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Chapter 1

Introduction

1.1 Angiogenesis

The physiological process of the body to prompt and maintain blood flow
through regulated and specific vessel growth mechanisms has longly susci-
tated interest in the broad research community. To fully understand the
developmentof several pathologies, a deep knowledge of angiogenesis is re-
quired. In fact several pathologies are associated to either angiogenesis im-
pairment (mainly leading to ischemies, e.g. tumors, diabetic retinopathy).
Therefore there is a large interest in the classification and quantification of
all the involved parameters in angiogenesis activity of normal and healthy
functioning conditions.

Angiogenesis is the process responsible for generating new blood vessels
from the already existing capillary structures. In this sense, proliferation and
cell migration are crucial steps for forming and stabilising new endothelium,
eventually undergoing specific differentiatio. The main angiogenic regulat-
ing factors can be summarised into three main contributions [I]. Firstly,
fibroblasts growth factors FGF2 and bFGF lead mesenchymal cells develop-
ment into angioblasts, particularly affecting the earliest stages of vascular
generation. A second determining family of proteins heavily involved in
angiogenesis regulation is the vascular endothelial growth factor (VEGF),
with VEGF-A mostly inducing endothelial cells proliferation and migration
through signalling regulation of the tyrosine kinases receptors VEGF-R1
and VEGF-R2. Finally, angiopoietin-1 growth factor (Ang-1) also influences
new vessels formation, by covering and stabilising newly formed endothelium
with pericytes, upon binding with receptor Tie-2.

Unlike pathological angiogenic processes, normal angiogenesis is time-
limited and particularly occurrs in specific physiological events, such as
organ regeneration and injuries healing, embryogenesis, female ovulation,
menstruation and placenta formation. On the other hand, variations in
the equilibrium between angiogenic promotors and repressors may lead to
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8 CHAPTER 1. INTRODUCTION

tumoral, diabetic, arthritic and psoriatic related pathologies.

Two different angiogenic mechanisms are recognised nowadays [2], sprout-
ing and intussusceptive angiogeneses, both present in many different tissues
and organs, with the former mainly characterised by new branching around
an exisitng vessel and the latter consisting of an expanding transvascularisa-
tion within the tissue. Sprouting angiogenesis is prompted by target levels
of hypoxia within affected tissues whose parenchymal cells respond to by se-
creting VEGF-A, thus inducing new endothelial formation by a VEGF-R2
(receptor for VEGF-A) dependant cell migration and aggregration, followed
by proliferation and capillary sprout elongation. The newly formed capil-
laries are further stabilised by perycites and extra-cellular matrix (ECM)
mechanical signalling. Intussusceptive or splitting angiogenesis on the other
hand presents a lumen formation in the vessel walls, eventually dividing it.
Lacking cell proliferation and migration, it it is generally faster and more
efficient than sprouting angiogenesis, occurring most prominently during em-
bryional development and at sites of already existing capillaries. Controlling
mechanisms of intussusceptive angiogenesis are still not completely under-
stood, with suggestions of sensitivity to VEGF-A and mechanical stresses
as inducing factors.

1.2 Vascular endothelial growth factor receptors

While three different VEGF tyrosine kinase receptors are known, namely
VEGF-R1, VEGF-R2 and VEGF-R3, the second is the one mostly in-
volved in angiogenesis processes, particularly affecting vessels permeabil-
ity and sprouting [3]. Sharing a similar structure, they induce autophos-
phorylation of an intracellular kinase domain upon binding of an extracel-
lular ligand domain, thus causing the receptors dimerization [4]. In this
sense, VEGF-R2 has been found to present four autophosphorylation sites,
connecting to VEGF-A, VEGF-C, VEGF-D and VEGF-E. Different down-
stream signalling pathways are promoted by VEGF-R2, both at lymphatic
and vascular level. Tyrosine residues initiate signalling towards endothelial
cell proliferation, also causing successive cell migration via inhibition of an
adaptor protein. Overall, though specifics in the functioning mechanisms
and pathways are not fully understood, VEGF-R2 determines endothelial
cells development, heavily featuring at their survival, proliferation, migra-
tion stages.

1.3 VEGF-R2 and H202

Reactive oxygen species (ROS) have longly been studied and analysed in
regard to their detrimental effect to normal physiologic processes, being
primarily involved in oxidative stress damages and generally promoting cell
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death. Contextualising ROS activity within angiogenesis, it is actually inter-
esting to underline how at low levels they induce growth factors production
and activation. The complexity of ROS intervention in angiogenic related
pathways is however highly challenging, with a recognised role in preserving
and affecting angiogenesis but also possibly inhibiting it.

Hydrogen peroxide (H2032) in particular, is a stable and durable species,
thanks to its electrons being paired. It results from superoxide dismuta-
tion and enzymatic production and, at low levels, is directly involved in
intracellular signalling and regulatory activity, also by promoting tyrosine
phosphorylation in grow factor receptors [5]. This is an important key as-
pect in angiogenic mechanisms, especially on its action on VEGF-R2 by
phosphorylation signalling and mediation [6]. While HoO9 is a first initiator
of angiogenesis, it also prominently features in the intracellular mechanisms
which regulate it. Internal production of superoxides typically presided by
NADPH oxidases, are specifically enhanced by VEGF binding to VEGF-R2,
thus further stimulating NADPH oxidase. The resulting ROS inhibit tyro-
sine phosphatases with a consequent increase in VEGF-R2 autophosphory-
lation [5] which prompt VEGF signalling action of endothelial sprouting and
further support the growth factor action. On the other hand, VEGF also
induces the HoO2 production through superoxide dismutases, thus exposing
ROS dual role in angiogenic processes.

1.4 Reactive interactions between Peroxiredoxin
IT and H>,0,

Physiological presence of HoOs in human metabolism has long been un-
der investigation and still many aspects remain unclear. While the main
source of reactive oxygen species comes from mithocondria, at blood level
erythrocytes present superoxide from the natural hemoglobin autoxidation
[7]. In this regard, it is of particular interest to fully understand and de-
termine mechanisms and concentrations involved in HoO9 interactions with
erythrocytes.

Within this frame, the role of peroxiredoxin II protein (Prx2) is of essen-
tial importance, reducing HoO9 through cycling reactions. Prx2 has been in
fact detected as one of the main proteins involved in cellular HoOs reduction,
while also being the third most abundant protein in human erythrocytes.
Particularly, HoO2 reduction by Prx2 evolves through a cycling structured
chain of reactions that provide sulfenic acid (C51-SOH) via oxidation of
Prx2 cysteine subunits (C51-SH), when exposed to HyO9. Disulfide (C51-
S-S-C172) formed from reacting sulfenic acid and a second cysteine from
a contiguous subunit (C172-SH) is further reduced by thioredoxin (Trx1),
thus completing a first cycle by regenerating Prx2. On the other hand, it
is interesting to highlight how Prx2 inactivation occurs upon sulfenic acid
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oxidation into sulfinic (C51-SO2H) or sulfonic (C51-SO3H) acids by further
presence of HaoO2 [§].

On the other hand, the exact functioning of Prx2 in this regard may still
be unclear, in the light of the contrasting results yielded by direct reduction
rates measurements and experimental evidencies.

NADP

NADP* 2GSHX

Ferrl

C-ll X
I

Figure 1.1: H2O9 reduction scheme in human erythrocytes, considering both
internal and external hydrogen peroxide sources and monomer state for all
components. Original figure from [§].

1.5 Prx2 as a protection mechanism for VEGF-R2

Along with the relevance of oxidative species and particularly H2O2 in con-
trolling and signalling cellular mechanisms, significant attention is also upon
antioxidant enzymes as regulating factors. In this sense, the role of Prx2 as
the most abundant antioxidant has been further characterised [6], highlight-
ing its function, among many others, in preserving the signalling pathway
between VEGF and VEGF-R2. Notably, Prx2 protects VEGF-R2 activa-
tion and autophosphorilation as essential elements in binding to VEGF, thus
promoting vascular endothelial cells proliferation, migration and survival.
In this regard, preservation of VEGF-R2 tyrosine kinase has been shown
to be strongly dependant on Prx2 presence that, accordingly, is crucial in
maintaining controlled levels of cellular HoOo, in order to not compromise
VEGF-R2 activated state. Dephosphorylation induced by phosphatases on
VEGF-R2 (of which the exact mechanisms have not yet been fully under-
stood) affects the receptor functioning, eventually attenuating its signalling
[9], while, on the other hand, HoO2 has also an inhibiting action on phos-
phatases, thus enhancing the proteins phosphorylation. As such, Prx2 is
one of the key enzymes (along with gluthanione peroxidase, catalase and
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peroxiredoxin I) in regulating HoO2 physiological level within endothelial
cells, also by acting on membrane mechanisms, especially because of its lo-
cal accumulation near VEGF-R. This results are also crucial for the receptor
activity, particularly conditioning its downstream signalling.

In the absence of Prx2, HoO2 inactivates VEGF-R2 by oxidizing its
C1206 cysteine residue [6]. In this sense, the protecting mechanisms acted
by Prx2 has been determined to be strictly connected to the enzyme distri-
bution within the cellular environment, with both Prx2 and VEGF-R2 being
actually mainly localised in vascular endothelial cells caveolae and in tight
connection. This further suggests that VEGF-R2 reduction is preserved
through Prx2 colocalisation in the caveolae. In fact, VEGF pro-angiogenic
activity via its type-2 receptor interaction evolves at caveolar domains, prac-
tically constituting the functional platform for angiogenesis. In this regard,
Prx2 emerged as one of the proteins with highest sensibility to VEGF at
caveolae level [10], thus further highlighting Prx2 crucial role in regulating
ROS levels in order to preserve angiogenesis processes.
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Chapter 2

Problem modelling

2.1 Objectives

Standing within the biological frame explained in the[introduction] the main
objective of this thesis is to model a system evidencing the interactions
occurring at cellular level within the membrane, by considering a simplified
version of the reaction scheme in figure[I.} as visible in figure[2.1} In order to
assess Prx2 contribution in regulating HoOs levels within VEGF receptors,
only a fraction of the cell is considered, comprising a tract of membrane and
the immediate inner portion.

H,O

[

2

PraUNE.

HO <«——

N
)

PSH NADP SSG

PSO,H PSOH

\\\-/// \\\\‘__,PSS

NADP™ 2GSH

Ferri R

Figure 2.1: HyO2 reduction scheme in human erythrocytes. In red box the
scheme considered for modellisation. Original figure from [§].

Since such interactions are effectively modelled by partial differential
equations (PDE), firstly a brief theoretical basis will be given, followed by
the resolution of some initial problems, in order to familiarise with the math-
ematical tools and their implementation in Matlab. As such, two introducing
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14 CHAPTER 2. PROBLEM MODELLING

problems are proposed, while the ultimate model will consider Prx2 in its
monomeric components, with the addition of intermediate steps in the mod-
elling process, to evaluate the system suitability, gradually introducing more
complicate aspects.

The viability of such a model comes straightforwardly from the studies of
Benfeitas et al [§] in which new HoO9 reduction rates by Prx2 were proposed,
resolving the discrepancy existing to that point between computationally
predicted data and experimental evidence.

2.2 PDE theoretical basis

Many physical problems are adequately described by partial differential
equations (PDE), that is presenting a dependence on two or more inde-
pendent variables (contrary to ordinary differential equations that rely on a
single independent variable), modelling different phenomena, with solutions
available through numerical methods. In this regard, let us recall the main
definitions and properties of PDEs which will serve as mathematical basis
of the dynamic interactions between Prx2, hydrogen peroxide and VEGF
presented in the introduction.

Definition 2.1 (PDE). A partial differential equation is a function in a
domain €2 C R” relating indepedent variables x € € to an unknown function
u in € and its finite partial derivatives. Thus, the m-th order PDE, with
m € Z*, in Q C R" is given by

F(x,u, Vu(x), V2u(x),..., V™u(x)) = 0 x € Q.

Straightforwardly, a PDE is linear if there is linearity between the de-
pendent variables (unknown function) and its derivatives depending on x.

A unique solution to PDEs is provided upon additional conditions that
allow to identifiy one in the infinite possible values associated to the generic
equation. In this sense, typically given costraints include initial and bound-
ary conditions. As for the latter, the solution or its derivatives value at the
domain boundary is specified. Three main sets of conditions may be given.

e Dirichlet condition, defining u(x) at the domain frontier §Q2:
u(x) = f(x) x € 6
e Neumann condition, providing normal derivative at boundary (repre-
senting flux through the boundary):

ou "
8:&

(x) = f(x) i=1,...,n, x€
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e Robin or third kind condition, relating v and its normal derivatives
values at boundary:

ou
8951-

a(x)=—u(x) + u(x) = f(x) i=1,...,n, x€

Alternatively, mixed, oblique and nonlocal boundary conditions can also be
provided.
Within this frame, it is particularly interesting considering a generic
second order PDE, in the form of
0%u 0%u 0%u

ou Ou
A9z T Baray +Ca*y2+D(W7“va?a*y) =0,

(2.1)

of independent variables (x,y) and unknown function u, with the discrimi-
nant B2 — 4AC determining the three types of hyperbolic (B? —4AC > 0),
parabolic (B? — 4AC = 0) and elliptic (B? — 4AC < 0) PDEs.

In order to reach a numerical solution, PDEs can be conveniently dis-
cretised in a number of ways, such as with a three-point formula based on
finite differences approximation:

2
O w1y — 2u4 5+ Uiy
9%z (Ax)?

+ O(z?) (2.2)

and )

0%u i1 — 2uij + uij4 2

= J T 1Oy, 2.3

o Bt 1 oy (2.3
being u(z,y) defined in a rectangle [0, a] x [0, b] and considering its discrete
grid of points

(xi,y5) = (1Az, jAy) 0<i<N-1, 0<j<M-1,

by Az =a/(N —1) and Ay =b/(M —1).

While several types of PDEs can be recognised, both in their mathe-
matical setting of ellyptic, hyperbolic or parabolic and the variables they
represent, a focus will be on parabolic heat equations, which will be here
briefly presented and further developed. As per this setting, the considered
function is defined in time ¢ and space coordinates (z,y), in the general form
of heat conduction or diffusion equation:

@ = kV2u + D(u,m,y,

ou 0
o v o)

—, t>0, ,y) € L 2.4
e (1) (24)
Analogously to the explicit method for numerical solutions as in (2.2)) and
(2.3)), a forward time centered space (FTCS) scheme can also be adopted,
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particularly when dealing with equations in the form of (2.4]). As such, the
approximation is yielded by

ou 0
u(a,y,t+ At) = u(e,y,1) + At [D(u,:c,y, o oy) "
U(ZL‘ + AI‘, Y, t) — 2U($, Y, t) + U(l' — va Y, t)
+ 3 +
Ax
N u(z,y + Ay, t) — 2u(z, g, t) +u(x,y — Ay, t)]  (25)
Ay
with stability in the two dimensions space guaranteed under
k- At < 1 )
A S 1 Y
if Az? = Ay?.

In this sense, a number of introductory problems were considered and
solved with Matlab, in order to approach the diffusion modelling of hydrogen
peroxide within the biological context presented in chapter

2.3 Problem 1

The first problem to be considered was an evolving model based on PDEs
in the form of

887:: =m —m> + V?m, (2.6)
representing a ferromagnet magnetisation. The FTCS resolving scheme was
adopted, as in eq. , integrating in a squared domain of edge L = 100,
given periodic boundary condition and initial points m(z,y,0) = 0.05 -
(rand () —0.5). The resolution implemented in Matlab (code in appendix

provides a diffusion map evolution in time.

2.4 Problem 2

In order to better assess how initial conditions and the system dimensions
affect the results, a second set of problems were introduced, by considering
the classic heat equation as in (2.4) and testing differential values.

Firstly, equation

887: = V2m (2.7)

I, iy _la=L/2)? 4 (u-1/2)%
was solved with initial conditions m(z,y,0) =e 100

Analogously, a system of equations was considered:

om _ o2
{Bt Vem 4+ 5n (2.8)

9n — V2 —0.1n
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with initial conditions given by
_(@—L/2)%+(y—1/2)2
m(z,y,0) =e 100
_(e=L/3)2+(y—L/2)?
50

n(x,y,0) =e

Finally, the last variant to be dealt with was the heat equation

%—T = V2m (2.9)

in three spatial dimensions (z,y, z), with initial conditions m(z,y, z,0) =
_(@=L/2)®+(y=L/2)>+(>—=L/2)*
100

e )
The respective Matlab codes are listed in appendix

2.5 Problem 3

In order to present a more precise description of the system evolution, the
typical diffusion equation, as in the form of is repurposed and modi-
fied with particular attention to the parameters values and their orders of
magnitude, as well as the boundary conditions. In this sense, let us consider
a setting in which HyO» is produced extracellularly, permeating the mem-
brane through colocalisation of an aquaporin protein with VEGF-R2 and
Prx2 within the caveolae and reacting with them. In such a context, HoOq
concentration is evaluated in the 0.01 — 100 uM scale; as for the boundaries,
periodic costraints were mantained in the ordinates dimension while fron-
tier abscissas values took into account null concentration at bottom and an
entering rate of % = —%codjv at top (that is at membrane, having mod-
elled an L, x L, box, assuming a fraction of membrane and its immediate
inner portion), with D being the diffusion set at D = 1.83-107? m2s~!, the
cellular area A =1.3-1071% m? and the flux dV = 1.02- 10714 m3s~1,

From the above considerations, particularly recognising the parameters
as related to HoOo, thus 66%7%02 =
added.

Within this framework, Prx2 evolution in time is also considered, by
describing its interaction with HoO9 by a PDE, as well as taking into account
also the amount of non active Prx2 (Prx2r), thus resulting in the following
system:

D,0,V?c,0,, the Prx2 contribution is

OcH,0
202 2
5 = Dy,0,VocH,0, — k- ¢H0, - CPra2
8CP7‘:1:2
2
T DpraoVocprza — k- CH,0, - CPra2 (2.10)
aCP'rz2
2
TI = Dprp2V Cprz2; t+ k- CH>05 * CPra2

resolved as in appendix
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2.6 Problem 4

As already highlighted in figure the reduction of HyO9 by Prx2 is bet-
ter described at a monomeric level, particularly considering the peroxidatic
cysteines that participate in the reactions chain. As such, while following
the modelling pattern of the previous section, the aim is now to represent in
the equations system C51-SH cysteine oxidation into the sulfenic acid C51-
SOH (PSH—PSOH), which in turn condenses with the resolving cysteine
C172-SH forming the disulfide dimer C51-S-S-C172 (PSOH—PSS), eventu-
ally reduced by Trx1 (PSS—PSH). A second cycle involves instead C51-SOH
reaction with HoO5 yielding sulfinic acid C51-SOoH (PSOH—PSO2H), thus
blocking the condensation [11].
The above described reactions result then in the following system:

863{;02 — DHQOQV2CHQOQ — k- CH,O9 * CPSH — ky - CH,0, - CPSOH

8Cng — Dv2CPSH — k1 - cH,0, - CPsH + k3 - cpss

80131(”’ = DV?cpson + k1 - ¢m,0, - cpsu — k- ci1,0, - cpson — ka - cpson + ks - cpso,n
8c§tss = DV2%cpgs + ks - cpson — ks - cpss

\80}3;;)21{ — DVZCPSOQH +ky - CPSOH * CHL05 — k5 - CPSOLH -

(2.11)
As for the parameters value, the expressions were taken from Benfeitas et

al. [§] analysis and adapted to the monomeric simplified model that is con-
sidered in table 2.6l

Reaction Rates
PSH+H;09—PSOH+H>0 k1= 102 ,uM_ls_l
PSOH—PSS+H,0 ko = 1.7 st
PSS—PSH k3 =21-10"2 s}
PSOH+H05—PSOoH+H0 kg =1.2-1072 puM~1s7!
PSO;H—PSOH ks = 1074 st

Diffusion costants are set at Dp,0, = 1.8 107 m?s™ and D = 107!
2.1
mes .
The matlab code used for model are reported in appendix [A.4] ac-
cordingly.

2.7 Problem 5

To represent in more detail the biological context of Prx2 action, it is impor-
tant to consider that the concentration of this protein is considerably higher
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nearby VEGF-R. Within the matlab framework, in which the fraction of the
cell under analysis is set as an (L, x L,) box, two different equations have
now to be taken into account: internal Prx2, in function of both (z,y), and
Prx2 at membrane, depending only on one dimension y. As such, two new
rates are also introduced, an association constant k, and dissociation con-
stant kg. Considering an e thickness for the membrane, the new equations
that update model are:

0 ) , kqgc®
Cﬂnﬁf@y) = DV?¢pypo + reactives — kq - cpra2(x,y) - dj<e + Mdjq
< . <
e € 82 m
Cpgft?(y) = Z ko(x)cpraa(xj,y) — kaCpyqeo + reactives + D(m)%
j=1
(2.12)

with § being the discriminating term to identify membrane proximity and
Cpryo indicating Prx2 concentration at membrane. Equations are thus
integrated in the matlab code as in appendix [A.5] Corresponding equations
for the remaining Peroxiredoxin species are also implemented with equal
values for the association and disocciation constants. The ”reactive” terms
in equations [2.12] correspond to the terms in equations that describe
the reactions where the different oxidation states of the peroxiredoxin par-
ticipate.
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Chapter 3

Results

According to the matlab codes presented in the previous chapter [2] the
corresponding plots and results are here considered and discussed.

3.1 Magnetisation model

Section firstly introduced a reaction-diffusion system in 2D, in the form
of a magnetisation problem. As such, simulation of the reaction is showed
in its inital phase in which aleatory fluctuations are visible (figure , an
intermediate one with small magnetised regions (figures and [3.1c)), in
which small domains coarsen to form larger domains, and the state of the
system at its final interaction, where magnetisation is wider (figure ,
with domains that have become larger.

Equation [2.6] represents in fact an increase in magnetic domains, as in
the density plots of figure [3.1l This equation describes the magnetisation
rearrangement, due to a rapid lowering of the system temperature [12].

21
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(a) Plot at iteration no.50 and time t = 5s (b) Plot at iteration no.100 and time ¢ = 10s

(c) Plot at iteration no.250 and time ¢ = 25s (d) Plot at iteration no.1000 and time ¢ = 100s

Figure 3.1: Density plots evolution of a reaction-diffusion process of magnetisation.
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3.2 Heat diffusion model

In section heat equations were considered, by varying dimensions and
initial boundary conditions of the systems. Particularly, resolution of eq.
simply follows a diffusion process within an (L x L) box, as showed in fig-
ures

An initial concentration can be observed that progressively diffuses through-
out the whole system, from an initial central localisation.

10

70 80 90 100

20 30 40 50

L

60

(b) Plot at iteration no.250 and time ¢ = 25s

(c) Plot at iteration no.1000 and time ¢ = 100s

Figure 3.2: Density plots evolution of a heat-diffusion process.
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Heat diffusion equations were also coupled in a system, as in eq.
where diffusion of two entities m and n was studied. As the equation sug-
gests, it is visible in figure [3.3] that m increases where n is concentrated. On
the other hand, as the colorbar indications show, n is consumed at a higher
rate (figure [3.4)).

Heat diffusion of parameter m Heat diffusion of parameter m

(a) Plot at iteration no.1 and time ¢t = 0.05s (b) Plot at iteration no.40 and time ¢ = 2s

Heat diffusion of parameter m

(c) Plot at iteration no.100 and time ¢t = 5s

Figure 3.3: Density plots showing the evolution of entity m heat-diffusion process.
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Heat diffusion of parameter n Heat diffusion of parameter n

(a) Plot at iteration no.1 and time ¢t = 0.05s (b) Plot at iteration no.40 and time ¢ = 2s

Heat diffusion of parameter n

(c) Plot at iteration no.100 and time ¢ = 5s

Figure 3.4: Density plots showing the evolution of entity n heat-diffusion process.
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The final equation proposed in section (eq. regarded a 3D system.
In order to show its evolution in time, 2D plots of L, and L, dimensions
were represented and, as denoted in figures there is a diffusion process
that yields a decrease of concentration in the centre, as confrimed by the
colorbars indications, with the initial concentration in the order of 1 (ex-
pressed in light orange, as in figure and progressively lowering towards

zero (figure [3.5¢)).
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(a) Plot at iteration no.10 and time t = 1s (b) Plot at iteration no.250 and time ¢t = 25s
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(c) Plot at iteration no.1000 and time ¢ = 100s
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Figure 3.5: Density plots evolution of a 3D system, represented at L, and L, dimensions
and a fixed line in L.
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3.3 Primary cellular model

With problem 3, in section a first attempt in dealing with HoO4 concen-
tration within a cell was proposed. As such, while the system described by
equation [2.10] was in its simplest form, a first set of results can be observed
in figures and [3.9] where, respectively, the concentrations of the
different species as a function of L, at a median line of the L, dimension
and the density plots are represented.

Accordingly, the results in figure [3.7] show how HyO4 enters the mem-
brane at L, = 150 nm as a function of time. Plots of hydrogen peroxide con-
centration along the L, dimension of the cell are also presented in figure[3.6
in which a decreasing trend is evident, particularly due to Prx2 intervention
in reducing hydrogen peroxide at the membrane proximity. Prx2 diffuses
in fact through the cell along L., thus reaching H2Os in the membrane
proximity. This progressing concentration is represented in figures [3.8

When Prx2 and H>Os react, the concentration of Prx; increases. In
this sense, an amount of Prx; begins to be visible from figure with an
increasing concentration through time, in correspondence to Prx2 consump-
tion (figures and . The relative density plots at figure further
highlight this, by showing an initial null concentration (figure which
can then be found towards the membrane (figures|3.9b}, [3.9¢[and [3.9d)), thus
validating the purpose of HoOs reduction close to the membrane.
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Figure 3.6: Plots of HoO», Prx2 and Prxj concentrations throughout L, at L, /2.
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Figure 3.7: Density plots of HoO2 concentration in an (L, x L,) portion of a cell.
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Figure 3.8: Density plots of Prx2 concentration in an (L, % L,) portion of a cell.
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Figure 3.9: Density plots of Prx; concentration in an (L, x L,) portion of a cell.
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Finally, in order to assess the reliability of models in [2.6] and a dis-
cussion of the expected and obtained results is here presented, particularly
addressing biological significance and repercussions.

3.4 Monomeric peroxiredoxin II homogeneous mem-
brane model

In reference to[problem 4] where Prx2 was already considered in its monomeric
components, cellular membrane, represented by the L;h line of the (L, x Ly)
box, has no preferential receptor site for Prx2 to bind to. In this sense, it
is not expected to have an enhanced reactive activity on a limited portion
of the membrane. In fact, throughout the L!* line and progressing into the
cell, hydrogen peroxide provokes PSH oxidation to PSOH, which can then
be further oxidized by HoO2 to PSOsH or yield PSS. The latter is in turn
reduced back to PSOH. As such figure [3.10] highlights this trend throughout
the 10 ms of the simulation time.
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Figure 3.10: Plots of HyO2, PSH, PSOH, PSS, PSO2H concentrations in the cell fraction
(0 < Ly < 150 delining its intern and L, = 150 the membrane).
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Furthermore, the density plots of HyO9 and Prx2 also confirm the homo-
geneous concentration at membrane with a quite uniform gradient through

the cell, as visible in figure |3.11
L, tom]

(a) Plot at iteration no.100 and time ¢t = 2.7-103ms (b) Plot at iteration no.100000 and time t = 2.7ms
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Figure 3.11: Density plots of HoOg concentration in the cell fraction (from blue
corresponding to zero to red for the highest concentration).

Finally, graphs of HoO2 and Prx2 monomers singular concentrations
through the L, and L, dimensions summarise the density plots by show-
ing the progressing concentration at one line (L,/2 as internal and L, for
membrane), as visible in figures to

Overall, the system is described by HoO9 entrance at L, and Prx2, con-
sidered in its monomeric components, diffusion in the cell. In particular, a
descrease in PSH at membrane can be observed, due to the higher presence
of HoOs in this region, with the resulting reactions yielding PSOH, which has
therefore a higher concentration near the membrane. On the other hand, in
presence of HoOo, PSOH can be further oxidated to PSOsH, thus explaining
the latter also presenting a peak in concentration towards the membrane.
This concentration eventually increases in function of time due to a lower
availability of HoO9 which in turn is being reduced by PSH.
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Figure 3.12: Plots of HpO2 concentration at cell fraction middle width (L,/2) throughout
the L, dimension (above) and at membrane (L, — 1) throughout the cell fraction width L,

(bottom).



3.4. MONOMERIC PEROXIREDOXIN Il HOMOGENEOUS MEMBRANE MODEL35

PsH
101
=
= 10} s
5 = 99
1of Z
o 9|
| N .
0 50 100 50 o 50 0 150
L, o) L fom)
PSH at membrane PSH at membrane
il T T T T T T T T T " T T
105 051
) )
Zoes 2 o5
9 9
N | , , . . . \ | | | \ \ . . \ | |
0 5 0 s 2 25 30 3s 20 s 50 0 5 10 is 2 25 30 3 W W 50
L, fom) L fom)
y y

(a) Plot at iteration no.100 and time ¢t = 2.7-1073ms (b) Plot at iteration no.100000 and time ¢ = 2.7ms

PsH
101 . . 101
1o} g 10
S ool 4 5
& osl g 98
a7h . 07
. | ,
o 50 100 150 0 50 100 50
L, ol L, o)
PSH at me PSH at membrane
' : "
108 108]
B S 1o
Zoes sk
o o
s , . . \ , , , . . ,
o B 0 s 2 2 ) 3 w0 s E) o s 10 s 2 0 3 ) s E
L’ [nm]. Ly [nm]

(c) Plot at iteration no.200000 and time ¢ = 5.4ms (d) Plot at iteration no.350000 and time ¢ = 9.45ms

Figure 3.13: Plots of PSH concentration at cell fraction middle width (L, /2)
throughout the L, dimension (above) and at membrane (L, — 1) throughout the
cell fraction width L, (bottom).
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Figure 3.14: Plots of PSOH concentration at cell fraction middle width (L, /2) throughout
the L, dimension (above) and at membrane (L, — 1) throughout the cell fraction width L,

(bottom).
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Figure 3.15: Plots of PSS concentration at cell fraction middle width (L, /2)
throughout the L, dimension (above) and at membrane (L, — 1) throughout the

cell fraction width L, (bottom).
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Figure 3.16: Plots of PSO2H concentration at cell fraction middle width (L,/2) throughout

the L, dimension (above) and at membrane (L, — 1) throughout the cell fraction width L,
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In this sense it is particularly interesting to observe that, as shown in
figure [3.12] HoO» enters the cell at L, — 1 gradually progressing through the
L, dimension, although at lower concentrations because of the Prx2 inter-
vention. PSH consumption is in fact evident at figure[3.13] in which its level,
from the initially imposed costant value cg,0, = 10 M, suddenly decreases
approaching the membrane from the very early itarations (figure .
This trend continues further lowering PSH concentration (which reacts with
H502) to quite the middle of the cell (figures|3.13b}[3.13c/and [3.13d)). On the
other hand, PSOH, PSS and PSO3;H show an opposite progression, being
produced by PSH action and thus gradually entering the cell (figures

and respectively).

3.5 Monomeric peroxiredoxin II heterogeneous mem-
brane model

The introduction of problem 5 in section characterised the model by
adding a receptor site within the membrane, thus emulating VEGF-R inter-
actions with HoO9 and Prx2 monomers. As such, evident differences were
expected in the graphics of concentrations, particularly at membrane level
but also affecting the values of all the assessed components throughout the
cell. That was only partially obtained, with minor changes in concentra-
tions, as visible but not overwhelmingly in the density plots.

In this regard, it is interesting to firstly observe how figures in from
eventually present considerably higher concentration values of Prx2
monomers compared to those of figures in from This is consis-
tent with the presence of VEGF-R on the membrane in the latter problem,
with an enhanced activity of Prx2 at membrane, particularly evident in
the decreasing progression of PSH, PSOH, PSS and PSOsH throughout L,
(figures [3.17a}, [3.17b| [3.17¢| and [3.17dl). H2O2 reduction is also slightly im-
proved, as figure suggests. The concentration of the parameters is in
fact decreased in the neighborhood of the receptor, though this lowering is
not overwhelming.
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Figure 3.17: Plots of HyO2, PSH, PSOH, PSS, PSOsH concentrations in the cell fraction
(0 < L, < 150 delining its intern and L, = 150 the membrane).
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Figure 3.18: Density plots of HaOgy concentration in the cell fraction (from blue
corresponding to zero to red for the highest concentration).
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Figure 3.19: Density plots of PSH concentration in the cell fraction (from blue corresponding
to zero to red for the highest concentration).
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Figure 3.20: Density plots of PSOH concentration in the cell fraction (from blue
corresponding to zero to red for the highest concentration).
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Figure 3.21: Density plots of PSS concentration in the cell fraction (from blue corresponding

to zero to red for the highest concentration).
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Figure 3.22: Density plots of PSOoH concentration in the cell fraction (from blue
corresponding to zero to red for the highest concentration).
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Figure 3.23: Plots of HoO2 concentration at cell fraction middle width (L,/2) throughout
the L, dimension (above) and at membrane (L, — 1) throughout the cell fraction width L,
(bottom).
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Figure 3.24: Plots of PSH concentration at cell fraction middle width (L, /2)

throughout the L, dimension (above) and at membrane (L, — 1) throughout the
cell fraction width L, (bottom).
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Figure 3.25: Plots of PSOH concentration at cell fraction middle width (L, /2) throughout
the L, dimension (above) and at membrane (L, — 1) throughout the cell fraction width L,

(bottom).



3.5. MONOMERIC PEROXIREDOXIN Il HETEROGENEOUS MEMBRANE MODEL49

w pss o pss
s ]
o
B /| s
N /| 2
2 ]
2|
| |
o E 00 0 o E 00 50
trm) L, fom
PSS at mermbra PSS at membrane
10F ! T
st 08
s S o0s
2l 04
2f 02
| | \ , . . . | | , | | h f L | |
o B 10 s 2 25 E B a0 3 ES o s 10 15 20 25 EJ & 0 5 E}
L om) L, lom
y y

(a) Plot at iteration no.100 and time ¢t = 1.3-10~3ms (b) Plot at iteration no.250000 and time ¢t = 3.25ms

PSS

x10 Pss x10°
o of
H H
4k = 4
2 2|
|
o 50 0 50 o 50 100 150
L, fom) L, fom)
PSS at membrane PSS at membrane
1 1 . ;
o8l 08|
S 06 £ o0s
Boal 0s
02 02|
, . . ) . f . , . ) f . , .
o 5 10 15 2 2 E) 3 ) s 50 o 5 10 15 20 25 E) 35 W I3 50
L om) L, lom

(c) Plot at iteration no.500000 and time ¢ = 6.5ms (d) Plot at iteration no.750000 and time t = 9.75ms

Figure 3.26: Plots of PSS concentration at cell fraction middle width (L, /2)
throughout the L, dimension (above) and at membrane (L, — 1) throughout the
cell fraction width L, (bottom).
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Figure 3.27: Plots of PSO2H concentration at cell fraction middle width (L,/2) throughout
the L, dimension (above) and at membrane (L, — 1) throughout the cell width L, (bottom).
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Overall, the membrane localisation of the receptor provides PSOH with-
drawal by PSH, from the centre to L, = 150 nm, causing a particularly low
concentration in proximity of the membrane (PSOH is indeed completely lo-
calised at membrane at this stage). PSH is analogously concentrated within
the receptor, but also presents a lower lateral diffusion. Their interactions
and consequent reactions with HsOs provoke its decrease at the receptor,
leading to a smaller amount of hydrogen peroxide to actually enter in the
cell, being mostly consumed at the membrane.

Observing the results obtained by modelling the system [2.12] a problem
emerges in effectively simulating HoO2 reduction mechanisms. In partic-
ular, within the receptor localisation, PSH and PSOH concentrations are
high only at the end of the L, dimension, while in the receptor immediate
proximity, HoO2 actually enters from L, sides, because of the lack of Prx2
(as showed by figures . As such, within this model, the reduction of
H204 levels achieved at receptor are in the scale of 10%. That is due to
PSH and PSOH translocation at membrane, while in order to obtain a more
effective reduction a reconsideration of the associaton and dissociation rates
(kass and kg;ss respectively) is needed.

As such, it can be concluded that this system succesfully simulates HoOo
concentration resulting from Prx2 interaction, when this protein is localised
at the membrane. On the other hand, in order to reach more evident results,
particularly in terms of concentration values, further studies comprising a
precise characterisation of the system parameters are needed.
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Chapter 4

Conclusions

In this work dynamic of Prx2 within the cellular system was studied, by
modelling the interactions that this protein has with HoO2 at a membrane
level, using PDEs.

In order to accurately model the biological context considered (as showed
in fig. , a first set of problems were discussed and resolved, dealing with
PDEs and analysing the main results through density plots.

While the basic model presented in section already comprised the
main components acting in the system, that are the concentrations of HoOq
and Prx2, the protein was considered in two simplified forms of active and
inactive (Prxy). Further detail to the model was introduced in section
in which Prx2 was considered also in its monomeric form, with equations for
each monomer accounting of the scheme of reactions of fig. The matlab
codes that were written for this purpose allowed to observe the temporal
evolution of all the different components acting in the system. A final im-
provement reflecting the actual setting of the biological system was brought
out by assuming different Prx2 concentrations based on the protein localisa-
tion. In fact, while an internal source for the protein is included in the fluxes
modelled in system the main contribution comes from the Prx2 colo-
calised with VEGF-R2 at caveolae, that is at membrane level, in accordance
with [6]. As such, the resolving code was opportunely modified to consider
Prx2 translocation at membrane, within the receptor, in the modelled cell
fraction. In this sense, the results throughout the various simulations proved
that Prx2 translocation at membrane is actually fundamental in reducing
H50O5 concentration within the receptor, though there is further margin to
achieve improvements in terms of the amount of HoOs consumption. From
this point, the set of parameters yielding a higher reduction of HoO4 levels
can be studied and determined, particularly by attempting a more efficient
regulation of the association and dissociation rate values introduced in equa-

tions [2.12]

Furthermore, interesting considerations would also be assumed by ob-
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serving the parameters at their stationary state, that is analysing the model
components for a longer time, until the system reaches its equilibrium, while
in this study the focus was on the analysis of the immediate state of the per-
turbed system, having performed the simulations in a time range of [0 — 100]

ms.
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Appendix A

Matlab codes

A.1 Code problem 1

Resolving code for magnetisation problem described by eq. (2.6):

%problem 1

clear all
close all

clc

L = 100;
dt = 0.1;
dx = 1;

r = dt/(dxx*dx) ;

tmax = 100; Ythe lower the time, the greater the
detail

nmax = tmax/dt;

nprint=10;

%initial condition
t=0;

f=zeros (L) ;
for i=2:L-1
for j=2:L-1
f(i,j)= 0.05*(rand () -0.5);

end
end

%time iteration

o7




o8

for

end

APPENDIX A. MATLAB CODES

it=1:nmax
g=zeros(L); Ynew matrix g() to include following

times
for i=2:L-1

for j=2:L-1

g(i,j)=£f(@i,j)+r*x(£(i,j)-(£(1i,3)"3)...
+(f(i+1,j)+£(i-1,j)+f(i,j+1)...
+f(i,j-1)-4*x£(i,j)));

end
end
%boundary conditions
for j=2:L-1

g(1,j)=g(L-1,73);

g(L,j)=g(2,3);
end
for i=2:L-1

g(i,1)=g(i,L-1);

g(i,L)=g(i,2);
end
t=t+dt
f=g; Jusing matrix g as initial matrix in next

iteration

hplot
if mod (it ,nprint)==
pcolor (£)
colormap (jet)
caxis ([-1 11)
shading interp, colorbar
xlabel('L_x"'),ylabel ('L_y"')

pause (0.1)
end
if it==56%nprint | it==nmax/10 | it==nmax/4 |...
it==nmax
saveas (gcf, [pwd, ...

"/prova/iteration mno.',num2str (it),...
' and t=',num2str(t),' s.fig']l)

end
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A.2 Code problem 2

Matlab code for eq. (2.7)):

%problem 2a

clear all
close all

clc

L = 100;
dt = 0.1;
dx = 1;

r = dt/(dx*dx);

tmax = 100; Ythe lower the time, the greater the
detail

nmax = tmax/dt;

nprint=10;

%initial condition
t=0;

f=zeros (L) ;

for i=2:L-1
for j=2:L-1
f(i,j)=exp(-((i-L/2)"2+(j-L/2)"2)/100);
end
end

%time iteration
for it=1:nmax
g=zeros(L); Ynew matrix g() to include following
times
for i=2:L-1
for j=2:L-1
g(i,j)=f(i,j)+r*x((£f(i+1,j)+£(i-1,3)...
+E(1,j+1)+£(1,j-1)-4*%x£(i,3)));
end
end
%boundary conditions
for j=2:L-1
g(1,j)=g(L-1,3);
g(L,j)=g(2,3);
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end
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end
for i=2:L-1
g(i,1)=g(i,L-1);
g(i,L)=g(i,2);
end
t=t+dt;
f=g; Yusing matrix g as initial matrix in next
iteration
if mod (it ,nprint)==
pcolor (£)
colormap (jet)
xlabel('L'),ylabel ('L"')
shading interp, colorbar

pause (0.1)
end
if it==b*nprint | it==nmax/4 | it==nmax
saveas (gcf, [pwd, ...
'"/provala/iteration no.',num2str(it),"
and t=',num2str(t),' s.fig'])
end

Matlab code for eq. (2.8]):

sproblem 2b

cle
clo
clc

L =

dt
dx

r =

ar all
se all

100;

0.05;
= 1;
dt/(dx*dx) ;

tmax = 5; %the lower the time, the greater the

detail

nmax = tmax/dt;

nprint=20;

%initial condition
t=0;

fi=

zeros (L) ;
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f2=zero

for i=2
for

end
end

%time i
for it=
gl=

g2=
for

end
%bo
for

end
for

end
t=t
fi=

f2=

s (L);

:L-1
j=2:L-1
f1(i,j)=exp(-((i-L/2)"2+(j-L/2)72)/100);
£f2(i,j)=exp(-((i-L/3)"2+(j-L/3)"2)/50);

teration
1:nmax
zeros(L); %new matrix g() to include
following times
zeros (L) ;
i=2:L-1
for j=2:L-1
gl(i,j)=£f1(i,j)+r*x((5*x£f2(i,j)...
+f1(i+1,j)+f1(i-1,3)+f1(i,j+1)...
+f1(i,j-1)-4x£f1(i,j)));
g2(i,§)=f2(i, ) +r*((-0.1%£2(i,j)...
+f2(i+1,j)+f2(i-1,j)+f2(i,j+1)...
+£2(i,j-1)-4*x£2(i,j)));
end

undary conditions
j=2:L-1
gl(1,j)=g1(L-1,3);
gl(L,j)=g1(2,j);

g2(1,j)=g2(L-1,3j);
g2(L,j)=g2(2,3);

i=2:L-1
g1(i,1)=g1(i,L-1);
gl(i,L)=g1(i,2);

g2(i,1)=g2(i,L-1);
g2(i,L)=g2(i,2);

+dt

gl; Yusing matrix g as initial matrix in
next iteration

g2;
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%plotl: m pcolor

if it==1 | it==40 | it==nmax
% if mod(it-1,nprint)==
figure (1)

pcolor (f1)

colormap (jet)

xlabel ('L') ,ylabel ('L"')

title('Heat diffusion of parameter m')
shading interp, colorbar

caxis ([0 2])

pause (0.1)
end
if it==1 | it==40 | it==nmax
saveas (gcf, [pwd, ...
'/provalb/m iteration no.',num2str(it),
" and t=',num2str(t),' s.fig']l)
end

%plot2: n pcolor

if it==1 | it==40 | it==nmax
%if mod(it-1,nprint)==
figure (2)

pcolor (£2)

colormap (jet)

xlabel ('L') ,ylabel ('L"')

title('Heat diffusion of parameter n')
shading interp, colorbar

caxis ([0 1])

pause (0.1)
end
if it==1 | it==40 | it==nmax
saveas (gcf, [pwd, ...
"/provalb/n iteration no.',num2str(it),
' and t=',num2str(t),' s.fig']l)
end

end

Matlab code for eq. (2.9)):
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%hproblem 2c

clear all
close all

clc

L = 100;
dt = 0.1;
dx = 1;
dy=1;
dz=1;

r = dt/(dx*dx) ;

tmax = 100; Y%the lower the time, the greater the
detail

nmax = tmax/dt;

nprint=10;

%initial condition
t=0;

f=zeros(L,L,L);

for i=2:L-1
for j=2:L-1
for k=2:L-1
f(i,j,k)=exp(-((i-L/2)"2+(j-L/2)"2+(k-L
/2)°2)/100) ;
end
end
end

%time iteration
for it=1:nmax
g=zeros(L,L,L); %new matrix g() to include
following times
for i=2:L-1
for j=2:L-1
for k=2:L-1
g(i,j,k)=f(i,j,k)+r*((f(i+dx,j,k)...
+f(i-dx,j,k)+£(i,j+dy,k)...
+f(i,j-dy,k)+f(i,j,k-dz)...
+f(i,j,k+dz) -6xf(i,j,k)));
end
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end
end
%boundary conditions
for j=2:L-1
for k=2:L-1
g(1,j,k)=g(L-1,7j,k);
g(L,j,k)=g(2,j,k);
end
end

for i=2:L-1
for k=2:L-1
g(i,1,k)=g(i,L-1,k);
g(i,L,k)=g(i,2,k);
end
end

for i=2:L-1
for j=2:L-1
g(i,j,1)=g(i,j,L-1);
g(i,j,L)=g(i,j,2);
end
end

t=t+dt
f=g; Jusing matrix g as initial matrix in next
iteration

if mod (it ,nprint)==
pcolor (£ (:,:,L/2))
colormap (jet)
caxis ([-1 21)
shading interp, colorbar
xlabel('L_x"'),ylabel ('L_y"')

pause (0.1)
end
if it==nprint | it==nmax/4 | it==nmax
saveas (gcf , [pwd, ...
'"/provalc/iteration no.',num2str(it),'

and t=',num2str(t),' s.fig']l)

end
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end

save('data_problem2c.mat ')

A.3 Code problem 3
Code resolving eq. :

%problem 3

clear all
close all

clc

Ly = 50; % [nm]
Lx = 150; % [nm]
dt = 1le-8; %Ls]
dx = 10e-9; % [m]

%H202 parameters

D_h202=1.83e-9; %[m~2/s]
dv=1.02e-14; %[m~3/s]
A=1.3e-10; % [m~2]
c0_h202=10; %[uM], 0.01-100uM

%Prx2 parameters
k=1e6; hluM~-1 s~-1]
D_prx2=5e-9; %[m~2/s]

r1=D_h202xdt/(dx*dx) ;
r2=D_prx2*dt/(dx*dx) ;

tmax = le-4; Y%the lower the time, the greater the
detail

nmax = tmax/dt;

nprint=10;

%initial conditions
t=0;

fl=zeros (Ly,Lx);
f2=zeros (Ly,Lx);
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f3=zero
%time i
for it=
gl=
g2=

g3=
for

end
%bo

for

end

for
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s (Ly,Lx);

teration
1:nmax
zeros (Ly,Lx); %new matrix g() to include
following times
zeros (Ly ,Lx) ;
zeros (Ly,Lx) ;
i=2:Ly-1
for j=2:Lx-1
gl(i,jd)=f1(i,j)+r1*x((£f1(i+1,j)+£f1(i-1,7j)
+f1(i,j+1)+£f1(i,j-1)-4*%x£f1(i,j))) ...
—k*xdt*xf1(i,j)*£f2(i,j);
g2(i,j)=£2(i,j)+r2*((£2(i+1,3j)+£2(i-1,3)
+£2(i,j+1)+£f2(1i,j-1) -4*%£2(i,3))) ...
~kxdt*f1(i,j)*x£2(i,j);
g3(i,j)=£f3(i,j)+r2*x((£3(i+1,j)+£3(i-1,3)
+£f3(1i,j+1)+£3(1i,j-1)-4*£3(i,3))) ...
+k*xdt*f1(i,j)*£f2(i,j);
end

undary conditions

j=2:Lx-1
gl(1,j)=g1(Ly-1,3);
gl(Ly,j)=g1(2,3);

g2(1,j)=g2(Ly-1,3);
g2(Ly,j)=g2(2,3);

g3(1,j)=g3(Ly-1,3);
g3(Ly,j)=g3(2,3);

i=2:Ly-1

g1(i,1)=0;

gl(i,Lx)=g1(i,Lx-1)...
+dx*(1/D_h202*c0_h202*dV/A);

g2(i,1)=1;
g2(i,Lx)=g2(i,Lx-1);
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end
t=t
fi=

f2=
£3=

%pl
if

end

if

end

%pl
if

end

if

£3(i,1)=g3(i,2);
g3(i,Lx)=g3(i,Lx-1);

+dt

gl; Yusing matrix g as initial matrix in
next iteration

g2;

g3;

otl: concentrations in time

mod (it ,nprint) ==

figure (1)

plot (1:150,100%f1(25,:),...
1:150,f2(25,:),...
1:150,100%£3(25,:),'g'),

title('H_20_2 ,Prx2 and Prx2I')

legend ('100*xH202"','Prx2"', " 'Prx2I"')

ylabel (['c_{H_20_23}, c_{Prx2},'...
"¢_{Prx2I} [\muM]']),xlabel('L_x [nm]')

pause (0.1)

mod (it ,3e3)==0 | it==nprint | it==nmax
saveas (gcf , [pwd, ...
'"/prova3/iteration no.',num2str(it),...
" and t=',num2str(t),' s.fig'l)

ot2: f1 pcolor

mod (it ,nprint) ==
figure (2)
pcolor (f1),shading interp, colorbar
xlabel('L_x [nm]'),ylabel('L_y [nm]"')
title('H_20_2 concentration')
pause (0.1)

mod (it ,3e3)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
"/prova3/pl iteration no.',num2str(it),
" and t=',num2str(t),' s.fig'])
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end

%plot3: f2 pcolor

if mod(it,nprint)==
figure (3)
pcolor (f2) ,shading interp, colorbar
xlabel('L_x [nm]'),ylabel('L_y [nm]"')
title('Prx2 concentration')

pause (0.1)
end
if mod(it,3e3)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'"/prova3/p2 iteration no.',num2str(it),
" and t=',num2str(t),' s.fig']l)
end

%plotd: £3 pcolor

if mod (it ,nprint)==
figure (3)
pcolor (£3) ,shading interp, colorbar
caxis(caxis)
xlabel ('L_x [nm]'),ylabel('L_y [nm]"')
title('Prx2I concentration')

pause (0.1)
end
if mod(it,3e3)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'"/prova3/p3 iteration no.',num2str(it),
" and t=',num2str(t),' s.fig']l)
end

save ('data_problem3.mat ')

A.4 Code problem 4

Resolving code for equations in system (2.11)):
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hproblem 4

clear all
close all

clc

Lx = 150; % [nm]
Ly = 50; % [nm]
dt = 2.7e-8; %Ls]
dx = 10e-9; % [m]

%H202 parameters

D_h202=1.8e-9; %[m~2/s]
dv=1.02e-14; %[m~3/s]
A=1.3e-10; % [m~2]

cOprx2=10;

c0_h202=10; %[uM], 0.01-100uM
kl=1e2; %[uM~-1 s~ -1]

%reaction parameters

k2=1.7; %hls~-1]
k3=2.1e-2; %[s~-1]
k4=1.2e-2; %[uM~-1 s~-1]
k5=1e-4; %[s~-1]
D=10e-10; %[m~2/s]

r1=D_h202*dt/(dx*dx) ;
r2=D*dt/(dx*dx) ;

tmax = 10e-3; Y%the lower the time, the greater the
detail

nmax = tmax/dt;

nprint=100;

%initial conditions
t=0;

fi=zeros (Ly,Lx);
f2=cOprx2*ones (Ly,Lx) ;
f3=zeros (Ly,Lx);
f4=zeros (Ly,Lx);
f5=zeros (Ly,Lx);
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“time iteration
for it=1:nmax
gl=zeros (Ly,Lx); ’new matrix g() to include
following times
g2=zeros (Ly,Lx);
g3=zeros (Ly,Lx);
g4=zeros (Ly,Lx);
gb=zeros (Ly,Lx) ;
for i=2:Ly-1
for j=2:Lx-1
gl(i,j)=£f1(i,j)+r1*x((£f1(i+1,73)...
+f1(i-1,3)+f1(i,j+1)+f1(i,j-1)...
-4xf1(i,3j)))-ki*xdt*x£f1(i,j)...
*£2(i,j)-ka*xdt*x£f1(i,j)*£3(i,j);
g2(i,j)=£f2(i,j)+r2*x((£2(i+1,3)...
+£2(i-1,j)+£2(i,j+1)+£2(i,j-1)...
-4%x£f2(i,j))) -ki*xdt*x£f1(i,j)...
*f2(i,j)+k3*xdt*f4(i,j);
g3(i,3j)=£3(1,j)+r2*x((£3(i+1,3)...
+£3(i-1,j)+£3(i,j+1)+£3(i,j-1)...
-4x£3(i,3)))+kixdt*xf1(i,j)...
*£2(1,j)-kd*xdt*xf1(i,j)*£3(i,j)...
~k2*xdt*£f3 (i, j)+kbxdt*£f5(i,j);
gd(i,j)=£f4(i,j)+r2x((£f4(i+1,73)...
+f4(i-1,3)+f4(i,j+1)+f4(i,j-1)...
-4%xf4(i,3j)))+k2*dt*£3(1i,]j)...
-k3*xdt*f4(i,j);
g5(i,j)=f5(i,j)+r2*((£5(i+1,j)...
+£5(i-1,j)+£5(i,j+1)+£5(i,j-1)...
-4x£5(i,3)))+kd*xdt*£3(i,j)...
*£1(i,j)-k5*dt*£5(i,j);
end
end

%boundary conditions

for j=2:Lx-1
g1(1,j)=g1(Ly-1,3);
gl(Ly,j)=g1(2,3);

g2(1,j)=g2(Ly-1,3);
g2(Ly,j)=g2(2,3);
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g3(1,j)=g3(Ly-1,3);
g3(Ly,j)=g3(2,3);

g4 (1,j)=g4(Ly-1,3);
g4 (Ly, j)=g4(2,3j);

gb(1,j)=gb(Ly-1,3);
g5 (Ly,j)=g5(2,3);
end

for i=2:Ly-1
gl(i,1)=0;
gl(i,Lx)=gi1(i,Lx-1)...
+dx*(1/D_h202%*c0_h202*dV/A);

g2(i,1)=cOprx2;
g2(i,Lx)=g2(i,Lx-1);

g3(i,1)=g3(i,2);
g3(i,Lx)=g3(i,Lx-1);

gh(i,1)=g4(i,2);
gd(i,Lx)=g4(i,Lx-1);

gb(i,1)=g5(i,2);
gb(i,Lx)=gb(i,Lx-1);
end

t=t+dt

fi=gl; YJusing matrix g as initial matrix in
next iteration

£f2=g2;

£3=g3;

fa=g4d;

fb=gb;

%“plotl: concentrations in time
if mod (it ,nprint)==
figure (1)
subplot (2,2,1) ,plot(1:150,f1(25,:),...
1:150,£2(25,:)),
title ('H_20_2 and PSH')
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legend ('H_20_2"','PSH"'),

ylabel ('c_{H_20_2}, c_{PSH} [\muM]")

xlabel ('L_x [nm]")

subplot (2,2,2) ,plot(1:150,£f3(25,:),'r"'),
title ('PSOH'),

ylabel ('c_{PSOH} [\muM]"')

xlabel ('L_x [nm]"')

subplot (2,2,3) ,plot(1:150,f4(25,:),'c'),
title('PSS'),

ylabel ('c_{PSS} [\muM]')

xlabel ('L_x [nm]"')

subplot (2,2,4) ,plot(1:150,f5(25,:), 'm"'),
title('PSO_2H'"),

ylabel ('c_{PSO_2H} [\muM]')

xlabel ('L_x [nm]")

pause (0.1)

end

if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'/prova4/plotl/iteration mno.',...
num2str (it),' and t=',...
num2str(t),' s.fig']l)
end

%plot2: f1 pcolor

if mod (it ,nprint)==
figure (2)
pcolor (f1),shading interp, colorbar
xlabel ('L_x [nm]'),ylabel('L_y [nm]')
title('H_20_2 concentration')
pause (0.1)

end

if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf , [pwd, ...
'"/provad/plot2/iteration no.',...
num2str (it),' and t=',...
num2str (t),"' s.fig'])

end
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%plot3: f1 concentration
if mod(it,nprint)==
figure (3)
subplot (2,1,1) ,plot(2:Lx-1,f1(Ly/2,2:Lx-1))
title('H_20_2")
xlabel ('L_x [nm]"')
ylabel ('c_{H_20_2} [\muM]"')
subplot (2,1,2),plot(2:Ly-1,f1(2:Ly-1,Lx) "),
title('H_20_2 at membrane')
xlabel ('L_y [nm]"')
ylabel ('c_{H_20_2} [\muM]")
pause (0.1)
end

if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf , [pwd, ...
'"/provad/plot3/iteration no.',...
num2str (it),' and t="',...
num2str(t),' s.fig']l)

end

%plotd: f2 concentration
if mod (it ,nprint)==
figure (4)
subplot (2,1,1) ,plot(2:Lx-1,f2(Ly/2,2:Lx-1))
title ('PSH')
xlabel('L_x [nm]")
ylabel ('c_{PSH} [\muM]')
subplot (2,1,2),plot (2:Ly-1,£2(2:Ly-1,Lx) "),
title('PSH at membrane')
xlabel ('L_y [nm]")
ylabel ('c_{PSH} [\muM]')
pause (0.1)
end

if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'/provad/plotd4d/iteration no.',...
num2str (it),' and t=',...




74

APPENDIX A. MATLAB CODES

num2str(t),' s.fig'])

end

%plot5: f3 concentration
if mod (it ,nprint)==
figure (5)
subplot(2,1,1) ,plot(2:Lx-1,f3(Ly/2,2:Lx-1))
title ('PSOH")
xlabel ('L_x [nm]')
ylabel ('c_{PSOH} [\muM]")
subplot (2,1,2) ,plot(2:Ly-1,f3(2:Ly-1,Lx) "),
title ('PSOH at membrane')
xlabel ('L_y [nm]"')
ylabel ('c_{PSOH} [\muM]")

pause (0.1)
end
if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'/provad/plot5/iteration no.',...
num2str (it),' and t=',...
num2str(t),' s.fig']l)
end

%plot6: f4 concentration
if mod(it,nprint)==
figure (6)
subplot (2,1,1) ,plot(2:Lx-1,f4(Ly/2,2:Lx-1))
title ('PSS')
xlabel ('L_x [nm] ")
ylabel ('c_{PSS} [\muM]"')
subplot(2,1,2),plot (2:Ly-1,f2(2:Ly-1,Lx) '),
title('PSS at membrane')
xlabel ('L_y [nm]"')
ylabel ('c_{PSS} [\muM]"')
pause (0.1)
end

if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
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"/provad/plot6/iteration no."',...
num2str (it),' and t=',...
num2str(t),' s.fig']l)

end

%plot7: f5 concentration
if mod(it,nprint)==
figure (7)
subplot (2,1,1) ,plot(2:Lx-1,f5(Ly/2,2:Lx-1))
title ('PSO_2H')
xlabel ('L_x [nm]"')
ylabel ('c_{PSO_2H} [\muM]")
subplot (2,1,2) ,plot(2:Ly-1,f2(2:Ly-1,Lx) "),
title ('PSO_2H at membrane')
xlabel ('L_y [nm]"')
ylabel ('c_{PSO_2H} [\muM]')
pause (0.1)
end

if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'/provad/plot7/iteration mno.',...
num2str (it),' and t="',...
num2str(t),"' s.fig'])

end
end

save('data_problem4 .mat ')

A.5 Code problem 5

Resolving code for equations in system (2.12)):

%problem 5
clear all
close all

clc

Lx = 150; % [nm]
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Ly = 50; % [nm]
dt = 1.3e-8; %[s]
dx = 10e-9; % [m]

%#H202 parameters

D_h202=1.8e-9; %[m~2/s]
dv=1.02e-14; %[m~3/s]
A=1.3e-10; % [m~2]

cOprx2=10; %[uM], 0.01-100uM
c0_h202=10; %[uM], 0.01-100uM
kl=1e2; %[uM~-1 s~-1]

“hreaction parameters

k2=1.7; %hls™-1]
k3=2.1e-2; %ls~-1]
kd4=1.2e-2; %[uM~-1 s~ -1]
kb=1e-4; %hls~-1]
D=10e-10; %[m~2/s]
Dm=10e-12; hm~2/s]

Jmembrane parameters
epsilon=10;
kassO0=1e7;
kdisO=1e6;

r1=D_h202*dt/(dx*dx) ;
r2=Dx*dt/(dx*dx) ;
rm=Dmx*dt/(dx*dx) ;

tmax = 10e-3; %the lower the time, the greater the
detail

nmax = tmax/dt;

nprint=100;

%initial conditions
t=0;

fi=zeros (Ly,Lx);
f2=cOprx2*ones (Ly,Lx) ;
f3=zeros (Ly,Lx);
fd=zeros (Ly,Lx);
f5=zeros (Ly,Lx);
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h2=zeros(Ly,1);
h3=zeros(Ly,1);
h4=zeros(Ly,1);
h5=zeros(Ly,1);

htime iteration

for it=1:nmax
gl=zeros(Ly,Lx); %new matrix g() to include

following times

g2=zeros (Ly,Lx);
g3=zeros (Ly,Lx);
gd=zeros (Ly,Lx);
gb=zeros (Ly,Lx);
i2=zeros(Ly,1) ;
i3=zeros(Ly,1);
id=zeros(Ly,1);
ib=zeros(Ly,1) ;

for i=2:Ly-1

soma_k1=0;
soma_ka2=0;
soma_ka3=0;
soma_ka4=0;
soma_k4=0;
soma_kab=0;
kass=0;
kdis=0;

if i>20 && 1i<30
kass=kassO;
end
for j=2:Lx-1
membrana=0;
if j== Lx-1
membrana=1;

end

delta=0;

if j>=Lx-epsilon
delta = 1;

soma_kl=soma_kl+k1*h2(i)*£f1(i,j);
soma_ka2=soma_ka2+kass*f2(i,j);
soma_ka3=soma_ka3+kass*f3(i,j);
soma_kad4=soma_kad+kass*xf4(i,j);
soma_k4=soma_k4+k4*h3(i)*£f1(i,j);
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soma_kab=soma_kab+kass*f5(i,j);

end
gl(i,j)=£f1(i,j)+r1*x((£f1(i+1,3)...
+£1(i-1,§)+£1 (i, j+1)+£1(i,j-1)...
—4%£1(i,3))) ~ki*xdt*£1(i,j)...
*£2(1,j) -kad*dt*£1(i,j)*£3(i,j)...
+deltax(-k1/epsilon*dt*f1(i,j)...
*h2(i)-k4/epsilon*dt*f1(i,j)*h3(i));
g2(i,j)=£f2(i,j)+r2x((£f2(i+1,3)...
+£2(i-1,3)+£2(i,j+1)+£2(i,j-1)...
-4x£2(i,3j)))-ki*xdt*x£f1(i,j)...
*f2(1,j)+k3*xdt*f4(i,j)+deltax*dt...
*(-kass*f2(i,j)) ...
+kdis*dt*h2(i)/epsilon;
g3(i,j)=£3(i,j)+r2*((£3(i+1,j)...
+£3(i-1,3)+£3 (i, +1)+£3(i,j-1)...
-4x£f3(i,j)))+k1*xdt*x£f1(i,j)...
*f2(1,j)-kd*xdt*£f1(i,j)*£3(1i,3)...
-k2*dt*£f3(1i,j)+kb*xdt*£f5(i,j)...
+deltaxdt*x(-kass*£f3(i,j))...
+kdis*dt*h3(i)/epsilon;
gd(i,j)=£f4(i,j)+r2x((£f4(i+1,3)...
+f4(i-1,3)+f4(i,j+1)+f4(i,j-1)...
-4%xf4(i,3)))+k2*dt*£3(1i,j)...
-k3*xdt*f4(i,j)+deltax*dt...
*(-kass*f4(i,j))...
+kdis*dt+*h4 (i) /epsilon;
g5(i,j)=£5(i,j)+r2*((£5(i+1,j)...
+£5(i-1,3)+£5(i, j+1)+£5(i,j-1)...
-4x£5(i,3)))+kd*xdt*£3(i,j)...
*f1(i,j)-k5*dt*f5(i,j)+delta*dt...
*(-kass*f5(i,j))...
+kdis*dt*h5(i)/epsilon;
end
i2(i)=h2(i)+rm*(h2(i+1)+h2(i-1) -2*h2(1i))...
-kdis*dt*h2(i)+soma_ka2x*dt...
-soma_kl/epsilon*dt+k3*h4 (i) *dt;
i3(1)=h3(i)+rm*(h3(i+1)+h3(i-1)-2*h3(i))...
-kdis*dt*h3(i)+soma_ka3*dt...
-k2*xdt*h3 (i) +k5*dt*h5(i)...
+soma_kl/epsilon*dt-soma_ka4/epsilonx*dt;
i4(i)=h4(i)+rm*(h4 (i+1)+h4(i-1) -2*h4(i))...
-kdis*dt*h4 (i) +soma_ka4dx*dt...
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+k2*dt*h3 (i) -k3*xdt*h4 (i) ;
i5(i)=h5(i)+rm*(h5(i+1)+h5(i-1) -2*h5(i))...

-kdis*dt*h5(i)+soma_kabx*dt...

-k5*dt*h5(i)+soma_k4/epsilonx*dt;

end ;
%boundary conditions

for j=2:Lx-1
gl(1,j)=g1(Ly-1,3);
gl (Ly,j)=g1(2,3);

g2(1,j)=g2(Ly-1,3);
g2(Ly,j)=g2(2,3);

g3(1,j)=g3(Ly-1,3);
g3(Ly,j)=g3(2,3);

gd(1,j)=g4(Ly-1,3);
g4 (Ly,j)=g4(2,3);

gs(1,j)=g5(Ly-1,j3);
gb(Ly,j)=g5(2,3);
end

for i=2:Ly-1
g1(i,1)=0;
gl(i,Lx)=g1(i,Lx-1)...
+dx*(1/D_h202*c0_h202*dV/A);

g2(i,1)=cOprx2;
g2(i,Lx)=g2(i,Lx-1);

g3(i,1)=g3(i,2);
g3(i,Lx)=g3(i,Lx-1);

gd(i,1)=g4(i,2);
g4(i,Lx)=g4(i,Lx-1);

gh(i,1)=g5(i,2);
gb(i,Lx)=gb(i,Lx-1);
end
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t=t+dt
fi=gl; ‘using matrix g as initial matrix in
next iteration
£f2=g2;
£3=g3;
fa=g4;
£f5=gb;
h2=i2;
h3=1i3;
h4=i4;
h5=i5;

%plotl: concentrations in time
if mod(it,nprint)==
figure (1)
subplot (2,2,1) ,plot(1:150,f1(25,:),...
1:150,£2(25,:)),
title('H_20_2 and PSH')
legend ('H_20_2"','PSH"),
ylabel ('c_{H_20_2}, c_{PSH} [\muM]")
xlabel ('L_x [nm]"')
subplot (2,2,2) ,plot (1:150,f3(25,:),'r"'),
title ('PSOH'),
ylabel ('c_{PSOH} [\muM]"')
xlabel ('L_x [nm]"')
subplot (2,2,3) ,plot(1:150,f4(25,:),'c"'),
title ('PSS'),
ylabel ('c_{PSS} [\muM]')
xlabel ('L_x [nm]")
subplot (2,2,4) ,plot(1:150,£f5(25,:),'m"'),
title('PSO_2H'),
ylabel ('c_{PSO_2H} [\muM]"')
xlabel ('L_x [nm]")
pause (0.1) ;
end

if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'/provab/plotl/iteration no.',...
num2str (it),' and t=',...
num2str(t),' s.fig'])
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end

%plot2: f1 concentration
if mod (it ,nprint)==

figure (2)

subplot (2,1,1) ,plot(2:Lx-1,f1(Ly/2,2:Lx-1))

title ('H_20_2")

xlabel ('L_x [nm]"')

ylabel ('c_{H_20_2} [\muM]")

subplot (2,1,2),plot(2:Ly-1,f1(2:Ly-1,Lx) "),
title('H_20_2 at membrane')

xlabel ('L_y [nm]")

ylabel ('c_{H_20_2} [\muM]"')

pause (0.1) ;
end
if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
"/provab/plot2/iteration no.',...
num2str (it),' and t=',...
num2str(t),' s.fig'])
end

%plot3: f2 concentration
if mod (it ,nprint)==

end

figure (3)

subplot (2,1,1) ,plot(2:Lx-1,f2(Ly/2,2:Lx-1))

title('PSH')

xlabel ('L_x [nm]"')

ylabel ('c_{PSH} [\muM]')

subplot (2,1,2),plot(2:Ly-1,£2(2:Ly-1,Lx) "),
title ('PSH at membrane')

xlabel ('L_y [nm]")

ylabel ('c_{PSH} [\muM]')

pause (0.1) ;

if mod(it,5e4)==0 | it==nprint | it==nmax

saveas (gcf, [pwd, ...
"/provab/plot3/iteration no.',...
num2str (it),' and t=',...
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num2str(t),' s.fig'])
end

%plotd: £3 concentration
if mod (it ,nprint)==
figure (4)
subplot(2,1,1),plot(2:Lx-1,f3(Ly/2,2:Lx-1))
title ('PSOH")
xlabel ('L_x [nm]")
ylabel ('c_{PSOH} [\muM]")
subplot (2,1,2) ,plot(2:Ly-1,f3(2:Ly-1,Lx) "),
title('PSOH at membrane')
xlabel ('L_y [nm]"')
ylabel ('c_{PSOH} [\muM]')

pause (0.1) ;
end
if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'"/provab/plot4/iteration no.',...
num2str (it),' and t=',...
num2str(t),"' s.fig'])
end

%plotb: f4 concentration
if mod(it,nprint)==
figure (5)
subplot(2,1,1),plot(2:Lx-1,f4(Ly/2,2:Lx-1))
title ('PSS')
xlabel ('L_x [nm]")
ylabel ('c_{PSS} [\muM]"')
subplot (2,1,2),plot(2:Ly-1,f2(2:Ly-1,Lx) "),
title('PSS at membrane')
xlabel ('L_y [nm]"')
ylabel ('c_{PSS} [\muM]"')
pause (0.1) ;
end

if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'/provab/plots/iteration no."',...
num2str (it),' and t=',...
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num2str(t),"' s.fig'])
end

%plot6: f5 concentration
if mod (it ,nprint)==
figure (6)
subplot (2,1,1) ,plot(2:Lx-1,f5(Ly/2,2:Lx-1))
title ('PSO_2H")
xlabel('L_x [nm]"')
ylabel ('c_{PSO_2H} [\muM]")
subplot (2,1,2),plot(2:Ly-1,£2(2:Ly-1,Lx) "),
title('PSO_2H at membrane')
xlabel ('L_y [nm]")
ylabel ('c_{PSO_2H} [\muM]"')

pause (0.1) ;
end
if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
"/provab/plot6/iteration no.',...
num2str (it),' and t=',...
num2str(t),' s.fig'])
end

%f1 pcolor

if mod (it ,nprint)==
figure (7)
pcolor (f1) ,shading interp,colorbar
xlabel('L_x [nm]'),ylabel('L_y [nm]')
title('H_20_2 concentration')

pause (0.1) ;
end
if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf , [pwd, ...
'/provab/pcolor/fl/iteration no.',...
num2str (it),' and t=',...
num2str(t),' s.fig']l)
end

%f2 pcolor
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if mod (it ,nprint)==
figure (8)
pcolor (f2) ,shading interp,colorbar
xlabel('L_x [nm]'),ylabel('L_y [nm]"')
title ('PSH concentration')

pause (0.1);
end
if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
'/provab/pcolor/f2/iteration no.',...
num2str (it),' and t=',...
num2str(t),' s.fig'])
end

%#£3 pcolor

if mod (it ,nprint)==
figure (9)
pcolor (£3) ,shading interp,colorbar
xlabel ('L_x [nm]'),ylabel('L_y [nm]')
title ('PSOH concentration')

pause (0.1);
end
if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
"/provab/pcolor/f3/iteration no.',...
num2str (it),' and t=',...
num2str(t),"' s.fig'])
end

%f4 pcolor

if mod(it,nprint)==
figure (10)
pcolor (f4) ,shading interp,colorbar
xlabel('L_x [nm]'),ylabel('L_y [nm]"')
title('PSS concentration')
pause (0.1) ;

end

if mod(it,5e4)==0 | it==nprint | it==nmax
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saveas (gcf, [pwd, ...

'/provab/pcolor/f4/iteration no.',...

num2str (it),' and t="',...
num2str(t),"' s.fig'])
end

%#f5 pcolor

if mod(it,nprint)==
figure (11)
pcolor (£f5) ,shading interp,colorbar
xlabel('L_x [nm]'),ylabel('L_y [nm]"')
title ('PSO_2H concentration')

pause (0.1);
end
if mod(it,5e4)==0 | it==nprint | it==nmax
saveas (gcf, [pwd, ...
"/provab/pcolor/f5/iteration no.',...
num2str (it),' and t=',...
num2str(t),' s.fig']l)
end

end

save('data_problemb5.mat')
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