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Abstract

The invasion of the erythrocyte by malaria merozoites marks the pathogenesis of malaria. The
invasion involves biomechanical interactions whereby the malaria merozoite exerts an
actomyosin based force to push itself into the erythrocyte while inducing biochemical damage
of the erythrocyte membrane, thus optimising its invasion efficiency. The mechanical aspects
of invasion have received limited attention, limiting the mechanistic understanding of the
invasion process. Studying the factors that impact the erythrocyte invasion mechanics
experimentally may be challenging because of the need to replicate the in vivo conditions. In
silico studies are a more accessible alternative to investigate the biomechanical aspects of the
malaria merozoite’s invasiveness. Hence this study aimed (i) to analytically and
computationally investigate the mechanical factors that determine the invasiveness of a malaria
merozoite during its entry into an erythrocyte, and (ii) to evaluate the impact of local membrane
damage on an erythrocyte's regional and global mechanical properties, towards cell mechanics
profiling of invasion blocking anti-malarial compounds that target erythrocyte membrane
damage mechanism.

An analytical model based on the shell theory was developed to predict erythrocyte membrane
mechanics during malaria merozoite wrapping. Equilibrium and governing equations were
derived from membrane deformation and constitutive equations and solved using the Runge
Kutta fourth-order method to obtain erythrocyte membrane principal stretch for determining
erythrocyte membrane strains and stresses. The developed analytical model predicted the
maximum indentation force of 1 pN and 8.5 pN for small and finite areal strain, respectively.

An erythrocyte membrane damage model was developed to investigate the impact of the
malaria merozoite induced damage on the merozoite’s invasiveness. The damage model
incorporates a damage variable function into the Mooney Rivlin constitutive law for finite
element analysis implementation. The model parameterises the duration and amount of
erythrocyte membrane damage to allow a detailed evaluation of the impact of the damage
amount and duration on the merozoite’s invasiveness. The stability threshold of the developed
damage model, determined analytically using Drucker’s stability criteria, was used to
determine the damage model's validity range and assess the impact of the damage. The nominal
strain stability threshold was 1.19 and 1.98 for severe and minor erythrocyte membrane
damage.

A finite element invasion model was developed to investigate the malaria merozoite's
invasiveness based on the erythrocyte's deformability. The invasion model comprised
erythrocyte membrane and cytoplasm, malaria merozoite, and tight junction. The merozoite’s
invasiveness was evaluated employing the energetics of all interacting structures. The impact
of erythrocyte shape and membrane damage on the merozoite invasiveness was determined.
An increase in erythrocyte sphericity and membrane damage led to a decrease and increase of
the merozoite’s invasiveness, respectively. The model predicted that a force of 11 pN was
required for the merozoite to invade the erythrocyte.

Erythrocyte membrane damage is a possible target for disrupting the invasion process and can
potentially be used for screening antimalarial compounds. Erythrocyte nanoindentation and
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compression was assessed in finite element simulations to identify suitable biomechanical
assays for erythrocyte membrane damage. Local erythrocyte membrane damage did not
discernibly affect the forces for whole-erythrocyte compression. However, the nanoindentation
force decreased by 57% in the presence of erythrocyte membrane damage. Hence,
nanoindentation may be a suitable mechanical assay for malaria merozoite-induced erythrocyte
membrane damage in screening new anti-malarial drugs.



Vi

Contents
N 1] £ = T USRS U PP 0\
(@0 01 1] 1 £SO R RS RP TPV Vi
LEST OF FIQUIES. ..ttt bbb bbbttt ettt bbbt ne e IX
LIST OF TADIES ... a bbb Xiii
NOMENCIATUTE ...ttt b bbb e e bbb bttt e e neeneeneas XV
LiSt Of ADDIEVIALIONS .......ooieicc e eas XiX
1 Introduction and backgroUNd............ccceiieiiiieiiese e 1
O R |V = - L - OSSPSR 1
1.1.1  Pathogenesis of Malaria ........cccccveiiiiiiiiiicie e 1
1.1.2 Malaria merozoite invasion MECNANICS...........cervrieriereeee e 2
1.2 Structure of the human erythroCYLe........ccouvii e 4
1.3 Computational mechanics of erythroCYteS.........ccooiriiiiiiiiirieee e, 5
1.3.1  Structural MOEIS .......cooviiieiiei s 5
1.3.2 Isotropic hyperelastic constitutive models for the erythrocyte membrane.......... 6
1.4  Computational damage mechanics of erythrocyte membranes ...........ccccoecvevieiieevieenne. 8
1.4.1  Continuum damage mechanics of biological membranes .............c.ccocvvrinnnnn. 8
1.4.2  Continuum damage models for soft biological materials...............cccccoveiiennnnn, 9
1.5  Problem identifiCation..........cccveiiiieiicc e 14
1.6 AIMS AN ODJECLIVES ....uiiiieii ettt sttt e e be e reeenae e 15
1.6.1  Impact of erythrocyte morphology on the invasiveness of the malaria merozoite
15
1.6.2  Impact of erythrocyte membrane damage on the invasiveness of the malaria
LT (0740 (=TSPTSRO 17
1.6.3  Assessing erythrocyte damage using whole-cell compression and nano-
Lo =T g1 v oo E RSP ORRPRRTPP 19
1.7 CRAPLEr OVEIVIBW ...ttt bbbttt bbbt 20
2 An analytical model of the mechanics of erythrocyte membrane wrapping during the
active invasion of a plasmodium falciparum mMerozoite ...........ccoovvviiiiene s, 22
220 A {11 7T [N 41 o o SR 22
2.2 Model deVEIOPMENT ........ooiiee e 23
2.2.1  Physical and mechanical properties of a healthy erythrocyte...........c.ccocvevenne. 24
2.2.2  The geometry of a malaria Merozoite ..........cccovveiieiie i 25
2.2.3  Deformation of erythrocyte membrane during merozoite wrapping ................. 26
2.2.4  Constitutive law of erythrocyte membrane...........cccccooeeiiiiiic e, 28
2.2.5  Equilibrium equations of erythrocyte membrane ...........cccoceveveneninennnieenenn 29
2.2.6  Governing equations of erythrocyte membrane............cccccovvevieiii i e 30
2.2.7  Contribution of tight junction and erythrocyte membrane wrapping to invasion
LT To 011 0SSOSR 31
2.2.8  Impact of erythrocyte membrane damage on the invasion energetics............... 31
2.3 Model application and FESUILS ..........coiiiiiieiieiesie e e 32
2.4 DISCUSSION ...ttt sttt b e bbbttt bbbt bbbt et e s et st bt eebeaneene e 38

3 A constitutive model for the remodelling erythrocyte membrane skeleton during the
active invasion by the malaria MerozZoIte...........cccveviiieiieie e 41



K T0 A 1011 (o [N [ o SO SR PR PRO 41
3.2 Methods and MALErIaAlS ........ceeiveieiieieeie e re e e 43
3.2.1 Mathematical model of the constitutive behaviour of the damaged erythrocyte
L0070 0] o] =TSSR 43
3.2.2 Implementation and verification of the modified Mooney Rivlin model as user
material in ADAQUS EXPHCIT ........ooiiiiiiiie s 47
3.2.3  Representing erythrocyte membrane damage in alternative constitutive models
............................................................................................................................ 49

3i3 RESUIES .. bbb bt et en e b b e 50
3.3.1  Erythrocyte membrane damage MOodel ..........ccoovviiiiiniiiiice e 50
3.3.2 Representing erythrocyte membrane damage in Ogden, Yeoh, Reduced
POIYNOMIAL MOTEIS ... s 50

B B L1 o{ U 11 o] PO PR PRSPPSO 52
4 A finite element model for the invasion of human erythrocytes by a plasmodium
FAlCIPArUM MEIOZOITE ... ..ottt nb e nae s 54
0 R [ 011 (oo [0 od 1 o] OSSPSR OPTURRPRSPRS 54
4.2 Materials and MethOaS .........uoiieiiiieiiee e 55
421  Geometric MOUEITING ...cceeiieiiee it 55
4.2.2  Constitutive MOAEITING......ccoiiiiiiiiiieiee e 58
4.2.3  Finite element types and MeShES..........c.cccveiiiiiiiiie i 64
4.2.4  Boundary conditions and interactions of merozoite and erythrocyte ................ 65
425  Model ValIdatioNn .......ccoiiiiiiiiic s 67
4.2.6  Finite element analysis and case StUAIES...........ccooveriririiiieiieiese e, 70

A3  RESUITS ...ttt ettt bbb ne e 74
4.3.1  Validation of the erythrocyte finite element model ............ccocooiiiiiiiiinen, 74
4.3.2  Validation of the invasion MOdel ... 77
4.3.3  Impact of the erythrocyte morphology on the merozoite invasiveness ............. 78
4.3.4  Impact of phosphorylation induced damage in the erythrocyte membrane on the
MEIOZOITE INVASIVEINESS ...c.veeuiieriesteeieeieesiee et eseesseesteaseeaseesteeseesseesseaseeaseesseeneesseesteaneeaneennean 79
4.3.5  Assessing the impact of local erythrocyte membrane on the global responses on

TNE BIYENTOCYLE ...t 81

O B 1ol T (XS] (o] RSOSSN 82
441  Validation of the erythrocyte model ...........ccoooooiiiiiiii e, 83
4.4.2  Validation of the invasion MOdel..........ccccovviiiiiiiiiin 83
4.4.3  Impact of the erythrocyte morphology on the merozoite invasiveness ............. 84
4.4.4  Impact of phosphorylation induced damage in the erythrocyte membrane on the
MEIOZOITE INVASIVEINESS .....veeieieeiesteeieeieesiee et eseesreesteaseeaseesteeseeaseesteaseeaseesseeneesseenseaneeaneeneeas 85
445  Assessing the impact of local erythrocyte membrane on the global mechanical
resPoONSES OF the ErYtNIOCYTE .......coviiiieie e 85

5 Conclusions, novel aspects, and recommendations.............cccoccvevevieere e, 87
5.1 An analytical model of the mechanics of erythrocyte membrane wrapping during the
active invasion of erythrocyte by the malaria merozoite...........ccocveveeieieeri e 87
5.2 A constitutive model for the remodelling erythrocyte membrane skeleton during the
active invasion by the malaria MErozZoIte. ........c.cooviiiiiiiee e 88
5.3 A finite element model for the invasion of human erythrocytes by a plasmodium
TalCIPArUM MEIOZOITE ... bbbt 89

U] o] [Tor= Yo a1 o] F= o 1SS 90



Data availability
RETEIENCES. ...
Appendix A: Supplementary data for chapter 3



List of Figures

Figure 1: Life cycle of plasmodium falciparum merozoites, with permission from White et al.

(2004). .ottt 1
Figure 2: Illustration of invasion process by malaria falciparum merozoites Dasgupta et al.
(2004). ettt Rt R e R e Rt et et et et e Eeeneereeneeneens 3

Figure 3: (a) Basic arrangement of the actin/spectrin skeleton underlying the erythrocyte lipid
bilayer (Unsain et al. 2018) (b) erythrocyte membrane architecture showing interactions and
modifications that occur during malaria merozoite invasion. Blue arrows indicate P. falciparum
merozoite binding ligands and their receptors. The green arrow shows extra-cellular cleavage
of SLC4A1 (Band 3) by a parasite-derived protease. Magenta arrows indicate putative
erythrocyte cytoskeletal phosphorylation events that arise during the invasion. Calcium ions
(known to be released during the invasion) are shown with permission from Zuccala and Baum

20 TSRS PRSSP 5
Figure 4: EBA-175 concentration vs AFM Young’s modulus (Sisquella et al. 2017)............ 12
Figure 5: Normalised elastic modulus representing the mechanical state of the erythrocyte
membrane relative to the EBA-175 RII dose (Sisquella et al. 2017). .....cccoovveiiiiiiiininne, 12

Figure 6: Spherocyte invasion by a malaria merozoite (a), convex region invasion of a discoid
erythrocyte by a malaria merozoite (b), concave region invasion of a discoid erythrocyte by a
MAIAITA MEIOZOITE. ... .c.eiiiieiiie ittt b et et e b e et e st e sreenbeeneennes 17

Figure 7: Nano-indentation simulation of a locally damaged erythrocyte in Abaqus Explicit (a),
compression simulation of the locally damaged erythrocyte (b), ¢ and d are cross-sections of b
AN @ TESPECTIVEIY . ...t bbbttt bbb ne e 20

Figure 8: (a) Malaria merozoite idealized shape showing morphological alteration resulting
from altering Ra from 1 pm to 1.1 um, (b) shows the principal stretch directions in the
erythrocyte membrane, where 1 and 2 represent the meridian and circumferential directions,
respectively, and (c) illustration of the erythrocyte membrane wrapping mechanism. ........... 25

Figure 9: Numerical solution of circumferential stretch A2 versus meridian stretch A1 for the
complete wrapping of the merozoite for (a) small maximum areal strain of Asmax = 4% and (b)
for large maximum areal strain of Asmax = 51% in the erythrocyte membrane....................... 33

Figure 10: Numerical solution of meridian stretch A1 and circumferential stretch A2 versus the
erythrocyte membrane areal strain for the complete wrapping of the merozoite for (a) small
maximum areal strain of Asmax=4% and (b) for large maximum areal strain of Asmax=51% in
the erythroCyte MEMDIANE. .......cc.oi i 34

Figure 11: Analytical solution describing erythrocyte membrane stretch versus percentage
indentation depth for (a) small maximum areal strain of Asmax= 4% and (b) for large maximum
areal strain of Asmax=51% in the erythrocyte membrane. ...........cccooviiiiinine, 34

Figure 12: Non-dimensional isotropic tension versus areal strain in the erythrocyte membrane
during merozoite wrapping for the maximum areal strain of Asmax = 4% (a) and 51% (b).
Mathematical solutions of the tension in meridian (MR-T1) and circumferential direction (MR-
T2) obtained with the Mooney-Rivlin law, see Eqgns. (35) and (36), are compared to solutions
of linear-elastic Hooke’s law (HO) and the nonlinear elastic Mooney-Rivlin law (MR) from
OMOri €t al. (20111). .ovieieiiee et ae e 35



X

Figure 13: (a) Membrane shear modulus versus areal strain in the erythrocyte membrane during
complete merozoite wrapping of the erythrocyte membrane. The decrease of the shear modulus
with increasing areal strain represents strain softening. (b) Meridian and circumferential stress
versus areal strain in the erythrocyte membrane during complete merozoite wrapping. The
stress associated with the assumed lysis threshold areal strain of Asmax = 4% is 01 = 63.1 Pa in
meridian and o2 = 30.5 Pa in the circumferential direCtion. ...........cccecveveiieiiv s 36

Figure 14. Forces involved in the complete wrapping of a merozoite for small (Asmax = 4%)
and large maximum areal strain (Asmax = 51 %) in the erythrocyte membrane. (a) Total
wrapping force Fw versus normalised indentation depth di/Lm. (b) Total indentation force Fi
versus normalised indentation depth di/Lm. The total indentation force acts in the direction of
the long axis Of the MEr0ZOIe. .........coovi i s 37

Figure 15: Indentation work required for the complete wrapping of the merozoite versus
normalised indentation depth. (a) Indentation work for Asmax = 51 %, without and with
phosphorylation of the spectrin network, represented by reducing the membrane’s elastic
modulus. (b) Indentation work for Asmax = 4 %, without and with phosphorylation of the
spectrin network, represented by reducing the membrane’s elastic modulus. A represents the
indentation depth region where the indentation work is done by the malaria merozoite, whereas
B indicates the part of the indentation for which the tight junction provides the work........... 38

Figure 16: Abaqus Explicit procedure for simulating erythrocyte membrane by using the
VUMAT subroutine. The Abaqus materials module is used to define the Abaqus based Mooney
RIVIIN TAW. ..ottt ettt sttt sb e et e nres 48

Figure 17: Biaxially loaded shell element used to verify the VUMAT subroutine. ................ 48

Figure 18: (a) True stress versus true strain in a shell element determined with the Abaqus built-
in Mooney Rivlin model and the Vumat damage model for B1=0, (b) True stress versus true
strain determined with the Vumat erythrocyte membrane damage model showing the stress
decrease with initiation and increase of membrane damage.............ccoovveieienennenc s, 50

Figure 19: Erythrocyte membrane damage represented by the Ogden, Yeoh, and Reduced
polynomial materials models at various damage states in a single shell element, for 1= 0 (a),

B1=10.49 (b), B1=1(C), and P = 2.7 (). cerrereririeeeeiee s 51
Figure 20: ErythroCyte GEOMELIY ....c..oviiiiiiiiiieiee e 55
Figure 21: The geometry of the spherocyte generated in Abaqus. .........cccccevvevecieiieseenene, 56
Figure 22: A section of the cryo x-ray image of free Plasmodium Falciparum merozoites.
Schematic adapted from Dasgupta et al. (2014)........cccoeeeieeieiie i 56
Figure 23: Rigid egg shape geometry of the malaria merozoite generated in Abaqus Explicit.
.................................................................................................................................................. 57

Figure 24:The orange dots represent merozoite ligand-bound complexes, blue dots represents
tight junctional complexes. The figure has been adapted from (Koch and Baum 2016)......... 58

Figure 25: Illustration of the minimisation process of the objective function......................... 61
Figure 26: Schematic illustration of how the Mooney Rivlin parameters were determined. ..61

Figure 27: Graphical representation of Kernel function, with permission from Wang et al.
(2018). 1.ttt E e bR bbbt bbb et 62



Xi

Figure 28: The erythrocyte membrane meshed with triangular shell elements (a), erythrocyte
cytoplasm meshed using the 8-node linear brick elements with reduced integration and
hourglass control (C3D8R) (b), annulus structure of the tight junction meshed using a ten-node
modified quadratic tetrahedron elements (C3D10M) (c), the rigid merozoite meshed using a
three-node 3D rigid triangular elements (R3D3) (d). ..cccvveveeiiiieiieiieeiee e 64

Figure 29: Blood pressure applied on the outer surface of the erythrocyte membrane (a), the
initial velocity of 2x10% mm/s applied at each node of the erythrocyte membrane (b), each
node of the annulus structure is only allowed to displace in z and x directions (c), the rigid
malaria merozoite is displaced in the negative y-direction (d). .......c.ccceveviiiiieiie i, 66

Figure 30: Structural interactions of the erythrocyte membrane, tight junction, malaria
merozoite and the erythrocyte Cytoplasm. ........ccovoiiiiiii i 66

Figure 31: Optical tweezer experiment set up (a and b) (Song et al. 2017), Optical tweezer
experimental data and numerically generated data (Mills et al. 2004) (C). .....cocevvevveiiieeninns 68

Figure 32: Reduction of the erythrocyte surface area during the erythrocyte invasion; the
dashed line (black) represents the time when malaria merozoite is entirely wrapped by the
erythrocyte membrane (Geoghegan et al. 2021).........cccovieiiiiiiiiniiieee e, 69

Figure 33: Entry point of the merozoite (grey) into a human erythrocyte (blue) through a convex
region (a), the entry point of the merozoite (grey) into a human erythrocyte (blue) through a
concave region (b), the entry point of a malaria merozoite (grey) into a human spherocyte (blue)

(o) TS 71
Figure 34: Region in red where two types of damage are induced, start configuration of the
erythrocyte, isometric view (@), plan VIEW (D). .....ccocooiiiiiiieee e, 72

Figure 35: Initial configuration of the compression test simulation (a), concave and convex
regions of the erythrocyte are indicated by damage locations 1 and 2, respectively............... 73

Figure 36: a) Initial configuration of the nanoindentation simulation, b) concave and convex
regions of the erythrocyte are indicated by damage locations 1 and 2, respectively............... 74

Figure 37: The contour plot of the erythrocyte axial displacements at various stages of optical
tweezer simulation test, axial displacement of the erythrocyte FE at 0.0143 s (a), 0.209 s (b),
0.308 S (C), aNd At 0.413 S (). ..ecveiieirreieieere ettt re et sre e raeae e 75

Figure 38: The contour plot of the erythrocyte transverse displacements at various stages of
optical tweezer simulation test, transverse displacement of the erythrocyte FE at 0.0143 s (a),
0.209 s (b), 0.308 s (C), and at 0.413 S (d). «.vevververreireeeieie e 75

Figure 39: Optical tweezer simulation data (axial and transverse erythrocyte FE model
diameters) fitted with optical tweezer experimental data (axial and transverse diameters of the
human erythrocyte) (Mills et al. 2004). .........cooiieiiiie e 76

Figure 40: Contour plots of the erythrocyte FE model deformed in an optical tweezer
simulation test showing the erythrocyte model axial diameter (a) and maximum principal
logarithmic strain (b). The contour plot of the maximum principal logarithmic strain of the
erythroCyte MembBIrane (C) .....cciiueiieie ettt ae e re e 76

Figure 41: The contour plot of the erythrocyte membrane maximum principal logarithmic strain
at various stages of optical tweezer simulation test, Maximum in-plane principal logarithmic



xii

strain of the erythrocyte membrane at 0.0143 s (a), 0.209 s (b), 0.308 s (c), and at 0.413 s (d).

.................................................................................................................................................. 77
Figure 42: Experimental vs simulation data, showing the erythrocyte membrane surface areal
variation when B1=11 is induced from 0 to 0.1 s (Geoghegan et al. 2021). ............cccovvvrnnnnes 78

Figure 43: Deformation of an erythrocyte at 100% indentation depth normalised over the length
of the malaria merozoite with (a) and without (b) blood pressure applied on the outer surface
OF the ErYENIOCYLE. ..o ettt a e e saaeabeenree s 78

Figure 44: Strain energy of the invasion model representing the energy required to invaginate
the malaria merozoite in the concave and convex regions of the erythrocyte and the spherocyte.

.................................................................................................................................................. 79
Figure 45: Indentation force vs indentation depth for varying degrees and timing of erythrocyte
MEMDIANE UAMAGE. .. eeueieeee ettt bbbttt se bbbt ne s 80

Figure 46: Compression force vs compression displacement data obtained from an intact
erythrocyte and an erythrocyte damaged at damage locations 1 and 2..........c.cceevevvevvernennnne. 81

Figure 47: (a) Maximum principal logarithmic strain for the intact erythrocyte membrane (b)
maximum principal logarithmic strain for the erythrocyte membrane obtained by inducing
damage (B1=32) for 0.1 s at damage location 1, where A and As, max denotes the surface area
and the areal ratio of the erythrocyte respectively, (¢) maximum principal logarithmic strain in
the erythrocyte membrane obtained by inducing damage for 0.1 s at damage location 2, where
B1 = 32, (d) indentation force vs nano-indentation for the intact erythrocyte membrane (blue),
and when damage is induced at damage locations 1 (red), and 2 (black).........c.ccccovveiinennnnn, 82

Figure A.1: Contour plots of maximum principal stress in a shell element without damage i.e
B1=0 (a) and a shell element with increasing damage with f1=0.49 (b), B1=1 (c), and f1=2.7
(o) TR OSSP PSPPSRI 99



Xiii

List of Tables

Table 1: Hyperelastic models with their predictive accuracies and the number of material
parameters (Bergstrom 2015). .....cui oottt nre s 8
Table 2: Erythrocyte membrane parameters for simulating merozoite wrapping with small and
large maximum areal membrane strain of Asmax = 4% and 51%.........cccccvvvvvieeieninniieneeene 31
Table 3: Strain stability threshold of various material models at various erythrocyte membrane
AMAGE STALE. ..ot b e b e e e e e e b e e e e abeenrae s 52
Table 4: Erythrocyte Shape Parameters. .......ccouiiiiiieieierie et 55
Table 5: Mooney Rivlin parameter values of the tight junction complexes. ..........ccccccvevveenee. 61
Table 6: Element type and mesh sizes for various structures involved in the invasion
MECNANISIML .ottt ettt e s bt b e e b e s b e et e e st e s beenbeeneenres 65
Table 7: Simulation parameters used iN ADAQUS. ........cooeririiiiiiieee e 71
Table 8: Damage parameters for first (0 — 0.1 s) and second stage damage (0-1.15). ........... 72

Table A.1: Material parameters for the Ogden strain energy function of order three, evaluated
from the developed damage model nominal stress-strain data when B1=0. ........ccoocvviiiinnnns 99

Table A.2: Material parameters for the Yeoh strain energy function of order three, evaluated
from the developed damage model when B1= 0. ....cccoiiiiiiiiiiiniii s 100

Table A.3: Material parameters for the Reduced polynomial strain energy function of order six,
evaluated from the developed damage model when 1= 0........ccccviiiiiiiiiiiiiics 100

Table A.4: Material parameters for the Ogden strain energy function of order three, evaluated
from the developed damage model when B1=0.49. ... 100

Table A.5: Material parameters for the Yeoh strain energy function of order three, evaluated
from the developed damage model when B1=0.49. ..o 100

Table A.6: Material parameters for the reduced polynomial strain energy function of order six,
evaluated from the developed damage model when B1=0.49..........ccccoviiiiiiiiiiiiciiins 100

Table A.7: Material parameters for the Ogden strain energy function of order three, evaluated
from the developed damage model when B1= 1. .......cccooiiiiiiiiiiiiii s 101

Table A.8: Material parameters for the Yeoh strain energy function of order three, evaluated
from the developed damage model when B1= 1. .......cccooiiiiiiiiiiiiii 101

Table A.9: Material parameters for the reduced polynomial strain energy function of order six,
evaluated from the developed damage model when B1= 1.....ccccoooiiiiiininiieniiie e 101

Table A.10: Material parameters for the Ogden strain energy function of order three, evaluated
from the developed damage model When B1= 2.7. .....cccccoiiiiiiiiiiiiiccee e 101

Table A.11: Material parameters for the Yeoh strain energy function of order three, evaluated
from the developed damage model when B1=2.7. ..o 102

Table A.12: Material parameters for the reduced polynomial strain energy function of order
six, evaluated from the developed damage model when B1=2.7. ..o 102

Table A.13: The material parameters of an intact erythrocyte membrane ..............cccccveenne. 102






Nomenclature

Symbol Description
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G Coefficients that define the 3D shape of the malaria merozoite
Gs Shear modulus

h Smoothing length

ht The thickness of the erythrocyte membrane

I1 First strain invariant

2 Second strain invariant

I Internal force vector

K Compressibility of the erythrocyte membrane

Ko Initial bulk modulus

k1 Meridian curvature

k2 Circumferential curvature

m Stretch parameter

Mc The coverage area of the erythrocyte membrane

Mad Width of the merozoite at the maximum indentation depth
MM Mass matrix

Mp Material parameters for implementing the Mullin’s effect
MR-T1 Meridian tension obtained using the Mooney Rivlin law
MR-T2 Circumferential tension obtained using the Mooney Rivlin law
Mst Structural tensors

n Stretch parameter

N Number of SPH particles

Nt Structural tensors

P The pressure acting on the erythrocyte surface

P’ Applied load vector

R Rotation matrix

R3D3 Linear rigid triangular shell elements

Ra Malaria merozoite shape parameter

Rob Malaria merozoite shape parameter



Rc
Rad

li

S3R

Relative compressibility

Reduction factor

The position vector of the particle of interest

Particle's position vector in the neighbouring region

The radius of the circular erythrocyte membrane

Material parameters for implementing the Mullin’s effect
Triangular shell elements with reduced time integration
The entropy of the system

Principal meridian tension

Principal circumferential tension

The absolute temperature of the system

Stretch tensor

The internal energy of a system

N degrees of freedom

Particle velocity

Shock velocity

Velocity

Reference volume

x coordinate point on the surface of the malaria merozoite
y coordinate point on the surface of the malaria merozoite
z coordinate point on the surface of the malaria merozoite
The ratio of material parameters

Chemical damage parameter

Strain or mechanical damage parameter

XVii

Scaling parameter for the strain energy density function of the

intact material

Material parameters for implementing the Mullin’s effect
Linear coverage of the erythrocyte membrane

Arch length on the malaria merozoite surface
Dimensionless parameter

Kronecker delta function

Damage variable for Mullin’s effect



xviii

Nm Nominal volumetric compressive strain

0 Polar angle for determining the shape of the merozoite

M Meridian principal stretch

A1,max Maximum stretch in the meridian direction

A2 Circumferential principal stretch

A2,max Maximum stretch in the circumferential direction

M Dynamic viscosity

Mo Initial shear modulus

s Shear stress

v Poisson’s ratio

Ek The strain energy of the intact material

&k Material parameter

Emax The maximum strain energy of the intact material

Emin The minimum strain energy of the intact material

p The polar coordinate point on the surface of the malaria
merozoite

po The initial polar coordinate point on the surface of the malaria

merozoite representing a point at which the tight junction forms

o1 Principal meridian stress

02 Principal circumferential stress

T Indentation time in seconds

(0] Polar angles for determining the shape of the merozoite
¢d Damage function for the Mullin’s effect

Yo The strain energy density of an intact erythrocyte membrane
Wof The strain energy density of intact fibres

Yom The strain energy density of the intact matrix

Wdev Deviatoric strain energy

Wh Helmholtz free energy function

Ym The strain energy density of the tight junction

Wmax Maximum strain energy

Yol Volumetric strain energy density



XixX

List of Abbreviations

2D

3D
ADP
AFM
ATP
CDM
DNA
EBA
EBL
EMD
FE
FEA
GPA
GPC
HS
LLSM
MR
NH
PVM
RBL
RNA
SIV
SLC4Al
SPH
UMAT
VUMAT
WHO

Two dimensions

Three dimensions

Adenosine diphosphate

Atomic force microscopy
Adenosine triphosphate

Continuum damage mechanics
Deoxyribonucleic acid

Erythrocyte binding antigen
Erythrocyte binding like
Erythrocyte membrane damage
Finite element

Finite element analysis
Glycophorin A

Glycophorin C

Horgan and Saccomandi

Lattice light-sheet microscopy
Mooney Rivlin

Neo-Hookean

Parasitophorous vacuole membrane
Reticulocyte binding like
Ribonucleic acid

Surface area to volume ratio

Solute carrier family 4 member 1
Smoothed particle hydrodynamics
User material for abaqus standard analysis
User material for abaqus explicit analysis

World Health Organisation



1 Introduction and background

1.1 Malaria

1.1.1 Pathogenesis of malaria

In 2015 World Health Organisation reported over 212 million malaria cases with an estimated 429,000
deaths, the majority of which occurred in the sub-Saharan African children (World Health
Organisation 2017). Despite global efforts to eliminate malaria, the challenge of resistance to existing
antimalarial drugs remains. Even with the best available treatment, severe plasmodium falciparum

malaria mortality remains high.

The plasmodium falciparum parasite interacts with human host cells at several stages in its life cycle.
The human to human transmission of malaria parasites occurs by a female anopheles’ mosquito, which
deposits Plasmodium falciparum sporozoites into the dermis of the human host skin. Sporozoites are
motile cells equipped with sophisticated actomyosin machinery that allows gliding migration through
dermis cells to nearby lymphatic channels or blood vessels. Once in the blood circulatory or lymph

system, parasites are transported to the liver, where they infect hepatocytes, see Figure 1.
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Figure 1: Life cycle of plasmodium falciparum merozoites, with permission from White et al. (2014).
Once inside the hepatocytes, sporozoites replicate into merozoites. This liver stage development of

sporozoites is followed by the rupturing of infected hepatocytes, releasing hundreds of malaria
merozoites into the bloodstream. Once in the bloodstream, infection of erythrocytes commences,



marking the pathogenesis of malaria. The intraerythrocytic developmental stage commences once the
malaria parasite is inside the erythrocyte. The intraerythrocytic developmental stage is divided into
two categories: asexual and sexual. Asexual development phase commences soon after the invasion
process and involves the formation of trophozoite, which replicates into schizonts, which develops into
merozoites. The merozoites replicate further until the erythrocyte ruptures, releasing more merozoites
into the bloodstream and thus starting a new cycle of erythrocyte invasion. During this
intraerythrocytic developmental stage, the malaria parasite induces signalling to manipulate and
regulate various erythrocyte biochemical processes facilitating its survival. For example, the malaria
parasite establishes transport channels for its nutrition, exports thousands of proteins to the host
membrane surface to form adhesive knobs allowing the infected erythrocyte to sequester along the
walls of blood vessels and thus escape its destruction in the spleen. The sexual intraerythrocytic
development stage starts with sexually committed trophozoites that replicate into schizonts and then
develop into merozoites. When sexually committed merozoites infect erythrocytes, they develop into
male and female gametes, which are taken up by a female anopheles mosquito during a blood meal.
Once inside the mid-gut of the female anopheles mosquito, the male and female gametes form a zygote
which then develops into the Ookinete. The Ookinete develops into an Oocyst and then forms
sporozoites which occupy the salivary gland of a female anopheles. Sporozoites are injected into the

human host's skin during a blood meal, marking a new infection cycle.

1.1.2 Malaria merozoite invasion mechanics

Invasion of a human erythrocyte by a malaria merozoite starts with a low-affinity contact mediated by
the merozoite surface proteins (MSP) (Harvey et al. 2012). As soon as the merozoite is weakly attached
to the erythrocyte surface, it begins to reorient to maximize the adhesion energy (Dasgupta et al. 2014),
which locally deforms the erythrocyte membrane and thus forming an invasion pit. Additionally, the
reorientation of the merozoite also facilitates the secretion of proteins located in specialized exocytic
organelles of the malaria merozoite (micronemes, rhoptries) onto the apical surface of the erythrocyte
(Singh et al. 2010). Furthermore, the molecular interaction between the secreted erythrocyte binding
antigen (EBA-175) and glycophorin antigen (GPA) (Jaskiewicz et al. 2019) plays a vital role in
signalling the reorganisation of the erythrocyte membrane skeleton (Zuccala et al. 2016), achieved by
phosphorylation of the key membrane skeleton proteins such as ankyrin and spectrin. The tight
junction formation then follows the formation of the invasion pit. The merozoite then forms the
digestive vacuole and exerts a traction force through the tight junction, causing the erythrocyte
membrane to wrap around the merozoite surface. The tight junction forms a circular structure that

functions as a mechanical link between the merozoite and erythrocyte membrane. This mechanical
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link moves rearward during the invasion, propelling the merozoite into the host cell (Cowman and
Crabb 2006) see Figure 2. Predictions from imaging studies of fixed merozoite mid-entry indicate that
actomyosin force is applied consistently at or proximal to the tight junction (Riglar et al. 2011). In
other words, the tight junction acts as a circular mechanical link transmitting the merozoite’s
actomyosin force to the erythrocyte membrane hence facilitating the invagination of the malaria
merozoite (Koch and Baum 2016). Erythrocyte binding like ligands (EBL), erythrocyte binding
antigens (EBA-175, EBA-140) and erythrocyte receptors such as glycophorin A (GPA) and
glycophorin C (GPC) has been identified to mediate signalling and tight junction formation (Paul et
al. 2015). Hence, playing a vital in regulating the invasion efficiency. The internalisation of the malaria

merozoite ends with the sealing of the erythrocyte membrane.
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Figure 2: Illustration of invasion process by malaria falciparum merozoites Dasgupta et al. (2014).

The malaria merozoite takes less than 30 seconds to be internalised entirely into a human erythrocyte.
Dasgupta et al. (2014) demonstrated that erythrocyte membrane wrapping is the primary mechanism
for internalising the malaria merozoite. The authors also suggested that the malaria merozoite induced
reorganisation of the erythrocyte cytoskeleton and release of malaria merozoites derived membrane
can also account for a considerable energetic portion of the invasion energy. Additionally, Dasgupta
et al. (2014) described the energy v required by the malaria merozoite to invade the erythrocyte, and

is given as follows:

V= Wben+ Wmem+ Wad+ Wten (1)
where Woen, Wmem, Wad, Wten are energies due to bending rigidity, membrane tension, adhesion strength,

and line tension, respectively. The malaria merozoite must minimise the total energy y in Eqgn. (1 to
maximise the invasion efficiency of the erythrocyte. Analysing the energetics associated with the

internalisation of the malaria merozoite in an in vitro experiment could be challenging and costly.
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However, mathematical modelling of biomechanical interaction of the merozoite and erythrocyte can
predict the force and the energy required for a successful invasion. It has been demonstrated using
contact mechanics that the adhesion energy between the malaria merozoite and erythrocyte generates
an indentation force that accurately corresponds to the indentation energy of the erythrocyte membrane
for an indentation depth up to 10% (Abdalrahman and Franz 2017a). With all these findings, it would
be an excellent idea to integrate currently separate concepts of (i) the actomyosin motor force
generation, (ii) spectrin network disruption and (iii) tight junction in one mathematical model for the

invasion process.

1.2 Structure of the human erythrocyte

The erythrocyte membrane skeleton is a repetitive 2D structure consisting of short, ~37 nm long actin
filaments (composed of 12 to 14 monomers) that coordinate 5 or 6 spectrin tetramers. Accessory
proteins, such as protein 4.1 and dimers of adducin, stabilise the actin-spectrin interaction. The whole
structure is attached to the plasma membrane through two protein complexes that interact with the
anion transport protein Band 3. At the actin-spectrin junction, the protein 4.1 complex mediates the
interaction with Band 3, whereas a second link to the membrane is formed through an ankyrin complex
close to the middle point of the spectrin tetramer. This arrangement of proteins forms an elastic
network of proteins that underlies the lipid bilayer see Figure 3. The malaria merozoite reorganises
this network by inducing phosphorylation of the erythrocyte membrane proteins (Zuccala and Baum
2011) see Figure 3 b.
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Figure 3: (a) Basic arrangement of the actin/spectrin skeleton underlying the erythrocyte lipid bilayer (Unsain
et al. 2018) (b) erythrocyte membrane architecture showing interactions and modifications that occur during
malaria merozoite invasion. Blue arrows indicate P. falciparum merozoite binding ligands and their receptors.
The green arrow shows extra-cellular cleavage of SLC4A1 (Band 3) by a parasite-derived protease. Magenta

arrows indicate putative erythrocyte cytoskeletal phosphorylation events that arise during the invasion.

Calcium ions (known to be released during the invasion) are shown with permission from Zuccala and Baum

(2011).

1.3 Computational mechanics of erythrocytes

1.3.1 Structural models

Cortical shell Newtonian liquid drop models have been previously proposed to model biological cells,
including erythrocytes (Lim et al. 2006). Recently, this model has been adopted to develop the finite

element model of erythrocyte deformation when exposed to shear load (Ida Laila Ahmad 2015). The



author modelled the erythrocyte cytoplasm as an incompressible Newtonian fluid surrounded by a thin
hyperelastic membrane. Micro-structural models have also been used to represent erythrocyte
structures such as the erythrocyte spectrin network (Fai et al. 2017). However, none of these models
has been used for predicting changes in mechanical properties of the erythrocyte skeleton that occur
during invagination of malaria merozoites. Lattice models have been used to capture local mechanical
behaviour of continuum systems such as metals, composites, ceramics and polymers (Ostoja-
Starzewski 2002, Ostoja-Starzewski et al. 1996). These models have been applied for predicting crack
propagation in continuum systems hence suitable for modelling spectrin network damage in the
erythrocyte membrane (Chen and Boyle 2014, Li et al. 2007, Saito et al. 2015). Several structural
models of spectrin have been developed to predict how spectrin stretches from undeformed to
deformed states (Law et al. 2003). Multi-scale models based on dissipative particle dynamics have
been used to simulate the deformations of infected erythrocytes during the intra-erythrocytic
development stages (Fedosov et al. 2011). Despite numerous previous models, none has been

developed to model the malaria merozoite induced erythrocyte membrane damage.

1.3.2 Isotropic hyperelastic constitutive models for the erythrocyte membrane

Biological cells are primarily made up of naturally occurring biopolymers, e.g., proteins, DNA, RNA,
peptides, and enzymes. An in-depth understanding of the mechanical behaviour of biopolymers is,
thus, essential to understanding the mechanical behaviours of biological cells and their load-bearing
structures. Experimental and in silico characterisation of biopolymers undergoing damage has received
limited attention. In silico experiments are recently attracting more attention because they could be
easily conducted. However, an adequate mathematical representation of the material behaviour and
test condition is required to achieve accurate predictions. Various hyperelastic models have been
applied to predict the deformation of biological cells. However, most of these models are not developed
to predict biological damage. For example, The Neo-Hookean model developed based on cross-linked
polymer chains is ideal for predicting finite deformations in intact biological membranes and tissue.
Furthermore, the Neo-Hookean material model is only accurate for a strain of less than 20% (Austrell
and Kari 2005). Additionally, the strain energy density function of the model only depends on a single
invariant I1 of the right Cauchy-Green deformation tensor, which limits the accuracy of the model,
particularly in applications where material deformation also depends on the second invariant l2. The
Mooney Rivlin model is the extension of the Neo-Hookean (NH) model and was first proposed by
Melvin Mooney in 1940 and was written in terms of invariants by Ronald Rivlin in 1948. The strain
energy density function of the Mooney Rivlin model forms a linear combination of two invariants of

the left Cauchy-Green deformation tensor. The advantage of this model over the Neo-Hookean model



is that the model is valid for a higher maximum biaxial strain of 138%. In many applications,
introducing the second material parameter Co1 and the second invariant Iz improves the accuracy of the
stress predictions. However, the addition of the second invariant of the Cauchy-Green tensor can lead
to unstable material behaviour. The Mooney Rivlin model was previously applied to computationally
predict erythrocyte deformation in a microfluid device and optical tweezer (Chee et al. 2008).
However, erythrocyte membrane damage was not considered. The polynomial model is a higher-order
function of the first and second invariants comprised of the Neo-Hookean (NH), Mooney Rivlin, and
Yeoh models. The higher older terms do not necessarily contribute to the accuracy of the prediction.
The three models in the polynomial model equation make the determination of material parameters for
multi-axial loading applications demanding(Bergstrom 2015). The eight-chain model developed by
Arruda and Boyce (Arruda and Boyce 1993) was introduced to predict the deformation of molecular
chains in the microstructure of intact elastomers in which molecular chains are aligned along the
diagonals of a unit cell, and material damage was not considered. The Ogden model is often expressed
in terms of the principal stretches in all three principal directions. Unlike the Mooney Rivlin model,
the Ogden model can be difficult to calibrate due to the relatively many material parameters (Kim et
al. 2012). The Gent model extends the Neo-Hookean (NH) model to predict elastomeric materials at
large deformations. The model only contains three material parameters, [, J and k, representing the
material shear modulus, the Jacobian of the left Cauchy tensor, and the material's compressibility. The
Horgan and Saccomandi (HS) model is an extension of the Gent model (Bergstrom 2015). Like the
Gent model, the HS model contains only three parameters, but the main difference between the Gent
and the HS model is that the HS model depends on both the first invariant 11 and the second invariant
I2. Just like the Gent model, the Knowles model is an extension of the NH model. The main difference
is that the Knowles model contains a hardening parameter. The model was developed to predict the
crack tip response of incompressible elastic solids such as poly-L-lactic acid solid
materials.(Bergstrom 2015). The aforementioned hyperelastic models have been previously assessed
based on their predictive accuracies. However, it is essential to note that the predictive accuracies of
the models also depend on the boundary conditions. As such, the hyperelastic model's stability,
accuracy, and deformation mode need to be considered when selecting a hyperelastic model for
modelling applications. Table 1 provides various material models with their predictive accuracy and
the number of parameters required for calibration. In addition to the model's predictive accuracy, the
number of parameters in the model needs to be considered when selecting the material model. Material

models with fewer parameters are easier to calibrate.
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Table 1: Hyperelastic models with their predictive accuracies and the number of material parameters
(Bergstrom 2015).

Hyperelastic model R? prediction ~ Number of parameters

Neo-Hookean 0.794 2
Mooney-Rivlin 0.843 3
Yeoh 0.98 4
Eight chain 0.973 3
Ogden (2 term) 0.977 5
Ogden (3 term) 0.998 7
Gent 0.972 3
Horgan-Saccomandi 0.901 3
Knowles 0.85 4
Response function 0.96 0
Extended tube 0.997 5

1.4 Computational damage mechanics of erythrocyte membranes

1.4.1 Continuum damage mechanics of biological membranes

Continuum damage mechanics (CDM) is a branch of continuum mechanics used to describe the
damage and fracture processes involving the initiation of microcavities or microcracks, propagation of
microcracks, development of macrocracks and fracture in a material (Murakami 2012). The concept
was first proposed by (Kachanov 1999) for modelling creep damage due to micro-voids. In brief,

continuum damage mechanics involves the following aspects:

o Representation of the damage state with a damage variable function

o Formulation of an equation governing the development of the damage variable (i.e., evolution
equation)

o Formulation of an equation describing the mechanical behaviour of the damaged material (i.e.,
constitutive equation)

o Solving the initial and boundary value problem

Since its inception, CDM has been used to study damage mechanics in a wide range of materials,
including soft biological tissues (Calvo et al. 2007a). CDM mainly involves averaging the mechanical

properties of a material with micro defects, e.g., microvoids. Typically, this is often achieved by



introducing an internal state damage variable function into the Helmholtz free energy function
representing the strain energy of an intact material. Careful selection of the Helmholtz free energy
function must ensure high accuracy of model predictions and ease of calibration if required.

1.4.1.1 Scales of chemical damage phenomena in the erythrocyte membrane

The constituents of the erythrocyte membrane are mainly made up of biopolymers. The interactions of
the constituent atoms or molecules in biopolymers determine the mechanical properties of the
erythrocyte membrane. At the molecular or atomic scale, the primary damage mechanism in the
erythrocyte membrane during the invasion process is protein phosphorylation which may lead to the
dissociation of the interatomic or intermolecular bonds. At the spectrin network scale, damage may be
characterised by the number of defects in the network. At the erythrocyte membrane scale, the material
damage can typically be described by microscopic discontinuities in the spectrin network. At this scale,
the mechanical property of the material with various microscopic discontinuities is averaged over a
small region and expressed as a continuous function. The averaging of the mechanical properties of a

material with defects into a continuum forms the basis of continuum damage mechanics.

1.4.1.2 Physical mechanisms of mechanical damage in erythrocyte membrane

Human cells, including erythrocytes, are often subjected to more than one loading mode, i.e., shear,
compression. When excessive loading occurs, cells can undergo mechanical damage. Extreme
stretching of the load-bearing cellular structures can lead to excessing unfolding of the protein chains,
which often results in the rupture of the protein. Unfolding the protein chains can also lead to
conformational changes in the protein chains, exposing several protein binding domains useful for
activation of the biochemical reactions, which can either further compromise the mechanical integrity
of the cellular structure or reinforce the mechanical integrity of the protein chains. To date, the
knowledge of damage and repair mechanisms in biological cells remains limited. However, the
continuum damage mechanics approach can set a new foundation for studying damage in biological
cells. Damage mechanics of biological cell membranes have rarely been studied due to the microscopic
size and the difficulty of measuring the mechanical damage effects that are dynamically regulated

through signalling.

1.4.2 Continuum damage models for soft biological materials

Several models based on the continuum damage mechanics (CDM) approach have been developed in
recent years; for instance, Rodriguez et al. (2008) developed and implemented a three-dimensional
finite-strain constitutive model for soft fibrous tissue undergoing damage. The main limitation of the
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model fails to capture viscoelastic effects such as creep and relaxation. Calvo et al. (2007b) developed
the uncoupled directional damage model for fibred soft biological tissue where the strain energy
density function is decomposed into two parts, representing the fibres and the matrix as follows:

y(Cy, My, Ny, Dy, Dy ) = i (J) + (1 - Dy Dy (Cp ) + (1 - Dy Dy (Ci, Mg, Nyt ) (2)
where Mst and Nst are structural tensors that describe the fibre orientation, yvol (J) IS @ volumetric strain
energy density function yom is the isochoric strain energy density function of the undamaged matrix
material. yor represents the strain energy density function of intact fibres. (1 - Dmv) and (1 - Dx) are

reduction factors for the matrix and the fibres, respectively. Ct is the right Cauchy deformation tensor

In the healthy erythrocyte, elastic properties are mainly determined by the spectrin network, and hence
the elasticity of the embedding matrix could be ignored. Without the embedding matrix and structural
tensors, this approach could be relevant for modelling the malaria merozoite induced erythrocyte
membrane damage. The structural tensors describing the fibre orientations could be ignored when
modelling erythrocyte membrane damage because the erythrocyte membrane skeleton comprises a 2D
spectrin lattice forming a uniform pattern of elastic spectrin tetramers, thus creating an isotropic

structure.

Pseudo-elasticity is generally used to model Mullin’s effect to describe stress softening of filled rubber
elastomers under quasi-static cyclic loading (Ogden and Roxburgh 1999). This theory also falls under
the broad field of CDM, where the damage variable only affects the deviatoric strain energy
component. Hence, the standard Mullins effect model may be limited to material damage involving
volumetric degradation. With few modifications of Mullin’s effect, the model can be effectively
applied for non-cyclic loading. Additionally, with minor adjustments to the damage variable function,
Mullin’s model can be used for modelling biodegradation. The energy stored in a material with the

pseudo elastic response is given as follows:

vU,Bm) =y D) +ny, (B)-9,M) 3
where ydev IS undamaged material’s initial deviatoric strain energy density, yvor is the volumetric part
of the strain energy density function. n = 1 represents the damage variable for the primary loading
phase where ¢4 (n = 1) =0, ¢ is the damage function. For subsequent unloading and reloading when 1
<1, the damage evolves as follows:

o . 4
%dew(B)ﬂpd(n):O @

do(n)

where ¢’ (n) = o
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In Abaqus Explicit, the damage variable for modelling the Mullins effect is defined as follows:

Vimax " Vaer ) (5)

1
n=1-—erf<
mp_Bp\Vmax

Tp
where ymax 1S the maximum of yaev, p, Mp, and Pp are material parameters; erf ( X ) is an error function
defined as follows:

erf(x)z%foxexp(-WZ) dw ©)

1.4.2.1 Introduction to damage variable functions

The damage variable functions proposed for modelling damage in soft fibrous tissue such as ligaments

share similar aspects as follows:

e The damage variable function is a monotonically increasing function
e The damage evolution functions are dependent on the thermodynamic force, i.e., the strain
energy

e The equation representing damage is relatively simple and involves few parameters

These aspects can also be considered when modelling chemical damage. Most biochemical processes
that lead to mechanical degradation of biological membranes reduce the elastic modulus of the
membrane. EBA-175 secreted by the malaria merozoites induces protein phosphorylation of the
erythrocyte membrane skeleton leading to the reduction of the elastic modulus of the erythrocyte
membrane. Nano-indentation studies of a healthy erythrocyte indicated that 50 nM of EBA-175
induces approximately 96% reduction in the elastic modulus of the erythrocyte membrane, see Figure
4 and Figure 5 (Sisquella et al. 2017). Hence to accurately model the malaria merozoite induced

damage, the damage variable function must reduce the elastic modulus of the erythrocyte membrane.
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Figure 4: EBA-175 concentration vs AFM Young’s modulus (Sisquella et al. 2017).
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Figure 5: Normalised elastic modulus representing the mechanical state of the erythrocyte membrane relative
to the EBA-175 RII dose (Sisquella et al. 2017).

To date, the concentration of EBA-175 secreted by the malaria merozoite is unknown. Additionally, it
is not known whether malaria merozoite induced damage only occurs at the beginning of the invasion
or occurs progressively throughout the entire invasion process. With the developed computational
damage model, various damage scenarios can be assessed to determine their impact on the invasiveness

of the malaria merozoite.
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1.4.2.2 Exponential damage variable functions

The exponential damage variable function denoted by Dx, in Egn. (7) was proposed to describe the
mechanical damage in fibrous biological material (Balzani et al. 2006). With few adjustments, this
damage variable function can be applied to model phosphorylation damage in the erythrocyte

membrane.

- 7
Dk(\Vo):Yl Il-exp(%)l (7)

2
where Bayo is a modified internal variable representing the scaled strain energy density of the intact

material per reference volume. When y2 = max (B3 o), y1= 1, B3> 1, the damage variable increases
monotonically.

1.4.2.3 Polynomial damage variable functions

Pefa et al. (2008) developed the polynomial damage variable function defined as follows:

0 if 5, < Eo 8)
Dk(Ek)= A [1 - ﬂe [AZ - 1]] if Emin S Ek < Emax
1 E:k > Emax

where A = (Ek - Emin)/(Emax - Emin) IS a dimensionless parameter, ne= [-1, 1] and Zk is the strain energy
of the intact model. Zmin, Emax are the intact material model's minimum and maximum strain energy,

respectively.

1.4.2.4 Sigmoid damage variable functions

Another damage variable function for soft biological tissue was proposed by Rodriguez et al. (2008)

and is written as follows:

& Ex exp(2§k[<2p—5kk>-l]> -1 9)

o] () 1])

where pk > 0 and &k are experimentally determined constants. The drawback of this damage variable

—

Dk (Ek): E 1+

function is that the damage initiation cannot be controlled since the parameters Zmin and Emax
representing the material's minimum and maximum strain energy are not considered. However, Pefia
et al. (2009) improved the function in Eqgn. (9)(9 by incorporating the dimensionless variable Ak = (Zk

-Emin)/(Emax - Emin) defined as follows:
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. if 5,<B (10)
D (': ): l 1+ ZékAkGXP(ZE_.k[ZAk-l])_l - _4k<:‘_4121’g
T2\ 26 Aexp(26 [2A,-1]) +1 Ein SEkSEpmax
1

Note that when Ak =1 and & = 1, the total damage is less than 1, indicates that for relatively smaller

—_ =
=) (=)
'—‘k>h‘max

values of &k, not only does &k affect the shape of the damage variable function but also affects the total

amount of damage.

1.5 Problem identification

Invasion of erythrocytes by malaria merozoites marks the pathogenesis of malaria. When untreated, a
single invasion can lead to a rapid expansion of malaria parasites in the human host, leading to
excessive sequestration of infected erythrocytes in the blood, which often results in severe malaria and
death (Leitgeb et al. 2017). Erythrocyte invasion has been extensively studied as a target for
antimalarial vaccines. However, despite the enormous research efforts in this area of research,
clinically approved invasion blocking compounds remain unavailable for treatment. This lack is

mainly due to the limited mechanistic understanding of the invasion mechanism.

Advances in proteomics and improvements in data acquisition technologies over the past decade have
led to new experimental tools for studying the invasion process. Data obtained from such studies have
addressed some of the long-standing research questions related to the molecular interaction between
the plasmodium falciparum merozoite antigens and the erythrocyte surface receptors. Global and
subcellular proteomics have revealed essential features of the parasite’s regulatory mechanisms
(Zuccala et al. 2016). Proteomic studies have revealed the activation of phosphorylation cascades by
the malaria merozoite’s erythrocyte binding antigen 175 (EBA-175) (Sisquella et al. 2017). Whole-
genome sequencing and protein biochemistry has provided evidence that erythrocyte interactions with
reticulocyte binding like (RBL) and erythrocyte binding like (EBL) invasion ligands on the merozoite

surface regulate the erythrocyte’s preference for Plasmodium parasites (Paul et al. 2015).

Although much progress has been achieved in understanding certain aspects related to the role of
molecular factors in the invasion mechanism, most of these studies do not address the role of
biomechanical factors associated with the invasion process. Experimental data on the mechanical
properties of the human erythrocytes are widely available, including the parameters that determine the
erythrocytes deformability, such as cell shape, cytoplasmic viscosity, and membrane deformability
and stability (Mohandas and Chasis 1993b, Mohandas and Evans 1994). However, it remains to be
clarified how these factors impact the invasiveness of the malaria merozoite.
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1.6 Aims and objectives

The aims of this research were:

Aim 1: To analytically and computationally investigate the mechanical factors that determine the

invasiveness of a malaria merozoite during its entry into the erythrocyte.

Aim 2: To evaluate the impact of local membrane damage on an erythrocyte's regional and global
mechanical properties towards cell mechanics profiling of invasion blocking anti-malarial compounds

that target erythrocyte membrane damage mechanism.
The following objectives were formulated to achieve the aims:

Objective 1: To develop an analytical model for establishing the major factors facilitating erythrocyte

membrane wrapping of a malaria merozoite.

Objective 2: To develop an erythrocyte membrane damage model for simulating the malaria merozoite
induced damage during the invasion process.

Objective 3: To develop a finite element model for evaluating the malaria merozoite’s invasiveness

during its entry into the erythrocyte.

Objective 4: To computationally investigate the sensitivity of cell mechanics tests, namely whole-cell
compression and nanoindentation, to local erythrocyte membrane damage induced by malaria

merozoites.

1.6.1 Impact of erythrocyte morphology on the invasiveness of the malaria merozoite

The erythrocyte shape is often defined in terms of surface area to volume ratio (S/V), a measure of
sphericity that determines the deformability of the erythrocyte. A healthy human erythrocyte has a
biconcave discoid shape with ~8 pum in diameter and ~2 pm in thickness (Tomaiuolo 2014). When
subjected to adverse loading conditions, a healthy erythrocyte can undergo finite deformations of up
to 230% of its original dimension. This large deformation is possible because of the large surface area
of the discoid shape. Generally, a healthy erythrocyte has a volume of 94.5 pm?® and a surface area of
135.2 um? (Li et al. 2014a) and a surface area to volume ratio S/V of 1.43/m. If the same erythrocyte
is transformed into a sphere of identical volume, it would have a surface area of only 98 um? with an
S/V of 1/m. Hence, the discoid shape provides approximately 40 um?, or 43%, of excess surface area,

approximately five times the merozoite surface area of 8.01 um? (Dasgupta et al. 2014).



16

The impact of the S/V ratio on the erythrocyte’s deformability motivated the interest to investigate the
role of the S/V ratio on the malaria merozoite invasiveness. Currently, the impact of S/V, or simply
the shape of an erythrocyte on the invasiveness of the malaria merozoite, is unknown. Furthermore,
erythrocytes with hereditary disorders such as spherocytosis are less vulnerable to the invasion by the
malaria merozoite. Genetic alteration of membrane proteins has been documented as the leading factor
mediating the invasion resistance (Eber and Lux 2004). However, little is known on the impact of
shape or S/V ratio of the invasiveness of malaria merozoite. Reasons may include the difficulty of
conducting such studies in an in vitro experiment. For example, in an in vitro study, it may be difficult
to replicate the microenvironments of the human host. Additionally, it may be challenging to control
multiple impact factors independently, for instance, allowing S/V alterations while keeping other
determinants of erythrocyte deformability unchanged. One common practice for altering the shape of
a healthy erythrocyte in a physical experiment is by incubating the erythrocyte in a hypotonic solution
(Linderkamp and Meiselman 1982) to allow water (h20) to diffuse into the cell and hence changing the
erythrocyte shape. The drawback of this approach is that diffusion of h20 into the cell can interfere
with other impact factors such as the cytoplasmic viscosity. In individuals with spherocytosis,
erythrocytes take a spherical form due to alterations of erythrocyte membrane proteins. These
alterations may have some effect on the mechanical properties. To efficiently investigate the impact
of the S/V ratio independently of other factors, we have developed an in silico platform for conducting

in silico experiments.

In total, the process of spherocytosis involves alteration of the erythrocyte membrane leading to shape
changes. Understanding the effect of shape stiffness on the invasiveness of the malaria merozoite in
spherocytes could help understand the malaria resistance mechanism in spherocytes. The
computational model would allow the assessment of the impact of erythrocyte morphology on the
invasiveness of the malaria merozoite in a less cumbersome manner, see Figure 6 a. Additionally, an
in silico approach provides an easy way of studying the invasion energetics in the convex and the
concave region of the erythrocyte (see Figure 6 b and c), which would be challenging or impossible to

determine in an in vitro experiment.
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Figure 6: Spherocyte invasion by a malaria merozoite (a), convex region invasion of a discoid erythrocyte by
a malaria merozoite (b), concave region invasion of a discoid erythrocyte by a malaria merozoite.

1.6.2 Impact of erythrocyte membrane damage on the invasiveness of the malaria merozoite

The impact of the malaria merozoite induced erythrocyte membrane damage on the invasiveness of
the merozoites has a limited scope. This is due to the lack of constitutive models describing the
remodelling of the erythrocyte membrane during entry of the malaria merozoite. Using a continuum
damage mechanics framework, the remodelling effect due to the phosphorylation of the erythrocyte

membrane proteins can be incorporated into the Helmholtz free energy function.

Under normal physiological conditions, the erythrocyte membrane skeleton proteins form a stable
network consisting primarily of spectrin tetramers. Structural defects in the membrane skeleton arising
from genetic mutations involving aff spectrin, ankyrin, band 3, or protein 4.1R lead to the loss of
cohesion between the lipid bilayer and the spectrin network resulting in a mechanically unstable
membrane (Discher et al. 1995). Alterations of the membrane skeleton during the intraerythrocytic
developmental stage of the malaria parasite life cycle result in a less deformable erythrocyte. Apart
from genetically induced structural alteration, the erythrocyte membrane mechanical properties can
also be actively altered or regulated by activating phosphorylation and dephosphorylation reactions of
membrane skeleton proteins. Protein phosphorylation is a reversible reaction that involves adding a
phosphate group to an amino acid residue. This process alters the structural conformation of proteins,
causing them to become activated, deactivated, or modified in terms of their function and mechanical
properties. Dephosphorylation refers to removing a phosphate group from an organic compound by
hydrolysis. A notable occurrence of dephosphorylation is the conversion of adenosine triphosphate
(ATP) to adenosine diphosphate (ADP) and inorganic phosphate. In simple terms, phosphorylation
can be described as a forward reaction in which ADP is converted into ATP while dephosphorylation

is the backward reaction in which ATP is converted into ADP as follows:
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[ADP],2[ATP], (12)

The Michaelis—Menten kinetics can be written in the form of a differential equation:

] [ADP] ey [ADP],-[ADP],) 4

where Kk is a parameter for the forward reaction, i.e. phosphorylation, and ky is for the backward
reaction. [ADP]t and [ATP]t denote ADP and ATP concentration at time t. [ADP]o denotes the

concentration of ADP at t=0. The solution of the differential equation in Eqgn. (12, given in Eqn.
(13) defines an exponential decay function similar to strain-based exponential reduction functions

generally used in the field of continuum damage mechanics for describing material deterioration.

kb+kfeXp(-t(kf+kb)> (13)
ketky,

Under the normal physiological function of the cell, the bidirectional process in Eqn. (11) can be

[ADP]=[ADP],

considered to be bi-stable. However, the malaria merozoite disrupts the bi-stable reaction during the
invasion so that phosphorylation reaction dominates. Like in so many other biological cells,
phosphorylation is a primary mechanism by which mechanical properties of the erythrocyte cell
membrane are regulated (Zuccala and Baum 2011). Phosphorylation of band 4.1 weakens the
connections between band 4.1, spectrin and actin, leading to membrane destabilisation (Betz et al.
2009). In addition, phosphorylation of B spectrin also results in decreased membrane stability (Manno
et al. 1995), while tyrosine phosphorylation of SLC4A1 weakens its attachment to the underlying
skeletal network and increases its membrane mobility by altering ankyrin binding (Ferru et al. 2011).
During the erythrocyte invasion, malaria parasites manipulate these kinetic processes to maximise their
invasion efficiency. EBA-175 activated phosphorylation has been related to erythrocyte membrane
elasticity. EBA-175 concentrations of 0-50 nM correlated to a reduction in the elastic modulus of 1-
96 % (Sisquella et al. 2017). However, this data alone is not sufficient to fully understand merozoite
induced damage because the exact concentration of EBA-175 secreted by the malaria merozoite is
unknown. Additionally, it is not known whether EBA-175 binding to the GPA receptors on the
erythrocyte membrane causes an instantaneous reduction in the erythrocyte membrane elastic modulus
only at the beginning of the active invasion or whether it occurs progressively throughout the invasion
process. An in silico model can enable investigations of such scenarios by using parametric studies to

deepen the understanding of the invasion event.
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1.6.3 Assessing erythrocyte damage using whole-cell compression and nano-indentation

Although numerous investigations have been conducted on the variation of the mechanical properties
of an infected erythrocyte during the intraerythrocytic developmental stage of the parasite, to date, the

effect of malaria merozoite induced erythrocyte membrane damage has received limited attention.

The current study seeks to determine the relative sensitivity of indentation force with respect to the
local erythrocyte membrane damage by evaluating numerical data obtained from compression and
nanoindentation simulations, illustrated in Figure 7 (a and b). The compression and nanoindentation
forces will be evaluated based on the amount of erythrocyte membrane damage to determine whether
erythrocyte membrane damage affects the compression and nanoindentation forces, locally and
globally, respectively. Furthermore, the high sensitivity of the indentation or compression forces for a
given amount of damage would indicate that compression or nanoindentation in vitro experiments have
a high potential for investigating erythrocyte membrane damage. Hence the data from compression
and nanoindentation simulations would guide in vitro experiments for investigating erythrocyte
membrane damage. These simulations can also guide experimental investigations involving the
efficacy assessment of invasion blocking compounds that target the erythrocyte membrane damage
mechanisms. Signalling induced by the malaria merozoite is related to reducing the stiffness of the
erythrocyte membrane (Sisquella et al. 2017). Any anti-malarial compound that blocks signalling
would also block the local changes in the mechanical properties of the erythrocyte membrane. Hence
the efficacy of such a compound may be determined by a mechanical test that is highly sensitive to

local alterations of the elastic modulus of the erythrocyte membrane.
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Figure 7: Nano-indentation simulation of a locally damaged erythrocyte in Abaqus Explicit (a), compression
simulation of the locally damaged erythrocyte (b), ¢ and d are cross-sections of b and a respectively.

1.7 Chapter overview

The following chapters of this thesis comprise the following:

Chapter 2 introduces a new analytical model for describing the entry of the malaria merozoite into a
human erythrocyte. Insights into the mechanics of erythrocyte membrane wrapping have been
presented using the membrane theory of shells. With the analytical model, we can predict the force

applied by the malaria merozoite vs displacement required to achieve a successful invasion.

Chapter 3 presents the constitutive model for the malaria merozoite induced remodelling of the
erythrocyte membrane. The development of the erythrocyte membrane damage model has been
discussed in detail. The damage model is based on continuum damage mechanics in which the damage
variable describing the chemically induced erythrocyte membrane deterioration is incorporated. The
implementation of the damage model in Abaqus Explicit is achieved by using VUMAT subroutine.
With this model, the impact of erythrocyte membrane damage on invasion mechanics has been

analysed and assessed in Chapter 4.

Chapter 4 presents a finite element model developed and applied for investigating the impact of
erythrocyte biophysical and biomechanical factors such as shape or morphology on the invasiveness
of the malaria merozoite. The theoretical framework for developing the computational model has been
presented in detail. A two-component approach is used for the erythrocyte 3D model. The erythrocyte
membrane and cytoplasm domain are described by a Lagrangian formulation. Smoothed particle
hydrodynamics (SPH) has been applied to the viscous cytoplasmic domain to allow extreme
deformations associated with the entry of the malaria merozoite. Appropriate mechanical contact

definitions between interacting structures and surfaces involved in the invasion process have been
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described. 3D computational mechanics models for nano-indentation and global compression were
developed. Information from these simulations has been used to assess the feasibility of physical
experiments to identify local malaria merozoite induced damage in erythrocytes for applications in

drug screening.

Chapter 5 provides overall conclusions and recommendations for future work.
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2 An analytical model of the mechanics of erythrocyte membrane
wrapping during the active invasion of a plasmodium falciparum

merozoite

2.1 Introduction

Invasion of erythrocytes by malaria merozoites marks the pathogenesis of malaria. The invasion
process involves mechanical and biochemical interactions whereby the malaria merozoite exerts an
actomyosin based force to push itself into the erythrocyte while inducing biochemical damage of the

erythrocyte membrane, thus optimising its invasion efficiency.

For a long time, the role of molecular factors in the invasion of a human erythrocyte by a malaria
merozoite has been extensively investigated (Cowman and Crabb 2006). However, the major challenge
has been identifying antimalarial compounds that target the binding of the malaria merozoite during
the entry process. This is because erythrocyte membrane proteins are redundant, and unless all surface
proteins are disrupted, it is impossible to block erythrocyte invasion. New approaches in proteomics
(Guiguemde et al. 2010), chemoinformatics (Plouffe et al. 2008), and genetics (Rottmann et al. 2010)
have shown promise in addressing this challenge. Despite this progress, to date, no clinically approved
vaccine that blocks the invasion process is available for clinical use; this is due to the limited
knowledge of the invasion process. Hence the need for new approaches for advancing the knowledge

domain of the erythrocyte invasion.

The simulation studies of the mechanics of the invasion erythrocytes have not yet been extensively
explored, and this has limited insights for guiding experimental investigations related to the invasion
of erythrocytes. Few mathematical models have been developed to analyse and predict erythrocyte
invasion mechanics. A recent analytical model developed by Abdalrahman and Franz (2017b) employs
contact mechanics to describe the deformation of the erythrocyte membrane due to adhesion energy
for indentation up to 10% of the merozoite length. The model by Dasgupta et al. (2014) described
erythrocyte membrane wrapping, a mechanism associated with the internalisation of the malaria
merozoite where the contribution of erythrocyte membrane wrapping to the invasion energetics was

predicted.

The wrapping process begins with a low-affinity attachment of the malaria merozoite on the surface
of the erythrocyte membrane followed by a cascade of key invents such as the active entry in which

the malaria merozoite exerts an actomyosin force, induce erythrocyte membrane skeleton remodelling,
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establish the tight junction and the sealing of the erythrocyte membrane. However, to date, a detailed
model for describing the deformation of the erythrocyte membrane due to the malaria merozoite’s

applied forces remains unavailable.

Findings from the previous in vitro study where the erythrocyte membrane was quasi-statically loaded
indicate that the yield strain of the membrane ranges between 2% and 4% areal strain, beyond which
cell lysis occurs (Li et al. 2014b). Interestingly, cell lysis does not occur during the invasion process.
The absence of lysis may suggest that (i) erythrocyte membrane wrapping is associated with small
areal strain (< 4%) or (ii) locally induced erythrocyte membrane strain larger than 4% does not induce
cell lysis. Hence, the mechanics related to small and finite erythrocyte membrane areal strain are

investigated in this study.

The lack of mechanistic understanding of the invasion mechanism has limited the scope of anti-malaria
drug targets. Mechanical markers, generally referred to as mechanical phenotypes or mechanotypes,
are emerging label-free markers with the potential of being used as drug targets (Qi et al. 2015). In
silico determination of the relevant mechanism that determines the invasiveness of the malaria
merozoite can provide new insights to guide the development of invasion blocking anti-malarial
compounds. The development of such tools requires a detailed mathematical description of the
biomechanical interactions occurring during the invasion process. Hence this study aimed to
analytically investigate the mechanics of the erythrocyte membrane during entry of the malaria
merozoite. With the developed analytical model, the malaria merozoite actomyosin forces have been

predicted in terms of both small (< 4%) and finite (> 4%) areal strains.

2.2 Model development

The erythrocyte membrane wrapping mechanism was modelled using membrane theory of shells
where the differential equation describing the equilibrium configuration of a circular erythrocyte
membrane of radius rm and a rigid egg-shaped merozoite is solved numerically throughout the entire
invasion process (Villaggio 1997). The equations describing the morphology of the malaria parasite
are first presented. Thereafter, the deformation of the erythrocyte membrane is described in terms of
the shape parameters of the malaria merozoite. The equations describing the deformation and the
constitutive law of the erythrocyte are used to formulate equilibrium and governing equations. The
governing equations are then numerically solved using the Runge-Kutta fourth-order method to obtain
stretches and stresses in the erythrocyte membrane. The solution of the governing equation simulates
erythrocyte membrane wrapping in terms of a classical areal strain of the erythrocyte membrane of
less than 4%, a generally accepted value for quasi-static deformation of the erythrocyte membrane.
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However, the model has also been applied to explore the mechanics of erythrocyte membrane

wrapping for larger areal strain values of less than 51%.

To describe the mechanics of membrane wrapping associated with the entry of a malaria merozoite
into a healthy erythrocyte, the following are the basic simplifying assumptions used for developing

this model:

a) The erythrocyte membrane is homogeneous and mechanically isotropic

b) The erythrocyte membrane has a small thickness of 0.01 um

c) The region of the erythrocyte membrane involved in the wrapping is initially flat

d) The bending modulus of the erythrocyte membrane is small, and only the mid-plane strain due
to other loading modes are considered

e) The malaria merozoite is assumed rigid, i.e., non-deformable

2.2.1 Physical and mechanical properties of a healthy erythrocyte

A mature human erythrocyte is a biconcave discoid shaped cell with a diameter of 7.8 um and a
thickness that varies from 0.8 to 2.6 um. It is mainly composed of the cytoplasm and surrounded by a
continuous membrane. In a healthy erythrocyte, the liquid cytoplasm comprises a concentrated
haemoglobin solution with a viscosity of approximately 6 to 10 mPa s (Dimitrakopoulos 2012). At
normal physiological conditions, the erythrocyte haemoglobin viscosity has a negligible contribution
to erythrocyte deformability, and the deformability of the cell is mainly determined by the erythrocyte
membrane. However, at high viscosity of 650 cP (Mohandas and Chasis 1993a), the erythrocyte

cytoplasm becomes a primary determinant of cellular deformability (Mohandas et al. 1979).

The erythrocyte membrane is a layered structure comprising the lipid bilayer and the membrane
skeleton. The lipid bilayer is often considered as a two-dimensional incompressible structure without
shear resistance, whereas the underlying membrane skeleton is composed of a spectrin network that
enables the erythrocyte membrane to resist shear loads (Dimitrakopoulos 2012). The biconcave discoid
shape of a healthy erythrocyte allows it to undergo large deformation of up to 230% of its original
dimension while maintaining minimal areal strain. An erythrocyte has a volume of 94.5 um? and a
surface area of 135.2 um? (Li et al. 2014a). Compared to the surface area of 98 um? of a sphere with
an identical volume, the discoid shape of an erythrocyte increases its surface area by approximately 37
um?, which is approximately 4.6 times the surface area of a merozoite of 8.0 pm? (Dasgupta et al.
2014). This excess surface area suggests that the erythrocyte may wrap the malaria merozoite entirely

while maintaining a small areal strain in the membrane.
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2.2.2 The geometry of a malaria merozoite

The idealised geometry of the merozoite is defined by:

(% +y?+75)?=Rax®+ (Ra- Rb) X (y> + 2% (14)
where Ra =1 pm and Rp = 0.7 um are shape parameters that determine the size of the merozoite, as
illustrated in Figure 8 (a). The main erythrocyte membrane stresses are in the meridian and
circumferential directions, see Figure 8 (b). The deformation of the erythrocyte membrane is
parameterised using the idealised shape parameters of the malaria merozoite Figure 8 (c), where Lm is
the total length of the malaria merozoite, and di is the malaria merozoite indentation depth.
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Figure 8: (a) Malaria merozoite idealized shape showing morphological alteration resulting from altering Ra
from 1 pm to 1.1 pm, (b) shows the principal stretch directions in the erythrocyte membrane, where 1 and 2
represent the meridian and circumferential directions, respectively, and (c) illustration of the erythrocyte
membrane wrapping mechanism.

The erythrocyte membrane is assumed to be flat during the initial contact with the malaria merozoite.

The shape parameters Ra and Ry can be used to investigate the impact of shape changes of the malaria
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merozoite on its invasion efficiency. Using spherical coordinate parameterization, the X, y, and z

coordinates of the surface of the malaria merozoite are expressed as follows (Dasgupta et al. 2014):

z(0)=(+cos0) [2R, — Ry (1 — cos0) /4 (15)
X (0,9)=sin 0 cos p[2R, — Ry (I — cos0) /4 (16)
y(0,9) = sin6 sin 9 [2R,—Ry, (1—cos6 ) ]/4 a7

Where 0 and ¢ are polar angles.

The arc length on the egg-shaped merozoite surface is defined using the first fundamental form as

follows:

dr2=Ede>+2Adpdo + do? (18)

where E =1y X 1o, A =10 X o, G =10 X Ip

ox ., Oy . 0z (19)
= — i+ — i+ —
%' "0l %0
0 0 0
r(P:_Xi+_yj+_Zk (20)
o o9 o9

Letting p? = (x* + y?), the following matrix of coefficients of the first form is defined:

[E Al _ p’ pp (sin(o-0) (21)
A Gl [pp (sin(e-0) p? +27

where a single prime represents the first partial derivative with respect to 0.

2.2.3 Deformation of erythrocyte membrane during merozoite wrapping

The erythrocyte membrane deformations due to stretching are described in terms of meridian and

circumferential stretch as follows:

M=1+T-p)/1, (22)
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X2=m(p/p0)n+c (23)

with
™ 24
F:J p12+zv2 do ( )
0

Here, p and z are the Cartesian coordinates of locations on the surface of the rigid merozoite; m, n, and
c are parameters that determine the magnitude of the principal stretches of the erythrocyte membrane;
and I' is the coverage length of the erythrocyte membrane on the merozoite surface in the meridian
direction. Throughout this chapter, the subscripts 1 and 2 refer to the meridian and circumferential

principal directions of the deformed erythrocyte membrane, respectively, shown in Figure 8b

The deformation gradients in meridian and circumferential deformation are then calculated by taking
the derivative of Eqns. (22 and (23) as follows:

25
7»1'=< /p'2+z'2-p'>/rm ()

AM'=np' (A -c)lp (26)

The local erythrocyte membrane bending is characterised by its two principal curvatures, ki and Kz,

described as:

ki=zp -z p/ ( \ z2+p? )3 (27)

ky=1/p (28)
where the single and double prime represent the first and second partial derivatives with respect to 0,

respectively.
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2.2.4 Constitutive law of erythrocyte membrane

A typical erythrocyte model often comprises a Newtonian liquid cytoplasm surrounded by a thin
membrane of 0.01 um in thickness (Hochmuth et al. 1973). Erythrocyte membrane constitutive law
(Villaggio 1997) described by Eqgns.(33) and (34) is determined by considering the erythrocyte
membrane as isotropic and incompressible Mooney Rivlin continuum solid. The deformation of the
erythrocyte membrane in a microfluidic device has been previously modelled with the Mooney Rivlin
law (Zhang and Zhang 2011). The merozoite-induced erythrocyte membrane dissociation was
represented by reducing the erythrocyte elastic modulus from 1 kPa to 0.5 kPa. The Mooney Rivlin

strain energy density function per reference volume (Skalak et al. 1973) is as follows:

y=CyU; -3)+Cp (1, -3) (29)

where Ci0and Coi are empirical material parameters, l1 and 12 are the first and second strain invariants

related to the principal stretch A1 and A2 by:

L =0 +0+472 00 (30)

L= +A2+ A (31)

The material parameter Cio is related to the elastic modulus E of the erythrocyte membrane as follows
(Zhang and Zhang 2011):

ClOZE/6(1+B) (32)

where 3 ranges from 0 to 0.5. The elastic modulus E is of order 1 kPa (Hochmuth et al. 1973). The
ratio of two Mooney Rivlin material parameters, B = C10/Co1, equals 0.1. The erythrocyte membrane

constitutive law is defined using by:

G = 7\‘i Cl\ll/d}\‘1 (33)

Ti = ht Gi/ }\,1 }\,2 (34)
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Ty =2h( M 2 =27 07 (By/ ol + 4,° dy/ aL,) (35)

Ty =2h (A =07 07 (Qy/ 81, + 4% oyl al,) (36)

where ht = 0.01 pum is the thickness of the erythrocyte membrane (Hochmuth et al. 1973).

The shear modulus Gs of the erythrocyte membrane is determined by:

G, = H (37)
eS
with
T,-T, (38)
AT -3 (39)
e = )

The areal strain As of the erythrocyte membrane is expressed by:

Ag=(MA - 1) (40)

2.2.5 Equilibrium equations of erythrocyte membrane

For the contact region between the erythrocyte membrane and the rigid merozoite, the equilibrium
equations are given by:

A AT /dA; +AdT,/dAy = p' (T, —T,)/p, (41)

k] T]+k2 TZZP, (42)

where P is the pressure exerted on the erythrocyte membrane surface by the malaria merozoite and

acting in the direction normal to the erythrocyte membrane surface. The malaria merozoite wrapping
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force Fw acts on the surface of the erythrocyte membrane, causing the erythrocyte membrane to wrap

the malaria merozoite and is given as follows:

F,=PA, , (43)

where Aw is the wrapped surface area of the malaria merozoite:
Aw= [T [ JEG-A2do dg. (44)
The total indentation force of the malaria merozoite is:

Fi=PA,, (45)

where Ap is the projected surface area of the erythrocyte membrane
A,=n p°.
The indentation work, which is the energy required by the parasite to invade a human erythrocyte, is:

Ei = Fi di' (46)
Where di = (max (z) + z) is the indentation depth.

2.2.6 Governing equations of erythrocyte membrane

The governing differential equations for the contact region are:

z ( g -ng (a-c) ) (47)

2tmg 0t g tm-ng, th(h-c)
M'=np(h-c)/p (48)

with
dT, dr, )
g(r,n,0)= T g (A, 2,0)= T g(A,%,0)=T,-T.

The coverage area of the erythrocyte membrane at each step of invasion is expressed as:
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100 (J" f,"/EG-A2 dod) (49)
M= ,
Ay
where Ao is the total surface area of the malaria merozoite.

With the parameter values in Table 2, the solutions of the governing equations can be obtained.

Table 2: Erythrocyte membrane parameters for simulating merozoite wrapping with small and large maximum
areal membrane strain of Asmax = 4% and 51%.

As max E Co Cou fm C n ho
(%0) (kPa) (Pa) (Pa) (um)

4 1 183 183 50 1 1 1
50 1 183 183 4 1 1 1

2.2.7 Contribution of tight junction and erythrocyte membrane wrapping to invasion

energetics

The tight junction forms a mechanical link between the merozoite and erythrocyte membrane to
facilitate membrane wrapping. It acts as an anchor location from which the merozoite’s actomyosin
motors pull the erythrocyte membrane. The parameter values in Table 2 were used for solving the
governing equations to simulate the contributions of both the tight junction and the erythrocyte
membrane wrapping during small and large strain deformation of the erythrocyte membrane. The tight
junction was assumed to exert tension in the circumferential direction at any equilibrium point. In the
erythrocyte membrane, a tension acting in the meridian direction was assumed to resist the forces
applied by the malaria merozoite. The tensions in the circumferential direction T2 and the meridian

direction T1 were used to describe the energetics of the tight junction and the erythrocyte membrane.

2.2.8 Impact of erythrocyte membrane damage on the invasion energetics

After attaching to the erythrocyte membrane, the malaria merozoite induces phosphorylation of the
erythrocyte membrane skeleton that changes the erythrocyte membrane's mechanical properties
(Zuccala and Baum 2011). For example, phosphorylation of band 4.1 weakens the connections
between band 4.1, spectrin and actin, which leads to membrane destabilisation (Betz et al. 2009). The
phosphorylation of B spectrin also leads to decreased membrane stability (Manno et al. 1995); tyrosine
phosphorylation in SLC4AL1 protein weakens the attachment of SLC4A1 to the underlying spectrin

network and increases membrane mobility by altering ankyrin binding (Ferru et al. 2011). To study
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the impact of membrane damage, the elastic modulus of the erythrocyte membrane was reduced from
1 kPa to 0.5 kPa.

2.3 Model application and results

The developed model was applied to wrap a merozoite with an erythrocyte membrane. Two cases of
maximum areal strain in the erythrocyte membrane were considered, i.e. (i) Asmax = 4% as a generally
accepted upper threshold for initiation of cell lysis during quasi-static deformation of the membrane
(Li et al. 2013), and (ii) Asmax = 51% to investigate larger deformations with an upper threshold of
40% vyield areal strain of the erythrocyte membrane (Li et al. 2013). The effect of local membrane
damage due to phosphorylation by the merozoite was considered by reducing the membrane's elastic
modulus. The maximum areal strain in the erythrocyte membrane during merozoite wrapping was
implemented in the model using a large circular membrane section with radius rm = 50 pum (for Asmax
= 4%) and a small membrane section with rm = 4 um (for Asmax = 51%), and with parameters values
specified in Table 2. The merozoite wrapping i.e., when Asmax = 4%, induced maximum principal
stretches of A1max = 1.04 in meridian direction and A2,max = 1.000046 in circumferential direction of the
erythrocyte membrane. The maximum circumferential stretch A2max occurred at a meridian stretch of
M = 1. (see Figure 9 a). Permitting a higher areal membrane strain of Asmax = 51% during merozoite
wrapping resulted in a substantial increase of maximum circumferential and meridian membrane
stretch, namely A1,max = 1.5 and A2max = 1.0375. In this case, the maximum circumferential stretch A2 max

occurred at A1 = 1.26 (see Figure 9 b).
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Figure 9: Numerical solution of circumferential stretch A, versus meridian stretch A, for the complete
wrapping of the merozoite for (a) small maximum areal strain of Asmax = 4% and (b) for large maximum areal
strain of Asmax = 51% in the erythrocyte membrane.

The analytical model predicts larger erythrocyte membrane stretch in the meridian direction than
circumferential direction for both small and finite erythrocyte membrane areal strain when the

indentation depth is 100% (see Figure 10 and Figure 11).
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Figure 10: Numerical solution of meridian stretch A1 and circumferential stretch A, versus the erythrocyte
membrane areal strain for the complete wrapping of the merozoite for (a) small maximum areal strain of Asmax
= 4% and (b) for large maximum areal strain of Asmax=51% in the erythrocyte membrane.
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Figure 11: Analytical solution describing erythrocyte membrane stretch versus percentage indentation depth
for (a) small maximum areal strain of Asmax = 4% and (b) for large maximum areal strain of Asmax=51% in the
erythrocyte membrane.

The membrane tension induced by the circumferential and meridian stretches reflects a near-linear
constitutive response of the erythrocyte membrane for small deformations up to Asmax = 4%. The
erythrocyte membrane's non-linear elastic response with strain softening is apparent for large
deformation, e.g. Asmax = 51% (see Figure 12 b, d). For the model with the large membrane section of
rm = 50 um, the predicted non-dimensional membrane tension in T1 direction agrees better with the
Neo-Hookean based non-dimensional tension than Mooney-Rivlin based non-dimensional tension
(Omori et al. 2011a) (Figure 12 a, c). However, for the large erythrocyte membrane deformation, the
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model predictions in T direction fit the experimentally based Hooke’s law solution better for the small

membrane section of rm = 4 um (see Figure 12 b).
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Figure 12: Non-dimensional isotropic tension versus areal strain in the erythrocyte membrane during
merozoite wrapping for the maximum areal strain of Asmax = 4% (a) and 51% (b). Mathematical solutions of
the tension in meridian (MR-T) and circumferential direction (MR-T>) obtained with the Mooney-Rivlin law,
see Egns. (35) and (36), are compared to solutions of linear-elastic Hooke’s law (HO) and the nonlinear elastic
Mooney-Rivlin law (MR) from Omori et al. (2011b).

The erythrocyte membrane's strain-softening was also observed by a decreasing shear modulus with

increasing areal strain (see Figure 13 a). The meridian and circumferential membrane stresses associated

with an areal strain of Asmax = 4% are o1 = 63.1 Pa and o2 = 30.5 Pa (see Figure 13 b).
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Figure 13: (a) Membrane shear modulus versus areal strain in the erythrocyte membrane during complete
merozoite wrapping of the erythrocyte membrane. The decrease of the shear modulus with increasing areal
strain represents strain softening. (b) Meridian and circumferential stress versus areal strain in the erythrocyte
membrane during complete merozoite wrapping. The stress associated with the assumed lysis threshold areal
strain of Asmax = 4% is 61 = 63.1 Pa in meridian and o2 = 30.5 Pa in the circumferential direction.

The total indentation force Fi during membrane wrapping was predicted to increase nearly linearly up

to a normalised indentation depth of 85.2% and decrease after that. The magnitude of Fi was higher

for larger maximum areal membrane strain; however, the maximum indentation force Fi occurred at

the same normalised indentation depth (see Figure 14 b). The result in Figure 14 illustrates that a large

surface area of the erythrocyte membrane results in smaller magnitudes of total wrapping and total

indentation, implying that the malaria merozoite becomes more invasive for a larger erythrocyte

surface area.
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Figure 14. Forces involved in the complete wrapping of a merozoite for small (Asmax = 4%) and large
maximum areal strain (Asmax = 51 %) in the erythrocyte membrane. (a) Total wrapping force Fw versus
normalised indentation depth di/Lnm. (b) Total indentation force F, versus normalised indentation depth di/Lm.
The total indentation force acts in the direction of the long axis of the merozoite.
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The total indentation work Ei, required by the merozoite to overcome the barrier energy imposed by

the erythrocyte membrane, increases with increasing indentation. Ei reaches a maximum at the same

normalised indentation depth at which the total indentation force is largest (see Figure 15 a). A

reduction of the erythrocyte membrane’s elastic modulus from 1 to 0.5 kPa (to simulate weakening of
the membrane due to phosphorylation of the spectrin network) led to the reduction of the total

indentation energy by 50%, implying that the phosphorylation increases the merozoite’s invasiveness

(Figure 15 b).
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Figure 15: Indentation work required for the complete wrapping of the merozoite versus normalised
indentation depth. (a) Indentation work for Asmax = 51 %, without and with phosphorylation of the spectrin
network, represented by reducing the membrane’s elastic modulus. (b) Indentation work for Asmax = 4 %,
without and with phosphorylation of the spectrin network, represented by reducing the membrane’s elastic

modulus. A represents the indentation depth region where the indentation work is done by the malaria
merozoite, whereas B indicates the part of the indentation for which the tight junction provides the work.

2.4 Discussion

An analytical model for wrapping a malaria merozoite by the erythrocyte membrane was developed,
and the effects of the membrane area and damage through phosphorylation were studied. In the
developed analytical model, the effect of the tight junction has been incorporated by defining the line
tension acting in the circumferential direction of the erythrocyte membrane with an initial radius po.
The total energy required for a successful invasion is determined by computing the total work done by
the malaria merozoite. The results from the developed analytical model suggest that during the early
stage of active invasion, the work done by the malaria merozoite increases progressively and is stored
in the form of internal energy in the tight junction and erythrocyte membrane. This energy is utilised
during the late phase of the invasion, facilitating the sealing of the erythrocyte membrane. The
simulations with the developed mathematical model describe two types of erythrocyte membrane
wrapping. One type involves a small areal strain in the erythrocyte membrane when the malaria
merozoite interacts with a large region of the erythrocyte membrane. The second type involves a large
areal strain in the erythrocyte membrane induced when the malaria merozoite interacts with a small

erythrocyte membrane region.

By analysing the two types of membrane wrapping, the model reveals new insights into the mechanics

of erythrocyte invasion by the malaria merozoites. For instance, the reduction in the magnitudes of the
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malaria merozoite wrapping force and indentation force in Figure 14 illustrates that the malaria
merozoite is more invasive for a lower areal strain, i.e. 4%, compared to a higher maximum erythrocyte
membrane areal strain, i.e. 51%. This finding demonstrates that the malaria merozoite optimises its
invasion efficiency by minimising its induced strain in the erythrocyte membrane. Additionally, recent
data from (Introini et al. 2022) indicates that the wrapping energy for the control population is in range
of 1.40 x10°Y" J, which is equal to the parasite indentation work predicted by the developed analytical
model for a 51% areal membrane strain hence supporting the validity of the developed model.

Similarly, the decrease of the malaria merozoite wrapping and indentation forces with increasing
erythrocyte membrane surface area demonstrates that the malaria merozoite’s invasiveness depends
on the surface area of the erythrocyte membrane (see Figure 14). It is known that discoid shaped
erythrocytes are more deformable than ellipsoidal or spherical erythrocytes (Li et al. 2018).The
increased deformability is based on the larger surface to volume ratio (S/V) of the discoid shape
compared to spherical and elliptic shapes, the latter often resulting from hereditary disorders such as
spherocytosis, elliptocytosis. However, it has been unknown whether the discoid shape of the
erythrocyte provides an advantage to the entry of malaria merozoites. With the developed analytical
model, the impact of the erythrocyte membrane surface area on the invasiveness of the malaria
merozoite has been established. The malaria merozoite becomes more invasive when a larger
erythrocyte membrane area is involved in the wrapping interaction (see Figure 14 aand b). This finding
can also partly explain why individuals with abnormal erythrocyte morphologies, e.g., caused by
spherocytosis, elliptocytosis, and sickle cell anaemia, are less susceptible to being infected with
malaria. However, further analysis is needed to quantify the impact of surface to volume ratio on the
invasiveness of the malaria merozoite. To study the effect of merozoite-induced damage, the material
parameter of the Mooney Rivlin law was altered such that the initial elastic modulus of the erythrocyte
membrane was reduced from 1 kPa for the intact membrane to 0.5 kPa for the membrane with damage.
The results from the developed analytical model indicate that reduction of erythrocyte membrane
elastic modulus led to the decrease in the work done or energy required by the malaria merozoite to
invade the erythrocyte. This decrease in work and energy demonstrates that the malaria merozoite
becomes more invasive in the presence of damage in the erythrocyte membrane. Hence the analytical
model reveals that the change of elastic modulus of the erythrocyte membrane affects the invagination
energies and is a potential target for invasion blocking antimalarial drugs, thus leading to the

development of efficacious drugs that target the invasions process.
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The erythrocyte membrane response in the meridian direction obtained by the developed analytical
model agrees better with the Mooney Rivlin model of a thin rubber membrane subjected to an
equibiaxial strain. The noticeable differences between the predictions of the analytical model and the

previous numerical data is due to the difference in the loading modes (see Figure 12 b).
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3 A constitutive model for the remodelling erythrocyte membrane

skeleton during the active invasion by the malaria merozoite

3.1 Introduction

A biological cell membrane is an organelle of the biological cell that provides selective permeability
to many solutes required for its nutrition. Biochemical or mechanical damage of the cell membrane
often disrupts the normal cell membrane functions, leading to severe cellular injury. Breakdown or
disruption of the cell membrane can result in the influx of potentially toxic chemicals, the release of
vital cellular nutrients, and the elimination of solute gradients across the cell membrane, crucial for
maintaining cell life. Like in many biological cells, the erythrocyte membrane acts as a mechanical
structure and a chemical barrier that allows the erythrocyte to undergo large nonlinear elastic
deformations and regulate transport processes across it. Hence, any persistent disruption of the
erythrocyte membrane can impair various physiological functions of the erythrocyte.

When the malaria merozoite invades the human erythrocyte, it evades its destruction by the host
immune system. Hence the malaria merozoite must invade the human erythrocyte without breaching
the membrane barrier to avoid erythrocyte cell death. Erythrocyte membrane damage can be
categorised into two groups: biochemical damage involving chemically induced kinetic reaction,
leading to the reorganisation of the erythrocyte membrane skeleton, and biomechanical damage due to
membrane strain. During the malaria merozoite invasion, the erythrocyte membrane's chemical
damage is induced by the binding of erythrocyte binding antigen (EBA-175) to the glycophorin A
(GPA), the erythrocyte receptor that initiates biochemical signalling cascades. The complex signalling
cascades involves the phosphorylation of the critical membrane skeleton proteins such as ankyrin and
spectrin, resulting in considerable changes in the mechanical properties of the erythrocyte membrane.
The erythrocyte binding antigen 175 (EBA-175) is a plasmodium falciparum merozoite antigen
produced by micronemes. The micronemes secrete EBA-175 that binds to the GPA through the apical
region of the malaria merozoite. It has been demonstrated by nano-indentation that EBA-175 reduces
the elastic modulus and thus increases the deformability of the erythrocyte membrane (Sisquella et al.
2017). The primary mechanism associated with the reduction in the erythrocyte membrane elastic
modulus is EBA-175 activated phosphorylation. In general, phosphorylation and dephosphorylation
of membrane proteins is an essential mechanism by which properties of the erythrocyte membrane are
regulated (Mohandas and Gallagher 2008).
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Additionally, protein phosphorylation controls many cellular functions, including protein synthesis,
transcription, and signal transduction to regulate cellular responses (Cohen 2000, 2002). The malaria
merozoite manipulates these pathways to modify the properties of the erythrocyte membrane during
the invasion process (Zuccala et al. 2016). To date, there is no damage model to predict the malaria
merozoite induced damage. Hence this study aims to develop a constitutive model for the remodelling

of the erythrocyte membrane.

The erythrocyte membrane skeleton is a dense network of proteins. This network provides the
erythrocyte membrane's mechanical strength, allowing the cell to withstand mechanical loads as it
flows through the narrow blood vessels. It comprises a unique arrangement of spectrin, F-actin, protein
4.1, and ankyrin with direct and indirect connections to the lipid bilayer. The importance of the protein
network of the erythrocyte membrane skeleton in maintaining the discoid shape and elasticity of a
healthy erythrocyte has been highlighted in various studies involving erythrocytes with hereditary
disorders. Spectrin proteins form a large part of the erythrocyte membrane skeleton and are responsible
for the elastic deformation of the cell. Apart from providing mechanical strength to the erythrocyte
membrane, the spectrin network acts as the structural platform for stabilising and activating membrane

channels, receptors, and transporters (Machnicka et al. 2014).

Several studies have described molecular factors responsible for altering the elastic behaviour of the
erythrocyte membrane. However, the impact of the erythrocyte membrane remodelling on the malaria
merozoite’s invasiveness is not well understood. This limitation in knowledge is due to the difficulty
of studying structural changes of protein networks and quantifying the mechanical properties during
the short invasion process of less than 30 s. Continuum damage mechanics modelling (CDM) provides
an alternative approach for predicting and studying erythrocyte membrane damage during the invasion.

Theoretical models can generally allow the investigation of complex biological systems and avoid
costly experimental studies. However, the numerical studies of these biological materials require
knowledge of their constitutive models. Several strain-based constitutive damage models for soft
biological tissue have been previously developed and implemented in a finite element framework.
There is growing interest in computational damage mechanics related to soft biological tissue because
studying disease mechanisms is less cumbersome when conducted in silico. In silico studies can also
lead to testing devices for studying disease mechanisms and drug interaction with diseased cells or
tissue. Erythrocyte membrane damage mechanism can be studied by using in silico simulations derived
from computational finite element analysis. With this approach, the mechanics associated with the

phosphorylation events during the invasion of erythrocytes can be predicted and analysed.
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In this chapter, a new constitutive model of the erythrocyte membrane with a remodelling function is
presented. The model has been applied for simulating merozoite induced phosphorylation events and
applied to investigate the impact of the malaria merozoite induced erythrocyte membrane remodelling
on the invasiveness of malaria merozoite (chapter 4). To model erythrocyte membrane damage due to
phosphorylation, the internal state variable or damage variable from the field of continuum damage
mechanics is used to represent the phosphorylation state of spectrin which is thought to (1) alter the
protein conformation, (2) influence dissociation of proteins, (3) cause dissociation of protein skeleton
from lipid bilayer, and (4) induce a membrane bending moment. With suitable parameterisation of the
damage variables, the developed erythrocyte membrane damage model can elucidate the energetics of
erythrocyte membrane damage which is challenging to investigate experimentally. Additionally, the
model can also be applied to study repair mechanisms of various biological cells. The model can be
further used for studying damage processes involving both chemical and strain-based damage.

3.2 Methods and materials

3.2.1 Mathematical model of the constitutive behaviour of the damaged erythrocyte membrane

In this section, the mathematical details used in the development of the constitutive model of the
erythrocyte membrane subjected to chemical damage has been presented. The hyperelastic constitutive
response (Bower 2010) of a healthy erythrocyte membrane was defined by the Helmholtz free-energy
function yn in Eqn. (50) (Bergstrom 2015). The deformation of the erythrocyte membrane in a
microfluidic device has been previously modelled with the Mooney Rivlin law (Zhang and Zhang
2011). To model the material response of the erythrocyte membrane due to chemical damage, the
Helmholtz free energy function, a thermodynamic potential that measures the useful work obtainable
from an isochoric and isothermal thermodynamic system, was modified by incorporating a damage

reduction function Rq in Eqgn. (56).

Y, = Un - Ty Sy (50)
Where wyn is the Helmholtz free energy, Un is the system's internal energy, Th is the absolute
temperature of the surroundings, modelled as a heat bath, Sh is the entropy of the systems. The
deformation of the erythrocyte membrane is mainly due to the mechanical load exerted by the malaria
merozoite through its actomyosin machinery plus other external loads such as blood pressure. Hence
the energetics associated with entropy was not considered. Thus, the Helmholtz free energy function

for the erythrocyte membrane deformation was only represented as internal energy. Therefore, damage
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induced by the malaria merozoite was modelled by modifying the strain energy density function of the

erythrocyte membrane. The strain energy density function of the erythrocyte membrane is usually

presented in a decoupled form comprising deviatoric and isochoric terms because the erythrocyte
membrane is primarily made up of an elastic network of spectrin and can be considered as an elastic
isotropic and nearly incompressible continuum. For nearly incompressible hyperelastic materials, the
combination of incompressibility and large deformations presents extreme difficulties for a
displacement-based finite element method. The reason is that the constraint J = det F = 1 on the
deformation field is highly nonlinear (Weiss 1994). Hence, a displacement-based finite element
scheme must invoke a small change measure of volumetric deformation to overcome this challenge.
Consequentially, the deformation gradient was decomposed into the dilatational and deviatoric parts
to apply separate numerical treatments to each part (Weiss 1994). Therefore, the deformation gradient
F and the left Cauchy-Green strain tensor B was divided into the volume changing (dilatational) and
the volume-preserving (distortional) parts, an approach often used in elastoplasticity (Ogden 1978).
The strain energy density function of the isotropic erythrocyte membrane was expressed in terms of

the left Cauchy deformation tensor as follows:

B=F FT (51)
where F = R U and FT = RTUT, R is a rotation matrix, and U is a stretch tensor, and this gives the
following equation:

B=RU - UTRT=U-U"T (52)
This shows that B, the left Cauchy deformation tensor, is a stretch tensor and isotropic. Hence the

strain energy density function y of a damaged erythrocyte were written in terms of invariants of the

left Cauchy-Green deformation tensor as follows:

v (11, 3, t) =Ry [y, (1, 1) +y, (1) ] (53)
where,

I, =trace (B),
L=; (#-B-B),

J=,/Det(B),

B is the left Cauchy-Green tensor, and Rq is the reduction factor, o is the strain energy density of an

intact erythrocyte membrane, 7 is the indentation time in seconds.
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The continuum damage mechanics framework for material stiffness deterioration suitable for
implementation in Abaqus Explicit was used to simulate chemical damage induced by a malaria
merozoite during the entry process. The model borrows some concepts from various strain-based
damage models for soft biological materials and biodegradable polymers where constitutive hydrolytic
degradation and time-dependent behaviour are described (Vieira et al. 2011). The phosphorylation of
the critical membrane skeleton proteins was assumed to induce alterations to both the deviatoric and
the volumetric components of the strain energy density function. Hence, the induced phosphorylation
of the membrane skeleton proteins was considered to alter elastic stiffness and the compressibility of
the erythrocyte membrane. Hence the shear elastic modulus and the compressibility K of the

erythrocyte membrane are related as follows:

4 Cio Cm) (54)
-
K 3Rd( o ) (1)

uzz(C10+C01) (55)

where the damage reduction factor, Poisson’s ratio, and the shear modulus are denoted as R, v, |,
respectively. The damage reduction factor Rq is a function of chemical, mechanical damage parameters

and is defined as follows:

Ry(B, J,1)=[1-p,]e(Pirrhaw) (56)
where B and J denote the left Cauchy green tensor and the volumetric strain of intact erythrocyte
membrane, respectively, t is the simulation time, and o is the strain energy density per reference
volume of the intact erythrocyte membrane. The chemical damage parameter is denoted as 1, and the
strain or mechanical damage parameter is denoted as 32, and. When B2 = 0, the damage mode is 100%
chemical damage, i.e., damage of the erythrocyte membrane is not due to strain. Thus, 1 represents
chemical damage due to various modes of phosphorylation, and B2 represents mechanical damage
associated with the tearing or rupturing of the protein chains in the erythrocyte membrane skeleton.
The erythrocyte's compressibility was defined using Poisson’s ratio of 0.499, which is a nearly
incompressible state. For incompressible materials, the contribution of the volumetric strain energy
density function is neglected since J = 1. However, the erythrocyte membrane is nearly incompressible;

as such, the following deviatoric strain invariants were used:

Tl = J-2/3 Il (57)
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(58)

The variation of the strain energy potential is by definition equal to the internal virtual work per

reference volume Vo, and this can be written as follows:
SW;= fJ(S:Se-pSeVOl)dVO= f&deO
where
_ . \V ,
Sy =2 [(—+11812)B -aIZB B |:5e+1 X el

SCZSD-§8€VOII,

8D =sym (8L) = (SL+5LT),

Sl =1:8D,
odu
oL = =
S=oc+pl,
pe-tiio=-5.
Hence deviatoric stress can be rewritten as:
2 0 0 -
S= 3 DEV [( +1, W)B Y pB ]
ol ol, al,

(59)

(60)

s=§[(a"’ _ 6\|/)<B*_trace(B*)> oy (B B*_traCe(];*-B*))l (61)

3 o1,
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And therefore stress (deviatoric stress + volumetric stress) is written as follows:

62)
Rd 1 a\vo _ 6\|/0 _ 6\]/0 _ 6\]/0 81} 1 8\|/0 Rd8 \IIO (
M NEE <811 131, )P\, TR, )3 ]g oL, UM gy W
e'(BlT) 1 - - - Sij 1 KinlJ (63)
o=y JZT(CIO +1;Co)Bij - (11C10+212C01)?'FCOIBikBkj"_TSij
3

where 6 is the Kronecker delta function and o is the Mooney Rivlin strain energy density function per
unit reference volume of the intact erythrocyte membrane, rewritten as follows:

Wo=Cio (I} -3)+Cpi (I, -3) + % K (in (J))? (64)

3.2.2 Implementation and verification of the modified Mooney Rivlin model as user material
in Abaqus Explicit

Abaqus Explicit analysis involves numerically solving equilibrium equations. The equilibrium
solution is represented in terms of the stretch tensors, deformation gradients, or strain tensors. In order
to calculate stresses, the Abaqus Explicit algorithm can either use the materials module with the
Mooney Rivlin law definition or the VUMAT subroutine with a suitable material definition. In the
developed FEA model, the VUMAT subroutine was used to simulate merozoite-induced damage using
the approach illustrated in Figure 16. The detailed VUMAT subroutine is attached as supplementary
information in appendix A.
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Figure 16: Abaqus Explicit procedure for simulating erythrocyte membrane by using the VUMAT subroutine.
The Abaqus materials module is used to define the Abaqus based Mooney Rivlin law.

The implementation step begins with verifying the accuracy of the developed VUMAT subroutine by
comparing the true stresses defined by the Mooney Rivlin law in the Abaqus Explicit materials module
with the true stresses defined by the developed VUMAT subroutine when 1 is set to 0. When the
damage parameter B is set to O in the developed VUMAT subroutine, the constitutive response is that

of an intact erythrocyte membrane and theoretically equal to the response of the Mooney Rivlin law

Abaqus explicit analysis

(Solving equilibrium
equations)

A

Vumat procedure

Modified Mooney
Rivlin law

built in the Abaqus Explicit materials module.

This verification step was achieved by subjecting a single shell element to an equi-biaxial strain of
110%, see Figure 17. The Mooney Rivlin law refers to the standard model built-in Abaqus, whereas
the erythrocyte membrane damage model refers to the model developed in the current study that is

based on the Mooney Rivlin model to represent an erythrocyte membrane with merozoite-induced

damage.

After verifying the developed erythrocyte membrane damage model, it is then implemented on the

single shell element to simulate various degrees of chemical damage. This approach allows the

Figure 17: Biaxially loaded shell element used to verify the VUMAT subroutine.




49

evaluation of the stability of the developed erythrocyte membrane damage model, assessed by using

Drucker’s stability criterion.

3.2.3 Representing erythrocyte membrane damage in alternative constitutive models

In some instances, implementing the erythrocyte membrane damage model may not be desired or
possible. For such cases, the suitability of other constitutive models (built-in in Abaqus) to represent
erythrocyte membrane damage was determined. A standard equibiaxial test was simulated in Abaqus
with the Evaluate option using nominal stress and strain data obtained from the developed erythrocyte
membrane damage model for f1= 0, 0.49, 1 and 2.7. The test resulted in the following constitutive

models' parameter values and stability thresholds.

e Ogden model:

N
2u; AR R A A L 2
s 3,2 () () () ) Sk
i =

1
where Ai, (1 =1, 2, 3) are the principal stretches, N is the number of material parameters, Ui,

ai, Di are temperature-dependent material parameters, and J®' is the elastic volume ratio.

e Yeoh model:

2 2 2 2 2
Yyeon = C10 (J’§Il-3)+Czo (J'?Il—3) +Cy9 (J‘§11-3) +— (3¢ 1) W (Jel 1) o (Jel 1)

where I,;= A7+)3+23, wyeon is the strain energy per reference volume unit, and Cio and Di are

temperature-dependent material parameters.

e Reduced Polynomial model:

cho ( 31, - ) Z (Jel 1)”

where yre is the strain energy per reference volume unit, N is the number of material parameters,

Cio and Di are temperature-dependent material parameters, and I1 is the first strain invariant.

(67)
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3.3 Results

3.3.1 Erythrocyte membrane damage model

The true stresses defined by the Abaqus built-in Mooney Rivlin material model and the erythrocyte
membrane damage VUMAT based model agreed well for the intact membrane, i.e., when 1 =0, and
for true strain between 0 and 110% (see Figure 18 a). This agreement indicates that the developed
VUMAT subroutine was accurately implemented. When the damage parameter is changed from the
intact state, i.e. when B1= 0, to the damaged state, i.e. when B1= 2.7, the in-plane true stress and the
largest in-plane maximum principal stress at 110% true strain, decreases, see Figure 18 (b) and Figure
A.l. The in-plane true stress decreases from 0.0048 MPa (for 1= 0) to 0.0028 MPa (for 1= 0.49),
0.0016 MPa (for p1= 1) and to 0.00025 MPa ( for p1 = 2.7), when the true strain is 110% see Figure
18 (b).

[x1 E53d S [x1.E-3] | T T T ‘
[ e---< Vumat intact J L eieo Vumat intact ;i
* » Abaqus intact 7 .- =0.49 g
- 4.0 ;n = 4.0+ - u %]1—?75
& i J = ---a 1= ;
. — =27 ;
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= L 2 = S -y
@ 200 @ 2.0 A
£ r ' = [ e .!
= 1ok P S WS e
.a‘-"... r ) Effi:::‘_
00 o® 1 1 1 1 00 4 1 1 1
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(a) True strain (b) True strain

Figure 18: (a) True stress versus true strain in a shell element determined with the Abaqus built-in Mooney
Rivlin model and the Vumat damage model for p1=0, (b) True stress versus true strain determined with the
Vumat erythrocyte membrane damage model showing the stress decrease with initiation and increase of
membrane damage.

3.3.2 Representing erythrocyte membrane damage in Ogden, Yeoh, Reduced Polynomial
models

The erythrocyte membrane stress predicted with the Ogden, Yeoh and Reduced Polynomial model,
respectively, agrees well with the developed erythrocyte membrane damage model for the intact and
damage states, i.e., p1 =0, 0.49, 1, 2.7 (Figure 19 a to d). The parameter values for the three models,
i.e., Ogden, Yeoh, and the Reduced polynomial and the different membrane states, are provided in
appendix A, Table A.1 to Table A.12.
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Figure 19: Erythrocyte membrane damage represented by the Ogden, Yeoh, and Reduced polynomial
materials models at various damage states in a single shell element, for 1 =0 (a), p1=0.49 (b), p2=1 (c), and
B1=2.7 (d).

The Abaqus material evaluation indicated that for the intact erythrocyte membrane (B1 = 0), the Ogden
model Eqn. (65) is the least stable of the three evaluated models. The Ogden strain energy function is
unstable in biaxial tension when the biaxial nominal strain is greater than 1.05. In contrast, the Yeoh
strain energy function Eqn. (66), the Reduced Polynomial strain energy function Eqn. (67), and the
erythrocyte membrane damage function are stable in biaxial tension for the entire range of the biaxial

nominal strain up to 2.0.

For erythrocyte membrane damage (EMD) model with B1 = 0.49, the Ogden model is the least stable
model, becoming unstable in biaxial tension when the biaxial nominal strain is greater than 1.75. The
Yeoh and the Reduced Polynomial strain energy functions become unstable when the biaxial nominal

strains exceed 1.96 and 1.98, respectively.

For erythrocyte membrane damage (EMD) model with 1 = 1, the Ogden model has the lowest stability
threshold with a nominal biaxial strain of 1.74, see Figure 19 (c). the stability threshold of the Yeoh

and Reduced Polynomial strain energy functions are strains of 1.8 and 1.85, respectively.

For the most severe erythrocyte membrane damage with B1 = 2.7, the erythrocyte membrane damage
model has the lowest stability threshold of a nominal strain of 1.19, see Figure 19 (d) and Table 3. The
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Reduced Polynomial, Ogden and Yeoh strain energy functions become unstable when the biaxial
nominal strain exceeds 1.34, 1.5 and 1.36, respectively. The strain stability thresholds for all the four
models when B1 = 2.7 are relatively lower than that obtained when B1 is equal to 0.49 and 1, showing

that all the four material models are poorly stable at a high degree of damage, see Table 3.

Table 3: Strain stability threshold of various material models at various erythrocyte membrane damage state.

Material model Stability Stability threshold Stability Stability threshold
threshold (1 = 0) (B =0.49) threshold (B1 = 1) (Br=2.7)
EMD stable 1.98 1.89 1.19
Ogden 1.05 1.75 1.74 15
Yeoh stable 1.96 1.8 1.36
Reduced Polynomial Stable 1.98 1.85 1.34

3.4 Discussion

The study of the impact of the malaria merozoite-induced erythrocyte membrane damage on the
invasiveness of the merozoites to date has been limited due to the lack of constitutive models for the
remodelling of the erythrocyte membrane during the entry of the malaria merozoite. Additionally, it is
very challenging to experimentally investigate the invasiveness of the malaria merozoite due to
damage because the process is rapid and damage occurs at a molecular scale, hence challenging to
quantify. With parameterisation of the developed damage model, various degrees of damage relevant

to the merozoite induced remodelling of the erythrocyte membrane can be studied.

One of the challenges encountered when using hyperelastic models is that they are not always stable,
i.e. when strain is inversely related to stress. One way of assessing the stability of a model is by using
Drucker’s stability. This condition comes with many challenges since some hyperelastic models can
be Drucker unstable for small and large strains when subjected to different loading conditions.
Common practice is to use the model with a known stability threshold or validity range. For example,
the Mooney Rivlin model has a known validity range of up to 138% equi-biaxial logarithmic strain
(Marckmann and Verron 2006).

The stability thresholds of the developed constitutive damage model have been analytically determined
by using Drucker’s stability criteria and are in range with the stability thresholds of the Yeoh and
Reduced Polynomial models. The stability thresholds are used to determine the validity ranges of the

hyperelastic models and the impact of the damage. The initiation and increase in damage, i.e. by
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altering B1 from 0 to 2.7, alter the nominal strain stability threshold of the developed erythrocyte
damage model from a stable state to 1.19. The decrease in the maximum stresses when damage is
induced (see Figure 18 b and Figure A.1) represents stiffness reduction, indicating that the developed
damage model accurately mimics the phosphorylation of the key erythrocyte membrane skeleton.

Phosphorylation is a process known to destabilise the erythrocyte membrane and reduce its stiffness.

The Ogden, Yeoh and Reduced Polynomial constitutive models with material parameters indicated
from Table A.1 to Table A.12 correspond to the developed damage model’s constitutive responses
associated with B1 ranging from 0 to 2.7. Thus, these models can simulate various degrees of material
damage of the erythrocyte membrane if implementing the new erythrocyte membrane model is not

feasible.
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4 A finite element model for the invasion of human erythrocytes by a

plasmodium falciparum merozoite

4.1 Introduction

The invasion of malaria merozoites into human erythrocytes has been extensively studied as a potential
target for antimalarial drugs (Flannery et al. 2013). During the invasion of erythrocytes, the merozoite
is highly exposed to the host immune system and is highly vulnerable to therapeutic interventions
hence an essential target for antimalarial drugs. Despite the enormous interest in studying the invasion
process, fundamental gaps in the knowledge of the invasion process remain. To date, the impact of
erythrocyte morphology and local erythrocyte membrane damage on the invasiveness of a malaria
merozoite has not been explored comprehensively due to the lack of detailed models of the invasion

mechanics to complement findings from experimental studies.

Limitations of in vivo approaches for analysing the invasion process have led to an inadequate
mechanistic understanding of the invasion process. Unlike in vivo approaches, in silico approaches
provide easier alternative methods of ascertaining how biomechanical factors may contribute to the
invasiveness of the malaria merozoite. The malaria merozoite entry into an erythrocyte is an active
process that involves the application of actomyosin-based forces on the erythrocyte membrane. The
forces are transmitted to the erythrocyte membrane through contact with the merozoite surface
(Dasgupta et al. 2014). To date, a detailed analysis of the mechanistic role of the erythrocyte membrane
and associated structure, i.e., the spectrin network involved in the invasion process, is limited to 2D
analytical models (Abdalrahman and Franz 2017a). Additionally, current analytical models do not
incorporate the remodelling of the erythrocyte membrane. Hence the need to develop realistic 3D
invasion models to account for all factors determining the malaria merozoite's invasiveness, i.e.,

merozoite-induced membrane damage.

Hereditary spherocytosis is caused by genetic alteration of erythrocyte membrane proteins leading to
the formation of spherocytes. Previously, it has been documented that cells with hereditary
spherocytosis have abnormal protein structure and thus have a low susceptibility to infection by the
malaria merozoite (Eber and Lux 2004). Despite this finding, little is known about the higher invasion
resistance of these cells. However, from the current study, it has been determined that shape alteration
alone of the erythrocyte to spherical shape is also one of the contributing factors to the low
susceptibility of infection of spherocytes by malaria merozoites.
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This study aims to computationally investigate the erythrocyte mechanics during malaria parasite
invasion with emphasis on (i) the factors contributing to the malaria merozoite's invasiveness and (ii)
the impact of local disruption of the spectrin network on the global mechanical properties of the
erythrocyte for assessing the feasibility of mechanical markers for testing the efficacy of invasion

blocking anti-malarial drugs.
4.2 Materials and methods

4.2.1 Geometric modelling

4.2.1.1 The healthy erythrocyte

A 3D biconcave geometry of the erythrocyte with dimensions shown in Figure 20 was generated in
Abaqus by using:

1
4 (2 4v2)\ 2 2,2 24232
Dy Dy Dy

where X, y, z are principal coordinate directions, Do = 7.82 um is the undeformed diameter of the
erythrocyte cell. ao, a1, a2 are constants with values of 0.0518, 2.026 and -4.491 respectively. The
generated erythrocyte model has a volume of 94.47 um?® and a surface area of 135 pm? consistent with
the literature (Li et al. 2014a).

Table 4: Erythrocyte shape parameters.

Parameters Do ao a1 az
Value 7.82 um 0.0518 2.026 -4.491
7.82 um

— 2.026 llln

Figure 20: Erythrocyte geometry

4.2.1.2 The spherocyte

In individuals with spherocytosis, erythrocytes take a spherical form due to alterations of erythrocyte
membrane proteins and hence the geometry of the spherocyte shown in Figure 21 was generated using
the parts module in Abaqus by using:
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P =(x-kJ)*+ (y-1.)* + (z-n.)? (69)
where r is the radius of the spherocyte, and ke, lc, nc are centre coordinates of the spherocyte, where ke
=lc=nc=0. X, Y, z denotes the coordinate points on the surface of the spherocyte. The surface area to
volume ratio of the spherical geometry is reduced by 14% compared to the discoid erythrocyte

geometry.

Figure 21: The geometry of the spherocyte generated in Abaqus.

4.2.1.3 The malaria plasmodium falciparum merozoite

The merozoite shape has been previously described from cryo x-ray images of free malaria merozoites
shown in Figure 22. From these data, the mean physical dimensions of the malaria merozoite were
determined as follows: Physical length Lm = 1.98 + 0.08 um, width W = 1.40 + 0.06 um, volume Vactual
=1.71 £ 0.15 um? and surface area Asctual = 8.06 + 0.72 pm?2,

5004
0908
8000

Figure 22: A section of the cryo x-ray image of free Plasmodium Falciparum merozoites. Schematic adapted
from Dasgupta et al. (2014).

2 um

The 3D merozoite geometry shown in Figure 23 was generated based on the previously determined

egg shape geometry using:

z(0)=[2R,- Ry (1-cos0)] (1 +cosb)/4 (70)
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p(0@)=sinO[2R,-Ry (1- cosb)]/4 (72)
where p and z are cartesian coordinates, Ra= 1 um, Ro= 0.7 um are parameters that determine the egg

shape profile of the malaria merozoite, and 6 is a polar angle which varies from 0to 180 degrees.

Merozoite i Tight junction
Merozoite (FEM) C; 8 Q \ @
. T .
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-/ \ QYQ,\ = \\
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Invasion Invasion Post invasion
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Partially wrapped Completely wrapped
() (b)

Figure 23: Rigid egg shape geometry of the malaria merozoite generated in Abaqus Explicit.

Images from electron microscopy, cryo-electron tomography, cryo x-ray tomography and widefield
deconvolution fluorescence imaging of a merozoite during invasion show negligible changes in
malaria merozoite shape throughout the invasion process (Zuccala et al. 2016). Hence, this study

treated the merozoite geometry as a rigid body.

4.2.1.4 The tight junction between malaria merozoite and erythrocyte membrane

The malaria merozoite pulls itself into the erythrocyte through the tight junction complexes, a structure
established by the malaria merozoite after forming the invasion pit. The tight junction was modelled
as a deforming mechanical link between the malaria merozoite surface and the erythrocyte membrane,
forming an annulus-like structure to facilitate erythrocyte membrane wrapping. The annulus is defined

as a circular ring with an internal diameter of 0.76 um and a cross-section radius of 0.04 pm.
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Figure 24:The orange dots represent merozoite ligand-bound complexes, blue dots represents tight junctional
complexes. The figure has been adapted from (Koch and Baum 2016).

4.2.2 Constitutive modelling

4.2.2.1 Constitutive modelling for erythrocyte membrane

The developed erythrocyte membrane damage model (EMD), see Eqn. (72) was specified using the
VUMAT subroutine to induce localised damage in the erythrocyte membrane, while the Mooney
Rivlin law model was specified using the material module to describe the constitutive response of the

intact erythrocyte membrane.

PO [1 _ _ 1 KinJ (72)
i (Cio + 11Co1)Bjj - (1C9+21,Coy) ?-ICmBikBkﬁTSﬁ
J3 I3

where Cio, Co1, D1 are temperature-dependent material parameters, J is the total volume ratio, I, and
I, are the first and second deviatoric strain invariant of the left Cauchy-Green deformation tensor B,

given by:

B=F-F' (73)

where F is the deformation gradient tensor (Gilson and Crabb 2009), and the invariants are defined by:

I, =trace (B) (74)

L= % (12-B-B) (75)
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The relative compressibility of the material also determines the mechanical response of the erythrocyte
membrane. The relative compressibility is the ratio of the initial bulk modulus Ko to the initial shear
modulus po of the material:
R, = Ko (76)
Ho
where poand Ko are defined by Eqgns. (77) and (78), respectively, and large Rc values show that the

material is less compressible:

Hy =2 (Cio+Co1) (77)
_ 2 (78)
Ko~

The Poisson’s ratio v for hyperelastic materials is related to R by:

e 3R,-2 (79)
6R +2

Furthermore, D1 is expressed as:
3(1-2v) (80)

D =
2 (CiotCo1) (1 +v)

For this study, the Poisson’s ratio of the erythrocyte membrane was set to 0.499 to avoid numerical
singularity, and hence D1 was set to 12 mm?/N. The material parameters for the Mooney Rivlin model

are computed from the elastic modulus by:

__E (81)
CoT5ap

where C10= [ C10 (Zhang and Zhang 2011) with B ranging from 0 to 0.5. For an elastic modulus E of

1 kPa and setting 3 = 0.1, the corresponding values of Cio and Co1 are 152 Pa and 15.2 Pa, respectively.

4.2.2.2 The mechanical properties of the tight junction

In this study, the tight junction was represented with an annulus structure, mimicking the function of
the tight junction during the invasion process. The energy associated with the work done by the tight
junction is not yet known. However, an estimate of the minimum energy contribution of the tight

junction required for a successful invasion was determined with the developed FE model, and the
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Mooney Rivlin law was used to define the mechanical response of the annulus structure. The material

parameters were determined by minimising the objective function defined by:

Fin (Cj) = ym (Gj) * Dm (Cy) (82)
where ym iS the strain, energy density function for the annulus structure, and Dm is the diameter of the
tight junction at maximum indentation depth at the end of the invasion when the simulation step time
is 1.1 s. The binary search algorithm below was used to search for material parameters that minimise

the objective function in Eqn. (82).

Given an array Cj of n elements Coj, C1j, Czj ... Cnj-1 such that Coj < C1j< Cyi<...... < Chnj-1, the following
pseudo-code uses the binary to find the value of the material parameter in Cj that minimises the

objective function.

SetLj=0and Rj=nj-1

If Lj > Rj, the search terminates as unsuccessful

Determine the middle element index m;j = floor ([Lj + Rj]/2)

Compute the Dm using the middle element parameter in C;.

If Dm > M + € update Cj such that C; > Cm, compute Fm and go to step 2.
If Dm< Mud + €, update Cj such that Cj < Cm, compute Fm and go to step 2.

N g s~ wDbh e

If Dm = My the search is done, and compute Fmin=min (Fm)

Here, Md is the width of the merozoite at maximum indentation depth, and € is the clearance between
the tight junction and the merozoite at the maximum indentation depth. When Fm = Fmin= min (Fm),
see Figure 25, and Cj gives a minimum strain energy ym (Cj) such that Dm~ Mu, see Figure 26. The
annulus structure's strain energy ym (Cj) increases from point a to b, and c, see Figure 25 while the
diameter Dm decreases from point a to b but remains constant from point b to ¢ (see Figure 25 and
Figure 26).
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Figure 25: Illustration of the minimisation process of the objective function.
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Figure 26: Schematic illustration of how the Mooney Rivlin parameters were determined.

The annulus structure's mechanical properties mimicking the tight junction’s role were determined by
minimising the objective function (see Table 5). The determined mechanical properties represent the

minimum energy required by the annulus structure to ensure erythrocyte membrane wrapping.

Table 5: Mooney Rivlin parameter values of the tight junction complexes.

Properties ‘ C1o ‘ Co1 ‘ D;
Parametervalues‘ 0.04 MPa ‘0.004 MPa‘ 0.3 mm#N

4.2.2.3 Representing the erythrocyte cytoplasm using smoothed particle hydrodynamics

The smoothed particle hydrodynamics (SPH) method was used to model the erythrocyte cytoplasm
deformation. Smoothed particle hydrodynamics is a fully Lagrangian meshfree modelling scheme
permitting the discretization of a prescribed set of continuum equations by interpolating the properties
directly at a discrete set of points distributed over the solution domain. This approach was first
developed to solve PDE problems in astrophysics (Gingold and Monaghan 1977). In Abaqus, the SPH
scheme discretises the continuum partial differential equations (Violeau and Rogers 2016). SPH uses
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an evolving interpolation scheme to approximate a field variable at any point in a domain. Using the
particle approximation or field function Egn. (83) and its derivative Eqn. (84), the Navier Stokes
equation is discretized and solved using the explicit time integration method.

N
m m
f—Z— w (|n- J|h>=2p— w;

= =1 )

(83)

(84)

where N is the total number of particles and h is the smoothing length, riand rj are the position vector
of the particle of interest and the particle's position vector in the neighbouring region. The field
function f and its derivative are constructed using a smoothing or kernel function w shown in Figure
27. Thus, the value of a variable at a particle of interest can be approximated by summing the
contributions from a set of neighbouring particles, denoted by subscript j, for which the “kernel”

function, w, is shown in Figure 27, is not zero.

Figure 27: Graphical representation of Kernel function, with permission from Wang et al. (2016).

In Abaqus, the erythrocyte cytoplasmic domain is converted to SPH particles by activating a built-in
conversion to SPH particles functionality in the mesh module. The erythrocyte cytoplasm primarily
comprises viscous haemoglobin, mathematically described by the Navier-Stokes equation in the
Lagrangian form (Ye et al. 2016). The erythrocyte cytoplasm is generally considered an
incompressible Newtonian liquid, and thus, its dynamics are predicted by using the Navier Stokes

equations given by:
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V-v=0 (85)

dv 1 (86)
a = E ('VP+HV2V)+fext

where p, v, p, i and fext represent the pressure, velocity, density, dynamic viscosity and external force
vector, respectively. SPH solves the Navier Stokes equations by discretizing the whole computational
domain into a set of particles. The Mie-Griineisen equation of state defined in Egn. (87) was used to
model incompressible viscous laminar flow governed by the Navier-Stokes equation of motion. The
volumetric response is governed by the equations of state, where the bulk modulus acts as a penalty
parameter for the incompressible constraint. Since the viscosity of the erythrocyte cytoplasm is small,
a small amount of shear resistance was specified in the materials module to suppress shear modes that
can otherwise tangle the mesh. Here the shear stiffness or shear viscosity was used as a penalty
parameter. The default hourglass control was used because when the shear model is defined, the
hourglass control forces are calculated based on the shear resistance of the erythrocyte cytoplasm,
which provides very low shear strength, insufficient to prevent spurious hourglass modes. For the
erythrocyte cytoplasmic domain, an equation of state is necessary to link pressure P and density p. The

Mie-Grineisen equation of state used for this purpose (Monaghan 1988) is given as follows:

(87)

_ P (1_an0
P (1'T]m5)2 2

where po is the reference density and c is the speed of sound, I'o = 0 is a material parameter, nm=1 —

) + poloEnm

po/p is the nominal volumetric compressive strain, Em is internal energy per unit mass. The background
pressure Po is added to avoid negative pressure values. The density is estimated from the particle
distribution utilizing the SPH interpolation. ¢ and s define the linear relationship between the shock

velocity, Us, and the particle velocity, Up, as follows:

Us =c+sU, (88)

where s was set to zero such that Us = ¢ =1000 mm/s.
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4.2.3 Finite element types and meshes

The FE model comprised multiple components with various element lengths, i.e., the erythrocyte
membrane, the tight junction, the rigid merozoite, and the cytoplasm, see Figure 28.

Figure 28: The erythrocyte membrane meshed with triangular shell elements (a), erythrocyte cytoplasm
meshed using the 8-node linear brick elements with reduced integration and hourglass control (C3D8R) (b),
annulus structure of the tight junction meshed using a ten-node modified quadratic tetrahedron elements
(C3D10M) (c), the rigid merozoite meshed using a three-node 3D rigid triangular elements (R3D3) (d).

The tight junction contains the smallest element length relative to the erythrocyte membrane and is
generally used to determine stable time increment for the whole model. However, it was necessary to
evaluate the stability of the solution due to the mesh density of the erythrocyte membrane. A mesh
density study for the erythrocyte membrane was performed to determine the mesh density, which gives
a stable solution. In Abaqus, the erythrocyte membrane was modelled using shell elements with a
thickness of 0.01 um (Hochmuth et al. 1973). SPH was applied on the erythrocyte cytoplasmic domain;
hence, no mesh density study was performed on the cytoplasm. However, to ensure accurate simulation
of the cytoplasm by using the SPH functionality, Abaqus requires more than 10000 particles to be
generated. Hence 18000 particles were generated by using the particle conversion functionality.

Three-node triangular shell elements with reduced time integration (S3R) were used to mesh the
erythrocyte membrane. The reduced time integration algorithm provided more accurate results and
reduced the running time. The use of conventional shell elements was preferred because, unlike
continuum shell elements which only have displacement degrees of freedom, conventional shell
elements have both displacement and rotational degrees of freedom. For the erythrocyte membrane to

wrap around the malaria merozoite effectively, each erythrocyte membrane node must have both
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displacement and rotation degrees of freedom. Erythrocytes undergo extreme deformations as they
circulate through narrow capillaries in the human body. As such, to accurately predict erythrocyte
deformation, both displacement and rotational degrees of freedom must be allowed in each element.

Additionally, shell elements were preferred over 3D solid elements for the erythrocyte membrane
because shell elements allow the modelling of thin features with fewer elements, thus reducing
computational time. Shell elements are also easier to mesh and less prone to negative Jacobian errors,
representing negative element volume or distorted elements that might occur when using extremely
thin solid features. The erythrocyte cytoplasm was meshed using the 8-node linear brick elements with
reduced integration and hourglass control (C3D8R). The mesh provides the initial spatial particle
discretisation required for the SPH scheme. Three-node 3D rigid triangular elements (R3D3) were
used to mesh the rigid merozoite, while the ten-node modified quadratic tetrahedron elements
(C3D10M) were used to mesh the annulus structure of the tight junction. The details of the mesh sizes
are indicated in Table 6 below.

Table 6: Element type and mesh sizes for various structures involved in the invasion mechanism.

Structure Elementtype  Elements
Membrane S3R 19942
Cytoplasm C3D8R 841
Merozoite R3D3 700
Tight junction C3D10M 5535

4.2.4 Boundary conditions and interactions of merozoite and erythrocyte

4.2.4.1 Boundary conditions

Several assumptions and boundary conditions were considered and are listed below:

e The erythrocyte was assumed suspended in a Euclidean space with an initial velocity of each
node of approximately zero. The load module was used to predefine the initial velocity fields
at each node in the erythrocyte membrane, see Figure 29 b.

e A constant external pressure load of 16 kPa equal to systolic blood pressure was applied on the
external surface of the erythrocyte membrane, see Figure 29 a.

e The malaria merozoite is displaced by 2 um along its longitudinal axis of the merozoite. The

displacement is applied using a ramp function from 0.1 sto 1.1 s, see Figure 29 d.
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e Each node of the tight junction freely deforms in the x and z directions, see Figure 29 c.

Blood pressure Initial velocity

(a)

Displacement

(d)

Figure 29: Blood pressure applied on the outer surface of the erythrocyte membrane (a), the initial velocity of
2x10°%° mm/s applied at each node of the erythrocyte membrane (b), each node of the annulus structure is only
allowed to displace in z and x directions (c), the rigid malaria merozoite is displaced in the negative y-
direction (d).

4.2.4.2 Erythrocyte and malaria merozoite interactions

The interaction module in Abaqus Explicit was used to define the mechanical interaction of the

interfaces of structures involved in the invasion process, as illustrated in Figure 30.

Master-slave General contact

Merozoite Erythrocyte Erythrocyte
(Master) |:> membrane (slave) <:> cytoplasm

General contact

Tight junction

Figure 30: Structural interactions of the erythrocyte membrane, tight junction, malaria merozoite and the
erythrocyte cytoplasm.

Two algorithms for modelling contact interactions were used. The general contact algorithm allows

very simple definitions of contact with very few restrictions on the types of surfaces involved. The
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contact pair algorithm has more restrictions on the surfaces involved and often requires a more careful
contact definition. However, it allows interaction definitions unavailable with the general contact
algorithm. The general contact algorithm was used to define contact interactions between the
erythrocyte membrane, the erythrocyte cytoplasm and the tight junction. The contact pair algorithm
was used to define contact between the malaria merozoite and the outer surface of the erythrocyte
membrane. The contact pair algorithm in Abaqus Explicit includes the contact surface weighting
(balanced or pure master-slave) and the sliding formulation (finite, small, or infinitesimal). The contact
pair algorithm with pure master-slave weighting was used for the contact between the malaria
merozoite surface and the region of entry (ROE) on the erythrocyte membrane. The interacting
surfaces can penetrate each other for the pure master-slave scheme, leading to numerical instabilities.
To avoid numerical errors due to penetration, the mesh density of the slave surface must be greater
than that of the master surface. A mesh density study for the two surfaces was conducted to determine

the mesh sizes for both the master and slave surfaces.
4.25 Model validation

4.25.1 Erythrocyte model validation and simulation of a healthy erythrocyte in an optical

tweezer/trap

This section presents a detailed validation method of the developed erythrocyte model based on laser
trap experimental data (Mills et al. 2004). The mechanical response of the erythrocyte predicted by
the developed model is compared against previous experimental data (Figure 31 c) from an optical trap
experiment, see Figure 31 (a) and (b), where a 193 pN force is applied to stretch the erythrocyte.
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Figure 31: Optical tweezer experiment set up (a and b) (Song et al. 2017), Optical tweezer experimental data
and numerically generated data (Mills et al. 2004) (c).

In the optical trap experiment, a stretching force is applied to one of the two silica beads attached to
the erythrocyte. One microbead is fixed to the glass slide while the other microbead is trapped using a
laser beam (Song et al. 2017). Cell stretching is performed by moving the trapped microbead. The
deformation is determined by images of unstretched and stretched erythrocytes. Similarly, with optical
trap simulation, the erythrocyte model was deformed in the axial and transverse directions when the

resultant force F = 200 pN was applied on one microbead.
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4.2.5.2 Validation and simulation of merozoite invasion model

Recently, Geoghegan et al. (2021) used a high spatiotemporal resolution lattice light-sheet microscopy
(LLSM) to analyse the malaria merozoite invasion into the erythrocyte by segmenting and tracking the
formation of parasitophorous vacuole membrane (PVM). With this technique, the authors determined
the portion of the erythrocyte membrane surface area that wraps malaria merozoite and the surface
area of the erythrocyte membrane that does not wrap the malaria merozoite. The study documents the
decrease in the erythrocyte membrane surface area since a portion of the area wraps the malaria
merozoite (see Figure 32). The data obtained from this study was then used to validate the developed

invasion model.
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Figure 32: Reduction of the erythrocyte surface area during the erythrocyte invasion; the dashed line (black)
represents the time when malaria merozoite is entirely wrapped by the erythrocyte membrane (Geoghegan et
al. 2021).

In a human being, erythrocytes are subjected to physiological blood pressure. Hence to obtain realistic
simulation results of the invasion model, a surface blood pressure must be applied to the surface
erythrocyte model. However, no physiological pressure was applied in the Geoghegan et al. (2021)
experiment. As such, surface area data of the erythrocyte obtained from the invasion model where no
surface pressure was applied was compared with erythrocyte areal data from the Geoghegan et al.

(2021) experiment to validate the invasion model.
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4.2.6 Finite element analysis and case studies

4.2.6.1 Generalised explicit finite element analysis in Abaqus

A generalised Abaqus Explicit dynamic analysis procedure was used to simulate the deformation of
an erythrocyte during the invasion by a malaria merozoite. This procedure involves numerically
solving the momentum equilibrium Eqgn. (89) using an explicit central difference time integration rule

described by Eqns. (90) and (91). The momentum equilibrium is:

MV N =p! -1 (89)
where MM is the mass matrix, P’ is the applied load vector, I’is the internal force vector, uN denotes
spatial degrees of freedom, and i is the increment number in the explicit dynamic step. MN is
diagonalized to form a lumped mass matrix to reduce the computational complexity of the central

difference time integration algorithm (Systemes 2015).

Aty + AL, (90)
. N _ N i+1 1 N
Uity =Upt — 5 Ui
N
uy g =u) At U (91)

The dynamic explicit analysis was specified using the step module where mass scaling and
geometrically nonlinear analysis were specified. Mass scaling was only applied to the erythrocyte
membrane and the tight junction with the primary purpose of obtaining a quasi-static response. The
quasi-static analysis was achieved by simulating the invasion process in the shortest time, i.e. for a
period of 1.1 s, while keeping the inertial forces relatively low. The semi-automatic mass scaling was
used throughout the step to scale mass elements periodically and effectively reduce the wave speed.
The effectiveness of the mass scaling algorithm in ensuring a quasi-static solution was determined by
ensuring that the total kinetic energy of the erythrocyte model is much smaller than the internal or
strain energy of the erythrocyte model. The kinetic energy represents the inertia effects on the global
response of the erythrocyte model, while the internal energy represents the static effects. Time
incrementation was achieved automatically by using built-in functionality. The adaptive, global
estimation algorithm was applied to determine the maximum frequency of the entire model using the

current dilatational wave speed.
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4.2.6.2 Case Study 1: Impact of the erythrocyte morphology on the merozoite invasiveness

With the developed FE model, the impact of erythrocyte morphology and malaria merozoite induced
damage on the invasiveness of the malaria merozoite was assessed. The invasiveness of the malaria
merozoite in the convex region (see Figure 33 a) and the concave region (see Figure 33 b) was assessed
by comparing the total invasion energies associated with the malaria merozoite’s invasion of the

convex and concave regions.

(a) (b)

Figure 33: Entry point of the merozoite (grey) into a human erythrocyte (blue) through a convex region (a),
the entry point of the merozoite (grey) into a human erythrocyte (blue) through a concave region (b), the entry
point of a malaria merozoite (grey) into a human spherocyte (blue) (c).

To assess the impact of sphericity, i.e., surface area to volume ratio, the total invasion energies of two
simulations are compared: One involving the entry of the malaria merozoite into a normal discoid
shaped erythrocyte (see Figure 33 a and b), and the other involving entry simulation of a malaria
merozoite into a spherical erythrocyte with the same volume as the normal erythrocyte (see Figure 33
c). To date, it is not known whether the spherical shape impacts the invasiveness of the malaria
merozoite. The morphometric parameters used to define the two erythrocyte morphologies, i.e., discoid
and spherical morphologies, are given in Table 7. The developed spherical model of the erythrocyte
represents a 27% reduction of a healthy erythrocyte’s S/V ratio and total surface area. With the two
models of the erythrocyte, i.e., spherical and discoid models, the impact of morphological variations

on the invasiveness of the malaria parasite was investigated.

Table 7: Simulation parameters used in Abaqus.

Erythrocyte shape Surface area (S) Volume (V) SIV

Discoid 135 pm? 94 um?® 1.44/m
Spherical 98.47 um? 94 pm?® 1.05/m
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4.2.6.3 Case Study 2: Impact of phosphorylation induced damage in the erythrocyte membrane

on the merozoite invasiveness

Two stages of erythrocyte membrane damage were investigated using the damage model described in
chapter 3. This study was done to assess the impact of the damage stages on the invasiveness of the
malaria merozoite. The first stage of damage was induced during the early invasion, i.e., from 0 to
0.1s, accounting for 9 % of the entire invasion period. The second stage of damage involved damage
induced throughout the entire invasion process. Erythrocyte membrane damage was induced in the red
region, with a diameter of 1.028 um, see Figure 34. For each damage stage, the invasiveness of the
malaria merozoite was determined by evaluating the indentation forces induced by the malaria
merozoite. The damage parameters used to evaluate the indentation forces are given below (see Table
8).

Table 8: Damage parameters for first (0 — 0.1 s) and second stage damage (0-1.1 s).
Damage parameters for the entire 0.49 1

invasion process (0 —1.1s)

Damage parameters for the early stage 5.4 11
damage (0 —0.15)

Figure 34: Region in red where two types of damage are induced, start configuration of the erythrocyte,
isometric view (a), plan view (b).

4.2.6.4 Case Study 3: Erythrocyte compression

The compression simulation involving an intact erythrocyte model and an erythrocyte with a locally
damaged membrane aimed to investigate the impact of local erythrocyte membrane damage on the
global mechanical and structural properties of the erythrocyte, see Figure 35 a.

First, an intact erythrocyte model was compressed to extract the compression data. Secondly, an
erythrocyte with a locally damaged erythrocyte membrane was compressed to extract two compression

data sets, one obtained by inducing damage in the concave region, i.e., damage location 1 and the other
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in the convex region of the erythrocyte membrane, i.e., damage location 2, see Figure 35 b. The

diameter of the region where damage was induced was set to 1.028 pm.

The compression plate (10 x 10 um) was displaced by 1.3 um for a period of 1.1 s, while the support
plate (10 x 10 um) was fixed to facilitate compression of the erythrocyte. The compression and the
support plates were modelled using 5,000 linear triangular rigid shell elements (R3D3). The contact
pair algorithm was used to define contact between the compression plate-erythrocyte interface and the
erythrocyte-support plate interface, where surface-to-surface contact formulation with kinematic
contact method was defined. Both the normal and the tangential behaviour of the interfaces mentioned
above were defined for this type of interaction. Isotropic tangential interaction with negligible friction
coefficient was used to define the tangential behaviour between the interfaces. Hard contact
formulation, which allows separation of the interfaces mentioned above, was used to define the normal

behaviour of the interfaces.

Compression plate

Erythrocyte

Displacement direction
l of the plate indenter

Damage
location 2

Damage location 1

Support plate

Figure 35: Initial configuration of the compression test simulation (a), concave and convex regions of the
erythrocyte are indicated by damage locations 1 and 2, respectively.

The force-compression data obtained from indenting a locally damaged and intact erythrocyte were
compared to assess the sensitivity of the global indentation for local erythrocyte membrane damage.
A sufficient sensitivity may indicate the potential of compression tests for further development and
implementation to study the malaria merozoite-induced damage in a physical experiment. The impact
of surface pressure on the mechanical response of the locally damaged erythrocyte membrane was also

investigated.

4.2.6.5 Case Study 4: Erythrocyte nanoindentation

The nanoindentation test simulation was conducted by utilising a similar approach used in the
compression test simulation from the previous section. The nanoindentation simulation involved an
intact erythrocyte and an erythrocyte with a locally damaged membrane to investigate the impact of
local erythrocyte membrane damage.
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Spherical indenter

Displacement direction
of the spherical indenter

Damage
location 2

(b)

Damage
location 1

Figure 36: a) Initial configuration of the nanoindentation simulation, b) concave and convex regions of the
erythrocyte are indicated by damage locations 1 and 2, respectively.

The spherical indenter with a diameter of 2 um, representing 25.6% of erythrocyte diameter, was
displaced by 1.31 pum, representing 64.7% of the maximum erythrocyte thickness. The support plate
(10x10 um) was fixed to facilitate indentation of the erythrocyte. The spherical indenter was modelled
by using 854 linear rigid triangular shell elements (R3D3), while the support plate was modelled by
using 5000 linear rigid triangular shell elements (R3D3). The contact pair algorithm was used to define
contact between the spherical indenter-erythrocyte interface and the erythrocyte-support plate
interface, where the surface-to-surface contact formulation with kinematic contact method was
defined. Both normal and tangential behaviour of the interfaces mentioned above were defined for this
type of interaction. Isotropic tangential interaction with negligible friction coefficient was used to
define the tangential behaviour between the interfaces. Hard contact formulation that allows separation
of the interfaces mentioned above was used to define the interfaces' normal behaviour. The force-
indentation data obtained from the locally damaged and intact erythrocyte were compared to assess
the sensitivity of the nanoindentation to local erythrocyte membrane damage. A sizeable difference
between the force-indentation curves of the intact and damaged erythrocyte suggests that the nano-

indentation test is sensitive to erythrocyte membrane damage.

4.3 Results

4.3.1 Validation of the erythrocyte finite element model

The developed erythrocyte model was validated by comparing optical tweezer experimental data
(Mills et al. 2004) with the numerical data obtained by simulating an optical tweezer experiment. When
a force of 200 pN is applied diametrically, the dimension of the erythrocyte FE model increases in the
direction of the applied load (see Figure 37) and decreases in the direction normal to the applied force.

The dimension of the erythrocyte FE model that increases in the applied load direction is called the
axial dimension. In contrast, the dimension of the erythrocyte FE model that decreases in the direction

normal to the applied force is referred to as the transverse dimension.
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Figure 37: The contour plot of the erythrocyte axial displacements at various stages of optical tweezer
simulation test, axial displacement of the erythrocyte FE at 0.0143 s (a), 0.209 s (b), 0.308 s (c), and at 0.413 s

(d).

The increase in displacement of the erythrocyte FE model in the axial direction leads to the increase
in the axial diameter of the erythrocyte (see Figure 37). In contrast, the increase in the transverse
displacements of the erythrocyte FE model leads to the reduction of the transverse diameter of the

erythrocyte (see Figure 38).
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Figure 38: The contour plot of the erythrocyte transverse displacements at various stages of optical tweezer
simulation test, transverse displacement of the erythrocyte FE at 0.0143 s (a), 0.209 s (b), 0.308 s (c), and at
0.413 s (d).

The numerical data shows that the transverse diameter of the erythrocyte model fit well with
experimental data. However, the axial diameter of the erythrocyte model only fits well with
experimental data when it is less than 0.0096 mm (see Figure 39 and Figure 40 a).
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Figure 39: Optical tweezer simulation data (axial and transverse erythrocyte FE model diameters) fitted with
optical tweezer experimental data (axial and transverse diameters of the human erythrocyte) (Mills et al.
2004).

For the erythrocyte model, the axial diameter of 0.0096 mm, corresponds to the maximum principal
erythrocyte membrane logarithmic strain of 1.81 (see Figure 40 b). Beyond this point, the model fits
experimental data in the axial direction with limited accuracy. The maximum principal erythrocyte
membrane logarithmic strain due to entry of the malaria merozoite into the erythrocyte is 1.77 (see
Figure 40 c), which is less than the accuracy threshold of 1.81 maximum principal logarithmic strain.

Axial diameter (mm) Maximum in-plane principal Maximum in-plane principal
—— logarithmic strain logarithmic strain
: - 1.81
i . el
: : 151 . 1.48
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0.0064 . 14
0.0056 [y 143
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0.0024 \ \ 0.45 0.47
0.0016 [ 0.30 0.33
0.0008 0.15 0.18
0.0000 -0.00 0.04

(a) (b)

Figure 40: Contour plots of the erythrocyte FE model deformed in an optical tweezer simulation test showing
the erythrocyte model axial diameter (a) and maximum principal logarithmic strain (b). The contour plot of
the maximum principal logarithmic strain of the erythrocyte membrane (c)

The maximum principal logarithmic strain of the erythrocyte membrane increases throughout the

deformation history during the optical tweezer simulation test (see Figure 41).
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Figure 41: The contour plot of the erythrocyte membrane maximum principal logarithmic strain at various
stages of optical tweezer simulation test, Maximum in-plane principal logarithmic strain of the erythrocyte
membrane at 0.0143 s (a), 0.209 s (b), 0.308 s (c), and at 0.413 s (d).

4.3.2 Validation of the invasion model

The invasion model was validated by comparing the surface area of the erythrocyte with experimental
erythrocyte areal deformation data obtained by tracking and segmenting the erythrocyte membrane
during the invasion process (Geoghegan et al. 2021). The erythrocyte surface area obtained without
applying blood pressure on the erythrocyte model’s outer surface fits well with the experimental areal
data of the erythrocyte membrane from the Geoghegan et al. (2021) also conducted without the
application of blood pressure on the erythrocyte (see Figure 42). The maximum error between the areal
data from Geoghegan et al. (2021) and the developed invasion model is 5.2%. Additionally, when no
surface pressure is applied on the erythrocyte model, the surface area of the erythrocyte model
decreases, which is consistent with experimental data from Geoghegan et al. (2021) study (see Figure
42).

In contrast, when a blood pressure of 16 kPa is applied on the erythrocyte model's outer surface, the
erythrocyte model's surface area increases during the late stages of the invasion process (see Figure
42).
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Figure 42: Experimental vs simulation data, showing the erythrocyte membrane surface areal variation when
B1=11 is induced from 0 to 0.1 s (Geoghegan et al. 2021).

The deformation of the erythrocyte model with the blood pressure of 16 kPa applied on its surface is

entirely different from when no blood pressure is applied (see Figure 43).

Figure 43: Deformation of an erythrocyte at 100% indentation depth normalised over the length of the malaria
merozoite with (a) and without (b) blood pressure applied on the outer surface of the erythrocyte.

4.3.3 Impact of the erythrocyte morphology on the merozoite invasiveness

The impact of erythrocyte morphological variations on the invasiveness of the malaria merozoite is
determined by the variation of the maximum strain energy of the invasion model, i.e. the maximum
amount of energy required to facilitate successful invagination of the malaria merozoite. When the
malaria merozoite invades through the convex region of the erythrocyte, the maximum strain energy
value of the invasion model is 0.38 x 101 J, and when it invades through the concave region of the
erythrocyte, a lower value of 0.238 x 10" J is obtained, representing a reduction of 37% of the
maximum energy required to facilitate invagination of the malaria merozoite in the convex region of
the erythrocyte (see Figure 44). This finding suggests that the malaria merozoite invagination requires

37% more energy when it occurs in the convex region than the concave regions of the erythrocyte.
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Invasion of the spherocyte requires the largest maximum strain energy of 0.545 x10°%° J, which is 43%
and 129% larger than the energy required to invaginate the malaria merozoite in the convex and
concave regions of the erythrocyte, respectively (see Figure 44).
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Figure 44: Strain energy of the invasion model representing the energy required to invaginate the malaria
merozoite in the concave and convex regions of the erythrocyte and the spherocyte.

4.3.4 Impact of phosphorylation induced damage in the erythrocyte membrane on the

merozoite invasiveness

The impact of malaria induced erythrocyte membrane damage on the invasiveness of the malaria
merozoite is determined by the variation of the maximum indentation force required by the malaria
merozoite to invade the erythrocyte, i.e. the maximum amount of force required to facilitate successful
invagination of the malaria merozoite (see Figure 45). When the amount of damage increases by

varying B, from 0 to 2.7, the maximum indentation force decreases (see Figure 45).
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Figure 45: Indentation force vs indentation depth for varying degrees and timing of erythrocyte

membrane damage.

When the erythrocyte membrane damage is induced for 9% (0-0.1 s) of the total simulation time (t =
1.1 s), the observed maximum indentation forces are relatively lower than when an equal amount of
erythrocyte membrane damage is induced for the entire simulation time (0-1.1 s) see Figure 45. For
example, the amount of damage induced when B1 = 0.49 for 0.1s is the same as when 1 = 5.4 for 1.1
s. Similarly, equal damage is obtained when p1 = 1 for 1.1s and when p1 = 11 for 0.1s. The maximum
indentation force for an intact erythrocyte membrane (22.4 pN) is larger than the maximum indentation
force (17 pN) determined when damage is induced for the entire invasion process, i.e. when [ is set
to 0.49 for 1.1 s. However, when an equal amount of erythrocyte membrane damage induced for the
entire invasion process is induced for 0.1 s, the maximum indentation force (15 pN) is lower than the
indentation force obtained when the damage parameter B1 is set to 0.49 for 1.1 s. Similarly, the
maximum indentation force determined when 1 is set to 11 for 0.1 s is lower than when 1 is set to 1
for 1.1 s. Hence, these results demonstrate that the malaria merozoite is more invasive when

erythrocyte membrane damage occurs at the beginning of the invasion process.
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4.3.5 Assessing the impact of local erythrocyte membrane on the global responses on the

erythrocyte

4.3.5.1 Erythrocyte compression

The compression forces versus compression displacement curves do not vary when damage is induced
at damage locations 1 and 2 for a period of 0.1 s with B1 = 32 (see Figure 46). This result shows that

global indentation is insensitive to local damage induced in the erythrocyte membrane.
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Figure 46: Compression force vs compression displacement data obtained from an intact erythrocyte and an
erythrocyte damaged at damage locations 1 and 2.

4.3.5.2 Erythrocyte nanoindentation

When the spherical indenter is displaced by 1.31 um and no blood pressure is applied on the intact
erythrocyte model, the erythrocyte membrane deforms such that the maximum principal logarithmic
strain is 0.112 (see Figure 47a). However, when damage is induced at damage location 1, for 0.1 s,
with 1= 32, the maximum principal logarithmic strain increases to 0.589 (see Figure 47b), but when

damage is induced at damage location 2, the maximum principal logarithmic strain increases to 0.24

(see Figure 47c).
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Figure 47: (a) Maximum principal logarithmic strain for the intact erythrocyte membrane (b) maximum
principal logarithmic strain for the erythrocyte membrane obtained by inducing damage (B:=32) for 0.1 s at
damage location 1, where A and As, max denotes the surface area and the areal ratio of the erythrocyte
respectively, (c) maximum principal logarithmic strain in the erythrocyte membrane obtained by inducing
damage for 0.1 s at damage location 2, where f1 = 32, (d) indentation force vs nano-indentation for the intact
erythrocyte membrane (blue), and when damage is induced at damage locations 1 (red), and 2 (black).

When the spherical indenter is displaced by 1.31 um, the surface area of both intact and damaged
erythrocyte increases from 135 um? to 137 pum? such that the areal strain is 0.014 (see Figure 47 a, b,
and c¢). When damage is induced at damage location 1 (the region of indentation), the maximum
indentation force (7.2x10® N) is much lower than the indentation force (1.78 x107*? N) when damage
is induced at damage location 2 (see Figure 47d). The maximum indentation force (1.68 x107? N)
required to deform an intact erythrocyte membrane and the erythrocyte membrane with damage at

location 2 (1.78 x1012 N) are slightly different in magnitude (see Figure 47d).

4.4 Discussion

Although much progress has been achieved in understanding the factors that determine the
invasiveness of the malaria merozoite, most of the previous studies do not address the collective role
played by the biophysical factors of the erythrocyte deformability in the invasion process. Cell shape,
cytoplasmic viscosity, membrane stability are the main factors determining the erythrocyte's
deformability (Mohandas and Chasis 1993b, Mohandas and Evans 1994). To date, experimental data
on the mechanical properties of a human erythrocyte is widely available. However, it remains unknown

how these factors impact the invasiveness of the malaria merozoite. Hence, the current research aimed



83

to develop an in silico model for investigating the impact of erythrocyte morphology, malaria

merozoite induced erythrocyte membrane damage on the invasiveness of the malaria merozoite.

4.4.1 Validation of the erythrocyte model

The developed erythrocyte model is a two-component model of the erythrocyte membrane and
cytoplasm. The deformation of the intact erythrocyte membrane is modelled using the Mooney Rivlin
law, which is equal to the developed erythrocyte membrane damage model when f1 = 0. The
deformation of erythrocyte cytoplasm makes use of the SPH formulation, which has been applied for
the first time and hence the need to validate the developed erythrocyte model with experimental data.
The diametric numerical data from the developed erythrocyte model is fitted with diametric data from
the Mills et al. (2004) experiment to validate the developed erythrocyte model. The transverse
diameters of the invasion model fit well with the transverse diameters from the Mills et al. (2004)
experiment. However, the axial diameter of the developed erythrocyte model only fits the experimental
data when the axial diameter does not exceed the threshold value of 0.0096 mm, which corresponds to
the maximum principal logarithmic strain of the erythrocyte membrane of 1.81. Beyond this threshold
value, the developed erythrocyte model has limited accuracy. For the invasion model, the maximum
principal logarithmic strain of the erythrocyte membrane is 1.77, which is less than the threshold value
of 1.81, thus indicating the erythrocyte model's deformation during the invasion process is within the

determined accuracy range of the erythrocyte model.

4.4.2 Validation of the invasion model

The surface area of the erythrocyte from the Geoghegan et al. (2021) experiment where blood pressure
was neglected agrees with the surface area of the developed erythrocyte FE model if blood pressure
applied on the erythrocyte is neglected to mimic invitro experimental conditions. The surface area of
the erythrocyte FE model is the region of the erythrocyte membrane that is not used to wrap the malaria
merozoite. This surface area of the erythrocyte FE model decreases with time normalised over a step
time of 1.1 s and is in good agreement with the surface area of the erythrocyte from experiments by
Geoghegan et al. (2021). To allow direct comparison with the surface area of the developed invasion
model, the surface area of the erythrocyte from Geoghegan et al. (2021) was normalised over a period
of 49 s, which is the time when the malaria merozoite is entirely internalised (Geoghegan et al. 2021).
The validated model is then used to predict the invasion process by applying in vivo conditions such
as blood pressure which may be challenging in an in vitro experiment. The validation of the invasion
model also allows the validation of the developed erythrocyte membrane damage model since the

model predictions were in good agreement with experimental data when 1 was set to 11 for 0.1 s.
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Identifying the damage parameters enables the identification of the correct invasion forces required by

the malaria merozoite to invade the erythrocyte.

4.4.3 Impact of the erythrocyte morphology on the merozoite invasiveness

The impact of erythrocyte membrane morphological variations on the invasiveness of the malaria
merozoite was assessed by analysing the energetics for invasion in the concave and convex regions of
the erythrocyte membrane. Additionally, the impact of shape variation between a healthy discoid
erythrocyte and a spherocyte on the invasiveness of the malaria merozoite was also assessed. The
malaria merozoite entry into the discoid erythrocyte requires lower invasion energy than the
spherocyte. Reducing the erythrocyte’s S/V ratio increases the sphericity of the erythrocyte and leads
to the formation of the spherocyte. The relatively low energy requirement indicates that the malaria
merozoite is more invasive when it invades a discoid shaped erythrocyte than when it invades a
spherocyte. In other words increase in the sphericity corresponds to the increase in the energy required
for the malaria merozoite to invade the erythrocyte. The surface area to volume ratio (S/V) of 1.44/m
allows a healthy erythrocyte to undergo a large deformation of up to 230 % of its original dimension.
Reducing the healthy erythrocyte’s S/V ratio by 14% forms a spherocyte with a surface area of 98.5
um? which is less than the surface area of a healthy erythrocyte. Hence the discoid shape provides
approximately 36.5 um? of excess surface area, 4.6 times the merozoite surface area of 8.0 pm?
(Dasgupta et al. 2014), thus providing sufficient surface area to facilitate wrapping of the malaria
merozoite. The maximum strain energy predicted with the FE invasion model is equivalent to the total
indentation work described by the developed analytical model. The maximum strain energy of 38 x
101" Jand 23.8 x 101" J predicted with the FE invasion model for invasion in the convex and concave
erythrocyte membrane region is 50% 60% larger the total indentation work of Ei = 1.40x10717 J
predicted by the analytical model for Asmax = 51%. The higher strain energy of the FE invasion model
may be due to the work done to deform the erythrocyte cytoplasm which is not considered in the

analytical model.

Erythrocytes with membrane protein abnormalities such as hereditary spherocytosis are generally
spherical and less deformable than normal discoid erythrocytes. However, to date, it is not known if
these alterations may present the merozoite with a less ideal condition for invasion of erythrocyte by
malaria merozoites. Spherocytes have been found to have a low susceptibility to invasion by a malaria
merozoite. One of the reasons for low susceptibility is the genetic alteration of membrane proteins.

However, from the current study, it has been determined that shape alteration of the erythrocyte to
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spherical shape could be one of the contributing factors for the low susceptibility of spherocytes to

infection by malaria merozoites.

444 Impact of phosphorylation induced damage in the erythrocyte membrane on the

merozoite invasiveness

The impact of erythrocyte membrane damage on the invasiveness of the malaria merozoite was studied
by inducing erythrocyte membrane damage locally. The amount of damage induced in the erythrocyte
membrane model was regulated by varying damage parameters 1 between 0.49 and 2.7 such that 1=
0.49 represented the minimum amount of damage while B1= 2.7 represented the maximum amount of
damage. The invasiveness of the malaria merozoite was assessed by comparing the maximum

indentation forces for each value of the damage parameter P.

The indentation forces decrease with the increasing amount of damage induced in the erythrocyte
membrane model (see Figure 45). This demonstrates that the invasiveness of the malaria merozoite
increases with the amount of damage. Malaria merozoite induced erythrocyte membrane damage
research has received limited attention. To date, the stages of erythrocyte membrane remodelling or
damage are unknown. in other words, it is not known whether this damage is only induced at the early
stages of invasion or throughout the entire invasion process. However, to validate the developed
invasion model, erythrocyte membrane damage was induced at the beginning of the invasion process
i,e, when 1 was set to 11 for 0.1 s. This finding suggests that erythrocyte membrane damage occurs
during an early invasion process. The forces required by the malaria merozoite when damage is
induced progressively throughout the entire invasion, i.e., for a period of 1.1 s, are larger than when
damage is induced for a period of 0.1 s, i.e., at the beginning of the invasion process. These results
demonstrate that the malaria merozoite is more invasive when damage is induced from 0 - 0.1 s than
when induced progressively throughout the entire invasion process. Hence regulating the timing at
which the malaria merozoite induces erythrocyte membrane damage could be a potential target for

antimalarial compounds.

4.4.5 Assessing the impact of local erythrocyte membrane on the global mechanical responses

of the erythrocyte

Compression test simulations investigated the impact of local erythrocyte membrane damage on a
global scale. The compression tests indicate that the compression forces vary with compression depth

but does not vary with local erythrocyte membrane damage because the compressive forces of an intact
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and damaged erythrocyte have the same magnitudes. This result demonstrates that a compression

experiment cannot be successfully used to investigate erythrocyte membrane damage.

The nano-indentation simulation predicted that the indentation force varies with the indentation depth
and local erythrocyte membrane damage when both the indentation and local erythrocyte membrane
damage occur in the concave region of the erythrocyte. However, when the indentation is applied in
the concave region of the erythrocyte and erythrocyte membrane, the damage is applied in the convex
region of the erythrocyte membrane; the indentation force only varies with the indentation depth but
not with the local erythrocyte membrane damage. This result demonstrates that the local erythrocyte
membrane damage only impacts the deformation of the erythrocyte locally and not globally. Hence
nano-indentation experiments can only investigate the impact of erythrocyte membrane damage on the

erythrocyte deformation locally and not globally.

The developed FE invasion model has only highlighted the importance of timing erythrocyte
membrane damage on the invasiveness of the malaria merozoite. However, to further explore the
impact of timing erythrocyte membrane damage experimentally, nano-indentation studies can be
conducted to study the impact of various stages of erythrocyte membrane damage on the invasion

energetics.
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5 Conclusions, novel aspects, and recommendations

This PhD thesis aimed to (1) analytically and computationally investigate the mechanical factors that
determine the invasiveness of a malaria merozoite during its entry into an erythrocyte and (2) evaluate
the impact of local membrane damage on an erythrocyte's regional and global mechanical properties
towards cell mechanics profiling of invasion blocking anti-malarial compounds that target erythrocyte

membrane damage mechanism.
The following objectives were defined to achieve the above aims:

Obijective 1: To develop an analytical model for establishing the major factors facilitating erythrocyte

membrane wrapping of a malaria merozoite.

Objective 2: To develop an erythrocyte membrane damage model for simulating the malaria merozoite

induced damage during the invasion process.

Objective 3: To develop a finite element model for evaluating the malaria merozoite’s invasiveness

during its entry into the erythrocyte.

Objective 4: To investigate computationally the sensitivity of cell mechanics tests, namely whole-cell
compression and nanoindentation, to local erythrocyte membrane damage induced by malaria

merozoites.

5.1 An analytical model of the mechanics of erythrocyte membrane wrapping

during the active invasion of erythrocyte by the malaria merozoite

The analytical model was developed to study the mechanics of erythrocyte membrane wrapping of the
malaria merozoite. With the developed analytical model, two sets of numerical solutions have been
presented to describe the constitutive response of the erythrocyte membrane during erythrocyte
membrane wrapping of the invading malaria merozoite. One set of numerical solutions was associated
with a small areal strain ranging between 0-4%, and the other involved a sizeable areal strain ranging
between 0-50%. Furthermore, the developed analytical model has established the relationship between
the biophysical forces required to facilitate wrapping of the malaria merozoite and the areal strain of
the erythrocyte membrane, i.e., small areal strain (between 0-4%) and finite areal strain (between 0-
51%). The erythrocyte membrane stresses due to small (between 0-4%), and finite areal strain
(between 0-51 %) have also been predicted. The effect of the malaria merozoite induced erythrocyte
membrane skeleton dissociation on the biophysical forces and invasion energetics have been

investigated. The numerical data from the developed analytical model suggests that the large
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erythrocyte surface area due to its discoid shape increases the invasiveness of the malaria parasite and
thus suggest its high susceptibility to infection by the malaria merozoites. The energetics of the
invasion process have also been analysed. The data obtained from the developed analytical model
shows that the energy required by the malaria merozoite reaches its maximum value during the middle
stage of the invasion process but decreases during the late stages of the invasion process. This finding
provides theoretical insights on how the malaria merozoite would utilise and regulate its energy to
maximize its invasion efficiency. The developed analytical model has limitations, mainly due to the
restriction to 2D analysis and the lack of experimental data for calibrating the 2D analytical model.
However, the analytical model can be effectively used for parametric studies to assess the malaria
merozoite's invasiveness. Additionally, the analytical model does not consider the cytoplasm, and
hence the addition of the erythrocyte cytoplasmic domain is recommended for future analysis.

Novelty: This is the first analytic model that (a) predicts the malaria merozoites invagination forces
generated by the merozoite actomyosin machinery, and (b) assess the invasiveness of the malaria

merozoite based on mechanical aspects of the erythrocyte membrane.

5.2 A constitutive model for the remodelling erythrocyte membrane skeleton

during the active invasion by the malaria merozoite

The erythrocyte membrane damage model was developed for studying the impact of the malaria
merozoite induced damage on its invasiveness. To date, experimental investigations related to
erythrocytes' invasion have predominantly focused on the role of parasite adhesins or signalling
pathways and the identity of binding receptors on the erythrocyte cell surface. The erythrocyte
membrane damage mechanics associated with the invasion process has received limited attention
(Koch et al. 2017).

The erythrocyte membrane damage model was developed by modifying the Mooney Rivlin law, where
the exponential damage variable function was incorporated to induce the remodelling effect. The
developed damage model was implemented for finite element analysis application by using the user
material subroutine. Despite limited knowledge of the malaria merozoite induced damage, the model
allowed various amounts of damage to be induced. It was found that the malaria merozoite becomes
more invasive with an increasing amount of damage. Various erythrocyte membrane constitutive
responses obtained from the developed erythrocyte membrane damage model have been presented in
terms of the Yeoh, Reduced polynomial, and Ogden model to easily implement the erythrocyte
membrane damage model. The material parameters of the Yeoh, Reduced polynomial, and the Ogden
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models and their stability thresholds have been presented in Appendix A. The main limitation of the
damage model is the possible instability of the Mooney Rivlin law at low strain. Furthermore, the
second invariant of the left Cauchy tensor of the Mooney Rivlin law can make the model unstable in
certain loading conditions. However, the decrease of the erythrocyte membrane stability threshold
predicted with the developed model for increasing damage amount corresponds with reports that the
phosphorylation of key protein elements of the erythrocyte skeleton leads to an unstable erythrocyte

membrane.

Novelty: The developed erythrocyte membrane damage model is the first to predict erythrocyte
membrane damage induced by the malaria merozoite. With the damage model, various degrees and
stages of damage have been studied for the first time to predict the invasiveness of the malaria

merozoite.

5.3 A finite element model for the invasion of human erythrocytes by a

plasmodium falciparum merozoite

The finite element invasion model was developed to investigate the malaria merozoite's entry
mechanic. New insights obtained from the entry simulations of the malaria merozoite are aimed to
guide the development of experimental investigations for assessing the invasiveness of the malaria
merozoite. Human erythrocytes are often subjected to large deformations, and to accurately model the
erythrocyte’s cytoplasm, excessive mesh distortion should be allowed without causing any numerical
errors. One way of coping with the excessive mesh distortions is by using the Lagrangian smoothed
particle hydrodynamics formulation, a meshless approach that provides an excellent solution to the
problem of extreme mesh distortions. The SPH formulation has been applied for the first time to model
erythrocyte cytoplasm deformation. Hence required validation of the developed erythrocyte model
against experimental data. Optical trap experimental data has been successfully used to validate the
developed erythrocyte model. The accuracy threshold of the developed erythrocyte model has been
established at a maximum principal logarithmic strain of 0.112. The accuracy of the invasion FE model
was also validated with experimental data of merozoite invasion into a human erythrocyte from
Geoghegan et al. (2021). With the developed FE invasion model, the impact of erythrocyte shape and
erythrocyte membrane damage on the invasiveness of the malaria merozoite has been extensively
investigated. The simulations have established that the increase in sphericity of the erythrocyte reduces

the invasiveness of the malaria merozoite.
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In contrast, an increasing amount of damage increases the invasiveness of the malaria merozoite.
Additionally, the impact of timing merozoite’s induced damage was investigated, and it was found that
the malaria merozoite is more invasive when erythrocyte membrane damage is induced at an early
stage of the invasion process. However, further nano-indentation experimental studies are required to
investigate the impact of the timing erythrocyte’s membrane damage on indentation force. The results
from the nano-indentation simulation indicate the suitability of nanoindentation experiments to

investigate erythrocyte membrane damage.

Novelty: The developed FE invasion model is the first model to predict the malaria merozoite's
invasiveness based on factors that determine the erythrocyte's deformability. With the developed
invasion model, the impact of erythrocyte shape, and erythrocyte membrane damage, on the
invasiveness of the malaria merozoite have been studied for the first time. An increase in sphericity of
the erythrocyte reduces the invasiveness, while the increase in the amount of erythrocyte membrane
damage increases the invasiveness of the malaria merozoite. The force and the amount of erythrocyte
membrane damage required by the malaria merozoite to successfully invade the erythrocyte have been
predicted for the first time. The maximum force required by the malaria merozoite is 11 pN, with B1 =

11 induced for 0.1 s representing the amount of damage induced by the malaria merozoite.

Publication plan
The three manuscripts from the presented work will be submitted for journal publication within twelve

months after submitting this thesis.

Manuscript 1: Analytical model of the mechanics of erythrocyte membrane wrapping during the active

invasion by a plasmodium falciparum merozoite (based on thesis chapter 2)

Manuscript 2: Constitutive model for the remodelling erythrocyte membrane spectrin network during

the active invasion by a malaria merozoite (based on thesis chapter 3)

Manuscript 3: Finite element analysis of the invasion of a human erythrocyte by a plasmodium

falciparum merozoite (based on thesis chapter 4)
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Data availability

The data supporting this thesis can be accessed on the University of Cape Town’s institutional data

repository (ZivaHub) under the doi https://doi.org/10.25375/uct.17430329 from 1 March 2023 or upon

request.
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Appendix A: Supplementary data for chapter 3

The figure below belongs to section 3.3.1
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Figure A.1: Contour plots of maximum principal stress in a shell element without damage i.e =0 (a) and a
shell element with increasing damage with 1= 0.49 (b), =1 (c), and B1= 2.7 (d).

(©

The tables below belongs to section 3.3.2, Table A.1 to Table A.3, Table A.4 to Table A.6, Table A.7
to Table A.9, Table A.10 to Table A.12, presents the material parameters for Ogden, Yeah and
Reduced polynomial model, when the damage parameter B1is equal to 0, 0.49, 1, and 2.7 respectively.

The material parameters for the intact erythrocyte membrane are presented in Table A.13

Table A.1: Material parameters for the Ogden strain energy function of order three, evaluated from
the developed damage model nominal stress-strain data when 1= 0.

I i (N/mm?) i Di (mm?/N)
1 1.79E-05 3.6 0
2 -1.32E-05 4.5 0

3 2.3E-04 -1.17 0
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Table A.2: Material parameters for the Yeoh strain energy function of order three, evaluated from the
developed damage model when 1= 0.

i Di (mm?/N) Cio0 (N/mm?) Cz0 (N/ mm?) Cso (N/mm?)

0 1.32E-04

1
2 0 1.25E-05
3 0 -3.7E-07

Table A.3: Material parameters for the Reduced polynomial strain energy function of order six,
evaluated from the developed damage model when 1= 0.

Cuo (N/mmz) C20 (N/mmz) Cao (N/mmz) Cao (N/mmz) Cso (N/mmz) Ceo (N/mmz)
1.24E-04 3.23E-05 -5.8E-06 5.9E-07 -3E-08 5.95E-10
Additional material parameters for the reduced polynomial model are D1 = D2= D3= Ds= Ds= D¢ =

0.

Table A.4: Material parameters for the Ogden strain energy function of order three, evaluated from
the developed damage model when 1= 0.49.

i pi (N/mm?) a Di (mm?/N)
1 5.1E-05 2.87 0
2 -1.4E-09 13.4 0
3 1.7E-04 -0.88 0

Table A.5: Material parameters for the Yeoh strain energy function of order three, evaluated from the
developed damage model when 1= 0.49.

i Di (mm?/N) C1o (N/mm?) C20 (N/mm?) Cso (N/mm?)
1 0 1.2E-04

2 0 7.4E-06

3 0 -2.8E-07

Table A.6: Material parameters for the reduced polynomial strain energy function of order six,
evaluated from the developed damage model when B1= 0.49.

Cuo Co0 Cso Cao Cso Coeo
(N/mm?)  (N/mm?)  (N/mm?)  (N/mm?) (N/mm?)  (N/mm?)
1.17E-04 1.8E-05 -2.9E-06 2.5E-07 -1.1E-08 1.7E-10

Additional material constants for the reduced polynomial model, D1= D2=D3=Ds=Ds= Ds= 0.
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Table A.7: Material parameters for the Ogden strain energy function of order three, evaluated from
the developed damage model when 1= 1.

i pi (N/mm?) i Di (mm?/N)
1 1.02E-04 2.31 0
2 -1.5E-10 15.7 0
3 1.1E-04 -0.56 0

Table A.8: Material parameters for the Yeoh strain energy function of order three, evaluated from the
developed damage model when 1= 1.

i Di (mm?/N) Cio (N/mm?) C20 (N/mm?) Cso (N/mm?)
1 0 1.2E-04

2 0 3.5E-06

3 0 -1.8E-07

Table A.9: Material parameters for the reduced polynomial strain energy function of order six,

evaluated from the developed damage model when 1= 1.

Cuo C20 Cso Cao Cso Coeo
(N/mm?) (N/mm?) (N/mm?) (N/mm?)  (N/mm?) (N/mm?)

1.1E-04 7.5E-06 -9.09E-07 3.16E-08  1.03E-09 -6.95E-
11

Additional material parameters for the reduced polynomial model, D1= D2= D3 = D4= Ds= Ds = 0.

Table A.10: Material parameters for the Ogden strain energy function of order three, evaluated from
the developed damage model when B1=2.7.

pi (N/mm?) ai Di (mm?/N)
1 1.17E-04 0.63 0
2 1.6E-04 94 0
3 -8.1E-05 -4.7 0
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Table A.11: Material parameters for the Yeoh strain energy function of order three, evaluated from
the developed damage model when 1= 2.7.

i Di (mm?/N) Cio (N/mm?)  Cgz (N/mm?) Cso (N/mm?)
1 0 7.72E-05

2 0 -2.1E-06

3 0 2.8E-09

Table A.12: Material parameters for the reduced polynomial strain energy function of order six,

evaluated from the developed damage model when 1= 2.7.

Cio C20 Cao Cuo Cso Coeo
(N/mm?) (N/mm?)  (N/mm?) (N/mm?) (N/mm?)  (N/mm?)
8.5E-05 -1.0E-05 -1.98E-06 -2.27E-07 1.25E-08 -2.63E-10

Additional material parameters for the reduced polynomial model, D1= D2=D3=Ds4= Ds=Ds= 0.

Table A.13: The material parameters of an intact erythrocyte membrane
D1 (mm?N)  Cio (UN/mm?) Coi (UN/mm?) B1
12 152 15.2 0
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