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ABSTRACT

This work presents the coupling of a model of the infective form of the T. cruzi, the causative agent of Chagas
disease, with a model of blood flow. A network of harmonic springs was developed to represent the cell body, and
the Dissipative Particles Dynamics (DPD) method was implemented to produce laminar flows. Parameters of the
cell body structure were extensively searched to grant its stability and cell motility is the result of the transition
between different cell shapes obtained after the motion of the parasite was discretized. Agreement of the blood flow
to the characteristic velocity distribution was confirmed, as well as the fulfillment of the Fluctuation-Dissipation
theorem.

Once the models were integrated, information on cell dynamics in response to different laminar flows was retrieved.
It was found that results on cell elongation correspond to those from experiments. Partial agreement with in vivo
assays was obtained for the center of mass displacement, and the energy consumption correlation with flow velocity
derived in the proposal of a possible trade-off strategy for energy compensation.
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1 INTRODUCTION

Chagas disease or American Trypanosomiasis is caused by Trypanosoma cruzi (T. cruzi), a protozoan parasite that
flows within blood; while living and reproducing inside its human host for several years, the parasite would cause
different diseases and even death|88]. The parasite is transmitted to humans mainly by blood-sucking insects but
also through organ transplantation or congenital transmission[81]. During its life cycle inside the human body, T.
cruzi causes cell lysis with subsequent tissue damage, two main stages of the disease have been identified: acute
and chronic.

In the acute phase of the disease, only a minimal number of patients could exhibit a wide range of symptoms
from fever to hepatomegaly including heart failures among others. After one or two months Chagas evolves to
an indeterminate or latent form which is the first moment of the chronic stage and is called so because is still
unknown how the infection evolves from it to cardiac or digestive forms. During latent form, symptoms disappear
and difficulty detecting the infection rises. In the meanwhile, the T. cruzi continues causing severe damage to
organs, mainly heart, esophagus, and colon[16].

Disease progression is illustrated in figure
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Figure 1: Patients transition between stages, cure, and death. Data from:[47],[70],[91], and [14]

Similarly to the process by which chronic stage is reached, the organ selection by the parasite is not completely
clear. Melo and Brener [54] stated that variations among bloodstream forms of different parasite strains could lead
to facilitate or prevent interaction with macrophages after finding several discrepancies in tissue infection. Following
that line, parasite strains have been compared in terms of infection efectivity on specific tissue [3] resulting in possible
explanations from a biochemical perspective. Despite this, the reason why the parasite arrives and manage to stay
at those organs remains unclear; which is particularly striking if the differences in Reynolds number associated to
bloodstream in each of them are taken into account:

Organ Artery Reynolds number | Reference

Colon Superior and inferior mesenteric 702 - 1424 [48]

Heart Right coronary 150 [92]
Esophagus (Thoracic) | Thyroid (Aorta communication) 600 [44]

Table 1: Reynolds numbers for different arteries

Due to migration, Chagas disease has spread around the world causing that almost eight million people worldwide
are infected today. Is estimated that because of this neglected tropical disease every year 12500 people die, making
it the parasitic disease in Latin America with the higher socioeconomic impact [64]. Such recognition not only



obeys to cardiovascular morbidity but to the premature death of patients that are economically productive, aged
in the range of 20 to 50 years.

Incidence of Chagas disease is hard to measure because during acute stage only 1% to 2% of patients exhibit
symptoms so most of infected population goes to indeterminate stage without diagnosis and remains there between
10 to 30 years[91I]. Being incidence decisive to identify how much governments and health systems should invest
on control and treatment programs, in 1990 Hayes and Schofield[33] using pathology prevalence and Latin America
birth rate, estimated 850000 new infection cases per year.

Initiatives in endemic countries have been focused in vector control and providing access to drug treatment, im-
pacting on incidence and prevalence respectively. Significant progress was achieved in two decades[91]:

Year | Deaths per year | People infected | Prevalence
1980 45000 16 - 18 Millions 4.72%
2005 23000 10 - 14 Millions 3%

Table 2: Pathology epidemiological evolution

Particularly for Colombia in 2004 was estimated that 1300000 people served as T. cruzi host with 78% of patients
demanding an average of US$1028 for treatment per year including basic, intermediate and specialized services
while the other 22% never accessed to the health system due to this pathology [14].

Chagas disease is curable when the infection has just started but there is a lack in access to diagnosis and due to
this, to treatment. Existing methods to detect the pathology are facing issues regarding sensitivity, that in best
cases -Polymerase Chain Reaction (PCR) assays- ranged from 44.7% to 90%]|[7] and in order to avoid false positive
or negative results, several additional tests, as blood screening, have to be used. This deficiency becomes critical
during chronic stage when the parasitaemia level becomes almost unnoticeable while focal lesions appear on patients
tissue. The cause of these lesions is still a matter of discussion but what is clear so far is the need to increase the
understanding of the parasite and its interactions with the host [68]. To this end, many research initiatives have been
launched under different approaches, for example: cell biology, biochemistry, drugs design, vaccines development,
new laboratory techniques for diagnosis, disease transmission, and vector control among others.

Unfortunately, those efforts have not been able to provide enough insight into the evolution of the disease and
parasite tropism, both of which are phenomena that modeling and simulation has the potential to help better
understand. This new approach will start by supporting exploration of T. cruzi physical structure and mechanical
properties through spring network models and coarse-grained methods, becoming the basis for further research in
the field delving into other topics such as interaction with blood corpuscles or human tissues.

1.1 Red Blood Cells

Erythrocytes or Red Blood Cell (RBC) are specialized cells in charge of gas exchange between lungs and tissues in
vertebrates. The term specialized does not only refer to the function that they execute but to its structure which in
order to maximize their surface area to volume ratio presents absence of organelles, such as mitochondria or nucleus
in mature cells of mammals[4]. This remarkable function could not be carried out without specific mechanical
and rheological properties as bending resistance or membrane viscoelastic behaviour, that are still under research
and allows this biconcave shaped cells with a diameter close to 7.8um pass through capillaries with about 4um in
diameter. While erythrocytes flow in blood not only exhibit extreme deformation, also a response to flow rate is
shown due to the interaction among them producing aggregation or dissociation[93].

1.1.1 Erytropoiesis

Depending on mammalian age and stimulated by erythropoietin, red blood cells can be produced in yolk sac, liver,
spleen, and bone marrow[10]. Before reaching mature, nucleus and other structures are expelled from the cell and
then, the cell is released to bloodstream where after one or two days will turn into an erythrocite with a life span
close to 120 days[9].



1.1.2 Function

Red blood cells’ lack of nucleus seems to be the evolution response to increase their transport capacity, day by day
this cells are permanently supporting gas exchange process: carrying oxygen from lungs to tissues and retrieving
carbon dioxide from tissues to the lungs[4].

1.2 Trypanosoma cruzi
As mentioned before, T. cruzi is a protozoan, an unicellular organism with organelles and genetic material contained
in its nucleus.T. cruzi lives inside tissues of both vertebrates and invertebrates, by using different forms it can
replicate by binary fission and transport within blood flow to spread itself in host body[7§].
1.2.1 Nymphal stages
Capability of T. cruzi to adapt to different hosts is remarkable, six differente stages have been identified so far[34]:
1. Amastigote
2. Choanomastigote

Promastigote

- w

Opisthomastigote
5. Epimastigote
6. Trypomastigote

The flagellum is not present in the Amastigote stage and for the others it emerges at different positions from some
sort of pocket. In the Choanomastigote, Promastigote, and Opisthomastigote is located at the anterior tip while in
the Epimastigote and Trypomastigote it comes along the side.

—
Swimming direction

Posterior Anterior

Amastigaote \®/

Choanomastigote @,ﬁ=§=,/

Promastigote @%
Opisthomastigote @.@N
Epimastigote %
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Kinetoplast Flagellum
Nucleus

Figure 2: Trypanosoma cruzi nymphal stages|89]

Inside mammals Not all nymphal stages are present when T. cruzi parasites in mammals; the infection starts
when Trypomastigotes are deposited on host by infected Triatomines and the parasite trespass mucosal surface.
Once they reach host cells will differentiate into Amastigotes to replicate and will change again into Trypomastigotes
to spread the infection while flowing with blood.



1.2.2 Transmission

The parasite is mainly transmitted to mammalians by Triatomines, a family of blood-sucking insects where T. cruzi
has been identified in its Trypomastigotes and Epymastigotes forms; being the first used to entry and exit from
the insect body and the second, the reproductive form[70]. At this point it is important to mention that parasite
reservoirs can be found in several orders of mammalians as Chiroptera, Canidae, Didelphimorphia, and Primates
among others, revealing a complex transmission system[39]. Even in nonendemic areas with infected Triatomine
population under control, if contact between such reservoirs secretion and food exist the disease will appear[76].

1.2.3 Infective form structure

Bloodstream trypomastigote is the infective stage, present in blood, it has single nucleus and continuous flagellum
along the membrane[21]. Parasite plasma membrane is not homogeneus, density and intramembranous particles
produce a division into three macrodomains[80]: cell body, flagellum and flagellar pocket.

Besides being the smallest macrodomain,flagellar pocket plays a major role defining cell motion because its position
is associated with speed improvement|2].

Following [80], a brief description of intraparticles inside cell structure and organelles is listed below:
1. Cytoskeleton: A set of subpellicular cross-linked microtubules distributed along the cell body[31].
2. Kinetoplast: Network of crosslinked circular DNAs[74].

Glycosome: Spherical structures within a homogeneus matrix[80].

- w

Acidocalsisome: Rounded vacuoles bounded by a membrane used to store acidic calcium[22].

(33

Contractile vacuole: Tubules network connected to a central vacuole[80].
Lipid inclusions: Granules without membrane around[56].

Secretory pathway: Set of tubular and vacuole-like structures from one side to another inside the parasite[52].

o N

Endocityc pathway: A network of vesicles and tubules from anterior to posterior parasite body that at its end
fuses with reservosome|20].

9. Reservosomes: Spheres surrounded by membranes, it disappears when the parasite differentiate to trypo-
mastigote infective form|[17].

10. Nucleus: Single sphere of almost 2um length that has a membrane with pores around it[79].

A comparison among trypomastigote and host cells is presented in [Tab. :



Cell Length Width

12 to 26pm [82] 1 to 2um [61]
7.4 to 8.2um [9] 0.8 to 2.6um [4]
12 to 18um [23]

30 to 50um [1]

Table 3: Images from top to bottom are: Blood trypomastigote[82], red blood cells[I1], monocyte (phagocityc
cell)[71]] and fibroblast (non-phagocytic cell)[73]

1.3 Chagas Symptomatology

At each stage of the disease the symptomatology varies substantially making the infection harder to detect by
conventional methods.

1.3.1 Acute stage

Corresponds to first six to eight weeks of infection, it is identified in almost 1% of infected patients and causes among
others: chagomas which is a skin reaction in the place used by the parasite to access host body, also myocarditis,
convulsions, Romana’s sign or meningoencephalitis [62], occurring the latter mostly in children within the first two
years of life[69].

1.3.2 Chronic stage

One or two months after infection begins it becomes undetectable, a fall of parasitaemia level and the associated
symptoms disappearance are the fundamental reasons for this to happen. At this point of the disease, which is
also called ‘indeterminate form’, misdiagnosis and complications associated with late treatment are susceptible to
take place [16]. Individuals that reach this phase can survive decades infected. Nevertheless, tissue damage never
stops, is not reversible and leads a minority population to present severe consequences at heart, digestive or nervous
system[58]. According to [50] the pathology form at chronic stage is related with genetic factors,it means, some
hosts are genetically prone to develop the cardiac form rather than the digestive and vice versa. It is important to
mention that patients at chronic stage can exhibit symptoms from acute stage if their immune system is suppressed,



unfortunately this interruption, may be as an option to provide treatment for concurrent infections, can also derive
in misdiagnosis or delay in Chagas’ disease treatment[67].

1.4 Rheology

Presence of parasites by itself can cause plasma viscosity growth, however the entire variation in bloodstream during
Chagasic infection can not be fully awarded to them. Additional reasons found in [8] are:

1. Enhancement of y-globulin levels as a result of host response to infection.

2. Trypanosoma cruzi Shed Acute Phase Antigen (SAPA) produces neuraminidase, an enzyme that cause decli-
nation of red blood cells membrane fluidity.

3. Throughout the inflammatory process, nitric oxide levels are raised reducing erithrocyte deformability with
subsequent limitation to flow trhough capillaries.

1.5 Cell invasion

Trypanosoma cruzi interaction with host cells aiming to invasion can be divided in three major processes with
specific variations depending on the type of host cell, T. cruzi strain and developmental stage[19].

First process is adhesion and recognition, it takes place at membrane domain and is produced by molecular recog-
nition at host cell receptors. The parasite use a wide set of molecules to interact with macrophages and non-
macrophages cells, former ones can be deactivated by trypomastigotes phosphatidylserine present in its surface.

Main cell internalization mechanism in macrophages is phagocytosis but the parasite can get into cells through
endocytosis or membrane invagination once host cell receives appropriate signaling from intruder.After invasion, a
structure named parasitophourus vacuole is produced inside the cell allowing trypomastigotes turn into amastig-
otes,during this transformation, vacuole membrane is lysed exposing amastigotes to cytoplasm and triggering binary
fission. When the entire host cell rupture occurs, amastigotes are liberated into bloodstream where they can continue
spreading the infection by itself or turning into trypomastigotes.[40]

1.6 Modeling of the motility, rheology, and mechanical response of flagellated swim-
mers

1.6.1 Coarse-graining

The use of multiscale modeling in soft matter allows to simulate nanometer scales as well as large scale dynamics. It
has been used to predict the flow resistance enhancements at different parasitaemia levels in Plasmodium Falciparum
infected red blood cells (Pf-RBC) [25], study the effect of temperature in the mechanical and rheological properties
of infected blood in malaria [28], investigate the adhesive dynamics of P-RBC as function of wall shear stress
and other parameters[27], and study the flow-induced clustering and alignment of vesicles and red blood cells in
microcapillaries [53].

Typical length and timescales that are usually addressed by these models are given in [Tab. .

Characteristic Value Reference
Mean curvature Rg 3.4 um 53]
Capillary Radius Rcap 1.4 Ry 53]
Vessicle length Lyes 1.5 - 3.88 Reap | 53]
Number of vesicles nyes 6 53]

Table 4: Parameters from a red blood cells model

1.6.2 Flagellated Swimmers

At low Reynolds numbers inertia does not play an important role in the locomotion of single cell organisms [46].
Current research aims to both: understand biological systems as well as to create synthetic versions that may be



used for medical applications. For instance, Williams et. al. were able to design and build a synthetic swimmer, (2
mm long and 20 pwm thick) giving proof of concept of a design of a biological machine [90].

1.6.3 Spring Network Models

Predominantly based on Hooke’s law and consctructed including beads as nodes connected by normal, shear or
rotational springs [24], these models can represent several systems in 2D and 3D domains in order to explore
mechanical properties or crack propagation phenomena [18§].

Omori et al.[63] found that for biological membranes, spring networks cannot easily represent area incompresibility
and have a high mechanical properties dependence on the mesh configuration. Those limitations could be partially
explained by the need of empirical definitions [32] of unexplored systems parameters and functions, which is also
a concern regarding physical agreement of the results. Notwithstanding, recently simulations of trypanosomatid
parasites[2] and flagellated bacteria[42]have been successfully implemented to explore motility pattern and replicate
cell body structure.

A spring network representation is shown below3}

Figure 3: Spring network used to study bamboo cracking propagation in [87].



2 AIM OF THE STUDY

As a contribution to bridging the gap on understanding the evolution of parasite-host dynamics during Chagas
disease, this thesis aims to identify the effect of different laminar blood flows over bloodstream trypomastigote
mechanical properties. In this way, modeling and simulation will help to clarify if the parasite tropism is not only
a matter of genetics or biochemical interactions at the membrane level but driven by the dynamics between blood
flow and the cell body. To enable this new research approach on Chagas disease we propose:

1. To model the parasite cell body via a spring network to simulate its motion.

2. To model the blood flow at different Reynolds numbers by means of a coarse grained method to simulate the

flow-parasite interaction.

3. To identify, through the analysis of the simulations results, if the parasite mechanical properties response to
different flows could explain its tropism in the human body.



3 MODELS AND METHODS

The present project aims to use computational physics models to provide some insight into the mechanical interaction
between the bloodstream trypomastigote and the blood flow.

The trypanosome body is modelled using a spring network structure to represent the cell membrane. The structure
of the body is defined by a two dimensional triangulated network of N; triangles, which in turn have a set of nodal
points located at their vertices, N,. The nodes are connected by N, springs.

Let us call the set of coordinates of the nodes as: {Z;}. The potential energy of the system is given by:

V({ﬁ}) == Velasticfmembrane({f’i}) + Varea({@}) (1)

With this model definition we depart from [26], who in turn uses a 3D model of a red blood cell including many
more interaction terms.

In the case of blood flow, it is modelled by means of a mesoscopic method in which fluid particles are aggregated, such
aggregations interact in defined phases [36]. Model agreement to hydrodynamic behaviour is confirmed by assessing
the velocity distribution and the fulfilment of the Fluctuation-Dissipation theorem. Finally, we implemented the
Poiseuille flow adaptation of the model [5] to obtain the ability to adjust the flow and reach the Reynolds numbers
corresponding to the parasitized organs.

To summarize, we will be using two main computational methods: Dissipative Particle Dynamics and Spring
Network.

3.1 Dissipative Particle Dynamics (DPD)

Dissipative Particle Dynamics (DPD) models are useful at the mesoscale level, when hydrodynamics and thermal
fluctuations are at play. A DPD particle represents a group of the molecules of the fluid under study, thought of
as a coarse grained blob. They move off-lattice and interact via three kind of forces: a conservative one, arising
from a potential; a dissipative force, that smooths out the radial differences between particles; and a stochastic
force(), in the direction between particles[60].

Let’s use [60] to explain the forces

S = Fi(rij)e @
Filj) = —%JD(Tz‘j)(ﬁij " €ij ) €ij ©
Ef = ow™(ri;)Gi; €5 W

Here, €;; is a unit vector pointing in the direction of the interaction, v and o are the strength of the dissipative and
random forces respectively, (;; is a Gaussian random variable with unit variance, and v;; is the difference between
particles velocities. The random and dissipative forces must satisfy the Fluctuation-Dissipation theorem, in that
sense, those forces are not independent from one another, they are linked by:

w? = [wh(ri))? (5)

0’2 = 2’)/]€BT (6)

wf and w? are weight functions in and . By definition, all forces are refrained to act beyond cut off distance
r..The conservative force follows this restriction through:

ﬁqz{aij(l—Tij/TC), ifrijgrc
Y]

0, otherwise



where a;; is a coeflicient representing the strength of the conservative force between particles ¢ and j.

For the other forces, satisfying the cut off condition is a consequence of the weight function:

1-—- 1] cka if i’<c
wR(Tij)z{( Tij/Te) if ri; <r

0, otherwise
Having k£ = 1 for the original DPD implementation.

The effect of the forces takes place under time evolution which, in fact, follows two main stages: collision @D and
propagation. The corresponding system of equations, as proposed in [36], is:

P, =P, + 2 9)
J
ot
=71+ —p; (10)
m;

In @D 2;; is the momentum transferred from particle 7 to particle j after an interaction occurs.
FC 7D FR. 1\
Qij = (Fijdt—i-Fij dt—‘rFij dt)eij (11)
Here e;; defined as the vector pointing from particle 7 to particle j.

We assessed the implementation via:

1. Velocity distribution: A set of 900 DPD particles interacted during 10000 internal time units. The velocity
was measured and the following empirical distribution was obtained:

Empirical velocity distribution Empirical cumulative distribution function

1.0 4

0.8

0.6

Counts
CDF

0.4 1

0.2 9

0.0 1

- T T T T T T T T
0.0 0.5 10 15 2.0 25 3.0 35 0.0 0.5 10 15 2.0 2.5 3.0 35
Velocity Velocity

Figure 4: Empirical velocity distribution
The data was fitted to a Maxwell-Boltzmann distribution which contains only one parameter, the scale param-
eter, and its estimation was done by means of Maximum Likelihood Estimate (MLE) method complemented

with a bootstrapping approach in an attempt to find a parameter as close to the population parameter as
possible. The estimated scale parameter lies within the range of 0.5775 and 0.5802 as can be seen in [5}
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Bootstrapping for scale parameter estimation
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Figure 5: MLE results for the scale parameter

The probability density functions obtained by the MLE and its complementary bootstrapping were compared
to the data histogram to visualize how close they are:

DPDs Velocity distribution

Maxwell-Boltzmann - Fitted
= Maxwell-Boltzmann - Bootstrapping
EEm Data

1.0 A

0.8

0.6 4 Estimated scale parameter
05788149079263936

0.2 4

0.0 -
0.0 0.5 1.0 15 2.0 25 3.0 3.5

Velocity

Figure 6: Particles speed distribution

To quantify the agreement of the estimated Maxwell-Boltzmann distribution to the data the probability plot
is presented in [7a] in addition the cumulative density functions are compared in [7b] Differences between data
and the estimated distribution could be explained by the behaviour on tails:

Probability Plot Cumulative Density Functions Comparison
1.0+

3.5 1

301 0.8

2.54
4
=3 > 0.6
5 2.0 2
B 3
@ E
£ £ o4
S

1.0

054 0.2 9

=== Data
001 R?=0.9981 Maxwell-Boltzmann - Fitted
’ 0.0 4 = Maxwell-Boltzmann - Bootstrapping
0 1 2 3 2 S 00 05 10 1s 20 25 30 35
Theoretical quantiles Velocity
(a) Probability plot (b) Cumulative density functions compared

Figure 7: Assessing goodness of fit

This is how it is possible to conclude that as well as in [36] the particles velocity follows a Maxwell-Boltzmann

distribution.
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2. Thermostat: Its function is to keep the temperature of the system constant. In agreement with the
Fluctuation-Dissipation theorem, if the system dissipates energy there should be, as well, a reverse pro-
cess increasing the fluctuation. In (3)), v is the parameter responsible for the viscous effect, it means, cooling
down the system while the stochastic term (;; in is responsible for heating the system up. This relation
implies that if the system temperature and in consequence its velocity tend to get too high -or too low, the
correspondent force in will dominate and drive the system towards an equilibrium state.

To evaluate the behaviour of the thermostat the following experiments were performed:

(a) Simulation of the system with increasing values of « for a given value of o

System velocity behaviour

] Mm
1000 I — 2500
T r — 2015
0-+— T g g
— 5050
50000 - [
0+ v T T T T
0

o

)

A\‘/J‘erage velocity
3
o
3
o

Figure 8: System velocity under the thermostat as a function of time for increasing ~ values

(b) Simulation of the system with increasing values of o at a fixed value of v

System velocity behaviour

Now
u o
X

o =
N o
o o
}

Average velocity
NS
o

1

o
o ©
}

=T
20000 //”,
0

0 20 40 60 80 100

Figure 9: System velocity under the thermostat as a function of time for increasing o values

As noted in the legends, the values we used to test for v effect were 20.25, 2025, 2500, 2975, and 5050, for o the values
were 4.5,45,450, 4500, and 450000. In both sets of experiments, the system reaches a point close to equilibrium
however the way it does, slightly differ between experiments. In [§ the damping term clearly domains the system
leading the average velocity close to zero but once a threshold value of v is surpassed the system velocity stabilizes
under the domain of the random variable o. On the other hand in [0] for the chosen set of values, the stochastic
term rapidly takes control of the system causing the average velocity to increase. Such increase in system velocity
has a limit, and again in each experiment, the system stabilizes around it as a result of v viscous effect.

In this work, blood vessels are assumed as a rigid channel with periodic boundary condition applied on two sides
selected in accordance to the direction of flow to simulate. Particles interaction occurs within the channel domain.
It is well known that red blood cells represent almost 99.9% of blood cells [4] and immnune processes have an impact
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on their performance, but since they are not parasitized by T. cruzi, they were not considered under the scope of
this research, meaning our blood flow representation is closer to blood plasma.

It is important to keep in mind three limitations of DPD models. First, the linear conservative forces of DPD
produces an unrealistic equation of state that is quadratic in densityﬂ Secondly the DPD friction forces are too
simplistic, due to the tangential nature. Thirdly, some macroscopic characteristics, as the friction, depend on the
number density; changing the latter would imply reparametrization. “In other words, in DPD there is no notion of
resolution,grid refinement, and convergence as in CFD” El

In DPD, as well as in other computational simulations of fluids, the viscosity must be measured. To this end, the
so called Poiseuille method [5] provides a solution: to apply a body force to each particle in a different direction
depending on the subdomain of the system where it is found. In our system, a constant force is applied on each
particle in one axis direction and perpendicular to the remaining axis, the selection of the main axis depends on
the flow to simulate -parallel or perpendicular:
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(a) Parallel flow (b) Perpendicular flow
Figure 10: Channel configurations under Poiseuille approach
Hence the tensor has the form:
1
Tye = P92 (y — 5D) (12)

2
Where p is the fluid density, g, is the force applied, and D is the length of the box. The velocity is calculated as:

_ Pz 2
Vo= 224D~ ) (13)

In n is the dynamic viscosity.

Proper implementation of the Poiseuille flow method is confirmed via the density profile which should remain
close to constant, and the velocity profile:

IR. D. Groot and P. B. Warren, J. Chem. Phys. 107, 4423 (1997)
2P. Espaiiol, P.B. Warren, J.Chem. Phys. 146, 150901, 2017
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Figure 11: Density as a function of time: Measured profile (blue) and theoretical value (red).

Since the particles are exposed to a body force the expected velocity profile should be parabolic [5]. Such behaviour
is consistent with the fully developed flow assumption for laminar flows [45], it is, at the beginning of the flow

development a flat profile is present and should evolve into a parabolic one:
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(a) Before appliying a body force (b) Body force starting to act (c) Reaching fully developed flow

Figure 12: Velocity profile transition

3.2 Spring Network

Trypanosoma cruzi bloodstream form is modeled by mixing knowledge-based approach with physics principles.

Parasite shape was obtained by processing recordings from [29].

After setting up nodes’ initial positions and mass, connection points were defined and linked by springs in order to
preserve whole body area as well as forces and momentum equilibrium at every point [38]. An example of spring
network cell body is depicted infI3}

Figure 13: Bloodstream trypomastigote structure without flagellum.
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For the ease of testing, an alternative and simpler structure was created, it is illustrated in [T4}

Figure 14: Test structure.

In both cases, structure edge nodes as well as triangle nodes were numbered in clockwise direction . Since nodes
were associated to triangles with a mesh generator [75] it was necessary to renumber the nodes after identifying
if the position of one with respect to another was clockwise or counterclockwise. Such identification was done by
means of the signed area of each triangle, it is using half the determinant of the matrix of distances from node i to
node j and from node j to node k,:

A= —det

S S
<.

Counterclockwise, if A >0
Direction =
clockwise, if A<O

Using a recording of the parasite, available in [29], its motility was discretize with five structures that implicitly
include the effect of flagellar beating. The motion discretizations and its correspondent triangulations are presented

in[Tab. [5]:
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Triangular mesh

Discretization .
representation

Pre 62 um/s

Pre 62 um/s

Pre 62 um/s

Pre 62 um/s

Table 5: Cellular motion discretization and triangle mesh representing it.

The mesh generator [75] used to triangulate the discretizations guarantees they are Delaunay, which is important

to avoid acute angles and, in consequence, rounding errors. The distributions of the triangles areas are:

Triangles Areas Comparison

Discretization 2
T T T T

Discretization 1 Discretization 3
T T T T T T T

025

Frequency
Frequency

]
00 01 02 03 04 0 o 01 02 03 04 05 o0 01 02 03 04
Area Area Area

Discretization 4
L —

Discretization 5
B —

Frequency
Frequency

L]
01 02 03 04 05 00 01 02 03 04 05
Area Area

Figure 15: Distribution of the triangles areas in discretizations

Once the meshes were created, length was measured for all of them |Tab. [6]:
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Discretization | Upper | Lower

1 8.7179 | 10.6343
12.4529 | 9.58477
11.4621 | 12.0608
11.5677 | 8.78758
8.46291 | 10.8171

T[N

Table 6: Discretizations length for upper and lower borders of cell membrane

Then,the discretizations areas were compared -taking the first one of them as reference [Tab. . Although some
differences were found they were considered to be expected since we are dealing with a biological structure flexible
enough to pass through capillaries.

Discretization
1 2 3 4 5
Total Area 9.316533 | 11.731044 | 11.207068 | 8.939633 | 9.183640
Area Change +25.916% | +20.292% | -4.045% | -1.426%

Table 7: Discretizations area comparison

To preserve the discretizations stable, we have defined two constraints, one for the area and another for the angles.
They are described below:

3.2.1 Area Preservation Constraint

Since parasite structure is exposed to forces resulting from the interaction with flow particles, a force to preserve
triangles local area and global area as well must be exerted. A coefficient related with the hydrostatic elastic energy

is calculated for each triangle as in [28§]:
(Ax — Ao)

=k 15
T T4 A, (15)
Then, it is used to generate forces to be applied at each triangle node as follow:
Fn;, = o€ X dy) (16)
F’Ilj = Oz(gX C_I:Zk)
Fnk = Oz(gX (_ijl)

Where 5 is the cross product between @;; and ;.

3.2.2 Angle Preservation Constraint

Conservation of structure area is important but by itself such constraint is unable to preserve the parasite shape.
In order to do so the angles of each triangle must be maintained. This leads to apply over the nodes, a force
proportional to the angle change:

1
Fy = —5 A0k (17)

A 0 denotes the difference between instantaneous angle (6;) at time step ¢ and spontaneous angle (6y) while kg is
the angle constraint constant. Once the magnitude of the angle force (Fy) is calculated, it is distributed between
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the correspondent nodes.
For instance, if the angle is located at node & the resulting update in nodal forces (Fn) would have an effect on
nodes 7 and j as follows:

Fn), = Fn;+ Fp,Tng x Z (18)

Fﬂ; = Fnj + FQkTTij X =7

Here Z is the triangle normal.

3.2.3 Cell body motility

Parasite motility results from the combination of internal and external forces, the first due to the transition between
parasite motion discretizations and the second corresponds to the force exerted by the flow. The effect of the external
forces will be explained in next section.

Having all the discretizations properly triangulated, parasite motion was induced by updating the natural length
(lp) of all springs, initial area (ag) of all triangles, and the initial angles (6y) within the triangles of current structure,
with data of a destination structure. After doing so, constraints associated forces act freely.

Once all motility contributions are taken into account, the network nodes position are updated and the process
repeated during a prescribed number of time steps (At).

3.3 Collisions

This section presents the integration of the spring network model and the dissipative particle dynamics model. At
this point the disposition of the nodes over the cell membrane becomes relevant, as was already stated the nodes
were ordered in clockwise direction and this ensures that in every case the momentum vector from one node to
another points out of the cell membrane. This can be achieved through the cross product between the momentum
vector and the unit vector of the Z axis.

For instance, let fv\lij be the vector pointing in clockwise direction from node 4 towards node j at triangle n, then
we get:

Tnij = (Tna:i—:cja Tnyi—yjy Tnzi_zj) (19)
Tnig x 2 = #(Tnyi_y; —0) 4 §(0 — Tngi_a;) + 2(0 — 0)

node?

nodel

Figure 16: Momentum vector pointing out of the structure.
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This vector p' plays a key role on the integrated performance of the models as it is used to keep particles out of the
structure, a detailed explanation is presented below.

3.3.1 Bounce back

Given each triangle springs length, nodes positions and its vectors pointing out, the dot product of the latter with
each fluid particle vector of distances to triangle nodes is calculated to identify if such vectors are parallel and its
directions are the same or not. Opposite directions will lead to mark a particle as crossing structure limits.

Figure 17: Group of fluid particles approaching to cell membrane.

Once a particle is detected crossing the structure limits its relative position to the outermost node is calculated and
a force is derived from it as follows:

Tdpd—n = Tdpd —Tn (20)
L = Tdpd—n X P (21)

AF, = 1 xXkxX/p (22)
Ap = AF, x At (23)

Where ¢+ measures how much a particle crossed the limits of the structure, x is a coefficient relative to the strength
of the interaction between the fluid and the cell membrane, At is the time step, and AF and Ap are the changes
on the force and momentum respectively.

Every particle passing through the structure gets an update on its position in response to momentum change in the
perpendicular direction:

Papd = Pdpd + Ap (24)

The change on momentum (Ap) is also transferred to the triangle nodes taking part in the interaction in the form
of a force:
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1Ap

Frn, = Fnj+-2F 25
n; it 5 (25)
1Ap

In [24] and p;pd are the updated momentum of a DPD particle and F'n’ the updated force over nodes i and j.

3.4 Model Units

While the model internal units are needed to parametrize the real system into the simulation, not all the information
is available. Therefore some of the values have to be estimated from the images, others can be freely choosen, and
finally a third set of values would depend of those first two sets and therefore have to be calculated. Model length
unit [/ is therefore arbitrarily defined by setting the equivalence between one internal unit and the distance in the
real blood vessel as [ 1] =1 [um].

To characterize the parasite mass, we took one snapshot of the videos [29], discretized the parasite, and measured
its area and length; as well as the fluid area around it. This gives a sample simulation box, with the parameters (in
internal units) as summarized in

Physical Property | Parasite | Flow
Length 19.3963* 45

Mass 40.9019 9000
Area 9.31653* 540

Table 8: Simulation units - *Properties measured in the reference discretization

The internal units for each fluid particle mass (my) and the time step (6t) are given the values of ten and 5 x 1074
respectively. Blood density is equal to 1.025g/cm?® so the amount of mass in one (um?) of fluid, vs, assuming depth
contribution to volume is equal to the unit, comes to be:

vy 1.025¢

= 26
um? cm? (26)
vy =1.0250 x 10" ng
For a channel with an area (Ay) equal to 540um? the total fluid mass in it is:
my = vUfAy (27)

my = 5.5350pg

There is no report of the parasite mass in literature so to overcome this lack of information we take as reference
the measurements of cell density for erythrocytes[30], human lung cancer cells, and mouse lymphoblastic leukemia
cells [12], which in all mentioned cases is close to 1g/cm?, so it was assumed that cell body density of the parasite
is at least equal to that of the water. Since the model is a two-dimensional representation, density is given as grams
per unit of area, (pa,): 1g/cm?. As reported in [Tab. [3] parasite dimensions vary within a range so the estimated
mass per area (A.) has the following boundaries:
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me = Ac-pa, (28)

Me—min = 12 llmQ -1 % = 1.2000 x 10_7g
cm

Me—maz = 52 llm2 -1 % = 5.2000 x 10_7g
cm

The scale units are the result of the relation between the physical system units (denoted with ’) and the model

units as follows:

2

My = - (29)
t/

T = (30)
,,,/
A/

PAy, = ’; n (32)

Where My, Ty,Rg,and PAq are mass, time, length, and area density respectively.

With the preceding definition and taking into account that in the recording[29] the transition from discretization
one to five takes 91 [es], the equations from (29) to were used to calculate the basic units scale factors between
the physical system and the simulation:

5.5350

M, = =6.1500 x 10!
0 9000 ng X ng
Ty = 9—1cs =1.8200 x 10735
O 7 500
Ry = 1pm
1.0250 g _o g
PAy = ————— __°©_ —6.1500x 1072 ==
0 1.6667 x 101 c¢m?2 x cm?

About area density it is worth to mention that the ratio between the parasite and fluid, it is 1:1.025, from the real

system was preserved in the simulation.

By using the previously obtained scale factors, velocity (V4) and acceleration (ag) were derived:

Ry 1 pm em

o = = = a3 o - 04945 x 1077 —
’ To 1.8200 x 10—3 s X -
Ry 1 jm em
= m T aaar o 5 =301 10t &2
ao T2 3312102 2 U0l g

(33)

3.4.1 Parasite mass

Mass is distributed equitatively along the cellular body, being N,, the amount of nodes, m,, each node mass, A,

the parasite area, and pA., its area density:

MmN, = pAA7. (34)

Triangles are linked through 54 nodes and since the parasite’s estimated area is approximately 32um? [Tab. ,
each node mass m,, comes to be:
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pAcATc

my ==

Ny,
1 £ 3o 12
m, = m
" 54
m, = 95.9259ng

3.4.2 Reynolds number

Reynolds number was obtained by following the approach proposed by Backer[5] based on the velocity of the system:

pg2D?
(Vo) = 12, (35)

Where p is the system mass density which is assumed to remain constant during the simulation, g, is the external
force applied to the particles,n is the system dynamic viscosity, D is half the length of the system box, and V, is
the particles velocity measured parallel to g,.

Given the expression :

V) D
Re = PVa) (36)
n
Isolating n from to replace it in (36)) allows to calculate the Reynolds number in the simulation as:
12(V2)
Re = z 37
°="D (37)

Now, by using the scale factors previously calculated in we obtained that the scale factor to get the Reynolds
number for the physical system is the unit:

2
(5.4945 % 102 @)
Rey = . S (38)
3.0190 x 10! — -1 x 10~%cm
S

Reg = 1.0000
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4 RESULTS

In this section we present the results of a coupled simulation, the flow produced with the DPD particles and the
parasite structure were integrated to retrieve measurements of the 7. cruzi’s bloodstream trypomastigote mechanical
properties.

Figure 18: Coupled simulation

Base case measurements correspond to those from the structure in the pressence of the fluid but with no flow at
all, it is, Re ~ 0. We also configured the flow to reach Reynolds numbers close to those from the heart, oesophagus,
and colon since those are the most relevant parasitized organs in the human body. The set of experiments consist
on two channels with different flow directions (parallel and perpendicular to the parasite’s horizontal axis), for each
one of them we performed three replications per organ using different seeds to initialize the particles position.

In all cases the simulation time was 1e6 internal units, we used a channel of 45 pm length by 12 pm height and applied
periodic boundary conditions on left and right sides of the channel for the base case and parallel flows simulations,
for the perpendicular flows the periodic boundary conditions worked on the upper and bottom ends. The external
force applied to induce the flow was 0.055. A complete migration, it means from first to last discretization, requires
five hundred thousand time steps.

To keep the Reynolds numbers in the ranges of interest, we set a limit on the maximum velocity the flow could
reach. The list of values and the average Reynolds numbers obtained in the simulations are in [0}

Average Reynolds number

Limit velocity | Parallel Flow | Perpendicular Flow
Heart 1.4 144.0200 178.8087
Oesophagus 2.9 605.4840 679.9573
Colon 4.0 1146.1113 1202.1363

Table 9: Set of limit velocities and Reynolds numbers obtained

We compared the simulations based on cell deformation, energy, and displacement.

4.1 Cell Deformation

Cell interaction with the environment is a complex process because it occurs at both physical and biochemical
levels, the response of the cell to external mechanical stimuli triggers intracellular activity in a process that has
been called mechanotransduction [6]. In that matter, researchers have found, for instance, that cell elongation
occurs as an adaptive response to changes in the availability of nutrients in the environment and could trigger T.
cruzi metacyclogenesis [85] but elongation can also be induced by the flow, as reported for red blood cells [[84],
[59]] or endothelial cells [49].
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Cell deformation is a process that can be either reversible or permanent and several factors like cell viscoelasticity,
viscoplasticity, cell geometry or the time scale during which the stimulus is applied play an important role in the
outcome [57]. It continues to be intensively studied, among others, in search of understanding the contribution of
stiffed red blood cells to changes in blood viscosity[[26],[77]], the hydraulic fracture of epithelial clusters [13], as
a biomarker in breast cancer [37], its importance during macrophage inflammatory response [65], and to explain
functions like cell adhesion under shear flow, as reported in [66].

Unfortunately T. cruzi is not yet part of the main focus of cell deformation research, in consequence there is a
lack of studies on the mechanical interaction between the parasite membrane and the blood flow. The mentioned
research gap forced us to define and tune « in 22} The coupled model is sensitive to the interaction strength and
major changes on this coefficient could lead to biologically unfeasible values of forces and, in consequence, loss of
the structure shape.

Here, we found after coupling the models that the structure presents minor changes on its end-to-end distance [I0]
in response to different Reynolds numbers, in all cases those changes were reversible:

Parallel Flow
Seed 1 Seed 2 Seed 3

Cell elongation as a function of time Cell elongation as a function of time Cell elongation as a function of time

s
=
R
S i
==
.@;:—;“

Perpendicular Flow
Seed 1 Seed 2 Seed 3

Cell elongation as a function of time Cell elongation as a function of time Cell elongation as a function of time

End-to-end distance

Table 10: Effect of the flow on parasite elongation

The cyclical behaviour of the results indicates that regardless of the flow conditions it is exposed to, the structure
continuously reaches the predefined equilibrium configurations once all internal and external forces act.

We studied changes in cell elongation at the local level as well. Throughout the simulation, we measured the angle
formed by the vector pointing from the centroid of a chosen triangle to its first node and the axis on which the
external force applied to produce the flow acts. The orientation of a particular triangle within the triangulation
is used as a proxy of the orientation of the system as a whole. In we present the difference between the angle
measured in base case simulations and that measured in each of the flows.
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Parallel Flow

Seed 1

Seed 2

Seed 3

Angular change in response to different flows.

Re 142.742

Angular change in response to different flows.

Re 147.002

Angular change in response to different flows

Re 142.318

o £
20 -20 g2

Re 602.494 Re 605.93 Re 608.028

Re 1147.745

Angular change

Angular change

Angular chang
Angular chang
5 08 o

Angular change

Re 1144.767 Re 1145.822

Angular changs
Angular changy

Perpendicular Flow

Angular change in response to different flows Angular change in response to different flows Angular change in response to different flows

Re 165.363 Re 194355 Re 176208
H g1 §°
50wy 30 — 5’ Bl . B e
<" < < -

Re 698,355 Re 715433 Re 626,084
-3 -3 g%
& g 10 H
MY S0 S0
g k] ] —
I H 220

Re 1242641 Re 1150612 Re 1174156
5, 5 4 5
jo . gy . il _ B ] B j e —— .
30 H 210
é 1 B

Table 11: Angular change in response to different flow conditions

For the parallel flows, we found the expansion of the triangle is the predominant behaviour, under the effect of
vertical flows the triangle switches between contraction and expansion. The main difference between the flows of
each set of experiments lies in the magnitude of the change experienced by the structure, but such results cannot
be attributed to the magnitude of the Reynolds number.

Compared to the base case, larger Reynolds numbers demand more work from the structure to preserve its shape
via the local level constraints. Which, in turn, have shown to be enough to preserve global structure length and
area as presented in [7}

After comparing the results from the different Reynolds numbers, we couldn’t identify a correlation between the
flow and the structure response.

Our results are consistent with [86] where experiments with live cells demonstrated that cell elongation has little
dependence on flow velocity. We consider that the small effect of the forces over the cell structure is an indicator
of the reduced deformability of the parasitic cell.

4.2 Energies

Adenosine-triphosphate (ATP) is a molecule present in all the living forms given its task as energy carrier, cells
have a wide variety of mechanisms for ATP synthesis as well as to convert chemical energy into mechanical work
[41]. Flagellated swimmers, like T. cruzi, hydroliyze ATP in the axenome to produce motion, in [15], researchers
found a linear relationship between ATP expenditure and flagellar beating.

We focus on measuring the energy demanded by the structure to produce what we have defined as its natural motion
under different flow conditions. The evolution of kinetic and potential energy for the first seeds are presented in[12]

the results obtained for the remaining experiments are in the
The amount of energy stored by the structure increases in response to the induced migration between discretizations

and, once all the updates described in take place, the transition starts.
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Parallel Flow - Seed 1

Base Case
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Table 12: Energies behaviour as a function of time - Seed 1
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4.2.1 Potential Energy

During the transition between discretizations the structure begins to consume potential energy, and this approaches
zero as the next steady state is reached [I2] We found variations in potential energy magnitude between the parallel
flows and small changes when it comes to perpendicular flows.

Once we compared the first three experiments of each seed from the parallel flows, we found the change on the
medians appears to be proportional to the Reynolds numbers. However, this trend is lost when we bring the
results of the colon flows into the analysis because its medians are close -even minor- to those of the oesophagus
experiments. Such a situation could perhaps be an indication that for this particular model there is a limit on the
potential energy, and it is close to being reached.

Parallel Flow
Seed 1 Seed 2 Seed 3

Parasite potential energy comparison at different Reynolds numbers Parasite potential energy comparison at different Reynolds numbers Parasite potential energy comparison at different Reynolds numbers

10°
10
on 14274 0249 14774 0593 naa7?

Reynolds number Reynolds number

Magnitude (1

Magnitude (Intemal units)
g
Magnitude (Internal units)

Perpendicular Flow

Seed 1 Seed 2

Parasite potential energy comparison at different Reynolds numbers Parasite potential energy comparison at different Reynolds numbers

Magnitude (Intenal urits)
o
Magnitude (internal urits)
g
Magnitude (Internal units)

wrats

Table 13: Parasite potential energy in response to different flows

The distribution of the potential energy for the perpendicular flows is almost exactly the same in all cases and this
allows us to think in flow orientation as a determinant factor in the cell-flow interaction.

We also observed that although larger amounts of energy are available, the interaction with the fluid also demands
the structure to increase energy consumption, explaining why the distribution of the energy across the entire set of
experiments is similar. This can be supported by:

1. The fact that the potential energy still reaches minimum values before a new transition begins

2. The relative closeness between the medians and the interquartile ranges in

4.2.2 Kinetic Energy

In [T2] we found evidence of flow-induced changes in the kinetic energy of the parasite. As oppossed to the potential
energy, in all the experiments the magnitude of kinetic energy and the Reynolds number are clearly correlated, and
once again, the effect of the perpendicular flows is the smallest. This is confirmed in [14] because the interquartile
ranges of the perpendicular flows remain not only close to the base case simulation but in the same order of
magnitude, whilst in the perpendicular flows experiments the median rapidly increases and the upper limit of the
interquartile range is one order of magnitude higher than that of the reference experiment.
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Table 14: Parasite kinetic energy in response to different flows

In [5I], metacyclic trypomastigotes from CL and G strains were put into starvation after reducing the availability
of ATP. This resulted in depleted infectivity rates and demonstrating cell invasion is a process that, independent of
the strain-specific engaging strategies, demands the cell to invest energy for its completion. In light of our results,
parasite motility is affected by the flow because the energy expenditure to perform it rises when the flow velocity
does. Given the increase in energy needs, one might think of flows characterized with high Reynolds numbers as
hostile to the main processes leading to parasite proliferation: motion and cell invasion.

But the reality of the disease is that even under such harsh conditions the infection can reach advanced stages, so
our findings seem to be the losing side of an emerging trade-off. In order to understand what possibly the gains for
the parasite are, some questions and facts arise:

1. Are those enviroments populated with more cells susceptible of being parasitized by T. cruzi?

2. The appearance of nanotubes in the flagellum has been reported as a possible mechanism to improve cell
adhesion when the T. cruzi epimatigotes face shear flows [66], does the trypomastigote possess a similar
mechanism to adhere and eventually cause damage to the host’s cells?

3. Cell damage causes an increase in the available amount of extracellular Adenosine-triphosphate (eATP). eATP
is used for cell-to-cell communication and is recognized as a trigger of the inflammatory response [83], it is
also known that trypomastigotes are able to hydrolyze eATP [53].

We speculate that in a rich environment with improved cell adhesion, the parasite can harm more cells, causing
the amount of eATP to surge without the risk of strong activation of the immune system. The mentioned risk
is considered to be reduced if the parasite consumes the eATP to compensate the additional amount of energy
demanded during the interaction with the surrounding flow.

4.3 Center of Mass

Motility is relevant during the entire life cycle of the parasite because it takes part in several processes including
cell development, adhesion to host cells, and the evasion of the immune system. For kinetoplastids as 7. cruzi, the
dynein motor proteins in the axenome are responsible for providing the force needed to produce flagellar beating[43].
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Our spring network model does not explicitly represent the flagellum because we consider its effect is already part
of the resulting discretizations, to us, this assumption helps to simplify the model and is safe for two reasons:

1. T. cruzi swimming is the result of global changes in cell shape as a consequence of the flagellum being attached
to the cell body [72], for this model a global change is represented by the transition between discretizations.

2. At the parasite level the inertial forces are neglected, leading to dominance of the viscous forces. In this
scenario, the only way to produce displacement is non-reciprocal movement [35].

We found the motion discretization strategy [5]is close enough to the definition of non-reciprocal movement:“a series
of motions, wherein multiple parts are moved in a specific order to cycle through fixed poses. Reversing the
order of motions would result in a different series of poses’ﬂ as to guarantee displacement of the cell body.

To assess the effect of the flow on the parasite trajectory we tracked its center of mass during the simulations [T5]
and found the following:

1. For the parallel flows, we found that the structure is not only dragged by the flow but also that the difference
with what we have referenced as the natural trajectory of the parasite is proportional to the magnitude of the
Reynolds number.

2. On the other hand, perpendicular flow simulations show changes in the center of mass trajectory as well, but
without a clear relationship with the Reynolds number. In fact, it seems that a flow perpendicular to the
cell structure’s horizontal axis exerts little effect over its trajectory, and this could be explained by parasite
morphology or be the result of the channel configuration.

Parallel Flow
Seed 2

Center of mass location as a function of ime.

Perpendicular Flow
Seed 2

Table 15: Effect of the flow on parasite trajectory

Our findings are in partial agreement with the results from [86], exposing the structure to parallel flows resulted
on the parasite displacing faster -as expected for a stiffer structure- and upstream in some kind of wavy trajectory.
On the contrary, the perpendicular flows show the cell has no preferred direction of motion.

Flows parallel to the cell elongation direction could explain, to some extent, how the parasite travels within the
human body reaching organs far from the entry wound: taking advantage of the drag produced by the flow. It also

3A. Hochstetter and T. Pfohl, Trends Parasitol.531-541, 32,7 (2016)
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seems that for low Reynolds numbers in flows parallel to the horizontal axis of the structure or flows perpendicular
to the same axis of the parasite and regardless of the Reynolds number, the chemotaxis-driven motility could be
facilitated.
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5 CONCLUSIONS AND FURTHER RESEARCH

We successfully represented the infective form of the 7. cruzi with a spring network model where a set of harmonic
springs act as the cell membrane and the mass of the parasite is distributed alongside the structure, aggregated
in rigid nodes. This approach can be replicated to model other forms of the parasite and even it could result in
the first attempt on T. cruzi metacyclogenesis modeling since the final stage of the parasite can be considered as
another discretization to reach. A non-critical change to the cell model is the addition of the flagellum in order to
evaluate if variations on flagellar pocket position have incidence on cell motility. For this model we consider three
improvements are of the outmost importance:

1. Develop a 3D model of the cell body.

2. To carry out efforts on image processing so retrieving data points from in vitro recordings can be automated
and other cell stages modelled with ease.

3. Turn the rigid nodes into dissipative particles.

During the modelling phase of the cell body, we faced continuous limitations due to the lack of data on the physical
properties of the parasite, such as length, width, height, mass, or bending rigidity. Many of these drawbacks were
overcome with extensive parameter testing to stabilize the structure.

Our second goal was to model the blood flow and couple the models. Sticking to the formal definition what we
modelled here is a fluid similar to blood plasma, it is so because our model does not include RBC which are the
most abundant corpuscles in blood. We arrived at this decision because red blood cells cannot be parasitized by
T. cruzi and erythrocites modelling has been the focus of intesive recent research, a statement that does not hold
true for this parasite. The flow was modelled via DPD.

The velocity distribution of the particles in our implementation of DPD produced a good fit to a Maxwell-Boltzman
distribution. In addition, the thermostat is in good agreement with the Fluctuation-Dissipation theorem. As part of
the flow characterization we also implemented the Poiseuille method and found the velocity profile agrees with the
fully developed flow assumption. The Poiseuille method implementation is intended to produce further advances
in this research because it allows us to assess the effect of shear flows on the parasite cell. In the future, we expect
the flow to be represented as a combination of the current blood plasma flow and RBC in three dimensions.

The coupled simulation here presented allows measuring the effect of different flow conditions not only on mechanical
properties of the cell body like cell elongation or motility but, in addition, it provides some interesting insights on
energy expenditure. Our current work can be extended to simulate multiple cells. It is also worth mentioning that
the parameters are susceptible to be refined as new information on the parasite physical properties comes out.

The results we obtained from models coupling confirm that flows are unable to produce major or permanent changes
on cell elongation. We also observed some motility patterns similar to those reported from in vivo experiments, the
cases where our results diverge from the experimentalists findings will be a matter of further analysis, for instance,
on the effect of the channel dimension or the parasite morphology and its relationship with the flow direction.
The behaviour of the energy during cell-flow interaction led us to propose an emerging trade-off mechanism to
understand how the parasite obtains the additional energy it needs to preserve motility and take advantage of the
flow to proliferate. In our concept, the blood flow plays a key role on cellular tropism, either because it drags the
trypomastigotes to environments where more resources are available or because it allows the parasite to drive its
motion by the chemical signal of potential host cells.

This thesis has contributed to increase our understanding of 7. cruzi dynamics when exposed to different flow
conditions, it is our hope that this work helps to pave the way to foster mathematical modelling research in
neglected diseases.
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6 LIST OF PRESENTATIONS

1. Workshop: Mechanical Forces in Biology: Theory and Simulation (2019), A parasite’s thoughts: What’s it
like to swim inside you? (Oral presentation), Universidad de Los Andes, Colombia.

2. School: Computer simulations of biological membranes & free energy calculations of biomolecular systems

(2018), Spring Network Model of Trypanosoma Cruzi bloodstream trypomastigote (Poster), Universidad de
Los Andes, Colombia.

3. V International Conference on Particle-Based Methods (2017), Trypanosoma cruzi swimming in shear flow
(Oral presentation). Leibniz Universitit Hannover, Germany.
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7 APPENDIX
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Table 16: Energies in parallel flow - Seed 2
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Table 17: Energies in parallel flow - Seed 3
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Table 18: Energies in perpendicular flow - Seed 2
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Table 19: Energies in perpendicular flow - Seed 3
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