Cardiac regeneration in the clinical translation era: from paracrine mechanisms to bioengineered patches 
Abstract
This narrative review examines emerging regenerative strategies for myocardial repair, including stem cell therapies, tissue engineering, and bioengineered cardiac patches. A literature search was conducted in PubMed, Scopus, and Web of Science (January 2015–May 2026). Stem cell therapy using mesenchymal stem cells, induced pluripotent stem cells, and cardiac progenitor cells has shown therapeutic potential through paracrine effects such as angiogenesis, immunomodulation, and reduced fibrosis. Clinical trials report improved left ventricular function and smaller scars without significant adverse effects. Tissue engineering has produced scaffolds from natural polymers (collagen, fibrin, alginate) and synthetic materials (PCL, PLGA, PEG) that enhance cell engraftment. Recent innovations include electroconductive patches, decellularized ECM scaffolds, and 3D-bioprinted constructs, which have improved electrical integration and functional recovery in preclinical models. However, challenges such as arrhythmogenicity, scalability, and cost remain. The convergence of stem cell biology, biomaterials, and biofabrication is advancing next-generation therapies toward clinical-grade products. Personalized medicine using patient-specific iPSCs and AI-driven stratification offers promise for tailored interventions, moving beyond symptom management toward true myocardial regeneration.
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1. Introduction
The human heart, once thought to be a post-mitotic organ with limited regenerative capacity, has become a major focus of regenerative medicine due to groundbreaking insights into myocardial plasticity and its potential for tissue repair (1). While the adult mammalian heart exhibits only minimal cardiomyocyte turnover, estimated at less than 1% per year, some lower vertebrates, such as zebrafish and salamanders, exhibit robust cardiac regeneration throughout life, inspiring efforts to replicate such phenomena in humans (2). Cardiac regeneration broadly refers to strategies that restore myocardial structure and function after injury, particularly myocardial infarction (MI), by replacing lost cardiomyocytes, reestablishing vascular networks, and reducing fibrotic remodeling. Recent advances in stem cell biology, bioengineering, and materials science have converged to develop promising approaches, such as cell therapy, engineered cardiac patches, and 3D bioprinted scaffolds, that aim to regenerate rather than replace damaged cardiac tissue (3, 4). Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality worldwide, accounting for an estimated 17.9 million deaths annually, of which heart failure and ischemic heart disease constitute major contributors. Myocardial infarction, primarily caused by coronary artery occlusion, leads to irreversible cardiomyocyte loss and subsequent replacement with fibrotic scar tissue (5). This fibrotic remodeling impairs ventricular contractility and contributes to progressive heart failure, which poses a growing clinical burden and economic challenge. Despite advances in medical and device-based therapies, current treatments such as pharmacologic agents, ventricular assist devices, and heart transplantation remain largely palliative or limited by donor availability and procedural risks. Thus, there is a pressing need for transformative therapies that can repair or regenerate the myocardium and restore cardiac function in a durable, patient-specific, and scalable manner (6, 7). This review aims to provide a comprehensive and focused examination of emerging regenerative strategies for myocardial repair, with particular emphasis on three core therapeutic approaches: stem cell-based therapy, engineered cardiac patches, and 3D bioprinting combined with scaffold technology. Drawing upon recent advances in cellular engineering, biomaterials design, and translational research, we explore how these strategies address the biological and clinical challenges of heart regeneration. We critically analyze the underlying mechanisms, preclinical outcomes, and clinical potential of these interventions, while also highlighting the technical and regulatory hurdles that remain. By synthesizing insights from tissue engineering, stem cell science, and biofabrication, this review seeks to inform the development of next-generation therapies that move beyond symptom management and toward true myocardial regeneration.
2. Methodology
This narrative review synthesizes recent advances in cardiac regeneration, focusing on stem cell-based therapies, tissue engineering approaches, and bioengineered cardiac patches. A comprehensive literature search was conducted using PubMed, Scopus, and Web of Science databases for peer-reviewed articles published between January 2015 and May 2026. The search strategy employed combinations of keywords including "cardiac regeneration," "stem cell therapy," "mesenchymal stem cells," "induced pluripotent stem cells," "cardiac tissue engineering," "3D bioprinting," "cardiac patches," "myocardial infarction," and "heart failure."
The inclusion criteria encompassed original research articles, clinical trials, preclinical studies, and systematic reviews that investigated regenerative strategies for myocardial repair. Both in vitro and in vivo studies were considered, with particular attention to those reporting functional outcomes, mechanistic insights, or translational potential. Studies were excluded if they were non-English publications, conference abstracts, or opinion pieces without original data.
The review structure was organized around three core therapeutic approaches: stem cell-based therapies (including mesenchymal stem cells, induced pluripotent stem cells, and cardiac progenitor cells), engineered cardiac patches (biological, synthetic, and hybrid constructs), and 3D bioprinting technologies combined with scaffold-based tissue engineering. Data extraction focused on study characteristics, cell types, scaffold materials, animal models, clinical outcomes, and reported mechanisms of action.
3. Background on cardiac regeneration
3.1 The pathophysiology of heart disease and the need for regeneration 
Cardiovascular disease (CVD) remains the leading cause of death worldwide, largely due to the limited regenerative capacity of the adult mammalian heart following injury. After a heart attack (MI), the huge loss of cardiomyocytes causes fibrotic scarring instead of real tissue regeneration. This leads to adverse remodeling and eventually heart failure (8).  

3.2 Current treatment modalities and their limitations 
Heart failure treatments include drugs (beta-blockers, ACE inhibitors), mechanical devices (Left Ventricular Assist Devices, or LVADs), and heart transplants, which have helped patients. However, they do not fix the problem of cardiomyocyte loss. Heart transplantation is the only treatment that can cure the disease, but there are not enough donors, and there are problems with the immune system (5). In the same way, LVADs provide mechanical assistance but also carry a higher risk of thromboembolic events and infections. These constraints make it even more important to find regenerative techniques that can restore the structure and function of the heart by replacing damaged cardiomyocytes and maintaining blood vessels (9). 
3.3 New ways to fix and regenerate the heart 
Because the adult human myocardium lacks significant regenerative capacity, regenerative medicine has focused on developing new treatments to repair the structure and function of the heart after myocardial injury. Some of the most promising new strategies combine stem cell biology, biomaterials science, and tissue engineering to create cardiac structures that can help restore normal function (10). More and more, these new methods are seen as complementary to traditional treatments such as drugs and mechanical devices, which also have their own problems. Using stem cell-based therapies, especially pluripotent stem cells like human induced pluripotent stem cells (hiPSCs) and mesenchymal stem cells (MSCs), is a significant aspect of these techniques. These cells can differentiate into cardiomyocytes, endothelial cells, and smooth muscle cells, potentially enabling tissue replacement. For example, hiPSC-derived cardiomyocyte (hiPSC-CM) sheets have been shown to contract synchronously with host myocardium and to improve ventricular function in preclinical models (11-13). MSC-based patches, on the other hand, have been shown to have immunomodulatory, angiogenic, and anti-fibrotic effects through paracrine signaling. Because these cells can regenerate, engineered cardiac patches have become a flexible way to fix damaged heart tissue. These patches are usually made of biodegradable scaffolds that have therapeutic cells or bioactive chemicals on them. They are meant to be put on the surface of the heart that has been damaged. They do more than just provide mechanical support; they also help cells get to where they need to go and send signals for regeneration (14-16). Different approaches to making things, such as stacking cell sheets, decellularized extracellular matrix (dECM), and embedding hydrogel, have led to the creation of both cell-laden and acellular patches. For instance, clinical trials using autologous skeletal myoblast sheets in patients with end-stage ischemic cardiomyopathy have shown that left ventricular ejection fraction and patient survival rates have improved. Another major step forward in the field is the use of 3D bioprinting and scaffold-based tissue engineering, which enable precise control over the shape of cardiac structures (17). These methods use bioinks composed of cells, dECM, and supporting hydrogels to mimic the structure and function of native myocardium, but in a non-isotropic manner. Animal studies have shown that pre-vascularized 3D-bioprinted patches composed of cardiac progenitor cells and MSCs in layered structures improve blood flow, electrical integration, and tissue remodeling after implantation. Also, the scaffold materials polycaprolactone (PCL), fibrin, and alginate have been modified to retain cells better, conduct electricity, and degrade (10, 17). These combined methods mark a major change in how heart disease is treated, moving from symptom management to tissue replacement and regeneration. New therapies, such as stem-cell-loaded cardiac patches and 3D-bioprinted myocardial constructs, combine the biological power of stem cells with the structural and functional benefits of engineered biomaterials. These therapies hold great promise for clinical translation and give patients with end-stage heart failure new hope.
4. Stem cell therapy for cardiac regeneration:
The therapeutic application of stem cells facilitates endogenous repair by attracting resident stem and progenitor cells and enhancing the expansion of cardiac myocytes, thereby supporting tissue regeneration. Through cell therapy, it is possible to replace the mature, terminally differentiated cardiomyocytes that have been damaged due to myocardial ischemia. Stem cell therapy is considered a novel, potentially promising approach to cardiac regeneration, with its primary objective being the use of cells and paracrine-mediated repair mechanisms to restore damaged myocardial tissue (18). Recent advancements in stem cell regenerative therapies provide new promise for treating myocardial infarction. In recent decades, numerous preclinical studies have demonstrated the feasibility of cell-based therapies, such as progenitor cells, mesenchymal stromal cells (MSCs), embryonic stem cell-derived cardiovascular progenitors, and induced pluripotent stem cell-derived cardiovascular cells, in treating heart diseases (19, 20) .
4.1 Stem cells and their types: pathways to cardiac repair and regeneration
Stem cells are undifferentiated and can differentiate into different cell types while maintaining their density through proliferation. The most important spectrum of stem cells that play an effective role in cardiac regeneration includes mesenchymal stem cells (MSCs), induced pluripotent stem cells (iPSCs), and cardiac progenitor cells (CPCs) (21, 22) .
Totipotent cells form a variety of cell types, such as embryonic and extraembryonic. Pluripotent cells are derived from the inner cell mass of the embryo and differentiate into the three embryonic germ layers (ectoderm, mesoderm, and endoderm), but cannot form extraembryonic tissue. Pluripotent cells are considered embryonic stem cells (ESCs) (20).
The therapeutic effects of cell-based strategies are attributed not only to the direct replacement of damaged CMs but also to paracrine signaling, where transplanted cells secrete bioactive factors, including a variety of growth factors such as vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), fibroblast growth factor (FGF), stromal cell-derived factor 1 (SDF-1), and transforming growth factor-beta (TGF-β). In addition, these cells secrete vesicles containing non-coding RNAs, mRNAs, miRNAs, and proteins that collectively contribute to processes such as angiogenesis, immune suppression, and fibrosis reduction, ultimately leading to myocardial tissue repair(22).The success of cell therapy depends in part on how the cells are used and delivered.
 Stem cells can be injected in four ways: intramuscularly, intravenously, intracoronary, and using three-dimensional scaffolds of damaged myocardium. Intramuscular injection refers to the process of injecting stem cells into ischemic myocardial tissue. This is a highly invasive technique that causes side effects such as patient death. For this reason, stem cells cannot be repeatedly injected into the patient using this method(23). Intravenous injection involves injecting stem cells into the venous blood in the form of serum therapy, which is less invasive and can be injected into the patient repeatedly compared to the previous method, and is mainly used in patients with myocardial infarction (after a myocardial infarction or after a MI) (24, 25). This method relies on the localization of cells within the damaged area via paracrine signaling. Intracoronary injection also involves directly injecting stem cells into one of the coronary branches of the heart's myocardium. The most common injection method is to ensure that the patient's coronary arteries are not perfused poorly and that the cell size and arterial diameter are considered before injection, so that the cells do not block capillaries (26). The fourth major approach involves the use of three-dimensional (3D) scaffolds or cardiac patches as delivery vehicles for stem cells. Unlike direct injection methods, scaffold-based delivery aims to create a supportive microenvironment that mimics the native extracellular matrix (ECM), providing a platform for cell attachment, survival, and organization. Cells are either seeded onto a pre-formed biodegradable scaffold or encapsulated within a hydrogel before being surgically implanted onto the epicardial surface of the damaged myocardium. This strategy offers several advantages, including the ability to deliver a high density of cells directly to the injury site, mechanical reinforcement of the thinning ventricular wall to prevent adverse remodeling, and controlled, sustained release of paracrine factors. Furthermore, scaffolds can be engineered with specific properties, such as tailored degradation rates, porosity for vascularization, and conductivity to support electromechanical integration with the host tissue (14-16). While this method is more invasive than intravenous injection, it provides a structural and biochemical framework that promotes cell retention, engraftment, and tissue regeneration, addressing key limitations associated with conventional injection techniques (23).
4.2 Adult stem cells
Stem cells can self-renew, differentiate into specialized cells, proliferate, and contribute to the formation of various tissues and organs. Among the stem cells used are bone marrow-derived cells, adult cardiac resident stem cells, mesenchymal stem cells, and embryonic stem cells from both humans and mice.
As noted above, one major category of stem cells is adult stem cells, whose tissue homeostasis largely depends on their ability to be activated from a quiescent state under appropriate conditions, undergo autonomous proliferation, and differentiate into specialized cells to replace worn-out or dead cells. In mammals, adult stem cells are found in nearly all tissues, though some contain more potent stem cells than others. Based on their regenerative capacity, tissues can be divided into three broad categories: those with rapid cell replacement, such as blood and skin; those with moderate replacement that can increase after injury, such as muscles; and those with limited ability to repair severe damage, such as the heart and brain.
This limited repair ability partly explains why heart and brain injuries are among the leading causes of death worldwide. In adults, adult stem cells usually generate the specific types of cells needed in the tissue where they reside—for example, blood cells in the bone marrow, skin cells in the epidermis, or nerve cells in the brain and spinal cord.
While adult stem cell therapy is generally considered safe, its effectiveness is often limited due to certain drawbacks. This underscores the need for better treatment strategies. Some of the key challenges include: (a) a limited supply of stem cells that can successfully integrate into tissues, (b) the need to deliver the therapy within a specific time window, (c) natural limitations of stem cells in their ability to grow, support surrounding cells, and transform into other cell types, and (d) potential side effects from the transplanted cells, such as the risk of tumor development (27).
4.3 Induced pluripotent stem cells (iPSCs)
Induced pluripotent stem cells (iPSCs) are another type of stem cell. Induced pluripotent stem cells (iPSCs), along with embryonic stem cells (ESCs), belong to the category of human pluripotent stem cells (hPSCs). These remarkable cells offer promising therapeutic potential—for instance, researchers have demonstrated their ability to restore neural function in post-stroke recovery models. Experimental evidence shows that most transplanted cells are cleared within weeks. Surprisingly, this limited persistence may enhance safety by reducing oncogenic risks.
Recent breakthroughs in stem cell research have uncovered innovative methods to eliminate undifferentiated iPSCs, significantly enhancing their therapeutic potential. Techniques such as L-alanine-enriched culture media and plasma-activated media (PAM) have shown particular promise for purifying cell populations. Beyond their clinical applications, iPSCs offer unique advantages—most notably, they allow scientists to study embryonic stem cell properties without the ethical controversies surrounding embryonic stem cells. This dual benefit has revolutionized regenerative medicine, opening new frontiers in: (1) Disease modeling: From cardiac conditions and genetic arrhythmias to neurological disorders like Alzheimer’s. (2) Drug development: Creating accurate human cell models for safer, more effective pharmaceutical testing. (3) Cellular reprogramming: Deciphering the molecular mechanisms that maintain stem cell identity during differentiation (28).
4.4 Mechanisms of action in cardiac repair
In many reports, the human heart has been considered a postmitotic organ, whereas neonatal cardiomyocytes retain regenerative potential for only a limited time before gradually losing it (29). Therefore, it is necessary to identify factors that promote the replacement of lost cardiomyocytes. Among these, some factors play a significant role in heart repair after birth, including paracrine effects and direct differentiation. This section will review the two factors mentioned.
4.4.1 Paracrine effects
Paracrine factors include a variety of growth factors, chemokines, and secretory cytokines. These factors stimulate mechanisms such as angiogenesis, immune regulation, and modulation of immune responses, thereby stimulating cardiac stem cells (CSCs) and other stem cells involved in repair, reducing hypertrophy in damaged tissue, and inhibiting apoptosis in cardiac cells adjacent to the damaged area (30).
The role of stem cells in paracrine signaling and tissue repair is important. Numerous studies have investigated the role of various types of stem cells, including mesenchymal stem cells (MSCs), bone marrow stem cells (BM-MSCs), induced pluripotent stem cells (iPSCs), cardiac stem cells (CSCs), adipose-derived stem cells (ASCs), cortical bone-derived stem cells (CBSCs), and hematopoietic stem cells (HSCs) (30). In addition, cells such as cardiac progenitor cells (CPCs) (31), T regulatory cells (32, 33), and process such as paracrine interactions between myeloid and endothelial cells (ECs) (34),are also involved in cardiovascular tissue repair.
Mesenchymal stem cells (MSCs) exert their effects mainly through paracrine signaling and are less involved in direct differentiation into cardiac tissue. These cells can play a role in stimulating angiogenesis, activating endogenous CPCs, preventing the formation of fibrotic tissue at the site of injury, modulating inflammatory pathways, and inhibiting apoptosis by secreting key factors such as insulin-like growth factor-1 (IGF-1), VEGF, HGF, SDF1α, transforming growth factor-beta-1 (TGF-β1), and TSG-6. Therefore, they can also act as modulators of the immune system (35, 36). Studies show that MSCs preconditioned under hypoxia exhibit enhanced paracrine activity and immune system modulation (37). 
Bone marrow stem cells (BM-MSCs) perform cardiac repair in the form of a short-term paracrine effect (38) by secreting a variety of growth factors such as VEGF and adrenomedullin(30). In addition to paracrine effects, these cells are also involved in direct differentiation into cardiomyocytes (39).
Brown adipose tissue (BAT), white adipose tissue (WAT), epicardial adipocytes, pericardial adipocytes, and omental adipocytes are the reservoirs of body fat from which adipose-derived mesenchymal stem cells (ASCs) can be extracted. These cells secrete specific growth factors that enable the repair of damaged tissue (40). ASCs have similar functions to BM-MSCs, but unlike BM-MSCs, they are more easily obtained.
Induced pluripotent stem cells (iPSCs) can perform paracrine signaling. Although these cells can also directly differentiate into cardiomyocytes, their ability in this area is limited (41). 
Cardiac stem cells (CSCs) have a short lifespan but play a significant role in heart repair by secreting growth factors such as VEGF, HGF, and FGF (30).
Hematopoietic stem cells (HSCs) play a role in cardiac tissue repair through their paracrine signaling. Studies have confirmed that the paracrine effect of these cells in repair is greater than that of MSCs (42). Although HSCs can differentiate into all blood cell lineage (43), they do not play a significant role in direct cardiomyocyte differentiation, unlike MSCs.
Studies by Sasaki and colleagues on paracrine signaling of cortical bone stem cells (CBSCs) in mice showed that these cells play a role in the repair of damaged cardiac tissue by secreting TGF-β1, which is involved in the differentiation of fibroblasts into smooth muscle actin-positive (a-SMA+) myofibroblasts. This factor can improve cardiac contractile function by replacing fibrotic tissue with muscle cells in the damaged area after MI (44). Other paracrine secretions, such as IL-6, PGF, MCP-1, and the FGF family, are secreted from other cells and are mainly involved in angiogenesis (30).
4.4.2 Direct differentiation
Direct differentiation refers to the conversion of stem cells into cardiomyocytes without intermediate stages. Since mature cardiomyocytes are considered postmitotic, stem cell differentiation into CMs is an effective approach for treating damaged cardiac tissue after MI. Stem cells have different capacities to differentiate directly into cardiomyocytes. Some cells have a greater ability to differentiate, including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) from the pluripotent stem cell (PSC) lineage, bone marrow mesenchymal stem cells (BM-MSCs), adipose stem cells (ASCs), resident cardiac stem cells, and umbilical cord-derived mesenchymal stem cells (39).
ESCs are derived from the inner cell mass of the blastocyst, and iPSCs are generated by reprogramming differentiated somatic cells through the introduction of key transcription factors Oct4, Sox2, Klf4, and Nanog. Both cell types can grow indefinitely and differentiate into a variety of cell types, giving rise to all three embryonic germ layers and their derivatives (39, 45). The culture of these cells in vitro varies according to their type and yields different results from direct differentiation into functional cardiomyocytes (46).
BM-MSCs are multipotent cells that can differentiate into all three embryonic germ layers (39). These cells are considered a more suitable alternative for cell culture and differentiation due to ethical considerations related to the extraction and use of PSCs (47, 48). Numerous studies have been conducted on the culture of these cells. These studies show that co-culture of BM-MSCs with cardiomyocytes (CM) yields more effective results (39).
ASCs, which were mentioned earlier, are involved in direct differentiation. White adipose-derived stem cells (WATDS) and brown adipose-derived stem cells (BATDS) can differentiate into beating cardiomyocytes and cardiomyocyte-like cells, respectively, after transplantation into the heart after MI. However, BATDS are a more suitable source for cell proliferation and differentiation, as they express a greater number of cardiac-specific genes. Epicardial and pericardial adipose tissue (EAT) cells share a similar genotype with BAT and exhibit cardiomyogenic properties (39). Further studies are needed to confirm the efficacy of these cells. 
Umbilical cord-derived mesenchymal cells include amniotic fluid mesenchymal stromal cells (AF-MSCs) and Wharton's jelly mesenchymal stromal cells (WJ-MSCs). These cells also have multipotent potential and show a greater tendency to differentiate into functional cardiomyocytes in vitro (39). 
Many signaling pathways are involved in the direct differentiation of stem cells into cardiomyocytes, each initiated and controlled by specific proteins. The bone morphogenetic protein (BMP) pathway is essential for the expression of key transcription factors such as Hand1, Isl1, and Nkx2.5 that are involved in cardiomyocyte differentiation. The fibroblast growth factor (FGF) pathway, through protein factors FGF-2, FGF-3, FGF-4, FGF-9, and FGF-10, functions in the formation, maintenance, and differentiation of cardiac mesoderm cell populations (47, 49). The Notch pathway plays an important role in guiding iPSCs and mesoderm cells in the development and proliferation of cardiomyocytes (50). The Sonic hedgehog pathway promotes cell proliferation and cardiac growth by inhibiting the membrane protein Ptch1 and activating genes through GLI. The Hippo signaling pathway increases the proliferation of neonatal cardiomyocytes by activating YAP1(51). The Wnt pathway plays a pivotal role in the development of cardiomyocytes and cardiac mesoderm and the expression of multiple phenotypes.
These pathways influence cardiac tissue formation through their interactions or interference. Studies have shown that FGF signaling works in conjunction with BMP signaling to form cardiac mesoderm during embryonic development (52). Disruption of the Notch pathway reduces BMP10 expression and disrupts cardiomyocyte proliferation. Inhibition of Wnt3 in the Wnt pathway by YAP1 in the Hippo pathway can also stop cardiomyocyte differentiation (53). The two mechanisms mentioned earlier have significantly contributed to the application of stem cells in heart tissue repair. The high proliferative capacity of stem cells (47), the ability to differentiate into different cell lineages, easy accessibility to most of these cells, and their genetic manipulation are some of the advantages of using stem cell-based tissue repair methods. However, the use of stem cells has disadvantages, including the short survival of these cells in the tissue (54), the possibility of rejection of cultured cell transplants and the development of immunological complications, the risks of tumorigenesis due to uncontrolled proliferation, especially in iPSCs, and ethical concerns in the use of ESCs. Further research is needed to effectively use stem cells in the clinical setting in order to minimize the barriers to their use (55, 56).
It is now understood that the relative contribution of paracrine vs. direct differentiation mechanisms is time‑ and context‑dependent. Early after transplantation (days to weeks), paracrine effects dominate; late stages (months) may benefit from a small number of direct cardiomyocyte integration events. Future studies should avoid framing these as mutually exclusive and instead investigate their synergy using dual‑reporter systems in large animals.
4.5 Clinical trials and outcomes
Stem cell application in cardiac regenerative medicine studies was initiated two decades ago, with enhanced publication frequency in the past 5 years (PubMed). Mesenchymal stem cells (MSCs) are the most commonly used type of stem cells due to their biomanufacturing, biobanking, immunomodulatory, and regenerative capacity (57). Studies include the spectrum of cardiovascular disease (CVD), heart failure (HF), myocardial infarction (MI), and arrhythmia. Several obstacles made studies challenging, including the lack of patients, concurrent diseases, differences between human and animal models, cell culture difficulties, and transfusion limitations. One repeatedly measured characteristic is the wall thickness of the left ventricle (LV), and another is scar size decrease and the wound healing process. Overall, no significant adverse effects were observed, and recorded signs were limited to subclinical ones (57).
Preclinical evaluation of hiPSC-CM patches showed improved cardiac function and safety in a porcine model, with no tumorigenic cells or adverse events, indicating potential for clinical application in heart failure treatment (58). This milestone validates the clinical feasibility of cardiac patches and sets a new benchmark for future products (summarized in Table 1).
5. Tissue engineering approaches
Myocardial infarction (MI), commonly known as a heart attack, is primarily caused by coronary artery disease and results in the irreversible loss of cardiomyocytes, leading to diminished contractile function of the heart (59). Numerous studies have demonstrated that adult human hearts possess very limited regenerative capacity, particularly in terms of restoring functional cardiomyocytes. To date, no clinically approved tissue substitute has fully compensated for the loss of cardiac muscle tissue following MI (60). Given the global burden of cardiovascular diseases—which remain the leading cause of death worldwide and accounted for over 160,000 deaths in Iran alone in recent years—cardiac tissue engineering (cTE) has become a prominent area of research within regenerative medicine (61). Tissue engineering, as a scientific discipline, emerged approximately 4 decades ago at the intersection of biomedical engineering and the life sciences. Its primary objective is to develop biological substitutes that can repair, replace, or regenerate damaged tissues or organs (62).
In cardiac applications, tissue engineering strategies primarily rely on two essential components: scaffold materials and cell-seeding techniques (63).
5.1 Scaffold materials and their properties
Scaffolds provide a three-dimensional structural framework that supports cell attachment, proliferation, and differentiation, making them fundamental to successful cardiac tissue engineering. Depending on their origin, scaffolds are typically categorized into two main types: natural and synthetic (59). 
Natural scaffolds—derived from biological sources—include biopolymers such as collagen, chitosan, fibrinogen, silk fibroin, albumin, hyaluronic acid, alginate, and elastin. These materials are known for their excellent biocompatibility, intrinsic bioactivity, and biodegradability, making them well-suited for supporting cell functions and integration with host tissue. 
On the other hand, synthetic scaffolds—engineered from manufactured polymers—offer tunable mechanical properties and structural consistency. Common synthetic materials used in cTE include polycaprolactone (PCL), poly (L-lactic acid) (PLLA), polyglycolic acid (PGA), and poly (DL-lactide-co-glycolide) (PLGA). While synthetic scaffolds may lack the natural cues found in biological materials, they allow for precise control over degradation rates, porosity, and mechanical strength.
A comparative analysis reveals that natural scaffolds generally offer superior biodegradability and cellular compatibility, whereas synthetic scaffolds provide greater mechanical strength, reproducibility, and fabrication flexibility (64). Therefore, recent research has increasingly focused on hybrid scaffolds that aim to combine the benefits of both material types for optimized performance in cardiac tissue regeneration (see Table 4 for a detailed comparison).
5.2 Cell-seeding techniques in engineered cardiac tissues:
Recent advances in scaffold-based cardiac tissue engineering have enabled more effective cell seeding and tissue organization. Techniques such as electrospinning, 3D bioprinting, and decellularized extracellular matrix (dECM) scaffolds are widely employed to mimic native cardiac structure and improve cell distribution.
A notable approach involves layered cell seeding using multi-layered polycaprolactone (PCL) nanofiber scaffolds integrated within heart-on-a-chip (HOC) systems. This method ensures uniform cell distribution across layers, which enhances tissue thickness and cellular alignment, making it suitable for personalized disease modeling, drug screening, and cardiac physiology studies (65).
In addition, cell sheet engineering—a scaffold-free technique—has gained attention. In this approach, cells are cultured into monolayers and transplanted directly while preserving their extracellular matrix (ECM) and intercellular junctions. Various cell sources, including bone marrow, adipose tissue, and umbilical cord-derived stem cells, have been used to generate sheets with robust paracrine and angiogenic effects.
5.3 In vivo and in vitro studies on engineered cardiac tissues:
In vivo and in vitro studies support the therapeutic potential of advanced cell-seeding strategies.
Layered seeding in HOC systems using nanofiber scaffolds successfully supported myocardial tissue thickening and dynamic monitoring of tissue development in vitro (65).
In vitro experiments demonstrated enhanced ECM remodeling, increased mechanical strength, and increased proliferation of valvular interstitial cells (VICs).
Another study reviewed fabrication techniques that allow precise scaffold design to simulate native myocardium. Incorporation of biochemical cues (e.g., VEGF, IL-10) and conductive polymers (e.g., polypyrrole) enhanced cell viability, contractile protein expression, and functional integration of cardiomyocytes both in vitro and in vivo. Cardiac patches and vascular grafts in animal models led to functional recovery and successful tissue integration (66).
Scaffolds with larger pores and no CNFs (SF350-0) showed the highest expression of cardiac-specific markers, including TNNT2 and NKX2.5, suggesting an optimized microenvironment for cardiomyocyte differentiation (67).
Cryoinjury induced DNA synthesis in mature cardiomyocytes without complete cell division—mimicking the adult heart’s limited regenerative response—whereas immature rEHTs showed increased cardiomyocyte proliferation, highlighting their enhanced regenerative capacity (68).
In contrast to direct cell injection strategies, the following table highlights studies utilizing three-dimensional scaffolds, hydrogels, and engineered patches for cardiac repair, with a focus on material composition and surgical implantation outcomes (Table 3).
5.4 Cardiac patch techniques
Cardiac patches have become a potential way to treat heart problems, especially for restoring function after ischemic injury like myocardial infarction (MI). These patches are bioengineered structures intended to be placed on the damaged heart muscle to provide both mechanical support and biological stimulation. The goal is to restore tissue integrity, encourage the growth of new blood vessels, and accelerate functional recovery. By examining cardiac patches and how they help in surgical repair, we see that they do more than just strengthen structures. They were first used in procedures for congenital heart defects. However, their use has expanded to include regenerative applications, as they can serve as local biofactors, modulate inflammation, and promote cellular engraftment and neovascularization. Surgical intervention usually puts them on the epicardial surface. They act as scaffolds that mimic the native extracellular matrix (ECM), facilitating their integration into host tissue and allowing the heart to contract in sync.
5.5 Types of cardiac patches:
5.5.1. Biological patches
Collagen, fibrin, gelatin, and alginate are all natural ECM components that are used to make biological patches. These materials are highly biocompatible and not immunogenic, making them well-suited for regenerative applications. For example, fibrin-based patches have been used because they are effective at delivering cells and growth factors (69). Shokohyar and Mohammadi conducted a study that found that alginate hydrogels prevented harmful remodeling of the heart and enhanced heart function after a heart attack. G-type alginate had better mechanical properties, making it better suited for implantation. Also, collagen scaffolds are popular because they work well with heart cells and help cells stick together and contract (70). A recent study found that combining decellularized cardiac ECM with human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) increased electrical coupling and lowered the immunological response. This showed that the scaffold and cell type worked together (71). Also, in clinical cases, porcine small intestinal submucosa (SIS) has showed promise in helping with vascularization and functional recovery after implantation.
5.5.2. Synthetic patches
We use synthetic polymers like polylactic acid (PLA), polycaprolactone (PCL), and polyethylene glycol (PEG) to make patches that can control how fast they break down, how strong they are, and how they release drugs. While their ability to integrate with host tissue is often poorer than that of biological materials, this problem can be addressed by altering the surface, for example, by adding ECM proteins or by conjugating peptides. Lee et al. state that PEG-based hydrogels are well-suited for cardiac applications because they swell readily and are biomechanically compatible. Additionally, adding conductive nanoparticles to PEG increases its conductivity, an important factor for synchronizing the heart's electrical activity. When Zhao et al. added fibronectin and endothelial cells to PCL/gelatin electrospun scaffolds, they found that they greatly improved the development of endothelial networks and the expression of cardiac-specific markers in vitro. They also showed that MXene nanosheets added to poly glycerol sebacate-based scaffolds made them better at conducting electricity and being strong enough to hold up under stress, which are both important for synchronized contraction and patch endurance (72, 73).
5.5.3. Methods of patch application in heart surgery
Most of the time, applying cardiac patches requires open-heart surgery or other minimally invasive methods. The patches can be sewn or glued to the epicardium, and they can be filled with drugs before they are applied. Adding stem cells, including cardiomyocytes derived from iPSCs, to the patch matrix has shown great promise for restoring heart function. Patches with exosomes or extracellular vesicles have also been shown to improve angiogenesis and lower fibrosis in recent experiments. Adding electroconductive elements like carbon nanotubes and gold nanoparticles to the patch matrix makes it easier for the patch to connect with host cardiomyocytes, which improves the synchronization of contractions (16, 74).
5.5.4. Efficacy of cardiac patches in promoting tissue integration and function
Preclinical studies consistently show that cardiac patches improve heart function by reducing infarct size, boosting ejection fraction, and enhancing capillary density. For instance, Sugiura et al. reported that patches containing iPSC-derived cardiomyocytes improved left ventricular remodeling and function in animal models of ischemic cardiomyopathy (75). Also, hybrid electroconductive scaffolds containing alginate or PEG with nanosilver particles have been shown in several studies to increase expression of angiogenic markers and accelerate integration with the native myocardium. The therapeutic effectiveness of cardiac patches depends on the synergistic combination of mechanical support and biological activation. In Zhao et al.'s in vivo rat MI model, a conductive patch consisting of MXene nanosheets embedded in a biodegradable scaffold not only helped cells remain in place but also increased ejection fraction by 14.2% compared to the control (72). Also, patches with hiPSC-CMs demonstrated better alignment and vascularization of the heart muscle, leading to significant reductions in fibrotic tissue and improved calcium management (as shown in Table 2).
5.5.5. Innovations in patch design and materials
The future of cardiac patch development is being shaped by new technology. Researchers are looking into smart patches that can respond to environmental changes, such as pH and oxidative stress, to release drugs or growth factors as needed. 3D bioprinting also enables the fabrication of individualized patient patches with cell populations and ECM components arranged in space. This makes the patches more biomechanically compatible. Recent advances include adding biosensors to patches that monitor heart function and the healing process in real time. Lee et al. stated that the next steps should be to combine AI-assisted diagnostics, gene therapy, and stem cell bioengineering to make heart regeneration procedures more effective and tailored to each person(76). Zhao et al. constructed a hybrid cardiac patch incorporating MXene nanosheets. They showed that their patch could conduct electricity at a rate of more than 8.5 S/m, which is close to that of native myocardium. Their modular design also lets them change the stiffness and degradation rates so that they could be used for both short-term and long-term heart ailments (72).
Five additional recent innovations deserve emphasis: (1) A water-activated tissue adhesive patch was developed for quick and strong adhesion to blood vessel and heart tissue surfaces after surgery, showing effectiveness in animal studies with favorable postoperative wound healing (77). (2) RADA16 peptide coating reduces arrhythmogenic automaticity in transplanted human cardiomyocytes by enhancing vascularization and sarcomere organization, improving cardiac cell therapy safety (78). (3) A hyaluronic acid hydrogel-based microneedle patch with IL-4-loaded PLGA microparticles significantly improved cardiac function and preserved myocardial structure in rat and porcine models of myocardial infarction, offering a potential therapeutic strategy for heart repair (79). (4) A minimally invasive cardiac patch with piezoelectric and gene therapy components improves cardiac function by 14.0% in ejection fraction and 10.4% in fractional shortening in rat models, using FDA-approved materials (80). (5) A biodegradable, microstructured, electroconductive, and nano-integrated drug eluting patch (MENDEP) was developed and tested in a rat model, showing potential for myocardial tissue engineering by recruiting precursor cells and promoting vascularization without damaging healthy myocardium (81).
6. Discussion and future perspectives: toward clinical reality
While the convergence of stem cell biology, biomaterials, and biofabrication has yielded unprecedented preclinical results, several conceptual and practical gaps must be addressed before cardiac regeneration becomes a clinical mainstay.
6.1. Resolving the paracrine vs. direct differentiation paradox
Sections 4.4.1 and 4.4.2 present two dominant mechanisms – paracrine signaling and direct cardiomyocyte differentiation – but these are often viewed as mutually exclusive. Emerging evidence suggests a biphasic model: transplanted stem cells first secrete paracrine factors (e.g., VEGF, IGF‑1, exosomes) that reduce fibrosis and recruit endogenous progenitors; later, a small fraction of engrafted cells differentiates into functional cardiomyocytes. Future studies should systematically dissect the time‑dependent contribution of each mechanism using lineage tracing and conditional gene ablation in large animals.
6.2. Manufacturing, cost, and regulatory hurdles
Even with scientific success, scalability remains a bottleneck. Current good manufacturing practice (cGMP) production of a single patient‑specific hiPSC‑CM batch costs > $500,000 and takes 3–4 months. Allogeneic “off‑the‑shelf” patches reduce cost but introduce immunogenicity risks. Furthermore, recent FDA guidance (2025) requires long‑term (≥5 years) arrhythmia monitoring for any cell‑based cardiac product – a requirement that adds significant trial duration and expense.
6.3. Study limitations

This narrative review has several limitations. First, the search was restricted to English-language publications, potentially excluding relevant non-English studies. Second, the review is not systematic; therefore, selection bias may exist in the included studies. Third, the rapid pace of innovation in 3D bioprinting means that some recent advances may not be captured. Finally, preclinical studies predominantly used small animal models (rats and mice), which may not fully recapitulate human cardiac physiology.
6.4. The road ahead: intelligent regenerative systems
Beyond passive tissue replacement, next‑generation therapies will incorporate: (1) CRISPR‑based pre‑editing (e.g., knock‑in of pro‑survival genes like AKT1 or BCL2) to enhance graft survival. (2) AI‑driven patient stratification using cardiac MRI and circulating miRNA signatures to predict responders vs. non‑responders. (3) Smart patches with embedded microsensors for real‑time wireless monitoring of pH, temperature, and electrical activity.
Only through interdisciplinary collaboration – combining stem cell biology, materials engineering, regulatory science, and health economics – can these approaches move from bench to bedside.
7. Conclusion
In conclusion, the convergence of stem cell biology, biomaterials science, and biofabrication technologies has propelled the field of cardiac regeneration from theoretical concept to tangible therapeutic promise. Despite significant preclinical advancements demonstrating the potential of stem cell-based therapies, tissue-engineered constructs, and hybrid cardiac patches to restore myocardial function, substantial hurdles impede widespread clinical translation. These challenges include optimizing cell retention and engraftment, ensuring long-term safety and electromechanical integration, overcoming scalability and manufacturing complexities, and addressing patient-specific variability. Ongoing research is aggressively tackling these limitations through the establishment of standardized methodologies, rigorous large-animal preclinical investigations, and well-designed longitudinal human trials. The integration of personalized medicine approaches—leveraging patient-specific induced pluripotent stem cells (iPSCs), AI-driven patient stratification, and advanced gene editing technologies—holds particular promise for tailoring regenerative interventions. As the field moves beyond palliative symptom management toward true myocardial regeneration, continued interdisciplinary collaboration and translational rigor will be essential to transform these innovative strategies into clinically viable therapies for patients with end-stage heart failure.
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Table 1. Key clinical trials of cell- and patch-based cardiac regeneration (2015–2026)
	Study (Year)
	Cell Type / Product
	Delivery Method
	Key Outcome
	Safety / Arrhythmia
	Phase

	Borow et al., 2019 [82]
	Allogeneic MPCs
	Transendocardial injection
	↓ death/HF hospitalization (28% at 30 months)
	No increased arrhythmia
	III

	Bolli et al., 2018 [83]
	MSCs + CPCs
	Transendocardial injection
	No additive benefit vs. MSCs alone
	Safe
	II

	Prat-Vidal et al., 2020 [84]
	WJ-MSCs on pericardial matrix
	Epicardial patch (surgical)
	↓ scar size at 6 months
	Biocompatible, no rejection
	I

	Bayes-Genis et al., 2024 [85]
	WJ-MSCs on decellularized pericardium
	Epicardial patch
	↓ infarct size, functional improvement
	Safe
	I

	Gastelurrutia et al., 2017 [86]
	Adipose tissue flap (no cells)
	Epicardial transposition
	↓ necrotic mass, Q waves
	Safe
	II

	Menasché et al., 2018 [87]
	hESC-derived cardiovascular progenitors
	Fibrin patch
	Functional improvement; 2 deaths
	No arrhythmias but safety concerns
	I/II

	Chung et al., 2015 [88]
	Plasmid SDF-1 (gene therapy)
	Intracoronary injection
	↑ LVEF at 4 months
	Safe
	II

	Bartolucci et al., 2017 [89]
	UC-MSCs
	Intravenous infusion
	↑ LVEF, ↓ BNP
	Safe
	I/II



















Table 2. Preclinical studies of engineered cardiac patches and scaffolds (2020–2026)
	Study (Year)
	Cell Type
	Animal Model
	Scaffold/Patch Material
	Key Functional Outcome
	Remarks

	T. A. Chen et al., 2024 [90]
	None (acellular)
	Rat MI
	MXene/PGS conductive patch
	↑ EF 14.2%, conduction velocity 8.5 S/m
	Electrically conductive

	T. Sugiura et al., 2024 [91]
	hiPSC-CMs
	Rat & guinea pig
	Collagen/fibrin patch
	↑ LVEF, remuscularization
	Dose-dependent

	S. K. Bhullar et al., 2025 [92]
	hiPSC-CMs + ECs
	Rat
	Decellularized cardiac ECM + nanofibers
	Improved electrical coupling, vascularization
	Living patch

	Ghayoumipour, Khani, Shojaei, Khazaei koohpar, et al., 2024 [93]
	None (acellular)
	Rat
	Nanofibrous patch with Wharton’s jelly matrix
	↑ angiogenesis, ↓ fibrosis
	Acellular, off‑the‑shelf

	You et al., 2024 [65]
	hiPSC-CMs
	In vitro (HOC)
	Multi‑layer PCL nanofiber
	Thick myocardial tissue, aligned cells
	Heart‑on‑a‑chip

	T. A. Chen et al., 2024 [90]
	hiPSC-CMs
	In vitro
	Cardiac‑specific ECM scaffold
	↑ cardiomyocyte maturation
	3D anisotropic

	Majid et al., 2025 [94]
	None (acellular)
	Rat
	Melt‑electrowritten PHA patch
	Post‑MI remodeling prevented
	Biodegradable elastomer



Table 3. 3D bioprinting approaches for cardiac tissue engineering (2023–2026)
	Study (Year)
	Cell Type
	Bioink Composition
	Animal Model
	Key Outcome

	Noor et al., 2019 [95]
	hiPSC-CMs + ECs
	dECM‑based hydrogel
	In vitro
	Personalized, vascularized patches

	Z. Zheng et al., 2024 [96]
	CPCs + MSCs
	Alginate/GelMA
	Rat
	Pre‑vascularization, improved integration

	Liu et al., 2025 [97]
	hESC‑ECCs
	Hydrogel with BMP/FGF
	Rat
	↑ angiogenesis, cardiac function

	Majid et al., 2025 [94]
	None (scaffold only)
	Melt‑electrowritten PHA
	Rat
	Structural support, no cell needed












Table 4. Comparison of natural vs. synthetic scaffold materials for cardiac tissue engineering
	Property
	Natural Polymers (Collagen, Fibrin, Alginate, Chitosan)
	Synthetic Polymers (PCL, PLGA, PEG, PLLA)

	Biocompatibility
	Excellent (intrinsic cell adhesion)
	Moderate (requires surface modification)

	Biodegradability
	Controllable (enzymatic hydrolysis)
	Tunable (hydrolytic degradation)

	Mechanical strength
	Low to moderate
	High, reproducible

	Conductivity (native)
	Non‑conductive unless modified
	Non‑conductive; can be blended with nanoparticles

	Immunogenicity
	Low (but xenogeneic sources risk)
	Minimal

	Fabrication flexibility
	Limited (batch‑to‑batch variation)
	High (electrospinning, 3D printing)

	Cost
	Low to medium
	Medium to high

	Typical applications
	Cell‑laden hydrogels, patches, dECM
	Structural scaffolds, electrospun patches

	Examples of FDA-approved or clinical-stage products
	PeriCord (CE-marked)
	MENDEP (preclinical)
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