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Abstract
Regenerative medicine offers hope for patients with myocardial infarction (MI). A good deal of clinical evidence 

shows that the transplantation of stem/progenitor cells from numerous sources can produce significant protective 
effects in the injured heart, such as enhanced perfusion and contractility. The therapeutic effects of transplanted cells 
depend on appropriate delivery into the damaged area of the heart. Thus, the method of cell delivery is an important 
aspect of stem/progenitor cell based therapy, because it affects the fate of transplanted cells and consequently 
determines the clinical outcome. It is still difficult to determine the optimal cell delivery strategy for MI treatment 
from the current preclinical and clinical studies, although cell injections have been widely used in the delivery of 
various types of progenitor cells in clinical trials. Additionally, cell patch engineering has emerged as one of the most 
promising new approaches. This review summarizes the methods, feasibility, safety, efficacy, and advancements 
of these two approaches from recent publications. The combined use of various delivery approaches with stem/
progenitor cell transplantation emerges as an important administration method in tissue engineering to promote 
cardiac regeneration.
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Introduction 
Myocardial Infarction (MI) can irreversibly destroy distal blood 

vessels and myocardium, eventually triggering cardiac remodeling, 
heart failure, or sudden death [1,2]. Traditional therapeutic approaches 
focus on the limitation of the initial injury and secondary maladaptive 
complications. Alternatively, regenerative therapy seeks to induce 
angiomyogenesis for replacing lost or damaged tissues [3,4]. For the 
past decade, multiple clinical trials of cardiac regenerative therapy 
have been performed, but the effects of progenitor cells are still 
intensely debated. Detailed discussions on the therapeutic effects of 
various stem/progenitor cells, including Bone Marrow Mononuclear 
Cells (BMMNC), Mesenchymal Stem Cells (MSC), Hematopoietic 
Stem Cells (HSC), induced Pluripotent Stem Cells (iPSC), embryonic 
stem cells (ESC), Cardiac Stem Cells (CSC), and other endogenous 
stem/progenitor cells have been introduced [5-7]. Undoubtedly, the 
mechanism of action and implementation of various cell resources 
differ from each other, which are important preclinical aspects to be 
studied. However, a common requirement is the delivery of cells to the 
region of interest, in order to develop a safe and effective cell therapy 
for clinical applications. 

The methodology of transplantation is a critical aspect of tissue 
regeneration. This will affect the retention, survival, and functionality 
of donor cells and consequently determine the outcome of cell 
transplantation [8]. Retention is defined as the fraction of transplanted 
cells remaining in the myocardium for a short period of time 
(hours). Increased cell retention has been shown to enhance stem cell 
engraftment and improve therapy outcomes [9,10]. Retention may be 
a function of the local milieu, which influences cell survival, adhesion, 
and migration [11]. Transplanted cells cannot have any therapeutic 
effect if death occurs to a great extent or the cells are not maintained in 
the ischemic/border zone. Recently, low cell retention and engraftment 
have been demonstrated to be key factors limiting successful cell 
transplantation, regardless of the type of cell or the delivery method 
[12]. Thus, we focus on the ability of different cell delivery approaches 
to enhance cell retention. Most importantly, the optimal cell delivery 
strategy should be safe and without risk of secondary damage to the 

host heart. Additionally, it should allow for the transplantation and 
engraftment of a sufficient number of functional stem/progenitor cells. 
Moreover, the cost, manipulation, availability, and application of the 
delivery strategy should be taken into consideration.

Multiple delivery approaches have been developed in recent 
preclinical and clinical studies. Injection has been widely used in 
the delivery of various types of progenitor cells in clinical trials. 
Additionally, the cell patch has been recognized as one of the most 
promising new approaches. This review summarizes these two 
approaches and highlights their major advancements.

Conventional Delivery Routes in Stem/Progenitor Cell 
Based Therapy 

There are numerous cell delivery approaches, which are derived 
from existing clinical and surgical techniques. Briefly, they can be 
divided into intramyocardial injection (including transepicardial, 
transendocardial, and perivascular injection) and intravascular 
infusion (including systemic intravenous infusion, intracoronary 
infusion, and retrograde coronary sinus delivery).

Intramyocardial injection 

In preclinical animal studies, intramyocardial injection is the 
approach by which stem/progenitor cell suspensions are directly 
injected into the infarcted myocardium with a needle in open thoracic 
surgery. In clinical studies, the approach is conducted with the 
assistance of imaging from NOGA mapping (cells are injected directly 
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into the heart via the femoral artery in a manner similar to angiography 
and angioplasty using an additional special machine), angiography, 
Computed Tomography (CT), Magnetic Resonance Imaging (MRI), 
or echocardiography. It is a preferred route for patients with chronic 
myocardial ischemia when transvascular cell delivery is precluded 
due to limited vascularity [8]. Additionally, the technique is suitable 
in the delivery of large cells, such as MSC or myoblasts, which may 
cause micro-embolization [11-14]. Electromechanically-guided 
intramyocardial injection of MSC has been proven as a superior 
method to intracoronary infusion in different animal studies [15,16]. 
Indeed, the intramyocardial injection technique showed high cell 
retention with an increased vascularity and improvement of cardiac 
function [15]. Additionally, this delivery route has been shown to be 
safe for patients with end-stage ischemic heart failure [13,17]. 

Transepicardial injection

Stem/progenitor cell delivery by transepicardial injection has 
been performed during open heart surgery, such as coronary artery 
bypass grafting [18,19]. Cell suspensions can be directly injected into 
the visualized scarred areas and/or the border zone. Nonetheless, 
the invasiveness, especially sternotomy or left thoracotomy, and 
high financial cost of this approach limit its clinical application. 
Also, it is complicated to evaluate and ascertain the efficiency of cell 
transplantation, if other heart surgery is performed simultaneously.

Transendocardial injection

With three-dimensional Left Ventricular (LV) endocardial maps, 
the tissue damage is less extensive in transendocardial injection than 
in transepicardial injection. Briefly, an injection needle catheter from 
peripheral vessels can be navigated across the aortic valve and positioned 
against the endocardial surface, and then cell suspensions can be 
injected into the LV wall [20]. The contact NOGA cardiac mapping 
system has been used in clinical trials to inject stem/progenitor cells 
[17,21]. In addition, a novel non-contact catheter system (Endocardial 
Solutions (ESI)TM system) for transendocardial injection is under 
investigation [22]. Specifically, the body electrode patches of NOGA 
system provide electromechanical (electrical voltage) mapping of the 
endocardial surface, which can delineate viable, ischemic myocardium, 
and direct electrophysiological catheters inside cardiac chamber 
[23,24]. Several other catheter systems, such as Helix and Myostar, 
have also been integrated with electromechanical mapping and are 
being tested in clinical trials [25-27]. This approach has been reported 
to deliver autologous stem/progenitor cells to improve LV dysfunction 
of heart failure patients [28,29].

Perivascular injection

Unlike transendocardial administration approach, perivascular 
injection can be achieved by cannulating a percutaneous catheter into 
the left anterior descending artery. Then, the donor cells can be injected 
into the target territory of damaged myocardium using a specific 
needle [30]. Thus, the catheter system can deliver donor cells parallel 
to the ventricular wall and deep into the ischemic myocardium, which 
results in greater cell retention and is less invasive than the epicardial 
approach [14,31].

Currently, the optimal method for intramyocardial injections is still 
controversial. Thus, compared evaluations between intramyocardial, 
transepicardial, transendocardial and transcoronary injections are 
required to improve the retention and viability for various donor cells. 
Intramyocardial injection of stem/progenitor cells is able to improve 
cardiac function in chronic heart failure, but a risk of ventricular 
arrhythmia potentially occurs [32]. Moreover, its application in 

serious MI patients remains to be considered, because perforation of 
the friable necrotic cardiac tissues remains a matter of concern. Some 
studies showed that its disadvantages may be prevented by using the 
intracoronary route [32,33].

Intravascular infusion

In contrast to intramyocardial injection which directly targets 
ischemic area, the intravascular approach delivers donor cell 
suspension into the coronary circulation with less myocardial injury 
[15,32]. Systemic intravenous infusion is the simplest cell delivery 
route, but its application is extremely limited due to poor migration 
and retention of the transplanted cells in the heart [34,35].

Intracoronary infusion

Compared to systemic intravenous delivery, intracoronary 
infusion (typically through the femoral artery) is an ideal approach for 
intravascular delivery, in order to reduce the homing of cells to other 
organs [34]. Similar to percutaneous coronary intervention, a standard 
balloon catheter is introduced into the cardiac arterial system under 
fluoroscopic screening. When the catheter is advanced to the distal 
end of the infarcted coronary artery, an over guide-wire balloon is 
inflated to cease coronary flow to prevent backflow of the donor cells. 
Subsequently, the cell suspension can be released through the inner 
lumen of the balloon, and then the balloon is deflated to restore the 
coronary flow [36-38]. Since most interventional cardiologists are 
familiar with the noninvasive percutaneous technique, this approach 
has been regularly utilized in cell therapy trials. The intracoronary 
delivery of autologous stem/progenitor cells is a safe procedure, which 
reduces infarct sizes, and improves cardiac function for patients 
with MI [30,39,40]. One multicenter trial showed that the functional 
improvement after intracoronary administration of autologous 
progenitor cells persists for at least 2 years [41]. The intracoronary 
deliver strategy is especially suitable for the treatment of infarcted 
myocardium when the arterial stenosis is reopened by intervention 
donor cells cannot be delivered to an area where blood supply is 
occluded. For the past decade, multiple clinical studies have been 
performed using this approach, particularly in delivering bone marrow 
mononuclear cells, as summarized in references [8,22].

Retrograde coronary sinus delivery

This delivery method provides a cell infusion to the ischemic heart 
via retrograde flow through the coronary sinus or coronary veins [27]. 
Typically, the femoral vein is cannulated with a sheath, and then a 
specialized catheter is placed in the coronary sinus to access the target 
coronary vein. Donor cells are transplanted during balloon occlusion 
of the distal coronary sinus [42]. Coronary veins without obstructive 
disease can provide a means for cell delivery, thereby achieving lower 
risk of coronary embolism, which is beneficial for ischemic areas with 
severe coronary artery stenosis [8,43]. This route has been proven safe 
and feasible in patients with healed MI, although the positioning of 
coronary sinus catheterization requires additional training even for 
experienced interventional cardiologists [14,44]. Coronary sinus 
injury is a rare but potentially lethal complication of the retrograde cell 
delivery technique. A small sinus in a frail patient may be stretched to 
the point of rupture during inflation of the balloon. Furthermore, it is 
not suitable for heart failure patients with resynchronization devices 
and may cause risk of occlusion if delivering large cells.

Notably, some comparison studies have highlighted that the 
retention of the intracoronary-delivered cells remains a central issue 
[15,16,33,45]. The question was raised whether ceasing coronary 
flow would enhance cell retention within the infarcted area, but 
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similar persistence was observed after intracoronary infusion with 
or without balloon occlusion, suggesting that the balloon procedures 
are not necessary [46]. Discouragingly, a significant quantity of the 
transplanted cells failed to home and stay in the heart after balloon 
deflation [47]. CT detection showed that less than 10% of transplanted 
cells were retained within the myocardium, while the majority migrated 
to or were taken up by non-cardiac organs (such as spleen and liver) 
after intracoronary administration [48]. These studies concluded that 
intramyocardial injection may be superior to intracoronary delivery in 
terms of longer term persistence of implanted cells.

In addition, emerging evidence showed that intracoronary delivery 
of stem/progenitor cells was associated with coronary artery re-stenosis 
and blood flow obstruction [49,50]. Furthermore the intracoronary 
approach may require a large quantity of stem/progenitor cells, which 
is not feasible for the autologous cell transplantation in older patients 
with chronic heart failure. Moreover, some studies showed minor 
or even no effects after intracoronary infusion of autologous stem/
progenitor cells on LV function of MI patients [37,51,52]. Taken 
together, intracoronary infusion remains controversial with regard 
to its actual impact on the restoration of cardiac function, which 
should be elucidated by larger sample size studies in the near future. 
These challenges can be overcome through the development of new 
approaches and technology to increase cell retention. 

Improvements and Advances of Injection/Infusion 
Modes

Recently, some injection/infusion strategies have been developed 
to improve the retention and survival of transplanted cells. For 
instance, during the advanced phase of global ischemia-reperfusion, 
cell retention was increased via P-selectin-dependent cell-endothelium 
interaction [53]. Moreover, a multi-welled methylcellulose hydrogel 
system was reported to cultivate human amniotic-fluid stem cells 
to produce spherically symmetric cell bodies for intramyocardial 
injection, which can attenuate cell loss and enhance cell retention 
by providing an adequate physical size and an enriched extracellular 
matrix (ECM) environment, thereby improving heart function [54]. 
Similarly, a thermo-responsive methylcellulose hydrogel system was 
used to fabricate cell fragments that can preserve the endogenous 
ECM, contributing to the improvement of ventricular function via 
differentiation of stem cells into cardiovascular lineage cells [55]. 
Additionally, a biodegradable porous scaffold has been described, 
which has desirable characteristics for cell therapy; this could be used 
to study attachment, growth, differentiation, and survival of stem 
cells in the future [56]. An injectable biopolymer (fibrin) scaffold 
was reported to improve the survival and retention of transplanted 
cells, thereby enhancing angiogenesis and cardiac function in animal 
experiments [57-59]. Furthermore, injectable scaffolds with shape-
memory properties provided enhanced survival, higher local retention, 
and extended engraftment of transplanted cells at the injection site 
[10]. However, these injectable scaffold systems are specific for the 
direct transepicardial approach, and a good deal of work remains to 
evaluate their safety and efficacy before their clinical application.

As discussed above, some studies suggest that an inherent 
disadvantage of the intracoronary approach is low cell retention 
after transplantation [15,45]. In a study designed to compare 
transendocardial injection and intracoronary infusion through delivery 
of the same dose of labeled MSC, transendocardial delivery showed a 
higher local retention of cells at the mid-papillary level in the target 
area, while intracoronary infusion showed widespread distribution 
of cells in the infarcted area [60]. The authors didn’t find a significant 

difference in the delivery efficiency to the heart between these two 
modes, although transendocardial injection led to less retention of 
cells in the pulmonary tract [60]. They found that the transendocardial 
delivery was hampered by the occurrence of ventricular arrhythmias as 
a result of injection, and/or the presence of the posterolateral papillary 
muscle, leading to less stable catheter and needle position. The injected 
cells left the target area via the myocardial venous or lymphatic system 
[60]. Other studies compared the safety and feasibility of early and 
late delivery of stem/progenitor cells with combined intracoronary 
and intramyocardial administration, which improved outcomes for 
patients with acute MI, highlighting the optimal timing and mode of 
delivery of stem cells [61,62]. 

With rapid advancements in imaging devices and catheterization 
techniques, injection modes are becoming viable, feasible, and 
safe for clinical trials. For example, a recent report described the 
safe transendocardial transplantation of cells under real-time 3D 
echocardiography guidance, which improved cardiac function in a 
chronic MI model [63]. In addition, the novel microneedle catheter has 
been shown to have no significant effect on the viability or paracrine 
ability of transplanted stem/progenitor cells, which improved cardiac 
function as indicated by enhancing the ejection fraction of MI patients 
[30,64], although its long-term safety profile should be investigated. 

Engineered Tissue Transplantation
In addition to injection modes, there are several novel approaches 

for delivering stem/progenitor cells to the ischemic heart by biomedical 
engineering. Engineered tissue transplantation is a novel solution to 
poor cell retention, engraftment, and survival, which are problematic 
issues in conventional injection/infusion modes [65,66]. These methods 
aim to repair the injured heart by providing cells growing on patches 
or scaffolds. 

The general biomaterial approaches for MI treatment include 
LV restraints, injectable scaffolds, and cardiac patches (sheets) 
[67]. Although they are not used for cell delivery, LV restraints are 
biomaterial supports that can prevent negative LV remodeling and LV 
dilation, as introduced in other reviews [67,68]. Injectable scaffolds 
are well established for intramyocardial injection, and can improve 
cellular retention and viability; clinical trials using this technique are 
now underway (NCT00557531, ClinicalTrials.gov). The cell patch 
technique will be discussed below.

Cell Patch Engineering
Cell patch technology is one of the most promising new approaches 

for MI treatment. The application of cell patches can enhance cell 
engraftment and provide the microenvironment to support cellular 
survival, differentiation, and proliferation [69]. The transplantation of 
various stem/progenitor cells by a variety of cell patches/scaffolds has 
been shown to improve LV function of infarcted heart [70]. The delivery 
efficiency of cell patches is dependent on the properties of the scaffold 
biomaterial. Both natural materials and synthetic materials have been 
reported in cell patch/scaffold applications. Natural materials include 
ECM components, such as gelatin, matrigel, and collagen [68,71,72]. 
Additionally, perfusion-decellularized scaffolds providing the complex 
milieu of the native ECM have been used to create cardiac patches for 
myocardial regeneration [73,74]. Myoblast cell patches prepared from 
a fibrin-coated culture plate or a myoblast seeded collagen sponge can 
result in significantly greater angiogenesis and graft functionality in rats 
after MI, compared to intramyocardial injections [75]. Our research 
group has established a cell patch method by seeding progenitor cells 
on parietal peritoneum, which can enhance tissue nutrition, reduce 
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myocardial remodeling, and improve heart function of MI animal 
models [76,77]. Although natural scaffolds can protect cellular viability 
and function, their inconsistent material properties, rapid degradation 
kinetics, and weak mechanical properties hinder their application in 
clinical trials [70]. By contrast, synthetic polymers have the advantage 
of allowing precise control of hydrophilic/hydrophobic characteristics, 
degradation rate and mechanical properties.

Currently, there is a broad range of synthetic copolymers being 
explored in tissue engineering [78]. Initially, biodegradable synthetic 
materials emerged as one of the most promising new approaches for 
MI treatment. An elastic biodegradable polyester urethane urea cardiac 
patch was applied onto the infarcted heart, which reduced ventricular 
remodeling and improved performance [79]. The implantation of 
biocompatible, biodegradable stem/progenitor cell-seeded scaffolds, 
such as poly-glycolide-co-caprolactone and poly-lactide-co-epsilon-
caprolactone, aided cell migration into infarcted areas, and effectively 
improved LV systolic dysfunction [80,81]. However, these kinds of 
traditional synthetic polymers have a number of drawbacks. They can’t 
reproduce a physiological matrix environment and are stiffer than heart 
tissue. Furthermore, their biodegradation processes are considered to 
be potentially harmful as they induce inflammatory responses [70,82]. 
Interestingly, these issues can be overcome by the implementation 
of thermo-responsive polymers that avoid the use of any additional 
materials such as carrier substrates or scaffolds. 

The discovery of a temperature-responsive polymer (poly-N-
isopropylacrylamide) allows the seeded cells to be harvested as intact 
sheets by temperature changes, thereby avoiding the use of proteolytic 
enzymes [82-84]. This technique can be used for tissue regeneration 
by either direct transplantation of cell sheets or the creation of three-
dimensional structures via the layering of individual cell sheets [82,84]. 
Using the cell sheet technology, seed cells maintained multipotent 
and self-propagating properties and improved cardiac function in 
MI rats after transplantation [85]. A chemically defined thermo-
responsive hydrogel has been described, which represents a flexible 
approach for maintaining pluripotency and improving the efficacy 
and safety of stem/progenitor cell culture systems [86]. iPSC- or ESC-
derived cardiomyocyte sheets cultured on thermo-responsive dishes 
significantly attenuated LV remodeling, provided trophic support, and 
improved cardiac performance of ischemic hearts [87-89]. Moreover, 
this technique can preserve cell-cell interactions and ECM, support cell 
growth, and promote the retention of seed cells after transplantation 
[84,90,91]. A novel thermo-responsive carrier fabricated from 
poly-vinyl-methyl-ether on polymeric surfaces meets cell type 
specific requirements with controllable layer thickness, stiffness, 
and functionalization [92]. Thus, the preclinical studies of thermo-
responsive dishes provide a basis for clinical investigation in cardiac 
regeneration therapy and the treatment of other diseases [93-95].

Advancements in biomaterial science have provided numerous 
other approaches to produce cell sheets. For example, dishes coated 
with fibrin (fibrinogen monomers mixed with thrombin) have been 
described, that allow for easy dissociation of cell sheets using a cell 
scraper [96]. Furthermore, a new polyelectrolyte-based platform allow 
for the controllable detachment of cell sheets by both electrochemically-
induced local pH lowering and global decrease of the environmental pH 
[97]. The addition of nontoxic ions (ferrocyanide) to the cells cultured on 
polyelectrolyte multilayers resulted in dissolution of biomaterials and 
rapid detachment of viable cell sheets, which is a promising approach 
for cell sheet engineering [98]. Nevertheless, the thermo-responsive 
technique is developing as an ideal approach for manufacture of cell 
sheets. Nobably, the success of fabricating transplantable cardiac-like 

tissue using cell-sheet engineering in combination with decellularized 
tissues has recently been described in vivo [99].

Refinement of Cell Patch Approaches
Although tissue engineering for cardiac regeneration is promising, 

it is still at preliminary, preclinical stage. The transplantation of 
cell sheets is invasive, but may be enabled as an adjunct therapy to 
another surgical procedure. Remarkably, a square cell sheet (24×24 
mm) was successfully transplanted onto wound sites of porcine lung 
thoracoscopically, using a novel device inserted through a 12 mm port, 
which enabled less invasive transplantation of cell sheets [100]. The 
therapeutic window, number, and delivery mode of stem/progenitor 
cells should be optimized for the different classifications of MI. A 
report of the International Society for Cardiovascular Translational 
Research offers recommendations for successful training on methods 
of injection delivery of biologics for cardiac regeneration [27], whereas 
the criteria and training for the application of cell patches has not 
been officially established, as it still requires more investigation and 
improvement. 

Recently, the issue of poor migration and integration of 
transplanted stem/progenitor cells into the heart has been raised, 
although cell retention can be enhanced by the cell sheet approach 
[65,66]. After MI, epicardial fibrosis and scar formation create a 
barrier that severely compromises the engraftment of stem cells and 
limits their blood supply. Our current studies have sought to refine 
transplantation methods by enhancing the release of paracrine factors, 
degrading collagen, or building up new vascular networks between the 
host myocardium and cell sheets (neovascularization) [101,102]. It is 
crucial for engineered tissues to provide a suitable environment for 
neovascularization/angiogenesis, to supply nutrients and carry away 
metabolic products. Other desirable qualities include improvement 
of cardiac contractility (via direct myogenesis or due to paracrine 
effects from stem cells) and increased cell survival (via anti-apoptotic 
signaling), which can combine to reduce myocardial remodeling, 
limit infarct size, and improve the heart’s mechanical performance. It 
is also very important to modify donor cells prior to administration 
(preconditioning) with various physical, chemical, or biological 
manipulations [77,103-105]. 

A single layer of cells is so fragile that it needs suitable materials to 
support it. Importantly, the thermo-responsive technique can achieve 
three-dimensional reconstruction of a tissue in vitro by layering 
individual cell sheets, which increases the sheet’s thickness and 
provides adequate numbers of various seed cells. Thus, the optimal cell 
deliver methods for MI treatment will be noteworthy in future studies.

Human clinical trials are now beginning to appear. The benefits of 
cell patch based therapy are considered to include increased LV wall 
thickness at the infarct region, attenuated LV dilation, and improved 
heart function [106]. Unfortunately, the current surgical procedure is 
invasive and requires thoracotomy. This issue reduces enthusiasm and 
potential significance. However, a novel device for minimally invasive 
transplantation of cell patches in endoscopic surgery with video-
assisted thoracoscopic surgery is now available and offers an alternative 
minimally invasive approach to applying such tissue patches to regions 
of MI [100]. The ultimate goal in cell patch application is to generate 
biocompatible, non-immunogenic heart muscle with morphological 
and functional properties similar to natural myocardium to repair MI.

Conclusion
In summary, all of the current cell delivery approaches aim to 

enhance stem/progenitor cell engraftment, survival, and integration 
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to host tissues after MI. For the past decade, multiple clinical trials of 
cardiac regenerative therapy have been performed using various cell 
delivery approaches, but the ideal strategy has still not been established. 
Although intramyocardial injection is recommended for MI treatment 
over intracoronary infusion, the latter is less invasive and suited for the 
treatment of infarcted and reperfused myocardium. Importantly, the 
cell patch (sheet) technique provides a new hope for the future treatment 
in MI patients, but requires more evaluation and optimization prior to 
clinical application. Thus, the most favorable combination of various 
delivery approaches and biomaterials for cell transplantation in MI 
therapy will become an important area of research for future study.
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