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Abstract

Purpose Biomaterial and stem cell delivery are promising approaches to treating myocardial infarction. However, the
mechanical and biochemical mechanisms underlying the therapeutic benefits require further clarification. This study aimed
to assess the deformation of stem cells injected with the biomaterial into the infarcted heart.

Methods A microstructural finite element model of a mid-wall infarcted myocardial region was developed from ex vivo
microcomputed tomography data of a rat heart with left ventricular infarct and intramyocardial biomaterial injectate. Nine
cells were numerically seeded in the injectate of the microstructural model. The microstructural and a previously developed
biventricular finite element model of the same rat heart were used to quantify the deformation of the cells during a cardiac
cycle for a biomaterial elastic modulus (E;,;) ranging between 4.1 and 405,900 kPa.

Results The transplanted cells” deformation was largest for E;;; = 7.4 kPa, matching that of the cells, and decreased for an
increase and decrease in E;;. The cell deformation was more sensitive to E;; changes for softer (E;,; < 738 kPa) than stiffer
biomaterials.

Conclusions Combining the microstructural and biventricular finite element models enables quantifying micromechanics of
transplanted cells in the heart. The approach offers a broader scope for in silico investigations of biomaterial and cell thera-
pies for myocardial infarction and other cardiac pathologies.
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the Neo-Hookean model

Peak intracellular calcium concentration
Myocardium material parameter for incompress-
ibility properties

Material parameter for incompressibility proper-
ties in the Neo-Hookean models

Elastic modulus for the isotropic responses in the
Neo-Hookean model

Length-dependent calcium sensitivity
Deformation gradient tensor

Parameter defining the pathological state of the
tissue (healthy or infarcted)

Transversely isotropic invariant in the fibre
direction

Transversely isotropic invariant in the sheet
direction

Orthotropic invariant from coupling in fibre and
sheet direction

Isotropic invariants in principal directions

Third deformation gradient invariant describing
the volume change of a compressible material
Sarcomere length (time-varying model in active
contraction)

Initial sarcomere length (time-varying model in
active contraction)

Parameter scaling the isotropic response of the
infarcted tissue

Stress tensor defining the mechanics of the
myocardium

Active stress tensor describing the myocardium
responses during active contraction

Constitutive law scaling factor (time-varying
model in active contraction)

Passive stress tensor defining the additional
stress from the passive response during the active
contraction

Time

Linear function of sarcomere length

Time to reach peak tension (time-varying model
in active contraction)

Strain energy density function

Cell strain

Substrate strain

Bulk modulus

Stretch

Poisson's ratio

Variable in the internal variable function depend-
ing on time and sarcomere length

Stress
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Introduction

Cardiovascular disease-related deaths are predicted to rise
from 17.5 million (i.e. 31% of global deaths) in 2012 to
22.2 million by 2030 [1, 2]. In low- and middle-income
countries, such as South Africa, the number of affected peo-
ple in the working-age population is increasing [3, 4].

Myocardial infarction (MI) causes cardiac cell death in
the affected myocardial region, leading to scar formation,
ventricular remodelling, and heart failure in the long term.
Transplanting stem cells into the myocardium with inject-
able biomaterials has gained substantial interest in MI
therapy research. The delivered stem cells are expected to
promote regenerative reactions in the impaired tissue [5]
and can differentiate into cardiac-like cells and endothelial
cells (EC) necessary for revascularisation and functional
recovery of the heart [6, 7].

Pre-clinical studies have demonstrated the benefi-
cial effects of adult stem cell transplantation on MI. For
example, Tomita et al. [8] demonstrated that intramyocar-
dial transplantation of bone marrow-derived stem cells in
the rat model improved angiogenesis and cardiac function
and reported differentiation into cardiac-like cells (in vitro
and in vivo) in the infarcted myocardium. Wang et al. [9]
reported an increase in the expression of endothelial-related
proteins, improved ejection fraction, reduced infarct size
and a high vessel density by using a biochemically and
genetically activated hydrogel loaded with adipose-derived
stem cells in rats.

Clinical studies also reported the benefits of cell trans-
plantation in MI. These benefits include the differentiation
into cardiac-like cells [10—12] and enhanced neovasculari-
sation and angiogenesis with reduced cardiomyocyte death
through paracrine or autocrine signalling [13, 14]. Strauer
and Steinhoff [15] observed improved cardiac function in
patients with MI six months after human mesenchymal stem
cell transplantation.

Pre-clinical and clinical studies support the hypothesis
that paracrine signalling drives the beneficial effects of cell
transplants in MI [8, 9, 13—19]. During cellular communica-
tion in cell-based therapies, proteins such as growth factors
are released by a cell and attached to membrane receptors
of the same or another cell through autocrine and paracrine
effects. These processes are essential in the mechanotrans-
duction of the injected cells in the dynamic mechanical
environment of the heart.

Cyclic strain has been reported to play an essential role
in the cellular production of growth factors and proteins that
promote angiogenic phenotypes in bone marrow-derived
mesenchymal stem cells [20, 21]. Zheng et al. [22] found
an increase in vascular endothelial growth factor (VEGF)
mRNA and its associated protein concentration in cardiac
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cells exposed to cyclic stretching. They also showed a 2.5-
fold increase in transforming growth factor-beta (TGF-p)
one-hour post-stretching. The beneficial effects of mechani-
cally stimulated growth factor secretion in the infarcted
heart were also demonstrated in vivo by several pre-clinical
studies [23-25].

The physical environment of cells transplanted in the
infarcted heart is essential in cell therapies. A biomaterial
as a carrier and scaffold for the transplanted cells constitutes
the immediate microenvironment that transmits mechanical
stimuli from the myocardium to the cells. The biomaterial
delivered into the infarct contributes to the mechanics of the
surrounding myocardium and the embedded cells. Hence,
the biomaterial offers a vehicle for improving wall mechan-
ics and ventricular function and enhancing paracrine cardio-
protective signalling through cellular mechanotransduction.

Several computational studies have investigated bioma-
terial delivery in the infarcted heart [26-31]. These stud-
ies focussed on determining the mechanical effects of the
injected biomaterials on myocardial and ventricular mechan-
ics that contribute to inhibiting post-infarction adverse
remodelling. Wall et al. [29] reported a reduction in the wall
stress and changes in ventricular function in the presence
of an injected biomaterial that depended on the volume and
stiffness of the delivered material and the delivery location
using a finite element model of an ovine left ventricle. Other
studies expanded on the investigation of treatment param-
eters to guide the optimisation of the injectate therapy using
computational models of different species, including ovine
[26, 30], canine [28], porcine [32, 33], human [34], and rat
[31, 35, 36]. Wenk et al. [27] proposed an automated com-
putational method to optimise injectate patterns for bioma-
terial delivery to treat heart failure, and Sirry et al. [35] was
the first study presenting a microstructurally detailed in situ
geometry of a hydrogel injectate in an infarcted rat heart.
These studies exclusively focused on acellular biomaterial
injectates, and there are no computational studies on the
mechanics of the cells transplanted with the biomaterial into
the infarcted heart.

Therefore, this computational study aimed to determine
the mechanics of cells transplanted in a carrier biomaterial
intramyocardially in a rat heart with a left ventricular infarct
and quantify the relationship between the stiffness of the
carrier biomaterial and the deformation of the embedded
stem cells.

Materials and Methods

The deformation of intramyocardially transplanted stem
cells was investigated using a multi-scale approach link-
ing the ventricular and wall mechanics to the cellular

deformation (Fig. 1). First, a biventricular finite element
model of a rat heart with an infarct and intramyocardial
biomaterial injectate in the left ventricle (LV) was devel-
oped and used to determine the ventricular and myocardial
mechanics during a cardiac cycle (organ and tissue length
scale). Second, a microstructurally detailed finite element
model of a mid-wall region in the LV infarct with biomate-
rial injectate and transplanted therapeutic cells, referred to
as the microstructural model, was developed (cellular length
scale).

Nodal displacements of the LV mid-wall region of the
microstructural geometry were recorded from the biventric-
ular model during a cardiac cycle. The recorded displace-
ments were applied as mechanical load boundary conditions
to the outer surface of the microstructural model, resulting
in deformation of the myocardium, injectate, and trans-
planted cells.

Geometrical Modelling

Biventricular Geometry of an Infarcted Rat Heart with
Biomaterial Injectate

The current study utilised a three-dimensional biventricular
geometry of a rat heart with infarct and polymeric intramyo-
cardial injectate in the left ventricle (LV) developed in a pre-
vious study [36]. In brief, myocardial infarction was induced
in a male Wistar rat by permanent ligation of the left anterior
descending coronary artery and 100 pl of radiopaque sili-
cone rubber containing lead chromate (Microfil® MV-120)
was injected into the infarct region seven days later. The
heart was explanted and underwent ex vivo microcomputed
tomography (LCT) (custom scanner with Feinfocus X-ray
tube and Varian 2520 V Paxscan a-Si flat panel detector,
Centre for X-ray Tomography, Ghent University, Belgium
[37]). The biventricular geometry was reconstructed from
the pCT image stack using semi-automated segmentation
tools, including region-growing, level-set thresholding,
and manual actions (Simpleware, Synopsys). The resulting
geometry captured the essential morphology of the left and
right ventricles and microstructural details of the dispersed
injectate in the LV free wall (Fig. 1a). The meshed geometry
comprised 147,240 (mesh density 302.8 mm®) and 58,902
(3,852.3 mm?®) quadratic tetrahedral elements in the myocar-
dial and injectate region, respectively (Fig. 1b). The meshed
geometry was imported in Abaqus 6.14-3 CAE (Dassault
Systemes, Providence, RI, USA) and the infarct region was
approximated by identifying the nodes surrounding the bio-
material injectate (Fig. 1c). The myofibre orientation vary-
ing from — 50° at the epicardium to 80° at the endocardium
[36] was implemented with a rule-based approach.

@ Springer
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Fig. 1T Geometries and models developed from the biventricular rat
geometry to the microstructure extracted from the left ventricle mid-
wall with transplanted cells in the injectate region. (a) Biventricular
geometry showing myocardium (green translucent) and injectate
(beige). (b) Meshed biventricular geometry with a cross-section illus-
trating the difference in mesh density between myocardium (yellow)
and injectate (purple). (¢) Meshed biventricular geometry illustrating
the infarct region nodes (blue). (d) Development of a microstructural
model of a left ventricle mid-wall region. Left: Biventricular geometry

Microstructural LV Mid-Wall Geometry and Transplanted
Cells

A microstructural geometry of mid-wall volume of 748 um
X 748 um x 722 um in the LV infarct (Fig. 1d) with higher
spatial resolution was reconstructed by resampling of the
cardiac pCT image data with reduced spacing (7.8 pm com-
pared to 30 um in X, y, and z direction for the biventricular
geometry) (Simpleware).

Fifteen cells comprising membrane, cytoplasm and
nucleus were numerically seeded at random locations in
the injectate region of the microstructural geometry with a
custom Python script in Simpleware ScanIP. For each cell,
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showing the size and location of the microstructural region. Middle:
Microstructural geometry comprising myocardium, injectate and nine
transplanted cells. Right: Cellular geometry with membrane, cyto-
plasm, and nucleus. (e¢) Meshed microstructural geometry with coarse
mesh for the myocardium and injectate and fine mesh for the cells. (f)
Cross-sectional view of meshed geometry of single cell showing mem-
brane (red), cytoplasm (pink) and nucleus (yellow). (g) The biventricu-
lar FE mesh’s basal nodes (red) were fixed as the boundary condition
for simulations

three concentric spherical surfaces with diameters of 60, 55,
and 20 um were created for the membrane, cytoplasm, and
nucleus (Fig. 1d right). A Boolean subtraction resulted in
a thickness of 5 um and 35 pum for the membrane and the
cytoplasm, respectively. The tree-component assembly was
placed in the injectate. Of these 15 cells, six were located
in the myocardium or near model boundaries and interfaces
and were not considered for the analysis.

The resulting micro-structural geometry containing myo-
cardium, injectate, and nine cells with membrane, cyto-
plasm and nucleus was meshed and imported into Abaqus.
The mesh comprised 320,653 10-node tetrahedral elements
(C3D10M), i.e. 2,552, 168,746, and 149,355 elements for
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the myocardium, injectate and the nine cells, respectively.
The mesh size varied among the nine cells based on the
automated meshing process (Simpleware), and element
numbers were 6,101 +42 for the membrane, 8,710 +299 for
the cytoplasm, and 1,784 + 82 for the nucleus.

Constitutive Laws
Healthy and Infarcted Myocardium

The passive mechanical behaviour of the myocardium
was represented by a hyperelastic anisotropic law using a
modified strain energy density function from Holzapfel and
Ogden [38], Eq. (1). Changes were introduced to describe
the pathological stage of the myocardium [39]. The passive
mechanical response of infarcted myocardium depends on
the stage of infarct healing [40—43]. A one-week infarct was
modelled, corresponding to the delayed biomaterial deliv-
ery into the infarct. The associated increased stiffness in the
fibre, circumferential, and longitudinal directions [44] was
implemented using parameters h and p in Eq. (2). The tissue
health parameter 0 <h<1 corresponds to infarcted (h=0)
and healthy (h=1) myocardium [39]. The pathological scal-
ing parameter p =4.56 [39, 45] adjusts the passive material
response of the myocardium according to pathology.

a . aj 2
V= 2 bi-3) el { Di(lsi=1)% _ 1}
v 2bo + Z 2b; ¢

i=fs

a 2
s f bllen)? _ 1} L(r=1_ n(J
+ TN {c + ) 5 n(J)

with

a=ath+(1-h)p),
ai=a;(h+(1—h)p), and 2)
ag =ag(h+(1—h)p).

The active contraction of the myocardium was represented
with a time-varying elastance approach with an additional
term to consider the passive response during the contraction
[46—48] and the tissue health parameter h described above
[39].

Ca’ (1 — cos (w (t, Eg)))

Ta t, Eg) = Tmax G h.
(t, Bn) Cal + EC,2, (Eq) 2 ' )

The time-varying elastance model was implemented by
introducing an active tension-based force (T,), Eq. (3),
which depends on calcium concentration and the timing of
the myocardial contraction, both driven by the sarcomere
length [39, 48]. The active force function was multiplied
by a health parameter, h (Eq. (3)) to set the myocardium

contractility to vary from 0 (fully infarcted myocardium) to
1 (healthy myocardium) [39].

The additive approach was used to compute the total ten-
sion in the myocardium where the time-varying active ten-
sion T, in Eq. (3), was combined with the tension derived
from the passive response T

T=T,+T, @)

The active and passive constitutive parameter values were
adopted from [39] and are provided in Supplemental Tables
S1 and S2.

Injectable Biomaterial

The injectable biomaterial, e.g. a polyethylene glycol (PEG)
hydrogel, was represented as a hyperelastic isotropic incom-
pressible Neo-Hookean material:

W = Cy(I; — 3) (5)

where I, is the first deviatoric strain invariant, and C,, char-
acterises the material stiffness obtained from the elastic
modulus E;; and the Poisson’s ratio v;,;:

B
Cio = inj
10 4 (1 + Vinj) (6)

with v;;=0.5 defining incompressibility and E;; varied

between 4.1 and 405,900 kPa (see Sect. 2.4 FE simulations
and data analysis for more details).

Cells

Cell membrane, cytoplasm and nucleus were treated as
hyperelastic isotropic compressible material using a Neo-
Hookean strain energy density function [49, 50]:

1 2
W = Cio (I = 3) + - (0" = 1)° (7)

1

where J° is a measure of volume change of the compressible
material, and C;, and D, depend on the elastic modulus and
the material compressibility. The material parameter values
for the cellular components are given in Supplemental Table
S3.

Boundary Conditions and Loading
The boundary and loading conditions for the biventricular

model to simulate a single cardiac cycle were described in
detail previously [36]. In brief, zero displacement in the

@ Springer



Y. D. Motchon et al.

longitudinal direction was applied to the nodes at the basal
surface to prevent the rigid body motion of the biventricu-
lar geometry (Fig. 1g). Additionally, a basal node in the LV
ring was fixed in the circumferential and radial directions
to prevent lateral motion and rotation. Passive filling was
implemented with a linearly increasing pressure load on
ventricular cavity surfaces from 0 mmHg to the end-dia-
stolic pressure of 3.0 mmHg for the LV and 0.75 mmHg for
the RV. Thereafter, the active contraction was initiated with
the time-varying elastance representation of the myocar-
dium (as described in Sect. 2.2.1). The onset of the decline
in active tension defined the end-systolic time point, and
end of the cardiac cycle, with a pressure of 135.1 mmHg in
the LV and 52.5 mmHg in the RV.

Displacement boundary conditions for the microstruc-
tural model were obtained from the biventricular model
employing the node-based sub-modelling technique in
Abaqus. The displacements of sets of nodes near the sur-
faces of the microstructural region were recorded in the
biventricular geometry during the simulation of one car-
diac cycle. These recorded displacements were applied as
boundary conditions to surface nodes of the microstructural
FE mesh and recapitulated the surface displacements and
deformations during a cardiac cycle.

FE Simulations and Data Analysis

A parametric study with the variation of the elastic modu-
lus of the biomaterial injectate in the range of E;; = 4.1
to 405,900 kPa (i.e. 4.1, 7.4, 40.6, 73.8, 405.9, 738, 4,059,
7,380, 40,590, 73,800 and 405,900 kPa) was conducted to
determine the impact of biomaterial stiffness on the defor-
mation of the transplanted cells in the biomaterial injectate
in the infarct.

The analysis of the deformation of the transplanted cells
comprised the following strain measures.

1)The element strain as mean strain at the integration points

P
1

€ELj = P Z EIp,i ®)

of an element: i=1

where gp; is the strain at integration point 7, and P is the total
number of integration points of element ; in the cell mesh.

i1) The volume-averaged strain in a cell com-
ponent (i.e. membrane, cytoplasm or nucleus) of cell
N

1
Ecck = i E VjEELj ©)
k: J=1

@ Springer

where V is the total volume of the cell component consid-
ered, N is the total number of elements in the cell compo-
nent, v; is the volume of element j, and &g is the element
strain of element j calculated with Eq. (8).

iii)The mean strain in a cell component for all cells in the
n

1
gce =1 Z ECCk, (10)
model: k=1

where €. is the volume-averaged strain in a component of
cell k according to Eq. (9), and n is the total number of cells
in the model (#=9 in the current study).

iv) The mean strain in the entire cell for all n cells in the

3
1

€ca = g > ece (11)

model also referred to as cell strain: =1

for the three cell components, i.e. membrane, cytoplasm,
and nucleus, where g is the mean strain in a cell compo-
nent for all cells in the model according to Eq. (10).

Descriptive statistical analysis was performed on the
strain data in the different model components to determine
the normality (Shapiro-Wilk normality test) and variability
(SciPy, https://scipy.org/ and NumPy, https://numpy.org/).
Data are presented as mean and standard deviation if nor-
mally distributed; otherwise, they are presented as median
and interquartile range.

Results

The end-systolic deformation and maximum principal
strain of a cross-section of the microstructural model and
the transplanted cells are illustrated in Fig. 2 for an injectate
elastic modulus of E;; = 7.4 kPa. The highest maximum
principal strain was observed in the cellular membrane with
the lowest elastic modulus (E=1.7 kPa), whereas the strain
in the cytoplasm (E=8.0 kPa) and nucleus (E=5.0 kPa)

was similar to that in the biomaterial surrounding the cells.

Deformation of Injectate in the Microstructural Mid-
Wall Model

At end-diastole, the median maximum principal strain in the
injectate decreased from 6.5 to 0.9%, and the median mini-
mum principal strain decreased in magnitude from —7.3%
to -0.9% with increasing injectate elastic modulus from E;;
= 4.1 to 405,900 kPa (Fig. 3a and b). At end-systole, the
median maximum principal strain decreased from 43.8 to
1.4%, and the median minimum principal strain decreased
in magnitude from —38.0% to -1.5% with increasing injec-
tate elastic modulus (Fig. 3c and d). The ratio of end-systolic
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Fig. 2 Illustration of deformation in infarcted myocardium, biomate-
rial injectate and transplanted cells at end-systole predicted with the
microstructural FE model for E, . = 7.4 kPa. (a) Short-axis view of the

1n|
undeformed biventricular geomejtry demonstrating position and orien-
tation of the hexahedral region of the microstructural geometry in the
LV free wall. (b) Perspective view of the undeformed microstructural
geometry containing infarcted myocardium and biomaterial injectate.
(¢) Contour plot of maximum principal stress in a cross-section of the
deformed end-systolic configuration of the microstructural model with

to end-diastolic maximal principal strain decreased from
6.7 (for the softest injectate with E;; = 4.1 kPa) to 1.6 (for
the stiffest injectate with E;,; = 405,900 kPa). A similar
decrease from 5.2 for the softest injectate to 1.6 for the stiff-
est injectate was observed for the ratio of end-systolic to
end-diastolic minimum principal strain.

Deformation of Transplanted Cells in the Injectate

The volume-averaged maximum principal strain in the cell
components decreased for increasing injectate elastic modu-
lus at end-systole and end-diastole (Fig. 4a-c). The strain
decrease was larger in the lower range of the injectate elas-
tic modulus from E;; = 7.4 kPa to 738 kPa than for higher

LE, Max. Principal
(Avg: 75%)
+1.18e+00
+1.09e+00
+9.98e-01
+9.05e-01
+8.12e-01
+7.19e-01
+6.26e-01
+5.33e-01
+4.40e-01
+3.47e-01
+2.54e-01
+1.61e-01
+6.83e-02

L.

Myocardium

colour legend of strain. The two regions with high mesh density are
the locations of transplanted cells. (The location of the cross-section is
indicated by red lines in b). (d) Contour plots of maximum principal
stress in a cross-section of the nine transplanted cells at different loca-
tions in the biomaterial injectate region of the microstructural model.
The magnitude of the cellular deformation varied amongst the different
cell locations. Generally, higher strain levels were predicted in the cel-
lular membrane than in the cytoplasm and nucleus. The colour legend
from figure c applies to these contour plots

values of the injectate elastic modulus E;; > 738 kPa. The
membrane displayed higher strain than the cytoplasm and
nucleus, which exhibited similar strains. Similar results
were observed for the minimum principal strain, exhibiting
negative values indicative of compression (Fig. 4d-f). The
strain magnitude decreased for E;;; = 7.4 kPa to 738 kPa
and levelled off for E;; > 738 kPa. Increases in maximum
and minimum principal strains at end-systole were observed
for an increase of the injectate elastic modulus from E;
4.1 kPa to 7.4 kPa.

The ES-ED range of the median volume-averaged maxi-
mum and minimum principal strains in the cell components
decreased in magnitude for increasing injectate elastic
modulus E;; = 7.4 kPa to 405,900 kPa (Fig. 5). The ES-ED

nj=
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Fig. 3 End-diastolic and end-systolic principal strains in the injec-
tate of the microstructural model for different values of the injectate
elastic modulus. Maximum (a) and minimum principal strain (b) at
end-diastole, and maximum (¢) and minimum principal strain (d) at
end-systole. (Box and whiskers indicate the median (red line in box),
interquartile range (IQR) between first and third quartile (lower and
upper box bound), 1.5x IQR (lower and upper whisker), and data
points smaller or larger than 1.5x IQR (open circles). Each data point
represents the strain value g, in an element of the finite element mesh.
Data larger or smaller than 1.5x IQR are considered actual data and
not outliers)
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range of the principal strain reflects the deformation range
to which the transplanted cells are exposed during a cardiac
cycle.

Discussion

The present computational study demonstrated the effect of
the stiffness of the biomaterial injectate on the mechanics
of cells intramyocardially transplanted with the biomaterial.
The variation of the injectate stiffness can be used to guide
the deformation of the transplanted cells in the injectate.
Soft injectates promise the most beneficial effects as the cell
deformation is more sensitive to a change in injectate stiff-
ness similar to the transplanted cells’ stiffness than higher
injectate stiffnesses.

A decrease in strain in the injectate was predicted for an
increasing injectate elastic modulus. Similar observations
were reported by Sirry et al. [35], where stiffer injectate
resulted in less deformation within an acellular injectate
region of the microstructural model. The current study
investigated a wide range of injectate stiffness, with the
upper range of the elastic modulus of E;; > 738 kPa being
unrealistic for PEG hydrogels and other injectable bioma-
terials [51, 52]. It was shown that the deformations in the
injectate are negligible from a particular threshold of the
injectate elastic modulus.

A decrease in ES and ED strains and the associated
ES-ED strain range in the transplanted cells were predicted
for increasing injectate stiffness. Additionally, the cell
mechanics were considerably more sensitive to environ-
mental stiffness changes for soft (E;,; < 738 kPa) than stiff
injectates (E;,; > 738 kPa).

Interestingly, an increase in cell strain was observed
for an increase in injectate stiffness from E;; = 4.1 kPa to
7.4 kPa. This contrasting behaviour may reveal a threshold
of the injectate stiffness at which the mechanical response
of the cells changes. This change may be explained when
considering the elastic modulus of the cellular components,
namely E=1.7 kPa for the membrane, 5 kPa for the nucleus
and 8 kPa for the cytoplasm. The injectate with E;; =
4.1 kPa had a lower elastic modulus than the bulk of the cel-
lular structure (i.e. cytoplasm and nucleus) and transferred
less deformation to the cells than the injectate with E;; =
7.4 kPa that more closely matches the elastic modulus of
cytoplasm and nucleus.

The numerical cell seeding algorithm randomly placed
cells in the microstructural model’s entire volume. Six of
the 15 seeded cells were not used for the mechanical analy-
sis due to their location in the tissue domain and near model
boundaries and interfaces. Expanding the seeding algorithm
to monitor the location of the cells will provide more control
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over the seeding process and the number of cells available
for analysis. An increase in the number of seeded cells will
allow a more detailed investigation of the impact of cell
location and density on their mechanics. Such a comprehen-
sive study can help design cell patterns within the injectate
at the culture stage and when targeted spatial delivery into
the heart becomes available.

The microstructural model used a single mesh configura-
tion as the mesh variation was challenging due to the small
thickness of the cellular membrane. Future studies may
benefit from different meshing strategies or mesh sensitivity
investigations. Using shell elements instead of three-dimen-
sional elements for the cell membrane can be considered.

The cellular components were treated as isotropic and
compressible materials with Neo-Hookean strain energy
density functions. The constitutive equations did not con-
sider the active processes in the cell (e.g. actin polymerisation
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and depolymerisation). Including these dynamic cytoskele-
tal processes will allow for assessing the medium- and long-
term structural responses of the transplanted cells.

The biventricular FE model utilised structural boundary
conditions at the truncated base as demonstrated in previ-
ous studies [32, 33, 36, 39]. Future studies can extend the
biventricular model by including the atria and the pericar-
dium in the geometry and representing the tissue environ-
ment of the heart in the chest in the boundary conditions.
The current study was based on the simplifying assumption
of the biventricular geometry reconstructed from pCT data
representing the unloaded reference configuration for strain
quantification. A validation of the model and predicted car-
diac mechanics is needed for future studies. Furthermore,
assessing the impact of the injectate stiffness on ED and
ES time points may improve the model’s accuracy. A mesh

@ Springer
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Fig.5 ES-ED range of maxi-
mum (a) and minimum (b)
principal strain versus injectate
elastic modulus for the three cell
components
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sensitivity was not performed due to the detailed and realis-
tic aspect of the reconstructed geometry.

The effect of the biomaterial injectate on the ventricular
function of the infarcted heart has not been considered in the
current study. However, functional improvement is essential
for optimising biomaterial and stem cell-based therapy for
MI and will be included in future work.

While the developed biventricular model provides
insights into the mechanical responses of cells to their
environments, addressing the mentioned limitations may
improve the accuracy of the predictions.

Conclusions

The current study is the first to quantify the deformation
of therapeutic cells intramyocardially transplanted into an
infarcted rat heart using a biomaterial injectate. The devel-
oped microstructural finite element model of the myo-
cardium and biomaterial injectate at cellular length scale
enables quantifying micromechanics of transplanted cells

@ Springer
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during a cardiac cycle. The coupled microstructural and
biventricular cardiac finite element models can provide
a point of departure for an in silico method including the
mechanotransduction and signalling in the transplanted
cells - with a broader scope of advancing therapeutic bioma-
terial and cell injections for MI and other cardiac conditions
such as heart failure.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s13239-
024-00734-1.

Acknowledgments The authors thank the Living Heart Project (Das-
sault Systémes, Providence, USA) for software licenses provided for
this research.

Author Contributions YDM: Data curation, Formal analysis, Inves-
tigation, Methodology, Project administration, Software, Validation,
Visualization, Writing— Original Draft Preparation, Writing— Review
& Editing KLS: Methodology, Software, Supervision, Writing— Re-
view & Editing. MSS: Methodology, Software, Supervision, Writ-
ing— Review & Editing. NJN: Methodology, Writing— Review & Edit-
ing. TA: Methodology, Supervision, Writing— Review & Editing. JN:
Methodology, Writing— Review & Editing. MK: Investigation, Writ-


https://doi.org/10.1007/s13239-024-00734-1
https://doi.org/10.1007/s13239-024-00734-1

In silico Mechanics of Stem Cells Intramyocardially Transplanted with a Biomaterial Injectate for Treatment of...

ing— Review & Editing. EP: Investigation, Methodology, Writing— Re-
view & Editing. DVL: Investigation, Methodology, Writing— Review
& Editing. ADM: Investigation, Writing— Review & Editing. LVH:
Resources, Methodology, Supervision, Writing— Review & Editing.
NHD: Conceptualization, Data curation, Funding acquisition, Meth-
odology, Project administration, Resources, Supervision, Validation,
Writing— Review & Editing. TF: Conceptualization, Data curation,
Funding acquisition, Methodology, Project administration, Resources,
Supervision, Validation, Writing— Original Draft Preparation, Writing—
Review & Editing.

Funding This work was financially supported by the National Re-
search Foundation of South Africa (IFR14011761118 to TF), the
South African Medical Research Council (SIR328148 to TF), the
CSIR Centre for High Performance Computing (CHPC Flagship Proj-
ect Grant IRMA9543 to TF), and the Dr. Leopold und Carmen El-
linger Stiftung (UCT Three-Way PhD Global Partnership Programme
Grant DAD937134 to TF). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the
manuscript. Any opinion, findings, conclusions, and recommendations
expressed in this publication are those of the authors, and therefore, the
funders do not accept any liability.

Open access funding provided by University of Cape Town.

Data Availability Computational models, custom code, and data sup-
porting this study are available on the University of Cape Town’s
institutional data repository (ZivaHub) at https://doi.org/10.25375/
uct.22673884 as Motchon YD, Sack KL, Sirry MS, Nchejane NJ,
Abdalrahman T, Nagawa J, Kruger M, Pauwels E, Van Loo D, De
Muynck A, Van Hoorebeke L, Davies NH, Franz T. Data for “Software
and data for In silico mechanics of stem cells intramyocardially trans-
planted with a biomaterial injectate for treatment of myocardial infarc-
tion”. ZivaHub, 2023, DOI: https://doi.org/10.25375/uct.22673884.

Declarations

Competing Interests The authors declare that they have no competing
interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Mendis S, Puska P, Norrving B. Global atlas on cardiovascular
disease prevention and control. Geneva: World Health Organiza-
tion; 2011.

2. Di Angelantonio E et al. World health organization cardiovas-
cular disease risk charts: Revised models to estimate risk in 21
global regions. Lancet Glob Health. 2019;7(10):E1332-E45.

3. Finegold JA, Asaria P, Francis DP. Mortality from ischaemic
heart disease by country, region, and age: Statistics from

10.

14.

15.

20.

21.

22.

23.

World Health Organisation and United Nations. Int J Cardiol.
2013;168(2):934-45.

Opie LH, Mayosi BM. Cardiovascular disease in sub-saharan
africa. Circulation. 2005;112(23):3536—40.

Ciuffreda MC et al. Synthetic extracellular matrix mimic hydro-
gel improves efficacy of mesenchymal stromal cell therapy for
ischemic cardiomyopathy. Acta Biomater. 2018;70:71-83.

Ye L, Zimmermann W-H, Garry DJ, Zhang J. Patching the heart:
Cardiac repair from within and outside. Circulation Research.
2013;113(7):922-32.

Alrefai MT, Murali D, Paul A, Ridwan KM, Connell JM, Shum-
Tim D. Cardiac tissue engineering and regeneration using cell-
based therapy. Stem Cells Cloning. 2015;8:81-101.

Tomita S et al. Autologous transplantation of bone marrow cells
improves damaged heart function. Circulation. 1999;100(19
Suppl):11247-56.

Wang W et al. An injectable conductive hydrogel encapsulating
plasmid DNA-enos and adscs for treating myocardial infarction.
Biomaterials. 2018;160:69-81.

Beltrami AP et al. Adult cardiac stem cells are multipotent and
support myocardial regeneration. Cell. 2003;114(6):763-76.

Guo HD, Wang HJ, Tan YZ, Wu JH. Transplantation of mar-
row-derived cardiac stem cells carried in fibrin improves car-
diac function after myocardial infarction. Tissue Eng Part A.
2011;17(1-2):45-58.

. Robinton DA, Daley GQ. The promise of induced pluripotent stem

cells in research and therapy. Nature. 2012;481(7381):295-305.
Kocher AA et al. Neovascularization of ischemic myocardium by
human bone-marrow-derived angioblasts prevents cardiomyo-
cyte apoptosis, reduces remodeling and improves cardiac func-
tion. Nat Med. 2001;7(4):430-6.

Shudo Y et al. Addition of mesenchymal stem cells enhances the
therapeutic effects of skeletal myoblast cell-sheet transplantation
in a rat ischemic cardiomyopathy model. Tissue Engineering Part
A.2013;20(3-4):728-39.

Strauer BE, Steinhoff G. 10 years of intracoronary and intramyo-
cardial bone marrow stem cell therapy of the heart: From the
methodological origin to clinical practice. ] Am Coll Cardiol.
2011;58(11):1095-104.

Duran JM et al. Bone-derived stem cells repair the heart after myo-
cardial infarction through transdifferentiation and paracrine sig-
naling mechanisms. Circulation Research. 2013;113(5):539-52.

. Nguyen PK, Rhee JW, Wu JC. Adult stem cell therapy and heart

failure, 2000 to 2016: A systematic review. JAMA Cardiol.
2016;1(7):831-41.

Gao LR et al. Intracoronary infusion of wharton’s jelly-derived
mesenchymal stem cells in acute myocardial infarction: Double-
blind, randomized controlled trial. BMC Med. 2015;13(1):162.
Gnecchi M, Zhang Z, Ni A, Dzau VIJ. Paracrine mecha-
nisms in adult stem cell signaling and therapy. Circ Res.
2008;103(11):1204-19.

Bhang SH et al. Cyclic mechanical strain promotes transforming-
growth-factor-betal-mediated cardiomyogenic marker expres-
sion in bone-marrow-derived mesenchymal stem cells in vitro.
Biotechnol Appl Biochem. 2010;55(4):191-7.

Tian Y, Gawlak G, O’Donnell JJ, 3rd, Birukova AA, Birukov KG.
Activation of vascular endothelial growth factor (VEGF) receptor
2 mediates endothelial permeability caused by cyclic stretch. J
Biol Chem. 2016;291(19):10032-45.

Zheng W, Seftor EA, Meininger CJ, Hendrix MJ, Tomanek RJ.
Mechanisms of coronary angiogenesis in response to stretch:
Role of VEGF and TGF-beta. Am J Physiol Heart Circ Physiol.
2001;280(2):H909-17.

Cassino TR et al. Mechanical loading of stem cells for
improvement of transplantation outcome in a model of acute

@ Springer


https://doi.org/10.25375/uct.22673884
https://doi.org/10.25375/uct.22673884
https://doi.org/10.25375/uct.22673884
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Y. D. Motchon et al.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

myocardial infarction: The role of loading history. Tissue Eng
Part A. 2012;18(11-12):1101-8.

Zhao L et al. Enhanced cell survival and paracrine effects of mes-
enchymal stem cells overexpressing hepatocyte growth factor
promote cardioprotection in myocardial infarction. Exp Cell Res.
2016;344(1):30-9.

Rashid FN et al. Platelet derived growth factor-a (pdgf-a) gene
transfer modulates scar composition and improves left ven-
tricular function after myocardial infarction. Int J Cardiol.
2021;341:24-30.

Wenk JF et al. A novel method for quantifying the in-vivo
mechanical effect of material injected into a myocardial infarc-
tion. The Annals of Thoracic Surgery. 2011;92(3):935-41.

Wenk JF et al. A method for automatically optimizing medical
devices for treating heart failure: Designing polymeric injection
patterns. J Biomech Eng. 2009;131(12):121011.

Kortsmit J, Davies NH, Miller R, Macadangdang JR, Zilla P,
Franz T. The effect of hydrogel injection on cardiac function and
myocardial mechanics in a computational post-infarction model.
Comput Methods Biomech Biomed Engin. 2013;16(11):1185-95.
Wall ST, Walker JC, Healy KE, Ratcliffe MB, Guccione JM.
Theoretical impact of the injection of material into the myo-
cardium: A finite element model simulation. Circulation.
2006;114(24):2627-35.

Wang H et al. Computational sensitivity investigation of hydro-
gel injection characteristics for myocardial support. J Biomech.
2017;64:231-5.

Wise P et al. Excessive volume of hydrogel injectates may com-
promise the efficacy for the treatment of acute myocardial infarc-
tion. Int J Numer Meth Bio. 2016;32(12):¢02772.

Sack KL et al. Effect of intra-myocardial Algisyl-LVR™ injec-
tates on fibre structure in porcine heart failure. J] Mech Behav
Biomed Mater. 2018;87:172-9.

Sack KL et al. Intra-myocardial alginate hydrogel injection acts
as a left ventricular mid-wall constraint in swine. Acta Biomater.
2020;111:170-80.

Miller R, Davies NH, Kortsmit J, Zilla P, Franz T. Outcomes of
myocardial infarction hydrogel injection therapy in the human
left ventricle dependent on injectate distribution. Int J Numer
Method Biomed Eng. 2013;29(8):870-84.

Sirry MS et al. Micro-structurally detailed model of a therapeu-
tic hydrogel injectate in a rat biventricular cardiac geometry for
computational simulations. Comput Methods Biomech Biomed
Engin. 2015;18(3):325-31.

Motchon YD et al. Effect of biomaterial stiffness on cardiac
mechanics in a biventricular infarcted rat heart model with micro-
structural representation of in situ intramyocardial injectate. Int J
Numer Meth Bio. 2023;39(5):¢3693.

Masschaele BC, Cnudde V, Dierick M, Jacobs P, Van Hoorebeke
L, Vlassenbroeck J. Ugct: New x-ray radiography and tomog-
raphy facility. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment. 2007;580(1):266-9.

@ Springer

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

Holzapfel GA, Ogden RW. Constitutive modelling of pas-
sive myocardium: A structurally based framework for mate-
rial characterization. Philos Trans A Math Phys Eng Sci.
2009;367(1902):3445-75.

Sack KL et al. Construction and validation of subject-specific
biventricular finite-element models of healthy and failing swine
hearts from high-resolution DT-MRI. Front Physiol. 2018;9:539.
Holmes JW, Borg TK, Covell JW. Structure and mechanics of heal-
ing myocardial infarcts. Annu Rev Biomed Eng. 2005;7:223-53.
Holmes JW, Nunez JA, Covell JW. Functional implications
of myocardial scar structure. Am J Physiol. 1997;272(5 Pt
2):H2123-30.

Tyberg JV, Forrester JS, Wyatt HL, Goldner SJ, Parmley WW,
Swan HJ. An analysis of segmental ischemic dysfunction utiliz-
ing the pressure-length loop. Circulation. 1974;49(4):748-54.
Villarreal FJ, Lew WY, Waldman LK, Covell JW. Transmural
myocardial deformation in the ischemic canine left ventricle. Circ
Res. 1991;68(2):368-81.

Hood WB, Bianco JA, Kumar R, Whiting RB. Experimental
myocardial infarction: Iv. Reduction of left ventricular compli-
ance in the healing phase. The Journal of Clinical Investigation.
1970;49(7):1316-23%@ 0021-9738.

McGarvey JR et al. Injectable microsphere gel progressively
improves global ventricular function, regional contractile strain,
and mitral regurgitation after myocardial infarction. The Annals
of Thoracic Surgery. 2015;99(2):597-603.

Guccione J, McCulloch A. Mechanics of active contraction in
cardiac muscle: Part i - constitutive relations for fiber stress that
describe deactivation. J Biomech Eng. 1993;115(1):72-81.
Guccione J, Waldman L, McCulloch A. Mechanics of active con-
traction in cardiac muscle: Part ii - cylindrical models of the sys-
tolic left ventricle. J Biomech Eng. 1993;115(1):82-90.

Walker JC et al. Mri-based finite-element analysis of left
ventricular aneurysm. Am J Physiol Heart Circ Physiol.
2005;289(2):H692-700.

Caille N, Thoumine O, Tardy Y, Meister JJ. Contribution of the
nucleus to the mechanical properties of endothelial cells. J Bio-
mech. 2002;35(2):177-87.

Saeed M, Sharabani-Yosef O, Weihs D, Gefen A. A phase-con-
trast microscopy-based method for modeling the mechanical
behavior of mesenchymal stem cells. Comput Methods Biomech
Biomed Engin. 2016;19(13):1359-62.

Singelyn JM et al. Catheter-deliverable hydrogel derived from
decellularized ventricular extracellular matrix increases endog-
enous cardiomyocytes and preserves cardiac function post-myo-
cardial infarction. J Am Coll Cardiol. 2012;59(8):751-63.

Rizzi SC et al. Recombinant protein-co-peg networks as cell-
adhesive and proteolytically degradable hydrogel matrixes.
Part ii: Biofunctional characteristics. Biomacromolecules.
2006;7(11):3019-29.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	﻿﻿In silico﻿ Mechanics of Stem Cells Intramyocardially Transplanted with a Biomaterial Injectate for Treatment of Myocardial Infarction
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Geometrical Modelling
	﻿Biventricular Geometry of an Infarcted Rat Heart with Biomaterial Injectate
	﻿Microstructural LV Mid-Wall Geometry and Transplanted Cells


	﻿Constitutive Laws
	﻿Healthy and Infarcted Myocardium
	﻿Injectable Biomaterial
	﻿Cells

	﻿Boundary Conditions and Loading
	﻿FE Simulations and Data Analysis
	﻿Results
	﻿Deformation of Injectate in the Microstructural Mid-Wall Model
	﻿Deformation of Transplanted Cells in the Injectate

	﻿Discussion
	﻿Conclusions
	﻿References


