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Abstract

The motivation of this work originated from the interest in understand-
ing viral adsorption phenomena from a physical perspective, particu-
larly in systems involving anisotropic particles such as bacteriophages.
When suspended in a fluid, bacteriophages interact with bacterial sur-
faces through a combination of hydrodynamic effects, steric constraints,
and anisotropic surface affinities. Therefore, their adsorption and align-
ment on cellular membranes are governed not only by biochemical
interactions but also by fluid-mediated transport and orientation pro-
cesses.

To capture these features, we developed a coarse-grained model com-
posed of anisotropic dimers embedded in a dissipative fluid. The dimers
represent elongated viral particles, where anisotropy is introduced through
interaction asymmetry between the two components. Bacterial surfaces
were represented by granular walls, which allow control of physical
characteristics such as roughness and affinity distribution. The con-
struction of the model is intentionally general: although motivated by
phage—bacteria interactions, it can be tuned to reproduce other physi-
cal systems that share similar geometric constraints, adsorption mecha-
nisms, or anisotropic interactions.

Dissipative Particle Dynamics (DPD) was selected as the simulation
method due to its ability to simultaneously reproduce hydrodynamic
behavior, excluded-volume interactions, and mesoscale thermal fluctu-
ations. Within this framework, we performed systematic studies on the
effects of wall morphology, surface affinity, hydrophobicity on dimer
adsorption and an analysis of the orientational behavior of the dimers
was conducted, revealing how hydrodynamic conditions and heteroge-
neous surface affinities influence the system.
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Chapter 1

Introduction

In this chapter, we will present the motivation behind this project and
outline the key concepts necessary for understanding it. Before delv-
ing into the physics, we begin by discussing the biological relevance of
bacteriophages and their nature. We then address the mechanisms by
which viruses, particularly bacteriophages, infect bacteria, and explain
why this phenomenon is central to our study. Following this, we de-
scribe the modeling framework used to approach the physical aspects
of the problem, including the relevant theoretical background. We re-
view previous studies and the current state of the art, highlighting the
existing gaps in knowledge. Our specific contributions to the under-
standing of this biophysical problem are also introduced. Finally, we
conclude with a summary of the chapter and outline the key ideas that
will guide the rest of the work.

1.1 Bacteriohages

The bacteriophages (phages) are viruses that infect bacteria. It was dis-
covered at 1915 by the physician Frederick Twort and the microbiol-
ogist Felix d’Herelle [1, 2]. The phages are a biological entity very
relevant for the science. Thanks to its behaviour, they have a lot of po-



tential. They are the most abundant biological entities on Earth [3]. At
this moment, we host around trillion of phages in intestinal flora.

The bacteroiphage was widely studied but, it is estimated that there
are tens of millions of phage species in nature [4]. At GenBank have
listed around 1500 phage genomes and the most of them are not been
studied. This means that the bacteriophages are very diverse, because
they might have different size of capsid, different lenght of tail, some
even have no tail. So much that the RNA cointained in each phage is
very diverse too.

The bacteriophage plays an important role for nature, its behavior
as bacteria killer become relevant because with that, the phage controls
the bacteria population at enviroments that if they were not there, there
would be unpleasant consequences like the bacteria population at the
ocean [5]. Many of them infect different types of bacterias like Es-
cherichia coli, Salmonella, Straphylococcus, etc.

The human is always learning of nature to develop new technolo-
gies and solve current problems. One of the current and most important
problem in the healt industry is the antibiotic-resistant bacteria (super-
bacteria). Due to the improper use of antibiotics therefore, the World
Health Organization (WHO) declared that the superbacteria will be a
big problem for the human health [6]. Therefore, it becomes a relevant
subject to study, Many studies have proven that the phages are a viable
solution for this problem [7], in nature, the phages help to controls the
bacteria populations even in our microbiota. We can take advantage of
this property and use bacteriophages as a tool to combat bacteria re-
sponsible for severe diseasess or antibiotic-resistant infections.



1.2 Infection

The morphologic structure of bacteriophage will be discussed with de-
tail in section 3.1. For now, we will comment quickly that phages are
conformed (generally) by a icosahedral capsid, a cylinder, a baseplate
and long-tail fibers attached to the baseplate. Phages are viruses and
they do not have self motility, its movement is due to thermal fluctua-
tions [8] and another physical interactions like electrostatic forces [9].

With this kind of movement, they are able of move towards the sur-
face of some bacteria. They can conect its long-tail fibers to proteins
on the surface and looking for a region to infect. Once phage finds the
right place, it proceeds to infect, contracting its cylinder to use it like a
syringe to inject its RNA into a bacterium and uses it as a replicant [10].

Our interest does not lie in modeling the full infection process, but
specifically in the mesoscale regime during which the phage approaches
the bacterial cell wall in search of an infection site.

1.3 Modeling background

Studies have been conducted on the encounter rates between phages and
bacteria, such as in ref. [8], where phages are modeled using Brown-
ian dynamics and bacteria are treated as active particles. As noted in
ref. [8], it is reported that the properties of the surrounding fluid af-
fect the diffusion of the phage. A similar study has been done in our
research team focused in collective behaviors [11]. Additionally, stud-
ies on mixtures of active and passive particles have been carried out
[12], which are particularly relevant to this project due to the similarity
with such systems. Moreover, within the same research group, stud-
ies have been performed with mixtures of brownian particles and active
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particles, where diffusion was analyzed by varying the concentrations
of both Brownian and active particles [13].

The use of computational simulations is particularly relevant due to
their great potential for reproducing these systems. Much of the current
understanding of phages has been achieved thanks to simulations, as is
also the case for the infection processes such as ref. [14].

1.4 Contribution

In the aforementioned studies, the anisotropy of the bacteriophage is not
taken into account. It is typically modeled as a single particle. However,
it 1s evident that infection occurs via the tail structure. Therefore, the
orientation with which the phage approaches the cell membrane may
influence the infection dynamics.

In this project, we develop a DPD (Dissipative Particle Dynamics)
model that explicitly accounts for this anisotropy. In contrast to previ-
ous studies, our approach focuses specifically on the timescale in which
the phage is searching for attachment to the bacterium in order to initi-
ate infection.

The motivation for using DPD in this work lies in one of our key
contributions: analyzing the hydrodynamic interactions in the system
and evaluating their influence on the adsorption dynamics.

1.5 Conclusions

In this chapter, we introduce the motivation given by bacteriophage in-
fection, emphasize the relevance of their anisotropy, and discuss some



of the previous work carried out within our research group. As well as
our contributions to the current understanding of these phenomena.. It
1s important to emphasize that, despite the specific motivation of this
work, the developed system is general. It consists of particles interact-
ing with each other through interaction potentials. Therefore, the model
can be adapted to other physical systems, such as surfactants, Janus col-
loids, etc.
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Chapter 2

Theory

During the last century the scientists have been developed simulations
methods to simulate the fluid as we said before. In this section we are
going to discuss about the methods used in this project. For example
how do we integrate the equations of motion, how do we model real
system. In particular we will talk in section 2.3 about the model of
Dissipative Particle Dynamis with more details. Finally, to be more
specific, we discuss how do we compute the equations of motion of this
model with the package LAMMPS in C++.

2.1 Molecular Simulations

In the reference [15] says that if we could have phisicists in a closed
room, without contact to the exterior, the unique contact is the four
walls of concrete, with sufficient time they could discover many incog-
nits about the vanguard phisics like, quantum physics, electrodynamics,
etc. However one thing that they could not discover, is the liquid phase.
The fluids has a enigmatic behaviour and is very difficult to describe
its nature. Boltzman [16, 17] says that if we have the exact position of
each particle that conforms the fluid, we could describe the movement
resolving the equations of motion. However it is unfeasible, given that
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the number of particles involved would be on the order of Avogadro’s
number. Therefore, through the history the phisicists have developed
methods with the help of the computers, making codes to resolve the
motion and the case of the ergodic hipothesis.

In some cases is very difficult or impossible to get a exact solution
for a problem, for example a 3-body interaction. If we want to simulate
physical systems like a fluid, is necessary to use many more particles
therefore. Introducing an additional component to the fluid, such as
dimers, would render an analytical solution for this system unfeasible
at the relevant scales. Using computing simulations we can modelate
the system with a certain precision and statistical error.

The computing simulations can be used as a way to prove a theory,
i.e. a computer experiment, comparing the results of the simulation and
the analytical solutions of the theory. Another way to use the computing
simulations is comparing the results of simulations with the real experi-
mental data, in the simulation we can to define the pair potential for the
particles, and we can estimate the interaction potential for the real case.
With all that said, we can put the computing simulations at the interface
between theory and experiments.

2.2 Mesoscopic Methods

As we know, something important in Physics are the scales, the scales
make a difference between various areas of Physics, like quantum, nu-
clear, atomic, molecular and even cosmic physics. One particular scale
is the mesoscopic scale, this scale help us to resolve phenomena be-
yond the atomistic resolution, talking in the context of the International
System of Units, around the nanometers.
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Figure 2.1: Physical systems together with their corresponding spatial scales, in-
cluding bacterias, chromosomes, proteins, etc.

The mesoscopic scale is defined in space and time. In the space re-
gion is defined from 10-10* nm or, 1078-107> m as you can see in figure
2.1. With respect to timescale, the mesoscale is defined from 1-10° ns
[18].

We can study physical systems like fluids as we saw in the past sec-
tion, we can use continuum theories as Navier-Stokes to describe from
a macroscopic approach. However, most of the time there are not ana-
lytical solutions for this approach. The most common alternative is to
see the problem with an atomic approach to solve the dynamics for each
particle.

To resolve a system within atomistic scale usually works, but it cost
a lot of computing resources, being very difficult to study the system

and sometimes imposible due to the computing time. At this moment
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the use of mesoscopic methods becomes relevant, we can use particles
that represents a segment of a field (like a fluid) and it cost less comput-
ing resources but, using a discrete method.

With the statistical physics we can study the system as interacting
particles, compute averages over the ensembles and recover the macro-
scopic behaviour as we will see in the next section with the Dissipative
Particle Dynamics method.

2.3 Dissipative Particle Dynamics

In the world of the computational simulations there are many different
methods to simulate complex fluids, one of these is the dissipative parti-
cle dynamics (DPD). This method consists in beads that each DPD bead
represents a segment of the fluid, where the interaction is pairwise, me-
diated by three types of forces. The dynamics are given by the Newton
equation ,
der;

F; = mi— o (2.1)
The net force on a i-th particle is given by the sum of the three types of
forces produced by the rest of particles in a cutoff radius r, as follow.

_ C . gD . RR
Fi(r) = > (F§+ )+ FF). (2.2)
i#]
The three forces are the following
c Clr g
K = a;jw™ (riptij,
D D . .
Fii = —yw”(rij)(F;; - vij)Eij, (2.3)
R R o
Fjj = 0w (”ij)fijl‘ij,
where they are a conservative force Fl.Cj, a dissipative force Fg and a
random force Ffi. due to the thermal effects. Where r;; = r; —r;. a;; is

14



the amplitude of the conservatice force, when r; = r; the value of the
conservative force is equal to a;; being the maximum. The term vy is the
friction coefficient and o the amplitude of the noise.

Also in the equations 2.3, w (ri;), wP(r;;), wR(r;j) are the weight
functions with the following relations

rij
c - — r,-j<rc
w-(rij) = Te ,
0 FijZI’C

2
.
2 I - i) rii < e
W (i) = || = ( re e (2.4)
0 rij > re

The term §;; 1s a Gaussian noise, satisfying the following properties
<fij(f)> =0, (2.5)

<§ij(l)§kl(t')> = (00 j1 + 010 j1)0(t — 1').
With this all considerations, it is possible to get a stochastic differential
equation for the i-th particle following the procedure in ref [19].
dr?
dté dt = Z Cl,‘jwc(l’,‘j)f'ijd[
J#i
-y Z WP (rij)(#ij - vij)kidt (2.6)
J#i
+0 Z a)R(rij)f’ideij,

J#i

m;

where dW;; 1s an independent increment of the Wiegner process. Con-
sidering the evolution of the probability density p(r, p; ) and using It0’s
rule, Espafiol and Warren derived the Fokker-Planck equation, it de-
scribes the temporal evolution of the distribution function p(r, p;t) of

15



the position and momentum of the particles.

dp(r, p; 1)
ot
where L¢ is the Liouville operator of the Hamiltonian system interact-

= Lcp(r, p;t) + Lpp(r, p; 1), (2.7)

ing with conservatives forces, Lp is an operator with second derivatives
and dissipative and random terms. If the dissipative and random force
are turn off, they obtain the Gibbs-Boltzmann distribution in the canoni-
cal ensemble. Then, turn on the dissipative and random force. To derive
the Navier—Stokes equations, it is necessary to enforce momentum con-
servation. To satisfy this requirement, Espafiol and Warren concluded
that is necessary to choose the following propertie along with 2.4

o2 = 2yKgT, (2.8)

in addition to that the noise being symmetric &;; = &j; to satisfy that the
equilibrium distribution won’t move away from the equilibrium Gibbs-
Boltzmann distribution when you turn on the dissipation and noise.

2.4 High-Performance Computing

As we seen in the previous section, DPD is a simple model. However,
it 1s necessary to perform computational calculations involving a large
number of particles over extended periods of time, which would require
a significant amount of computational resources. We opt for using par-
allel programming to concentrate our efforts to analize and make codes
to compute observables and parameters to caracterize the system.

The parallel programing is a paradigm where the proces of a pro-
gram is not carried out linearly, the task is divided into smaller subtasks,
each subtask 1s carried out simultaneously and indepentently in a differ-
ent processing unit, therefore it is necessary to use multiple CPU cores.

16



In our laboratory we use parallel programming on multi-core CPUs
using threads, however recently we use communication between multi-
ple processes acrooss different nodes thanks the acces to the supercom-
puter "Miztli” from National Laboratory for High-Performance Com-
puting (LANCAD by its acronym in spanish) belonging to UNAM. Ad-
ditionally, access was granted to the high-performance computing clus-
ter at the Center for Research in Mathematics (CIMAT by its acronym
in spanish), providing essential computational resources for the study.

Miztli belongs to the fifth generation of supercomputing at UNAM.
Its name means “big feline” in the native lenguage, Nahuatl. This su-
percomputer is conformed of 332 servers and a storage system of 750
Terabytes. With a total of 5312 processing cores and a capacity pf 118
Teraflop/s and 16 NVIDIA M2090 GPUs. It has capacity of 23 Ter-
abytes in RAM Memory. It uses RedHat Enterprise Linux as operating
system.

It is important to note that a considerable amount of time would be
required to parallelize our codes. Therefore we use LAMMPS as tool to
carry out our simulations. LAMMPS means Large-Scale Atomic/Molecular
Massively Parallel Simulator [20]. It is a classical molecular dynamics
code. We use it by its power in soft matter and coarse-grained systems.
LAMMPS runs in parallel using message-passing techniques as MPIL.
Message Passing Interface (MPI) is the most commonly used frame-
work in supercomputing. Within molecular dynamics simulations, each
node calculates local forces and communicates the positions of parti-
cles at the domain boundaries. LAMMPS is a very complex code, with
many different options, modifying each parameter. Moreover,, it in-
cluded many different potentials.
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To use LAMMPS, you need to write an input script to be executed
line by line. In [21] you can know the typical structure for a input script:

e Initialization Settings: Dimensions, units, boundary conditions,
type of particles, etc.

e System Definitions: Length of the box, masses, initial conditions,
etc.

e Simulations settings: Force field for each type of particle.
e Simulation execution: Time steps, iterations, etc.

You cand find in LAMMPS many different packages to use according to
your needs. To our project, the most important package is DPD-BASIC,
containing the basic tools to use DPD simulations. Additionally, the
MOLECULE package was employed, as it enables the construction of
larger molecules formed by multiple particles.

2.5 Conclusions

With the previous text we see that the molecular simulations are rele-
vant to study systems with many particles and to recover macroscopic
behavior. We can use a mesoscopic method like Dissipative Particle
Dynamics to recover the hydrodynamics of the system. We opt for us-
ing the LAMMPS code to focus on the calculation of observables.

18



Chapter 3

Model and Characterization Tools

As we said in section 2.2 the mesoscopic model is very useful in molec-
ular simulations, therefore in this section we describe how do we make
the model of the phages and cell membrane using a mesoscopic model
and how do we implement to our system. We will also talk about the
tools we used to analyze the simulations, calculate observables and car-
acterize the system.

3.1 Phage Model

There are many different types of bacteriophages, there are phages with
a long tail, short tail, even without tail. The tail can be crontractile or
non-contractile. Therefore we will generalize the model to a ’standard
model”, the most abundant phage and the most studied is the Bacterio-
phage T4.

The phage T4 has a icosahedral capsid (head) with 115 nm-long and
85 nm-wide, the capsid is built mainly of proteins [22]. The capsid
has a radial distribution density as you can see in figure 3.1, where the
concentration of mass is at the perimeter of the capsid, the concentric
layers into the capsid are the folded genomic DNA.
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Figure 3.1: Density map of T4 capsid, the high-density regions are darker. As inset
plot, the radial distribution density of capsid. Figure extracted from ref. [22].

With respect to the tail, it is conformed by two concetric protein
cylinders, the neck, the baseplate and the long-tail fibers. It is a contrac-
tile tail with 100 nm-long and 21 nm-diameter. At the end of cylinders
has the baseplate [23].

It has six fibers conected to the baseplate called long-tail fibers. As
first step, the phage use this fibers for the attachmente to a bacteria
being an adsorption devices [24]. This fibers are 145 nm-long and 4
nm-diameter [25].

— baseplate

Figure 3.2: a) Extended tail with baseplate. b) Extended tail with baseplate and
neck. c¢) Contracted tail with baseplate and neck. Figure extracted from [26]

With all these considerations we can model the bacteriophage as two
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sections. One bead for the capsid, to modify the interactions due to the
high mass density and a second bead considering the tail including the
base plate and the fibers to modify the interactions due to the contractile
tail and the fibers used as adsorption devices. As you can see in figure
3.3

arame im
mman

Figure 3.3: Figure of bacteriophage T4 and our DPD model with two beads. Purple
bead corresponding to the capsid. Green bead corresponding to tail, baseplate and
fibers. Figure taken from ref [10]

The two particles of the dimer are connected by a harmonic bond,
where K is the harmonic constant, r;, and r, are the position of the head
(purple bead) and the tail (green bead). While [ is given by [y = |rj, —
r,°>. The harmonic force is given by

r, —r
F(r) = K (Iry — 1| — lo) —~. (3.1)
Ir, — 1/l

3.2 Wall Model

As we said previously, the motivation arised by trying to understand the
interaction between cell membrane and phages. Then, it is necessary to
build a cell membrane, however we are aware that the cell membrane is
very complex. Basically, the cell membrane is built with phospholipid
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molecules, they are amphiphilic molecules, where the hydrophobic side
joins in a bilayer, leaving the hydrophilic side on the outer zone.

This bilayer is the basis for the membrane, as we know, is very complex
and it can have inset proteins as you can see in figure 3.4.

b =

Figure 3.4: Representation of cell membrane where the balls with two chains repre-
sent to phospholipids and the large structures represent to proteins in the membrane.

The membrane can have more components like polysaccharides from
biofilms, etc. But, we will only consider the proteins. This is because
the phage can interact with the cell thanks to the proteins [24]. The
size of bacteria is around 1um, one order of magnitude of difference
to the phage [8]. Therefore we will model our cell membrane as a ex-
plicit wall, with DPD-beads forming a square lattice, DPD-beads take
effectively the rest of components, another class of DPD-beads will be
assigned to represent the proteins and other components responsible for
producing an effective affinity toward the phage.

Important to remark, we can use an implicit wall, but if we want
to add the affinity zones, is more difficult modify the wall potential,
therefore, if we use a explicit wall, we easily can use as many types of
beads as we want to build a heterogeneus wall.

3.3 Tools

In this subsection we describe the tools used to work with this project,
looking for caracterize our system, we were searching what was the
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more relevant observable to get information about the system.

3.3.1 Mean Square Displacement

Our first tool to measure is the mean square displacement, this parame-
ter consist in a function of 7 and is the difference between the position of
the i-th particle at time zero and its position at time ¢, then we compute
the mean of all particles as we can see in the following equation

MSD = % Z Ir;(£) — r;(0)[% . (3.2)

With this measure we can quantify the mean of displacement of par-
ticles from their initial position. As you can see in ref. [27] We can
calculate the time correlation function for r(¢) at m dimensions and its
related transport coefficient D as follow

|
D=—
m

f (F(01:(0))dt, (3.3)
0
using integration by parts, considering at large r we can get
1
2tD = — (Iri(t) — ri(0)F), (3.4)
m

finally we have the relation used to compare our MSD results of simu-
lations and the proportionality to ¢ and the diffusion coefficient.

MS D = 2mDt (3.5)

3.3.2 Orientational Order Parameters

Another useful measurements in this project are the orientational order
parameters. When we have anisotropic particles we can define a vector
n associated to the orientation of the particle, like a dipole. As first
parameter we have the Polar-Order, that consist in a sum of vectors
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of each dipole and we compute the temporal mean. This parameter
was used since Born [28] to study the transient states of nematic liquid

NA.
Op = <|Z;vnl

In this system we have a wall, the interaction between our anisotropic

crystals.

>. (3.6)

particles and the wall is very important because if the purple bead touch
the wall there is not a infection by the phage, it must touch the wall
with the green bead to consider the posibility of infection. Then we will
consider a orientation with respect to the wall, we call it Wall-Order and
it is defined as the following equation

Na |
0WZ<;L%_EX' 3.7)

Where w is the normal vector of the wall.

@

@D

Figure 3.5: Snapshoot of a dimer adsorbed by the wall, the vector f with the direc-
tion tail-head and the vector w being orthonormal to the wall.
3.3.3 Adsorption Isotherms

Once the density profile p(y) is computed, which consists of a histogram
along the y-coordinate using spatial bins and calculating the tempo-
ral average, we can obtain the adsorption isotherm using the following
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equation:
L
T(pp) = fo [ - py] dy, (3.8)

where p; is the value of the density profile in the bulk and L is the
length of the box of simulation. Alternatively, we can define the follow-
ing absolute adsorption, I',,,. Both definitions provide complementary
insights for the experimental characterization of the adsorption process.

AL
Cass(00) = fo )y, (3.9)

where AL is the lenght of the gap considering the adsorbed particles.
It 1s important to highlight that we just consider the first layer on the
density profile, considering that the rest of layers are consequence of
the adsorption of dimers over themself.

3.4 Conclusions

As you saw, the biological systems are very complex and they have
many components that we can model. As you know in physics we usu-
ally do aproximations, then we can do a first or a second aproximation
and see what happens. It is important to emphasize that, we will use a
simulation box with a very general structure, therefore it can be applied
to another systems with similar features. We know that could be very
difficult to understand this specific biological system, therefore we can
see this work as a study of fundamental science of a general system of
dimers embbeded in a fluid between heterogeneus walls.
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Chapter 4

Benchmarking

To ensure that the tools, models, and software packages are working
correctly, we have compared with known results of another studies, as
benchmarking. Once we can reproduce previous results, we are able
to predict phenomena that we are interested on it. We start to modify
from this benchmarking the models and to develope more complicate
problems.

4.1 DPD in LAMMPS

To test that LAMMPS is working properly, we have used results of ref.
[29] as benchmarking. Groot and Warren systematically studied the
timestep in DPD simulations to identify the regions of stability and en-
sure the correct reproduction of thermodynamic properties. They also
examined the pressure of the fluid and its relationship with the repul-
sion parameter a. Furthermore, they investigated the interfacial tension
between homopolymer mixtures and the Flory—Huggins model param-
eter. We will focus only on try to reproduce figure 1, 3 and 4 of their

paper.

Using the equation 0> = 2yKpT (explained in section 2.3) Groot
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and Warren studied the equilibrium of the temperature with different
methods, like Euler method and a modified version of the Verlet algo-
rithm [27]. We replicate the figure 1 from [29] with the Verlet method.
With a simulation box of size 10x10x10 (with units rg’), conservative
parameter a = 25 and viscosity parameter y = 4.5 to have o = 3 that
is the same system used by Groot and Warren. LAMMPS compute the
temperature with the following equation

2E;

KBT = ,
nN —n — NDOF

4.1

where E is the total kinetic energy of the atoms, 7 is the dimentionality
of the simulation, N is the number of atoms and Npor 1s the number
of degrees of freedom removed in the simulation [20]. We carried out
simulations with the modified Verlet algorithm as follows

ri(f + At) = ri(f) + Arvi(2) + %(At)zFi(z),

Vi(t + Ar) = v;(1) + AATF;(¢),

4.2)
Fi(t + At) = F;[r(t + A1), v(t + Ar)],

vi(t + Ar) = vi(2) + %At[Fi(t) + F;(t + Ap)].

Where the usual version of Verlet method is recovered for A = %, this 1s
the value selected for the variable factor A for the rest of simulations. In
this section we study the fluctuation of temperature for different values
for A. Starting the simulation with KT = 1 we analyzed the variation
of the temperature as the simulation runs. The temperature is calculated
by (E}) in the long-time limit, and the results are presented in figure 4.1.
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Figure 4.1: KzT — 1 as a function of timestep with p = 4 and 4 values for A. For
A = 0.65, the deviations are on the order of Kz7T — 1, which makes them appear
significantly larger when represented on a logarithmic scale.

In figure 4.1 you can see that up to Ar = 0.4 the temperature incre-
ment is low and acceptable. Obtaining the same results of the paper.
Thus, LAMMPS reproduces expected results in terms of integration of
equations of motion. It can be seen that for short timesteps, i.e., below
At = 0.01, the temperature fluctuations remain unchanged.

Now in the same simulation box and the same DPD parameter we

carry out simulations with different densities, where p € [0.1,6.0]. We

P—pKpT
a

in figure 4.2 to reproduce the equations of state of DPD as in reference

[29].

compute the time average of excess pressure for each p and plot
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Figure 4.2: Excess pressure as a function of density with a quadratic adjustment.

The pressure is compute as the following equation using the virial
theorem

) 1
P = pKpT + ?ﬂpzf rf(rg(rridr, (4.3)
0

where we can compute just the equation (4.4) from the figure 4.2. g(r)
is the radial distribution function and f(r) is the conservative force of
DPD.

1 p—
23—” fo rf(rg(ryr’dr = % (4.4)
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Figure 4.3: Excess pressure as a function of density divided by ap?.

Using the numerical results from 4.2 divided by ap? we get the figure
4.3. If we aim to recover the equation of state of DPD, then expression
(4.4) must remain constant in order to ensure the proportionality of the
integral to the parameter a from (2.3). As a conclusion, we need to use
a p > 2 to obtain a excess pressure proportional to p> with a maximum
error of 10%. Therefore we can use an aproximation as the following
equation

P = pKgT + aap2 4.5)
where « is a constant with value @ = 0.101. As you can see, we ob-
tained a good agreement with Groot and Warren, therefore we can use
LAMMPS knowing that it is working well.

4.2 Explicit Walls in LAMMPS

When we are working with bounded systems by walls, we can imple-
ment it in two ways. The first is with implicit wall, we can add a force
in the system that interact with the particles in the system simulating the
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existence of a wall [30]. The second way is with a particle based wall,
with this method we add fixed DPD particles that model the wall [31],
with a specific arrangement, since they are DPD particles, they interact
with the rest of the DPD particles.

The principal differences between both ways is that, with implicit
walls we can save calculation time, while with a explicit wall we must
calculate each interaction between bulk particle and wall particle. Both
wall models have their pros and cons, with a explicit wall we have
tuning flexibility, that is to say, we can modify the wall arrangement,
the distance between the wall particles and the most important for this
work, explicit walls allow us to model heterogeneus walls easily.

In this project we opted for using a explicit wall, with a square ar-
ray. Goicochea [32] studied the adsorption isotherms of polyethylene
glycol (PEG), he has a solute conformed by seven-bead model, a chain
where each bead represents a segment of PEG, a solvent with a specific
parameter and an implicit soft wall, he studied Lennard-Jones potential
also, but only his DPD-like potential for the wall is relevant for this
project. To probe that both, our algorithm and our model is correct, we
have carried out simulations to compare with the implicit case.

Goicochea’s DPD parameters are y = 4.5 and o = 3 with a timestep
At = 0.03, a simulation box with volume L, = 5, L, = 5 and L; = 10.
The method used is Hybrid Monte Carlo in the Gran Canonical Ensem-
ble. While the parameter of the conservative force a;; are the following.
The particle interaction is 78.0 when i = j and 79.3 for i # j. While the
wall-solvent interaction is 120 and wall-solute interaction is 60.
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Figure 4.4: Snapshot of the system builded by Goicochea heptamer-like model with
implicit walls and a continuos force.

Goicochea uses a DPD-like potential for make a implicit wall, as the
following equation

F(2) = ay, (1 - Zi) (4.6)

C
where a,,; 1s like the parameter of the conservative force from DPD
model for the interaction between the wall and the rest of particles. z is
the coordinate for the axis perpendicular to the wall and z. is the cutting
distance.
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Figure 4.5: Goicochea’s plot of the adsorption isotherms extracted from [32] com-
paring the experimental results with the simulation results with the DPD-like po-
tential. I" is the adsoprtion isotherm calculated with the expresion in section 3.3.3,
[c] represents the value of the density profile in the bulk and [c]y,, and [y, are
their maximum value.

An important difference between Goicochea’s system and our sys-
tem is the wall model. He has a force orthogonal to the wall, the force
is continuos over the xy plane and along the z axis whereas, we have a
discrete force and it extends radially.
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Figure 4.6: a) Scheme of the force field used by Goicochea for the wall model, it is
continous in the plane and extends along the z axis. b) Scheme used in our system,
it is discrete in the plane and extends radially for each wall particle.

With the previous information we carried out the same system than
Goicochea to reproduce the figure 4.5 but, with explicit walls. Our first
aproximation was the following. We used a system with a heptamer-like
model and a simulation box with a volume of 10x10x10 and explicit
walls. The DPD parameters to be equal to Goicochea’s, like in table
4.1. The parameters y and o are 4.5 and 3 respectively.

a;j interaction wall solvent PEG bead

wall 78 120 60
solvent 78 79
PEG bead 78

Table 4.1: DPD parameter of the conservative force a;;.
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Figure 4.7: Left: Snapshot of the system using heptamer-like model with PEG
parameters in a simulation box of 10 and explicit walls with p = 3. color-coded
beads represents each 7-chain and the grey beads are the wall particles. Right:
Adsoprtion isotherm using the heptamer-like model with PEG parameters in a box
of 103. p, and ppx are the value of the density profile in the bulk and its maximum.

We obtained the adsoprtion isotherm that we can see in the figure
4.7. We have observed a fast adsorption just like expected by Goic-
ochea’s simulations. As chains are progressively introduced, they ad-
sorb onto the surface until a point is reached where the wall undergoes
a sudden saturation. It is important to highlight that we are interested
in dimers. Therefore, once we replicated the previous results, we opt
for study the adsorption of dimer-like model, a simulation box with a
volume of 10x10x10 and explicit walls, the DPD parameters equal to
Goicochea’s.
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Figure 4.8: Left: Snapshot of the system using dimer-like model with PEG parame-
ters in a simulation box of 10° and explicit walls with a p = 3. Blue beads represents
each 2-chain and the grey beads are the wall particles. Right: Adsoprtion isotherm
using the dimer-like model with PEG parameters in a box of 10° where here p,,
represents the value of the density profile in the bulk.

In the figure 4.8 we can see that in contrast to the previous case, at
low concentrations the dimers adsorb gradually as additional dimers are
introduced, resulting in a smoother transition to saturation. The previ-
ous results motivated a systematic study of the molecular chain length.
The corresponding adsorption isotherm is shown in figure 4.9. It can
be observed that the chain length affects the rate at which saturation is
reached in the adsorption isotherm. The different cases in figure 4.9
were compared using the same range of ethyleneglycol monomer den-
sity in order to ensure a fair comparison.
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Figure 4.9: Adsorption isotherm normalized with pp,.. and I, with different
chain length.

Results are consistently with previous results of Goicochea, more
over we have shown the effect of the chain length. Another behaviour
that we can see in the previous figures is the transition from an increase
adsorption with a zero bulk value for long chains to a flat behaviour
in the adsorption as increase the bulk. If we have a short chain you
can see a smoth curve, however if we have a long chain you can see a
fast transition to flat. In the case of monomers, adsorption exhibits a
linear increase, as it is energetically more favorable for them to remain
in the bulk. This suggests that short chains tend to stay in the bulk,
and a longer chain length is required to promote adhesion. We made
simulations with boxes of 5x5x10 like Goicochea, however we have
problems, it takes many time to arrive to the equilibrium system, and
computing cost. Alternatively it would be necessary to perform a large
number of simulations in order to obtain statistically reliable averages.
This is because the computing time is longer if we use explicit walls
and thats the reason what Goicochea uses implicit wall.
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4.3 Fluid Flow Modeling

As we saw 1n previous sections, bacteriophages infect bacterias. Our
approach to model a motile bacteria consist in add a flow to the fluid.
This can be done easily with DPD because with this model we can re-
produce hydrodynamics interactions, then we can study the adsorption
of the virus model with and without flow. To do this, first we want
to study the basic and known cases of a fluid between walls using the
Navier-Stokes equations. However, although this cases have analytical
solutions, we have carried out simulations just with water to reproduce
this solutions using the DPD model as a benchmarking.

4.3.1 Navier-Stokes equations

As in many areas of physics, conservation laws are employed, in this
case, the conservation of mass. A decrease in fluid mass at a given point
in space implies that the mass has been transported to a neighboring
region. Letting p represent the mass density and J = pv the mass current
density, we arrive to the following expresion.

dp

o+ V- (pv) = 0. 4.7

This is the continuity equation wich represents the local conservation
of mass [33]. In the case of incompressible fluids p = cte, therefore the
equation reduces to the incompressibility condition

V -V = O, (4.8)

therefore we get
% +v-Vp=0 4.9)
ot p= '
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Now, it is possible to use Newton’s second law F = ”Cll—l; to derive the
equation for the momentum of the fluid

a_: +(v- V)V] dv = F, (4.10)

j‘: 0

where F represents the external forces acting on the fluid, among which

pressure is one of the most significant contributions. Introducing a pres-
sure P, wich is the force per unit area, therefore we get the Euler equa-
tion. While the remaining external forces are expressed in terms of f as

I

Empirically, it is known that the viscous force is proportional to the

follows

@+(V.V)V]dvz—deS +fde. 4.11)
ot S 14

velocity of the particles. However, this force must be invariant under
Galilean transformations. Since viscosity arises from collisions be-
tween particles with different velocities, the viscous force should de-
pend on the rate of change of velocity. Therefore, one might initially
assume that it is proportional to the first derivative of the velocity, with
vorticity being a natural candidate. Nevertheless, vorticity does not
have the same parity as the Euler equation. Consequently, the viscous
force must instead depend on second derivatives of the velocity field.
In this way, the viscous force can be expressed as uV?v, where u is the
dynamic viscosity constant. Thus, the Navier-Stokes equation [33] is
obtained

p(% +(V-V)V) = -VP +uViv+f. 4.12)

4.3.2 Couette Flow

One of the simplest cases with an analytical solution to the Navier-
Stokes equations is Couette flow. In this case, the fluid is confined be-
tween two parallel walls with a separation distance h, where one of the
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walls moves at a constant velocity v,,. The analytical solution is given
as follows.

Since the fluid is incompressible and there is no pressure gradient,
all terms vanish, and the Navier-Stokes equation simplifies to

— = uV?v. (4.13)

It can be inferred that the velocity field has the form v = v(y)X, therefore
we obtain
ov(y, 1) 3 O*v(y, 1)
P —H ay?
We define the solution as the sum of the steady and transient parts,
v(y,t) = vy(y) + vi(y,1). Using the boundary conditions v(0,7) = 0,
v(h,t) = v, and the initial condition v(y,0) = 0, we obtain the steady-
state solution (dv/ot = 0):

(4.14)

vy(y) = %Wy. (4.15)

For the transient part, we introduce it into the partial differential equa-
tion as follows

ovi(y, 1) _ 82Vt(y’ 1)
P~ ~H ayr
Defining v = u/p, we get the diffusion equation with initial condition
vi(y, 0) = v(y, 0) = vs(y).
Using separation of variables v,(y, ) = Y(y)T (), we obtain

(4.16)

1 dT(1)  1d°Y(y)
vILdt Y dy

—k, (4.17)
where k is a separation constant. Solving each part gives

T(t) = e, (4.18)

Y,(y) = sin (k,yzy). (4.19)
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Non-trivial solutions occur for the discrete values

6= (2. (4.20)

By linear superposition, the transient solution is

vy, 1) = ZA e sin (ky/2y). (4.21)

Using the initial condition and the orthogonality of the sine functions,

we find "
2
A, == f v,(y, 0) sin(@y)dy. (4.22)
h Jo h
Substituting v,(y, 0) = —v,(y) yields
2v,,(—=1)"
A, = L (4.23)
nn

Therefore, the complete solution is

00 1\ 2
v(y,t) = %Vy + ; wexp [—V (%) t] sin (%y) (4.24)
For long times t — oo, the exponential terms vanish, and the solution
approaches the steady-case profile, this solution is compared with the
simulation results. We carried out simulations in a box of 10x11x10,
with a p = 4. In DPD simulations, non-slip boundary conditions can be
effectively reproduced by introducing rough, granular walls. We used
rough walls with 1500 particles for each wall. We test with differents
velocities v,, and we get succesfully the couette flow solution as you
can see in figure 4.10
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Figure 4.10: Velocities profile for the system with differents velocities v,,. The solid
line is a linear fit

4.3.3 Poiseuille Flow

Another analytically solvable case of the Navier-Stokes equations is the
Poiseuille flow. This configuration consists of a fluid confined between
two parallel walls, one located at y = h and the other at y = —h. A con-
stant pressure gradient is applied parallel to the confining walls, so that
the induced flow is strictly aligned with the driving force. Under these
conditions, the velocity field becomes one-dimensional, v = v(y, )X,
depending solely on the distance from the walls. If the fluid is incom-
pressible, the Navier—Stokes equation reduces to

P
pa—: = VP + uV2v. (4.25)

Assuming a unidirectional flow v = v(y) X and a constant pressure gra-

dient along the x direction, D, P = cte, we obtain

w00 AP _ ()
or  dx MTap

(4.26)
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Applying the no-slip boundary conditions [33], v(y = +h,t) = 0, and
considering the stationary limit (0v/d¢t = 0), we find the steady-state

solution | 4P
22
sO)==—— 1" -h"), 4.27
w0 = 3o b7 =) (4.27)
where the maximum velocity occurs at the channel center (y = 0) and
is given by
h* dP
s,max — T A - 4.28
’s, 2u dx ( )

The maximum steady-state velocity v, max 1S determined by the mag-
nitude of the applied pressure gradient D,P. This gradient constitutes
the primary input parameter governing the Poiseuille flow conditions in
our setup and is the value explicitly prescribed in the simulations dis-
cussed later. We define the total velocity as the sum of the steady and
transient components,

vy, 1) = v(y) + vi(y, 1). (4.29)
Substituting into the governing equation, we obtain

6vt(y9 t) — Vazvt(y9 t)
ot oyr

(4.30)

which corresponds to the diffusion equation with v = u/p.

Using separation of variables, v,(y,t) = Y(y)T(¢), together with the
boundary conditions v,(+h,f) = 0 and the initial condition v,(y,0) =
v(y, 0) — v4(y), we find the transient solution

vy, 1) = Z B, e sin [)/*(y + b)), (4.31)
n=1
where the eigenvalues are
A= 432

43



and the coeflicients are determined from the orthogonality of the sine
functions as

1 h
Bu=1 I vty 0)sin [Z—Z(y + h)]dy. (4.33)

For long times (f — o), the transient terms vanish, and the velocity
field approaches the steady parabolic Poiseuille profile. As in the Cou-
ette flow case, the steady solution is compared with the simulation re-
sults. The same system with p = 4 in a simulation box of size 10x11x10
was used. The numerical solutions obtained are shown in Figure 4.11
showing the parabolic solution.
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Figure 4.11: Velocities profile for the system with differents constant forces intro-
duced F = —VP. The solid line is a quadratic fit.

It should be noted that, in the analytical framework, a pressure gra-
dient appears explicitly in the Navier—Stokes equations. In contrast, in
simulations, this pressure gradient is implemented as a constant exter-
nal force applied to each fluid particle.

It is important to emphasize that, in order to reproduce these flows,

44



it was necessary to model the boundary conditions within DPD. To
achieve this, rough walls were implemented in the simulation box, pro-
viding an alternative to other available approaches [34].

45



Chapter 5

Static Case

5.1 Abstract

This section presents the results obtained using the tools described in
Section 3.3, with the aim of elucidating the infection dynamics of the
phage. However, it is important to note that this work can be considered
a basic science study. Since the system consists of dimers embedded in
a surrounding fluid and confined between two walls. While the model is
general in nature, it holds the potential to contribute to the understand-
ing of phage infection dynamics.

The results will be presented in this section. They include the analy-
sis of the dynamics through the mean square displacement of the dimers’
center of mass, as well as the density profiles for different cases, such as
amphiphilic and neutral walls. These results provide insight into both
the dynamical and configurational behavior of the system. Orientational
order parameters like the polar order, wall order and nematic order to
caracterize the infection by bacteriophages. Another topic of interest is
the adsorption on the wall, this is caracterized with the density profile
and adsorption isotherms. Finally the adsorption time wich it is relevant
since the system is very dynamic, therefore we define a way to compute
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the adsorption time for the dimer.

5.2 Simulations Details

All parameters are given in DPD units. The system consist in a cubic
simulation box with length of 20r., in DPD units, for the study of fig-
ures 5.1 and 5.2, and length of 107, for the rest of simulations. As we
comment in section 3.1 and 3.2, we have particles that represents the
fluid, with dimers that represents the bacteriophage embbeded in the
fluid. In the xz plane, two walls are placed at the extremes along the
y-direction, composed of DPD beads. Only DPD interactions are con-
sidered between all beads. Due to the way the virus is modeled, each
DPD bead represents approximately 100 nanometers.

5.3 Hydrophobic Interaction of the Walls

We are building the system from the foundation. The cell membrane
surface is hydrophilic in the nature. To understand the interaction with
walls we have carried out a systematic study with differents repulsion
parameters and modifying the hydrophobicity. In the nature the cell
membrane is made by many different components like phospholipid
molecules, proteins, salts, etc. All this components modify the pH
around the fluid, playing an important role in the infection by phages.
If we add salts, we need to add electrostatic interactions, with a high
computing cost, therefore we make a systematic study for the net hy-
drophobicity in mesoscales to consider all the aforementioned factors.
This is a heuristic study, without an exact or detailed mapping to a spe-
cific biological system. For the moment, our focus is on a basic science
model consisting of walls and embedded dimers. However, the study of
virus—bacteria interactions will be revisited later in this work.
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First, to characterize the effect of the harmonic constant £ on the dy-
namics, we made some simulations with differents harmonic constants.
The simulations were made with a cubic simulation box with a length
of 20. Each wall was made with a square arrangement and 6400 par-
ticles. 6000 dimers and 12000 solvent particles. The DPD parameters
are in the table 5.1. The value for vy is 4.5 for all the cases. The a;; for
the wall-wall interaction is not relevant because the walls are static.

a;jinteraction Wall Solvent Head Tail

Wall 25 50 50 25
Solvent 25 25 25
Head 25 50
Tail 50

Table 5.1: DPD parameters for the a;; interaction for each type of bead in the sim-
ulation. For all interactions y = 4.5, 0 = 3 and KT = 1.

The results for the mean square displacement, as defined in Sec-
tion 3.3.1 (Figure 5.1), were computed in two dimensions, in the xz
plane. The MSD’s show no significant variation for different values of
the harmonic constant k defined in (3.1). Therefore, this parameter can
be disregarded, as it does not have a relevant impact on the system’s
dynamics.
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Figure 5.1: Mean square displacement of the center of mass of the dimers in log-
arithmic scale with different harmonic constant and [, = 0.5, /; is defined in (3.1).
The power n of ¢ for each line segment is written on the plot. Tppp is the character-
istic time scale of the DPD phenomenon.

However, as in figure 5.1 and 5.2 we have three different types of
diffusion, where n = 2 it is due to the balistic behavior of the start of
the simulation. Where n = 0 is a transition to the state of n = 1 that is
when the system is termalized. In figure 5.2, the case of £ = 200 you
can see a little gap at ¢ = 10 corresponding to the displacement for each
dimer to the position of equilibrium due to the high harmonic constant
andaly = 1.
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Figure 5.2: Mean square displacement of the center of mass of the dimers in loga-
rithmic scale with different harmonic constant and /, = 1.0. The power of ¢ for each
line segment is written on the plot.

Now, we define our system with a intermediate [, = 0.7 and a har-
monic constant k = 200. Then we reduce the system to a cubic sim-
ulation box with length of 10°. Therefore we modify the wall to 1600
beads for each wall, that is to say 3200 wall particles, 3000 solvent par-
ticles and 80 dimers, that is to say 80 heads and 80 tails.

We carry out four types of simulations: Hydrophilic-H consists in
a hidrophilic wall but with high repulsion to the head. Hydrophobic-
T consist in a hydrophobic wall with high repulsion to the tail. W25
consist in a simulation where the wall has the same interaction with all
the beads, with value of 25 for the repulsion. W75 is the same idea
than W25 but with value of 75 for the repulsion. Therefore we modify
systematically the parameter as the table 5.2.
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a;; interaction wall solvent head tail

wall 25  25/75/25/75 75/25/25/75 25/75/25/75
solvent 25 75 25
head 75 75
tail 75

Table 5.2: DPD parameters of the conservative force a;; with different models.
In each case, a specific color was assigned to represent the interactions: red for
hydrophilic-H, blue for hydrophobic-T, green for W25, and violet for W75.

The MSD obtained for these systems were very similar for each
model as you can see at figure 5.3. The system exhibits highly dynamic
behavior, involving three distinct types of force field parameters.

10° "Hydrophobic-T ———
Hydrophilic-H ——

W75 —m0—

10° | W25 ——

i0? i0° 10° 1o’
YTppp

ot 102 103

Figure 5.3: Mean square displacement of the center of mass of the dimer in loga-
rithmic scalefor each case. The power n of ¢ for each line segment is written on the
plot.

You can see three regimes in the MSD, where n = 2 is due to the
first timesteps of the simulations when the virus start to move, since the
MSD is being calculated only in the xz plane, when n = 0 is due to a
trasient state, the dimer are moving along of y to be closer to the walls,
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therefore we are not measuring this dynamics. The length of this state
is due to the time it takes for the dimers to settle on the wall. Thenn =1
because once we have the dimers in the state of minimum energy, they
start to move with a diffusion proportional to 7.

Thanks to the MSD results we can say that the diffusion is the same
in the xz plane in the different cases, therefore the difference between
each case should be in the adsorption to the walls, since walls are dif-
ferent. Once we measure the diffusion by the dimers, we can measure
the orientation by the dimers, where the orient depends on the repulsion
parameters.

We did not measure the MSD near the wall. Although we understand
that such measurements would provide more detailed insights into the
system being characterized, the high dynamical nature of the system
makes it very challenging to obtain data in that region. However, in the
following sections, we present an alternative observable calculated as a
consequence of this limitation.
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(b)

Figure 5.4: Snapshots of the simulation box of the Hydrophilic-H case. The fluid
is represented by smaller blue beads for visualization reasons. The yellow beads
represent the wall. The purple beads correspond to the heads of the dimers. The
green beads represent the tails of the dimers. a) xy plane. b) xz plane.

(a) (b)

Figure 5.5: Snapshots of the simulation box of the Hydrophobic-T case. The fluid
is represented by smaller beads for visualization reasons. a) xy plane. b) xz plane.

As you can see in figure 5.4, aggregates form near the wall due to
the evident tendency of the particles to move towards it. However, in
Figure 5.5, there is also a clear tendency toward the wall, but an implicit
orientation can be observed as well. We have carried out the simulations
in W25 and W75 cases, but the snapshots are a intermediate cases be-
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twteen the previous figures, you will see the cases in the density profiles.

In Figure 5.6, the orientation can be observed in both cases, with a
more pronounced alignment in the Hydrophobic-T case. However, we
also observe a situation in which the head is positioned closer to the
wall than the tail. This is not the desired configuration, as phage infec-
tion occurs through the tail.

The W25 and W75 cases, shown in Figure 5.7, represent a mixture of
the previous scenarios. The orientation is nearly imperceptible, similar
to the Hydrophilic-H case. However, unlike the Hydrophobic-T cases,
there is no formation of a second layer of heads near the wall. How-
ever, you can see that in figure 5.6b, the peak is higher than 5.6a due to
value of the bulk in both cases. While in figure 5.7 the difference in the
height is due to the width of the peak, in figure 5.7a is wider, therefore
decreases the height of the peak to preserve density. It is also notewor-
thy that, in these cases, the heads approach the wall more closely than
the tails, despite the fact that, according to the parameters in table 5.2,
the heads are always hydrophobic and the tails are always hydrophilic.
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Figure 5.6: Density profile of head and tail of the dimer. a) Hydrophilic-H case. b)
Hydrophobic-T case. A solid line at x = 1 is included to facilitate the visualization
of the orientation.
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Figure 5.7: Density profile of head and tail of the dimer. a) W25 case. b) W75 case.

In figure 5.8 you can see all the cases together, where you can see
the small second layer in Hydrophilic-H case for the heads, but for the
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tails there is always a hydrophilicity, where the layer closer to the wall

is higher.
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Figure 5.8: Density profile of all the cases. a) head profiles. b) tail profiles.

We have covered all posible scenarios. The phage infects with the
tail, therefore there is a factor that we are not seeing. Therefore we opt
for study a simpler system. Let’s go one step further, we will remove
the hydrophobicity and study a system with a different repulsion to the
tail, giving us a implicit atraction to the tail. This system is studied in
the following subsection.

5.4 Heterogeneus Walls

Now we will study a system like the previous subsection but we remove
the hydrophobicity and use a neutral case where we put another type of
bead that represents the affinity zone in the cell wall by the tail. There-
fore the wall is conformed by two types of bead, we vary the affinity
zone concentration called y. Where y = 0.00 represents the absence of
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affinity zone and y = 1.00 is when all the wall is affine to tail beads.
In the nature the affinity zones usually have specific proteins. We put a
higher repulsion in the head-head, tail-tail and protein-head interaction.
Additionally a lower repulsion in tail-protein interaction.

a;; interaction Wall Solvent Head Tail Affinity Zone

Wall 75 75 75 75 75
Solvent 75 75 75 75
Head 150 75 150
Tail 150 25
Affinity Zone 75

Table 5.3: DPD parameters for the g;; interaction for each type of bead in the sim-
ulation. For all interactions y = 4.5, o = 3 and KT = 1.

As you can see, the objective of this configuration is to model the
adsorption competition between affine and non affine area. To make a
simpler system we opt for a circular area in the middle of the simula-
tion box, we vary its radious systematically. In figure 5.9 you have a
visualization of the simulation box.

Figure 5.9: Snapshot of simulation box with the dimers embedded in the solvent.
The solvent is confined by the cell walls with affinity zone (red beads).

As result we have measured the density profiles and some orienta-
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tional parameters discussed in the section 3.3. Obtaining the following
plots.
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Figure 5.10: Tail density profile of dimers with 3 values of viral load and y = 0.00.
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Figure 5.11: Tail density profile of dimers with 3 values of viral load and y = 1.00.

As you can see in figure 5.10 and 5.11, there is an increase of the
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layer adsorbed as increases the viral load and other values of y are in-
termediate cases of these. You can also observe that the adsorption peak
for y = 1.00 is higher than for y = 0.00. As a consequence, the bulk
density in the y = 0.00 case is higher. If we use the equation

L
[(oy) = fo o0 — ps] d, 5.1)

we are considering information of all the system, the density profile in
the complete box and the increament of the bulk concentration.
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Figure 5.12: Plot of adsorption isotherms I' with different y. The three points
marked with arrows correspond to 100, 160, and 300 viruses in the simulation box.
The solid line is a fit using the equation (5.2)

We do not have a saturation in the isotherm due to the screening
effect of the dimers because the dimers are heterogeneus, we obtain
a saturation in the case of homogeneous dimers in the benchmarking
section, figure 4.9. Given the nature of the adsorption process, the data
were fitted using a two-term model: a Langmuir-type term and a linear
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term, as shown in the following equation.

kLop
I =l p— - 5.2
(op) T+ ko app (5.2)

where I',,,,, denotes the maximum adsorption, k; is the Langmuir ad-
sorption constant, and « is the weighting coefficient associated with the
linear term.
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Figure 5.13: Snapshot of the highlighted cases in figure 5.12 for y = 1.00. (a) 100
virus. (b) 160 virus. (c) 300 virus.

However we have to be careful in the interpretation because in figure
5.12 you can see that there are points with the same value of T, like the
marked points with an arrow with 100 virus and 300 virus. You can
see that I decreases as the viral load increases up to 160 virus. This be-
haviour is easy to explain in terms of density profile of figure 5.11, there
are other layers after the highest peak (300virus). The combined value
of the integral over the bulk region and the second peak of the blue line
is approximately equal to the integral over the first purple peak alone,
resulting in the same net adsorption in both cases. In figure 5.13 the
snapshots of the discussed cases are shown, where the increase in both,
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the adsorbed dimers and the bulk can be more easily observed visually.

An interesting result is observed in figure 5.10 and 5.11, you can see
the difference between the position of the first peak at y = 1. The peak
was closer to the wall when y = 1.00 as it is expected, however the
second peak is in the same position in both cases of y. This behavior is
due to the lower repulsion from the wall, which allows the tails to come
closer to the surface, therefore a layer by heads is formed. This mod-
ifies the net interaction with the dimers in the bulk. Conversely, when
the wall exhibits stronger repulsion, a sparse layer of heads is formed
near the surface. In both cases it turns out that the net interaction be-
tween the second layer and the wall is the same due to the screening
effect.

Alternatively, we can compute the absolute adsorption isotherm, since
experimentally, they count the concentration of adsorbed particles, there-
fore if we want to compare the results we need to use this second defi-
nition using an adsorption gap b:

b
Tass(00) = fo p()dy (53)

If we see the density profile, we can define b = 1.3 to consider only the
first peak, with this definition of I',,, the results are the following
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Figure 5.14: Plot of adsorption isotherms I',,, with different y, computed as in
equation (5.3).

In figure 5.14 you can see that I';;; grows monotonically, this does
not necessarily correspond to reaching a maximum adsorption capacity

Fmax .

Now we will introduce another obervable, the orientation. An ori-
entation emerges naturally due to the heterogeneity of the interactions
between dimers and walls. To characterize such orientation let explain
the density profiles first. This becomes evident when analyzing the den-
sity profiles for a wider range of viral load cases and for the two extreme
values of y, as shown in the following figures.
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Figure 5.15: Density profile of dimers with different viral load with y = 0.00.

Head profiles. b) Tail profiles.
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Figure 5.16: Density profile of dimers with different viral load with y = 1.00.

Head profiles. b) Tail profiles.
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Now, in figure 5.15, no preferential orientation is observed, as the

wall lacks affinity regions. Adsorption is present, however, the heads
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and tails remain at the same level. In 5.16, you can highlight that there
i1s an emergent orientation by the displacement in the adsorbed layers
due to y # 0. The maximum value of figure 5.16a is shifted with respect
to the maximum value of figure 5.16b. This indicates that the dimers
adopt a preferential orientation, in which the tails tend to be closer to
the wall than the heads, thus giving rise to an emergent orientation. This
make us to think how can we measure the orientation. Two parameters
are chosen to measure both polarity and alignment, the Polar-Order and
the Wall-Order discussed in section 3.3.
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Figure 5.17: Global Polar-Order with different values of y. Varying the viral load in
x-axis. Error bars are smaller than the symbol size. Solid line is the function 1/V
where V; is the viral load.

In figure 5.17, the global polar order is plotted. This is calculated by
assigning to each dimer a vector that points from the tail to the head.
The global polar order is computed using all the dimers in the simu-
lation box, that 1s, both the adsorbed and those in the bulk. It can be
observed that the global polar order does not show any variation with
respect to y, since, although there is alignment in the affine regions, it
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is compensated by the randomness in the bulk and the non-affine re-
gions, thus maintaining the same global polar order, more over polarity
on walls cancels each other. The behavior was fitted using the function
1/+/V., consistent with expected scaling laws.

Alternatively, the polar order was computed by considering only the
dimers located near the wall, figure 5.18. Under this criterion, the polar
order shows a y-dependent behavior, increasing with higher values of
y. The polar order displays a trend resembling the decay of 1/ V.
Nevertheless, for y = 0.5 the decay levels off, forming a plateau, while
for y > 0.5 an increase in the polar order is observed

0.8
0.7 |

oN U~ O
oo uU1Io

QLooR

0.6 %

T 2R X 2R 2R

05}
04 |
03}
0.2 |

0.1

0 50 100 150 200 250 300 350 400 450
Vi

Figure 5.18: Polar-Order close to the wall with different values of y. Varying the
viral load in x-axis. Error bars are smaller than the symbol size. The solid lines are
the fits by equation (5.4).

The observed behavior indicates that for small values of V;, the polar
order follows a 1/+/V; scaling, suggesting the dominance of random
fluctuations. In contrast, for large V;, a linear increase becomes evident,
pointing to a different mechanism driving the alignment. As a result, a
reasonable fit can be achieved using a linear combination of these two
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functional forms, as illustrated in Figure 5.18. The fit equation is the
following
Op(VL) =

+ bV +c, (5.4)
L

where Op(V}) is the polar order in function of the viral load, a, b, c are
fitting parameters. In figure 5.18, at y = 0.5, we observe a transition in
which the influence of the linear term in the fitting equation becomes
more significant.

With respect to the Wall-Order measured close to the wall, figure
5.19, this is an orientation with respect to the wall therefore, we have a
consistent result, there is more orientation with more affinity zone. The
increament in the wall order for systems with y > 0.5 can be understood
in terms of entropic effects. As the viral load grows, dimers become in-
creasingly crowded near the wall, leading to alignment driven by the
steric pressure exerted by neighboring particles. In the case of y = 0.25
the wall order decreases as the viral load increases, since wall is dom-
inated by no-affine zones, therefore no alignment is observed. whereas
at y = 0.50 a crossover is observed. For y = 0.0, the system exhibits a
flat response.
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Figure 5.19: Wall-Order with different values of y. Varying the viral load in x-axis.
Error bars are smaller than the symbol size.

Once we computed the adsorption isotherm and the Wall-Order. It is
known that, in nature, phages tend to “walk™ along the cell membrane
prior to infection [35], moving over the polysaccharides present on the
bacterial surface. How can we simulate this phenomenon? Our model is
highly dynamic; thus, phages may be near the wall at one time step and
far from it in the next. To quantify this behavior, we propose measuring
the number of dimers close to the wall at each time step.
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Figure 5.20: Number of adsorbed dimers for each time step with two viral loads
and the two extreme values for the affinity zone. 7ppp is the characteristic time of

the phenomena.

In figure 5.20 you can see that the number of adsorbed dimers is
stable with a little of noise. We can also characterize the time average
A; that dimers keep adsorbed. When the dimers approaches to the wall
(with a defined gap) we start counting the A;, the dimer “walk™ on the
wall, when the dimer moves away from the wall we stop counting. We

calculate the average over all the adsorbed dimers.
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Figure 5.21: Average adsorption time (A,), varying the viral load and different cases
for y.

As you can see in figure 5.21 the adsorption time is constant up to
x = 0.75. Above this value, the adsorption time increases as the viral
load increases. This behavior arises from the transition to a homoge-
neous wall. In the case of a heterogeneous wall, certain regions repel
the dimers, limiting their adsorption. The heterogeneity creates a region
for dimer exchange, i.e., where N4 = cte. In contrast, a homogeneous
wall promotes sustained adsorption, this is because the entire wall is
less repulsive and does not contain regions that would drive the dimers
into the bulk. The adsorption time increases as the number of dimers in
the system grows.

Another interesting observables are the correlation functions [36],
as the equation (5.5), it is a way to know the dynamical behaviour of
the system in a specific region, where we can get information about
the memory system. In our particular case, we are interested in the
velocity autocorrelation function C,(Af) given the sample data that we
have access. Correlation results were computed for y = 1.00
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Figure 5.22: Velocity autocorrelation function C,(At) with different values for viral
load, 40, 60, 80 and 100 virus.

As you can see, there is not correlation for all the cases despicted in
figure 5.22. The function instantly decays to zero.

Taking advantage from this, we calculate the directional correlation
function Cy4(At), figure 5.23. The result shows us a small correlation,
there is an instant decay to D; = 0.25 and the behaviour is very similar
for different viral loads.

70



" 450 virus

| 200 virus
09 1 160 virus
| 120 virus

0.7

0.6

04}

01}

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

At

Figure 5.23: Directional correlation function with different values for viral load,
120, 160, 200 and 450 virus.

The expression for both correlation functions is given by the follow-
ing equation
C(Ar) = (xi(1) - X,(1 + A1), (5.5)

where x; can be replaced by either the directional vector or the velocity
vector. It is important to note that the absence of a smooth correlation
function is likely due to limited resolution, and caution should be ex-
ercised when interpreting these results. Higher-resolution calculations
would be required to properly observe the decay and determine the rel-
evant timescale.

5.5 Conclusions

A computational model was developed that successfully models the ad-
sorption of dimers in the presence of affinity zones on the wall. The
system exhibits an emergent orientation of the dimers, resulting from
effective particle interactions and pressure effects. Furthermore, the
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model captures the behavior of dimers transiently moving along the
wall. A competition in dimer adsorption was observed, driven by the
heterogeneity of the wall surfaces.
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Chapter 6

Dynamic Case

6.1 Abstract

As discussed throughout this project, the bacteria targeted by phages
are motile, such motility stress the fluid around it, and hydrodynamic
effects may influence the adsorption of virus. Therefore, it is necessary
to incorporate bacterial motility in some form, in this case, by introduc-
ing flow into the system. The flows considered are those described in
section 4.3, namely Couette and Poiseuille flows. The effect of these
flows on the adsorption dynamics was analyzed, and the results were
fitted to adsorption models.

6.2 Non-Slip Conditions

To introduce a flow, such as Poiseuille flow, it is necessary to apply a
pressure gradient. Additionally, as discussed in Section 4.3, it is essen-
tial to implement non-slip boundary conditions. In the context of com-
putational simulations, this could be achieved by using rough walls.
The presence of rough walls induces interactions that slow down the
particles near the boundaries. A snapshot of the simulation box with
rough walls is shown for illustration in figure 6.1.
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Figure 6.1: Snapshot of the simulation box with rough walls.

The system is identical to the static case, consisting of 1500 parti-
cles per wall and a wall-to-wall distance of 10, but with the presence
of roughness in this flow configuration. The roughness was generated
as follows: the wall was composed of three layers, and in each layer
particles were placed at random positions within the plane of the layer.
At this point, we consider two distinct systems: a smooth configuration
with slip boundary conditions and a rough configuration with no-slip
boundary conditions.

6.3 Poiseuille With Non-Slip Conditions

Simulations were developed by applying a pressure gradient to the fluid.
That is, in addition to the DPD forces, a constant external force was
added in the x-direction. Section 4.3.3 presents the resulting velocity
profiles of the fluid. In this section, dimers were introduced into the
simulation box, and adsorption isotherms were computed for different
values of the applied force.
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Figure 6.2: Plot of adsorption isotherms with a Poiseuille flow. Rough walls and
different values for the constant external force.

In figure 6.2, the equation (5.1) is used. It can be observed that for
low external forces, the adsorption remains unchanged. However, once
the force exceeds 1072, as the force increases, the maximum adsorption
begins to decrease consistently. This indicates that the flow affects the
adsorption capacity of the dimers. We can fit the adsorption curves to
the Langmuir model, expressed as follows

Kpp

EEE N 6.1
1+ Kpb ( )

1_‘L = I_‘max

where I',,,, 1s the maximum adsorption capacity and K is an adsorp-
tion constant. In figure 6.3 you can observe the fitting using Langmuir
model.
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Figure 6.3: Plot of adsorption isotherms with a Poiseuille flow. Rough walls and
some different values for the constant external force. The solid line is a Langmuir
fit.

6.4 Poiseuille With Slip Conditions

Based on the results for Poiseuille flow with rough walls, it is natu-
ral to investigate whether a similar behavior would arise with smooth
walls, thereby evaluating the influence of slip boundary conditions on
adsorption.
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Figure 6.4: Plot of adsorption isotherms with a Poiseuille flow. Smooth walls and
some different values for the constant external force. The solid line is a fit like
section 5.4.

Figure 6.4 shows that, similarly, the maximum adsorption peak de-
creases as the flow intensity increases. However, an interesting phe-
nomenon emerges: the number of adsorption events is almost half of
that observed under no-slip conditions. In figure 6.3, adsorption values
reach up to 100 on the y-axis, whereas in figure 6.4 they only reach
about 40. Another noteworthy result is that, in this case, the adsorp-
tion peak occurs at higher bulk concentrations compared to the no-slip
condition.

6.5 Couette With Non-Slip Conditions

We also conducted simulations under Couette flow, by assigning a pos-
itive velocity to the upper wall and an equal but opposite velocity to the
lower wall. A systematic set of tests was performed for different wall
velocities, and the adsorption isotherms were analyzed analogously to
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the Poiseuille flow case.
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Figure 6.5: Plot of adsorption isotherms with a Couette flow. Rough walls and
different values for the constant velocity of the walls. The solid line is a Langmuir
fit.

As in the Poiseuille case, no significant changes in the adsorption
isotherm are observed at low velocities in figure 6.5. However, once the
velocities exceed the order of 10°, the maximum adsorption progres-
sively decreases with increasing velocity.
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Chapter 7

Conclusions and Perspectives

The dimers system was successfully characterized using extensive data
obtained from mesoscopic computational simulations. The effect of
hydrophobicity was analyzed independently to assess its influence on
the density profiles. Adsorption was also studied in the presence of
heterogeneous walls. A significant impact of wall heterogeneity was
observed, both on the measured observables and on the adsorption dy-
namics. A competition in adsorption between dimers was observed due
to the heterogeneity introduced in their repulsive interaction parame-
ters, which was an unexpected result.

Regarding the alignment results, our analysis indicates that the po-
lar order undergoes a transition as surface affinity increases, marking
the point at which thermal fluctuations no longer dominate the system’s
behavior. This suggests that higher affinity regions promote orienta-
tional stability among the dimers. Similarly, the wall-order parameter
exhibits a clear transition between distinct regimes, further confirming
the strong dependence of orientational organization on the spatial dis-
tribution of affinity zones.

For the motility case (non-zero flow), to model Poiseuille and Cou-
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ette flow it is necessary to add friction to the surface. One way to do
this, is modify the wall rhougness to the wall. The influence of flow
on dimer adsorption was characterized, showing that high flows are re-
quired to significantly affect the adsorption process

As perspectives, we need to carry out more computational simula-
tions to better understand the transition from heterogeneous to homo-
geneous walls in the mean adsorption time plot.

This work has opened several lines of future research. One such
direction is to continue studying the effect of chain length on the ad-
sorption dynamics, as demonstrated in the benchmarking section of this
study. This topic is of particular interest in the field of polymer physics.
Other types of phages could also be studied by modifying the chain
structure, since, based on the present results, such variations would un-
doubtedly influence the adsorption process. Another possible direction
for future research lies in the structure of the wall. In this study, a
square arrangement was used; however, alternative configurations such
as hexagonal or triangular lattices could be explored. Investigating how
these structural variations affect wall-fluid interactions would provide
deeper insights into the system’s behavior. Just as surface roughness
influences adsorption, another way to indirectly modify this behavior
would be to model the complete bacterium, since its curvature would
very likely affect the adsorption process. This suggests that future work
should incorporate bacterial curvature to achieve a more realistic repre-
sentation of phage adsorption dynamics.

Regarding the case with flow, it is also possible to consider other

types of flow, such as shear flow, to extract additional information such
as the viscoelastic properties of the system. This would represent a rel-
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evant contribution to the field of rheology.

With regard to the characterization of dimer orientation, the calcu-
lation of the nematic order parameter could have been included. This
would complement the polar order and the wall order parameters, pro-
viding a more complete picture of dimer alignment.
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Chapter 8

Appendix

8.1 Adsorption in function of affinity zone

In this work we have varied the viral load, in contrast we can vary y
value too, this is important to see how the system is perturbated by the
affinity zone size, we have the same results but different presentation.
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Figure 8.1: Density profile of dimers with different y with V;, = 160. a) Head
profiles. b) Tail profiles.

In figure 8.1b a transition is observed when y goes from 0.00 to
0.25. There is a displacement by the peak closer to the wall, we can
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caracterize this adsorption as we did previously.
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Figure 8.2: Plot of adsorption isotherms I" with different V. Solid lines are linear
fits.
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Figure 8.3: Plot of absolute adsorption isotherms I, with different V. Solid lines
are linear fits.
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Ve 0.013 0.026 0.053

% 21.5371 37.5698 48.0169

‘“;—;” 8.03597 14.3562 19.3907

Table 8.1: Values of the rate of change for each adsorption isotherm at different
viral loads.

The result obtained in figure 8.2 shows that the adsorption grows as y
increases in the 3 cases, however there is a intersection by the 3 adsorp-
tions. For small values of y, the adsorption increases as the viral load
decreases. In contrast, for large values of y, the adsorption increases
with increasing viral load. While in figure 8.3 there is a linear increase
with y too. For both plots, the rate of change of I" with respect to y
increases as the viral load increases, as you can see in table 8.1. This
allows us to quantify how sensitive the adsorption responds to changes
in wall affinity under varying system densities.
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Figure 8.4: Polar-Order close to the wall with 3 values of viral load, 40, 80 and 160
virus. Varying y in x-axis
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Figure 8.5: Wall-Order with 3 values of viral load, 40, 80 and 160 virus. Varying y
in x-axis

In figure 8.4, caution must be exercised when interpreting the case
with Vp = 0.013 and y = 0, since the number of particles is very lim-
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ited. It is also important to note that, for the three cases considered,
the system converges to a polar order that is independent of y. Talk-
ing about the Oy in figure 8.5 you can see the same behaviour with the
3 values of viral load showed. Increasing as the y value increase and
arriving to a Oy commun maximum value.
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