensions de cellules lorsqu’ils plan-
ifient des expériences ou développent de nouvelles méthodes dans les domaines
de l’ingénierie tissulaire et des thérapies cellulaires. Les impacts de l’addition de
biomacromolécules sur les propriétés mécaniques des suspensions de cellules sont
aussi de première importance lorsqu’une formulation d’hydrogel est mise au point,
que ce soit pour être utilisé comme un système injectable ou en microfluidique.

Les travaux possibles pour continuer ce projet peuvent prendre plusieurs
directions. L’une d’entre elles serait de continuer les mêmes types d’expériences
avec différents polymères et d’autres types de cellules. Ceci permettrait d’étudier
un système différent mais aussi d’avoir d’avantage de données pour comprendre
plus en détail les mécanismes en jeu, ainsi que de se rapprocher d’un modèle
unique pour les suspensions cellulaires. Une étude se focalisant sur les mêmes
systèmes, mais avec de plus grandes variations de concentrations et de poids
moléculaires pourrait aussi être utile, en particulier en ce qui concerne le PEG,
pour soit valider nos hypothèses ou en proposer des nouvelles. Une autre direction
serait de développer une méthode permettant de suivre simultanément l’évolution
de la rhéologie et de la structure de la suspension. Ceci permettrait d’avoir des
informations précieuses sur les mécanismes en jeu. Un autre axe d’étude serait
de se concentrer sur la réponse temporelle de la suspension à des contraintes
imposées. Bien que les réponses temporelles fussent enregistrées pendant les
expériences de ce projet, ces données ne furent que peu exploitées.
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Appendix A

Decomposition of the useful
components

A.1 Components of F

Rectangular Coordinates (x, y, z)

Displacement functions: x = x(x0, y0, z0, t, t0)
y = y(x0, y0, z0, t, t0)
z = z(x0, y0, z0, t, t0)

Fxx = ∂x/∂x0 Fxy = ∂x/∂y0 Fxz = ∂x/∂z0
Fyx = ∂y/∂x0 Fyy = ∂y/∂y0 Fyz = ∂y/∂z0
Fzx = ∂z/∂x0 Fzy = ∂z/∂y0 Fzz = ∂z/∂z0

Cylindrical Coordinates (r, θ, z)

Displacement functions: r = r(r0, θ0, z0, t, t0)
θ = θ(r0, θ0, z0, t, t0)
z = z(r0, θ0, z0, t, t0)

Frr = ∂r/∂r0 Frθ = ∂r/r0∂θ0 Frz = ∂r/∂z0
Fθr = r∂θ/∂r0 Fθθ = r∂θ/r0∂θ0 Fθz = r∂θ/∂z0
Fzr = ∂z/∂r0 Fzθ = ∂z/r0∂θ0 Fzz = ∂z/∂z0

Spherical Coordinates (r, θ, φ)

Displacement functions: x = x(x0, θ0, φ0, t, t0)
θ = θ(x0, θ0, φ0, t, t0)
φ = φ(x0, θ0, φ0, t, t0)
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Components of the Equations of Motion

Frr = ∂r/∂r0 Frθ = ∂r/r0∂θ0 Frφ = ∂r/r0 sin θ0∂φ0

Fθr = r∂θ/∂r0 Fθθ = r∂θ/r0∂θ0 Fθφ = r∂θ/r0 sin θ0∂φ0

Fφr = r sin θ∂φ/∂r0 Fφθ = r sin θ∂φ/r0∂θ0 Fφφ = r sin θ∂φ/r0 sin θ0∂φ0

A.2 Components of the Equations of Motion

Rectangular Coordinates (x, y, z)

x-Component

ρ(
∂vx
∂t

+ vx
∂vx
∂x

+ vy
∂vx
∂y

+ vz
∂vx
∂z

) =

−
∂p

∂x
+ (

∂τxx
∂x

+
∂τyx
∂y

+
∂τzx
∂z

) + ρgx

y-Component

ρ(
∂vy
∂t

+ vx
∂vy
∂x

+ vy
∂vy
∂y

+ vz
∂vy
∂z

) =

−
∂p

∂y
+ (

∂τxy
∂x

+
∂τyy
∂y

+
∂τyz
∂z

) + ρgy

z-Component

ρ(
∂vz
∂t

+ vx
∂vz
∂x

+ vy
∂vz
∂y

+ vz
∂vz
∂z

) =

−
∂p

∂z
+ (

∂τxz
∂x

+
∂τyz
∂y

+
∂τzz
∂z

) + ρgz

Cylindrical Coordinates (r, θ, z)

r-Component

ρ(
∂vr
∂t

+ vr
∂vr
∂r

+
vθ
r

∂vr
∂θ

−
v2θ
r

+ vz
∂vr
∂z

) =

−
∂p

∂r
+ (

1

r

∂

∂r
(rτrr) +

1

r

∂τθr
∂θ

−
τθθ
r

+
∂τzr
∂z

) + ρgr

θ-Component

ρ(
∂vθ
∂t

+ vr
∂vθ
∂r

+
vθ
r

∂vθ
∂θ

+
vθvr
r

+ vz
∂vθ
∂z

) =

−
∂p

∂θ
+ (

1

r2
∂

∂r
(r2τrθ) +

1

r

∂τθθ
∂θ

+
∂τθz
∂z

+
τθr − τrθ

r
) + ρgθ
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Components of L

z-Component

ρ(
∂vz
∂t

+ vr
∂vz
∂r

+
vθ
r

∂vz
∂θ

+ vz
∂vz
∂z

) =

−
∂p

∂z
+ (

1

r

∂

∂r
(rτrz) +

1

r

∂τθz
∂θ

+
∂τzz
∂z

) + ρgz

Spherical Coordinates (r, θ, φ)

r-Component

ρ(
∂vr
∂t

+ vr
∂vr
∂r

+
vθ
r

∂vr
∂θ

+
vφ

r sin θ

∂vr
∂φ

−
v2θ + v2φ

r
) =

−
∂p

∂r
+ (

1

r2
∂

∂r
(rτrr) +

1

r sin θ

∂

∂θ
(τθr sin θ) +

1

r sin θ

τrθ
∂φ

−
τθθ + τφφ

r
) + ρgr

θ-Component

ρ(
∂vθ
∂t

+ vr
∂vθ
∂r

+
vθ
r

∂vθ
∂θ

+
vθ

r sin θ

∂vθ
∂φ

+
vrvθ
r

−
v2φ cot θ

r
) =

−
∂p

∂θ
+ (

1

r3
∂

∂r
(r3τrθ) +

1

r sin θ

∂

∂θ
(τθθ sin θ) +

1

r sin θ

∂τφθ
∂φ

+

τθr − τrθ − cot θτθθ
r

) + ρgθ

φ-Component

ρ(
∂vφ
∂t

+ vr
∂vφ
∂r

+
vθ
r

∂vφ
∂θ

+
vφ

r sin θ

∂vφ
∂φ

+
vφvr
r

+
vθvφ
r

cot θ) =

−
1

r sin θ

∂p

∂φ
+ (

1

r3
∂

∂r
(r3τrφ) +

1

r sin θ

∂

∂θ
(τθφ sin θ) +

1

r sin θ

∂τφφ
∂φ

+

τφr − τrφ + 2 cot θτθφ
r

) + ρgφ

A.3 Components of L

Reminding that L = (∇v)T , we got:

Rectangular Coordinates (x, y, z)
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Components of L

Lxx = ∂vx
∂x

Lxy =
∂vx
∂y

Lxz =
∂vx
∂z

Lyx = ∂vy
∂x

Lyy =
∂vy
∂y

Lyz =
∂vy
∂z

Lzx = ∂vz
∂x

Lzy =
∂vz
∂y

Lzz =
∂vz
∂z

Cylindrical Coordinates (r, θ, z)

Lrr =
∂vr
∂r

Lrθ =
1
r
∂vr
∂θ

− vθ
r

Lrz =
∂vr
∂z

Lθr =
∂vθ
∂r

Lθθ =
1
r
∂vθ
∂θ

+ vr
r

Lθz =
∂vθ
∂z

Lzr =
∂vz
∂r

Lzθ =
1
r
∂vz
∂θ

Lzz =
∂vz
∂z

Spherical Coordinates (r, θ, φ)

Lrr =
∂vr
∂r

Lrθ =
1
r
∂vr
∂θ

− vθ
r

Lrφ = 1
sin θ

∂vr
∂φ

−
vφ
r

Lθr =
∂vθ
∂r

Lθθ =
1
r
∂vθ
∂θ

+ vr
r

Lθφ = 1
r sin θ

∂vθ
∂φ

−
vφ
r
cot θ

Lφr =
∂vφ
∂r

Lφθ =
1
r

∂vφ
∂θ

Lφφ = 1
r sin θ

∂vφ
∂φ

+ vr
r
+ vθ

r
cot θ
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