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Abstract

The red blood cell (RBC) deformability is a critical aspect, and assessing the cell deformation
characteristics is essential for better diagnostics of healthy and deteriorating RBCs. There is a need to
explore the connection between the cell deformation characteristics, cell morphology, disease states,
storage lesion and cell shape-transformation conditions for better diagnostics and treatments. A
numerical approach inspired from the previous research for RBC morphology predictions and for
analysis of RBC deformations, is proposed for the first time, to investigate the deformation
characteristics of different RBC morphologies. The present study investigates the deformability
characteristics of stomatocyte, discocyte and echinocyte morphologies during optical tweezers
stretching, and provides the opportunity to study the combined contribution of cytoskeletal spectrin
network and the lipid-bilayer during RBC deformation. The proposed numerical approach predicts
agreeable deformation characteristics of the healthy discocyte with the analogous experimental
observations, and is extended to further investigate the deformation characteristics of stomatocyte and
echinocyte morphologies. In particular, the computer simulations are performed to investigate the
influence of direct stretching forces on different equilibrium cell morphologies on cell spectrin link
extensions and cell elongation index, along with a parametric analysis on membrane shear modulus,
spectrin link extensibility, bending modulus and RBC membrane-bead contact diameter. The results
confirm the lowered deformability of stomatocyte and echinocyte morphologies with respect to a
healthy discocyte, and suggest the preservation of relevant morphological characteristics, changes in
spectrin link densities and the primary contribution of cytoskeletal spectrin network on deformation
behaviour of stomatocyte, discocyte and echinocyte morphologies during optical tweezers stretching
deformation. The numerical approach presented here forms the foundation for investigations into

deformation characteristics and recoverability of RBCs undergoing storage lesion.
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ATP: adenosine-tri-phosphate; BCM: bilayer-couple model; CG: coarse-grained; El: elongation index;
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1. Introduction

Red blood cells (RBCs) though remarkably simple in structure [1], perform the vital physiological
function of transferring oxygen and carbon dioxide between lung and body tissues. RBCs require high
deformability to sustain its passage through narrow capillaries of the microvasculature, which is
primarily influenced by mechanical and geometrical factors of the cell such as cell surface area and
volume, elasticity and viscosity of the cell membrane, and volume and viscosity of the cytosol [2-7].
Therefore, any change in RBC morphology would indicate altered deformability, and certain
pathophysiological conditions such as hereditary haemolytic disorders (i.e., spherocytosis,
elliptocytosis and ovalocytosis) [1, 2], sickle cell disease, malaria [8-15], shape-transforming agents
(i.e., stomatocytogenic and echinocytogenic agents) [16-22] and in-vitro RBC storage [23-26] can alter
its healthy biconcave discocyte morphology.

These RBC disease conditions can affect the inter-protein and protein-to-lipid linkages of the cell
membrane [27], and can alter the mechanical and structural integrity of the cell membrane. The cell
deformability is adversely affected during storage as well. The viscosity and the viscoelastic time
constant of the cell membrane increase with in-vitro storage duration, and the cell becomes denser and
smaller as well [25]. The Young’s modulus of the cells significantly increases with storage duration as
well [28], indicating decreased cell deformability. In addition, gradual depletion of adenosine tri
phosphate (ATP) occurs during storage, and the RBC shape is also influenced by the cell metabolic
activities that regulate the intracellular ATP concentration [4, 29-31]. The ATP-depleted RBCs indicate
increased cell stiffness [4, 23, 32]. The stomatocytogenic and echinocytogenic shape-transforming
conditions can transform the usual biconcave discocyte shape into stomatocytes and echinocytes,
respectively at constant cell surface area and volume [17-21]. These shape changes are reversible to the
stage where sphero-stomatocyte and sphero-echinocyte are formed [33]. However, altered membrane
shear modulus and bending modulus have been observed with the stomatocyte-discocyte-echinocyte
(SDE) shape-transformations of a RBC. Therefore, it has been suggested [15] that the cell shape-
transformations are accompanied by modifications of either the spectrin elasticity, the connectivity of
the cytoskeletal spectrin network or its attachment to the lipid-bilayer. It has also been suggested [34]
that the RBC cytoskeletal spectrin network is continuously rearranged due to its metabolic activity or
large strains such that strain hardening and softening of the membrane may occur. The deformability of
the cell can therefore be used as a criterion to examine the health of a RBC subjected to morphological,
structural and functional changes, and deformability investigations provide valuable insights into the

physiology, cell biology and biorheology under such pathophysiological conditions.

Different techniques have been used to investigate the RBC deformability in vitro, and descriptions of
these techniques can be found in [4, 10, 11, 15, 29, 34-43]. Optical tweezers is one such technique and
provides a highly sensitive assessment of the cell deformability at the single cell level. With optical
tweezers, it is possible to trap, manipulate and displace a living cell or a part of it without damage, either
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directly or using specific handles such as dielectric beads of silica [2, 8, 25, 44, 45]. The RBC membrane
is primarily responsible for the cell morphology and its elastic response during optical tweezers
stretching deformation as the intracellular fluid is purely viscous and has no elasticity [44]. Furthermore,
Sheetz and Singer [46] proposed the widely known bilayer-couple hypothesis to explain the SDE
transformation, and discussed the contribution of the two leaflets of the lipid bilayer towards RBC
morphology transformations. Several research studies have investigated the SDE transformation
experimentally and numerically [3, 18, 19, 22, 33, 47-59].

Even though, the cell deformability is linked with its morphology, the investigations to understand the
contribution of cell morphology towards its deformation characteristics are limited. However, improved
understanding on the link between the cell morphology and its deformation characteristics is essential
for better diagnostics of healthy and deteriorating RBCs. Therefore, a framework is in need to explore
the interrelation between cell morphology, deformation characteristics, disease states, storage lesion
and cell shape-transformation conditions for improved diagnostics and treatments. Numerical
modelling is a desirable approach to investigate the fundamental mechanics of cell deformability over
the experimental investigations, which can be challenging and costly [43]. This paper proposes a
numerical approach inspired from the previous research for RBC morphology predictions [54, 60, 61]
and for analysis of RBC deformations [1, 34] to investigate, for the first time, the deformation
characteristics of different RBC morphologies. A three-dimensional coarse-grained (CG) —-RBC
membrane model based on the bilayer-couple model (BCM) is employed to predict the deformation
characteristics of stomatocyte, discocyte and echinocyte morphologies of a RBC during optical
tweezers stretching, and provides the opportunity to study the combined contribution of cytoskeletal
spectrin network and the lipid-bilayer during cell deformation. The numerically observed deformation
characteristics of the healthy discocyte is validated against the analogous experimental observations,
and the numerical approach is then extended to investigate the deformation characteristics of
stomatocyte and echinocyte morphologies. The evolution of cell shape, cell axial and transverse
diameters, elongation index and extension of spectrin links of above RBC morphologies subjected to
varied stretching forces, are investigated. In addition, a parametric analysis of RBC membrane shear
modulus, bending modulus, spectrin link extensibility, and RBC membrane-bead contact diameter is
performed to examine the corresponding influence on cell deformation characteristics. Following
subsections briefly outline the coarse-grained (CG)-RBC membrane model used for the shape
predictions, implementation of optical tweezers stretching on the RBC membrane and discuss the
influence of morphology on RBC deformability characteristics. Furthermore, this numerical approach
is currently being executed to investigate the deformability characteristics and recoverability of RBCs

undergoing storage lesion.
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2. Methods

In the first step, the CG-RBC membrane model is employed to predict the stomatocyte, discocyte and
echinocyte morphologies. The CG-RBC membrane model is briefly reviewed below, whereas detailed
description and discussion on the model development and shape predictions are available in
Geekiyanage et al. [61]. In the second step, the deformation behaviour of the above RBC morphologies
is investigated during optical tweezers stretching conditions.

2.1 CG-RBC Membrane Model

The CG-RBC membrane model is composed of Ny, vertices to represent the cytoskeletal actin junctional
complexes and form a two-dimensional triangulated surface of N; triangles. The N adjacent vertex-
vertex connections represent the cytoskeletal spectrin links. The free-energy of the CG-RBC membrane
model (E) takes into account the elastic energy of the cytoskeletal spectrin network (Estretching):
bending resistance of the lipid-bilayer (Egenaing), and constraints of fixed total surface area
(Esurface—area) and enclosed volume (Eyoume). A bilayer-couple model (BCM)-based membrane
bending energy approach [49, 50, 53, 62, 63] is implemented via bilayer-leaflet-area-difference
constraint (Esreq—aifference) t0 achieve the stomatocyte, discocyte and echinocyte morphologies at
corresponding reference bilayer-leaflet-area-difference (AA4,). In addition, the total-membrane-
curvature constraint (Erotai—curvature) 1S implemented to achieve numerically consistent RBC

morphologies at corresponding reference total-membrane-curvature (C,). Therefore, E is given by,

E = EStretching +EBending +ESurface—area +EVolume +EArea—difference +ETotal—curvature
1)

Estretching 1S estimated based on the coarse-graining approach by Fedosov et al. [34], and is given by,

3 3
kg T lmax 3%j — 2X; kp

; _ -1
4p 1-x;j (m 1)13-"
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EStretching = Zje 1..Ng

where, kg is the Boltzmann constant, T is the absolute temperature, L,,,,, is the maximum extension of
jt" link, p is the persistence length and k, is the power function coefficient. x; is defined as x; =
lj / lynax for the j* link having l; length, and m is an exponent such that m > 1. The experimentally

estimated membrane shear modulus (u,) of a healthy RBC lies between 4 — 12 uNm™ [34, 63], and can

be determined as below for the CG-RBC membrane model [34].

V3kgT [ Xo _ 1 1] V3ky(m+1)
2(1-x9)3 4 (1—xg)? 4

Ho = 4P lmax Xo 4t (3)

where, 1, is the equilibrium length of j** link, and defined as x, = Ly / Lingx- Epenaing Of the lipid-

bilayer for a zero spontaneous curvature, is estimated by,
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2
Egendging = 2k Zjel...NsAM_/:j 4)
where, k is the membrane bending modulus, M; is the membrane curvature at j* link, and AA; is the
membrane surface area associated with the j** link. M; and A4; corresponding to the triangle-pair
composed of T1 and T2 triangles that shares the j* link, are estimated as follows;

1
A4 = § (A1 + Arp) (6)

where, 6; is the angle between outward normal vectors to the triangles T1 and 72, and A7, and Ar, are
the planer area associated with T1 and T2, respectively. 8; is defined such that the concave arrangement
of T1 and T2 corresponds to a positive 8;, whereas the convex arrangement corresponds to a negative

6;, and results in positive or negative M;, respectively.

The energy components due to constraints: Esy,race—arear Evotumer Earea-difference and

Erotal—curvature, are estimated by [34, 61, 64],

1 A-Ay\? 1 A — Ao\’
ESurface—area = 2 kA ( 4o 0) AO + Zkel...NtE ka (ﬁ) Ak,O (7)
1 A
Evorume = 2 ky ( v ) Vo (8)
2
1 mkap [AA-—-AA
EArea—difference =3 D2 ( 1 0) A 9)
1 ke (C—-Co)\?
Erotal-curvature = 3 D_gc (To) A (10)

where, A, is the reference membrane surface area, A is the instantaneous membrane surface area, Ay o
is the reference area of k" triangle, and A, is the instantaneous area of k" triangle. V, is the reference
cell volume and V is the instantaneous cell volume. Dy is the monolayer thickness of the lipid-bilayer,
AA is the instantaneous bilayer-leaflet-area-difference, and C is the instantaneous total-membrane-
curvature. k4, kg, ky, kap and k. represent the total surface area, local surface area, volume, bilayer-

leaflet-area-difference and total-membrane-curvature constraint coefficients, respectively.

It is assumed that the membrane vertices move over the RBC membrane surface to achieve the
minimum free energy state, which is the equilibrium RBC shape. The force (F;) acting on the it vertex

at point r; on the surface is derived from the principle of virtual work, such that;

_ %
ari'

F, = i€el..N, (11)
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The resulting motion of the i*" vertex is then estimated from the Newton’s second law of motion as

follows;
Fi + fieXt = mii"i + C‘f‘i (12)

where, £;#** is the contribution from any external forces on it" vertex point, m; is the mass of i*" vertex
point, dot (.) is the time derivative and c is the viscosity of the RBC membrane. The updated velocity

(7;) and the position (r;) of the it" vertex at time (t + At) from the time (t) is given as;

#i(t + At)

c#i(t) + #() At (13)

ri(t + At) = 1;(t) + 7:(t + At) At (14)

The iterations are continued until the RBC membrane reaches the equilibrium state, which is the
minimum free energy state of the RBC membrane at given reference conditions. In the present
computational implementation, the equilibrium cell state is acknowledged and the derivation is
terminated when the change between each analogous energy component at two successive iterations, is

less than 1 x 107 in the order of energy component in consideration.

2.2 Prediction of Stomatocyte, Discocyte and Echinocyte RBC Morphologies

The CG-RBC membrane model predicted stomatocyte |1, discocyte and echinocyte Il morphologies,
which each generally represent stomatocyte, discocyte and echinocyte, respectively, are achieved
according to the method presented in Geekiyanage et al. [61], and the key model parameters are
summarised in Table 1. The analogous equilibrium stomatocyte, discocyte and echinocyte shapes are

presented in Figure 1.

Table 1 — The key parameters values used to model the stomatocyte, discocyte and echinocyte RBC
morphologies.

Parameter Description Value Source
Ay Reference RBC membrane surface area 140.0 pm? [22’5?1’
Co,piscocyte Reference total-membrane-curvature for discocyte 1.85x 10% 4, m? [61]
Co,Echinocyte | Reference total-membrane-curvature for echinocyte | 5.50 x 10°% 4, m? [61]
Co,stomatocyte | Reference total-membrane-curvature for stomatocyte | 1.75 x 10°% 4, m? [61]
Dy Monolayer thickness of the lipid-bilayer 2.0 nm [60, 61]
Ng Number of links in CG-RBC membrane model 7,680 [61]
Ny Number of vertices in CG-RBC membrane model 2,562 [61]
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N; Number of triangles in CG-RBC membrane model 5,120 [61]
Vo Reference RBC volume 93.48 um® [22’5;51’
k, ;:r(;r;stramt coefficient for total membrane surface 1.0 x 10 Nm™ [61]
Constraint coefficient for bilayer-leaflet-area-
kap difference 300.0 k Nm [61]
ke Constraint coefficient for total-membrane-curvature 100.0 k Nm [61]
ky Constraint coefficient for cell volume 100.0 Nm™ [61]
k, Constraint coefficient for local membrane surface 5.0 x 10° Nm [61]
area
m; Mass of the i*" CG-RBC membrane vertex 1.0 x 10 kg [61]
Xo Extensibility of spectrin links 0.45 [34, 61]
Ho Membrane shear modulus 4.0 uNm! [3@,3;31,
AAo piscocyte | Reference total-membrane-curvature for discocyte 1.20x 10% A, m? [61]
AAg gcninocyte | Reference total-membrane-curvature for echinocyte | 1.90 x 10°% 4, m? [61]
AAg stomatocyte | Reference total-membrane-curvature for stomatocyte | 1.05 x 102 4, m? [61]
T Absolute temperature 296.15 K [61]
c Membrane viscosity 1.0 x 107 Nsm* [61]
m Exponent of Eg;etchin 2 34,61
9
K Membrane bending modulus 2.5x 10 Nm [32’3?1’
(a) (b)

Figure 1 — The CG-RBC membrane model predicted (a) stomatocyte, (b) discocyte, and (c) echinocyte
morphologies at model parameters given in Table 1.
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2.3 Implementation of Optical Tweezers Stretching

The optical tweezers stretching forces are implemented on CG-RBC membrane model predicted
equilibrium stomatocyte, discocyte and echinocyte RBC morphologies. Assuming rigid body
conditions, the centre of mass of the whole cell and its three-principal axes of inertia are determined for
each RBC morphology. The total stretching force (Fé*) is applied on N, = a Ny, vertices whereas
—F¢*t s applied on N_ = a Ny, vertices along the principal axis of inertia® (refer to Figure 2) [1, 34].
N, and N_ are the vertices that locate within the circular region of radius d./2 on the initial spherical
geometry, and from the 2 vertices (ix, . and iy . ) on the furthest ends of the equilibrium cell shape
along the principal axis of inertia®. d. is the contact diameter between the cell membrane and the
attached silica beads. The vertex fraction a corresponds to d. and is given by a = m d2/(4 Ay).

Therefore, ££*¢ is applied on i" vertex, such that;

F&t/N,, [ € Ny
fEXt = {—Fext/N_, i € N_ (15)
0, i & (N, UN)
(a) i
Principal axis of inertia (b)

leax

Principal axis of inertia’ dc/2

(©
_ Fext
. \Fext

Figure 2 — Optical tweezers stretching implementation on discocyte cell; (a) identification of iy andiy .

vertices, (b) identification of N, vertices, and (c) contact region between RBC membrane and binding silica
beads

Fe*t is gradually applied on the cell via regular force increments of AFé*t where the cell is provided
with sufficient time to converge to the equilibrium stretched state after each force increment. The
equilibrium stretched cell state is determined at equivalent Ag, Ay o, Vo, AA and C, for stomatocyte,
discocyte and echinocyte cell shapes and at corresponding Fe*t. The resultant force and motion of it"
membrane vertex is determined according to Equations 11 and 12 for Fé*t external force, and the

equilibrium cell state is determined.
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2.4 Validation of CG-RBC Membrane Model Predicted Discocyte Deformation Behaviour

The optical tweezers stretching deformation of the equilibrium discocyte cell is investigated at
equivalent reference conditions and model parameters. Analogous to experimental optical tweezers
stretching experiments by Suresh et al. [66], Fé*t is applied on the cell such that 0 < F¢*t < 200.0
pN. d. is approximated as 2.0 um [1, 2, 9, 34, 66], and accordingly Fé** is applied on a = 0.02
membrane vertices in regular increments of AF¢** = 10.0 pN. The evolution of axial diameter (D,)
(measured along the principal axis of inertia®) and transverse diameter (D) (measured along the
principal axis of inertia®) of the equilibrium stretched cell state at F®*t, are then compared against
experimental observations by Suresh et al. [66]. Refer to Figure 3 for a graphical representation of D,
and Dr.

. . . .2
Principal axis of inertia

Dy

"" Principal axis of inertia’

Dy

Figure 3 — Measurement of axial (D,) and transverse (D) diameters of a RBC at equilibrium cell stretched
state

It can be observed (refer to Figure 4) that at the model parameters given in Table 1, the deformation
behaviour of the discocyte indicates considerable stiffness against the analogous experimental
observations. The maximum deviation (gors) between numerically predicted and experimentally
observed D, is 19.679% in this scenario, and significantly high. The discocyte deformation behaviour
is highly sensitive to uy, x, and k,p (refer to section 3.4), and therefore the presence of
Eprea—aifference has introduced additional stiffness to the cell during its attempt to maintain the
corresponding AAg piscocyte- Therefore, k,p, is amended such that the discocyte cell behaviour better
agrees with the experimental observations (g5 < 10.0%), and stomatocyte, discocyte and echinocyte
cell morphologies can also be successfully predicted at this updated value of k. At k,p = 7.5 x 108
Nm, the discocyte deformation behaviour agrees reasonably with the experimental observations (g7
= 8.191%), and remains within the experimental error bars. The disagreement in the D may be partially
due to experimental errors arising from the fact that the optical tweezers stretching measurements have
been performed from a single observation angle [34, 36]. RBC undergoing stretching may rotate on the
plane perpendicular to the initial principal axis of inertia®, and therefore measurements from a single

observation angle may lead to deviations from actual D;. The numerically estimated D, is measured
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along the principal axis of inertia? of the equilibrium cell stretched state, and therefore gives improved
accuracy.

In addition, similar equilibrium RBC morphologies are also achieved at the corresponding
AAg stomatocyter Do piscocyte AN AAg gehinocyte at kap = 7.5 x 10™"® Nm (refer to Figure 5). The
BCM-based membrane energy approach can predict stable vesicle shapes only if the ratio of k,p/k is
above the critical value at v of the vesicle [49, 67, 68]. v is defined as the cell volume relative to the
sphere having equivalent cell surface area, and equals to 0.6 for the present A, and V. The critical ratio
of kup /K at v = 0.6 is approximately 3 [49, 67], whereas for the present consideration k,p /x is 30, a
value well above the critical ratio. Therefore, the CG-RBC membrane model is capable of predicting
stable vesicle shapes at k,p, = 7.5 x 10* Nm, and it is reasonable to adopt CG-RBC membrane model
at k,p = 7.5 x 10" Nm to investigate the deformation behaviour of stomatocyte, discocyte and

echinocyte morphologies undergoing optical tweezers stretching.

190 71
17.0 T

— —
(5] L
o o

11.0 +
9.0 +
7.0

Cell Diameter (jum)

5.0

3.0 4 } } } {
0.0 50.0 100.0 150.0 200.0

Stretching Force (pN)

—A— CG-RBCatk,p=75x10Nm ---O--- CG-RBCatk,yy=7.5x 1078 Nm
®  Experiements (Suresh et al., 2005)

Figure 4 — Comparison between CG-RBC membrane model predicted deformation behaviour at k,, = 7.5 x
10 Nmand k,p = 7.5 x 10 Nm, versus experimentally observed [66] deformation behaviour of discocyte
cell undergoing optical tweezers stretching. The curves in the top represent the evolution of axial diameter
(D4) whereas the curves in the bottom represent the evolution of transverse diameter (D).

(a) (b) (©

Figure 5 — The CG-RBC membrane model predicted stomatocyte, discocyte and echinocyte morphologies
atk,p = 7.5x 108 Nm.
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3. Results and Discussion

3.1 Evolution of Cell Shape and Membrane Free Energy of Stomatocyte, Discocyte and
Echinocyte Morphologies

The shape deformation behaviour of stomatocyte, discocyte and echinocyte morphologies at
equilibrium stretched cell state are studied. The membrane shear modulus (i gchinocyte) @nd bending
modulus (Kgchinocyte) OF echinocyte shape are adjusted to 7.17 pNm™ and 4.36 x 10° Nm, respectively
in order to adopt the stiffer nature of the echinocyte cell shape [15, 25, 26, 30, 40, 69-71].
Correspondingly, k,p and k. for echinocyte shape (kap gchinocyte @Nd K¢ gchinocyte) are also adjusted
to 1.31 x 10™° Nm and 4.36 x 10 Nm, respectively to maintain equivalent k4, /x (= 30.0) and k. /x
(= 100.0) for all cell types. Figure 6 compares the cell shape evolution from initial equilibrium (at Feéxt
=0 pN) cell state to equilibrium stretched cell states at F¢** = 60.0 pN and Fé** = 200.0 pN.

It can be observed that the morphology characteristics have been preserved for all cell types;
stomatocyte, discocyte and echinocyte during stretching. However, the depths of concavity of
stomatocyte and biconcavity of discocyte, and the spicule height of echinocyte shape, have reduced
with the increment of F¢*. During the stretching of the cell, there are two competitive membrane
deformation effects: one caused by the cell morphology and the other caused by the stretching forces.
At small stretching forces, it is less favourable for the membrane to be moved from the concavity of
stomatocyte, biconcavity of discocyte and spicules of echinocyte into the stretched part of the
membrane. Therefore, the spectrin links are relatively compressed in the region away from the cell
membrane-bead contact, whereas the spectrin links are elongated in the region near the cell membrane-
bead contact. This results in extra resistance of the cell at small stretching forces. However, at large
stretching forces, the cell membrane moves from the concavity of stomatocyte, biconcavity of discocyte
and spicules of echinocyte into the stretched part of the membrane (refer to Figures 10 and 11). The
gradually increasing cell elongation along the principal axis of inertia® with the increment of Fé*t,
contributes to AA and C to a greater extent. Therefore, the equilibrium stretched cell state achieves the
specified AA, and C, at either lesser concavity depth or lesser spicule height. In addition, the discocyte
shape indicates asymmetric biconcavity at higher Feé*t. Li et al. [72] have also observed asymmetric
biconcavity in the resultant equilibrium stretched state of a discocyte at Fé*t = 100.0 pN with respect
to the choice of bending energy expression adopted (refer to Figure 7 and Equations 4 and 15 in [72]).
However, the observed influence of the choice of bending energy expression on discocyte stretching

response, is small [72].

(a) Stomatocyte
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Fext = 200.0 pN

Fe¥t = 60.0 pN

Fext = 0

(b) Discocyte
Fext,?\zoo.o pN
Fe*t =60.0 pN

Fext = 0

(c) Echinocyte
Fext = 200.0 pN

Fext = 60.0 pN
Fext =0

Figure 6 — Shape deformation of (a) stomatocyte, (b) discocyte and (c) echinocyte RBC morphologies at
Fext =0, 60.0 pN and 200.0 pN stretching forces

The evolution of membrane free energy in response to the applied Fé*¢ (refer to Figure 7) confirms the
increased struggle to maintain the equilibrium cell shape against applied external stretching forces. For
clarity, only the evolution of energy components of discocyte at its equilibrium stretched cell state are
presented in Figure 7, and are expressed in the form of logarithmic values of base 10. E is higher for
the echinocyte, and can be attributed to the higher u, and k of echinocyte shape than that for stomatocyte
and discocyte. Esirercning 1S the dominant contributor to E, and increases with F¢** for all cell shapes.
The influence of Eyeq—gifference TOr stomatocyte and discocyte cells being notable at high F&*t,

indicates the increased struggle to maintain A4, at high Fé*t. However, echinocyte shape is mostly
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influenced by Eg¢retching in response to Fe*t and by Egenaing 1N response to its spiculated nature. The
negligible contribution of Egyrrace—areas Evotume aNd Erotai-curvature 10 E at equilibrium cell
stretched state, indicates that the cells have achieved Ay, Ao, Vo and C, reference conditions at the
equilibrium. However, the cell requires more effort to maintain its reference conditions in the presence
of global stretching deformation that induce shearing to cell membrane. The minimal influence Ey ojume
indicates the incompressibility of the cell, and the effect of the optical tweezers stretching forces are

therefore dissipated onto the cell membrane.

= = = = =
[3%) [75) i Ln (=)
l

x 1015 (1)

o]
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o]
]

CG-RBC Membrane Free Energy

100.0 150.0 200.0
Stretching Force (pN)

—O— Stretching —O— Bending —k— Total-surface-area =~ —%— Local-surface-area
——Volume —&— Area-difference —+— Total-curvature —e— Total

o
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=
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Figure 7 — Evolution of RBC membrane free energy of discocyte morphology in response to Fé*t at
equilibrium stretched cell states

3.2 Change in Cell Diameters and Elongation Index of Stomatocyte, Discocyte and Echinocyte

Morphologies

The stretching response of stomatocyte, discocyte and echinocyte cells at Fé*t up to a maximum value
of ~200.0 pN, is presented in Figure 8. D, and Dy of stomatocyte and echinocyte morphologies are
estimated along the principal axis of inertia® and the principal axis of inertia?, respectively, and are
analogous to the estimation of D, and D, of discocyte morphology. Overall, D, increases while Dy
decreases with increasing Fé*t. The percentage change in D, and D at Fé*¢ is used to compare the
stretching response of these cell shapes in order to exclude the influence of differences in initial cell

dimensions. The percentage change in D, is estimated as follows,

Changein D, = % X 100% (16)

A0

where, D, is the axial cell diameter of stomatocyte, discocyte and echinocyte cell shapes at Fé*t = 0.
Similarly, the percentage change in Dy is estimated at Fé*¢ with respect to the initial transverse cell

diameter (Dr ) corresponding to F¢*t = 0.
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Change in Cell Diameter (%o)

Stretching Force (pN)

---¥--- Stomatocyte —&— Discocyte — O — Echinocyte

Figure 8 — Comparison of the deformation behaviour of stomatocyte, discocyte and echinocyte cells
undergoing optical tweezers stretching. The curves in the top represent the change in D, whereas the curves
in the bottom represent the change in Dy.

It can be observed that the stomatocyte indicates the highest change in D, at all Fé** whereas the lowest
is for echinocyte shape. However, discocyte indicates the highest change in D at all Fé*t. Stomatocyte
indicates a higher change in Dy than that of echinocyte shape at low to moderate Fe** whereas
echinocyte indicates higher change in Dy than that of stomatocyte at high Fé*¢. The stomatocyte retains
it characteristic reference conditions and stretches along the axial direction of stretching and reduces its
concavity depth at a small change in D (refer to Figure 6). Therefore, the equilibrium stretched cell
state of stomatocyte indicates a large change in D, and a small change in Dy in the presence of Fé*t,
Echinocyte indicates a lower change in both D, and Dy due to its high uy. The increasing cell bulging
along the axial direction of stretching, assists the echinocyte cell to achieve AA, and C,. Therefore, the
height of membrane spicules on echinocyte progressively reduces with the increase in Fé*¢ (refer to

Figure 6), and leads to an increased change in D at high FeXt,

The RBC deformability measure, elongation index (ET) is adopted to investigate the deformability of
stomatocyte, discocyte and echinocyte cell shapes undergoing optical tweezers stretching deformation.
The larger the value of ET at F¢*t, the more deformable the cell is. EI is estimated at equilibrium cell

stretched state based on D, and Dy, such that [5, 29];

Dy — Dr
Dy + Dr

El = (17)

The evolution of ET values of stomatocyte, discocyte and echinocyte cell shapes, is presented in Figure
9. EI value for every cell shape increases with increasing Fe*t. The deformation behaviour of RBCs
undergoing optical tweezers stretching is primarily due to the cytoskeletal stretching response [66, 72],
and therefore the evolution of EI is primarily led by cytoskeletal stretching characteristics. The

decreasing gradient of EI versus Fe*t, suggests reduced stretchability of cells at increasing Fe*t. This
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stretching response can be attributed to the influence of spectrin link extensibility (x,), which limits the
maximum extensibility of spectrin links in the presence of F&*t, Furthermore, the approximately similar
values of EI of all cell shapes at higher Fé*t indicate the influence of x, such that the stretchability of
the cell is inhibited. The approximately similar EI value of echinocyte to that of discocyte at low Fé*t
can be attributed to the initial echinocyte shape, which is a slightly elongated cell. However, echinocyte
indicates the lowest deformability and agrees with the experimentally observed stiffened nature of
echinocytes [15, 23, 32, 40, 73, 74].

0.6 T
Elongation Index (EI)
0.5 1
0.4 A
= 0.3
0.2 A
0.1 1
0.0 } } t |
0.0 50.0 100.0 150.0 200.0
Stretching Force (pN)
---¥--- Stomatocyte —se— Discocyte - -+ - Echinocyte

Figure 9 — Comparison of the elongation indices (EI) of stomatocyte, discocyte and echinocyte cells
undergoing optical tweezers stretching

3.3 Extension of Spectrin Links (e;) of Stomatocyte, Discocyte and Echinocyte Morphologies

The cytoskeletal spectrin network is the primary contributor for RBC stretching deformation under
optical tweezers stretching forces. Therefore, the extension of CG spectrin links is investigated at
several Fe*t (Fe*t = 0, 60.0 and 200.0 pN). The extension of the j‘" spectrin link (e;) with respect to

its equilibrium spectrin link length at cytoskeletal reference state ([, ;), is defined as follows;

e = 1 x 100% (18)

0,j

where, [; is the length of jt" spectrin link at equilibrium stretched cell state. e;j indicates the level of
folding and unfolding of spectrin links, and comparable to the strain along the axial direction of spectrin
links. Any e; value less than zero indicates contraction of spectrin links. The comparison of e; for
stomatocyte, discocyte and echinocyte cell shapes at F€** =0, 60.0 and 200.0 pN is presented in Figure
10 whereas Figure 11 compares the percentage number of spectrin links on CG-RBC membrane having
e; within a specific range of extension. It can be observed that the discocyte is composed of spectrin
links of e; very close to its I, ; whereas the stomatocyte cell shape has spectrin links of moderately
extended and contracted on its concavity. However, the echinocyte cell is composed of spectrin links
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of which e; is varied within a wide range of extension and contraction. It can be observed that the tips
of the spicules and valleys between the spicules on echinocyte cell are composed of spectrin links of
negligible extension or contraction. The spectrin links that are parallel to the contour lines on membrane
spicules indicate low to moderate contraction, whereas the spectrin links that cross the contour lines on

membrane spicules indicate low to the moderate extension.

In general, the spectrin links along the axial direction of F¢*¢ indicate extension, whereas the spectrin
links along the transverse direction of Fé*t indicate contraction due to optical tweezers stretching
forces. The distribution of the fraction of spectrin links having specific e; is similar for stomatocyte and
discocyte cell shapes, whereas echinocyte cell shape indicates a notable difference from that of
stomatocyte and discocyte. Low to moderate levels of extension and contraction of spectrin links are
observed for all three cell shapes at moderate F&*t. However, the extension and contraction of spectrin
links at higher Fe*t, are distributed in a wide range of ej. The major fraction of spectrin links of
stomatocyte (= 24.24%) and discocyte (= 24.94%) cells at Fé** = 200.0 pN is composed of spectrin
links having e; > 50.0% to compensate the externally applied stretching forces. Even though, the
fraction of echinocyte spectrin links having higher e; is notable at F¢** = 200.0 pN, the fraction of
spectrin links having e; > 50.0% is only 13.85%. This behaviour can be attributed to the high p, of
echinocyte cell, which affect the stretchability of the cell. The contribution from cytoskeletal spectrin
network is essential to observe echinocytosis on RBC membrane [18, 22, 54, 56, 58, 60]. Therefore, the
fraction of echinocyte spectrin links having specific e; is distributed in a wide range e; values such that
the spicules on the RBC membrane are formed. The distribution of e; indicates the changes in spectrin
link density during stretching deformation, and agrees with previous studies [3]. The membrane
mechanical deformation causes a lateral redistribution of the membrane such that the density is

increased in regions where the stretching deformation is high and vice versa [3].

(a) Stomatocyte

Fext = Fe*t =60.0 pN Fe*t =200.0 pN

(b) Discocyte
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~ <SSy

Fet=0 Fe*t = 60.0 pN

(c) Echinocyte

Fext =0 Fe*t =60.0 pN

Fext =200.0 pN

-50 -40 -30 -20 -10 O 10 20 30 40 50 e; (%)

Figure 10 — Comparison of the spectrin link extension, e; (%) on spectrin links of (a) stomatocyte, (b)

discocyte and (c) echinocyte cells at Fé*t =0, 60.0 and 200.0 pN optical tweezers stretching forces. The full-
cell view is presented at F¢*t = 0 whereas half-cell view is presented for F¢*t = 60.0 and 200.0 pN instances.
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Figure 11 — Comparison of the number of spectrin links having specific spectrin link extension, e; (%) of (a)
stomatocyte, (b) discocyte and (c) echinocyte cells at Fé** =0, 60.0 and 200.0 pN optical tweezers stretching
forces

3.4 Effect of Change in CG-RBC Membrane Model Parameters on Stomatocyte, Discocyte and

Echinocyte Deformation Behaviour

Parametric analyses are conducted to investigate the influence of RBC membrane shear modulus (),
bending modulus (x), spectrin link extensibility (x) and RBC membrane-bead contact diameter (d;) on
deformation behaviour of stomatocyte, discocyte and echinocyte cell shapes undergoing optical
tweezers stretching deformation. The improved understanding on the influence of model parameters

and their reflectance on RBC deformability, improves the applicability of optical tweezers stretching
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experiments to investigate RBC functionality under different pathophysiological conditions [5, 34, 66].
The above-mentioned CG-RBC membrane model parameters are varied in isolation where equivalent
model parameters as mentioned in section 3.1 are adopted as the baseline model parameters. The
evolution of ET of stomatocyte, discocyte and echinocyte is then studied for F¢** (pN) = [0, 200].

The influence of i on stretching behaviour of RBCs having varied morphology is investigated. Several
u values such that u (UNm™) = [0.75p,, 1.5u,]. Figure 12 (a) represents the comparison of EI at y =
0.75u,, 1.0p, and 1.5y, for discocyte cell shape. For clarity, only the evolution of EI of discocyte at
varying shear modulus (u), spectrin link extensibility (x), membrane bending modulus (x), and RBC
membrane-bead contact diameter (d(), is presented in Figure 12, and stomatocyte and echinocyte cells
indicate similar behaviour as well. It can be observed that the change in ¢ has an inverse impact on the
ET of every cell shape. The increase in p increases the effort required to stretch the cells, and therefore
the observed ET reduces. Similarly, the influence of x is investigated at several x values such that x =
[0.75x,, 1.5x,]. x is the ratio between the equilibrium length of jt" spectrin link (lo,j) at cytoskeletal
reference state to its maximum spectrin link length 1., ;. Therefore, a lower value of x indicates higher
spectrin link extensibility whereas a higher value of x indicates lower spectrin link extensibility. Several
values of spectrin link extensibility have been adopted in different CG-spectrin level RBC membrane
studies [1, 22, 34, 72, 75-78], and the present value of x, = 0.45 is equal to the value adopted by Fedosov
et al. [34] in their CG-spectrin level model development. All the other model parameters are equal to
the corresponding model parameters as in section 3.1. It can be observed (refer to Figure 12 (b)) that
the change in x also has an inverse impact on ET of RBC cell shapes. However, the influence of varied
x is notable at moderate to high Fé*t. This behaviour corresponds to the decreased maximum spectrin

link extensibility at higher x, which then leads to inhibited global cell stretchability.
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(a) Membrane shear modulus () (b) Spectrin link extensibility (x)
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Figure 12 — Evolution of the elongation indices (EI) of the discocyte cell undergoing optical tweezers
stretching at varying (a) shear modulus (w), (b) spectrin link extensibility (x), (¢) membrane bending
modulus (x), and (d) RBC membrane-bead contact diameter (d)

Moreover, the CG-RBC membrane model is adopted to investigate the membrane properties of an
echinocyte cell undergoing optical tweezers stretching deformation. The echinocyte being less
deformable than a healthy RBC [15, 69, 70], and the RBC stretching response being mainly governed
by the cytoskeletal stretching characteristics, the limits of membrane shear modulus (o gchinocyte) @and
spectrin link extensibility (xogchinocyte) Of €chinocyte cell shape are estimated such that the
deformability of echinocyte decreases more than that of a discocyte. Several u values such that ¢ (UNm
H= [1.010,piscocyter 3:0Ho,piscocyte] are achieved at 0.25 multiplications of g piscocyte (Ko,piscocyte =
4.0 uNm™) at constant x (x = 2.5 x 10® Nm), where Mo, piscocyte @nd K are the cytoskeletal shear
modulus and membrane bending modulus of a healthy discocyte. All the other model parameters are
equal to the corresponding model parameters as in section 3.1. The stretching deformation of echinocyte
cell shape is studied for F*t (pN) = [0, 200] at above-mentioned p values, and the evolution of EI is
compared against that of discocyte EI atu,. Figure 13 (a) represents the comparison of EI of the
echinocyte cell at u = 1.5Ug piscocyter 1-75Mo piscocyte @NA 2.0Ug piscocyte @gainst EI of discocyte

at Wo piscocyte- At 1 = 2.0 g piscocyte, €ChINOCYte indicates decreased deformability than that of the
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discocyte for the complete range of Fé*t, Therefore, the CG-RBC membrane model predicted lower
limit of wo gchinocyte 1S approximately 2.0uo piscocyte (= 8.0 UNm™) for optical tweezers stretching
deformation scenario, and the echinocyte indicates stiffer nature than the discocyte when its membrane
modulus is increased above 2.0l piscocyte- This estimation of echinocyte membrane shear modulus

agrees with experimentally extracted echinocyte membrane shear modulus [15, 69].

The spectrin link extensibility (x) also affects the deformability of RBCs, and the limit of x¢ gchinocyte
such that echinocyte indicates reduced deformability is investigated using CG-RBC membrane model
through optical tweezers stretching deformation. Several x values such that x = [1.0xg piscocyte:
1.5x¢ piscocyte] are achieved at 0.05 multiplications of xo piscocyte (Xo0,piscocyte = 0.45). All the other
model parameters are equal to the corresponding model parameters as in section 3.1. The stretching
deformation of echinocyte is investigated for Fé*t (pN) = [0, 200] at above-mentioned x, and the
evolution of ET is compared against that of discocyte EI at xo piscoyte- Figure 13 (b) represents the
comparison of ET of the echinocyte cell at x = 1.15 x¢ piscocytes 1.20 Xo piscocyte @Nd 1.25 Xq piscocyte
against the ET of discocyte at xg piscocyte- The echinocyte cell indicates lower deformability than that
of discocyte at x = 1.20 Xq piscocyte fOr high F€**. In addition, the echinocyte deformability is lower
than that of discocyte at x = 1.25 X piscocyte fOr moderate to high Fe*t. Echinocyte indicates more
reduced deformability in a wider range of F&** at x > 1.25 X piscocyte. 1herefore, the CG-RBC
membrane model suggested a lower limit of x gcninocyte 18 1.20 Xg piscocyte (= 0.54) such that its
deformation behaviour agrees with the experimentally observed stiffer nature [15, 69, 70]. This study
gives valuable insight to probable RBC membrane alterations, which may occur during echinocytosis
such that the deformability of the RBC is decreased. However, the understanding on mechanisms behind

these alterations requires extensive problem specific studies.

08 T 08 T
(a) Membrane shear modulus () (b) Spectrin link extensibility (x)
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Figure 13 — Evolution of the elongation indices (EI) of echinocyte cell undergoing optical tweezers
stretching at varying (a) membrane shear modulus (u), and (b) spectrin link extensibility (x). The lower
limits of wo pchinocyte AN Xo Eeninocyte are estimated such the deformability of echinocyte decreases more
than that of a discocyte.

In addition, the evolution of E1 is investigated at several x values such that x = [0.75k,, 1.5k,] where
Ko is the bending modulus adopted in section 3.1. In general, k has limited influence (refer to Figure 12
(c)) on RBC deformability under optical tweezers stretching deformation conditions, and agrees with
other numerical studies as well [2]. However, the increase in k results in a negligible decrement in cell
deformability, and vice versa. This is due to the Egenging Of the RBC membrane which influence the
effort required to produce localized membrane curvature in the presence of optical tweezers stretching
forces. Similarly, the influence of variations in the RBC membrane-bead contact area is investigated at
several d values such that d. (um) = [0.75d, 1.5d] where d is the RBC membrane-bead contact
diameter adopted in section 3.1. Figure 12 (d) represents the evolution of EI at d = 0.75d, 1.0d; and
1.5d for discocyte cell shape. In general, the change in d; inversely affects the RBC deformability,
though negligible. Therefore, different RBC cell shapes indicate equivalent deformability irrespective
of the number of cytoskeletal actin junctions on which the optical tweezers stretching forces. The
characteristics of the ET evolution do not change with changes in y, k and d ., and only results in shifting
of the curve. Therefore, these model parameters indicate a linear influence on the cell stretching
behaviour irrespective of the cell morphology. This insight is valuable to understand the reliability of
optical tweezers stretching experiments at varied RBC membrane-bead contact diameter, as d has not

always been mentioned [2, 23, 44].

The findings of the present study on parametric analyses of CG-RBC membrane model parameters and
RBC membrane-bead contact diameter indicate that the cell deformability under optical tweezers
stretching condition is primarily governed by the cytoskeletal spectrin network characteristics.
Therefore, any modification to cytoskeleton would affect RBC deformability. The increased cross-
linking of spectrin and actin [79], and increase in the average length of spectrin links [80] are
cytoskeletal structural modification that lead to reduced cell deformability. However, problem specific
investigations may provide detailed insight into probable structural modifications and/or mechanisms

behind deformability changes of a RBC.
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Summary and Outlook

A numerical approach based on a CG-RBC membrane model is presented to investigate systematically
the deformation behaviour of stomatocyte, discocyte and echinocyte RBC morphologies during optical
tweezers stretching. It is hypothesized that different RBC morphologies and associated changes in cell
deformability can be attributed to a BCM based membrane free energy model in order to investigate
the cell deformation characteristics during optical tweezers stretching. The CG-RBC membrane model
[61] captures the essential features of stomatocyte, discocyte and echinocyte morphologies, and enables
the investigations to be performed at modest computational cost. It produces agreeable discocyte
deformation behaviour with comparison to analogous experimental observations, and facilitates
successful predictions on stomatocyte and echinocyte deformation characteristics. The predicted
deformation behaviour confirms the lowered deformability of stomatocyte and echinocyte
morphologies in comparison to healthy biconcave discocyte morphology. In addition, the results
indicate the preservation of relevant morphological characteristics, the changes in spectrin link densities
and the significant contribution of cytoskeletal spectrin network on deformation behaviour of RBC
during stretching. Differences in cytoskeletal spectrin network remodelling is observed with respect to
the cell morphology and applied stretching forces. The spectrin link extensibility inhibits the cell

stretching at higher stretching forces and protects the cell from rupture.

RBC deformability is a critical characteristic to safeguard the cell at extensive and repeated deformation
during its passage through narrow capillaries of the microvasculature. Therefore, improved
understanding on the interrelation between RBC deformation characteristics and cell morphology under
varying loading configurations, disease states, RBC storage lesion and cell shape-transformation
scenarios is essential for better diagnostics and treatments. Optical tweezers method can be successfully
used to study the changes in cell deformability under varying pathophysiological conditions, and the
present numerical model provides a strengthened approach for such studies. The present numerical
approach can be extended for a detailed discussion of the relationship between RBC morphology and
its membrane mechanics, where any associated changes to the lipid-bilayer and/or cytoskeletal spectrin
network should be considered, and is currently being employed to investigate the deformability

characteristics and recoverability of RBCs undergoing storage lesion.
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