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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 (Einj) ranging between 4.1 

and 405,900 kPa.  

Results: The transplanted cells’ deformation was largest for Einj = 7.4 kPa, matching that of the 

cells, and decreased for an increase and decrease in Einj. The cell deformation was more 

sensitive to Einj changes for softer (Einj ≤ 738 kPa) than stiffer biomaterials.  

Conclusions: Combining the microstructural and biventricular finite element models enables 

quantifying micromechanics and signalling of transplanted cells in the heart. The approach 

offers a broader scope for in silico investigations of biomaterial and cell therapies for 

myocardial infarction and other cardiac pathologies.  

 
Keywords: Biomaterial injection therapy; Cell mechanics; Cell therapy; Finite element 

method;  
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Symbols 

Symbol Description 

aത, b Material parameter for the isotropic response in the myocardium 

aതfs, bfs Material parameter for the coupling stiffness in the fibre and sheet directions 

aതI, bi Material parameter for additional stiffness in the fibre and sheet directions 

for i = f, s 

B Governs the shape of peak isometric tension-sarcomere length relation 

C10 Material parameter for the isotropic response in the Neo-Hookean model  

Ca0 Peak intracellular calcium concentration 

D Myocardium material parameter for incompressibility properties  

D1 Material parameter for incompressibility properties in the Neo-Hookean 

models 

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

ECa50 Length-dependent calcium sensitivity  

F Deformation gradient tensor 

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

I4f Transversely isotropic invariant in the fibre direction 

I4s Transversely isotropic invariant in the sheet direction 

I8fs Orthotropic invariant from coupling in fibre and sheet direction 

Ii Isotropic invariants in principal directions 

J Third deformation gradient invariant describing the volume change of a 

compressible material 

l Sarcomere length (time-varying model in active contraction) 

lr Initial sarcomere length (time-varying model in active contraction)  
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p Parameter scaling the isotropic response of the infarcted tissue 

T Stress tensor defining the mechanics of the myocardium 

Ta Active stress tensor describing the myocardium responses during active 

contraction 

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

Tp Passive stress tensor defining the additional stress from the passive response 

during the active contraction 

t Time 

tr Linear function of sarcomere length  

t0 Time to reach peak tension (time-varying model in active contraction) 

W Strain energy density function 

εCell Cell strain 

εSub Substrate strain 

κ Bulk modulus 

λ Stretch 

ν Poisson’s ratio 

 Variable in the internal variable function depending on time and sarcomere 

length 

σ Stress 
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1. 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 people 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 injectable 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 beneficial effects of adult stem cell transplantation 

on MI. For example, Tomita et al. [8] demonstrated that intramyocardial 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 transplantation in MI. These benefits include 

the differentiation into cardiac-like cells [10-12] and enhanced neovascularisation 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. 
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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 communication 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 mechanotransduction 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 cells exposed 

to cyclic stretching. They also showed a 2.5-fold increase in transforming growth factor-beta 

(TGF-β) one-hour post-stretching. The beneficial effects of mechanically 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 mechanics and ventricular function and enhancing paracrine cardioprotective signalling 

through cellular mechanotransduction.  

Several computational studies have investigated biomaterial delivery in the infarcted heart [26-

31]. These studies focussed on determining the mechanical effects of the injected biomaterials 

on myocardial and ventricular mechanics that contribute to inhibiting post-infarction adverse 
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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 parameters 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 computational method to optimise injectate patterns for biomaterial 

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. 

 

2. Materials and methods 

The deformation of intramyocardially transplanted stem cells was investigated using a multi-

scale approach linking the ventricular and wall mechanics to the cellular deformation (Figure 

1). First, a biventricular finite element model of a rat heart with an infarct and intramyocardial 

biomaterial injectate in the left ventricle (LV) was developed 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 
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with biomaterial 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 biventricular model during a cardiac cycle. The recorded displacements were applied 

as mechanical load boundary conditions to the outer surface of the microstructural model, 

resulting in deformation of the myocardium, injectate, and transplanted cells.  

 

2.1 Geometrical modelling 

2.1.1 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 intramyocardial injectate in the left ventricle (LV) developed in a previous 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 µl of radiopaque silicone 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 (µCT) (custom 

scanner with Feinfocus X-ray tube and Varian 2520V Paxscan a-Si flat panel detector, Centre 

for X-ray Tomography, Ghent University, Belgium [37]). The biventricular geometry was 

reconstructed from the µCT 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 (Figure 1 a). The meshed 

geometry comprised 147,240 (mesh density 302.8 mm3) and 58,902 (3,852.3 mm3) quadratic 

tetrahedral elements in the myocardial and injectate region, respectively (Figure 1 b). The 

meshed geometry was imported in Abaqus 6.14-3 CAE (Dassault Systèmes, Providence, RI, 
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USA) and the infarct region was approximated by identifying the nodes surrounding the 

biomaterial injectate (Figure 1 c). The myofibre orientation varying from -50° at the epicardium 

to 80° at the endocardium [36] was implemented with a rule-based approach. 

 

Figure 1. 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 illustrating the difference in 

mesh density between myocardium (yellow) and injectate (purple). c) 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 showing the size and 

location of the microstructural region. Middle: Microstructural geometry comprising 

myocardium, injectate and nine transplanted cells. Right: Cellular geometry with membrane, 

cytoplasm, 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 
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geometry of single cell showing membrane (red), cytoplasm (pink) and nucleus (yellow). g) 

The biventricular FE mesh’s basal nodes (red) were fixed as the boundary condition for 

simulations.  

 

2.1.2 Microstructural LV mid-wall geometry and transplanted cells 

A microstructural geometry of mid-wall volume of 748 µm x 748 µm x 722 µm in the LV 

infarct (Figure 1 d) with higher spatial resolution was reconstructed by resampling of the 

cardiac µCT image data with reduced spacing (7.8 µm compared to 30 µm 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, three concentric spherical surfaces with diameters of 60, 55, 

and 20 µm were created for the membrane, cytoplasm, and nucleus (Figure 1 d right). A 

Boolean subtraction resulted in a thickness of 5 µm and 35 µm 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 myocardium, injectate, and nine cells with 

membrane, cytoplasm 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 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.  
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2.2 Constitutive laws 

2.2.1 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], Eqn. (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 

delivery into the infarct. The associated increased stiffness in the fibre, circumferential, and 

longitudinal directions [44] was implemented using parameters h and p in Eqn. (2). The tissue 

health parameter 0 ≤ h ≤ 1 corresponds to infarcted (h = 0) and healthy (h = 1) myocardium 

[39]. The pathological scaling parameter p = 4.56 [39, 45] adjusts the passive material response 

of the myocardium according to pathology. 

W ൌ  
aത

2b
eୠሺ୍భିଷሻ ൅ ෍

aത୧
2b୧୧ୀ୤,ୱ

൛eୠ౟ሺ୍ర౟ିଵሻ
మ
െ 1ൟ ൅  

aത୤ୱ
2b୤ୱ

൛eୠ౜౩ሺ୍ఴ౜౩ሻ
మ
െ 1ൟ ൅  

1
D
൭

Jଶ െ 1
2

െ lnሺJሻ൱ (1) 

with 

aത ൌ aሺh ൅ ሺ1 െ hሻpሻ, 

aത୧ ൌ a୧ሺh ൅ ሺ1 െ hሻpሻ and 

aത୤ୱ ൌ a୤ୱሺh ൅ ሺ1 െ hሻpሻ. 

(2) 

 

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]. 

Tୟሺt, E୤୤ሻ ൌ T୫ୟ୶
Ca଴

ଶ

Ca଴
ଶ ൅ ECୟହ଴

ଶ ሺE୤୤ሻ

൫1 െ cos൫ωሺt, E୤୤ሻ൯൯
2

h (3) 
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The time-varying elastance model was implemented by introducing an active tension-based 

force (Ta), Eqn. (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 (Eqn. (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 tension in the myocardium where the 

time-varying active tension Ta in Eqn. (3), was combined with the tension derived from the 

passive response Tp:  

𝐓 ൌ 𝐓𝐚 ൅ 𝐓𝐩 (4) 

The active and passive constitutive parameter values were adopted from [39] and are provided 

in Supplemental Tables S1 and S2. 

2.2.2 Injectable biomaterial 

The injectable biomaterial, e.g. a polyethylene glycol (PEG) hydrogel, was represented as a 

hyperelastic isotropic incompressible Neo-Hookean material: 

W ൌ Cଵ଴ሺIଵ െ 3ሻ (5) 

where I1 is the first deviatoric strain invariant, and C10 characterises the material stiffness 

obtained from the elastic modulus Einj and the Poisson’s ratio νinj: 

Cଵ଴ ൌ  
E୧୬୨

4൫1 ൅  ν୧୬୨൯
 (6) 

with inj = 0.5 defining incompressibility and Einj varied between 4.1 and 405,900 kPa (see 

section 2.4 FE simulations and data analysis for more details). 



13 

2.2.3 Cells  

Cell membrane, cytoplasm and nucleus were treated as hyperelastic isotropic compressible 

material using a Neo-Hookean strain energy density function [49, 50]: 

 
W ൌ  Cଵ଴ሺIଵ െ 3ሻ  ൅  

1
Dଵ

 ൫Jୣ୪ െ 1൯
ଶ

, 
(7) 

where Jel is a measure of volume change of the compressible material, and C10 and D1 depend 

on the elastic modulus and the material compressibility. The material parameter values for the 

cellular components are given in Supplemental Table S3. 

2.3 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 longitudinal 

direction was applied to the nodes at the basal surface to prevent the rigid body motion of the 

biventricular geometry (Figure 1 g). 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-diastolic 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 myocardium (as described in section 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 microstructural model were obtained from the 

biventricular model employing the node-based sub-modelling technique in Abaqus. The 

displacements of sets of nodes near the surfaces of the microstructural region were recorded in 

the biventricular geometry during the simulation of one cardiac cycle. These recorded 
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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. 

2.4 FE simulations and data analysis 

A parametric study with the variation of the elastic modulus of the biomaterial injectate in the 

range of Einj = 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 

deformation 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. 

i) The element strain as mean strain at the integration points of an element: 

 
ε୉୪,௝ ൌ

1
P

 ෍ε୍୔,௜

୔

௜ୀଵ

 , 
(8) 

where εIP,i is the strain at integration point i, and P is the total number of integration points of 

element j in the cell mesh. 

ii) The volume-averaged strain in a cell component (i.e. membrane, cytoplasm or nucleus) 

of cell k: 

 
εେେ,௞ ൌ

1
V

 ෍ v௝

୒

௝ୀଵ

𝜀୉୪,௝ 
(9) 

where V is the total volume of the cell component considered, N is the total number of elements 

in the cell component, vj is the volume of element j, and εEl,j is the element strain of element j 

calculated with Eqn. (8). 

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

 
εେେ ൌ  

1
n

 ෍εେେ,௞ 

୬

௞ୀଵ

, 
(10) 



15 

where εCC,k is the volume-averaged strain in a component of cell k according to Eqn. (9), and n 

is the total number of cells in the model (n = 9 in the current study).  

iv) The mean strain in the entire cell for all n cells in the model also referred to as cell 

strain: 

 
εେୣ୪୪ ൌ

1
3
෍εେେ

ଷ

௟ୀଵ

 
(11) 

for the three cell components, i.e. membrane, cytoplasm, and nucleus, where εCC is the mean 

strain in a cell component for all cells in the model according to Eqn. (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 normally distributed; otherwise, they are presented as median and interquartile 

range.  

 

3. Results 

The end-systolic deformation and maximum principal strain of a cross-section of the 

microstructural model and the transplanted cells are illustrated in Figure 2 for an injectate 

elastic modulus of Einj = 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. 
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Figure 2. Illustration of deformation in infarcted myocardium, biomaterial injectate and 

transplanted cells at end-systole predicted with the microstructural FE model for Einj = 7.4 kPa. 

a) Short-axis view of the undeformed biventricular geometry demonstrating position and 

orientation 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. c) Contour plot of maximum principal stress in a cross-

section of the deformed end-systolic configuration of the microstructural model with 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 locations 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 cellular membrane than in the cytoplasm and nucleus. The colour legend from 

figure c applies to these contour plots.  
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3.1 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 minimum principal strain decreased in magnitude from -7.3% to -0.9% 

with increasing injectate elastic modulus from Einj = 4.1 to 405,900 kPa (Figure 3 a 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 injectate elastic modulus (Figure 3 c and d). The ratio of end-systolic to end-diastolic 

maximal principal strain decreased from 6.7 (for the softest injectate with Einj = 4.1 kPa) to 1.6 

(for the stiffest injectate with Einj = 405,900 kPa). A similar decrease from 5.2 for the softest 

injectate to 1.6 for the stiffest injectate was observed for the ratio of end-systolic to end-

diastolic minimum principal strain. 
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Figure 3. End-diastolic and end-systolic principal strains in the injectate of the microstructural 

model for different values of the injectate elastic modulus. Maximum (a) and minimum 

principal strain (b) at end-diastole, and maximum (c) 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 El in an element of the finite element mesh. Data larger or smaller 

than 1.5x IQR are considered actual data and not outliers.)  

 

3.2 Deformation of transplanted cells in the injectate 

The volume-averaged maximum principal strain in the cell components decreased for 

increasing injectate elastic modulus at end-systole and end-diastole (Figure 4 a-c). The strain 

decrease was larger in the lower range of the injectate elastic modulus from Einj = 7.4 kPa to 

738 kPa than for higher values of the injectate elastic modulus Einj > 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 (Figure 4 d-f). The strain magnitude decreased for Einj = 7.4 kPa to 738 kPa 

and levelled off for Einj > 738 kPa. Increases in maximum and minimum principal strains at 

end-systole were observed for an increase of the injectate elastic modulus from Einj = 4.1 kPa 

to 7.4 kPa. 

The ES-ED range of the median volume-averaged maximum and minimum principal strains in 

the cell components decreased in magnitude for increasing injectate elastic modulus Einj = 7.4 

kPa to 405,900 kPa (Figure 5). The ES-ED range of the principal strain reflects the deformation 

range to which the transplanted cells are exposed during a cardiac cycle. 
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Figure 4. Maximum (a-c) and minimum (d-f) principal strains in the membrane, nucleus, and 

cytoplasm of transplanted cells at end-systole (ES) and end-diastole (ED) versus injectate 

elastic modulus. Data are median; error bars represent interquartile range. 
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Figure 5. ES-ED range of maximum (a) and minimum (b) principal strain versus injectate 

elastic modulus for the three cell components.  

 
4. 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 stiffness 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 
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investigated a wide range of injectate stiffness, with the upper range of the elastic modulus of 

Einj > 738 kPa being unrealistic for PEG hydrogels and other injectable biomaterials [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 environmental stiffness changes for soft (Einj ≤ 738 kPa) than 

stiff injectates (Einj > 738 kPa). 

Interestingly, an increase in cell strain was observed for an increase in injectate stiffness from 

Einj = 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 Einj = 4.1 kPa 

had a lower elastic modulus than the bulk of the cellular structure (i.e. cytoplasm and nucleus) 

and transferred less deformation to the cells than the injectate with Einj = 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 analysis 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 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 comprehensive study can help design cell patterns within the injectate at the 

culture stage and when targeted spatial delivery into the heart becomes available. 
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The microstructural model used a single mesh configuration 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-dimensional 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 consider the active 

processes in the cell (e.g. actin polymerisation and depolymerisation). Including these dynamic 

cytoskeletal 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 previous studies [32, 33, 36, 39]. Future studies can extend the biventricular 

model by including the atria and the pericardium in the geometry and representing the tissue 

environment 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 μCT data 

representing the unloaded reference configuration for strain quantification. A validation of the 

model and predicted cardiac 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 sensitivity was not performed due to the detailed and realistic 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. 
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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.  

5. 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 developed 

microstructural finite element model of the myocardium and biomaterial injectate at cellular 

length scale enables quantifying micromechanics of transplanted cells 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 biomaterial and cell 

injections for MI and other cardiac conditions such as heart failure.  
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