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Abstract

Dhote, Valentin (M.S., Civil Engineering)

Mathematical model for cartilage tissue-growth using a quadriphasic mixture and finite element

analysis

Thesis directed by Prof. Franck J. Vernerey

The goal of this thesis is to build a clear model of biological tissues growth, especially carti-
lage. But because tissues are complicated, simplifications and assumptions have to be made. In
experiments, engineered tissues are often using hydrogels, because of their ability to mimic the real
system. However, strategies to date are suboptimal in part because designing degradable hydrogels
is complicated by structural and temporal complexities of the gel and evolving tissue along multiple
length scales. To address this problem, this study proposes a multi-scale mechanical model using
a quadriphasic formulation (solid, fluid, unbound matrix molecules, enzymes) based on a single
chondrocyte releasing extracellular matrix molecules and enzymes within a degrading hydrogel.
This model describes the key players of the biological system within the hydrogel encompassing
different length scales. Different mechanisms are included: temporal changes of bulk properties due
to hydrogel degradation, and matrix molecules transport. Numerical results show the competition
between the diffusion of the matrix molecules and the the diffusion of the enzymes degrading the

scaffold.
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Chapter 1

Introduction

1.1 Why focusing on modeling

1.1.1 Complexity of the biological systems

With current surgical procedures offering imperfect solutions, new treatments are clearly war-
ranted. Tissue engineering is one promising treatment option having for example the potential to
yield living functional cartilage. Within this context, scaffolds are being developed to deliver cells
(cartilage cells) to the damaged site and support new tissue deposition [37]. However, engineering
functionally competent and well-integrated cartilage remains a hurdle, limiting clinical translation

of cartilage tissue engineering.

Synthetic hydrogels hold much promise as a delivery vehicle for cells. However, tuning degrada-
tion to tissue growth has been challenging and as a result the engineered tissue is often mechanically
inferior. This observation is further complicated by the fact that matrix synthesis rates and the

size of matrix molecules can be highly variable depending on the cell type and age.

1.1.2 Modeling approach

A mathematical model can provide critical parameters for designing synthetic hydrogels to better
match tissue growth for a particular cell source. Once the model is fully developed and validated,
the model can be used to predict experimental results for a wide range of properties and degradation

kinetics, thus dramatically reducing the number of experiments. Beyond this larger goal and the



specific model, a model can be helpful in other ways: simulations can predict what concentration of
cells will yield a superior engineered tissue. The model can provide new insight into key mechanisms
not obvious to experimentalists, such as osmotic pressure to enhance molecular diffusion. A model
can, in combination with experimental results, predict values of kinetic parameters which are
difficult to measure experimentally. The model can be a useful tool to optimize design parameters

and to gain a better mechanical understanding.

1.2 Motivation and organization of this study

1.2.1 Theories involved

Theories of mixture and poro-elasticity have proven to be excellent frameworks onto which the
deformation of tissues, such as cartilage, can be studied [1] [16] [23]. These theories have been
investigated prior to developping the model [8] and allow to use a Lagrangian formulation where

every phase are refering to the solid phase.

Continuum mechanics is naturally used to express the mechanics of the model and to express its

behavior through equations, ie the governing equations.

To generalize the formulation, and because tissues can soak themselves to big strains or large

swellings, the use of finite strain (large deformations) seems important.

1.2.2 Where do we stand

In cartilage, the problem of matrix diffusion, transport and deposition has been addressed at
cellular [36] and tissue scales [11]. More recently, mathematical models have been expanded to
cartilage tissue engineering strategies, predicting matrix diffusion from cells within scaffolds [40].
The problem of cell mediated gel degradation was also assessed with a triphasic mixture model
[41] to better understand how degradation may affect both transport properties and gel mechanics.

Finally, on a more global scale, a multiphasic model (made of linked ECM, scaffold and cells)



was used to derive a steady-state solution for tissue growth as a function of scaffold properties
[14]. While the above studies have enabled a more quantitative understanding of the processes of
synthesis, diffusion and deposition, few have considered the coupled physics of scaffold deformation,
degradation and ECM transport for cells encapsulated in a degrading crosslinked hydrogel for which
the size scale of porosity is of similar magnitude to that of many ECM molecules. Experimentally

these processes have proven to be key in designing hydrogel scaffolds with encapsulated cells.

The main purpose of this thesis is to build a deep understanding of the growth in biological
tissues, especially in cartilage. different approaches could be taken to reach this goal, but we want
to build a strong model which is simple but reliable. The model should be simple enough so that
it could be understood just by taking a look at its governing equation and a few figures. It can be

a formulation other people could use.

The presentation of the work is organized as follows. First is explained how mixture theory
combines the Lagrangian description and the referring to a phase. We then explain the physics
of the scaffold used in the model: the hydrogel. Once all the bases are built, we develop the
governing equations for our study. They are derived in chapter 2. Solid governing equation is first
presented, followed by the other phases equations through on only equation. Chapter 3 discretizes
the equations by the Finite Element Method, to get a system of coupled nonlinear equations
governing the problem. Chapter 5 presents the numerical examples. Finally, results of the work

and concluding remarks are summarized in chapter 6.

1.3 Modeling strategies

1.3.1 Mixture theory

The goal of poromechanics is to be able to understand the behavior of a system composed of both
a solid and other materials. The typical system contains a solid phase, the skeleton, and a fluid

saturing the porous space. The principle of superimposition is used to solve the problems. The



hypothesis of the mixture theory are that the physics behavior and the deformation are continuous.

Typically, a vector X defined in the reference or initial configuration is linked to itself in the
current configuration x(X,t). This current vector can be mapped back to the initial configuration

through the deformation gradient tensor F: dx = FdX.

dx=FdX

/\

Initial configuration Current configuration

Solid particle

(s)

Interstitial fluid

()

Figure 1.1: Coordinates in mixture theory

As mentionned earlier, the goal is to create a quadriphasic mixture, which means that each other

phase will be taking the solid as a reference. Then, a relative velocity of the a phase is defined as

v¥=v* —v*® (1.1)

1.3.2 Definition of our scaffold: the hydrogel

Hydrogels are crosslinked polymer networks with an average crosslink density p, that influences
the mechanical properties, degree of swelling, mesh size £, and subsequently transport properties.
Polymers are long chains of repeating chemical units bonded together. When many polymer chains

are amassed, they link together through crosslinks to form an elastic network whose characteristics



depend on the degree of polymerization (reaction between the mononomers to form the polymer
chains), and the mesh size of the network. When plunged in a fluid, the latter occupies the space
between the chains which soak until an equilibrium is reached. In other words, the polymer network
swells when immerged in the fluid. A mixture is thus created and the polymer tends to dissolve. A
particularity of the hydrogel (or polymer gel: the mixture of a polymer network with fluid) is that

its polymers can absorb large quantity of water without dissolving [35].

+ SOLVENT

DRY POLYMER

I
SWOLLEN HYDROGEL

UNCROSSLINKED POLYMER CROSSLINKED POLYMER

Figure 1.2: Network skeleton of the hydrogel

Because matrix molecules typically have high molecular weights, a large mesh size is often desir-
able to promote transport of these molecules through the gel for homogeneous tissue development.
But, this leads to a mechanically inferior hydrogel. In contrast, a high crosslink density, which can

conserve mechanical integrity is usually prohibitory to matrix molecules transport [32] [7].



Chapter 2

Thermodynamical formulation of the governing equations

Introduction

The goal of this chapter is to formulate the governing equations using a thermodynamical ap-
proach. A tissue can be easily described as crosslinked polymer chains, which is why it seems
straight-forward to follow Flory theory [13] and use its thermodynamic lattice model based on
statistical mechanics. A thermodynamical model and mixture theory allow to combine mechani-
cal (continuum theories) and chemical forces (chemistry principles from thermodynamic) a tissue

undergoes.

2.1 Thermodynamical model

It is assumed that a tissue can be modeled by a multiphasic mixture. The main phases are the
scaffold, ie the polymer, and the fluid phase. But other phases can be added to describe particular

reactions, such as transport or diffusion.

2.1.1 Gibbs free energy

To describe the mixture it is common in continuum mechanics to use a free energy function
as described by the Flory-Rehner and rubber elasticity theories [13][39]. In the case of biological
tissue, following Flory’s theory on polymer networks [13], the Gibbs free energy AG will be used.
Based on theories of swelling [9] the free energy of a swollen gel can be decomposed in two different

contributions (see Fig. 2.1).



2.1.1.1 Elastic free energy

First, the elastic free energy AG®(F) or the elasticity of the network, a configurational
contribution (resisting pressure if the network swells). It is a function of the deformation gradient
F(X,t) only. Secondly, the free energy of mixing AG™(C*, cl,cm, C*€) coming from the mixing
of the different constituents - polymer (s), solvent (f), ECM molecules (m), enzymes (e) - is a

function of the nominal concentrations C*(t),« = s, f, m, e.

AG(F,C®,C7,.C™, C%) = AGY(F) + AG™=(C*,c/,c™, C°) (2.1)

Polymer network

Lattice model

QUROCIoCe0
QOO0 i

OOOIOOUOPO0

OOO%E O AGQ[’
888 \O@!@gmairwise interactions
OOQ%O@OO Fluid/Flui 13
Seesie siee 3 3
ODPDDO OO0 3 B
ODoo0 oeee % ?EC

@ Polymer molecule/segment - b 4

(O Fluid molecule AG™

Figure 2.1: Different contributions of the Gibbs free energy.

The elastic contribution is defined by Flory [13] and Treloar [39], neglecting the phantom

network theory [5] for simplicity:

1
AG(F) = G (M 4+ A3 +23-3—-2In(MX2A3)) where G = popxRT (2.2)

where A1, Ao, A3 are the principal streches of the right deformation gradient tensor F(X,¢) in
the principal directions. We note that AyA2A3 = 1 when the transformation is isochoric and then

AG® becomes the free energy of a Neo-Hookean material. However, when the polymer and the



water are mixed, the product A\jAsA3 can become large and have a strong effect on the mechanical
response of the mixture. A factor 2 is placed in front of the term In (A A2)3) in order to assure
a stress equal to zero for an isochoric deformation. The shear modulus G can be expressed as a
function of the specific volume of the solvent 7 (inverse of density), the crosslink density px of the

swollen network, the polymer density p (dry polymer), the gas constant R and the temperature 7.

2.1.1.2 Free energy of mixing

In order to model the enzymatic degradation of the scaffold and to mimic the matrix molecules
deposition which are responsible for the creation of the PCM first and then the ECM, the Gibbs
free energy of mixing is derived using the Flory-Huggins lattice model [13]. The model is assumed
as a mixture of four phases but can be extended if more phases are required. An extended mixing

contribution to the Gibbs free energy [6] can be written for the quaternary model:

AG™(C*,CT,C™, C%) = HY™ + AH™" — TAS™® (2.3)

where Hy denotes the reference enthalpy of the quaternary model

Hye 0
—\"ce 2.4
Vi > ocou, (2.4)

«
The entropy of mixing is calculated statistically by looking at the organization of the different

species in the lattice model

Vo

Na
=—kp) CIlng” ; C*= e

(2.5)

where C“ is the concentration of the o phase with reference to the initial configuration, kp
is the Bolztmann constant, ¢® is the volume fraction, and V| is the total volume in the reference

configuration. In addition, because the polymer solution cannot be considered as an ideal solution,



and that the entropy of mixing does not take into account the interactions solvent/polymer, which
are not negligible, the enthalpy of mixing needs to be included. Yet, the other interactions between
the different phases are assumed negligeable compared to the ones between the polymer chains
and the solvent. The lattice model considering the interactions between nearest neighbors only,
Flory-Huggins theory [13] expresses the enthalpy of mixing by the change in interaction energy

resulting from the mixing.

AH™® = (z — 2)N7 ¢* Awgy (2.6)

where 2z is the number of direct neighbors of a polymer molecule in the lattice model (e.g. for
a square lattice model z = 4 and for a cubic lattice model z = 6). Then (z —2) denotes the number
of neighbors of a polymer segment, neglecting chain ends. Aw,; is the change in interaction energy

between a polymer chain and the solvent after mixing. This expression is usually written as

(z = 2)Awsy

T (2.7)

AH™ = kT (xosN6%) 5 xop =

where x,¢ is the binary (polymer-fluid interaction) Flory-Huggins parameter, i.e. it depends

only on ¢* and ¢/. Note a positive value means that polymer-polymer and solvent-solvent contacts
are prefered.

Thus, we get the final form of the volumetric Gibbs free energy of mixing (AG™%/V;), which is

from what we will refer to as the total Gibbs free energy of mixing:

Aszz(Ca) _ Z Caﬂg + kBTZ C%ln ¢a + kBTXstf¢5 (28)

2.1.2 Molecular incompressibility

It is assumed that the swelling ratio J of the mixture equals 1 when the polymer is dry and
no other phases are involved. When other phases are added, their contributions to the swelling

ratio are taking into account through the molecular incompressibility assumption [17]:
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J=1+> v°C° (2.9)

where the reference concentration C® are defined as

N® N«
o — — Qg a _ 2.10
‘/b 77 ¢ ) 77 Va ( )

2.1.3 Modified Gibbs free energy

For ease of implementation, the molecular incompressibility (Eq. (2.9)) is used to solve the
problem. It is enforced by adding a term to the Gibbs free energy of the system using a Lagrange

multiplyer 7:

AG(F,CY) = AG(F,CY) — 7 (J —1-) yaca> (2.11)

Then, we can use the free energy function to define the first Piola-Kirchhoff stress tensor:

_ OAG(F,C%)  OAG(F)

P OF OF

—JF Tx (2.12)

2.14 Chemical potential

By taking the derivative of Eq. (2.11) with respect to C® one can show that the chemical

potential for the a phase depends on the osmotic pressure, i.e. the Lagrange multiplyer:

[ AG(F,C*)
Mo = <80°‘> (2.13)
CB B+«
fo = O + kpTIng® +mv* |, a#f (2.14)

pp = Iu(} + k‘BTln(bf + ]{:BTXngbS + T (2.15)
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2.1.5 Osmotic pressure

The osmotic pressure is defined to be consistent with the definitions of stress. It is well known

that the Cauchy stress o is related to the 2nd Piola-Kirchhoff stress S by the relation:

S=JF loF T (2.16)

Then, we define a ” Cauchy osmotic pressure” 7w and a ”Piola-Kirchhoff osmotic pressure” I1

by
m=JF 7zF T (2.17)
This relation will be used in Chapter 3 to linearize the weak form.
2.1.6 Balance of linear momentum

The balance of linear momentum gives the mechanical strong form:

Vx-P+by=0 (2.18)

where Vx- refers to the divergence operator, with respect to the reference (initial) config-
uration, ie the dry state, where X is the material vector and bg is the body force. The first

Piola-Kirchhoff stress is denoted by P.

2.1.7 Balance of mass

The balance of mass of the molecules shows that their number is conserved. Namely:

D*C(X, t)

5tV QUX 1) =0 (2.19)
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where D* denotes the material derivative with respect to the solid (polymer) phase. From a
modeling point of view, transport of the fluid (f) and of unbound extracellular matrix molecules

(p) can be described by their volumetric flux, taken with respect to polymer motion:

q® = ¢V = (v —v®) (2.20)

Note that the flux is defined as the volume of constituent « per unit of time, passing through
a unit surface S in the deformed configuration. When large deformations are considered, however,

it is convenient to define the Lagrangian flux

Q* = JF !g” (2.21)

as the amount of constituent passing through a unit area in the reference gel configuration
(defined in the dry state, i.e. initial configuration). Eq. 2.21 therefore shows the mapping of the

flux from the current configuration to the dry polymer configuration.
2.1.8 Transport and diffusion

2.1.8.1 Flux of molecules of the o phase

According to thermodynamics, diffusion is assumed to occur in order to minimize the free
energy AG. Following the definition of the chemical potential in Eq. (2.13), the free energy gradient
can be expressed through the chemical potential gradient. Thus the flux of molecules is driven by

removing the differences in chemical potential:

Q% = -D*C*Vxpua(X, 1) (2.22)

where D is the fluid diffusion tensor, or mobility tensor (atomic mobility of the molecules),
and p, is the chemical potential. It gives the expression of the diffusion flux of molecules alpha Q%

by reinjecting Eq. (2.15) in Eq. (2.22):
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Q= —D° (kgTVxC® + 1°CoVxr) (2.23)

It shows that the flux of the o phase is expressed as the summation of Fick’s law (first term
driven by the gradient of the concentration) and Darcy’s law (second term driven by the gradient

of the pressure).

2.1.8.2 Diffusion of the molecules of fluid

An important aspect of the present study is the introduction of realistic constitutive relations
governing the transport of ECM molecules and water through the gel and their relation to gel
deformation and degradation. The diffusivity of the fluid is attributed to the permeability of the
gel:

DI = M (2.24)

8o
where § is the tortuosity of the gel structure and fiy is the fluid viscosity. We note that the gel
permeability to water is a function of polymer mesh size [16], which is itself a function of gel

crosslinking and can be related to swelling. This dependency was introduced by Bell and Peppas

[5] as follows:

=&)L =GPt (2.25)

where £ is the mesh size of the dry polymer, [ is the average bond length, C,, is the polymer
characteristic ratio, and n is the number of bonds between crosslinks, which is determined from
the molecular weight between crosslinks and molecular weight of the polymer repeat unit. It is
clear from Eq. (2.24) and (2.25) that gel swelling (through hydrolytic degradation for instance), by
decreasing the value of ¢°, ultimately increases gel permeability and facilitates transport of water
through the hydrogel. But also, the number of bonds between crosslinks changes with changes in

crosslink density [13], which means that the mesh size evolves with degradation.
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2.1.8.3 Diffusion of the matrix molecules and enzymes

Lustig and Peppas [27] have developped a reliable model to describe the diffusibility of a

solute in a crosslinked hydrogel. The diffusivity coefficient proposed is

D® = D, <1 - 2) exp (—Yl fgb) (2.26)

where 7 is the radius of gyration of small matrix molecules, £ is the mesh size, ¢° is the
volume fraction of the solid and Y is a correction factor. The Stokes-Einstein equations gives the
free solution diffusivity Duo:
kT

Dy = 2.27
oo 67r,u_f7“5 ( )

where kp is the Boltzmann constant, 1" is the temperature and iy is the fluid viscosity. The
effect of the gel resistance on molecule transport can then be captured by realizing that when
the ratio of radius of gyration rs of molecules is significantly smaller than the polymer mesh size
(rs/€ << 1), gel resistance is negligible and the molecule flux q%, a # f becomes q%,. However, as
rs increases, we assume that gel resistance results in a decrease of the flux that is expressed in the

form:

q” = g(§)as, (2.28)

The function g used in this study attempts to capture the nonlinear relationship between
ECM transport processes and the relative sizes of ECM molecules and hydrogel mesh. As shown in
Fig. 2.2, this function clearly implies that (1) as molecules become larger than the hydrogel mesh
size, molecules transport is fully hindered (¢ — 0) and (2) as the hydrogel mesh size becomes
significantly larger than the molecules size, gel resistance becomes negligible (9 — 1). This
expression was originally motivated by the work of Lustig and Peppas in [27] in their method to

describe the change in diffusivity with the ratio rs/¢&.
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r(R.)

Cell PCM ECM

Figure 2.2: Diffusivity of proteins through the hydrogel. How the size of a protein impacts the
boundary conditions.

2.1.9 Degradation of the scaffold
2.1.9.1 Hydrolytic degradation

During degradation, the macroscopic properties of the hydrogel evolve dynamically. As a first
approach, hydrolytic degradation is described by pseudo first-order kinetics [29], where crosslink

density decreases with degradation time:

Dst
Dt

= —kpx (2.29)

where k is the pseudo first order rate constant for hydrolytic degradation. Thus as time
evolves, crosslinks degrade randomly within the gel, which leads to decreases in the shear elastic
modulus G (Eq. (2.2)) but increases in swelling and mesh size, where the latter improves transport
of ECM molecules through the gel. It is important to note that this model represents a simplified
model for degradation kinetics. As such, it does not capture more subtle elements of degradation
such as the phenomenon of reverse gelation. Reverse gelation refers to the point when there are
fewer than two crosslinks per kinetic chain resulting in highly branched soluble polymer chains [13].
While not explicitly incorporated into this equation, the importance of this physical point should

not be underestimated as it has the potential to dramatically influence how well macroscopic tissue
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can form prior to reverse gelation.

2.1.9.2 Enzymatic degradation

But in reality, the inner cell secretes enzymes in time to enable the diffusion of its matrix
molecules. This degradation in hydrogels has been shown to describe a Michaelis-Menten degrada-

tion [25]:

Dpx koCpx
_ 2.
Dt Ko+ px (2.:30)

where ko and K, are the Michaelis degradation constants. The degradation of the polymer,
which depends on the concentration of enzymes, is spatially dependant. The enzymes have the

ability of breaking crosslinks, decreasing the crosslink density as they diffuse through the gel.

As a result for the combination of both hydrolytic and enzymatic degradation, the degradation

follows the equation below:

kaCpx
— —kpyw — r 2.31
Dt PX T Ko + px (2:31)




2.2

Summary of the governing equations

Balance of linear momentum
Vx-P+byg=0 (2.32)

Balance of mass
DC*(X,t)

o T Vx QUX.H) =0 (2.33)

Molecular incompressibility
J=1+> v°C° (2.34)
Total Gibbs free energy
AG(F,C%) = AG(F) + AG™=*(C*) — & (J —1-) ua0a>
(2.35)
1
AGY(F) = G (M + XA +23-3—-2In(M2A3)) where G = pvpxRT
(2.36)
AG™H(C) =Y Coud + kT Y C*In g™ + kpTxssCY ¢°

(2.37)
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Chapter 3

Finite Element discretization and numerical solution

Introduction

The problem defined by the governing equations can not be solved analytically. A numerical
solution procedure is needed. Section 3.1 discretizes the governing equations in space and in time

to obtain a set of discrete equations representing the problem.

3.1 Setting up the problem

In this study, the first important step is to create a numerically solvable model. Because of the
complexity of the biological system, assumptions have to be made. But these assumptions still

have to capture the key players.

3.1.1 From the biological system to the model

Multiscale computational modeling was employed to understand key microscopic processes driv-
ing tissue growth in terms of hydrogel structure, degradation and cell density. At the tissue level,
these processes may be entirely described by continuous field equations in terms of hydrogel dis-
placement u, solvent pressure 7, concentration ¢* of molecules (o = f, m, e fluid, matrix molecules,
enzymes), all functions of location X and time ¢. To reduce the complexity of the problem, a
homogeneous cell distribution was considered such that the analysis of the entire tissue could be

summarized by a model volume consisting of a single spherical chondrocyte of radius R, embedded
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SCAFFOLD DEGRADATION

Crosslink Crosslink
density density
Q° Degradation Degradation

' ( tant
SCAFFOLDDESIGN Enzymatic degradation constant _-Hydrolytic degradation constat TISSUE GROWTH
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I Radius of
o O ¥
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: : H Radius of
m

molecules
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Transport

. Matrix molecules
fraction

Molecules production

Figure 3.1: Mutiscale approach to modeling tissue production by cells encapsulated in hydrogels.
Refer to the next sections for the parameters.

in a spherical hydrogel domain with radius R,. Overall cell volume fraction, f., (Fig. 3.2) can then

be described through the relation:

Re/Ry = (fo)'/? (3.1)

In spherical coordinates, the fields are functions of R, 8 and ¢. However, in this simplified
system, under centro-symmetric assumption, the continuous fields only depend on the distance R
from the center of the chondrocyte (in the initial, dry state). The macroscopic problem therefore

consists of evaluating the evolution of the following three fields:

u(R,t), m(R,t),c*(R,1t) a=f,m,e (3.2)

These fields evolve as a result of the constant release of ECM molecules en enzymes by
chondrocytes from the cell membrane and changes in the osmotic swelling of the hydrogel resulting

from bulk and enzymatic degradation. As explained later, the combination of degradation and
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ECM production that results in the growth and organization of the new tissue is highly dependent
on the initial hydrogel structure and the design of its degradation through the number of degradable

linkages.

Enzymes pr‘pduction

e
Q et

Matrix moleéulies
production |
|

Micrograph of Idealization of

|
! |
collagen deposition chondrocytes L}l
around chondrocytes distribution r,
|
_—
Ve

Figure 3.2: From real engineered tissues to an idealized mathematical model. Left picture shows
cell nuclei (blue) and collagen (green). Scale bar represents 50um.

3.1.2 A multiphasic model

The crosslinked polymer network of the hydrogel can be considered as a hydrated elastic solid
whose mechanics highly depend on the underlying molecular structure [5]. To represent hydrogel
degradation and tissue growth, the hydrogel was considered as a mixture [41] of different phases that
consists of the solid (or polymer) phase, the fluid (or solvent) phase, the unbound matrix molecules
(proteoglycans, collagens) phase, and the enzymes phase. Consistent with mixture theory, each

phase (denoted by o = s, f, m, e, respectively) is described with its volume fraction ¢ such that

Z¢a:1 and ¢° << l,a=m,e (3.3)
(63
This equation implies that each phase is saturated within the mixture. It is also reasonable

to assume that each phase is incompresssible at the microscopic level due to the relatively low

physiological pressure encountered in vivo. In other words, the true mass density p®® of various
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phases remains constant during the growth process. Growth can however be measured by the
change in effective mass density representing the mass of each phase per unit volume of mixture

through the relation:

p*(R) = ¢*(R)p""(R) (3.4)
3.2 Weak form

3.2.1 Solid phase

For the solid phase, it is common to start from Eq. (2.32); the strong form is multiplyed by
the weighting function dz and integrated over the reference spatial domain (initial configuraiton)

Qo!

Vx - Poz + / bodz = 0 (3.5)

Qo Qo

The divergence theorem is applied and leads to

/ P: (Vxoz)dVy = / bg - 6zdV +/ to - 02dSy (3.6)
Qo Qo To

3.2.2 Alpha phase

Starting from Eq. (2.33), multiplying it by a weighing function dw and integrating over the

spacial domain g:

/ o¢ 5deo+/ v - VxC%wdV
0, Ot Qo

— VX . DakBTVxCa(Sdeb — VX . DaVaCaVXW(SdeO =0 (3.7)
Qo QO

Applying the divergence theorem on the 2nd and 3rd terms:
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oce
a0, Ot

dwdVy + / u- VxC*wdVy
Qo

+/ (DakBTVXCa) - VxowdVy + / (DaVaCaVXTr) - VxowdVy
Qo QO

= Vx - (DakBTVxCO‘(Sw) dVp + Vx - (Davo‘Canﬁ(Sw) dVy (3.8)
Qo Qo

which gives

/ o (5'deb+/ u- VxC*wdVy
o, Ot %

+/ (DakBTVXCa) - VxowdVy + / (DaVaCaVXTr) - VxowdVy
Qo QO
= / DakBTVXCo‘éw . nodSO + / DaVaCaVXW(Sw . Il(]dS() (3.9)
Ty o
A flux of solvent molecules, i“(X,t) is going through the surface of the gel, where ny is the

unit normal vector in the reference configuration. This flux can be defined as:

i0o(X,t) = (D%pTVxC® + D**C*VxT) - ng(X) (3.10)

The weak form of the fluid takes the form:

/ o¢ 5deo+/ u- VxC*wdVy
Q, Ot Qo
+/ (DakBTVXCa) 'Vx(sdeo-l-/ (DaVaCaVXﬂ')-Vx(sde()
Qo QO

To

3.2.3 Molecular incompressibility

The molecular incompressibility equation, Eq. (2.34), is multiplyed by a weighting function

6& and integrated over the inirial spatial domain g:
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/ (J —1-> uaca> 66dVy =0 (3.12)
Qo .

3.24 Summary of the Weak form

Solid

/ P:(Vxéz)dVO:/ bo-édeO+/ to - 62d.S, (3.13)
Qo Qo Ty

Alpha phase

oce
q, Ot

dwdVy + / u- VxC%wdVy
Qo
—I—/ (Dak‘BTVXCa) - VxowdV —|—/ (DaI/aCaVXTr) - VxowdVy
Q() QO
= —/ ipdwdSy (3.14)
1)

Molecular incompressibility

/ (J —1-> uaca> 66dVy =0 (3.15)
Qo >

3.3 Galerkin form

3.3.1 Unknowns discretization

A mixed formulation is used with three-node elements for the solid phase, and two-node
elements for the other unknowns. Then, shape functions N and Ny and their derivatives B, By and
By are defined in spherical coordinates because under isotropic assumptions only r and 6 directions
are investigated. No need to look at the 1 direction as it is the same as the 6 one. For example,
the first Piola-Kirchhoff stress P will be refered as by the vector [Prr  Pyg]” .

The mixed formulation can be summarized for each phase by showing the nodal values of

each phase in an element:
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Figure 3.3: Representation of the mapping of an element between the physical and parent coordinate
system.
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Figure 3.4: Mixed formulation.

3.3.2 Shape functions

In order to discretize the weak form to formulate the Garlerkin form, shape functions need to be
defined clearly. But even under the centro-symmetric assumption, the spherical coordinates need
special care. Indeed, for example the gradient in spherical coordinate is completely different from

the gradient in cartesian coordinates. Extra care needs to be taken at this step.

The shape functions are defined according to the number of nodes for each phase. The solid

phase shape functions are then quadratic, whereas the other phases have linear shape functions:



25

6F = Byor® (3.16)
S = N[5 (3.17)
5 = N[on]° (3.18)
5z = No[02]° (3.19)
sw = N[6w]® (3.20)

where the shape functions and their derivatives are defined as:

No=|ND NY Ng} = [é(é— 1) 1-¢ §(E+1) (3-22)
— | ON- ON- — | =

B =% apf] - [ll ll] (3:23)
[on0  oNg  OND 9 2 5 1

g _ |om o ar | _ €3 1(20) fE+s) (3.2

"7 laae oang e | e 2 2y & .

" R R r€-1) 71-8) zE+1)
[on, o, 11

B, — |’ OR|_|T L (3.25)
2N 2N, 1-¢ 146
| 9R  OR R R

3.3.3 Solid phase

First, we note that the unit volume of a sphere is calculated by
dQ = (RdR)(Rsin(0)dh)(d¢) = R*dR(sin(0)df)d¢ (3.26)

Discretizing Eq. (3.13):

Nelt Nelt Nelt— front
sz / R*(By[02)°) " PYdR =Y 4 / R2(No[62]%) T bod R + Z / (No[62]%) T todSo
n=1 e

(3.27)
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Nelt Nelt Nelt— front
> (6:)74r [ RBIPraR =Y (62)Tir | ENfwaR+ Y (5297 | Nitds,
n=1 Q5 n=1 Q5 n=1 g
(3.28)
Because dz is chosen as an arbitrary weighting function:
Nelt Nelt Nelt— front
> am / R*BfP"dR = 4r / R’NgbodR + ) NZ'todSo (3.29)
=1 25 =1 25 n=1 1%

3.34 Alpha phase

Using Eq. (3.16) in Eq. (3.2.4), the latter becomes:

i:t < . al\I{gfa]eN[(sw]edVO + N[u]E(Bl[Ca]z_l)TN[dw]ed%

0
+/
Q

n=1

(DT (B1[C°])) - Ba[ow]“dVy + /Q (D C(B1[n])) - Bl[éwfdv‘))
Nelt— front

:Z(_/p

i¢N[ow]°dSy — / igN[éw]edS()) (3.30)
n=1 6 g

S foul” ( /Q NN gy /Q NTN[i]*(B1[C°]5._,)TdVe

< 8t e

0 0
+/
Q,

n=1

kpTBIDB, [CY¢dV, + /

uO‘C“BlTDO‘Bl[ﬂ]edVO>
6 Q5

Nelt— front
= ) [ouw] ( / NTi%dSy — / NTz'gdS()) (3.31)
n=1 g g

Because of the arbitrary choice of dw, the equation takes the form:
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Telt T 8[0&]6 T T
3 N N=5~dVo+ | NN (Bi[C°];_1)" dVo
— %5

- / kpTBTDB,[C*]dV; + / yaCaB{DaBl[w]edVO>
;

e
0
Nelt— front

= Y [ouw) (- NTi§dS, —
TS

n=1

NTz'gdSO) (3.32)
TS

3.3.5 Molecular incompressibility

Discretizing Eq. (3.15):

. ( / (J —1)6€dVy — / Zuac*%gdvo) =0 (3.33)
5 5o

n=1

Nelt

=1

3

< / — 1)N[6€]°dV, — / ) ZVO‘N CO‘]@N[&{]Ed%) = (3.34)

Nelt

> gt (/e(J — )N"dv; - / Zu“NTN[Ca]EdVo) —0 (3.35)

n=1

Because of the arbitrary choice of §¢, it gives

Nelt

(/ — )NTav; _/ ZuaNTN[Ca}edVo> =0 (3.36)

n=1
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3.3.6 Summary of the Galerkin form

Solid
Nelt Nelt Nelt— front
> dn / R’B{PYdR =) 4r / R’N{bodR+ ) / NZtodSy (3.37)

Alpha phase

S a[Cce)° T T
S [ NTNTUEave+ [ NN (Bi(C ) Ve
o \J9s ot 0
+ [ kpTBTDB,[C*¢dV, + / uO‘CaBlTDO‘Bl[ﬂ]edVO>

o5 g

Nelt— front

- 3wl (— /

n=1

NTigdSy — /

NTigdSo> (3.38)
I

0
Molecular incompressibility

€
n=1 0

(J —1)NTav,y — / > z/O‘NTN[CO‘}edVO> =0 (3.39)

It is usually more convenient to define the Galerkin form in previous equations through the

phases’ internal and external forces, namely:



Solid

Fmt - Fezt,s =0

where

Fint = ‘Aant

Fext,s = AFgact,s
F$, =41 | R’BlPYdR
Q5
FC,, = 4r / R*N{bodR+ | N{EtodSo
’ o5 rs
Alpha phase
Cay + Kay - Fewt,a =0
where
u
y = [Ca]
- [Tr] -
C, = AC,
K, = AK®

Fext,a = AF:mt,a
K; = [0 Jor kETBIDB1dVo [, yaCO‘BlTDaBldVO]
C¢ = [ fﬂg NTN(B,[C?)e_)TaVy fﬂg NTNdV, o}

Fe, =— [ NTiydSy

ext,o
€
g

(3.40)

(3.41)
(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)
(3.48)
(3.49)

(3.50)
(3.51)

(3.52)
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Molecular incompressibility
Fint,constr - Fezt,constr =0 (353)
where
Fint,constr = ‘AF’?nt,constr (354)
Fext,constr = AFth,constr (355)
F o constr = 47 | R*(J — 1)NTdR — 4r / R?) v*NTN[C?%dVp)dR  (3.56)
25 9 o
Fgmt,constr =0 (357)
3.4 Linearized form
3.4.1 Solid phase
Starting with the mecanical internal force:
(F™) e = 47 | R*BlIPdR (3.58)
25
1 ‘
4—5(Fé”t)meca = [ R’BloPdR (3.59)
7 Q(FJ

The first and the second Piola-Kirshoff stresses can be related using the expression below:

P=FS

0P = ¢6FS + FoS

The expression of P is reinjected in the expression of §(F™),ecq :

(3.60)

(3.61)



1 )
E(S(Fé”t)mm: /Q ) (R*B{ (0FS)") dR + /Q ) (R*Bf (FJS)") dR
0 0

5(Fzént)meca — 5(Fzént)geo + 5(Fint)mat

meca meca
1

, 0S\"
Flnt mat 2T
where 74775( i Ko /Qg <R B; F—a(1 dR

1 - OF \"
d —s§ F'mt geo  _ 2BT il ] d
an Ar ( e )meca /Qe (R 0 <8d ) > R

0

3.4.1.1 Material stiffness

0SyrFyp 0 0
5ST’TF7"7” Fr’r 0 657“7“
FéS = 0590 Fpg 0 = =
55@9F99 0 F09 5599
(sym) (5599F99
F.,. 0
= o0S?
0 Fpo
Srr
where SY =
Soe
So we can express :
1 : F.. 0
Za(Fg"t)mgga = / R*B{ 6S” | dR
T 6 0 Fy

where
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(3.62)

(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)

(3.69)
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5S = (?ﬁ) (3.70)
s <8g§d> 45 (m‘;;;m) 5 (a”(‘] _(% ”aca)) (3.71)
s <aggel> _on (%) . (g;) (3.72)

(3.73)

Moreover, one can show that

(% = JFIFT (3.74)

which means that the Piola Kirchhoff osmotic pressure IT can be expressed as a function of

the Cauchy osmotic pressure 7 through the expression:

oJ

m= 22
Eiol

or S =6(JF xF~T) (3.75)

where the variation of IT can be expressed: it is assumed that F~! remains constant, so the

above expression becomes

M =F '7F16] 4+ JF'F Tor (3.76)
= JF P Ton (3.77)

Thus we get
6SY = COE’ — 0II” or 6SY = COE® — J(F'F1)%r (3.78)

where



Err
OEY =6

2Fpg

33

(3.79)

Yet, the expression can be fully linearized only if we express the variation of the Green-

Lagrange strain tensor as a function of the unknowns. The relation between the Green-Lagrange

strain tensor and the deformation gradient tensor is used as a starting point:

1
E= 5(FTF ) (3.80)
1
SE = 5(51«“1?T + F6FT) = 6FF (3.81)
Err 5FrrFrr
SEY = = (3.82)
Frr 0 5FrrFrr Frr 0
OEY = = SF" (3.83)

In spherical coordinates, for a centro-symmetric assumption, the variation of gradient defor-

mation can be derived:

ar
OR
F =
(sym)
or ON,
FY — OR | or
2N
27 N
)

Finally, we get :

0 0
o0 (3.84)
.
E—
0Ny
o | e (3.85)
2N,
R
= Byor® (3.86)



1 .
E(S(Fént)%gza = ngza,eére + K;eca,eé[ﬂ-]e
F.,. 0 F, 0
where K% = 47 / R’B] c|” B, | dR
2 0 Fyo 0 Fpo
KT cone = —4 /Q ) (R*JB{(F')'N) dR
0
3.4.1.2 Geometric stiffness
SrréFrr Srr 0 Frr Sr’r‘ 0
SOF = = 1) = OF"
Sy 0
= Bo(sl‘6

Thus, the geometric stiffness is

Loy, = Kpe, o

47_[_ meca meca,e

here K9 — R2BT S 0 By | dR
where By ecqe = . 0 0
% 0 Spy

3.4.1.3 Total stiffness of the solid
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(3.87)

(3.88)

(3.89)

(3.90)

(3.91)

(3.92)

(3.93)

Using the expressions above of the geometric and material stiffnesses, the general stiffness is

expressed as:

i(s(Fint)geo — KMmeca (SI‘e—l-Kﬂ—
e

47T meca meca,e meca,e

o[m]®

where Kmeca Kmat + KIeo

meca,e meca,e meca,e

(3.94)

(3.95)



3.4.1.4

Linearized Galerkin form for the solid phase

K0y = — R
where
u
y=|[C?
. [Tr] =

K, = Kmeea o KT

meca meca

Rs = Fint - Fext

Kmeca — fRmeca g (Kmat 4 K9eo

meca meca,e meca,e meca,e

™ _ ™
Kmeca - AKmeca,e
_ e
Fint = AFmt

e
Feiﬂtﬁ - AFext,s

K90 o =4m / (R*B{SBy) dR
Q

5
Kmat o =dm / (R*B{FCFB) dR
o
K ouo = —4m / (R?*JB{(F')"N) dR
b QS
FS,, = 41 / R’B{PYdR
2

F¢,, =4r / R®N{bodR+ | NEtedSo
Q

ext,s
€ e
0 g

(3.96)

(3.97)

(3.98)

(3.99)

(3.100)
(3.101)
(3.102)
(3.103)

(3.104)

(3.105)

(3.106)

(3.107)

(3.108)
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3.4.2 Alpha phase

3.4.2.1 Linearizarion of the Galerkin form

Nelt a[ca]e T T
> NN dVo+ [ NTN[u]*(B.[C]; )" dVo
1 Qe at QS

+ / ks TBIDB, [CY¢dV, + / yacaB{DaBl[w]edV())
6

e
0

Nelt— front

= > [ouwF (— / NTi%dS, — / NTigdso> (3.109)
5 5

n=1

% </ENTN3[§ E v, +/8NTN[u]e(B1[C“]i_1)Td%

n=1

- / kpTBTDB6[CY°dVy + / veceBY DaBlé[w]edVO> =R, (3.110)
;

0
3.4.2.2 Time integration note

The process will be explain in section 3.5, but it is important to understand this step to
realize that the alpha phase linearization depends on two matrices: the stiffness K and the time-
dependent stiffness C. It means that we will solve for dy. And according to [12], the equation to

solve then takes the form:

(Cliac + AK T A) 89 = — ((Finta)izac + Cradiiac) (3.111)



3.4.2.3 Linearized Galerkin form for the alpha phase

where

Cay + Ka(sy = _Ra

Co = [c;"m s o]
K, = |:O Kg Kg:|

Roa = Fint,a - Cay - Fewt,a

(3.112)

(3.113)

(3.114)
(3.115)

(3.116)
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C% = ACY, (3.117)
Clect = ACy (3.118)

K& = AKS, (3.119)
Fext,a = -Angt,a (3120)
Finta = AFj (3.121)

K&, =4r / kpTBID“BdR (3.122)
Q5
K, =4nm / v*C*BI DB dR (3.123)
Q5
CY, =4rm / NTNdR (3.124)
K QS
Cret =4m | NTN(B1[C]S_,)"dR (3.125)
Q5
F,.,=— / NTi%dS, — / NTi7dS, (3.126)
’ TS rs
¢ o= |4r / kgTBTD*BdR | C® + [ 4n / v*C°BIDB, | (3.127)
’ % 9
3.4.3 Molecular incompressibility
Nelt
( SINTavy — / ZV”‘NTNé[CO‘]edVO> = —Reonsir (3.128)
n=1 Q5 0 a
a9J —T\v e —T\v1T e
0J = o 0F = J(F~1)" - Boor® = J[(F~)"] " Boor (3.129)
Nelt
> ( / JNT[(F~T) 1T Bor¢dVy — / ZVO‘NTNé[Ca]edVO) = —Reonstr (3.130)
Q 5 o

€
n=1 0



where

K’H’LGCCL

constr

KOé

constr

Kmeca

constr,e

Ka

constr,e

e
int,constr

Fe

ext,constr

Kconstr(sy = —Reonstr (3131)
u
y = [[C? (3.132)
- [7r] -
Keonstr = ng%at“r K?onstr 0 (3133)
Rconstr = Fint,constr - Fe:vt,constr (3134)
= AKgéchs%r,e (3135)
= 'AK?onst’r,e (3136)
:477/ (JNT(FT))"By) dR (3.137)
Q5
- —47r/ <Z z/aNTN> dR (3.138)
2%\ o

:477/
Q

=0

e
0

((J —=1)NT)dR — 47r/

Q5

(Z VaNTN[CO‘F) dR (3.139)

(3.140)
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3.4.4 Final linearized Galerkin form for the total mixture
Cy +Kéy = -R (3.141)
u
y = |[CY] (3.142)
. [Tr] -
0 0 0
C=|cmea Cco 0 (3.143)
0 0 0
Keea 0 Kl
K= 0 K¢ K7 (3.144)
_Kgicsczr K?onstr 0 ]
R=F;:+Cy—Feu (3.145)
3.5 Numerical integration

The element matrices are expressed by the integral of functions over the domain. In practice,
these integrals are approximated by numerical integration. This is performed by adding the values
of the integrand evaluated at the Gauss points. In this specific case, 8 Gauss points have been

used, using the Gaussian quadrature, to calculate the numerical integrations.



Point 1 Point 2 Point 3 Point 4
Value | -0.96028986 | -0.79666648 | -0.52553241 | -0.18343464
Weight | 0.10122854 | 0.22238103 | 0.31370665 | 0.36268378

Point 5 Point 6 Point 7 Point 8
Value | 0.18343464 | 0.52553241 | 0.79666648 | 0.96028986
Weight | 0.36268378 | 0.31370665 | 0.22238103 | 0.10122854

Table 3.1: Coordinates and weights for a 8-points Gaussian quadrature.
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Chapter 4

Implementation

Chapter 3 has established the discretized weak form. This chapter explains how these equations

are implemented.

4.1 Skeleton of the code

The code is constructed as follows:
(1) Input
(2) Preswelling (dry state to swollen state)
(3) Create the mesh according to the preswelling
(4) Initialize vectors and matrices
(5) Apply initial conditions from preswelling
(6) Time loop

(a) Initialize time-dependant vectors

(b) Initial guess for Newton’s method

(c) Apply boundary conditions

(d) Update time-dependant vectors and unknowns

(e) Newton-Raphson loop
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(i) Initialize
(ii) Update unknows vector
(iii) Elements loop
(iii.a) Compute element vectors and Gauss-points vectors
(iii.b) Get element stiffness matrices and internal force for solid phase
(ili.c) Get element stiffness matrices and internal force for fluid phase
(iii.d) Get element stiffness matrices and internal force for matrix molecules phase
(iii.e) Get element stiffness matrices and internal force for enzymes phase
(iii.f) Assembly
(iv) Complete the assembly
(v) Compute the residual vector
(vi) Prescribe matrix and residual according to BC
(vii) Solve for g

(f) Update unknown vector

(7) Postprocessing

4.2 Summary of the inputs used in the code

The inputs are all the solid, fluid, enzymes and matrix molecules parameters, as well as constants

such as gas constant or Avogadro constant. See Table 4.1.

4.3 Boundary conditions

In order to solve for the numerical solutions, applying the right boundary conditions (BC) is

crucial. The BC are summarized in Table 4.2.
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Input name Notation | Value Unit Reference
Polymer density Ppolymer 1.07 g/mL Estimate
Solvent density Psolvent 1 g/mL Commonly known
True mass density (m) pmit 1 g/mL Assumed
True mass density (e) pelt 1 g/mL Assumed
Specific volume 1% 1 mL/g Commonly known
Polymer charact. ratio Chn 4 - [31]
Average bond length l 1.47 A [31]
Temperature T 310 K Physiological temperature
Tortuosity 0 2 - [20]
Fluid viscosity fif 0.65E-3 | N.s/m2 [38]
Solvent molecules volume v/ 1E-28 m3 [45]
Hydrolytic degradation rate k 0.18 /day | Found for experiments fitting
Flory-Huggins parameter Xsf 0.467 - [10]
Gyration radius of enzymes Te 20 A [41]

Table 4.1: Inputs and parameters.

Change in p

Traction test

General formulation

u | Dir. isotropic swelling (R.)
cf Dirichlet p(Ry) = p*

cm Dirichlet ¢™(R.) =0
c® Dirichlet ¢¢(R.) =0

e -

Dir. u(R;) = 0, Neumann (R,)

Dirichlet p(Ry) = pu*
Dirichlet ¢™(R.) =0
Dirichlet ¢¢(R.) =0

Dirichlet p1(Ry) = pc
Dirichlet ¢™(R.) = ¢
Dirichlet ¢*(R.) =%~

Table 4.2: Boundary conditions.



5.1 Study of the gel

5.1.1 Chemical potential test

Chapter 5

Results

The formulation used to define the gel is being tested to ensure the code is working properly.

To check that the molecular incompressibility constraint is well applied, a Dirichlet boundary

condition in R, (outter radius) is applied so that the chemical potential is bigger outside the thin-

walled gel sphere (Fig. (5.1)). As a response to equilibrate the chemical potential, fluid flows into

the gel. Thus, the jacobian J increases according to Eq. (2.9). The equilibrium is reached when

the inner chemical potential equals the outter one. The new jacobian, constrained by the molecular

incompressibility equation, reaches the value 1 + v¥C¥, which can be calculated analytically. The

volume of one molecule of fluid is taken as vf=10E-28 m? [45].

Ho

Hydrogel

&

Initial equilibrium

7

E 3

New equilibrium

Figure 5.1: External chemical potential test

A large crosslink density suggests that the global stiffness of the gel is higher than for a small
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Figure 5.2: Swelling under a change of the external chemical potential for different crosslink densities

crosslink density, and so is the osmotic pressure. As a results, the swelling of a bigger crosslink

density gel is smaller (Fig. (5.2)).

5.1.2 Traction test

It is common, from a mechanical scope, to investigate on the gel behavior. In order to do so,
a normal traction is applied on the outter boundary of the sphere. The latter will tend to reach
a new equilibrium state with an osmotic pressure m, bigger than the initial equilibrium osmotic

pressure 7.

Initial equilibrium New equilibrium

Figure 5.3: External traction test to define material stiffness

The analytical steady-state solution is solved by solving a system of three equation and three
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Figure 5.4: Jacobian evolution in time under an external normal traction for different crosslink
densities.

unknowns J, 7, Cf. Indeed, the applied traction on the sphere is known, so the first equation is
Eq. (2.12). The second one is the Dirichlet boundary condition in chemical potential. And the
third one is the molecular incompressibility equation, ie Eq. (2.9).

Then, Fig. (5.4) shows that for a smaller crosslink density, because the global stiffness is smaller,
the compression of the sphere will be more important. Besides, for a certain repartition of the
crosslink density in the scaffold, a traction test enables to determine the overall stiffness of the gel,
which is important because the scaffold must not fall apart (which is likely to happen for a too fast
degradation). The stiffness K is the slope of the applied pressure versus the change in jacobian

plot (see Fig. (5.5)).
5.2 Hydrolytic degradation and its effect on matrix molecules diffusion

5.2.1 Degradation of the scaffold

First, when only the hydrolytic degradation occurs, the degradation of the scaffold is spatially

homogeneous (Eq. (2.29)). As time evolves, the scaffold is degradaded leading to a decrease in the



48

Lal ! ! ! :
: // /( E//
o : : : :
o :
2 (0] Y AT J
o o
=)
L —p, =0.1mollL - K =380kPa
& GOFL - i X
< —p., =0.5mollL - K = 479kPa
40+ o) X
; —p,, =1 mol/lL - K=681kPa
oI ¢ R N px
: ——-Linear regression
00 0.1 0.2 03 0.4 0.5

1-J

Figure 5.5: Determination of the stiffness through the traction test.

crosslink density. As a result, the osmotic pressure is decreasing, enabling fluid to flow into the
swelling sphere. But also, because the crosslink density decreases, the global stiffness of the gel
sphere decreases. Values of the stiffness are calculated using the traction test on the sphere for
different inputs of crosslink density. In Fig. (5.6), the experimental values for the swelling evolution
are matched using a hydrolytic degradation k& = 0.18/day.

While crosslinks are degraded, the stiffness of the gel decreases, enabling fluid to flow into
the gel, resulting in a swelling of the gel. Fig. (5.6) shows that the stiffness of the gel is decreasing
fast, because hydrolytic degradation is a global degradation. But, if the degradation is too fast
compared to the diffusion of matrix molecules, these molecules do not have the time to diffuse fast
enough before the gel loses its stiffness: the gel with a low stifness eventually falls apart and is not
usable as a scaffold.

In order to describe the phemomenon, dimensionless constants are defined to describe the

competition between degradation and diffusion:
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Figure 5.6: Evolution of the swelling ratio and the global stiffness of the gel under hydrolytic
degradation
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where 7. and r,, are respectively the radius of gyration of an enzyme molecule and of a matrix
molecule. Typically, this ratio is small in a diffusion-dominated case phenomena, and takes large
value when diffusion is limited. These definitions are useful to look into two different possibilities of
evolution: reaction-limited or diffusion-limited. A reaction-limited case means that the degradation
is happening too slow compared to the diffusion of the molecules. On the contrary, a diffusion-
limited case suggests that the diffusion of the molecules is too slow, and thus, because the scaffold
is degrading faster than the diffusion is occuring, the gel will lose its stiffness and fall apart before

the matrix molecules are diffused enough through the gel.

5.2.2 Effect of hydrolytic degradation on molecules diffusion

The concentration of matrix molecules diffusion into the gel is directly affected by the ratio
®". When this ratio takes large values (Fig. (5.7)b.), the concentration of molecules in time tends

to evolve slowly, because it suggests a slow degradation of the scaffold. Whereas a small ®"
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(Fig. (5.7)a.) suggests a fast degradation of the crosslinks and a great diffusion of the molecules in

the gel.
D=1 @" =100
1 a. 4 b.
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Figure 5.7: Concentration of matrix molecules for different hydrolytic degradation rates.

Because the hydrolytic degradation is a spatially homogeneous degradation, an increase of the
degradation process generates a increase in the loss of global stiffness. And the faster the scaffold is
degraded, the faster the matrix molecules can diffuse. But then, a great diffusion of the molecules
means a fast decrease of the global stiffness. On the contrary, preserving the stiffness requires a
small rate of degradation and thus a poor diffusion of the molecules in the gel (Fig. (5.8)).

A tool is created to construe the homogeneity of the molecules distribution in the gel. Note that
this general definition can be used for any variable. The average value, ¢, of the concentration ¢

is defined as:

& (t) = /  m (R, 1R (5.2)

5.3 Gel behavior under enzymatic degradation

When hydrolytic degradation is used, it enables the matrix molecules to diffuse because of
the increasing mesh size. But, when the crosslinks are degraded homogeneously, the scaffold is

likely to lose its mechanical properties, especially its global stiffness. Cell-mediated degradation
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Figure 5.8: Evolution of the matrix molecules diffusion and the global stifness of the gel under

hydrolytic degradation.

enables matrix molecules to diffuse through the hydrogel at the same rate the enzymatically sus-
ceptible crosslinks are being degraded. Then, the global stiffness could be preserved while matrix

molecules are diffusing. On the first hand, as ®¢ increases, the concentration in enzymes gets smaller
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Figure 5.9: Evolution of the enzymes concentration and the crosslink density through the gel for

different values of €.

(Fig. (5.9)a., b. and c.): the evolution of the enzymes falls into the diffusion-limited scheme. On

the other hand, for small ®¢, the diffusion is dominating the reaction.
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Moreover, large ®¢ values denote a large enzymes degradation to diffusion ratio, such that en-
zymes diffuse slowly. This leads to the creation of a front (Fig. (5.9)f.) in the crosslink density
spatial distribution. The scaffold is degraded as the enzymes diffuse. But, when the evolution is

reaction-limited, the enzymes tend to degrade the scaffold more homogeneously (Fig. (5.9)a.).
5.4 Molecules diffusion into the gel

In order for the tissue to be a success, the unbound matrix molecules should diffuse at a
reasonable rate into the gel thanks to the degradation process. In Fig. (5.10) are shown different
cases of the matrix molecules concentration evolution in time while varying the two ratios ®¢ and
®™. Indeed, varying ¢ gives several different possible evolutions of the enzymes, which have a
huge effect on the crosslink density repartition in the gel and thus on the diffusion of the matrix
molecules. But also, " is taking for different values to show the differences in behavior when the

ratio of the matrix molecules diffusion rate to the enzymes diffusion rate is changing.
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Figure 5.10: Diffusion of the matrix molecules into the gel for different values of ®¢ and ®™.

First, for a large value of ®™ (Fig. (5.10)a., b., c.) the diffusion of the matrix molecules is
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slow compared to the degradation rate. For small values of ®¢, ie when the enzymes degradation
to diffusion is small, the enzymatic degradation rate is much faster than the matrix molecules rate.
In consequence, the matrix molecules diffusion is not affected by the mesh size of the scaffold and
can diffuse freely, independently from the enzymes diffusion. Indeed, if the crosslink density has
already been degraded enough (Fig. (5.10)a., b., c.), the mesh size allow matrix molecules to diffuse.
But for small values of ®™ the ratio ®€ is directly affecting the diffusion of the matrix molecules.
If the mesh size has not been degraded enough, it might not allow for the diffusion of the matrix
molecules. Indeed, the bigger ®¢ gets, the more trouble matrix molecules have to diffuse. And
in the case of a very large ®¢ (Fig. (5.10)f.), because the matrix molecules diffusion is faster than
the enzymes diffusion, the matrix molecules have no choice than diffusing at the same rate as the
enzymes. When ®€ is large, Fig. (5.9)f. showed that a front is created in the crosslink density.
Then, the mesh size after this front is too small to allow matrix molecules to diffuse, making them

wait for the enzymes to degrade the scaffold.

5.5 Study of the stiffness of the gel

The failure of an engineered-tissue is often due to the loss of stiffness of the scaffold before
the matrix molecules have diffused enough in the gel. It results in a loss of the integrity of the
gel. However, as degradation is necessary for the molecules diffusion, the stiffness of the scaffold is
meant to degrade, allowing diffusion of the molecules. These molecules will attach to the scaffold
and become linked to it. This phenomena has not been put into the model. However, it is assumed
that the stiffness of the matrix cannot increase until the crosslink density have been fully degraded
(unpublished studies from Bryant, S. J.).

The model does not include how the molecules are getting linked to the scaffold, which is
complicated. Because the matrix stiffness increases only where the scaffold is fully degraded, it is
assumed that the matrix stiffness is increasing according to the coordinate of the front of crosslink
density (Fig. (5.9)). If it is not completely degraded, Rf,ont/R is 0 (and thus the stiffness of the

matrix is 0). However when all the scaffold is entirely degraded, the coordinate of the front is
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Figure 5.11: The stiffness loss versus gain of matrix stiffness in time for different degradation to
diffusion ratios. Dashed line (in blue) corresponds to the newly created matrix stiffness, and plain
line (in red) represents the overall stiffness of the scaffold.

maximum and thus Ry.on:/R = 1. Fig. (5.11) shows how the overall scaffold stiffness and matrix
stiffness evolve in time for different ratios ®¢ and ®™. It is important to remember that the goal
is that the matrix stiffness becomes large enough before the overal scaffold stiffness has lost its
integrity. First, when ®¢ is small and ®™ is large (bottom right in Fig. (5.11)) are small values,
the enzymatic degradation devolve into a hydrolytic degradation type. Because the degradation
is spatially homogeneous, the matrix stiffness can never increase until all the scaffold has been
degraded and therefore, the scaffold loses all its stiffness which results in a failure of the creation of
tissue. In the case of both small or large ®¢ and ™ (bottom left and top right in Fig. (5.11)), the
behavior shown is symmetric. The new matrix stiffness is increasing thanks to a crosslink density
distribution showing a small front. But still, it can be seen that the matrix stiffness is not increasing
fast enough compared to the loss of scaffold stiffness. To solve this issue, the matrix stiffness would
have to increase faster, or the scaffold stiffness should decrease slower. This is what is happening

in the case of a large ®° and a small @™ (top left in Fig. (5.11)). Actually, because the crosslink
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density shows and evolution of a moving front in time (Fig. (5.9)) and thus the matrix molecules
concentration maximum when diffused (Fig. (5.10), it allows the stiffness of the new matrix to
increase faster. But also, the front evolution of crosslink density enables the scaffold stiffness to

stay high longer.



Chapter 6

Concluding remarks

Along this thesis, we have built a mathematical model of the ECM growth using a thermody-
namical approach. Poromechanics has been used in order to combine the different phases involoved
in the process, and finite-element method has been used to build the mathematical model by coding
it in MATLAB. Finally, results have been made and an analysis of the results has been done to
understand how an enzymatic degradation affect the diffusion of the matrix molecules and thus the

creation, or not, of the ECM itself.

Tissue growth is based in the diffusion of the matrix molecules into the gel. But on order to diffuse
the scaffold has to be degraded and thus decrease its stiffness momentarily. The loss of stiffness of
the scaffold so that the stiffness of the matrix coming from the matrix molecules counterbalance
this loss is what determine the success or the failure of the phenomenon. If the loss is fast and too
important, the scaffold lose its stiffness and is no longer a solid. If the loss of stiffness is too slow
because the degradation is too slow, the molecules cannot diffuse and thus the matrix will not be

created.

Hydrolytic degradation can be used to degrade the scaffold, but it has been seen through the
study that it is not possible to degrade the scaffold properly for the molecules to diffuse and the
matrix stiffness to increase. If the degradation is too fast, then the stiffness loss is too fast, and
if the degradation is too slow, then the molecules are not diffused enough. And in both cases,

the spatially honoeneous degradation does not allow for matrix growth. This is the reason why
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enzymatic degradation is being considered. First, if the ratio of the diffusion of the enzymes to the
diffusion of the matrix molecules is small, the matrix molecules are diffused in the gel as they were
freely diffusing in an already degraded enough scaffold. This case has no improvement compared
to the hydrolytic degradation and must then be avoided. But, it seems that the creation of a front
is a way of dealing the issue. A large ratio of the diffusion of the enzymes to the diffusion of the
matrix molecules suggests that the enzymes degrade the scaffold slower than the matrix molecules
are diffused. The front allows the stiffness of the new matrix to increase and the molecules have
time to create the new matrix. The creation of the new matrix happens at te same time the scaffold
is degraded, replacing it. Finally, creating a front seems to answer the requirements to build the
matrix. A future study could be focused on the effects of the sharpness the front should be, and
what are the optimum diffusions ratios in order to build a matrix with a required stiffness. Indeed,
if molecules are diffused very fast compared to the enzymes, the enzymes do not have the time to
degrade the scaffold. As a result, it is possible that because too many matrix molecules have been
secreted, the cell is being enclosed in a very stiff matrix, making exchange of nutrients with the

exterior impossible, and thus leading to the death of the cell.
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