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Introduction
Although the number of deaths from cardiovascular diseases 

(CVD) has steadily decreased over the last 40 years, the morbidity 
associated with nonfatal CVD, consequent disability, and 
decreased quality of life is still a huge burden on society and the 
leading cause of medical expenses in most developed countries.1 
Hypertension and coronary artery disease, the two major types 
of CVD, can both lead to myocardial infarction (MI), inducing 
interruption of blood supply and, consequently, local tissue 
damage, death of cardiomyocytes, and eventually heat failure. 
Since the heart has limited regenerative capacity, the damaged 
tissues tend to become a collagen scar exhibiting biophysical 
properties that are significantly different from the original 
tissue.2, 3 Depending on the extension of the damaged area, the 
presence of scar tissue may alter the function of the heart and 
potentially induce life-threatening arrhythmias and aneurysms. 
There is clearly a need for improvement in the current methods 
for preventing and limiting the recurrence of CVD and for 
regenerating the tissue that has been irreversibly damaged.

Undifferentiated or partially differentiated cells, the so-called 
stem cells, are distributed throughout our body in different organs 
and are involved in tissue repair at the damaged site.4-7 In the 
infarcted zone, these cells are believed to induce and support 
regeneration by differentiating into new cardiomyocytes;8, 9 
stimulating the formation of new blood vessels to increase the 
local intake of nutrients and oxygen;5 and secreting specific 
factors to facilitate cell growth and the recruitment of other 
stem cells.9 However, the amount of resident stem cells is 
limited, and their recruitment at the site of damage is generally 
insufficient for effective restoration of the tissue. Therefore, stem 
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cell transplantation in patients following myocardial infarction 
has been proposed as a possible effective therapy.7, 10-12 This 
transplantation can be done by injecting stem cells, or mixtures of 
stem cells and polymeric matrices, either locally or systemically via 
intravascular administration. 

Different approaches have been proposed for stem cell 
transplantation, and different types of stem cells have been used 
in preclinical and clinical models. At least three major routes of 
administration have been tested: direct intramyocardial injection 
upon thoracotomy;13-15 catheter-based coronary arteries and venous 
administration;16-19 and systemic intravenous injection.20, 21 Each of 
these delivery approaches has advantages and disadvantages, and 
the most effective choice depends on the location and extension 
of the infarcted area; it is indeed patient specific. A multitude of 
cell types have been proposed for repairing the infarcted tissue, 
including pluripotent stem cells such as embryonic stem cells and 
induced pluripotent stem cells,5, 22, 23 and adult stem cells such as 
skeletal myoblasts, bone marrow stem cells, mesenchymal stem 
cells, and in situ fibroblast reprogramming.24, 25

The success of any stem cell-based therapy is critically linked to 
the effective homing at the infarcted site and integration with the 
surrounding microenvironment of the injected cells. In order to 
replicate and transform into cardiomyocytes, the transplanted stem 
cells need to reach the diseased tissue in a sufficiently high dose, 
reside within the infarcted area for a sufficiently long time, and 
be vital and sufficiently nourished by oxygen and other nutrients. 
The route of administration and the complexity of the vascular 
structure in the vicinity of the damaged area, as well as the type 
of stem cell, are all critical factors in defining the transplant 
success. This manuscript presents a computational modeling tool 
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Figure 1. The vascular transport of stem cells, from the site of injection to 
the damaged area, can be broken down in three major steps: (1) vascular 
transport of stem cells; (2) near-wall dynamics and vascular adhesion 
of stem cells; and (3) intratissue migration of stem cells. Computational 
modules have been developed for each of these steps and integrated in 
a single hierarchical multiscale computational tool.

and imaging nanoconstructs that can be synergistically used to 
personalize and optimize the transplantation of stem cells on a 
patient-specific basis. 

Computational Modeling in Stem Cell Transplantation
The vascular transport and tissue accumulation of injected 

stem cells is a complex multiscale and multiphysics problem that 
subsumes molecular, subcellular, cellular, and supracellular events 
developing over time scales ranging from milliseconds to hours 
and days. In the case of systemic administration, which is by far 
the less invasive route of transplantation, a solution containing the 
stem cells or stem cells mixed with an injectable polymeric paste 
is released into the lumen, where it interacts with the fast-moving 
red blood cells (RBCs), molecules dispersed in the plasma, and 
endothelial cells lining the vessel walls. As the injected solution 
is carried downstream by blood flow, some of the stem cells are 
pushed laterally towards the vessel wall, can recognize and adhere 
to the damaged endothelium near the infarcted area—aided by 
their membrane receptor molecules—and, eventually, can migrate 
into and colonize the damaged tissue. This complex process, 
schematically depicted in Figure 1, can be broken down in three 
major events: (1) vascular transport of stem cells; (2) near-wall 
dynamics and vascular adhesion of stem cells; and (3) intratissue 
migration of stem cells. 

Over the years, the author and his collaborators have developed 
a hierarchical computational model to predict the wall and 
tissue accumulation of injectable agents, such as circulating cells, 
nanoparticles, and small and macromolecules.26-36 This hierarchical 
computational model comprises three modules, each focusing on 
different scales and biological compartments. The first module 
deals with the macroscopic transport of the stem cell solution in 
patient-specific vascular networks (Figure 1A); the second module 
analyzes the near-wall dynamics and blood vessel wall adhesion of 
the injected solution of stem cells (Figure 1B); and the third module 
focuses on the transport in the extravascular space and migration 
within the damaged tissue of the injected stem cells (Figure 1C). 
The modules are all connected together so that information can be 
transferred efficiently and accurately over multiple temporal and 
spatial scales but can also be used separately depending on the aim 
of the study.

Module 1: Vascular Transport of Stem Cells 
Blood flow and vascular transport are influenced by authentic, 

patient-specific vascular geometry and endothelial wall properties. 
A critical step in developing accurate predictive tools is the precise 
reconstruction of the vascular geometry, from the site of injection 
to the infarcted area, using magnetic resonance imaging (MRI) or 
computed tomography.36 This requires preprocessing for improving 
the quality of the clinical images, geometrical segmentation, and 
solid and mesh constructions for the computational analysis. The 
resulting three-dimensional (3D) vascular geometry is then used 
for solving the transport problem by coupling a Navier-Stokes 
solver for the blood flow with a linear scalar advection-diffusion 
equation for studying the time-dependent evolution of the system.34 
Following this approach, the temporal and spatial distribution 
of several biophysical parameters—such as the wall shear rate 
(WSR), wall shear stress (WSS), oscillatory index (OSI), velocity 
profile, pressure field, and volumetric concentration of any injected 
agents—can be predicted within the authentic, patient-specific 
vascular network.34 Figure 2A shows the sequential steps required 
for predicting the local flow dynamics and vascular deposition of 
injected agents in patients affected by peripheral arterial disease, 
for example. First, the MR image of the individual’s superficial 
femoral artery (SFA) is acquired over the vessel length; then the 
images are segmented; finally, the SFA is reconstructed in 3D 
and, eventually, imported in a finite element solver where the 
actual simulations for blood flow and injected agent transport 
are performed. Indeed, this approach is general and can be 
applied to any vascular district. For instance, Figure 2B shows 
the vascular deposition (surface concentration) upon specific wall 
adhesion of agents injected via a catheter in a coronary artery. 
In all simulations, the inlet blood velocity profiles are quantified 
via time of flight (TOF) magnetic resonance angiography (MRA). 
The distinctive advantage of computational analysis is that the 
simulations can be run for different initial conditions for the same 
patient data. In other words, the location, orientation, infusion 
velocity, and geometry of the catheter as well as the properties of 
the injected stem cell solution can be virtually changed to identify 
the optimal interventional strategy for the specific individual. 

Figure 2. (A) MR image of the superficial femoral artery (SFA) of a 
patient affected by peripheral; segmentation of the MR images; 3D 
reconstruction of the SFA; finite element simulation on the patient-specific 
SFA. (B) Wall surface concentration of intra-arterially injected agents 
using a catheter placed in a patient-specific coronary artery.
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Module 2: Near-Wall Dynamics and Vascular Adhesion of 
Stem Cells 

Blood is a complex fluid composed of an aqueous solution, 
rich in proteins and molecules (plasma), in which different types 
of cells are suspended (leukocytes, erythrocytes and platelets). 
Erythrocytes, or RBCs, are by far the most abundant, with 4- to 
6-million cells per microliter of human blood, and constitute 35% to 
45% of the total blood volume. The vascular transport of molecules 
and small nanoparticles (≤100 nm) is not affected by the presence 
of RBCs.29 Conversely, cells and submicron-sized particles do 
interfere with the circulating RBCs, and their near-wall dynamics 
is significantly influenced by the presence of other blood cells.31,32 
Therefore, in modeling the near-wall dynamics and vascular 
adhesion of stem cells, the presence of RBCs cannot be neglected. 
The computational Module 2 allows us to predict the near-wall 
behavior of the injected stem cells while they are repeatedly 
interacting with the fast moving and abundant RBCs. Figure 3A 
shows a typical simulation set-up where a cylindrical vessel is 
filled with plasma and RBCs up to about 40% of the lumen volume. 
Here, RBCs are modeled as biconcave vesicles with a hyperelastic 
membrane containing an aqueous solution.37 In the same image, a 
stem cell (white globe) is also depicted surrounded by the RBCs. 
Representative snapshots for the fluid dynamic simulation (Figure 
3B) show how the stem cell, while it is transported downstream by 
the flow, is pushed laterally by the RBCs and squeezed against the 
vessel walls, where it eventually firmly adheres. Figure 3C depicts 
the trajectory of the cell as it moves closer to the wall, reducing 
the separation distance δ. Figure 3D shows the complexity of the 
blood flow and stream lines in the presence of RBCs and stem 

cells. Indeed, the lateral motion and pushing against the wall 
is mostly induced by the presence of the RBCs. The adhesion of 
the stem cells to the endothelium is modeled using a multiscale 
approach, where the hydrodynamic forces exerted over the cell 
are balanced by adhesive forces originating at the interface. The 
adhesive forces include both nonspecific colloidal interactions (van 
der Waals, electrostatic, and steric) and specific ligand (L)−receptor 
(R) molecular interactions regulated by the forward kf and reverse 
kr reaction rates (L + R D LR).28, 38 This module allows us to predict 
the probability of adhesion of a stem cell to the vessel wall that 
can then be integrated in the previous computational module to 
quantify the overall vessel wall distribution of the injected stem 
cells in the patient-specific vascular geometry. This information 
can be used to predict the percentage of stem cells that would 
home within the infarcted area as a function of the initial  
injection conditions.

Module 3: Intra-Tissue Migration of Stem Cells 
The extravascular dynamics of the stem cells is rooted in  

the way these cells interact with the surrounding 
microenvironment and integrate on the multiple biophysical 
stimuli (chemotaxis, haptotaxis, and durotaxis). We have 
successfully used a cellular Potts model to study the migration 
and spatiotemporal organization of cell clusters within 3D tissue 
matrices (Figure 4).33 This approach combines a discrete stochastic 
model for the motion of individual cells with a deterministic 
model based on a set of differential equations for predicting the 
spatiotemporal distribution of biophysical stimuli within the 
tissue matrix. The computational module uses the principle of 
energy minimization to compute the equilibrium configuration 

Figure 3. (A) The typical computational set-up for the analysis of the near wall dynamics of stem cells (white globe) interacting with red blood cells 
(RBCs). (B) Representative snapshots derived from the fluid dynamic simulation showing the stem cell deformation and interaction with the vessel wall. 
(C) The trajectory of a stem cell presented as the variation of its separation distance δ from the wall. (D) The complexity of the blood flow and stream 
lines around RBCs and stem cells.
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of a cluster of cells. It includes information on cell adhesion, cell 
deformation, cell chemotaxis, haptotaxis, durotaxis, and cell 
growth as well as the cell response to external biophysical stimuli, 
such as the spatiotemporal concentrations of nutrients and soluble 
factors. Therefore, the actual location and migration of the stem 
cells is predicted as a function of multiple biophysical cues, as 
driven by the surrounding microenvironment and external stimuli. 
The model can account for the co-presence of multiple cell types. 
With this computational tool, parametric analysis can be performed 
to elucidate the relative importance of cell population density (i.e., 
local concentration of stem cells); chemotaxis, haptotaxis, durotaxis; 
cell motility; and adhesion in affecting the migratory properties 
of the cells. Figure 4A exemplifies the temporal evolution of a 
cluster of cells as they reorganize themselves to attain different 
morphologies (clustered, corrugated, and fragmented) as a 
function of the actual microenvironmental cues. Note that an 
originally compact cluster of stem cells can, over time, assume a 
fragmented morphology with cells migrating away from the site 
of injection depending on the integration of the stem cells with 
the surrounding tissue. This is even more clearly depicted in 
Figure 4B, which provides a 2D representation of the cell cluster 
at three different time points. Also, a representative trajectory of 
a cell within the cluster is shown. This computational module 
can also be used independently from the other two for estimating 
the organization and growth of stem cells that have been directly 
injected within the damaged site upon thoracotomy.

Magnetic Nanoconstructs in Stem Cell Transplantation
In preclinical and clinical practice, superparamagnetic iron 

oxide nanoparticles (SPIOs) have been proposed for cell labeling 
and noninvasive tracking in vivo using MRI.39-43 SPIOs are made 
out of iron oxide crystals and exhibit high T2 contrast enhancement, 

generally increasing with their aggregation and internalization into 
cells. Stem cells can be labeled with SPIOs ex vivo, before injection, 
either via magnetofection or magnetoelectroporation.44, 45 SPIO-
labeled stem cells can provide a means of determining whether the 
stem cells have reached the infarcted area, how long they remain 
in the area, and insights into the preferred sites of engraftment. 
Indeed, SPIO-labeling of stem cells can be used to optimize the 
injection conditions and the accuracy of the computational tools in 
preclinical models.

We have developed three different SPIOs-based nanoconstructs 
that could be used for in vivo stem cell labeling. They are different 
in size, shape, surface, and material properties, as presented in 
Figure 5. The hybrid nanoparticles (HNP) present a spherical shape  
with a diameter of 150 nm and are made out of a poly(L-lactide-
co-glycolide) (PLGA) core, incorporating the SPIOs, and a lipid/
polymer coating. The mesoporous silicon particles exhibit a 
discoidal shape and a characteristic size of 1,000 x 400 nm, and 
the SPIOs are loaded into the mesopores.46 Finally, the discoidal 
polymeric nanoconstructs (DPN) also have a characteristic size of 
1,000 x 400 nm but are composed of a mixture of PLGA and PEG 
that makes them deformable.47 The SPIOs are confined within 
the polymeric matrix and have shown a huge enhancement 
in transversal relaxivity r2 (∼800 mM-1s-1) as compared with 
commercially available SPIOs. Figure 5c depicts phantom images 
obtained for the DPNs using a 3T MRI clinical scanner. All three 
nanoconstructs incorporate ultrasmall SPIOs with a 5 nm metallic 
core that is, eventually, degraded and metabolized by the cells 
without any significant toxicity.

Figure 4. (A) The morphological configuration of a cluster of stem 
cells injected directly into the damaged area depends on local 
microenvironmental cues. (B) A representative trajectory of an individual 
cell and 2D representation of the spatiotemporal evolution of a cell 
cluster.

Figure 5. (A) Graphical configuration of a cluster of stem cells inject. 
(A) Graphical representation of a 5-nm superparamagnetic iron oxide 
nanoparticle (SPIO); a 150-nm hybrid nanoparticle (HNP); discoidal 
1,000 x 400 nm mesoporous silicon particle (SiMP); and a discoidal 
1,000 x 400 nm polymeric nanoconstructs (DPN). (B) Electron 
microscopy images for the particles listed above. (C) Phantom images for 
the DPN obtained in a 3T MRI clinical scanner.
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Note that in stem cell labeling, it is very important to have 
access to different nanotechnological platforms in that the 
nanoconstructs per se can affect the cell behavior.48 Importantly, 
these nanoconstructs can be remotely manipulated via static 
magnetic fields because of their huge content in magnetic material 
(about 100 fg of iron per DPN) and can release directly inside the 
stem cell molecular agents for stimulating and controlling cell 
differentiation. Moreover, these nanoconstructs can be labeled with 
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radionucleotides, thus merging together MRI and nuclear imaging, 
which could help in assessing cell functionality and viability in 
addition to cell tracking.49

Conclusions
The efficiency of stem cell homing within the infarcted tissue 

can be predicted using patient-specific computational modeling 
as a function of the vascular geometry, blood flow conditions, 
and location of the infarcted area. Multifunctional magnetic 
nanoconstructs can serve to spatially and temporally track the 
injected stem cells and test for their viability. The combination of 
computational modeling and sophisticated nanoconstructs for cell 
labeling should pave the way to new clinical trials for cell-based 
therapies in cardiovascular disease.
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