
   

ABSTRACT 

HUANG, KE. Heart Repair with Stem Cell Derivatives. (Under the direction of Dr. Ke Cheng and 
Dr. Scott Laster). 

 
Coronary heart disease (CHD) is still one of the leading causes of death in the United States. 

The pathological processes that lead to CHD after an acute myocardial infarction (MI) can be 

divided into four different phases. The first phase occurs one hour after MI and is characterized by 

apoptosis and necrosis of the cardiomyocytes. Then, an acute inflammatory phase takes place 1 h 

to 4 days after MI. In this phase, inflammatory cells infiltrate into the infarcted area, dead 

cardiomyocytes are removed, and extracellular matrix is degraded. From 4 days to 2 weeks, 

granulation tissue is formed, and the infarcted heart begins to form new blood vessels and ECM 

proteins. From 2 weeks to 2 months after MI, the scar tissue is formed and the myofibroblasts 

undergo apoptosis. Currently, the clinical reperfusion strategies used after MI mainly depend on 

the amount of time the heart tissue was ischemic. In most cases, patients get percutaneous coronary 

intervention in addition to postoperative drug combinations. Although these treatment strategies 

help patients dramatically, the heart reconstruction that takes place after MI frequently leads to 

recurrent heart failure and even death due to the poor regenerative abilities of the adult heart.  

Scientists have generated a large array of  preclinical and clinical research using cells 

derived from multiple organs (cardiosphere-derived cells, mesenchymal stem cells, endothelial 

progenitor cells, skeletal myoblasts, and embryonic stem cells) or cells that have been 

reprogrammed (cardiomyocytes, induced pluripotent stem cells, and fibroblasts) for cardiac 

regenerative treatment. Mounting evidence suggests that most cells impart their therapeutic 

benefits primarily through paracrine factors, which alter the microenvironment of the cardiac 

extracellular matrix and regulate the remodeling process after MI injury.  

https://www.sciencedirect.com/topics/medicine-and-dentistry/pre-clinical-development


   

Although cell therapies have the potential to significantly enhance the field of cardiac 

regenerative medicine, there are many challenges hampering the utility of cell therapy in clinical 

applications. Firstly, stem cells are very fragile and have to be carefully preserved to keep them 

alive and functional until the time of transplantation. Consequently, live stem cells are not an 

instantly available product for clinical application. Also, the modes of action for cell therapy 

products remain elusive, making it difficult to standardize product-release criteria. Additionally, 

the undifferentiated cells, such as stem cells, can increase the risk of cancerous formations, due to 

their potential for unlimited proliferation. To increase host immunologic tolerance, the 

transplantation of autologous stem cells may be a good choice, but the generation of these stem 

cells would be too expensive and time consuming for patients. Moreover, the extremely low cell 

retention/engraftment rate, regardless of the delivery route, is still a major hurdle hampering the 

efficacy of the therapy.  

Therefore, new therapeutics have been developed as a result of interdisciplinary 

cooperation. Scientists have been focused on non-live, synthetic cells, homing nanoparticles, and 

artificial cardiac patches for MI treatment.  Exciting results have been produced in both rodent and 

relevant large animal models in many studies. Here, we integrated biomaterials with cell 

derivatives to diminish cell therapy limitations and promote therapeutic availability and efficacy. 

In the meantime, we also designed bispecific antibodies for endogenous stem cell recruitment in 

the injured heart for cardiac repair.  
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CHAPTER 1: Background of Cardiac Cell Therapy: Opportunities and Challenges 

 

Published work:  

Huang, K., Hu, S. & Cheng, K. A New Era of Cardiac Cell Therapy: Opportunities and Challenges. 

Adv. Healthc. Mater. 0, 1801011 (2018). 

 

1. Abstract  

Myocardial infarction (MI) caused by coronary heart disease (CHD) remains one of the 

most common causes of death in the United States. Over the last few decades, scientists have 

invested time and effort on the study and development of stem cell therapies for myocardial 

regeneration after MI. Mounting evidence supports the position that paracrine mechanisms are the 

main contributors to the regenerative effects attributed to these cell therapies. However, due to a 

number of limitations, they are not yet readily available for clinical applications. The next 

generation of cell-based MI therapies seek to identify and isolate stem cell products and 

derivatives, in combination with biocompatible materials and technologies, for the regeneration of 

damaged myocardial tissue. In this review, we will discuss the progress made thus far in pursuit 

of this new generation of stem cell therapies. We will address their fundamental regenerative 

mechanisms, their potential to combine with other therapeutic products, and their role in shaping 

new clinical approaches in heart tissue engineering. 

2. Introduction 

Coronary heart disease (CHD) is one of the leading causes of death in the United States1. 

It is characterized by stenosis, or obstruction of the coronary artery, and leads to myocardial 

infarction (MI). Each year, ~735,000 Americans suffer from a heart attack. Two thirds of those 
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experience an infarction for the first time1. Although the age-adjusted rates of recurrent CHD have 

declined in the past decade, the recurrence and mortality rate within 5 years after a first myocardial 

infarction (MI) are still high, due to the tendency for ensuing heart failure (HF)2. Cardiac function 

is carried out through the rhythmic contractions of the myocardium, which is composed of 

cardiomyocytes, extracellular matrix (ECM), and the capillary microcirculation3. The incidence of 

MI results in myocardial ischemic necrosis, which enervates cardiac function and induces the 

remodeling of both the infarcted and non-infarcted zones of the myocardium. During this 

remodeling process, the infarcted myocardium begins to scar over and expands with time. The 

maturing scar restricts proper contraction biomechanics, leading to myocardium hypertrophy and 

left ventricular dilation, heart failure, and death4. The key to preserving heart function after MI lies 

in saving more of the viable myocardium while dialing back the disruptive role the myocardial 

scar plays in the dilation of the ventricle.  

The regeneration of tissues is a complex and well-choreographed biological phenomenon 

that restores tissue architecture, morphology, and function through the replacement of 

unhealthy/damaged components via cell proliferation and differentiation. The heart myocardium, 

unlike naturally regenerative organs, was once considered a terminally differentiated tissue 

without regenerative abilities after injury5,6. However, this common assertion has been challenged 

by a number of studies. The heart of zebrafish, for example, was found to regenerate after serious 

injury7,8 due to the specificity of the myocardium environment and proliferative cardiomyocytes9. 

Additionally, neonatal mice cardiomyocytes were found to regenerate mainly through pre-existing 

cardiomyocytes4. Scientists now believe that the human heart is capable of some level of 

regeneration with varying degrees of myocardium renewal10,11. Recently, researchers promoted 

the regeneration of adult cardiomyocytes from mice and humans by regulating their cell cycle12. 
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Researchers generated induced-pluripotent stem cells (iPSCs) from fibroblasts or bone marrow 

cells for heart repair using various reprogramming techniques13,14. Also, embryonic stem cell 

(ESC)-derived cardiomyocytes demonstrated their potential for cardiac tissue engineering in 

preclinical animal models15. As an important heart regenerative therapy method, adult stem 

cell therapy has become one of the most eye-catching research topics, generating a large array of  

preclinical and clinical researches. In a clinical trial using cardiosphere-derived autologous stem 

cells for the reversal of ventricular dysfunction (CADUCEUS), the MI patients who were 

intracoronarily infused with cardiosphere-derived stem cells (CDCs), experienced reduced infarct-

scar mass, increased viable heart mass, a thickened reginal systolic wall, and increased reginal 

contractility16,17. Additionally, the bone marrow derived mesenchymal stem cells18,19and adipose 

tissue-derived stem cells20 have been demonstrated to improve cardiac function for MI injured 

heart. There is mounting evidence demonstrating that most adult stem cells impart their therapeutic 

benefits primarily through paracrine factors, which alter the microenvironment of the cardiac 

extracellular matrix and regulate the remodeling process after MI injury21-26. Although cell 

therapies have the potential to significantly enhance the field of cardiac regenerative medicine, 

there are many challenges hampering the utility of cell therapy in clinical applications. Our review 

will address the opportunities and challenges involved with cardiac cell therapy, as well as the 

things we can borrow from biomaterials and bioengineering approaches to drive cell therapies to 

the next generation. Our review will also summarize both cellular and non-cellular approaches (or 

the combination of the two) for cardiac regenerative medicine purposes.  

 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/stem-cells
https://www.sciencedirect.com/topics/medicine-and-dentistry/pre-clinical-development
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3. Paracrine mechanisms 

3.1 Paracrine mechanisms of CDCs 

Cardiosphere-derived cells (CDCs) are derived from myocardium tissue samples and 

represent a natural mixture of intrinsic cardiac stromal cells. They consistently express CD105, 

partially express CD90, and are negative for hematopoietic markers such as CD45, CD31, and 

CD34. The fraction of ckit-positive cells in CDCs is negligible and they do not contribute to the 

overall therapeutic benefits of CDCs. Studies have reported the ability of CDCs to protect the heart 

by secreting vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), stromal 

cell-derived factor 1 (SDF-1), insulin-like growth factor 1 (IGF-1), and basic fibroblast growth 

factor (bFGF) (Fig. 1)27-29. VEGF is a signal protein that binds to the surface of endothelial cells, 

extracellular matrix proteins, and other molecules. It induces angiogenesis in the injured heart by 

encouraging the differentiation of vascular endothelial cells through the calcium signaling pathway 

and PI3K-Akt signaling pathway30. Other angiogenic factors, such as bFGF, which binds to 

heparan sulfates in the ECM, help mediate endothelial cell migration, proliferation, and tube 

structure formation31. HGF, which is found in elevated levels in the heart, helps to prevent 

oxidative stress after MI and promotes self-repair through the HGF/Met signaling pathway. Studies 

have shown that transplanted CDCs release HGF, which enhances the HGF/Met system, 

improving angiogenesis, repressing immunomodulation, and reducing fibrosis32,33. By stimulating 

the SDF‐1/CXCR4 axis, SDF-1 preserved viable cardiomyocytes and increased vascular density 

in a mouse model of acute MI34. In addition, as a strong chemokine, SDF-1 is an effective recruiter 

of endothelial progenitor cells (EPCs) from bone marrow35. IGF-1 stimulates the Akt/Foxo 

pathway and plays an essential role in preventing ANG II-induced cardiac inflammation and 

fibrosis36,37.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/vascular-endothelial-growth-factor
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3.2 Paracrine mechanisms of MSCs  

Mesenchymal stem cells (MSCs) in animal MI models have been shown to attenuate the 

expression of collagen types I and III in the cardiac extracellular matrix via paracrine signaling21.  

They have also been reported to decrease tissue inhibitors of metalloproteinase-1 (TIMP1) and 

increase matrix metalloproteinases (MMPs), which have a distinct spatial and temporal role in 

cardiac remodeling38. After MI injury, MMPs expressed by infiltrated macrophages and fibroblasts, 

especially MMP-2 and MMP-9, trigger regenerative signals through the MMP/TIMP axis, and 

mediate ECM protein degradation, cell proliferation, and migration38,39. Furthermore, 

adrenomedullin overexpression in MSCs significantly improved heart function and decreased the 

heart fibrosis area40. Thymosin-β4 (Tβ4), which is also secreted by MSCs, restores cardiac 

function and contributes to cardiac repair after MI injury41,42. Tβ4 proteins suppress the epigenetic 

repressor methyl-CpG-binding protein 2. In doing so, they reverse the expression of peroxisome 

proliferator-activated receptor-γ and downregulate fibrogenic genes, platelet-derived growth 

factor-β receptor, α-smooth muscle actin, collagen 1, and fibronectin, resulting in reduced 

fibrosis43. Thus, these paracrine signals, released by MSCs to communicate with surrounding 

cardiac cells, stimulate the production of regenerative factors that have the potential to heal 

damaged tissues (Fig. 1).   

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microbial-collagenase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mmp2
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mmp9
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/adrenomedullin
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3.3 Paracrine mechanisms of cardiomyocytes derived from iPSCs 

The successful reprogramming of somatic cells, such as fibroblasts, into induced 

pluripotent stem cells (iPSCs), is a cornerstone for cardiac cell therapy. iPSCs from a cardiac 

patient could be reprogrammed into cardiomyocytes and endothelial cells in vitro, and transplanted 

back into the patient as a way of reducing the risks of immune rejection. One of the mechanisms 

that iPSCs use to exert their cardiac protection is paracrine signaling44. For example, after the 

intramyocardial injection of iPSC-derived cardiomyocytes (iCMs) in the hearts of MI mouse 

models, researchers revealed that the cardiac phenotype of iCMs protected the injured myocardium 

more effectively than undifferentiated stem cells because of their upregulated production of 

Fig 1. Regenerative factors from transplanted cells mediate communication with the 
surrounding cardiac tissue and change the extracellular microenvironment to attenuate 
local inflammation. a) Stem cell secreted factors enhance angiogenesis by mediating 
endothelial cell migration and proliferation; b) Factors also prevent cardiac inflammation and 
fibrosis after infarction; c) Factors play an important role in Post-MI extracellular matrix 
remodeling, such as balancing the expression of MMP and TIMP; d) Factors contribute to 
cardiomyocytes regeneration by promoting the recruitment and differentiation of stem cells, 
and direct cardiomyocyte preservation and regulation; e) Factors attenuate local inflammation 
through microenvironment alteration. 
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paracrine cytokines TNF-α, interleukin-8 (IL-8), granulocyte colony stimulating factor (G-CSF), 

and VEGF. In addition, the iCMs also promote cell migration by releasing the paracrine signaling 

molecules plasminogen activator inhibitor 1 (PAI1) and vascular cell adhesion molecule 1 

(VCAM1). These factors not only enhance cell engraftment and promote angiogenesis, but also 

increase cell proliferation and inhibit apoptosis, leading to the repair of the MI injured myocardium 

(Fig. 1)45. Moreover, the extracellular vesicles secreted from iPSC-derived cardiomyocytes 

reduced arrhythmic burden and promoted cardiac function recovery46.  

3.4 Modulation of local cardiac inflammation by paracrine factors  

Local inflammation after MI plays an important role in cardiac remodeling. The infarct 

triggers the increased expression of inflammatory cytokines through the upregulation of NF-

κB expression47. The inflammatory cytokines include tumor necrosis factor -α (TNF-α), 

interleukin (IL) 1β, IL-1α, IL-6, and free radicals48,49. Neutrophils, prompted by IL-8, C5a, N-

formyl-methionyl-leucyl-phenylalanine (fMLP), and the leukotriene B4 inflammatory cascade, 

migrate to the infarcted myocardium, where they ingest dead cells and degranulate cytotoxic 

molecules50. Additionally, IL-1 promotes resident and infiltrated macrophages to synthesize 

proteases and chemokines and consume about 40% of the apoptotic cardiac cells50. Post-MI 

remodeling also activates MMPs that degrade cardiac extracellular matrix rapidly. This 

degradation releases matrix fragments that drive inflammation51. Transplanted MSCs have 

attenuated local inflammation by secreting paracrine signaling molecules into the 

microenvironment, leading to the decreased expression of TNF-α, IL-1α, IL-6, and monocyte 

chemoattractant protein -1 (MCP-1)21. Furthermore, the administration of IL-10 enriched MSCs 

reduced apoptosis of cardiac cells via upregulated phosphatidylinositol 3-kinase (PI3K)/AKT 

pathways52. The over expressed IL-10 also stimulated CD11b+Ly6G- macrophage polarization 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tumor-necrosis-factor-alpha
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/interleukin-6
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toward osteopontin-producing macrophages (galectin-3hi CD206+) for cardiac tissue repair and 

heart failure prevention after MI53. This macrophage polarization process was caused by an 

enhanced IL-10-STAT3-galactin-3 axis53.  The overexpression of six factors (Cst7, Tnfsf11, Il33, 

Fgl2, Matn2, and Igf2) secreted by regulatory T cells promotes cardiomyocyte proliferation via 

paracrine signaling (Fig. 1)54.  

4. Opportunities and Challenges for clinical application 

Stem cell therapies targeting the heart myocardium are clinically applicable. However, the 

efficacy of cardiac cell therapy is hampered by a number of limitations55. Their ability to 

differentiate and replicate with ease, makes stem cells attractive therapeutic agents, but also 

increases the risk of aberrant, uncontrolled replication, which can induce tumorigenicity56. This 

risk should always be taken into consideration in clinical practice55. In addition, the heterogenic or 

allogenic transplantation of stem cells may result in immunological issues55. Furthermore, the 

manufacture, storage and transportation of stem cells is complex, expensive, and time-consuming, 

making it difficult to meet batch quality specifications and pharmaceutical regulations. Moreover, 

the clinical application of stem cell transplantations is still restrained by low cell 

retention/engraftment rates and poor survival rates, which minimizes their long-term treatment 

efficacy55,57. The intramyocardial injection of stem cells usually requires open-chest or 

thoracoscopic surgery, increasing the changes of aggravating MI patients with secondary injuries 

and of introducing infections. Furthermore, cell therapy increased proarrhythmic risk through three 

major mechanisms including reentry, automaticity, and triggered activity58,59. Thus, cardiac stem 

cell therapies need to be improved before they can be successfully applied in a clinical setting. 
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5. Harnessing paracrine mechanisms to improve stem cell therapy  

The role of stem cell paracrine signaling on myocardial regeneration has been studied for 

decades and has advanced our understanding of stem cell regenerative therapeutics22. However, 

the identification of paracrine factors and their functions remains a challenge due to the 

overwhelming range of multifunctional molecules and the cross-interactive signaling pathways 

involved. In addition, the diversity in the temporal and spatial expression patterns of the molecular 

factors and signaling pathways make the process even more complicated. Moreover, paracrine 

signaling not only impacts cardiac regenerative therapy, but also cardiac excitation-contraction 

coupling, the orchestrated process of initial myocyte electrical excitation60. Thus, paracrine factors 

contribute to the stem cells’ regenerative efficacy as an orchestrated system. Relevant future 

studies will strengthen our knowledge of the complex processes, possibly providing us with 

methods and directions that will help optimize stem cell therapy for myocardial infarction and take 

it to the next level.  

6. A new era for cardiac cell therapy intergrading biomaterials and nanomedicine 

Biomaterials, such as polymers and native tissue derivatives, are high-tech materials that 

can be used for diagnosing, treating, repairing, or replacing diseased tissues and organs. Unlike 

medications, the function of biomaterials is structure-related and hardly affected by 

pharmacological or immunological activities. Usually, biomaterials are integrated with different 

drugs to promote therapeutic availability and efficiency. The study of synthetic stem cells, cardiac 

patches, and nanomedicine, ushered stem cell therapy into a new era. 

To solve the aforementioned limitations and exploit the paracrine effects of live cell 

therapy, scientists have been focused on the interdisciplinary development of non-live, synthetic 

stem cells61,62, nano-robots63-65, and artificial cardiac patches66 for MI treatment (Fig. 2). So far, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/stem-cell
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/metabolic-pathway
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/metabolic-pathway
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many of these studies have produced exciting results in both rodent and relevant large animal 

models. In the following sections, we will summarize the fundamental mechanisms used by these 

new cell-derived products, as well the progress made in their development to date.  

6.1 Synthetic stem cells: Opportunities  

The primary goal of engineering a synthetic stem cell is to selectively preserve their 

beneficial therapeutic functions and remove their drawbacks according to treatment needs. This is 

a practice that seeks to “druglize” (a.k.a pharmacoengineer) stem cell therapies using drug delivery 

principles.  Previously, nanoparticles coated with cancer cell membranes were created for cancer 

immunotherapy67. Recently, synthetic stem cells were fabricated by encapsulating stem cell 

secretome with the biodegradable and biocompatible polymer poly lactic-co-glycolic acid 

(PLGA). The encapsulation was achieved with cell-mimicking microparticle (CMMP) technology 

or water/oil/water (w/o/w) emulsion technique61. The PLGA capsule was then coated with stem 

cell membranes using well-established methods65-69. These synthetic stem cells are similar in size 

to their natural homologues, and encapsulate regenerative factors normally secreted by live cells. 

In addition, PLGA provides a safe, non-toxic, biodegradable polymer that has been used in various 

control-release systems70. These synthetic stem cells mimic the paracrine processes of stem cells61 

and effectively obviate the danger of aberrant stem cell differentiation that may cause 

tumorigenicity (Fig. 3)55. For example, the intramyocardial administration of synthetic stem cells 

made from human cardiac stromal cells (CSCs)61 and human bone marrow-derived MSCs62 was 

shown to preserve cardiac function in a mouse model of MI via paracrine mechanisms. 
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6.2 Synthetic stem cells: Challenges  

These studies not only proved the synthetic stem cell concept successfully but also 

demonstrated its potential for clinical application. However, there are still significant challenges 

keeping synthetic stem cells from transitioning to clinical practice. The first involves their 

optimization. The protein composition of the encapsulated regenerative secretome needs to be 

better defined71. Additionally, the treatment efficacy of each batch is hard to determine before 

administration, as there are no established standards. In addition, the use of different cell lines 

confers batch variability to the synthetic stem cells because each line may produce secretomes with 

 
Fig 2. Toolbox elements for a new era of cardiac regenerative medicine. Stem cell 
produced regenerative therapeutics will usually be fused with artificial/natural materials for 
the fabrication of new regenerative medicine products, including synthetic stem cells, 
acellular cardiac patches, and targeting nanoparticles. The drug delivery method has evolved 
from open-chest surgical procedures to minimally-invasive procedures, non-invasive 
inhalation, and the intravenous delivery of drugs with specific targeting abilities.  
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slightly different protein signatures72. To ensure consistency, it will be important to 

optimize/characterize the secretome stock and reduce variables during the manufacture process. 

Although the secretome profile may be changed by controlling the in vitro conditions73,74, 

changing the secretome profile in vivo is not currently possible with synthetic stem cells. 

Furthermore, it will be essential to find a delivery method or to modify the synthetic cells in such 

a way that the problem of post administration retention is minimized. Currently, <10% of injected 

synthetic stem cells remain in the heart myocardium 7 days after injections61. Moreover, to make 

the clinical procedure safer, the synthetic stem cell administration paradigm should avoid innate 

injury from invasive surgical procedures.  
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Fig 3. Fabrication of synthetic stem cells (or cell-mimicking microparticle, CMMP). a) 
Overall biochemical design and study model of CMMPs. MPs (that is, Control MP1) were 
fabricated from PLGA and conditioned media of human CSCs, then MPs were cloaked with 
membrane fragments of CSCs to form CMMPs. Control MP2 was fabricated by cloaking 
empty PLGA particles with CSC membranes. The therapeutic potential of CMMPs was 
tested in a mouse model of myocardial infarction. b-c) Texas red succinimidyl ester-labelled 
MPs (b, red) were cloaked with the membrane fragments of green fluorescent DiO-labelled 
CSCs (b, green) to form CMMP (c, red particle with green coat). Scale bar, 20 μm. d-e) SEM 
revealed the CSC membrane fragments on CMMPs (e) but not on Control MP1 (non-cloaked 
MP) (d). Scale bar, 10 μm. f-g) Major human CSC markers CD105 (f) and CD90 (g) were 
positive on CMMPs and Control MP2 but not on non-cloaked Control MP1, indicating the 
successful membrane cloaking on CMMPs. h) CMMPs, Control MP1, and Control MP2 have 
similar sizes to those of CSCs. n=3 for each group. (i) CMMPs and Control MP2 carried 
similar surface antigens as CSCs did. n=3 for each group. j–l) Similar release profile of CSC 
factors (namely vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF)-
1, and hepatocyte growth factor (HGF)) was observed in CMMPs and Control MP1, 
indicating membrane cloaking did not affect the release of CSC factors from CMMPs and 
Control MP1. n=3 for each time point. All data are mean ± s.d. Comparisons between any 
two groups were performed using two-tailed unpaired Student’s t-test. Comparisons among 
more than two groups were performed using one-way ANOVA followed by post hoc 
Bonferroni test. This work is licensed under a Creative Commons Attribution 4.0 International 
License. Reproduced with permission55. Copyright 2018, Springer Nature Limited.  
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6.3 Exosomes and microRNAs: Opportunities 

Exosomes are secreted by various cell types through the fusion of multivesicular bodies 

with the plasma membrane75,76. Once secreted, they are imbibed by recipient cells through 

receptor-ligand interactions, direct membrane fusion, and endocytosis/phagocytosis77. Therefore, 

exosomes may potentially play a role as intercellular communicators78. Also, as bi-lipid membrane 

vesicles with diameters between 30–150 nm79,80, exosomes usually carry membrane-bound or 

encapsulated proteins and miRNAs with the potential to trigger many complex and diverse cellular 

processes and pathways81. In fact, studies show that stem cell-derived exosomes exert their cardiac 

therapeutic benefits mainly through the gene products and miRNAs they carry, which stimulate 

angiogenesis82, decrease cell apoptosis83, and reverse injury caused by inflammation84. Studies by 

Arslan et al. and Ibrahim et al., for example, showed that stem cell-derived exosomes can treat 

post-MI heart disfunctions76. 

To further study the therapeutic effects of exosomes, scientists have been isolating them 

from various types of stem cells (i.e., MSCs, CPCs, ESCs, iPSCs, and CD34+ EPCs) 

80,85,82 through different isolation techniques, including ultracentrifugation, size isolation, and 

immunoaffinity capture. The following is a recapitulation of some identified mechanisms, listed 

as examples of how stem cell-derived exosomes provide regenerative or protective therapy for MI 

heart.  

MSC-derived exosomes contain glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

enolase (ENO), pyruvate kinase m2 (PKm2), phosphoglycerate kinase (PGK), and 

phosphoglucomutase (PGM). These are important enzymes that increase ATP production by 

upregulating phosphofructose kinase levels76. The MSC-derived exosomes also contain 

peroxiredoxins and glutathione S-transferases that can reduce oxidative stress. Furthermore, the 

https://www.sciencedirect.com/topics/medicine-and-dentistry/membrane-vesicle
https://www.sciencedirect.com/topics/medicine-and-dentistry/membrane-vesicle
https://www.sciencedirect.com/topics/neuroscience/glyceraldehyde-3-phosphate-dehydrogenase-human
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enolase
https://www.sciencedirect.com/topics/medicine-and-dentistry/pyruvate-kinase
https://www.sciencedirect.com/topics/medicine-and-dentistry/kinase
https://www.sciencedirect.com/topics/neuroscience/phosphoglucomutase
https://www.sciencedirect.com/topics/medicine-and-dentistry/peroxiredoxin
https://www.sciencedirect.com/topics/medicine-and-dentistry/glutathione-s-transferase


   

15 

 

MSC-derived exosomes activate adenosine receptors and phosphorylate the PI3K/Akt signaling 

pathway86,76. Additionally, the intramyocardial injection of CSC-derived exosomes has been 

shown to decrease infarct size and preserve left ventricular ejection fraction (LVEF) in MI 

injury87,88. When the release of exosomes in CSCs was suppressed by GW4869, a reversible 

inhibitor of neutral sphingomyelinase, the therapeutic efficacy of CSCs decreased89. It is important 

to note that the cells that receive and imbibe the released exosomes also play an important role. 

Fibroblasts uptake CSC-derived exosomes and modify their own secreted exosomes. These 

modified exosomes can increase collagen degradation by MMPs and decrease collagen production 

through TGF-β inhibition, helping to minimize the size of the infarct scar90. Moreover, exosomes 

derived from embryonic stem cells (ESCs) have been shown to enhance a number of cells in ways 

that induce cardiac repair. Namely, they enhance the pluripotent markers OCT-4, SOX-

2, and Nanog in embryonic fibroblasts, reduce caspase-3 cleavage in H2O2-stressed H9c2 

myoblasts and increase tube formation in human umbilical vein endothelial cells (HUVECs) in MI 

heart, in vivo91. Also, ESC-derived exosomes play a key role in promoting endogenous repair by 

regulating endogenous stem cell functions 91.  

The therapeutic efficacy of exosomes is also mediated by the miRNAs inside of the 

exosomes. These non-coding miRNAs can regulate many important cellular pathways involved in 

cardiac regeneration. For example, miR-146a from CDC-derived exosomes is known to suppress 

MI injury via the targeting of Irak-1 and Traf6 and plays a major role in inflammation attenuation 

by dampening the toll-like receptor (TLR) signaling pathway92. In addition, miR-146a reduces 

oxidative stress from ischemic injury by suppressing the NAD(P)H oxidase (Nox-4), a molecule 

involved in producing oxygen radicals in cardiovascular pathophysiology93. Exosomal miR-21-5p 

from MSCs increases cardiac contractile force and calcium handling by regulating PI3K 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzyme-inhibitor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzyme-inhibitor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sphingomyelin-phosphodiesterase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/toll-like-receptors
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signaling94. The importance of miRNA content in the therapeutic profile of exosome has motivated 

some scientists to us a miRNA-mimicking approach to promote cardiomyocyte proliferation and 

cardiac regeneration95. Table 1 provides a detailed summary of miRNAs related to cell therapy for 

MI treatment. 
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Table 1. The object and function of miRNAs in cardiac therapy 

miRNA  object function Ref 
miR-1 inhibition myoD reprogram fibroblasts into cardiomyocytes 

muscle growth and differentiation 
96 

miR-1-2 inhibition Irx4, Hrt2, Hand1, 
Gata6 

regulation of cardiac growth and differentiation, 
electrical conduction, and cell-cycle control 

97 

miR-126 inhibition Spred1, 
PIK3R2/p85-β 

directly repressing negative regulators of the VEGF 
pathway; regulates angiogenic signaling and vascular 

integrity Stem/progenitor cells differentiation 

98 

miR-132 inhibition RasGAP-p120 enhancing tube formation in endothelial cells. 99 

miR-133a inhibition SRF, cyclin D2, regulation of cardiac growth and differentiation, 
electrical conduction, and cell-cycle control 

100 

miR-146 inhibition IRAK and TRAF6 preventing NF-κB activation, inflammatory cell 
infiltration 

101 

miR-15a, 
miR-195 

inhibition Chek1 Cardiac regeneration; 
associated with an increased number of mitotic 

cardiomyocytes 

102 

miR-17-92 inhibition STAT3, PTEN Cardiac development and regeneration; 
cardiomyocyte proliferation in postnatal and adult 

hearts. 

103 

miR-19a inhibition PTEN; 
SPRY2 

anti-apoptotic; 
Stem/progenitor cells differentiation; 

the activation of the Akt and ERK signaling pathways 

104 

miR-204 inhibition Jarid2 the proliferation and differentiation of human 
cardiomyocyte progenitor cells (hCMPCs) into 

cardiomyocytes 

105 

miR-21 inhibition PTEN 
PI3K 

induced angiogenesis; 
AKT and ERK activation 

106 

miR-210 inhibition ephrin A3 and 
PTP1b 

inhibiting apoptosis in cardiomyocytic cells 107 

miR-22 inhibition Mecp2 reduced cardiac fibrosis; 
reduced apoptosis in ischemic cardiomyocytes, 

ameliorated fibrosis and improved cardiac function 
post-myocardial infarction 

108 

miR-221 inhibition BIM/BCL2L11; 
p53 

vascular remodeling; 
increasing efficiency of cardiac cell transplantation 

and heart regeneration 

109 

miR-208 inhibition β-MHC enhance the reprogramming of fibroblasts into 
cardiomyocytes 

110 

miR-294 promotion c-myc; Klf4 plays a central role in regulating CPC cell cycle in 
association with promoting proliferation, survival 

91 

miR-302 inhibition Hippo pathway Cardiac regeneration 
persistent de-differentiation in cardiomyocytes 

95 

miR-451 inhibition GATA4 Inhibiting caspase 3/7 activation and cardiomyocyte 
apoptosis 

111 

miR-499 inhibition Sox6, Rod1 enhance the reprogramming of fibroblasts into 
cardiomyocytes 

112 
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6.4 Exosomes and miRNAs: Challenges 

There is emerging evidence suggesting that exosomes released from various stem cells 

exert their therapeutic potential via the mediation of intercellular communications, the regulation 

of signaling pathways, and cell reprograming. However, the complexities of the massive and 

multifunctional exosomal proteins and miRNAs113,114 have, thus far, prevented us from 

understanding the therapeutic mechanisms in detail. Thus, we still have many questions left to 

explore, such as where the signaling initiation begins, what the long-term therapeutic side effects 

are, how we distinguish between exosome-induced cardiac regeneration, repair, or preservation, 

what the mechanism of exosome-mediated reprograming is, how to standardize the efficiencies 

and dosages for MI hearts, and the biogenesis of massive miRNAs, among others. From a 

quantitative, systems biology perspective, future research needs to better define the role of 

exosomes derived from different cells, the content of exosomes, and exosome targeting115. It is 

also important to understand the stimulation dynamics/protocols that lead to miRNA signature 

differences in exosomes within and between cell lines115. For example, rather than the exosomes 

from regular MSCs, the exosomes from SuxiaoJiuxin-treated MSCs can specifically upregulated 

the protein expression of a key epigenetic chromatin marker- histone 3 lysine 27 (H3K27) in HL-

1 cells (cardiomyocytes line) via the repressing its ubiquitously transcribed tetratricopeptide 

repeat, X chromosome116. Additional challenges that must be overcome before exosomes can be 

transplantable drugs include their targeting to sites of injury, retention problems, the lack of long-

term efficacy data, and the need for long term cytotoxicity studies. Nonetheless, despite these 

challenges, exosomes and miRNAs have the potential to be the next generation of therapeutics, 

moving us away from the stem cell approach and into the molecular level, using their byproducts. 
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6.5 Cardiac patch: Opportunities  

In the past two decades, tissue engineered cardiac patches have been designed to improve 

cardiac function after MI, with positive results seen in both small and large animal models.117118 

To improve this therapeutic approach, scientists have sought optimal cell and material 

combinations as part of their efforts to refine patch creation and delivery119,120. Single layer cell 

patches were created previously. These earlier iterations suffered from cell death due to lack of 

blood supply after transplantation121. To solve this issue, researchers began to add other cell types 

into the patch, including ESCs, iPSCs, endothelial cells, and so forth122,123. These additions led to 

multiple cell layered cardiac patches with micro-vessels composed of self‐assembled human 

vesicular endothelial cells that successfully integrated with the host 4 weeks after implantation124. 

More recent iterations offer a larger array of scaffolding material. For example, some scaffolds are 

made by suspending cells in a matrix of biomaterials. This scaffolding technique is better at 

achieving vascular integration than using cell sheets. Thus, these patches are more suitable for 

surgical applications119. Among the materials typically used to create cardiac patch scaffolds, the 

most common are collagen, fibrin, and an array of polymers. These are typically infused with 

synthetic agents or cellularized with therapeutic cells. Some patches, derived from animal products, 

can be decellularized and then recellularized with therapeutic cells, or infused with other beneficial 

agents125. Since tissue-specific ECM has a tissue-specific protein composition, researchers 

enhanced the bioactivity of decellularized amniotic membranes for future cardiac applications by 

intergrading cardiac ECM hydrogel126. Recently, an ECM patch, 3D-printed with bioinks 

composed of cardiac ECM, human cardiac progenitor cell (hCPCs), and gelatin methacrylate 

(GelMA), has been developed for heart repair, establishing the possibility of using bioprinting as 

a cardiac patch fabrication method127. Also, poly(N-isopropylacrylamine-co-acrylic acid) or 
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P(NIPAM-AA) nanogel was used to encapsulate cells for MI treatment128. Moreover, a new 

biomimetic micro-vessels (BMV)-integrated cardiac patch was created by leveraging microfluidic 

hydrodynamic focusing to construct biomimetic micro-vessels. The BMV lumens are lined with 

human umbilical vein endothelial cells (HUVECs) and encapsulated in a fibrin gel spiked with 

human CSCs129. This endothelialized BMV patch mimicked the natural vascular structure of the 

hearth, helping it integrate with the host myocardium after implantation129. Also, a human cardiac 

muscle patch was generated by suspending iPSCs, including cardiomyocytes, smooth muscle cells, 

and endothelial cells, in a fibrin scaffold. This muscle patch can beat synchronously in vitro during 

7 days of culture and significantly reduced infarct size and left ventricular wall stress after 

transplantation in swine MI models130. Unfortunately, cardiac patches have had a slow path to 

clinical applications due to aforementioned live-cell therapy limitations131. Thus, we will introduce 

cardiac patches without live cells (but with acellular substances such as proteins, RNAs, or ECM 

alone) for MI treatment.  

6.5.1 A microparticle-incorporated collagen cardiac patch  

Collagen is one of the most prevalent extracellular components of the myocardium and can 

be molded into a variety of shapes119. Recently, researchers developed collagen-alginate cross-

linked scaffolds with IGF-1- or HGF-loaded alginate microparticles using a spray-drying 

technique125. In vitro testing of the patch on CSCs substrates suggested that it was capable of 

releasing both proteins for 15 days. The sustained release of IFG-1 and HGF increased CSC 

mitogenic and proliferative effects125. Although this cardiac patch has not been used in vivo yet, it 

provided a successful in vitro model that can be used to compare the regenerative potentials of 

different protein factors that can be utilized to optimize the control release properties of patches. 
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6.5.2 A spray painted platelet-fibrin cardiac patch  

To solve the problem of open-chest surgery for cardiac patch placement, researchers 

created a spray-paintable, polymerizable biomaterial that can be applied to the heart myocardium 

using a minimally invasive procedure (Fig. 4)132. Based on the concept that platelet-fibrin gel has 

an ability to rapidly aid clot formation, it was used as a new biomaterial for cardiac repair in animal 

studies133. To increase the regenerative character of platelet-fibrin gel, researchers integrated 

several regenerative stem cell factors, including VEGF, IGF-1, HGF, TGF-β and PDGF, into the 

gel during the fabrication process. Then, the plasma and calcium-containing media solution and 

platelet rich plasma was placed separately in each syringe lumen of a double-lumen syringe, the 

equipment which was connected to a CO2 air compression tube for spraying this product directly 

onto the injured heart. Under scanning electron microscopy, the cardiac patch spray formed a 

fibrous structure quickly after implantation. This study showed that this cardiac patch can release 

the regenerative growth factors efficiently in the first 2 weeks after being sprayed. The spray patch 

increased the viability of cultured neonatal rat cardiomyocytes in vitro, and effectively preserved 

cardiac function and reduced scar fibrosis in vivo. This spray patch not only provides us with a 

concept for using stem cell factor cocktails for cardiac regenerative therapy, but also demonstrates 

a new drug delivery approach for potential minimally invasive patch transplantation.   
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Fig 4. Spray painting of gel matrix on myocardial infarcted area. a) Schematic showing the 
spray painting of in situ polymerizable biomaterials on the heart after myocardial infarction 
with a minimally invasive procedure. b) Mixing platelet-rich plasma with calcium-containing 
media solution using compressed air resulted in a stable gel formation in less than 
1 min; c) Hematoxylin–eosin staining revealed the fibrous structure of the sprayed platelet 
fibrin gel; d) Representative scanning electron microscopy images of the sprayed platelet fibrin 
gel; e-i) Enzyme-linked immunosorbent assay (ELISA) of the concentrations of vascular 
endothelial growth factor (VEGF), insulin-like growth factor (IGF)-1, and hepatocyte growth 
factor (HGF), from the sprayed platelet fibrin gel conditioned media at different time points 
(n = 3 per time points). Scale bar = 100 μm. H & E, hematoxylin and eosin. Reproduced with 
permission132. Copyright 2017, Mary Ann Liebert, Inc. 
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6.5.3 A miRNA-assembled hydrogel cardiac patch  

In order to reap the benefits of miRNA treatment, researchers created a miRNA-assembled 

hydrogel cardiac patch to diminish the potential miRNA off-target rate. Since the miR-302 have a 

proliferative effect on neonatal mouse cardiomyocytes through the inhibition of Hippo signaling95, 

researchers modified miR-302 with cholesterol and modified hydrogel β -cyclodextrin, then 

assembled those modified materials together and formed a complex miR-302-enriched hydrogel. 

This product can release miR-302 persistently for about 3 weeks (Fig. 5)134. The study 

demonstrated the regeneration of neonatal mouse cardiomyocytes, in vitro, and the preservation of 

 
Fig 5. miR-302 control-releasing gel. a) Schematic showing gel assembly and miR-302 
interactions. HA was modified with adamantane (AD) or cyclodextrin (CD) to create shear-
thinning and self-healing gels, respectively. Likewise, cholesterol on miR-302-chol interacts 
with CD to induce the sustained release of the gel. b) Rhodamine/CD-HA interactions lead to 
the quenching of rhodamine fluorescence, but the fluorescence is recovered by the titration of 
cholesterol-modified miR-302 into the system and displacement of rhodamine complexes, 
indicating the integration between cholesterol and CD. c) Release of cholesterol-modified miR-
302b and miR-302c (210 µM of each) from gels (5 wt%) in 1.5 mL microcentrifuge tubes over 
three weeks, quantified by RiboGreen, a commercially available RNA quantification kit (mean 
± SD, n=3). Reproduced with permission134. Copyright 2017, Macmillan Publisher Limited, 
part of Springer Nature. 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/


   

24 

 

cardiac function, in vivo134, using the patch. This study innovatively used a biochemical method to 

assemble therapeutic miRNAs into hydrogel patches with the capacity for sustainable release. 

6.5.4 Decellularized cardiac-extracellular-matrix cardiac patch  

Extracellular matrix is composed of interstitial matrix and basement membrane materials. 

Decellularized pig heart tissue can be used as a bioactive extracellular matrix cardiac patch with 

the capacity to stimulate a complex regenerative response without the addition of cells or growth 

factors. This decellularized cardiac extracellular matrix (dECM) patch induces de novo immature 

striated-like muscle patterns (MLC+, TrpI+, connexin43+) via macrophage polarization towards 

constructive remodeling and cardiomyocyte progenitor cell recruitment135. Also, the dECM 

protein, agrin, was shown to promote heart regeneration after MI in mice136 through Dag1, ERK, 

and Yap signaling pathways. Recently, dECM was mixed with hydrogel to increase its 

versatility137. Altogether, the bioactive dECM patch model provides us with a new candidate for 

the acellular regenerative treatment of MI hearts.  

6.6 Cardiac patch: Challenges 

As a promising approach for cardiac repair and regeneration after MI, the cardiac patch 

strategy continues to be improved and engineered to better deliver its therapeutic benefits. 

However, there are still many challenges left to address before it can be implemented clinically. 

Although a shape-memory scaffold, capable of supporting multiple stretch cycles without 

deformation or impeding cardiac contractions, was successfully transplanted onto the heart in a 

minimal-invasive procedure138, most cardiac patches designed for epicardial delivery131 require an 

open-chest surgery. Such invasive procedures cause innate surgical damage, increase the patient’s 

risk of death during surgery, induce inflammation after surgery, and subject the patient to a long 

recovery period. In addition, the possibility of pericardial adhesions during cardiothoracic function 
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is an underlying weakness of the surgical cardiac patch transplantation which may cause 

disfunction of the heart or even increase morbidity and mortality139. Thus, the value of the cardiac 

patch strategy and it is worth to the patient are debatable. In order to improve on the status quo, 

the paradigm has shifted to emphasize minimally invasive implantation procedures, the pursuit of 

which has emerged as one of the most important goals in surgical transplantation132,138. In addition, 

in cardiac patch transplantation, sutures are often used to prevent patch shedding140, which is a 

heavy burden for an already injured heart. Many methods, however, have been proposed and 

validated as effective alternatives to sutures, including the use of gold nanorods141, biocompatible 

glues142, and techniques which may require patch modifications but may not be applicable for all 

patches. Moreover, arrhythmia caused by large heart engraftments is still a serious, possibly fatal 

problem143 that will require further study to fully understand and avoid. Although cardiac patch 

materials are biocompatible and biodegradable, long-term safety studies are still required to test 

for chronic immune rejection. Indeed, all patches are external foreign substances which may cause 

relevant immune rejection, either by virtue of the materials used or their metabolic derivatives144. 

Moreover, it is important to further optimize the cardiac patches’ therapeutic potential, 

manufacture consistency, and cryo-stability before they can be fully developed clinical products.   

6.7 Cardiac injury targeting: Opportunities  

Due to low therapeutic retention and to avoid the risk of losing therapeutic efficacy as a 

result of off-target delivery, heart stem cell therapies are usually administered intramyocardially. 

Due to its aforementioned invasiveness, this method is clinically unappealing. Thus, research in 

recent years has led us toward therapeutic strategies that target MI injured hearts using molecular 

signals, such as stem cell secreted regenerative factors, coupled with minimally invasive avenues 

for cell delivery. The concept of targeted drug delivery was originally developed in the field of 
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cancer medicine. There, intravenously injected chemotherapy drugs are guided to the tumor tissues 

through a variety of methodologies. The cardiac targeting concept allows the drugs (therapeutic 

cells in our case) to deliberately interact with the heart’s infarcted area and impart their therapeutic 

benefits. 

6.7.1 Peptide Targeting 

After screening out the three peptide sequences (CSTSMLKAC, CKPGTSSYC, and 

CPDRSVNNC) with the highest occurrence rates from ischemic heart tissue, researchers tested 

their homing ability in vivo by using conjugated synthetic peptides with fluorescein. Of these, the 

CSTSMLKAC peptide demonstrated the strongest affinity for the ischemic heart myocardium, as 

suggested by its strong fluorescein signature145. This cardiac homing peptide was conjugated with 

CSC-derived exosomes through a DOPE-NHS (dioleoylphosphatidylethanolamine N-

hydroxysuccinimide) linker for cardiac regenerative therapy (Fig. 6)64. This technique 

dramatically increased the retention of therapeutic exosomes, even though the homing exosomes 

were delivered intravenously. From in vitro studies, the exosomes conjugated with homing 

peptides improved the viability and exosome-uptake of cultured neonatal rat cardiomyocytes, 

while reducing cell apoptosis. An in vivo study on a rat model of MI suggested that cardiac 

functions were effectively preserved due to the pro-angiogenic, pro-myogenic, anti-apoptotic, and 

anti-inflammatory roles of exosomes64. This research provides us with a new technique to modify 

membrane-based nanoparticles to target MI. 

Post-MI induced myocardial disfunction and myocardium injury may require chronic 

treatment for years. Recently, researchers tried to deliver regenerative therapeutics in a non-

invasive way to minimize the discomfort and avoid circulating drug depletion. Thus, it is necessary 

to maintain an effective local blood concentration and prolonged drug retention period. For this 
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purpose, researchers engineered therapeutic peptide-loaded calcium phosphate nanoparticles that 

can achieve cardiac targeting through inhalation. Inhaled nanoparticle can rapidly diffuse into the 

alveoli, cross the alveolar capillary membrane, and be transported to the heart through the 

pulmonary veins. This targeting method was proved effective by tracking the nanoparticle uptake 

efficiency by cardiomyocytes in vivo146.   

6.7.2 Magnetic targeting 

Magnetic stem cell targeting relies on the application of a magnetic field gradient to guide 

bioactive molecules to the site of injury128,147. Superparamagnetic nanoparticles composed of a 

magnetite (Fe3O4) or maghemite (γ-Fe2O3) core128 have many attractive features, such as a large, 

constant magnetic moment, giant-paramagnetic-atom-like behavior, fast magnetic field response, 

and low aggregation at room temperature148. Due to these features, several FDA-approved 

superparamagnetic nanoparticles have been applied in the biomedical field for a number of 

purposes, including drug delivery and magnetic resonance imaging (MRI)128,149. Intravenously 

administered magnetic nanoparticles coated with PEG and anti-CD34 successfully guided 

mononuclear cells (CD34+) to the targeted area150. In addition, Ferumoxytol, an FDA approved 

magnetic nanoparticle, has been used successfully to label human and rat CSCs, enhancing stem 

cell retention/engraftment in the injured area, and multiplying the therapeutic benefit151. It has been 

widely reported that the magnetic targeting strategy is non-toxic and can be applied universally to 

many cell types151.   
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Fig 6. Cardiac homing exosomes. This is an open access article distributed under the terms of 
the Creative Commons Attribution (CC BY-NC) license. a) Myocardium-targeting exosomes 
were produced by reacting DOPE-NHS to Cardiac Homing Peptide (CHP). The lipophilic tails 
of the DOPE-CHP then spontaneously insert into the exosomal membrane, coating the exosome 
in CHP peptide. The exosomes were then intravenously injected into rats following I/R injury. 
b) Western blot for PCNA verifies absence of cell particulates in purified exosomes and CD-
81 shows presence of exosomes. c) Nanoparticle tracking analysis shows that tagging the 
exosomes with CHP resulted in no significant changes in exosome size, with a modal exosome 
size of ~95 nm. d) Transmission electron microscopy confirms the exosome structure. e, f) ex 
vivo labelling of infarcted rat heart sections showed increased retention of both CHP-tagged 
exosomes compared to Scr-tagged exosomes (DAPI in blue and DiI-labeled exosomes in red). 
Scale bars: d = 50 nm, e = 1 mm. This is an open access article distributed under the terms of 
the Creative Commons Attribution (CC BY-NC) license 
(https://creativecommons.org/licenses/by-nc/4.0/). Reproduced with permission64. Copyright 
2018, Ivyspring International Publisher. 
 

https://creativecommons.org/licenses/by-nc/4.0/
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6.7.3 Antibody targeting  

Another important development in the past decade is the use of heart injury biomarker-

specific antibodies to target therapeutic cells to the infarcted heart152. MI events usually occur 

when coronary arteries become occluded as a result of fibrin-rich thrombi that form inside the 

lumen153. During MI, extracellular matrix will be deposited with plethoric fibrin due to an 

imbalanced thrombin/thrombomodulin ratio154. Nanogels are nano-sized colloidal hydrogels with 

loading and releasing kinetics that are related to particle size, cross-linking density, and network 

homogeneity. They are well-known for their capabilities as delivery vehicles of small molecules 

and proteins (Fig. 7)155. Poly (N-isopropylacrylamide) nanogels were engineered as part of a dual-

delivery system to reopen the clotted blood vessels and inhibit fibrosis during post-MI heart 

remodeling by targeting the deposited fibrin63. In the study, tissue plasminogen activator (tPA) and 

a small-molecule cell contractility inhibitor (Y-27632) were encapsulated inside the nanogels. An 

anti-fibrin antibody was conjugated to the outside of the nanogel by the EDC/Sulfo-NHS coupling 

of the AAc functional handles in the nanogel shell63. Through the conjugated anti-fibrin antibody 

on the surface, the intracoronary injected nanoparticles specifically recognized and bound the 

fibrin-enriched area, allowing for accurate drug releasing and improved cardiac function following 

MI, in vivo63. These antibody-conjugated nanogels can also be used to encapsulate various proteins 

or molecules. The conjugation of different antibodies can be used to specifically target different 

markers.         



   

30 

 

 

6.7.4 Bispecific antibody targeting  

Bispecific antibodies (BsAb) are artificial proteins usually composed of fragments from 

two different monoclonal antibodies that, consequently, recognize two different antigens present 

on different cells156. They have been engineered and applied for cancer immunotherapy for 

decades. For example, A BsAb molecule can simultaneously bind a cytotoxic T cell and a targeted 

tumor cell with the two Fab regions. The T cell on one Fab site releases the cytotoxins 

Fig 7. Fibrin-specific nanogel. a) the design of fibrin-specific nanogel; b) when drug-loaded 
nanoparticles combat MI, which occurs due to a fibrin-rich thrombus blocking blood flow and 
creating ischemic myocardium, and subsequent cardiac fibrosis upon reperfusion. Drug-loaded 
FSNs will bind to fibrin at the infarct site, release a fibrinolytic drug, and release a small-
molecule cell contractility inhibitor to mitigate cardiac fibrosis due to reperfusion injury; c) 
core and C/S nanogel design; d), size characterization (n = ≥30/group); d) nano-sight particle 
tracking for hydrodynamic diameter measurements; e) dry AFM images on a glass surface. 
Reproduced with permission63. Copyright 2018, American Chemical Society. 
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perforin, granzymes, and granulysin to trigger a series of apoptotic events through the action of 

perforin. Granzymes then enter the cytoplasm of the tumor cell on the other Fab site. Additionally, 

the Fc region can bind to Fc receptors from macrophages, natural killer cells, or dendritic cells, 

facilitating antibody-dependent cell-mediated cytotoxicity and killing the attached tumor cell157. 

Nowadays, the rising knowledge in effector cell biology and the implementation of antibody 

engineering technologies has improved bispecific antibody strategies for immunotherapy of 

cardiac MI injury158. The binding of BsAbs with stem cells has been applied to enhance stem cell 

targeting and tissue regeneration159. BsAbs can also be conjugated with magnetic nanoparticles to 

help exogenous bone marrow-derived stem cells (expressing CD45) or endogenous CD34+ cells 

target injured neonatal rat cardiomyocytes160. A decade ago, researchers began to design BsAbs to 

target human CD34+ cells to the specific antigens expressed by ischemic myocardium152. They 

linked 2 whole antibodies (anti-CD45 and anti-MLC) on Fcs by SulfoSMCC [sulfosuccinimidyl 

4‐(N‐maleimidomethyl) cyclohexane‐1‐carboxylate], the success of which was verified through 

flow cytometry. This study provides an example of how BsAb can be used to target hematopoietic 

stem cells (HSC) to injured myocardium, specifically152.  

6.7.5 Platelet-inspired MI targeting  

Before ischemic heart injuries, the major blood vessels usually suffer from vascular 

damage and clot formation. During this process, the damaged subendothelial matrix will be 

exposed, including collagen, fibronectin, and von Willebrand factor (vWF). The exposed ECM 

helps stimulate the aggregation of platelets via many receptor-ligand interactions, including 

GPlb/V/IX-vWF, αIIbβ3-fibronectin, and αIIbβ3-fibrinogen. Then, ischemic heart injuries cause 

membrane tethers, which play an important role in platelet-matrix and platelet-platelet adhesive 

interactions161. Many platelet surface proteins, such as (GP)VI, GPIV, GPIb, GPIX, GPV, and 
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GPIIb/IIIa are involved in this platelet aggregation process162,163. Importantly, platelets have an 

innate ability to flow in the vascular wall until binding to the targeted injury sites65. Thus, 

researchers are developing platelet membrane coatings that effectively target the ischemic heart. 

In one of the studies65, platelet membrane-decorated CSCs were formed by coating CSCs with 

platelet membranes using a fusion method65,164. Rodent and porcine ischemia/reperfusion models 

were used to prove the targeting proficiency and therapeutic efficacy of these bioengineered 

cells65. To further improve this strategy, a dually targeting platelet-inspired nanocell (PINC) was 

fabricated for ischemic heart tissue targeting. PINC achieves the targeted delivery of therapeutics 

due to platelet inspiration and the prostaglandin E2 (PGE2) that is modified on platelet membranes 

(Fig. 8A). In addition, the PINC particles showed better cryo-storage stability and have an innate 

ability to flow inside the vasculature until binding to the targeted injury sites (Figs. 8B-I)165. 
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Fig 8. Fabrication and characterization of PINCs. a) Schematic illustration of the fabrication 
process of PINCs. The therapeutic effects of PINC injection were tested in mice with 
myocardial I/R injury. b) TEM image showing the ultrastructure of CS-PGE2-PINC. c) Size 
distribution of CS-PGE2-PINC measured by DLS. d) Zeta potentials of CS-PGE2-PINC and 
NC. e) Particle sizes of bare NC and CS-PGE2-PINC over 2 weeks in PBS. f) TEM image 
showing the ultrastructure of CS-PGE2-PINC after freeze-thawing. g) The comparison of 
particle size and h) zeta potential of CS-PGE2-PINC before and after freeze-thawing. i) In vitro 
stability of NC, CS-PINC, and CS-PGE2-PINC before and after incubation in 50% fetal bovine 
serum. Scale bars, 100 nm. All data are mean ± s.d. * indicates p < 0.05, ** indicates p < 0.01, 
*** indicates p < 0.001; N.S., no statistical significance. Comparisons between any two groups 
were performed using two-tailed unpaired Student’s t-test. Comparisons among more than two 
groups were performed using one-way ANOVA followed by post hoc Bonferroni test. 
Reproduced with permission[148]. Copyright © 2018, WILEY‐VCH Verlag GmbH & Co. 
KGaA, Weinheim. 
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6.8 Cardiac injury targeting: Challenges  

Although the emergence of these targeting methods has pushed myocardial regenerative 

therapies to brand-new heights, there are many deficiencies that need to be worked on. First, it is 

necessary to establish a well-accepted standard in the field for evaluating the cardiac targeting 

efficiency. Second, in both antibody targeting and bispecific antibody targeting cases, the antibody 

added may induce immune reactions due to the intact Fc region, which can bind to Fc receptors on 

macrophages, natural killer cells, or dendritic cells. Binding by any of these cells to the Fc site 

would activate an antibody-dependent cell-mediated cytotoxic response and harm the attached 

stem cells157. Furthermore, nanoparticles conjugated with antibodies may be phagocytosed and, 

consequently, have their therapeutic effects diminished166. Thus, antibodies used for therapeutic 

purposes should be better designed to avoid undesired immune reactions. Additionally, some 

targeting methods still require local (intracoronary) injections for effective delivery65. However, 

the intravenous injection of the cardiac targeting drugs, which is more attractive and less invasive, 

may cause increased off-targeting drug delivery due to the long circulation route from the vein to 

the infarcted myocardium. For example, the cell-sized carriers may be mechanically retained in 

the capillary networks of the lungs after intravenous injection167. Moreover, the magnetic cardiac 

targeting strategy has to be thoroughly investigated, including particle size, surface chemistry, 

magnetic properties, as well as a tangible and precise external magnetic field to guide the injected 

stem cells to the heart.  

7. Conclusion  

This review began with a summary of the pathological repair process that occurs after MI. 

The paracrine mechanisms and the molecular pathways involved in stem cell therapies are 

discussed and summarized in detail. Based on the current literature, we classified and analyzed 
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stem cell derivatives and byproducts that make up the new generation of stem cell therapeutics. 

These were divided into four categories: synthetic stem cells, exosomes, cardiac patches, and 

cardiac targeting modalities. The goals of these new concepts are to: 1) bypass the limitations of 

living-cell therapies by using non-live cell products; 2) optimize the therapeutic efficacy by using 

molecular-level therapeutics; 3) diminish the invasiveness of current drug delivery routes by 

developing minimally invasive procedures or targeting concepts; and 4) get closer to clinical 

application. However, there are still many unsolved issues for future research, including the need 

for the improved understanding of molecular mechanisms, the application of new materials, the 

update of drug administration routes, pharmacokinetics, drug stability, side effects, and toxicity. 

If we can address these issues, the future of stem cell products will be bright, and both the quality 

and longevity of life for MI patients will improve. 
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CHAPTER 2: Therapeutic Potential of an Artificial Cardiac Patch in Rats and Pigs with 

Myocardial Infarction 

 

Unpublished data as of dissertation submission date; under revision at Science Translational 

Medicine. 

 

1. Abstract 

Cell therapy has been a promising strategy for therapeutic heart regeneration. To overcome 

the limitation of low cell retention/engraftment, the cardiac patch strategy involves seeding a 

scaffolding material with cells before transplantation onto the surface of the heart. These patches 

need to be freshly made and long-term storage is not feasible. We developed an off-the-shelf 

therapeutic cardiac patch, composed of a decellularized porcine myocardial extracellular matrix 

Fig Scheme. Schematic showing the concept of fabricating an off-the-shelf therapeutic 
cardiac patch for cardiac repair after myocardial infarction.  
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from pig myocardium, and synthetic cardiac stromal cells (synCSC) from the secreted factors of 

human cardiac stromal cells (Fig. Scheme). This fully acellular artificial cardiac patch (artCP) 

maintained its potency after long-term cryopreservation. In a rat model of acute myocardial 

infarction (MI), transplantation of artCP supports cardiac recovery by reducing scarring, 

promoting angiomyogenesis, and boosts cardiac function. The safety and therapeutic efficacy of 

artCP is further confirmed in a porcine MI model. Compare to current cardiac patch strategies, 

artCP offers clinically feasible, easy-to-store, and cell-free advantages.  

2. Introduction 

Coronary heart disease has been a leading cause of death in the United States, killing over 

360,000 people a year1. Present myocardial infarction (MI) treatment approaches, including 

limiting the initial injury and blocking secondary maladaptive pathways, greatly reduce 

cardiovascular morbidity and mortality. However, the remodeling process after acute MI still 

frequently leads to arrhythmias and heart failure (HF) and contribute to cardiovascular morbidity 

and mortality2. Cell therapy focus on using cells derived from different sources to promote 

myocardial regeneration by altering the cardiac remodeling process and reducing MI scar size 3-5. 

Heart-derived cardiac stromal cells (CSCs) offer regenerative therapeutic benefits through 

paracrine regenerative factors6-8 and direct interaction with the injured cardiomyocytes9. Beneficial 

effects from CSC therapy have been confirmed in clinical trials for mild-moderate MI10-13.  

The clinical applications of cell therapy for heart repair have several limitations14-16. First, 

cells are very fragile and have to be carefully preserved to keep them alive and functional17 prior 

to transplantation. Consequently, live cells are not an off-the-shelf product for clinical application 

and result in huge costs in manpower and material expense. The modes of action for cell therapy 

products also remain elusive, making it difficult to standardize product-release criteria. These 
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issues are further complicated by the fact that some undifferentiated cells can become tumor-

forming due to the potential of unlimited proliferation14,18. To increase host immunologic 

tolerance, transplantation of autologous cells may be a good choice19, but generation of these cells 

is expensive and time consuming14. Furthermore, the extremely low cell retention/engraftment 

regardless of the delivery route is a major hurdle that hampers the efficacy of the therapy20,21. Such 

rapid cell loss is not mainly due to cell death22, but rather the “washing away” of the cells caused 

by poor adherence to the injured heart23-25.   

In recent years, cardiac patches have been engineered to serve as the scaffolding materials 

for myocardial regeneration. Different cardiac patches include three-dimensional (3D) scaffolds 

embedded with stem cells26-30, microvessel layer integrated bilayer patches31, and microneedle 

cardiac patches32. However, the aforementioned limitations associated with natural cells remain 

unsolved for cellular cardiac patches. In order to overcome these challenges, we designed and 

fabricated an artificial cardiac patch (artCP) by embedding synthetic cardiac stromal cells 

(synCSC) within decellularized myocardial extracellular matrix (myoECM). myoECM which was 

derived from decellularized porcine myocardium offers an optimal scaffolding material by 

providing native ultrastructural and material properties.  myoECM also provides bioactivity that 

has been shown to promote constructive remodeling and vascularization after transplantation33. 

synCSCs were fabricated by encapsulating human CSC-secreted factors into biodegradable PLGA 

microparticles34,35. These two components synergistic properties: the 3D reticulate structure of 

myoECM offers mechanical support36 to the native myocardium while the embedded synCSCs 

secrete regenerative factors. Both components are acellular, overcoming the shortages of using 

live cells and providing an off-the-shelf product with an extended shelf life. In the present study, 

we tested the mechanical/biological properties and cryo-stability of artCP in vitro and determined 



   

57 

 

its therapeutic benefits in rodent and porcine models of MI, artCP represents a novel cardiac tissue 

engineering product which packages cell and ECM biology in a clinically feasible and off-the-

shelf fashion.  

3. Materials & Methods  

3.1 Preparation of Conditioned Media  

Conditioned media from human CSCs was prepared as previously described34,37. Briefly, 

2× 106 human CSCs from 9 cell lines were cultured in T-75 flasks and incubated with 1 ml FBS-

free media for 14 days in 5% CO2 at 37°C. Then, the media was collected and centrifuge at 1000g 

for 10 min to remove the cells and large fragments. To diminish the variable batch quality, 

conditioned media from 9 cell lines were mixed before lyophilization and storage. 

3.2 Preparation of myoECM  

Porcine hearts were decellularized as previously described36. Briefly, whole hearts of 

market weight porcine were obtained from Nahunta Pork Center (Raleigh, NC). The tissues were 

cleaned of excess tissue and washed thoroughly with tap water. The tissues were then patted dry 

and placed at -80°C for at least 48 hours. The heart was sliced into 1 mm thin pieces and agitated 

in a series of washes. The tissues were first rinsed with dH 2 0 and 2x PBS washes then washed 

for 2 hours in 0.05% Trypsin (Thermo Fisher Scientific, Waltham, MA), 2 hours in 2% Tween-20 

(Sigma-Aldrich, St. Louis, MO) and 2 hours with 4% sodium deoxycholate solution (Sigma-

Aldrich) with 5 min dH 2 0 and 15 min 2xPBS washes in between. The heart slices were then 

sterilized with a 0.1% peracetic acid solution (Sigma-Aldrich) and washed three times with sterile 

1x PBS. Decellularized myoECM was then placed flat in aluminum foil and lyophilized for at least 

24 hours. Lyophilized myoECM scaffolds were then sterilized using ethylene oxide.  
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3.3 DNA quantification of myoECM 

Samples of ~10 mg were taken before and after decellularization and were digested at 60°C 

overnight with 0.2 mg/mL of papain (Sigma-Aldrich). The samples were then accessed for DNA 

content using the Quant-IT Picogreen dsDNA Assay (Thermo Fisher Scientific, Waltham, MA) 

according to the manufacturer’s instructions. 100 µL samples were read at 538 nm with an 

excitation at 485 nm using a fluorescence spectrometer. Before decellularization, samples 

contained 418.8 ± 27.33 ng DNA/mg of tissue, n=8 and after decellularization, samples contained 

17.66 ± 3.869 ng DNA/mg of tissue, n=8. 

3.4 Characterization of myoECM  

Biopsy punches (7mm) were taken of the heart tissue before and after decellularization, 

fixed with 4% paraformaldehyde (Sigma-Aldrich) overnight and stored in 70% EtOH. Cross 

sections were cut at 5 μm and stained for Van Gieson’s, Gömöri’s Trichrome and Alcian Blue. 

Slides were imaged using an AZ100 multi-purpose zoom microscope system. Mechanical testing 

was done on an Instron 5944 with a 50 N load cell. Samples of myocardium were randomly cut 

into rectangular pieces, hydrated in 1X PBS until testing and then secured at opposite ends onto 

customized clamps. Samples of native heart tissue (NHT) were 12.62 ± 0.60 mm in width and 1.79 

± 0.13 mm in thickness. Processed myoECM samples were 10.05 ± 0.59 mm in width (9.47 ± 0.60 

mm for n=8) and 1.54 ± 0.13 mm (or 1.23 ± 0.13 mm for n=8) in thickness. Samples were pre-

conditioned by using 5 cycles at a rate of 1 %strain/sec with a preload of 0.06N. This was followed 

by a uniaxial stretch of until failure at a rate of 1% strain/sec. Data was collected using Bluehill3 

Testing Software and processed. 
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3.5 Fabrication and characterization of artCPs 

myoECM (diameter = 3.5 cm) was hydrolyzed with sterilized PBS for 24 hours and then 

was placed on the filtration area of the 50ml vacuum filtration system (Steriflip® Filter Units). 

synCSC suspended in sterilized PBS (7^106 /ml) was added evenly on top of the myoECM so that 

the vacuum extraction force drove the synCSCs into the reticulate structure of myoECM during 

vacuum filtration and formed artCP. The artCP was cut into round pieces (diameter = 5 mm) with 

a size 10 scalpel for both in vitro study and in vivo rat study. Whereas, the artCP for in vivo porcine 

study was a round piece with diameter of 3.5 cm. The morphology of artCP was studied by SEM 

(Philips XL30 scanning microscope, Philips, The Netherlands). Freeze-dried samples were 

mounted on aluminium stubs with double-sided tape and coated with a thin layer of gold. The 

coated samples were then scanned and photographed under the microscope at an acceleration 

voltage of 15 kV. To examine the embedding efficiency and retention of synCSCs in vitro, we pre-

labeled myoECM with anti-collagen I (1:100, ab34710, Abcam) and FITC-conjugated secondary 

antibodies (1:200). Also, we pre-labeled synCSCs with red-fluorescent Texas red succinimidyl 

ester (1mg/ml) (Invitrogen, Carlsbad, California). Then, the artCP (n=6) was produced for imaging 

before and after sterilized PBS wash. Images were taken with an epi-fluorescent microscope 

(Olympus IX81). The retained synCSCs were characterized and compared from the same images 

using the NIH Image J software.  

3.6 Cryo-stability analysis of artCPs 

We created 5 batches (n=4 in each batch) of artCP every 7 days. For the first 4 batches, the 

artCP were washed with PBS and cryo-stored in -20℃ directly after fabrication. On day 28, the 

first 4 batches were thawed and the 5th batch of artCP were made freshly. Then, we rinsed all 

batches of artCP with sterile PBS for 3 times and soaked into 1ml sterile PBS. After that, we 
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incubated them in a 37℃ incubator for 4 days. The regenerative factors (VEGF, HGF and IGF) in 

the supernatant were assessed through ELISA kits (R&D Systems). Total protein contents of 

synCSCs that used for artCP batch creation were determined as previous studies34. Briefly, 10 mg 

freeze-dried synCSCs were dissolved in 1ml dichloromethane (DCM) for 60 min. Then, 1 ml PBS 

was added into solution followed by agitation for 10 min to extract protein from DCM into PBS. 

After centrifugation, the concentration of protein in the aqueous phase was determined by a BCA 

Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).  

3.7 In vitro potency of artCPs  

Neonatal rat cardiomyocytes (NRCMs) were derived from SD rat as previous described38. 

We cultured NRCMs on 4-well chamber slides. Fresh-artCP, cryo-artCP, myoECM or synCSCs 

were placed onto NRCMs for 3 days. A solitary NRCM culture was included as control. Cell 

proliferation was evaluated by the percentage of α-SA+(1:100, a7811, Sigma) /Ki67+ (1:100, 

ab15580, Abcam) NRCMs. For assessment of cell apoptosis, the cells were incubated with 

TUNEL solution (Roche Diagnostics GmbH, Mannheim, Germany) and counter-stained with 

DAPI (Life Technology, NY, USA). A Live/Dead Viability/Cytotoxicity Kit (ThermoFisher) was 

used to determine the cell viability of NRCMs. Images were taken with a confocal fluorescent 

microscope (ZEISS LSM 880). Tissue morphology was characterized by images using the NIH 

Image J software and ZEN lite software.  

3.8 Angiogenesis Assay 

 Human umbilical vein endothelial cells (HUVECs) were co-incubated with PBS, 

myoECM, cryo-artCP or fresh artCP for 24 hr, then plated on growth factor-deprived Matrigel 

(BD Biosciences, San Jose, CA) to evaluate angiogenesis61. Eight hours later, tube formation was 

measured with a white light microscope and analyzed with NIH Image J software. 
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3.9 Rat model of myocardial infarction  

All animal work was compliant with the Institutional Animal Care and Use Committee at 

North Carolina State University. Animal care was in accordance to the Institutional Animal Care 

and Use Committee (IACUC) guidelines. 5-7-week-old female Sprague Dawley rats (Charles 

River Laboratories) were induced with a 1.5% isofluorane-oxygen mixture. Then, the rats were 

intraperitoneal administered with 0.8-0.9µl/g anesthetic combination (ketamine and xylazine with 

a proportion of 2:1). Under artificial ventilation with a rodent ventilator (SAR-1000 Small Animal 

Ventilator, CWE, Inc.), a MI surgical operation was performed under sterile conditions. Briefly, 

the heart was exposed by left thoracotomy at 4th intercostal space and acute MI was produced by 

permanent ligation of LAD (6-0 prolene blue 30", Esutures). Then, the rats were left in-situ for 20 

mins covered with a sterile PBS soaked cotton gauze pad (Fisherbrand). The heart was randomized 

to receive one of the following 3 treatment: 1) MI group: MI induction without any treatment; 2) 

MI + myoECM group: empty myoECM patch was sutured (6-0 prolene blue 30", Esutures) onto 

the surface of discolored infarcted area ; (3) MI + artCP group: artCP was sutured onto the surface 

of discolored infarcted area (6-0 prolene blue 30", Esutures). After the surgery, rats were then 

extubated and observed for approximately 30 minutes until they were able to move. 21 days (rat 

21 days equal to human 1.5 years)62 after MI surgical operation, the animals were euthanized for 

further study.  

3.10 Immunohistochemistry (IHC) 

Heart cryo-sections were fixed with 4% paraformaldehyde solution, permeabilized and 

blocked with 0.01% saponin (Sigma-Aldrich, St. Louis, MO) Dako (Dako, Glostrup, Denmark) 

solution and then incubated with primary antibodies overnight at 4∘C: mouse anti-alpha sarcomeric 

actin (1:100, a7811, Sigma), rabbit anti-Ki67 (1:100, ab15580, Abcam), rabbit anti- von 
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Willebrand factor (1:100, ab6994, Abcam), rabbit anti- pH3 (1:100, ab5176, Abcam), rabbit anti- 

AuroraB (1:100, ab2254, Abcam). FITC- or Texas-Red secondary antibodies (1:200) were 

obtained from Abcam Company and used for the conjunction with these primary antibodies for 

1.5 hour at room temperature. Samples were then treated with DAPI (LifeTech, Carlsbad, CA) and 

mounted in Prolong Gold Mounting Media (LifeTech, Carlsbad, CA). For assessment of cell 

apoptosis, heart cryo-sections were incubated with TUNEL solution (Roche Diagnostics GmbH, 

Mannheim, Germany) and counter-stained with DAPI (Life Technology, NY, USA). Images were 

taken with an epi-fluorescent microscope (Olympus IX81) and confocal fluorescent microscope 

(ZEISS LSM 880). Tissue morphology was characterized by images using the NIH Image J 

software and ZEN lite software.  

3.11 Immunogenicity detection after artCP transplantation 

SD rats with integrity immune system were anaesthetized with ketamine and xylazine 

cocktail (proportion of 2:1). Under sterile conditions, the heart was infarcted by LAD ligation. 

ArtCP was transplanted onto the heart (6-0 prolene blue 30", Esutures). After 7 days, all rats were 

sacrificed, and hearts were collected for cryo-sections as previously described. Then, IHC was 

performed with the primary antibodies including rabbit anti-CD3 (1:100, ab16669, Abcam), mouse 

anti-CD8 alpha (1:100, mca48r, abd Serotec, Raleigh, NC) and mouse anti-CD68 (1:100, ab 955, 

Abcam). FITC- secondary antibodies (1:200) were obtained from Abcam Company and used for 

the conjunction with these primary antibodies. Nuclei were stained with DAPI (Life Technology, 

NY, USA). Images were taken by an Olympus epi-fluorescence microscopy system.  

3.12 synCSC retention and distribution  

To track the synCSC in vivo, we fabricated artCP with DiR labelled synCSC and 

transplanted in rat MI models. To prepare DiR (1,1-dioctadecyl-3,3,3,3-tetramethy-
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lindotricarbocyanine iodide) (D12731, Invitrogen, Life Technologies) labelled synCSC, the 

filtered CSC membrane was collected as previously described34 and was incubated with 1µM 

fluorescent lipophilic tracer DiR at room temperature (RT) for 20 minutes. Then, we cloaked the 

synCSC core with DiR labelled CSC membrane so that the DiR fluorescence could be traced. The 

animals administrated with intramyocardial injection of DiR labelled synCSC and transplantation 

of empty myoECM were used as controls (n=3 in each group). Then, Animals were euthanized, 

and the organs were harvested 24 hours after treatment. We placed hearts and other organs in 

Xenogen IVIS imaging system (Caliper Life Sciences, Mountain View, CA) to detect RFP 

fluorescence for biodistribution analysis. 

3.13 artCP transplantation in a porcine MI model 

Yorkshire porcine (Palmetto, 60-70lbs) were used for surgical (open-chest) MI models. 

While porcine were in their quarters, they were sedated with TKX cocktail (1 mL/13-30 kg IM). 

Then, the animals were intubated, and anesthesia were maintained with a mixture of isoflurane (0-

5% in 100% oxygen) at the constant-rate infusion of 5-10 ug/kg/hr. While under anesthesia, the 

porcine were monitored per veterinary hospital guidelines. A partial midline stemotomy was 

performed under sterile conditions and the pericardium was sectioned. Then, the MI was created 

by permanent ligation (Silkam 2/0, B/ Braun Suture) at the distal (left) LAD after the second 

diagonal branch. Heparin (5000 IU IV) was administered just before LAD occlusion. 10 mins later, 

the artCP was transplanted by suturing (2/0 suture, Esutures, MokenIL) on the heart surface 

downstream of the LAD, where there was a sign of ischemia. During surgery, positive pressure 

ventilation was maintained at a rate of 10-12 breaths per minute, and normal saline (10 mL/kg 

hourly) was infused through the venous cannula in the auricular vein to maintain preload stability. 

After the study, arterial oxygen tension, locomotor activity, respiratory changes, body temperature, 
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and food and water intake was closely monitored by veterinary services staff. Porcine were carried 

out until 7 days after MI surgery. 

3.14 Statistical analysis 

All results are expressed as mean ± s.d. Comparison between two groups was performed 

with two-tailed Student’s t-test. Comparisons among more than two groups were performed using 

one-way ANOVA followed by post hoc Bonferroni test. Differences were considered statistically 

significant when the P value < 0.05. 

4. Results  

4.1 Fabrication of artCP 

As the base material for artCP, myoECM was derived from decellularized porcine 

myocardium. To test whether the myoECM had appropriate structure and mechanical 

characteristics for heart transplantation, we compared myoECM with native heart tissue (NHT) 

via histology and mechanical testing (Fig. 1). The result indicated that myoECM was produced 

efficiently by decellularization, and the remaining fibrillar collagen provided its mechanical 

stability, structural support and morphology (Fig. 1A). Also, the compliance of myoECM (Figs. 

1B and C) was similar to that of NHT within a similar thickness (Fig. 1D). Moreover, the 

decellularization effectively also removed DNA (Fig. 1E). These results confirmed that 

decellularized myoECM preserved its reticular structure and maintained a relatively similar 

elasticity as NHT making them mechanically feasible for heart transplantation.  
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Fig 1. Histological and mechanical comparison between decellularized myoECM and 
native heart tissue (NHT). (A) Histology comparison between NHT (top) and decellularized 
myoECM (bottom) including Alcian blue, Gormori’s Blue,Van Gieson’s, Masson’s trichrome, 
and H&E staining. Scale bar = 200 µm. (B-C) Uniaxial testing on native heart tissue (NHT) 
and processed heart ECM (myoECM) n = 5. (B) Plots of tension vs strain. (C) Plots of stress vs 
strain. (D) Thickness comparison of NHT and myoECM samples for uniaxial testing. (E) DNA 
quantification before and after myoECM decellularization. All data were means ± s.d. 
Comparisons between two groups were performed using two-tailed unpaired Student’s t-test. 
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Fig 2. Generation of artCP by embedding synCSCs into myoECM via vacuum filtration. 
(A) Schematic showing the vacuum filtration method. (B) Representative fluorescent images 
showing artCPs before and after PBS wash. synCSC (red) were prelabeled with Texas red 
succinimidyl ester and myoECM (green) were prelabeled with anti-collagen I and FITC-
conjugated secondary antibodies. Scale bar = 25μm. (C) Quantitation of embedded synCSC 
numbers before and after wash (n = 6). All data were means ± s.d. Comparisons between two 
groups were performed using two-tailed unpaired Student’s t-test. NS indicated P > 0.05. (D) 
Representative SEM images showing the cross-sectional view of myoECM (blue outline) and 
artCP (red outline). 
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To fabricate the final product artCP, we embedded synCSCs (Fig. S1A) into myoECM via 

a vacuum filtration method (Fig. 2A). The controllable vacuum drove the synCSC particles into 

the myoECM structure. To confirm synCSC embedding efficiency and retention, artCPs were 

washed 3 time with PBS. synCSCs remained in the artCP after wash (Figs. 2B and C). Scanning 

electron microscope (SEM) confirmed that synCSCs were efficiently embedded in the reticulate 

structure of myoECM with limited structural change in both myoECM and synCSCs (Fig. 2D). 

Confocal imaging confirmed that synCSC were successfully embedded into myoECM and evenly 

distributed (Fig. S1B). Taking together, vacuum filtration was able to embed synCSCs in 

myoECM to form artCP without harming to the structural integrity of both myoECM and 

synCSCs.  

4.2 Characterization of artCP  

One major advantage of an artCP over a live cardiac patch is its foreseeable cryo-stability. 

CSCs rely on their secretion to exert their regenerative potency13, we assessed the concentrations 

of various regenerative factors released by artCPs that had been cryo-stored for various time 

periods (Fig. 3A). After various periods of cryo-storage, artCPs were rinsed 3 times with sterile 

PBS and soaked in 1 ml of sterile PBS for a 4-day incubation at 37℃ (Fig. 3A).  The results 

indicate that the secretion ability of artCP was not affected by cryo-storage (Figs. 3B-D). As a 

quality control, we confirmed that the initial total protein amounts in the synCSCs of different 

batches of artCPs were equivalent. (Fig. 3E). Additionally, we further evaluated the mechanical 

properties of cryo-stored and fresh artCPs. The result indicated that the 28day cryo-storage did not 

affect the mechanical properties of the patch (Figs. S1C-E). Moreover, the degradative capability 

of artCP was shown in enzyme-mediated degradation analysis in vitro (Fig. S1F).  
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4.3 Regenerative potency of artCP in vitro  

As an in vitro potency assay, we co-cultured freshly prepared or cryo-stored artCPs with 

neonatal rat cardiomyocytes (NRCMs) for 3 days and then assessed cell viability and proliferation. 

Equal amounts of synCSCs, myoECM, or empty-artCP (myoECM embedded with empty PLGA 

particles with no CSC factors) were included as proper controls. NRCMs cultured in regular media 

were used as negative control. Proliferating NRCMs were identified by Ki67+ expression (green) 

in the nuclei (blue) (Fig. 4A). Our data suggested that co-culture with synCSCs, cryo artCP or 

fresh artCP promoted the proliferation of NRCMs (Fig. 4B). Co-culture with synCSCs, cryo artCP 

or fresh artCP increased cell viability and decreased cell death, resulting in an increase in overall 

cell numbers (Figs. 4C and D). In addition, TUNEL staining revealed that co-culture with 

synCSCs, cryo artCP or fresh artCP inhibited cell apoptosis (Figs. 4E and F). Moreover, artCP 

promoted tube formation of endothelial cells (Figs. S2A-C). In all these measures, the potency of 

cyro-stored artCP was similar to that from freshly prepared artCP. Together, these data supported 

the notion that artCP retained the regenerative potency of synCSCs and cryo-storage did not 

undermine such potency.  
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Fig 3. Cryo-stability of artCP. (A) Schematic showing the study design.  Hepatocyte growth 
factor (HGF) (B), insulin-like growth factor (IGF) (C), and vascular endothelial growth factor 
(VEGF) (D) were analyzed by ELISA (n = 4). myoECM and empty-artCP (myoECM embedded 
with empty-synCSCs) were used as controls. (E) Total protein amounts in different synCSCs 
batches were measured by a BCA Protein Assay Kit (n=3 in each group). All data were means 
± s.d. Comparisons among groups were performed using one-way ANOVA followed by post 
hoc Bonferroni test. NS indicated P > 0.05. “**” indicated P < 0.01, “****” indicated P < 
0.0001. 
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4.4 Biodistribution of synCSCs and biocompatibility of artCPs  

Sprague Dawley (SD) rats with acute MI were used for biodistribution studies. 24 hours 

after treatment, all groups of animals were euthanized, and major organs were collected for ex vivo 

fluorescent imaging. artCP effectively held synCSCs in the infarcted region with minimal off-

target loss into other organs (Figs. S3A-C). Whereas, intramyocardial injected synCSC were 

“washed away” from the heart to other organs such as the lungs (Fig. S3C). These results were 

consistent with our previous study34. The off-target lung distribution was due to needle- caused 

vessel damage and the subsequent venous drainage39. To evaluate the biocompatibility of artCPs, 

an independent experiment was performed by transplanting artCPs onto the infarct heart of SD 

rats. The hearts were harvested for analysis of immune rejection on day 7 (Figs. S4A-C) and day 

21(Fig. S4D) after transplantation. T cell and macrophage infiltrations were evaluated with 

CD3/CD8 and CD68 staining. artCP transplantation elicited negligible T-cell or macrophage 

infiltrations as the numbers of CD3+/CD8+ T cells or CD68+ macrophages were detected in the 

heart.  
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Fig 4. Effects of artCP on cardiomyocytes in vitro. (A) Representative fluorescent 
micrographs showing Ki67+ expression (green) in NRCMs. Scale bar = 50 μm. (B) 
Quantitation of Ki67+ cells. n=3 per group. (C) Live/Dead assay was used to determine the 
viability of NRCMs. Scale bar = 50 μm. (D) NRCM viability was measured using NIH 
Image J software. n=3 per group. (E) Cell apoptosis was detected based on TUNEL+ 
expression (red). Scale bar = 50 μm. (F) TUNEL+ NRCM percentage was determined with 
the NIH Image J software. n=3 per group. All data were means ± s.d. Comparisons among 
groups were performed using one-way ANOVA followed by post hoc Bonferroni test. The 
comparisons between samples were indicated by lines, and the statistical significance was 
indicated by asterisks above the lines.  “*” indicated P < 0.05. “**” indicated P < 0.01.  
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4.5 artCP therapy in rats with acute MI 

To test the therapeutic potency of artCP, we induced MI in SD rats by left anterior 

descending artery (LAD) ligation as previously described 41. After LAD ligation was confirmed 

by color alteration of the LV, a circular piece of artCP (diameter =5 mm) containing ~ 2×106 

synCSCs was sutured onto the MI area. were myoECM control animals transplanted with a same 

sized empty myoECM patch without synCSCs embedded. Negative control animals did not receive 

any treatment after MI. All animals were sacrificed 21 days after the surgery and the hearts were 

harvested for histological analysis (Fig. 5A). The surgeon and the analyzer were blinded to the 

treatment administered. Echocardiography was performed before MI induction, 4 hours after the 

operation (baseline), and finally before the animals were euthanized on day 21(endpoint) (Fig. 

5B). Left ventricular ejection fraction (LVEF) and fractional shortening (LVFS) before surgery 

and 4 hours after surgery were indistinguishable among all three groups indicating a uniform 

degree of background cardiac function and initial injury. 3 weeks after treatment, the hearts 

received artCP transplantation had the greatest LVEFs (Figs. 5C-F) and LVFSs (Figs. 5G-J) by 

preserving cardiac contraction capability (Fig. S5). Hematoxylin and eosin (H&E) staining 

revealed the structures of artCP and myoECM 3 weeks post transplantation (Fig. 6A). Cells 

residing in the structures were fibroblasts, smooth muscle cells and endothelial cells (Fig. S6). 

Masson’s trichrome staining (Fig. 6B) revealed that artCP transplantation led to decrease in 

infarction size (Fig. 6C), increase in viable tissue in the risk area (Fig. 6D), and increase in LV 

wall thickness (Fig. 6E). Interestingly, we found a large size of viable cardiac tissue in the infarcted 

region that was covered by the artCP (Figs. 6A and B). Consistent with previous studies33,40, empty 

myoECM transplantation also generated a certain degree of therapeutic effects. However, the 

embedding of synCSCs in the artCP further amplified the therapeutic benefits.  
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4.6 artCP’s therapeutic effects are not affected by cryo-storage 

We also performed an independent animal study to compare the therapeutic potency of 

cryo-stored artCPs to their freshly made counterparts. Immediately after MI induction, animals 

received transplantation of a fresh-artCP or a cryo-artCP (cryo-stored for 28 days). Animals 

received MI (but no treatment) or treatment of empty-artCP were used as controls. LVEFs and 

LVFSs were determined before MI, 4 hours after MI and three weeks afterwards (Figs. S7A-P). 

The LVEFs and LVFSs before MI and 4 hours after MI were indistinguishable among these 

groups, indicating a similar degree of initial injury (Figs. S7A and B). 28 days of cryo-storage did 

not affect the artCP’s ability in protecting cardiac functions (Figs. S7A-P). In addition, infarct sizes 

were effectively reduced by either cryo- or fresh- artCP transplantation to a similar degree (Figs. 

S8A and B). Viable tissue in the risk area (Fig. S8C) and infarct wall thickness (Fig. S8D) were 

increased by both therapies. These results demonstrated the cryo-stability of artCP products. On 

day 21, the serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

creatinine, and blood urea nitrogen (BUN) (Fig. S9) were indistinguishable among all groups, 

indicating no toxicity from either cryo- or fresh- artCP transplantation.  
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Fig 5. Transplantation of artCP in rats with MI. (A) Schematic showing the study design. 
Cardiac function was assessed before MI, 4 hours after MI (baseline) and 21 days after MI 
(endpoint). (B) Representative M-mode echocardiography images that shown at baseline and 
endpoint were taken from one random animal in each group. LVEF was analyzed before MI 
(C), 4hours after MI (D) and 21days after MI (E), and treatment effects were determined as the 
changes in LVEF (F). n=5 in each group. LVFS was also analyzed before MI (G), 4hours after 
MI (H) and 21days after MI (I), and treatment effects were calculated as well (J). n=5 in each 
group. All data were means ± s.d. Comparisons among groups were performed using one-way 
ANOVA followed by post hoc Bonferroni test. The comparisons between samples were 
indicated by lines, and the statistical significance was indicated by asterisks above the lines. NS 
indicated P > 0.05. “*” indicated P < 0.05. “**” indicated P < 0.01, “***” indicated P < 0.001.  
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Fig 6. Heart morphometry was assessed through H&E and Masson’s trichrome staining. 
(A) H&E staining was performed with the thickness of 10 𝜇𝜇m cryo-sections by using traditional 
methods and chemicals. (B) Masson’s Trichrome staining was performed using HT15 
Trichrome Staining (Masson) Kit on the thickness of 5 𝜇𝜇m cryo-sections. Morphometric 
parameters including infarct size (C), the percentage of viable myocardium at risk area (D), and 
infarct wall thickness (E) were measured from the Masson’s Trichrome stained slides via NIH 
ImageJ software. n=5 in each group. All data were means ± s.d. Comparisons among groups 
were performed using one-way ANOVA followed by post hoc Bonferroni test. The 
comparisons between samples were indicated by lines, and the statistical significance was 
indicated by asterisks above the lines. NS indicated P > 0.05. “*” indicated P < 0.05. “**” 
indicated P < 0.01, “***” indicated P < 0.001.   
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4.7 artCP therapy promotes angiomyogenesis in rats with MI 

artCP transplantation increased capillary density in the infarct area (Figs. 7A and B). To 

further explore whether cardiac function improvement was accompanied by myocardial 

regeneration, three cell cycling markers were employed, including Ki67, phosphorylated histone 

H3 (pH3) and Aurora B kinase (Aurora B). The myocyte and non-myocyte localizations of these 

markers were confirmed by z-stack confocal imaging. The results indicated that Ki67+ expressions 

in artCP-treated group were mostly overlaid with myocardium nuclei, whereas, the Ki67+ 

expression in the other two groups were generally overlaid with non-myocyte nuclei (Figs. 7C and 

D). pH3+ (Figs. 7E-G) and Aurora B+ (Figs. S10A and B) staining confirmed the pro-proliferative 

effects of artCP therapy. TUNEL assay indicated that artCP transplantation significantly decreased 

cell apoptosis in the infarct border zone (Figs. S11A and B). The pro-regenerative and anti-

apoptotic mechanisms of artCP therapy were confirmed by western blot analysis (Figs. S11C-F). 

Moreover, fresh or cryo-stored artCP therapy promoted angiomyogenesis (Fig. S12). Taken 

together, transplantation of cryo-stored or fresh artCPs strengthened angiomyogenesis but reduced 

cell apoptosis.  
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Fig 7. ArtCP treatment mechanism was explored through IHC staining. (A) Endothelial 
cell marker vWF (green) was detected in the heart infarcted area that interfaced with 
transplanted artCP or myoECM. Scale bar= 200 μm. (B) The pooled data of vWF+ signal 
counting per high power field (HPF) was assessed by Image J software. n=5 in each group. (C) 
Ki67+ expression (green) were detected on the infarct periphery. Scale bar = 50 μm. Scale bar 
zoomed snapshot =10 μm. (D) Ki67+ expressed cells were counted per HPF through Image J 
software. n=5 in each group. (E) Phosphorylated histone H3 (pH3+) expression signals (green) 
were also detected. Scale bar = 25 μm. Scale bar zoomed snapshot =10 μm. (F) pH3+ cells and 
(G) pH3+ cardiomyocytes were counted per HPF through Image J software. n=5 in each group. 
All data were means ± s.d. Comparisons among groups were performed using one-way 
ANOVA followed by post hoc Bonferroni test. The comparisons between samples were 
indicated by lines, and the statistical significance was indicated by asterisks above the lines. 
“*” indicated P < 0.05. “**” indicated P < 0.01, “***” indicated P < 0.001. 
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Fig 8. Transplantation of artCP to porcine MI models. (A) Schematic showing the study 
design. The representative pictures showing the porcine MI model creation via LAD ligation 
(left) and artCP transplantation (right). (B) Electrocardiography (ECG) was collected pre-MI, 
24 hours and 7 days post-MI from 2 groups. MI was indicated by ST-segment elevation. (C) 
Serum cardiac troponin I (cTnI) was measured pre-MI, 24 hours and 7 days post-MI in each 
group of animals. n=3 in each group. (D) In the picture of the top left (MI control), the red circle 
indicated the area of infarction due to successful MI creation. Five sections (1cm in thickness) 
were cut from Apex to bottom. In the picture of the bottom left (artCP transplanted), the red 
circle indicated the artCP transplanted area. The right side of the picture showed TTC staining 
of 5 heart sections (from one heart) in MI only group (top right) and artCP treated group (bottom 
right). The white area in TTC stained heart sections indicated infarction. The position of artCP 
was outlined with green. (E) The infarction area percentage was measured in heart slice 2, 3 
and 4 through image J software. n=3 in each group. All data were means ± s.d. Comparisons 
among groups were performed using one-way ANOVA followed by post hoc Bonferroni test. 
The comparisons between samples were indicated by lines, and the statistical significance was 
indicated by asterisks above the lines. (F) Masson’s trichrome staining of the infarct periphery 
was performed to detect the myocardium integrity. Scale bar = 400 μm.  
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4.8 artCP therapy in a porcine model of MI 

Despite the widespread use of rodent models for cardiovascular researches, the use of the 

porcine model is well-justified as the porcine heart has human-like myocardial blood flow, 

ventricular mechanics, and dimensions41. Porcine MI model was created in Yorkshire-pigs 

(female, 50-70 lbs) by open chest surgery and LAD ligation at distal to the 2nd diagonal branch 

(Fig. 8A). A piece of artCP (diameter = 3.5 cm) was transplanted onto the surface of the porcine 

heart to cover the MI area. Control animals did not receive any treatment. All animals were 

euthanized 7 days after treatment and the hearts were harvested for morphometry and histology 

studies. Blood samples and ECGs were collected pre-MI, 24 hours and 7 days post MI. Induction 

of MI was verified by the elevation of ST segment on ECG and increased cardiac troponin I (cTnl) 

level 24 hours post-MI (Figs. 8B and C). An interesting observation from the ECG is that control 

animals still had ST segment elevation at Day 7, while such abnormality disappeared in the artCP-

treated animals (Fig. 8B). After the last echocardiography session, animals were sacrificed, and all 

hearts were collected and cryo-sectioned transversally (1 cm in thickness) from apex to bottom for 

triphenyltetrazolium chloride (TTC) staining. The infarcted size in each slice was quantified by 

Image J analysis. The macroscopic images from TTC staining suggested that the infarcted area of 

artCP-transplanted hearts was relatively smaller on Slice 1 and Slice 2 (Figs. 8D and E). Masson’s 

trichrome staining revealed that artCP treatment reduced myocardial fibrosis at the microscopic 

level (Fig. 8F). Echocardiography data were collected at 24 hours (baseline) and 7 days post MI 

(endpoint) for cardinal function analysis (Figs. S13A-H). The result showed that artCP treatment 

significantly improved cardiac pump functions (Figs. S13A and B). Also, cardiac contractility 

(measured by LVFSs) was enhanced by artCP therapy (Figs. S13C and D). To assess the safety of 

artCP transplantation, liver and kidney functions were evaluated with blood samples from pre-MI, 

https://pubs.acs.org/doi/full/10.1021/acsnano.7b01008#fig5
https://pubs.acs.org/doi/full/10.1021/acsnano.7b01008#fig5
https://pubs.acs.org/doi/full/10.1021/acsnano.7b01008#fig5
https://pubs.acs.org/doi/full/10.1021/acsnano.7b01008#fig5
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24 hours post MI and 7 days post MI time points. The levels of alanine aminotransferase (ALT) 

and aspartate aminotransferase (AST) expressions were indistinguishable among all groups (Figs. 

S14A and B), indicating artCP transplantation did not alter liver functions. Furthermore, the blood 

creatinine and blood urea nitrogen (BUN) measurements indicate that artCP transplantation did 

not impact on kidney function (Figs. S14C and D). To address the immune reaction against the 

transplanted artCP, WBCs, PMNs, and lymphocytes were also quantified (Figs. S15A-D). No 

changes were detected in the artCP-treated animals. These results further proved that artCP was 

biocompatible in the porcine models. Interestingly, the reactive lymphocytes in artCP-treated 

animals were suppressed when compared to the nontreated group (Fig. S15D). Taken together, 

these results indicated the safety of artCP transplantation. 

5. Discussion  

As emerging new strategies in tissue engineering and regenerative medicine, cardiac 

patches 42-44 and stem cell therapy 13,45-47 have become the focus of multiple studies targeting 

myocardial tissue repair during the past decade. A cardiac patch normally involves spiking a 

scaffolding material with various types of stem cells48-50. In general, these patches rely on the 

added cells to impart functional benefits. However, as a living component, the cells also make the 

cardiac patch product vulnerable to ambient storage and shipping conditions 14. One of our major 

questions remain: how do we make a therapeutic cardiac patch that is stable at room temperature 

and offer read-to-use convenience? The recent development in synthetic strategies provides some 

alternative solutions34,35,51-53. In the resent study, we embedded therapeutic synthetic cardiac stem 

cells (synCSCs) within decellularized myoECM to generate a fully acellular artificial cardiac patch 

(artCP). The artCP approach adopts a “particle in matrix” design harnessing the proven beneficial 

effects of synCSCs and myoECM: the synCSCs mimicks the therapeutic features of live stem cells 
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while overcoming their storage and survival problems; the myoECM preserves the extracellular 

matrix structures and bioactivity found within the native cardiac tissue.  

We confirmed the unimpaired factor release capability of artCPs after 28 days of cryo-

storage. The in vitro potency assay using cardiomyocytes confirmed that artCPs remained potent 

after at least 15 days of cryo-storage. The storage properties of artCP overcome an essential 

shortage of a conventional cardiac patches which traditionally need to be maintained under 

physiological conditions after preparation. If not stored and handled properly, traditional cardiac 

patches would suffer from the cell death within the patch rendering it noneffective or even lead to 

negative effects after transplantation. Additionally, the myoECM in artCP augments the cardiac 

retention of synCSCs further increasing their beneficial effects. In our previous work, synCSCs 

were directly injected into the myocardium34 and, despite encouraging proof-of-concept results, 

suffered from significant loss of synCSCs to the lungs. This was confirmed by the present study. 

The artCP approach reinforced the retention of synCSCs on the heart and diminished their off-

target biodistribution to other organs. On the other hand, the synCSCs release regenerative factors 

to the myopcardium, producing additional benefits on top of the myocardium-emulating structures 

of myoECM. Additionally, cryo-storage did not affect the therapeutic potency of artCP. In both 

rodent and porcine models of myocardial infarction, we demonstrated that transplantation of an 

artCP improved heart pump function, reduced fibrosis/infarct size, increased in viable myocardial 

tissue, and promoted angiomyogenesis.  

Our study has several limitations. To reduce the injury associated with open-chest surgery, 

minimally invasive approaches of patch delivery needs to be developed in future iterations54-56. 

Also, further mechanistic studies on myocardium regenerative pathways57-59 could help elucidate 

the modes of action of artCP therapies. Additionally, the length of factor releases and artCP 
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degradation need to be optimized to match the post-MI LV remodeling. Never the less, the present 

study shows the potential synergistic effects of using synCSCs with myoECM to provide an off-

the-shelf cardiac patch with significant regenerative capacity.  
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CHAPTER 3. Platelet-Inspired Nano-Cells for Targeted Heart Repair After 

Ischemia/Reperfusion Injury 
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Su, T*. Huang, K*. and Hong, M*. et al. Platelet-Inspired Nanocells for Targeted Heart Repair 

After Ischemia/Reperfusion Injury. Adv. Funct. Mater. 0, 1803567 (2018). 

*Contributed equally. 

 

1. Abstract 

Cardiovascular disease is the leading cause of mortality in the world. While reperfusion 

therapy is vital for patient survival post-heart attack, it also causes further tissue injury, known as 

myocardial ischemia/reperfusion (I/R) injury in clinical practice. Exploring ways to attenuate I/R 

injury is of clinical interest for improving post-ischemic recovery. A platelet-inspired nano-cell 

(PINC) that incorporates both prostaglandin E2 (PGE2)-modified platelet membrane and cardiac 

stromal cell-secreted factors to target the heart after I/R injury is introduced. By taking advantage 

of the natural infarct-homing ability of platelet membrane and the overexpression of PGE2 

receptors in the pathological cardiac microenvironment after I/R injury, the PINCs can achieve 

targeted delivery of therapeutic payload to the injured heart. Furthermore, a synergistic treatment 

efficacy can be achieved by PINC, which combines the paracrine mechanism of stem cell therapy 

with the PGE2/EP receptor signaling that is involved in the repair and regeneration of multiple 

tissues. In a mouse model of myocardial I/R injury, intravenous injection of PINCs results in 

augmented cardiac function and mitigated heart remodeling, which is accompanied by the increase 

in cycling cardiomyocytes, activation of endogenous stem/progenitor cells, and promotion of 
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angiogenesis. This approach represents a promising therapeutic delivery platform for treating I/R 

injury. 

2. Introduction 

Cardiovascular disease is the leading cause of mortality globally, accounting for over 17.3 

million deaths each year. Coronary heart disease, including myocardial infarction (commonly 

known as heart attack), angina (chest pain), and cardiac arrest, contributes to at least 50% of 

deaths1. Coronary artery obstruction produces myocardial ischemia, which is usually treated with 

reperfusion therapy. While reperfusion of ischemic tissue is vital for survival, it also initiates 

myocardial ischemia/reperfusion (I/R) injury comprising oxidative damage, cell death, and a 

profound inflammatory immune response, which currently lacks an effective clinical therapy2.  

In the past decade, the potential of using stem cells, including mesenchymal stem cells (MSCs), 

resident cardiac stem/ stromal cells (CSCs), and induced pluripotent stem cells (iPSCs) for cardiac 

regenerative therapy has generated immense interest3. Numerous studies indicate that adult stem 

cells such as MSCs and CSCs have very limited, if any, ability to differentiate into cardiomyocytes. 

Those cells exert their functional benefits mainly through paracrine effects, i.e., secreted factors 

from stem cells promote cardiac regeneration and inhibit fibrosis and inflammation. However, cell 

therapy suffers from several limitations, such as low cellular retention and survival in the ischemic 

myocardium, special precautions needed during cryopreservation, and easy entrapment in the lung 

during intravenous delivery due to the cell size4,5.  

Nanotechnology holds great promise to revolutionize cardiovascular therapy. In recent 

years, the development of nanoparticles for active targeting the heart after ischemic injury is 

receiving increasing attention6-8. The enhanced permeability and retention effect of the leaky 

vasculature in the infarcted heart has been commonly used for designing targeted nanoparticles, 
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although these nanoparticles are limited by rapid clearance within a few hours to days7. A recently 

reported matrix metalloproteinase (MMP)-responsive nanoparticle showed successful retention in 

the infarcted heart for up to 28 days8. Yet, the therapeutic efficacy of these nanoparticle systems 

in protecting the heart from I/R injury still remains elusive.  

Recently, cell membrane-coated nanoparticles have emerged as a novel platform that can 

successfully combine the functionalities of various types of cells9-14. We previously reported that 

fusing platelet-derived nanovesicles onto the surface of CSCs boosts the infarct-targeting ability 

and functional outcomes of CSCs in rats and pigs with myocardial infarction15. We also fabricated 

therapeutic cell-mimicking microparticles by encasing CSC- or MSC-secreted factors in a 

biodegradable and biocompatible poly (lactic-co-glycolic acid) (PLGA) shell coated with cell 

membranes and tested their regenerative potential in a rodent model of heart injury16,17. 

Prostaglandin E2 (PGE2) is an FDA-approved medication (known as dinoprostone) that 

participates in many biological pathways. PGE2 exerts its physiologic effects via four subtypes of 

receptors (EPs), i.e., EP1, EP2, EP3, and EP4, among which EP2, EP3, and EP4 are overexpressed 

on the surface of cardiomyocytes following I/R injury18,19. Recent studies have identified PGE2 as 

an important signaling molecule that activates endogenous stem/progenitor cells for cardiac repair 

post-ischemic injury20. 

Based on those concepts, we designed a platelet-inspired nano-cell (PINC) that has a CSC 

core and a platelet membrane shell. The CSC core consists of therapeutic CSC secretome 

encapsulated in a PLGA nanoparticle. PLGA has been widely used in drug delivery system due to 

its capability of protecting growth factors from degradation while allowing for sustained release 

of growth factors and has been approved by the U. S. Food and Drug Administration for clinical 

applications16. In addition, recent studies showed that CSC secretome exhibited therapeutic 
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benefits similar to CSCs for the treatment of cardiovascular disease17,21-23. The platelet membrane 

is conjugated with PGE2 which is expected to both enhance targeting to cardiovascular cells and 

facilitate the endogenous repair through PGE2/EP receptor signaling after I/R injury (Fig. 1A). As 

a novel biomimetic therapeutic nanoparticle, PINC offers the following advantages compared to 

natural stem cells: (i) Systemic administration: the nanometer size of PINC enables intravenous 

application; unlike stem cells, PINCs are less likely to clog the lungs; (ii) Dual targeting: the 

platelet membrane on PINCs enhances targeting to the injured blood vessels while the PGE2 

enhances targeting to the injured cardiomyocytes in I/R injury; (iii) Stability: unlike real stem cells, 

PINCs can be readily manipulated and cryopreserved since there are no living components. 

In this study, we fabricated PINCs and tested their in vitro bioactivity, biodistribution, and 

functional benefits in an immunocompetent mouse model of myocardial I/R injury. 

3. Experimental Section   

3.1 Materials 

 All chemical reagents were purchased from Sigma-Aldrich or Thermo Fisher Scientific 

and were used as received unless specifically noted.  

3.2 Preparation of CSC Secretome-loaded PLGA Nanoparticles (NCs) 

Human CSCs were derived from donor human hearts according to the previously published 

method17. Heart tissues from patients 2 – 4 weeks after myocardial infarction (with LVEF of 25 – 

45%) were used. All procedures were approved by the institutional review board and written 

informed consent was obtained from all patients. The CSCs were used at passage 2 – 4. Briefly, 

the CSCs were cultured in serum-free media for 3 days and then the supernatant was collected to 

harvest conditioned media. The collected conditioned media was filtered through a 0.22 μM filter 

into a sterile 50 mL conical to remove any cell debris and contaminants. Sterile conditioned media 
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was then lyophilized by a LABCONCO FreeZone 2.5 Liter Freeze Dry System to produce the 

purified CSC secretome. The CSC secretome-loaded PLGA cores were fabricated through a 

double emulsion method followed by membrane extrusion. In brief, concentrated CSC secretome 

aqueous solution was prepared as the internal aqueous phase in polyvinyl alcohol (PVA, MW: 

30000 ~ 50000, 0.1% w/v), and then injected into DCM containing PLGA (MW: 7000 ~ 17000) 

as the oil phase. The whole content was sonicated on ice for emulsification using a Misonix 

XL2020 sonicator. Afterward, the emulsion was immediately transferred into water containing 0.7% 

(w/v) PVA. The secondary emulsion was emulsified again to produce the final water/oil/water 

PLGA nanoparticle emulsion. The w/o/w emulsion was continuously stirred overnight to promote 

solvent evaporation. The nanoparticles were then sequentially extruded 19 times through 

polycarbonate membranes with pore sizes of 400 and 200 nm, respectively, using an extruder 

(Avanti Polar Lipids, USA). To determine the secretome loading capacity and efficiency, the 

nanoparticles were pelleted by centrifugation at 20000 × g and then the non-encapsulated amount 

of secretome in the supernatant was measured using a BCA protein assay. 

3.3 Isolation of Platelet Membrane 

The platelet membrane was isolated from human platelet-rich plasma (PRP, ZenBio, USA) 

through gradient centrifugation as previously described with modification15. Briefly, the PRP was 

centrifuged at 100 × g for 20 mins. PBS (1 ×, pH 7.4) containing 1 mM of 

ethylenediaminetetraacetic acid and 2 µM of prostaglandin E1 was added to keep platelets 

inactivated. The isolated platelets were then pelleted by centrifugation at 800 × g for 20 mins at 

room temperature. The platelet membrane was obtained by three freeze-thaw cycles, followed by 

sonication. The protein content in the purified platelet membrane was determined by the BCA 

protein assay for further preparation of PINCs. 
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3.4 Preparation of PGE2-Platelet Membrane Conjugate 

PGE2-platelet membrane conjugate was synthesized using EDC/NHS coupling chemistry. 

Briefly, PGE2 (0.52 µg, 1.5 nmol) dissolved in anhydrous ethanol was reacted with EDC (58 µg, 

0.37 µmol) and NHS (14 µg, 0.12 µmol) in 15 mL 2-(4-Morpholino) ethane sulfonic acid (MES) 

buffer (100 mM, pH 6.0). After 30 min of carboxylate activation, platelet membrane containing 

0.36 mg protein was added. The pH of the reaction mixture was adjusted to 7.2 by the addition of 

1 M sodium bicarbonate. The mixture was stirred overnight at room temperature. The resulting 

product was dialyzed (MWCO 1000) for 24 h against PBS. The amount of unconjugated PGE2 

was measured by ELISA (R&D Systems, USA) to determine the conjugation yield and the content 

of PGE2 conjugated to the PGE2-platelet membrane conjugate. 

3.5 Fabrication and Characterization of PINCs  

To cloak the platelet membrane or PGE2-platelet membrane conjugate onto the surface of 

CSC secretome-loaded NCs, 0.5 mL of NCs (5 × 109 particles mL-1) were incubate with 0.5 mL 

of platelet membrane or PGE2-platelet membrane conjugate containing 0.36 mg membrane protein 

under ultrasonication for 5 min, and then extruded 19 times as previously described to prepare the 

PINCs. The CS-PGE2-PINCs were prepared via coating the PGE2-platelet membrane conjugate on 

the surface of NCs. The CS-PINCs were prepared via coating the platelet membrane on the surface 

of NCs while the PGE2-PINCs were prepared via coating the PGE2-platelet membrane conjugate 

on the surface of empty PLGA nanoparticles. A BCA-based protein assay was performed to 

estimate the membrane coating efficiency and the amount of membrane protein coated onto each 

PLGA nanoparticle. Briefly, 0.5 mL of platelet membrane solution containing 0.36 mg membrane 

protein was mixed with 0.5 mL of empty PLGA nanoparticles (5 × 109 particles mL-1) to fabricate 

the membrane-coated nanoparticles. After pelleting the membrane-coated nanoparticles from the 
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remaining free platelet membrane by centrifugation at 20000 × g, the amount of membrane protein 

in the remaining solution was measured using a BCA protein assay. The membrane coating 

efficiency was determined by comparing the difference between the amount of total platelet 

membrane protein before the membrane coating and that of the remaining free platelet membrane. 

The pelleted nanoparticles were then resuspended back to their original volume, followed by 

examination using NanoSight NS300 to determine the total number of membrane-coated 

nanoparticles for calculating the amount of membrane protein coated onto each PLGA 

nanoparticle.  

3.6 Physicochemical Characterization  

Nanoparticle size and surface zeta potential were measured by dynamic light scattering 

(DLS) using a Malvern ZEN 3600 Zetasizer. Nanoparticle concentration was examined by 

NanoSight NS300. The nanoparticle structure was visualized using a JEOL JEM-2000FX 

transmission electron microscope after negative staining with vanadium (Abcam). To assess the 

stability of the different nanoformulations over time, the bare NCs, CS-PINCs, PGE2-PINCs, and 

CS-PGE2-PINCs were suspended in PBS (1 ×, pH 7.4) at a concentration of 109 particles mL−1. 

The change of particle size was measured by DLS at pre-determined time-points over the course 

of 2 weeks. To evaluate the stability in serum, the different nanoformulations were incubated with 

50% fetal bovine serum (Hyclone, USA). The change of particle sizes within 4 h was determined 

by DLS. Long-term stability was assessed by the particle size change measured by DLS before 

lyophilization in 10 wt% sucrose and after resuspension in PBS (1 ×, pH 7.4) back to the original 

volume. SDS-PAGE was performed to examine the protein components of the platelet membrane 

and the different PINCs. Western blotting was performed to assess the presence of specific platelet 

membrane markers using rabbit anti-human CD42b (Santa Cruz, sc-292722) and rabbit anti-
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human CD36 (Santa Cruz, sc-9154) antibodies, respectively, along with a goat anti-rabbit HRP-

conjugated secondary antibody. 

3.7 Collagen Surface Binding Assay  

GFP-tagged HUVECs (Angio-Proteomie, USA) were seeded on collagen-coated 4-well 

culture chamber slides and cultured for 24 h. The cells were then incubated with DiI-labeled CS-

PGE2-PINCs in PBS (1 ×, pH 7.4) at 4 °C for 60 s. Then the cells were washed with PBS twice. 

Images were taken on an Olympus IX81 fluorescent microscope and analyzed using NIH ImageJ 

software. 

3.8 Growth Factor Release Study 

Total protein and growth factor release from PINCs were determined as previously 

described1617.  In brief, freeze-dried PINCs were dissolved in DCM. After that, PBS was added to 

the solution. The sample was subjected to vortex for 5 min to isolate proteins from the oil phase to 

the water phase. After centrifugation, the protein concentration in the water phase was measured 

by BCA protein assay. For growth factor release studies, nanoparticles were incubated in PBS at 

37°C. The supernatant was collected at various time points (day 3, 7, 11, 14) after centrifugation 

at 20000 × g for 30 min to pellet the nanoparticles. The concentrations of various growth factors 

were measured using ELISA kits (R&D Systems, USA) according to the manufacturer’s 

instructions. The data were averaged from three independent measurements. 

3.9 Cell Viability and Proliferation Assay 

The H9c2 cardiomyoblasts derived from embryonic rat heart (Sigma-Aldrich) were 

incubated with different concentrations of PINCs. PBS (1 ×, pH 7.4) was used as a control, the cell 

viability and proliferation were assessed by using a Cell Counting Kit-8 (CCK-8) according to the 

manufacturer’s instructions. 
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3.10 NRCM Uptake Assay  

NRCMs were derived from SD rats and cultured on 4-well chamber slides for 3 days, 

followed by co-incubation with DiI-labeled CS-PINCs or CS-PGE2-PINCs (1.5 × 109 particles 

mL-1) in an incubator for 3 h. The beating cardiomyocytes were counted under a white-light 

microscope. Then, the cells were washed with PBS twice, fixed, permeabilized, and stained for α-

sarcomeric actinin (α-SA, 1:200, ab9465, Abcam), followed by DAPI staining for nucleus 

visualization. For assessment of cell apoptosis, the cells were cocultured with CS-PINCs or CS-

PGE2-PINCs (1.5 × 109 particles mL-1) for 48 h. Subsequently, the cells were washed with PBS 

twice and then exposed to serum-free medium supplemented with hydrogen peroxide (250 µM) 

for 3 h, followed by incubated with TUNEL solution (Roche Diagnostics GmbH, Germany) and 

counter-stained with DAPI. Images were taken using a Zeiss LSM 710 confocal microscope (Carl 

Zeiss, Germany) and analyzed using NIH ImageJ software. 

3.11 Mouse Model of Myocardial I/R Injury 

All animal work was compliant with the Institutional Animal Care and Use Committee 

(IACUC) of the University of North Carolina at Chapel Hill and North Carolina State University. 

Briefly, female immunocompetent CD1 mice (8–10 weeks old, Charles River Laboratories) were 

anesthetized with an intraperitoneal injection of ketamine (100 mg kg-1 mouse) plus xylazine (10 

mg kg-1 mouse). Under sterile condition, the heart was exposed by a left thoracotomy and a 30-

min ischemia was achieved by temporal ligation of the left anterior descending coronary artery. 

After 24 h of reperfusion, animals were randomized to receive intravenous injection of CS-PINCs 

(CS dose: 1.2 mg kg-1 mouse), PGE2-PINCs (PGE2 dose: 0.053 mg kg-1 mouse), CS-PGE2-PINCs 

(CS dose: 1.2 mg kg-1 mouse, PGE2 dose: 0.053 mg kg-1 mouse), and saline (control) every 7 days 

for 4 weeks, respectively. Therefore, there were total 4 injections in 4 weeks. 
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3.12 In Vivo Targeting Ability Study  

Immunocompetent CD1 mice with myocardial I/R injury were randomized into 2 groups 

(n = 3 per group) to receive intravenous injections with DiR-labeled NCs or CS-PGE2-PINCs (CS 

dose: 1.2 mg kg-1 mouse, PGE2 dose: 0.053 mg kg-1 mouse) every 7 days for 2 weeks. After that, 

the mice were euthanized and the major organs (heart, lung, liver, kidney, spleen) were carefully 

collected. The fluorescence signals of each organ were recorded using an IVIS Spectrum imaging 

system (Caliper Lifesciences, USA) for quantification. For HPLC analysis, the major organs were 

harvested after 2 weeks from the mice treated with DiI-labeled NCs or CS-PGE2-PINCs. The 

organs were washed with PBS, dried, and then minced into small pieces using a surgical scalpel 

and weighted prior to homogenization. The homogenized samples were thoroughly mixed with 

500 µL of chloroform/methanol (1:1, v/v) for fluorescent dye extraction. After 10-min 

ultrasonication and 3 freeze-thaw cycles, the samples were centrifuged at 14000 × g for 30 min 

and the supernatants containing the extracted fluorescent dye were subjected to HPLC analysis. 

All chromatographic experiments were conducted using an Agilent 1290 Infinity system (Agilent, 

USA) equipped with an Agilent 1290 diode array detector set to an excitation wavelength of 210 

nm and an emission wavelength of 551 nm. The retention data were recorded at 20°C using a 

Zorbax Eclipse XDB-C18 column at a flow rate of 0.5 mL min-1. The mobile phase consisted of 

90/10 acetonitrile/water (v/v) with 0.1% trifluoroacetic acid. The quantities of fluorescent dye 

which were in proportional to the number of nanoparticles retained in different tissue samples were 

quantified using a standard curve created from known concentrations of fluorescent dye diluted in 

the mobile phase. 
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3.13 In Vivo Pharmacokinetic Study 

Six CD1 mice were randomized into two groups (n = 3 per group) and intravenously 

injected with CS-PGE2-PINCs or NCs (CS dose: 1.2 mg kg-1 mouse, PGE2 dose: 0.053 mg kg-1 

mouse) 24 h after myocardial I/R injury. At pre-determined time intervals (0.5, 1, 2, 4, 12, 24, and 

48 h), 20 μL of whole blood was collected and centrifuged at 800 × g for 10 min. The plasma level 

of human SDF-1 was analyzed using an ELISA kit (R&D Systems, USA) according to the 

manufacturer’s instruction. The data were averaged from three independent measurements. 

3.14 Cardiac Function Assessment 

All animals underwent transthoracic echocardiography under anesthesia at 4 h post-I/R 

injury and 4 weeks after treatment using a VisualSonics Vevo 2100 Imaging System. Hearts were 

imaged two-dimensionally in long-axis views at the level of the greatest left ventricular diameter. 

Left ventricular end-diastolic volume (LVEDV) and end-systolic volume (LVESV) were 

measured. Left ventricular ejection fraction (LVEF) was determined by measurement from views 

taken from the infarcted area. All measurements were done in random order, with the surgeon and 

echocardiographer being blind to the treatment groups. 

3.15 Heart Morphometry 

Hearts were harvested and cut into 10 μm-thick tissue sections. Masson’s trichrome 

staining was performed, and images were acquired with a PathScan Enabler IV slide scanner 

(Advanced Imaging Concepts, USA). Image analysis related to viable myocardium and scar size 

was performed using NIH ImageJ software. Three selected sections were quantified for each 

animal. 
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3.16 Immunohistochemistry assessment 

Heart cryosections were fixed with 4% paraformaldehyde in PBS for 30 min, 

permeabilized and blocked with Protein Block Solution (DAKO) containing 0.1% saponin for 1 h 

at room temperature. For immunostaining, the samples were incubated overnight at 4 °C with the 

following primary antibodies diluted in the blocking solution: rabbit anti-mouse α-SA (1:200, 

ab137346, Abcam) was used to identify cardiomyocytes; rat anti-mouse Ki67 antibody (1:200, 

151202, Biolegend), rabbit anti-mouse histone H3 phosphorylated at serine 10 (pH3, 1:200, 

ab5176, Abcam), and rabbit anti-mouse Aurora B kinase (AURKB, 1:200, ab2254, Abcam) 

antibodies were used to analyze cell-cycle re-entry, karyokinesis, and cytokinesis, respectively; 

sheep anti-mouse vWF (1:200, ab11713, Abcam) antibody was used to detect myocardial 

capillaries in the peri-infarct regions; goat anti-mouse Nkx2.5 (1:200, ab106923, Abcam), and rat 

anti-mouse CD34 (1:200, MA1-22646, Thermo Fisher Scientific) antibodies were used to examine 

endothelial progenitor cell recruitment; rabbit anti-mouse CD3 (1:200, ab16669, Abcam), rat anti-

mouse CD8 (1:200, ab22378, Abcam), and rabbit anti-mouse CD68 (1:200, ab125212, Abcam) 

antibodies were used to detect immune response. After three 10-min washes with PBS, samples 

were stained for 1.5 h at room temperature with fluorescent secondary antibodies including goat 

anti-rabbit IgG-Alexa Fluor 594 conjugate (1:400, ab150080, Abcam), goat anti-rat IgG-Alexa 

Fluor 488 conjugate (1:400, ab150157, Abcam), donkey anti-rabbit IgG-Alexa Fluor 488 

conjugate (1:400, ab150073, Abcam), donkey anti-goat IgG-Alexa Fluor 594 conjugate (1:400, 

ab150136, Abcam), donkey anti-sheep IgG-Alexa Fluor 488 conjugate (1:400, ab150177, Abcam), 

goat anti-rabbit IgG-Alexa Fluor 488 conjugate (1:400, ab150077, Abcam), and goat anti-rabbit 

IgG-Alexa Fluor 594 conjugate (1:400, ab150080, Abcam), and goat anti-rat IgG-Cy5 conjugate 

(1:400, ab6563, Abcam) based on the isotopes of the primary antibodies. This was followed by 10 
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min of 4, 6-diamidino-2-phenylindole dihydrochloride (DAPI) staining for nucleus visualization. 

Slides were mounted with ProLong Gold mountant (Thermo Fisher Scientific) and viewed under 

a Zeiss LSM 710 confocal microscope (Carl Zeiss). Images were analyzed using NIH ImageJ 

software. 

3.17 Flow cytometric analysis of isolated cardiomyocytes  

At 2 weeks post-treatment, the mouse hearts that received saline or CS-PGE2-PINC 

injection were carefully excised. The cardiomyocytes were isolated using a Langendorff perfusion 

system according to the previously published method24,25. Flow cytometry was performed on a 

CytoFlex (Beckman Coulter, USA) and the data were analyzed using the FCS Express software 

(De Novo, USA). The isolated cells were labeled with rabbit anti-mouse α-SA (1:200, ab137346, 

Abcam) was used to identify cardiomyocytes and rat anti-mouse Ki67 antibody (1:200, 151202, 

Biolegend) to analyze cell-cycle re-entry. 

3.18 Statistics  

All experiments were performed independently at least three times, and the results were 

presented as mean ± s.d. Comparisons between any two groups were performed using two-tailed 

unpaired Student’s t-test. Comparisons among more than two groups were performed using one-

way ANOVA followed by post hoc Bonferroni test. Single, double, and triple asterisks represent 

p < 0.05, 0.01, and 0.001, respectively; p < 0.05 was considered statistically significant. 

4. Results and Discussion     

4.1 Synthesis and Characterization of PINCs 

To substantiate our design, we combine a double-emulsion-based solvent 

evaporation/extraction process with cell membrane cloaking to prepare the PINCs (Fig. 1A). The 

CSCs were derived from adult human hearts using the previously described cardiac explant 
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method. Those cells consistently express CD105, partially express CD90, but do not express c-kit, 

CD31, CD34, or CD45, suggesting a phenotype related to cardiac stromal cells in the heart. Such 

cells have very limited ability to differentiate into cardiomyocytes but can secrete a variety of 

regenerative factors and exosomes. The conditioned medium (secretome) from CSCs was used to 

produce our therapeutic nanoparticles. First, the secretome derived from CSCs was incorporated 

into PLGA to form nano-cells (NCs) through a double emulsion method. The CSC secretome 

loading capacity and efficiency were 2.8 wt% and 85.3%, respectively, showing that the CSC 

secretome was efficiently encapsulated into the hydrophilic core of NCs. Platelet membranes were 

then isolated and purified from the platelet-rich plasma through gradient centrifugation15. In order 

to prepare the PINC functionalized with PGE2, the amine groups of platelet membrane 

glycoproteins were further reacted with the terminal carboxyl group of PGE2 using N-Ethyl-N’-(3-

dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) as a linker to obtain the 

PGE2-platelet membrane conjugate. The content of PGE2 conjugated to the PGE2-platelet 

membrane conjugate was determined to be 0.68 mg g-1 dry platelet membrane by enzyme-linked 

immunosorbent assay (ELISA), with a high conjugation yield of over 95% (see Experimental 

section and Fig. S1). The conjugation of PGE2 onto the surface of platelet membrane was validated 

by confocal laser scanning microscopy (CLSM). The colocalization of the fluorescence signals 

from the DiI-labeled platelet membrane (red) and fluorescein isothiocyanate-tagged PGE2 (green) 

substantiated the successful conjugation of PGE2 onto the platelet membrane surface (Fig. S2). 

The resulting PGE2-platelet membrane conjugate was subsequently incubated with the CSC 

secretome-loaded NC under ultrasonication, followed by membrane extrusion to form the PGE2-

platelet-membrane-coated NC (designated CS-PGE2-PINC). The PINC functionalized with only 

CSC secretome (designated CS-PINC) was prepared via coating the purified platelet membrane 
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on the surface of NC. The PINC functionalized with only PGE2 (designated PGE2-PINC) was 

prepared via coating the PGE2-platelet membrane conjugate on the surface of empty PLGA 

nanoparticles. Transmission electron microscopy (TEM) studies confirmed the platelet membrane 

coating on the CS-PGE2-PINCs that appear as a core-shell structure (Fig. 1B). Dynamic light 

scattering (DLS) analysis indicated that the CS-PGE2-PINCs had an average diameter of about 

195 nm and a narrow size distribution (polydispersity index (PDI) = 0.157) (Figs. 1B and C). 

Nanoparticle tracking analysis using NanoSight revealed that the majority of particles showed a 

particle size of about 205 nm, consistent with the results obtained from TEM and DLS 

measurements (Fig. S3). We employed a bicinchoninic acid (BCA)-based protein assay to 

determine the efficiency of membrane coating by comparing the difference between the platelet 

membrane protein content before membrane coating and after pelleting the platelet-membrane-

coated PLGA nanoparticles from the remaining free membrane vesicles. The amount of membrane 

protein coated onto the PLGA core was estimated to be 0.143 picogram membrane protein per 

nanoparticle, with a high coating efficiency of approximately 92% (see Experimental section). 

After cloaking with platelet membrane, the size of PINCs did not change significantly 

compared to the bare NC (Fig. S4) while the zeta potential of CS-PGE2-PINC increased by about 

18 mV compared with bare NC, approaching the value of -27 mV (Figs. 1D and S5). This 

phenomenon is consistent with the previous analyses of nanoparticles after platelet membrane 

coating, which can be ascribed to the veiling of the highly negative PLGA core with the less 

negatively charged platelet membrane9,11,26. To determine the stability of different 

nanoformulations in solution over time, NCs and CS-PGE2-PINCs were stored in phosphate 

buffered saline (PBS, 1 ×, pH 7.4) at room temperature, respectively, and their size change was 

monitored by DLS. The PINCs exhibited stable size over a 2-week study period, while the NCs 
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showed rapidly agglomeration in PBS (Figs. 1E and S6). In addition, the cloaking of the platelet 

membrane endowed the PINCs with superior stability before and after incubation in 50% serum 

when compared with bare NC (Fig. 1I). The small size negatively charged cell-mimicking surface, 

and superior serum stability make the PINCs ideal for intravenous application. We further 

investigated the long-term storage stability of CS-PGE2-PINCs. After cryopreservation for over 3 

months, the thawed CS-PGE2-PINCs exhibited similar morphology, size, and surface charge to 

those characteristics before freezing (Figs. 1F-H, and S7). Furthermore, all the PINC formulations 

exhibited excellent lyophilization stability, with the size and zeta potential remained nearly 

identical before lyophilization and after resuspension (Fig. S8).  
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Fig 1. Fabrication and characterization of PINCs. (A) Schematic illustration of the 
fabrication process of PINCs. The therapeutic effects of PINC injection were tested in mice 
with myocardial I/R injury. (B) TEM image showing the ultrastructure of CS-PGE2-PINC. (C) 
Size distribution of CS-PGE2-PINC measured by DLS. (D) Zeta potentials of CS-PGE2-PINC 
and NC. (E) Particle sizes of bare NC and CS-PGE2-PINC over 2 weeks in PBS (F) TEM image 
showing the ultrastructure of CS-PGE2-PINC after freeze-thawing. (G, H) The comparison of 
particle size (G) and zeta potential (H) of CS-PGE2-PINC before and after freeze-thawing. (I) 
In vitro stability of NC, CS-PINC, and CS-PGE2-PINC before and after incubation in 50% fetal 
bovine serum. Scale bars, 100 nm. All data are mean ± s.d. * indicates p < 0.05, ** indicates p 
< 0.01, *** indicates p < 0.001; N.S., no statistical significance. Comparisons between any two 
groups were performed using two-tailed unpaired Student’s t-test. Comparisons among more 
than two groups were performed using one-way ANOVA followed by post hoc Bonferroni test. 
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4.2 In Vitro Bioactivity of PINCs 

Stem cell therapy represents a promising strategy for treating ischemic heart diseases27. 

Mounting lines of preclinical and clinical evidence indicate that stem cells, including CSCs and 

MSCs, exert their functional benefits through the secretion of paracrine factors, acting like “mini-

drug pumps” to promote endogenous repair28,29. We have previously fabricated therapeutic cell-

mimicking microparticles by packaging stem cell factors in a biodegradable polymeric shell and 

tested their regenerative potential in rodent models of heart injury16,17. In this study, we sought to 

investigate whether our PINCs could mimic CSCs by secreting regenerative growth factors. 

ELISA revealed that the CS-PGE2-PINCs continuously released pro-myogenic and pro-angiogenic 

paracrine factors, such as stromal cell-derived factor-1 (SDF-1), vascular endothelial growth factor 

(VEGF), and hepatocyte growth factor (HGF) for at least 14 days; the platelet membrane coating 

did not affect the release of stem cell factors from PINCs (Figs. 2A-C). SDS-PAGE was used to 

run platelet membranes and all the different PINCs for protein composition analysis. As expected, 

all the PINCs had protein profiles that are similar to that of the platelet membrane. Western blot 

analysis further revealed the distinct expression of primary platelet membrane markers including 

CD42b (GPIba) and CD36 (GPIV) on all the PINCs, further confirming the successful platelet 

membrane coating onto PINCs (Figs. 2D and S9). CD42b is one of the major adhesion molecules 

that regulate the binding of platelets to the injured vasculature and plays an important role in 

homing the platelet-nanovesicle-decorated CSCs to the ischemic heart after I/R injury15,26. 

Therefore, the PINCs inherited the binding motifs of platelets. Owing to the platelet-mimicking 

properties, the PINCs showed robust binding to the collagen-coated surface (Fig. S10). In addition, 

DiI-labeled PINCs were plated onto green fluorescent protein-tagged human umbilical vein 
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endothelial cells (GFP-HUVECs) cultured on the collagen-coated surface, and the selective 

adherence of PINCs to the collagen region was confirmed (Figs. 2E and F). 

Fig 2. In vitro bioactivity of PINCs. (A-C) Quantitative analysis of the releases of SDF-1, 
HGF, VEGF from NC and CS-PGE2-PINC over 2 weeks. (D) Protein content visualization of 
platelet membrane (PM), PGE2-PINC, CS-PINC, and CS-PGE2-PINC run on SDS-PAGE at 
equivalent protein concentrations. (E) Collagen-coated 4-well slides seeded with human 
umbilical vein endothelial cells (HUVECs) were incubated with CS-PGE2-PINCs for 60 s, 
followed by fluorescence microscopy showing selective CS-PGE2-PINC adherence to exposed 
collagen versus endothelial surfaces. (F) Quantification of CS-PGE2-PINC in endothelial- and 
collagen-covered surface, respectively. (G) Cytocompatibility of PINCs at various 
concentrations. (H) The proliferation of H9c2 cells over time in the presence of different PINCs. 
(I, J) Representative confocal image showing the internalization of CS-PINC (I) and CS-PGE2-
PINC (J) by NRCMs. (K) Quantitative analysis of the percentage of NRCMs with different 
nanoparticle endocytosis. (K) Quantitative analysis of NRCM contractility when cocultured 
with different PINCs. Scale bars, (E) 20 μm; (I, J) 50 μm. All data are mean ± s.d. Comparisons 
between any two groups were performed using two-tailed unpaired Student’s t-test. 
Comparisons among more than two groups were performed using one-way ANOVA followed 
by post hoc Bonferroni test. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. 
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Next, we tested the effect of the PINCs on the H9c2 cardiomyoblasts, a widely-used cardiac 

cell line isolated from the embryonic rat heart tissue. The CS-PINCs, PGE2-PINCs, and CS-PGE2-

PINCs have excellent cytocompatibility as confirmed by the cell viability assay. The cells maintain 

high viability upon exposure to the PINCs (> 95% viability), regardless of nanoparticle 

concentration (Fig. 2G). In addition, a cell proliferation assay using a cell count kit-8 (CCK-8) 

revealed that the CSC secretome shows similar bioactivity before and after being encapsulated into 

PLGA nanoparticles (Fig. S11) and that PINCs promote the growth of H9c2 cardiomyoblasts, 

indicating that the release of therapeutic stem cell factors from the PINCs promote cell attachment 

and proliferation, consistent with our previous studies15-17,30. The H9c2 cells treated with CS-

PGE2-PINCs exhibited significantly higher proliferative potential than those treated with CS-

PINCs or PGE2-PINCs (Fig. 2H). In contrast, the non-secretome-encapsulated PLGA 

nanoparticles, either with or without platelet membrane coating, were not able to promote H9c2 

cardiomyoblast proliferation (Fig. S12). Furthermore, after cryopreservation for 3 months, the 

thawed CS-PGE2-PINCs exhibited comparable potency in promoting the growth of H9c2 cells to 

the freshly prepared controls, indicating the excellent cryostability of CS-PGE2-PINCs (Fig. S13). 

We further investigated the effect of PGE2 decoration on the cardiomyocyte protective ability of 

PINCs in vitro. Neonatal rat cardiomyocytes (NRCMs) were cocultured with DiI-labeled CS-

PINCs or CS-PGE2-PINCs (red, Figs. 2I and J) with equivalent concentrations. After coculturing 

for 3 h, the uptake of CS-PGE2-PINCs into NRCMs (stained by α-sarcomeric actinin (α-SA), green) 

was significantly higher than that of the nanoparticles without PGE2 decoration (Fig. 2K). 

Furthermore, CS-PGE2-PINCs significantly promoted NRCM contractility compared with CS-

PINCs (Fig. 2L). Following exposure to serum-free medium supplemented with hydrogen 

peroxide (250 µM) for 3 h, which simulates an ischemic microenvironment, TUNEL staining 
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showed that the NRCMs pretreated with CS-PGE2-PINCs were less apoptotic than those pretreated 

with CS-PINCs (Fig. S14). Together, these results suggest the enhanced heart-targeting ability and 

regenerative potential of CS-PGE2-PINCs relative to CS-PINCs, which could be attributable to the 

specific interactions between CS-PGE2-PINCs and the PGE2 receptors expressed on 

cardiomyocyte or cardiomyoblast surface20,31. 

4.3 In Vivo Heart Targeting and Bioactivity of PINCs in Mice with Myocardial I/R Injury 

Myocardial reperfusion therapy restores blood flow and is the current standard treatment 

for patients after a heart attack32. However, it paradoxically causes further lethal tissue injury, 

known as myocardial I/R injury in clinical practice. Exploring ways to control or attenuate I/R 

injury is of clinical interest for improving post-ischemic recovery; thus, we sought to test the 

bioactivity of PINCs in immunocompetent CD1 mice with I/R injury (Fig. 3A). Following a 

temporary left anterior descending coronary artery (LAD) ligation for 30 min to create ischemia 

injury and a subsequent 24-h reperfusion, the mice were randomly divided into four groups and 

treated with saline (negative control), CS-PINCs, PGE2-PINCs, and CS-PGE2-PINCs via tail vein 

injection, respectively. 

To evaluate the heart targeting capability of PINC, the mice intravenously administrated 

with DiR-labeled CS-PGE2-PINCs or bare NCs following myocardial I/R injury were autopsied 

after 14 days to collect major organs for ex vivo fluorescent imaging. The infarcted hearts that 

received CS-PGE2-PINCs exhibited a stronger fluorescent signal than other organs as well as the 

hearts that received NCs (Fig. 3B). The quantitive region-of-interest (ROI) analysis confirmed that 

the CS-PGE2-PINC-recipient hearts showed 14.9-fold higher radiance efficiency (i.e., a measure 

of photon flux from the fluorescently-labeled nanoparticle in the organ of interest, normalized by 

the area of emission, the exposure time, and the solid angle of the detector) than those treated with 



   

111 

 

bare NCs, as well as 3.4-fold and 8.6-fold higher than the liver and kidney, respectively, validating 

the notable heart targeting ability of CS-PGE2-PINCs (Fig. 3C). In contrast, greater nanoparticle 

accumulation was observed in the livers of animals that received the bare NCs compared to other 

organs, suggesting significant clearance of nanoparticles by the liver macrophages as expected. 

These findings were further corroborated by the quantitative analysis of DiI-labeled CS-PGE2-

PINC or NC retention in different organs using high performance liquid chromatography 

(HPLC)33,34. The mice treated with DiI-labeled CS-PGE2-PINCs showed markedly higher 

nanoparticle retention in the injured heart than those treated with DiI-labeled NCs at 14 days post-

treatment, which is consistent with the histological analysis (Figs. S15 and S16). The 

pharmacokinetics of intravenously injected CS-PGE2-PINCs was evaluated by quantitatively 

monitoring the human SDF-1 concentration in the blood plasma. The SDF-1 released from CS-

PGE2-PINCs has a longer blood retention than that from NCs in mice with myocardial I/R injury 

(Fig. S17), which was in good accordance with previous studies and the in vitro factor release 

results13,26. We further evaluated the biocompatibility of PINCs. Negligible T-cell and macrophage 

infiltration were confirmed by the presence of few CD3-/CD8-positive T cells and CD68-positive 

macrophages in the hearts that received different PINCs, indicating good biocompatibility of these 

nanoformulations (Fig. S18). 
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Fig 3. Biodistribution and in vivo bioactivity of PINCs. (A) Schematic showing the animal 
study design. (B) Biodistributions of CS-PGE2-PINCs and NCs after intravenous delivery in 
mice with myocardial I/R injury. Representative ex vivo fluorescent imaging of mouse organs 
(heart, lung, liver, kidney, and spleen) at 14 days post-intravenous injections of CS-PGE2-
PINCs and NCs. (C) Quantitative analysis of fluorescent intensities (n=3 animals per group). 
(D) Representative images showing cycling cardiomyocytes (yellow arrowheads) as indicated 
by α-SA and Ki67 double-positive staining in the peri-infarct regions of the hearts treated with 
CS-PINCs, PGE2-PINCs, and CS-PGE2-PINCs at week 4. (E) Quantification of Ki67-positive 
cardiomyocytes at week 4 in the saline control (n = 5), CS-PINC (n = 6), PGE2-PINC (n = 6), 
and CS-PGE2-PINC (n = 6) groups. Scale bars, 50 μm. All data are mean ± s.d. Comparisons 
between any two groups were performed using two-tailed unpaired Student’s t-test. 
Comparisons among more than two groups were performed using one-way ANOVA followed 
by post hoc Bonferroni test. * indicates p < 0.05, ** indicates p < 0.01.  
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It has been established that adult cardiomyocytes have extremely limited capacity to 

proliferate in vivo. To test the bioactivity of PINCs in adult mouse cardiomyocytes, we first 

assessed the cardiomyocyte proliferation 4 weeks after treatment by α-SA and Ki67 expressions. 

The number of Ki67-positive cardiomyocytes in the peri-infarct region of both the CS-PINC-

recipient and the PGE2-PINC-recipient hearts was significantly higher than that of the control 

hearts treated with a saline injection, although the difference between the two groups was 

indiscernible (Figs. 3D and S19). Notably, the highest number of cycling cardiomyocytes was 

found in the peri-infarct region of the CS-PGE2-PINC-recipient hearts among all the groups (Figs. 

3D-E). We further stained the hearts for a specific marker of late G2/mitosis, phosphorylated 

histone H3 (pH3), and a marker of cytokinesis, Aurora B kinase (AURKB). Remarkably, CS-

PGE2-PINCs induced robust mitotic activity of cardiomyocytes in the injured hearts after 4 weeks 

of treatment as evidenced by the elevated number of pH3-positive cardiomyocytes at the peri-

infarct zone compared to other PINC treatment (Figs. 4A and B). Expression of AURKB suggested 

that the cardiomyocytes not only entered the cell cycle but also were undergoing cytokinesis (Figs. 

4C and D). We further performed the Langendorff perfusion to isolate the cardiac cells from the 

saline-recipient or the CS-PGE2-PINC-recipient hearts collected 2 weeks post-treatment. Flow 

cytometry analysis revealed an increase in the percentage of Ki67-positive cycling cardiomyocytes 

in the CS-PGE2-PINC-recipient hearts relative to the saline-treated control hearts, which 

corroborates the previous findings of the immunohistochemical study (Fig. S20). 



   

114 

 

 

Fig 4. In vivo mitotic activities of cardiomyocytes. (A, B) Visualization of phospho-histone 
H3 phosphorylation in cardiomyocytes (yellow arrowheads) in the peri-infarct regions of saline 
control-, CS-PINC-, PGE2-PINC-, and CS-PGE2-PINC-treated hearts at week 4. Representative 
images are in (A) (blue: DAPI, staining nuclei; red: α-SA, staining cardiomyocytes; green: pH3, 
indicating the cells that are in late G2/mitosis phase; the green square highlights the localization 
of pH3 (yellow arrowheads) in the nuclei of cycling cardiomyocytes). Quantification in (B) 
shows pH3-positive cardiomyocytes at week 4 in the saline control (n = 5), CS-PINC (n = 6), 
PGE2-PINC (n = 6), and CS-PGE2-PINC (n = 6) groups. (C, D) Visualization of AURKB in 
cardiomyocytes (yellow arrowheads) in the peri-infarct regions of saline control-, CS-PINC-, 
PGE2-PINC-, and CS-PGE2-PINC-treated hearts at week 4. Representative images are in (C) 
(blue: DAPI, staining nuclei; red: α-SA, staining cardiomyocytes; green: AURKB, marking the 
cells in karyokinesis and cytokinesis; the green square highlights the localization of AURKB in 
midbodies (yellow arrowheads). Quantification in (D) shows AURKB-positive cardiomyocytes 
at week 4 in the saline control (n = 5), CS-PINC (n = 6), PGE2-PINC (n = 6), and CS-PGE2-
PINC (n = 6) groups. Scale bars, 20 μm.  All data are mean ± s.d. Comparisons among more 
than two groups were performed using one-way ANOVA followed by post hoc Bonferroni test. 
* indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
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4.4 Functional Benefits of PINC Therapy in a Mouse Model of I/R 

To test the potency of PINCs for the treatment of heart injury after I/R, adult mice were 

randomized to intravenously receive CS-PINCs, PGE2-PINCs, CS-PGE2-PINCs or saline injection 

after myocardial I/R injury. After 4 weeks of treatment, heart morphometry imaged by Masson’s 

trichrome staining revealed the protective effects of PINC injections on heart morphometry (Fig. 

5A). When quantified, CS-PGE2-PINC injection resulted in the highest amount of viable 

myocardium (Fig. 5B) with the smallest scar size (Fig. 5C). The reduced cardiac remodeling of 

CS-PGE2-PINC-treated mice was further demonstrated by the reductions in left ventricular end 

diastolic volume (LVEDV) and end systolic volume (LVESV), respectively, compared with CS-

PINCs, PGE2-PINCs or saline controls (Figs. 5D-E). Left ventricular ejection fraction (LVEFs), 

LVEDVs, and LVESVs were similar at baseline among all the groups, indicating a similar degree 

of initial injury (Figs. 5F and S21). After 4 weeks, the LVEF of saline-treated animals evidently 

declined, while LVEF was well preserved in the CS-PINC and PGE2-PINC treatment groups. The 

hearts of CS-PGE2-PINC-treated animals showed the highest LVEF (Fig. 5F). When we calculated 

the treatment effects (i.e., change of LVEFs from baseline), it was clear that saline injection had 

negative treatment effect; CS-PINCs and PGE2-PINC treatments preserved cardiac functions, and 

CS-PGE2-PINC injection robustly boosted cardiac functions (Fig. 5G). 
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Fig 5. Functional benefits of PINC therapy in mice with myocardial I/R injury. (A) 
Representative Masson’s trichrome sections showing scar tissue (blue) and viable myocardium 
(red) in the hearts 4 weeks after treatment with saline (n = 5), CS-PINCs (n = 6), PGE2-PINCs 
(n = 6), and CS-PGE2-PINCs (n = 6), respectively. (B, C) Quantitative analyses of viable 
myocardium (B) and scar size (C) from the Masson’s trichrome images. (D, E) Left ventricular 
end-diastolic (D) and end-systolic (E) volumes (LVEDV and LVESV) measured by 
echocardiography at 4 weeks after I/R in mice treated with saline, CS-PINCs, PGE2-PINCs, and 
CS-PGE2-PINCs, respectively. (F) Left ventricular ejection fraction (LVEF) measured by 
echocardiography at baseline (4h post-I/R) and 4 weeks afterward in the saline, CS-PINC, 
PGE2-PINC, and CS-PGE2-PINC groups. Scale bar, 2 mm. All data are mean ± s.d. * indicates 
p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. (G) Treatment effects were assessed 
by the change in LVEF over the 4-week time course relative to baseline. # indicates p < 0.05 
when compared with saline control group; † indicates p < 0.05 when compared with any other 
groups. 
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4.5 PINC Injection Promotes Endogenous Repair in the Infarcted Heart 

To reveal the mechanisms underlying the functional effects of PINCs, we performed 

immunostaining analysis with Nkx2.5 (Fig. 6A), CD34 (Fig. 6B), and von Willibrand Factor 

(vWF, Fig. 6C) in the infarcted hearts of saline-, CS-PINC-, PGE2-PINC-, and CS-PGE2-PINC-

treated mice.  Previous studies have confirmed the important roles of Nkx2.5-positive cells in 

cardiomyogenesis and heart repair35,36. Compared with control, PINC treatments remarkably 

increased the recruitment of Nkx2.5-positive cardiac progenitor cells to the infarcted heart, with 

the highest number of cardiac progenitor cells entering the peri-infarct region of the CS-PGE2-

PINC-treated hearts (Fig. 6D). In addition, a greater number of CD34-positive cells were found in 

the CS-PGE2-PINC-treated hearts compared with other treatment groups (Fig. 6E), suggesting the 

homing of endothelial progenitor cells may also be elicited after PINC injection. This was 

corroborated by the enhanced vWF-positive vessel density found in the PINC-treated hearts 

compared with the control. Together, these results suggest that the therapeutic effects of PINCs 

may be through activation of Nkx2.5-positive cells, endothelial progenitor cells, and promotion of 

neovascularization.  
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Fig 6. PINC injection promotes endogenous repair in the infarcted heart. (A-C) 
Representative images showing Nkx2.5 and c-kit double-positive cells, CD34-positive cells, 
and vWF-positive capillaries in the infarcted hearts 4 weeks after saline (n = 5), CS-PINC (n = 
6), PGE2-PINC (n = 6), or CS-PGE2-PINC (n = 6) treatment. Yellow arrowheads indicate the 
positively stained cells. (D-F) Quantification of the number of Nkx2.5 and c-kit double-positive 
cells (D), CD34-positive cells (E), and vWF-positive capillary density (F) in the infarcted hearts 
4 weeks after saline (n = 5), CS-PINC (n = 6), PGE2-PINC (n = 6), or CS-PGE2-PINC (n = 6) 
treatment. Scale bars, (A, B) 20 μm; (C) 100 μm. Comparisons among more than two groups 
were performed using one-way ANOVA followed by post hoc Bonferroni test. * indicates p < 
0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
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To date, most nanoformulations aiming at treating myocardial infarction employed the 

passive targeting mechanism (i.e., enhanced permeability and retention effect of the leaky 

vasculature in the acutely ischemic heart), thus were limited by the short-term retention from a few 

hours to days in the injured heart7,37. Christman, Gianneschi, and coworkers reported an enzyme-

responsive nanoparticle that can form a network-like structure in response to the up-regulated 

MMPs following acute myocardial infarction for realizing long-term nanoparticle retention8. 

Recently, we reported that the decoration of CSCs with platelet membrane nanovesicles boosts 

CSC retention in the infarcted myocardium and therapeutic outcomes in rats and pigs with 

ischemic heart injury15. In addition, it has been established that the expression levels of three 

subtypes of EPs, EP2, EP3, and EP4, are remarkably upregulated in the heart after myocardial I/R 

injury38,39. PGE2 not only activated the endogenous stem/progenitor cells to replenish 

cardiomyocytes after ischemic injury, but also enhanced the recruitment of CD34-positive 

hematopoietic stem cells after xenotransplantation through PGE2/EP2/EP4 signaling20,40. The CS-

PGE2-PINCs reported here harness both the natural myocardial infarction-homing ability of 

platelet membrane and the upregulation of PGE2 receptors in the cardiac microenvironment after 

I/R injury, resulting in prolonged retention in the infarcted heart after minimally-invasive 

intravenous delivery. Our findings showed that the released regenerative factors and PGE2/EPs 

signaling could synergistically boost the therapeutic efficacy of CS-PGE2-PINCs. As a result, the 

animals that received intravenous injection with CS-PGE2-PINCs exhibited significantly 

augmented cardiac function and mitigated heart remodeling compared to other treatment groups. 

Such functional benefit was accompanied by the increase in cycling cardiomyocytes, activation of 

endogenous progenitor cells, and promotion of angiogenesis. Nevertheless, our study has several 

limitations. Firstly, we investigated the cardiac repair through immunohistochemical analysis. 
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Lineage tracing using transgenic mice will allow for more insightful analysis of the origin of newly 

formed blood vessels and cardiomyocytes. Secondly, our study did not include an empty (no 

secretome) nanoparticle control in the animal studies. Nonetheless, based on the in vitro data (Fig. 

S12), these control nanoparticles are not expected to improve cardiac functions in the animal model. 

In addition, for clinical applicability, a large animal model of I/R injury and longer study duration 

will be needed to fully characterize the efficacy and safety of the PINC therapy. 

5.  Conclusions     

In summary, we reported a novel platelet-inspired nano-cell that incorporates both PGE2-

modified platelet membrane and regenerative factors to target the heart after ischemic injury. CS-

PGE2-PINC was fabricated by functionalizing a CSC factor-releasing core with a platelet 

membrane shell with PGE2 decoration. By taking advantage of the natural infarct-homing ability 

of platelet membrane and the overexpression of EPs in the pathological cardiac microenvironment, 

the CS-PGE2-PINC can realize targeted delivery of the therapeutic payload to the injured heart. 

Furthermore, the synergistic treatment efficacy can be achieved by CS-PGE2-PINC, which 

combines the paracrine mechanism of stem cell therapy with the PGE2/EP receptor signaling that 

is involved in the repair and regeneration of multiple tissues19,40,41. This platelet-inspired nano-cell 

can be applied as a promising therapeutic delivery platform for treating multiple diseases.  
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CHAPTER 4. Bispecific Antibody Therapy for Effective Cardiac Repair Through 

Redirection of Endogenous Stem Cells 

 

Unpublished data as of dissertation submission date; Accepted, Advanced Therapeutics.  

 

1. Abstract 

Bone marrow stem cells (BMSCs), are a promising strategy for cardiac regenerative 

therapy for myocardial infarction (MI). However, cell transplantation has to overcome a number 

of hurdles, such as cell quality control, clinical practicality, low cell retention/engraftment, and 

immune reactions when allogeneic cells are used. Bispecific antibodies (BsAbs) have been 

developed as potential agents in cancer immunotherapy but their application is sparse in 

cardiovascular diseases. In the present study, BsAbs are designed by chemical cycloaddition of 

F(ab')2 fragments from monoclonal anti-CD34 and anti- cardiac myosin heavy chain (CMHC) 

antibodies, which specifically targets circulating CD34-positive cells and injured cardiomyocytes 

simultaneously. We hypothesized that intravenous administration of stem cell re-directing (SCRD) 

BsAbs (anti-CD34-F(ab')2--anti-CMHC-F(ab')2) can home endogenous BMSCs to the injured 

heart for cardiac repair. Our in vivo studies in a mouse model with heart ischemia/reperfusion (I/R) 

injury demonstrated the safety and therapeutic potency of SCRD BsAb, which supports cardiac 

recovery by reducing scarring, promoting angiomyogenesis, and boosting cardiac function.   

2. Introduction 

Coronary heart disease (CHD) is still having a severely high prevalence in the United 

States, an estimated 6.3% in US adults over 20 years of age. Based on American Heart Association 

(AHA) computation, one American will have a myocardial infarction (MI) every 40 seconds1. The 
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patients with the first MI will have a high risk of MI recurrence, stroke, and mortality within 5 

years1. The therapeutics, particularly adult stem cell therapy2-4 and tissue engineering5-7, have been 

extensively investigated for MI treatment and has been shown promising therapeutic potential for 

cardiac regenerative therapy.  

Bone marrow-derived stem cells (BMSCs) that have been widely studied in this field 

include hematopoietic stem cells (HSCs), lymphoid cells, mesenchymal stem cells (MSCs), and 

endothelial progenitor cells (EPCs)8. Administration BMSCs as therapeutics can effectively 

modulate inflammation and fibrogenesis which was associated with benefit in terms of reducing 

levels of fibrogenesis-related growth factors9. Additionally, BMSCs have been tested for cardiac 

repair in various clinical trials10. Nonetheless, such cells have quite limited cardiac differentiation 

potential. Numerous studies reported no trans-differentiation of BMSCs into cardiomyocytes10,11. 

Although BMSCs cannot differentiate into cardiomyocytes in vivo, there are mounting lines of 

evidence showing that they contribute to angiogenesis and myogenesis through paracrine 

mechanisms12. Subpopulations of BMSCs, such as MSCs13 and EPCs14, have also been widely 

studied in clinical cardiac repair15. There are abundant evidence showing that MSCs and EPCs 

also exert their cardiac regenerative benefits mainly by secretion of regenerative factors16,17.  

Cell transplantation faces challenges.  As “live drugs”, cells can be tumorigenic and 

immunogenic18. Cell manufacturing is time-consuming and costly. In contrast, endogenous cell 

recruitment therapy is a promising approach to replace exogenous cell transplantation and solve 

this intrinsic problem. Via the CXCR4/CXCL12 axis19, granulocyte colony-stimulating factor (G-

CSF) mobilizes BMSCs and increases their amount in the circulation system20. Despite some 

promising preclinical results21, meta-analyses indicated that G-CSF treatment has no overall 

benefit for MI patients22,23.  
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Fig 1. Fabrication and characterization of SCRD BsAbs. (A) Schematic illustration showing 
the redirection of endogenous stem cells via SCRD BsAbs. (B) SDS-PAGE showing products 
during the process of  SCRD BsAbs fabrication. 1, marker; 2, Anti-CD34; 3, Anti-CD34-
F(ab')2 ; 4, Az-PEG-anti-CD34-F(ab')2; 5, Anti-CMHC; 6, Anti-CMHC-F(ab')2. (C) 
Transmission electron microscopy (TEM) image confirmed the successful conjugation of the 
two F(ab')2 to form SCRD BsAb. The anti-CD34-F(ab')2 and anti-CMHC-F(ab')2 on the BsAbs 
were labelled with Gold nanoparticles with a diameter of 40 nm and 10 nm, respectively. Scale 
bar,  20nm. (D) FRET fluorescence intensity of Alexa Fluor 488 (donor) and Cy3 (receptor). 
(E) SDS-PAGE showing full product of  SCRD BsAbs. 1, marker; 2, SCRD BsAbs. 
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Bispecific antibodies (BsAbs) have been developed as potent agents in cancer 

immunotherapy. They are capable of binding two different targets simultaneously by combining 

variable domains of desired monoclonal antibodies into an integrated structure. In the past decades, 

most of the BsAbs are designed to recruit cytotoxic immune cells to effectively target and against 

pathogenic cells24. Practically, BsAbs was divided into immunoglobulin G (IgG)-like molecules 

and non-IgG-like molecules25. The BsAbs IgG-like formats have better solubility, stability and 

could be purified easier due to their retained Fc region. Moreover, they also have longer serum 

half-lives due to their large size and Fc receptor-mediated recycling26. However, Non-IgG-like 

BsAbs that lack of the Fc region25 are advantageous for tissue penetration enhancement26 though 

they can be eliminated rapidly through kidney during in vivo studies27.  

A growing number of alternative BsAb formats have been created through exploiting 

modular architecture of immunoglobulins. These formats include dual variable domain antibodies, 

diabodies, tandem scFv, tandem diabodies, and heterodimerization28. Bispecific antibodies serve 

as vehicles to deliver targeted radionuclides are of great interest29,30. In the present study, we 

engineered stem cell re-directing (SCRD) BsAbs via the chemical cycloaddition of F(ab')2 

fragments from monoclonal antibodies which specifically bind to injured myocardium or BMSCs. 

F(ab')2 fragments were used to diminish the possible Fc-mediated effector functions including 

antibody-dependent cell mediated cytotoxicity, complement-dependent cytotoxicity, and 

antibody-dependent cellular phagocytosis31. Our hypothesis is that administration of SCRD BsAbs 

with G-CSF mobilization could enhance the homing ability of BMSCs to the infarcted heart and 

generate a functional benefit (Fig. 1A).  
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3. Materials and Methods 

3.1 Fabrication of SCRD BsAbs  

3.1.1 F(ab')2 fragments extraction  

The F(ab')2 fragments were extracted respectively from anti-CD34 (CD34 Monoclonal 

antibody MEC14.7, Invitrogen) and anti-CMHC antibodies (anti- cardiac myosin heavy chain 

antibody, ab207926) via Pierce F(ab')2 preparation kit.  

3.1.2 The Synthesis of SCRDBsAbs 

AZ-PEG-anti-CD34-F(ab')2 and DBCO-PEG-anti-CMHC-F(ab')2 was synthesized by 

reacted from AZ-PEG-NHS and DBCO-PEG-NHS with the F(ab')2 fragments from anti-CD34 and 

anti-CMHC antibodies, respectively. Topically, NHS activated polymer was dissolved in PBS and 

added to the extracted F(ab')2 through dropwise techniques. This reaction was kept in 4℃. 24 hours 

later, the esters that not linked to F(ab')2 were removed by dialysis (Slide-A-Lyzer MINI Dialysis 

Units, 10,000 MWCO) and centrifugation (Amicon Ultra-0.5 filter, 100 kDa).   

3.1.3 SCRD BsAbs Conjugation and characterization 

Equimolar AZ-PEG-anti-CD34-F(ab')2 and DBCO-PEG-anti-CMHC-F(ab')2 was reacted 

in PBS by click reaction at 4℃ for 48 hours. Then, transmission electron microscopy (TEM) 

proved the successful conjugation by labelling different F(ab')2 fragments with different diameter 

gold nanoparticles-labelled secondary antibodies. Generally, AZ-PEG-anti-CD34-F(ab')2 (rat) and 

DBCO-PEG-anti-CMHC-F(ab')2 (mouse) derived from different species was conjugated together 

and then anti-rat gold nanoparticles (40 nm) and anti-mouse gold nanoparticles (10 nm) were used 

to pinpoint the two different F(ab')2 of SCRD BsAbs.30 Further, SCRD BsAbs and semi-products 

in different level was confirmed by SDS-PAGE.  
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3.2 The coculture of normal or injured NRCM with SCRD BsAbs  

Neonatal Rat Cardiomyocytes (NRCMs) were derived from SD rat as previously 

described32. After cultured NRCMs on 4-well chambers for 3 days, some wells of the NRCMs 

were randomly permeabilized with Cytofix/Cytoperm fixation and permeabilization kit (BD) for 

5 mins at 4 °C. After wash with sterile PBS, these injured NRCMs and the nonpermeabilized ones 

were incubated with SCRD BsAbs or NHS BsAbs (non-specific IgG-F(ab')2-anti-CD34-F(ab')2) 

for 1 h at 37 °C. After wash, Fluorescent secondary antibody (Goat Anti-rat IgG, Alexa Fluor® 

647, Invitrogen) was added to those cells and incubated at 37 °C for 1 hour. The cells were then 

washed and fixed with 4% paraformaldehyde solution, permeabilized and blocked with 0.01% 

saponin (Sigma-Aldrich, St. Louis, MO) Dako (Dako, Glostrup, Denmark) solution and then 

incubated with primary antibodies overnight at 4℃: mouse anti-alpha sarcomeric actin (1:100, 

a7811, Sigma), FITC secondary antibodies (1:200, Abcam) were used for conjunction with 

primary antibodies. Samples were then mounted in Prolong Gold Antifade Mountant with DAPI 

(Thermofisher, P36935). Images were taken with a confocal fluorescent microscope (ZEISS LSM 

880). Tissue morphology was characterized by images using ZEN lite software. 

3.3 Evaluation of SCRD BsAbs recruiting ability  

We created an in vitro blood environment to mimic the BMSCs recruitment. Briefly, the 

whole blood from the C57BL/6 mice was collected and the RBCs were lysed by RBC lysis buffers. 

The EPCs (1^106) that pre-stained with DiD were mixed into 1 mL of RBC-lysed blood. Then, 2 

μg SCRD BsAbs or HNS BsAbs (non-specific IgG-F(ab')2-anti-CMHC-F(ab')2) were added for 

30 min. Then, we detacted the recruited EPCs with FITC secondary antibody. The samples were 

analyzed using flow cytometry (CytoFlex Flow Cytometer, Beckman Coulter, USA). Data 

analyzation was processed with the FCS Express 6 software (De Novo, USA).   
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3.4 Fluorescence resonance energy transfer microscopy (FRET) 

Equimolar AZ-PEG-anti-CD34-F(ab')2 and DBCO-PEG-anti-CMHC-F(ab')2 was reacted 

in PBS by click reaction at 4℃ for 48 hours. Then, fluorescence resonance energy transfer 

microscopy (FRET) proved the successful conjugation by labelling different F(ab')2 fragments 

with different fluorescence-labelled secondary antibodies. Generally, AZ-PEG-anti-CD34-F(ab')2 

(rat) and DBCO-PEG-anti-CMHC-F(ab')2 (mouse) derived from different species was conjugated 

together and then anti-rat conjugated (Alexa Fluor 488, donor) and anti-mouse conjugated (Cy3, 

acceptor) secondary antibodies were used to pinpoint the two different F(ab')2 of SCRD BsAbs. 

The FRET was performed by using FLS980 Fluorescence Spectrometer.  

3.5 Biodistribution of BsAbs 

To confirm the homing ability of SCRD BsAbs, Sham and I/R injured animals were 

recruited for both NS and SCRD BsAb administration after 3 days of G-CSF stimulation. The 

BsAbs were prelabeled with Novus Biologicals™ Lightning-Link™ Rapid DyLight™ 633 

Antibody Labeling Kit. The flurecence signals were detected via IVIS imaging system at different 

time interval. The data was processed via living image software version 3.0.  

3.6 Mice model of ischemia/reperfusion (I/R) injury  

All animal work was compliant with the Institutional Animal Care and Use Committee at 

North Carolina State University. Animal care was in accordance with the Institutional Animal Care 

and Use Committee (IACUC) guidelines. 5-7-week-old C57BL/6 mice were sedated by 

administration of KX cocktail (i.p. ketamine: 100 mg/kg body weight, xylazine: 10 mg/kg body 

weight). Artificial ventilation (SAR-1000 Small Animal Ventilator, CWE, Inc.) were used for 

animal life support during an I/R surgical operation. The ischemia was achieved through a 30 min 

temporal ligation of the left anterior descending artery (LAD) (MANI 8-0 silk suture).33 The mice 
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then randomly received following treatments: 1) PBS group (treated with PBS instead of G-CSF 

mobilization and SCRD BsAb treatment); 2) G-CSF only group (G-CSF mobilization without 

following SCRD BsAb treatment); 3) SCRD BsAb only group (SCRD BsAb treatment without G-

CSF pre-mobilization); and 4) G-CSF + SCRD BsAbs group (Both G-CSF mobilization and 

SCRD BsAb treatment were applied). G-CSF pre-mobilization was achieved by daily 

administration of G-CSF for 3 continuous days (i.p. 300 μg/kg body weight) 34. SCRD BsAbs (i.v. 

0.5 mg/kg body weight) were administered 6 hours after the final dose of G-CSF.  

3.7 Immunogenicity detection after SCRD BsAbs administration 

SCRD BsAbs were administered to normal C57BL/6 mice through tail vein injection. After 

7 days, Hearts were collected for cryo-sections as previously described. Then, IHC was performed 

with the primary antibodies including anti-CD3 (1:200, ab16669, Abcam), anti-CD8 (1:200, 

ab22378, Abcam) and anti-CD68 (1:200, ab125212, Abcam). FITC- secondary antibodies (1:400, 

Abcam) were applied for antibody conjunction. Samples were then mounted in Prolong Gold 

Antifade Mountant with DAPI (Thermofisher, P36935). Images were taken with a confocal 

fluorescent microscope (ZEISS LSM 880). Tissue morphology was characterized by images using 

ZEN lite software.  

4. Results  

4.1 Fabrication of SCRD BsAbs 

Since the purpose of SCRD BsAbs is to re-direct pre-mobilized BMSCs to the ischemic 

heart, the targeting proteins were chosen due to their selected specificity. CD34, a transmembrane 

phosphoglycoprotein, has been predominantly regarded as an important marker of HSCs35, 

MSCs36, and EPCs37,38. Additionally, CD34 also expresses on several other cell types, including 

interstitial dendritic cells39 and epithelial progenitors cells40. Thus, the monoclonal antibody that 
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targeting CD34 epitope class Ia38 was selected for vitalizing SCRD BsAbs with the ability to 

recruit endogenous BMSCs from the blood stream.  

Myocardial apoptosis plays an important role in MI and I/R caused cardiac dysfunction41. 

An adenosine triphosphate-driven molecular motor protein, cardiac myosin, plays an important 

role in this process physiologically and pathologically42. Since myosin subtypes have been 

expressed in different organs43, we aroused SCRD BsAbs ability of homing to the injured 

myocardium by chose anti-cardiac myosin heavy chain (CMHC) monoclonal antibody.  

Although the Fc region could improve solubility and stability and increase the serum half-

life of the molecule, we digested Fc regions from those two monoclonal antibodies before SCRD 

BsAbs fabrication due to the aforementioned cytotoxic Fc-mediated effector functions31 (Fig. 1B). 

Then, we conjugated F(ab')2 from anti-CD34 antibodies with Azido-Polyethylene glycol–N-

hydroxysuccinimidyl ester (Az-PEG-NHS) and obtained a polymerized anti-CD34 F(ab')2 group 

(Az-PEG- anti-CD34-F(ab')2). Additionally, we reacted F(ab')2 from anti- heavy chain cardiac 

myosin antibodies with Dibenzocyclooctyne-Polyethylene glycol–N-hydroxysuccinimidyl ester 

(DBCO-PEG-NHS) to form a polymerized anti-CMHC F(ab')2 group (DBCO-PEG-anti-CMHC-

F(ab')2). Transmission electron microscope (Fig. 1C) and fluorescence resonance energy transfer 

(FRET) microscopy (Fig. 1D) confirmed successful conjugation of polymer-modified F(ab')2 as 

SCRD BsAbs (anti-CD34-F(ab')2-Polymer-anti-CMHC-F(ab')2) by click reaction.  Also, 

polyacrylamide gel electrophoresis indicated the size and purity of the final BsAb products (Fig. 

1E). PEG was added into our linking ester because it has an ability to reduce antigenicity and 

immunogenicity of PEG-linked molecules and improve the circulating half-lives in vivo due to 

apparent size increasing44.  
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4.2 SCRD BsAbs binding ability assessment  

To test the binding potency of SCRD BsAbs to the injured myocardium in vitro, we 

cocultured SCRD BsAbs with normal and injured new natal rat cardiomyocytes (NRCMs). The 

half non-specific (HNS) BsAbs (non-specific IgG-F(ab')2-anti-CD34-F(ab')2) were created for 

control purpose (Fig. 2). The result demonstrated that SCRD BsAbs had a strong binding ability 

with injured NRCMs rather than normal NRCMs. To test the BMSCs-recruitment potency of 

SCRD BsAbs in the blood stream, we created an in vitro blood environment to mimic the BMSCs 

recruitment (Fig. S1). The group of HNS BsAbs (non-specific IgG-F(ab')2-anti-CMHC-F(ab')2) 

was used as a control group. In contrast to the control group, the SCRD BsAbs successfully 

recruited 10.7% of BMSCs.  
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Fig 2. Binding ability of SCRD BsAbs. Representative fluorescent micrographs showing 
SCRD BsAbs or half non-specific (HNS) BsAbs (non-specific IgG-F(ab')2-anti-CD34-F(ab')2) 
was incubated with normal or injured NRCM for 1 h at 37 °C. Successful Cell binding was 
detected by antibodies (red). NRCMs were stained with anti-alpha sarcomeric actin antibodies 
(green). Nuclei were detected by DAPI. Scale bar, 50 μm. We created an in vitro blood 
environment to mimic the BMSCs recruitment by adding 1^106 DiD pre-labeled EPCs, and 
then mixed with  HNS BsAbs (non-specific IgG-F(ab')2-anti-CMHC-F(ab')2) (A); or SCRD 
BsAbs (B). The recruited EPCs were detected with FITC secondary antibody. 
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Fig 3. Biodistribution of SCRD BsAbs in G-CSF pre-mobilized mice with or without I/R 
heart injury. (A) SCRD and NS BsAbs that prelabeled with fluorescence tracer 633 were 
injected into G-CSF pretreated mice. IVIS images were taken at 15 mins, 1 h, 2 hrs, 4 hrs, 24 
hrs and 60 hrs after BsAb injection. (B) 24 hrs after BsAb injection, major organs were excised 
and imaged. (C) The total radiant efficiencies in heart, lung, spleen and kidney were measured. 
n=3 in each group. All data were means ± s.d. Comparisons among groups were performed 
using two-way ANOVA followed by post hoc Bonferroni test. The comparisons between 
samples were indicated by lines, and the statistical significance was indicated by asterisks 
above the lines. “**” P <0.01. 
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To test the homing potency of SCRD BsAbs to the injured myocardium in vivo, we 

intravenously injected prelabeled SCRD or non-specific (NS) BsAbs into I/R injured or sham 

mice. The prelabeled BsAbs were tracked with the IVIS imaging system for 60 hours (Fig. 3A). 

The results showed that SCRD BsAbs had a higher ability to home to injured myocardium than 

that of control groups and retained in the injured heart for at least 60 hours. Biodistribution of 

SCRD BsAbs and NS BsAbs in the I/R injured mice was assessed using IVIS at 24 hours after 

BsAb injection (Fig. 3B and C). The data not only confirmed the homing ability of SCRD BsAbs 

to I/R injured heart, but also suggested that liver and kidney were two main routes for BsAb 

elimination.  

4.3 Redirecting of endogenous BMSCs to the injured myocardium by SCRD BsAbs  

To test the therapeutic safety and efficacy of SCRD BsAbs, we induced MI in mice with 

an ischemic/reperfusion (I/R) procedure. This model highly mimicked the MI after myocardial 

reperfusion therapy such as PCI33. The animals were randomly separated into 5 different groups. 

Sham and PBS groups were used as positive and negative controls, respectively. The rest of 

animals with MI injury received treatments as: 1) G-CSF mobilization only (without SCRD BsAbs 

administration); 2) SCRD BsAbs only (without G-CSF mobilization); or 3) G-CSF with SCRD 

BsAbs.  

The G-CSF mobilization is a well-established strategy21. Our previous study confirmed the 

relationship between G-CSF administration timeline and the elevation of CD34+ cells in the blood 

stream30. After 3 days of G-CSF administration, SCRD BsAbs was administered 6 hours after the 

final dose of G-CSF (Fig. 3A). Echocardiography was performed 4 hours after the surgery on day 

0 (baseline) and again before the animals were euthanized on day 21(endpoint) (Fig. 4A). Left 

ventricular ejection fraction (LVEF) (Fig. 4B) and left ventricular fractional shortening (LVFS) 
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(Fig. 4E) at baseline were indistinguishable among all 4 groups except sham group, which means 

that a uniform degree of initial myocardial infarct was created. 3 weeks after various treatment, 

the hearts from the group with both G-CSF mobilization and SCRD BsAbs administration had the 

highest LVEFs (Fig. 4C) and LVFSs (Fig. 4F). The treatment effects showed that the group with 

G-CSF mobilization and SCRD BsAbs administration had the largest restoration of LVEF (Fig. 

4D) and LVFS (Fig. 4G). Masson’s trichrome staining (Fig. 5A) revealed that SCRD BsAbs 

treatment after G-CSF administration led to decrease in infarction size (Fig. 5B), increase in LV 

wall thickness (Fig. 5C), and increase in viable tissue in the risk area (Fig. 5D). Moreover, to 

evaluate the biocompatibility of SCRD BsAbs, an independent experiment was performed by 

giving of SCRD BsAbs in normal mice and euthanized those animals 7 days after. The infiltration 

of T lymphcytes (CD3+, CD8+) and macrophages (CD68+) were not found in the cardiac tissue 

(Fig. S1). Taken together, SCRD BsAb is a biocompatible drug which restored cardiac functions 

and preserved cardiac morphometry with G-CSF pre-mobolization.  
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Fig 4. Cardiac functional benefits of SCRD BsAb treatment in G-CSF pre-mobilized 
animals. (A) Schematic showing the overall animal study design. Cardiac functions were 
assessed at baseline (4 h) and endpoint (3 weeks), including LVEF (B-D) and LVFS (E-G). n=4 
for Sham group, n=6 for PBS, G-CSF, and BsAb group, and n=5 for G-CSF + BsAb group. All 
data were means ± s.d. Comparisons among groups were performed using one-way ANOVA 
followed by post hoc Bonferroni test. The comparisons between samples were indicated by 
lines, and the statistical significance was indicated by asterisks above the lines. “*” indicated P 
< 0.05. “**” P <0.01. “***” P <0.001. “****” P <0.0001. 
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Fig 5. Cardiac structural benefit from SCRD BsAb treatment. (A) Masson’s Trichrome 
staining was performed 10 𝜇𝜇m-thick heart cryo-sections. Morphometric parameters including 
infarct size (B), infarct wall thickness (C) and the percentage of viable myocardium at risk 
area (D), measured from Masson’s Trichrome staining images via NIH Image J software. n=6 
for PBS, G-CSF, and BsAb group, n=5 for G-CSF + BsAb group. All data were means ± s.d. 
Comparisons among groups were performed using one-way ANOVA followed by post hoc 
Bonferroni test. The comparisons between samples were indicated by lines, and the statistical 
significance was indicated by asterisks above the lines. “*” indicated P < 0.05. “**” P <0.01. 



   

142 

 

4.4 SCRD BsAbs promote cell cycling via BMSCs recruitment  

SCRD BsAbs therapy after G-CSF treatment increased the vasculature density in the 

infarcted area (Figs. 6A and B). To explore the BMSCs recruitment potency, the BMSCs in the 

heart infarct zone was detected by immunohistochemistry method (Figs. 6C and S2). The result 

confirmed that BMSCs were efficiently recruited and homing to the infarcted myocardium. 

Furthermore, 3 cell cycling markers, including Aurora B (Figs. 7A and B), phospho-Histone3 (p-

H3) (Figs. 7C and D) and ki67 (Fig. S3), were used to explore the mechanism of BMSCs caused 

cardiac repair. The result indicated that SCRD BsAbs therapy after G-CSF treatment promoted 

cell cycling in the infarcted region via BMSCs recruitment.   
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Fig 6. SCRD BsAbs treatment promotes angiogenesis and BMSC recruitment. (A) vWF-
positive (green) capillary structures in the infarct area. Scale bar, 50 μm. (B) Quantitation of 
vWF-positive vasculatures. n=6 for PBS, G-CSF, and BsAb group, n=5 for G-CSF + BsAb 
group. (C) CD34+ cells in the infarcted area were detected via CD34 antibodies (green). Scale 
bar, 20 μm. (D) Quantitation of CD34-positive cells. n=6 for PBS, G-CSF, and BsAb group, 
n=5 for G-CSF + BsAb group. All data were means ± s.d. Comparisons among groups were 
performed using one-way ANOVA followed by post hoc Bonferroni test. The comparisons 
between samples were indicated by lines, and the statistical significance was indicated by 
asterisks above the lines. “****” P <0.0001.  
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Fig 7. SCRD BsAbs treatment promotes angiogenesis and BMSC recruitment. (A) vWF-
positive (green) capillary structures in the infarct area. Scale bar, 50 μm. (B) Quantitation of 
vWF-positive vasculatures. n=6 for PBS, G-CSF, and BsAb group, n=5 for G-CSF + BsAb 
group. (C) CD34+ cells in the infarcted area were detected via CD34 antibodies (green). Scale 
bar, 20 μm. (D) Quantitation of CD34-positive cells. n=6 for PBS, G-CSF, and BsAb group, 
n=5 for G-CSF + BsAb group. All data were means ± s.d. Comparisons among groups were 
performed using one-way ANOVA followed by post hoc Bonferroni test. The comparisons 
between samples were indicated by lines, and the statistical significance was indicated by 
asterisks above the lines. “****” P <0.0001.  
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5. Discussion  

Stem cell therapy, which makes use of cellular paracrine secretions, is promising for heart 

regenerative therapy45-47. In the last decade, scientists have been using biomaterial and 

bioengineering approaches to deliver different stem cells48 and stem-cell products16 to the heart 

for MI treatment. However, the transplantation of biomaterials or allogeneic stem cells still needs 

to overcome a number of hurdles, such as the quality control of cell products, clinical practicality, 

the toxicity of biomaterial degradation, low cell retention/engraftment, and immune reactions18. 

To minimize these limitations, our study introduces an immunotherapy approach that engineering 

a SCRD BsAb to redirect and lead the pre-mobilized endogenous BMSCs for cardiac repair. SCRD 

BsAbs exerts a binding specificity to CD34 on BMSCs and CMHC on injured myocardium. Since 

the design of SCRD BsAb is based on chemically connecting F(ab')2 fragments from different 

antibodies via esters with PEG, SCRD BsAb may reduce antigenicity and immunogenicity and 

improve circulating half-lives in vivo due to its apparent size increasing44. The present study 

confirmed the safety and therapeutic efficacy of SCRD BsAbs in mice with I/R heart injury. 

Intravenous administration of SCRD BsAbs supports cardiac recovery by reducing scarring, 

promoting vasculature density, and boosting cardiac functions. Compare to the current stem cell 

therapy strategies, SCRD BsAb offers a better drug delivery route rather than intramyocardial 

injection49 or surgical heart transplantation16. Moreover, SCRD BsAbs do not trigger “live-drug” 

issues because they are cell-free drugs that recruiting endogenous cells. For further clinical 

translation, we still need to optimize many aspects of SCRD BsAbs, such as cryo-stability, dose-

response, simple/multiple dose response, half-life period and the risk of embolization in the veins. 

We will also need to optimize the design of BsAb to maximize BsAb affinity quantitatively via 

comparing the affinity of BsAb to Fab and F(ab')2 fragments. Additionally, we need to evaluate 
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the impact of polymer link length and click reaction on the affinity of BsAb. However, as a proof-

of-concept study using BsAbs to recruit pre-mobilized BMSCs for heart repair, the present study 

provides a new option on endogenous stem cell therapy. 
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CHAPTER 5. Concluding Remarks and Future Directions 

 

At present, the safety of cardiac cell therapy in clinical treatments has been widely 

demonstrated, but there are many limitations in its application and effectiveness. The goal of this 

dissertation is to present studies that have sought to develop safe and effective ways to deliver cell 

derivatives to the injured myocardium for heart repair after MI. To this end, it explains 3 major 

methods that reduce the drawbacks of using live cells and investigates better pre-clinical treatment 

methods of using translatable cell derivatives or bispecific antibodies.   

Chapter 1 mainly provides the background and elaborates on the design and application of 

cell derivatives that integrate with multiple types of biomaterials to create new treatment strategies. 

Paracrine mechanisms play an important role in cell therapy. Cell-secreted growth factors, 

chemokines, and other bioactive substances promote myocardial protection and angiogenesis, 

regulating local inflammatory responses, and promoting extracellular matrix remodeling. However, 

clinical applications of cell therapy are hampered by several limitations, including low 

retention/engraftment of cells, low stability, risk of immunogenicity, and tumorigenicity. Thus, 

interdisciplinary studies of biomaterials, nanotechnology, and biomedicine may overcome these 

challenges and usher in cardiac regenerative therapies into a new era. The opportunities and 

challenges of many new treatment strategies in recent years have been discussed and evaluated 

herein so as to provide a rich theoretical basis for future research on cardiac cell therapy.  

Chapter 2 introduces a clinically feasible, easy-to-store, and acellular artificial cardiac 

patch (artCP) that can overcome aforementioned obstacles. It also provides a proof-of-concept 

study with the patch in rodent and porcine models of cardiac injury. In this study, synthetic cardiac 

stromal cells (synCSC) were developed by encapsulating protein factors derived from CSC 
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conditioned media in PLGA. For better retention/engraftment, we embed synCSCs in a 

decellularized myoECM made from porcine hearts. This ECM has a natural ECM reticulated 

structure and elastic properties. The final product of artCP has a sustainable paracrine factor release 

ability and maintains its potency after long-term cryopreservation. In both rat and pig models of 

MI, transplantation of artCP improves cardiac recovery by reducing scarring, promoting 

angiomyogenesis, and boosting cardiac function.  

Our study has several limitations. To reduce the injury associated with open-chest surgery, 

minimally invasive approaches to deliver the patch need to be developed in future iterations. Also, 

further mechanistic studies on myocardial regenerative pathways could help elucidate the modes 

of action involved in artCP therapies. Additionally, the length of the release of factors and artCP 

degradation rate are properties that need to be optimized to match the post-MI LV remodeling. 

Nevertheless, the present study shows the potential synergistic benefits of using synCSCs together 

with myoECM to provide an off-the-shelf cardiac patch with significant regenerative capacity.  

Chapter 3 introduces a platelet-inspired nano-cell (PINC) that incorporates both 

prostaglandin E2 (PGE2)-modified platelet membranes and cardiac stromal cell-secreted factors to 

target the I/R injured heart. Due to the duel targeting character of PINCs, their intravenous 

administration intervenes in the cardiac remodeling process after MI and potentially helps the MI 

patients after acute revascularization therapy. In this study, we evaluated the in vitro bioactivity of 

PINCs and their biodistribution after IV administration. The functional benefits in a mouse model 

of myocardial I/R injury showed that PINCs augmented cardiac function and mitigated heart 

remodeling, which is accompanied by the increase in cycling cardiomyocytes, the activation of 

endogenous stem/progenitor cells, and the promotion of angiogenesis. 
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Nevertheless, our study has several limitations. First, we investigated the cardiac repair 

through immunohistochemical analysis. Lineage tracing using transgenic mice will allow for more 

insightful analysis of the origin of newly formed blood vessels and cardiomyocytes. Second, our 

animal studies did not include an empty (no secretome) nanoparticle control group. Nonetheless, 

based on the in vitro data, these control nanoparticles are not expected to improve cardiac function 

in the animal model. In addition, for clinical applicability, a large animal model of I/R injury and 

a longer study duration will be needed to fully characterize the efficacy and safety of the PINC 

therapy. 

Chapter 4 describes the design a stem cell re-directing (SCRD) bispecific antibody (BsAb) 

that is created by chemically linking F(ab')2 fragments from monoclonal anti-CD34 and anti- 

cardiac myosin heavy chain (CMHC) antibodies via click reaction.  This BsAb specifically targets 

circulating CD34-positive cells and injured cardiomyocytes simultaneously, so that the 

intravenous administration of BsAb redirects pre-mobilized BMSCs into the injured heart for 

cardiac repair. This method focused on recruiting endogenous stem cells rather than providing 

exoteric cells or cell-derivatives. Our studies in a mouse model with I/R injury demonstrated the 

safety and therapeutic potency of SCRD BsAb.  

However, to be a clinically feasible product, we still need to elucidate many characteristics 

of the SCRD BsAbs, such as their cryo-stability, dose-response properties, simple/multiple dose 

response dynamics, half-life period, and the risk they pose of forming clots inside of veins. We 

also have to optimize their design to maximize BsAb affinity quantitatively by comparing the 

affinity of BsAb to Fab and F(ab')2 fragments. Additionally, we need to evaluate the impact of 

polymer link length and click reaction to the affinity of BsAb. However, as a proof of concept for 

using BsAbs to recruit pre-mobilized BMSCs for heart repair, the present study effectively shows 
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the potential benefits of using SCRD BsAbs and provides a different perspective on stem cell 

therapies.  

The role of paracrine mechanisms in cardiac regeneration has been studied for decades, but 

the mechanisms that drive cardiac repair in response to each paracrine molecule are still unclear, 

in part because these molecules are multifunctional and involved in a wide range of signaling 

pathways during cardiac remodeling. In addition, the diversity of molecular signaling pathways in 

space and time increases the complexity of the analysis. So, further exploration of specific 

mechanisms may enhance the development of paracrine therapeutic effects and benefit 

translational studies by upgrading cellular drugs into precision-guided therapeutics.  

The drug delivery routes used and the safety of each treatment paradigm are major concerns 

for the clinical innovation of cell therapeutics. Although cardiac patches in some studies are 

delivered via a minimal-invasive procedure, most cardiac patches still require an open-chest 

surgery, which increases surgical trauma, risk of inflammation, and even death in the case of a 

failed operation. Thus, the value of the cardiac patch strategy and its worth to the patient is 

debatable. The intravenous delivery of cell therapeutics is obviously a less invasive, more 

favorable route for clinical practice. However, we have to improve many deficiencies the injectable 

drugs/biologics, such as their heart-homing ability, half-life, toxicity, effective dose, and 

elimination from the body over time.  

These new therapeutic strategies need optimization in order to reach industrial production 

standards for viable clinical translation. Among these standards is manufacturing uniformity, 

including drug size, therapeutic combinations, targeting ability, purity, and so on. However, these 

new treatment paradigms are essential bridges that may enable the transfer of lab technologies into 

real clinical treatments which will potentially benefits patients with MI.  
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Appendix A: Chapter 2 Supplemental Data 

 

Supplementary Materials and methods 

Derivation of human cardiac stem cells (CSCs) 

Human cardiosphere-derived CSCs were derived from human hearts via cardiosphere 

method as previously described10. Briefly, myocardial samples harvested from human hearts were 

cut into fragments of 2 mm3, washed with phosphate-buffered saline, and partially digested with 

collagenase (Sigma-Aldrich). The tissue fragments were cultured as cardiac explants on a 0.5 

mg/ml fibronectin (Corning, Corning, NY, USA) solution coated surface in Iscove’s modified 

Dulbecco’s medium (Invitrogen, Carlsbad, CA, USA) containing 20% fetal bovine serum 

(Corning). A layer of stromal-like cells emerged from the cardiac explant with phase-bright cells 

over them. The explant-derived cells were harvested using TryPEL Select (Gibco). Harvested cells 

were seeded at a density of 2×104 cells/ml in Ultra Low Attachment flasks (Corning, Corning, NY) 

for cardiosphere formation. In about one week, explant-derived cells spontaneously aggregated 

into cardiospheres. The cardiospheres were collected and plated onto fibronectin-coated surfaces 

to generate cardiosphere-derived CSCs.  All cultures were incubated in 5% CO2 at 37°C. Our lab 

has banked >50 human cardiosphere-derived CSC lines. These cells were ready for use in the lab 

so there was no need for recruitment of new human subjects.  

Fabrication of synCSCs  

The conditioned media contains various growth factors secreted by CSCs. As a 

biocompatible and biodegradable polymer, poly lactic-co-glycolic acid (PLGA) has provided a 

safe and non-toxic building block for various control-release systems. synCSC was fabricated 

through previous polymer encapsulation and membrane cloaking approaches34,59. Briefly, we 
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fabricated CSC factor-loaded synCSC by a water/oil/water (w/o/w) emulsion technique. We mix 

human CSC conditioned media containing polyvinyal alcohol (PVA) (0.1% w/v) as the internal 

aqueous phase in methylene chloride (DCM) containing PLGA as the oil phase. The mixture was 

sonicated on ice for 30 s and immediately introduced into water with PVA (0.7% w/v) to produce 

a w/o/w emulsion. The secondary emulsion was emulsified for 5 min on a high-speed homogenizer. 

The w/o/w emulsion was continuously stirred overnight at room temperature to promote solvent 

evaporation. The solidified synCSC was centrifuged, washed with sterilize PBS, lyophilized and 

stored at -80 ℃. By varying the volumetric ratio of w/o/w and the amount of PLGA in the oil 

phase, we can fabricate PLGA microparticles with different sizes and shell thicknesses.  

Enzyme-Mediated Degradation of artCPs 

A round-shaped myoECM or artCP (diameter: 5 mm, thickness: 1 mm) was placed in DI 

water for 24 h and then placed in HEPES-buffered saline (HBS) solution with 0.2 mg/mL sodium 

azide (Sigma Chemical Co., St. Louis, MO) and 2 mg/mL collagenase (Sigma Chemical Co., St. 

Louis, MO). As control, a round-shaped artCP (diameter: 5 mm, thickness: 1 mm) was placed in 

HBS solution with 0.2 mg/mL sodium azide. Samples were weighed and incubated at 37 °C for 

five continuous days. Three samples from each group were weighed and imaged on each day.  

Cardiac function assessment of rats 

In order to measure rat cardiac dimensions and function, echocardiography was performed 

at 4h and 21 days after MI surgical operation following induction of anesthesia with a 1.5% 

isofluorane-oxygen mixture. Echocardiography was performed with a Philips Cx-30 Ultrasound 

System with a L15-7io high frequency probe. Two-dimensional long axis images were record from 

the left caudal (apical) view. Two-dimensional guided M-mode images at chordae tendineae level 

were evaluated. M-mode measurements of left ventricle end-diastolic and end-systolic dimensions 
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(LVEDD and LVESD, respectively) were performed by using the leading-edge method of the 

American Society of Echocardiography63. For estimation of each parameter, the average of three 

measurements from three different cycles in an image was obtained. Left ventricular end-diastolic 

and systolic volumes (LVEDV and LVESV, respectively) were calculated by the biplane method 

of disks (modified Simpson’s rule). Ejection fraction (EF) was determined by using (LVEDV-

LVESV/LVEDV) × 100%, and fractional shortening (FS) was calculated from the M-mode 

echocardiography images as (LVEDD-LVESD/LVEDD) × 100%. 

Heart morphometry studies 

After all animals were euthanized, hearts from rats or infarct cubic piece (1×1×1 cm) of 

pig hearts were collected and frozen in optimum cutting temperature (OCT) compound (Tissue-

Tek, Torrance, CA) after equilibrated with increasing sucrose solutions up to 30% overnight. 

Hearts were then snap-frozen in liquid nitrogen, and cryo-sectioned with a thickness of 5 𝜇𝜇m from 

the apex to the ligation level with 100 μm intervals for Masson’s Trichrome staining. Masson’s 

trichrome staining was performed as described in previous studies34,35,64. Images were acquired 

with a PathScan Enabler IV slide scanner (Advanced Imaging Concepts, Princeton, NJ). From the 

Masson’s trichrome images, morphometric parameters including viable myocardium and infarct 

thickness were measured in each section with ImageJ software36,37. The cryo-sectioned with a 

thickness of 10 𝜇𝜇m for Haematoxylin and eosin staining (H&E). Slides were fixed in Hematoxylin 

(Sigma-Aldrich, MO, USA) for 5 min at room temperature, and then rinsed in running water for 2 

minutes; after decolorizing in acid alcohol for 2 seconds, rinsed again in sodium bicarbonate for 5 

dips; rinsed out container with Dehydrant after 95% iso for 30 seconds, and then fixed in Eosin 

(Sigma-Aldrich, MO, USA) for 2 minutes, and then washed in dehydrant 100% (Richard-Allan 
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Scientific, MI, USA) and Xylnene (VWR, PA, USA) for 3 times. The slides were photographed 

by AZ100 multi-purpose zoom microscope system. 

Triphenyl tetrazolium chloride (TTC) assay  

TTC assay was performed to differentiate the viable cardiac tissue and the infarcted cardiac 

tissue. Sterilized solution of 2,3,5-Triphenyl Tetrazolium Chloride (TTC) was made by dissolving 

TTC (2g; MP Biomedicals, LLC) into 200ml of sterilized PBS and then pre-warmed at 37°C 

incubator for 30mins. The heart was collected and washed with sterilized PBS and then placed in 

freezer until the heart became stiff. Five sections (1cm in thickness) were cut from Apex to bottom 

and incubate in pre-warmed TTC solution at 37 °C for 30mins. Afterwards, the sections were fixed 

in 10% formaldehyde solution for 2 hours.  

Cardiac function assessment for pigs 

In order to measure pig cardiac dimensions and function, echocardiography was performed 

at 24h and 7 days after MI surgical operation. Following induction of sedation with TKX cocktail 

(1 mL/13-30 kg IM) and anesthesia with a mixture of isoflurane (0-5% in 100% oxygen), 

Echocardiography was accomplished by a Philips Cx-30 Ultrasound System with an S4-2 

broadband sector array transducer. Two-dimensional long axis images were recorded from the left 

caudal (apical) view. Two-dimensional guided M-mode images at chordae tendineae level were 

evaluated. M-mode measurements of left ventricle end-diastolic and end-systolic dimensions 

(LVEDD and LVESD, respectively) were performed by using the leading-edge method of the 

American Society of Echocardiography63. For estimation of each parameter, the average of three 

measurements from three different cycles in an image was obtained. Left ventricular end-diastolic 

and systolic volumes (LVEDV and LVESV, respectively) were calculated by the biplane method 

of disks (modified Simpson’s rule). Ejection fraction (EF) was determined by using (LVEDV-
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LVESV/LVEDV) × 100%, and fractional shortening (FS) was calculated from the M-mode 

echocardiography images as (LVEDD-LVESD/LVEDD) × 100%. 
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Supplementary Figures 

Fig. S1. Characterization of artCP. (A) Representative fluorescent micrographs showing DiD 
labelled synCSCs. Scale bar = 10 μm. (B) Representative 3D confocal image showing the 
distribution of synCSCs (red; DiD-labeled) in myoECM (green; stained with anti-collagen I 
antibodies). Scale bar = 25μm. Maximum tangential stress modulus (C), maximum tangential 
tension modulus (D), and Tangential stress modulus at breaking point (E) were measured by 
uniaxial mechanical testing. n = 5 in each group. (F) Enzyme-mediated degradation of myoECM 
and artCPs. The control group was artCP in HBS solution with 0.2 mg/mL sodium azide. n = 3 in 
each group. All data were means ± s.d. Comparisons among groups were performed using one-
way ANOVA followed by post hoc Bonferroni test.  
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Fig. S2. Effects of artCP on endothelial cells in vitro. (A) Representative micrographs showing 
tube formation of endothelial cells in PBS, myoECM, cryo-artCP and fresh-artCP groups. Scale 
bar = 100 μm. The tube lengths (B) and tube numbers (C) were measured by Image J. n = 6 in each 
group. All data were means ± s.d. Comparisons among groups were performed using one-way 
ANOVA followed by post hoc Bonferroni test. The comparisons between samples were indicated 
by lines, and the statistical significance was indicated by asterisks above the lines. “**” indicated 
P < 0.01, “***” indicated P < 0.001, “****” indicated P < 0.0001. 
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Fig. S3. SynCSC retention and distribution. To track the synCSC in vivo, we transplanted DiR 
labelled artCP to the heart of rat MI models. The rats administered with DiR labelled synCSC 
intramyocardial injection or empty myoECM transplantation were used as controls. (A) The hearts 
were collected and placed in Xenogen IVIS imaging system (Caliper Life Sciences, Mountain 
View, CA) to detect RFP fluorescence for retention analysis. (B) The average radiance in each 
group was measured by the Xenogen IVIS imaging system. n = 3 in each group. (C) All major 
organs were collected and placed in IVIS for biodistribution studies. All data were means ± s.d. 
Comparisons among groups were performed using one-way ANOVA followed by post hoc 
Bonferroni test. The comparisons between samples were indicated by lines, and the statistical 
significance was indicated by asterisks above the lines. “***” indicated P < 0.001, “****” 
indicated P < 0.0001. 
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Fig. S4. Immunogenicity of artCP. 7 days after artCP or myoECM transplantation, the infiltration 
of T-lymphocytes, detected by anti-CD3 (A) (green) and anti-CD8 (green) (B) antibodies, were 
negligible. Nuclei were counterstained with DAPI (blue). Scale Bar = 50 μm. (C) Macrophages 
were labelled with anti-CD68 (green) antibodies. Scale Bar = 50 μm. (D) The same IHC staining 
was performed 21 days after transplantation. Cardiomyocytes were counterstained with anti-alpha 
sarcomeric actinin and FITC-conjugated secondary antibodies. 
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Fig. S5. Heart dimension measured by echocardiography. From the M-mode images at chordae 
tendineae level, left ventricle end-diastolic diameter (LVEDD) at 4 hours (baseline) (A) and 21 
days (endpoint) (B) were measured. Also, the left ventricle end-systolic diameter (LVESD) at 4 
hours (baseline) (C) and 21 days (endpoint) (D) were measured. From B-mode at long axis, left 
ventricle end-diastolic volume (LVEDV) at 4 hours (baseline) (E) and 21 days (endpoint) (F) were 
measured. Also, left ventricle end-systolic volume (LVESV) were also measured at 4 hours 
(baseline) (G) and 21 days (endpoint) (H). All data were means ± s.d. Comparisons among groups 
were performed using one-way ANOVA followed by post hoc Bonferroni test. The comparisons 
between samples were indicated by lines, and the statistical significance was indicated by asterisks 
above the lines. NS indicated P > 0.05, “*” indicated P < 0.05, “**” indicated P < 0.01, “***” 
indicated P < 0.001, “****” indicated P < 0.0001. 
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Fig. S6. H&E staining of whole artCP area on day 21. Representative H&E staining images 
showed that the artCP were generally replaced by fibroblasts, smooth muscle cells and endothelial 
cells.  
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Fig. S7. Treatment effects after empty-, cryo- or fresh-artCP transplantation. The LVEF was 
analyzed before MI (A), 4hours after MI (B) and 21days after MI (C), and the cardiac pumping 
efficiency was measured by LVEF shift (D). n=5 in each group. The LVFS was also analyzed 
before MI (E), 4hours after MI (F) and 21days after MI (G), and the cardiac contractility was 
measured by LVFS variation (H). n=5 in each group. From M-mode images at chordae tendineae 
level, LVEDD at 4 hours (baseline) (I) and 21 days (endpoint) (J) were measured. Also, LVESD 
at 4 hours (baseline) (K) and 21 days (endpoint) (L) were measured. From B-mode at long axis, 
LVEDV at 4 hours (baseline) (M) and 21 days (endpoint) (N) were measured. Also, LVESV were 
also measured at 4 hours (baseline) (O) and 21 days (endpoint) (P). All data were means ± s.d. 
Comparisons among groups were performed using one-way ANOVA followed by post hoc 
Bonferroni test. The comparisons between samples were indicated by lines, and the statistical 
significance was indicated by asterisks above the lines. NS indicated P > 0.05, “*” indicated P < 
0.05, “**” indicated P < 0.01, “***” indicated P < 0.001, “****” indicated P < 0.0001. 
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Fig. S8. Heart morphometry assessment. (A) Masson’s Trichrome staining was performed using 
the HT15 Trichrome Staining (Masson) Kit on 5 𝜇𝜇m cryo-sections. Morphometric parameters 
including infarct size (B), the percentage of viable myocardium at risk area (C), and infarct wall 
thickness (D) were measured from the Masson’s Trichrome stained images via NIH ImageJ 
software. n=5 in each group. All data were means ± s.d. Comparisons among groups were 
performed using one-way ANOVA followed by post hoc Bonferroni test. The comparisons 
between samples were indicated by lines, and the statistical significance was indicated by asterisks 
above the lines. “**” indicated P < 0.01, “***” indicated P < 0.001.   
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Fig. S9. Liver functions and kidney functions after ArtCP transplantation. (A) The alanine 
aminotransferase (ALT) and (B) aspartate aminotransferase (AST) expressions were evaluated by 
blood tests (NC State Veterinary Medicine diagnostic laboratories). (C-D) The blood creatinine 
(C) and blood urea nitrogen (D) measurements were examined to evaluate kidney toxicity of artCP 
transplantation (NC State Veterinary Medicine diagnostic laboratories). n=5 in each group. All 
data were means ± s.d. Comparisons among groups were performed using one-way ANOVA 
followed by post hoc Bonferroni test. NS indicated P > 0.05. 
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 Fig. S10. Proliferation marker Aurora B staining. (A)  Aurora B (green) was detected in the 
infarcted area from the hearts of MI only group, artCP and myoECM transplanted group. Scale 
bar= 25 μm.  Scale bar zoomed snapshot = 10 μm. (B) Aurora B+ cells were quantified. n=5 per 
group. All data were means ± s.d. Comparisons among groups were performed using one-way 
ANOVA followed by post hoc Bonferroni test. The comparisons between samples were indicated 
by lines, and the statistical significance was indicated by asterisks above the lines. “*” indicated P 
< 0.05, “**” indicated P < 0.01. 
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Fig. S11. The cardiac tissue proliferation and apoptosis. (A) The area around MI risk area was 
analyzed through IHC. All images were taken with an epi-fluorescent microscope (Olympus 
IX81). Scale bar = 25μm. (B) The TUNEL+ expressed cells were counted and compared from the 
same images using the NIH Image J software. N=3 in each group. (C) Western blot analyses of 
protein markers including pCNA, pH3 and Bcl-2 were performed. 1. MI only group; 2. myoECM 
group; 3. artCP group. Quantification of pCNA (D), pH3 (E) and Bcl-2 (F) levels normalized to 
MI Control. All data were means ± s.d. Comparisons among groups were performed using one-
way ANOVA followed by post hoc Bonferroni test. The comparisons between samples were 
indicated by lines, and the statistical significance was indicated by asterisks above the lines. “*” 
indicated P < 0.05, “**” indicated P < 0.01, “***” indicated P < 0.001, “****” indicated P < 
0.0001.        
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Fig. S12. Mechanistic studies on artCP therapy after empty-, cryo- or fresh-artCP 
transplantation. (A) Ki67+ cells (green) were detected and quantified on the infarct periphery. 
Scale bar = 50 μm. Scale bar in zoomed snapshot =10 μm. (B) Ki67+ expressed cells were counted 
per HPF through Image J software. n=5 in each group. (C) pH3+ (green) were also detected. Scale 
bar = 50 μm. Scale bar zoomed snapshot =10 μm. (D) pH3+ cells and (E) pH3+ cardiomyocytes 
were counted per HPF through Image J software. n=5 in each group. (F) vWF+ (green) was 
detected in the heart infarcted area that interfaced with transplanted empty-artCP, cryo-artCP and 
fresh artCP group. Scale bar= 100 μm. (G) The pooled data of vWF+ signal counting per high 
power field (HPF) was assessed by Image J software. n=5 in each group. All data were means ± 
s.d. Comparisons among groups were performed using one-way ANOVA followed by post hoc 
Bonferroni test. The comparisons between samples were indicated by lines, and the statistical 
significance was indicated by asterisks above the lines. “**” indicated P < 0.01, “***” indicated 
P < 0.001, “****” indicated P < 0.0001. 
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Fig. S13. Cardiac function assessment after artCP therapy in porcine MI models. (A) LVEF 
was measured at 4hour (baseline) and 7 days (endpoint) post injury. n=3 in each group.  (B) cardiac 
pumping efficiency was measured by LVEF shift after 7 days of artCP transplantation. n=3 in each 
group. (C) LVFS was measured at 4 hour (baseline) and 7 days (endpoint) post injury. n=3 in each 
group. (D) Cardiac contractility was measured by LVFS transition. n=3 in each group. From M-
mode images at chordae tendineae level, LVEDD at 4 hours (baseline) and 21 days (endpoint) (E) 
and LVESD at 4 hours (baseline) and 21 days (endpoint) (F) were measured. From B-mode at long 
axis, LVEDV at 4 hours (baseline) and 21 days (endpoint) (G) were measured. Also, LVESV at 4 
hours (baseline) and 21 days (endpoint) (H) were measured. All data were means ± s.d. 
Comparisons among groups were performed using one-way ANOVA followed by post hoc 
Bonferroni test. The comparisons between samples were indicated by lines, and the statistical 
significance was indicated by asterisks above the lines. NS indicated P > 0.05, “*” indicated P < 
0.05. 
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Fig. S14. Liver functions and kidney functions of porcine MI models before and after ArtCP 
transplantation. (A) The alanine aminotransferase (ALT) and (B) aspartate aminotransferase 
(AST) expressions were evaluated by blood tests (NC State Veterinary Medicine diagnostic 
laboratories). (C-D) The blood creatinine (C) and blood urea nitrogen (D) measurements were 
examined to evaluate kidney toxicity of artCP transplantation (NC State Veterinary Medicine 
diagnostic laboratories). n=3 in each group. All data were means ± s.d. Comparisons among groups 
were performed using one-way ANOVA followed by post hoc Bonferroni test.  
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Fig. S15. The immunogenicity detection before and after artCP transplantation in porcine 
MI Models. (A) WBC, (B) PMNs, (C) lymphocytes, and (D) reactive lymphocytes were measured 
to address the immune reaction after transplanted artCP. Blood was drawn pre-MI, 24 hours post-
MI and 7 days post-MI. n=3 in each group. All data were means ± s.d. Comparisons among groups 
were performed using one-way ANOVA followed by post hoc Bonferroni test. NS indicated P > 
0.05. * indicated P < 0.05. 
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Appendix B: Chapter 3 Supplemental Data 

 

Supplementary Figures 

 

 
 
Fig S1. Synthesis of the PGE2-platelet membrane conjugates. 
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Fig S2. Confocal images of PGE2-platelet membrane conjugate. The platelet membrane was 
labeled with DiI prior to the synthesis of PGE2-platelet membrane conjugate. Subsequently, the 
DiI-labeled PGE2-platelet membrane conjugate was incubated with FTIC-labeled PGE2 antibody 
overnight before imaging. Scale bars, 10 µm. 
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Fig S3. Nanoparticle tracking analysis (NTA) of CS-PGE2-PINCs using NanoSight. (A) 
Representative particle tracking image of CS-PGE2-PINCs; (B) Size distribution as reported by 
NTA showing that the average size of CS-PGE2-PINC is about 205 nm, consistent with those 
determined by DLS and TEM analysis. 
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Fig S4. The average particle sizes of the as-prepared NCs and CS-PGE2-PINCs in PBS (1×, 
pH 7.4). All data are mean ± s.d. (n = 3). Comparisons between any two groups were performed 
using two-tailed unpaired Student’s t-test. * indicates p < 0.05, ** indicates p < 0.01, *** indicates 
p < 0.001. 
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Fig S5. The zeta potentials of platelet membrane (PM), CS-PINCs, and PGE2-PINCs in PBS 
(1×, pH 7.4). All data are mean ± s.d. (n = 3). Comparisons among more than two groups were 
performed using one-way ANOVA followed by post hoc Bonferroni test. * indicates p < 0.05, ** 
indicates p < 0.01, *** indicates p < 0.001. 
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Fig S6. The average particle sizes of CS-PINC and PGE2-PINC over 2 weeks in PBS (1×, pH 
7.4). All data are mean ± s.d. (n = 3). 
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Fig S7. The particle size distribution of CS-PGE2-PINC before freezing at -80 °C and after 
thawing at room temperature 3 months later. 
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Fig S8. The particle sizes of CS-PINC, PGE2-PINC, CS-PGE2-PINC before lyophilization 
in 10 wt% sucrose and after resuspension in PBS (1×, pH 7.4). All data are mean ± s.d. (n = 3). 
Comparisons between any two groups were performed using two-tailed unpaired Student’s t-test. 
* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. 
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Fig S9. Binding ability of CS-PEG2-PINCs to the collagen-coated and non-coated surface of 
culture chamber slide. (A) Representative images showing the binding of CS-PEG2-PINCs to the 
collagen-coated 4-well culture chamber slide surface relative to the non-coated surface. (B) 
Quantification of the numbers of different nanoparticles binding to the collagen-coated and non-
coated surfaces, respectively. All data are mean ± s.d. (n = 3). Comparisons between any two 
groups were performed using two-tailed unpaired Student’s t-test. Comparisons among more than 
two groups were performed using one-way ANOVA followed by post hoc Bonferroni test. * 
indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. 
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Fig S10. The apoptosis of CS-PGE2-PINC-treated and CS-PINC-treated NRCMs after being 
exposed to serum-free IMDM medium supplemented with hydrogen peroxide (250 µM) for 
3 h, as determined by TUNEL staining. All data are mean ± s.d. (n = 3). Comparisons between 
any two groups were performed using two-tailed unpaired Student’s t-test. * indicates p < 0.05, ** 
indicates p < 0.01, *** indicates p < 0.001. 
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Fig S11. PINC injection does not stimulate local T-lymphocyte and macrophage immune 
response. The infiltration of T-lymphocytes with CD3 (green, A) and CD8 (green, B) expression 
was neglectable. Macrophages that labeled with CD68 (red, C) were also barely detected. Nuclei 
were counterstained with DAPI (blue). Scale bars, 50 μm. 
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Fig S12. Representative images showing that cycling cardiomyocytes as indicated by α-SA 
and Ki67 double-positive staining were barely detected in the peri-infarct region of the hearts 
treated with saline at week 4. Scale bar, 50 μm. 
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Appendix C: Chapter 4 Supplemental Data 

 

Supplementary Materials and methods 

Cardiac function assessment  

In order to measure rat cardiac dimensions and function, echocardiography was performed 

at 4h and 21 days after MI surgical operation following induction of anaesthesia with a 1.5% 

isofluorane-oxygen mixture. Echocardiography was accomplished by a Philips Cx-30 Ultrasound 

System with an L15-7io high-frequency probe. Two-dimensional guided M-mode images at 

chordae tendineae level and B-mode at long axis were evaluated. From M-mode, left ventricle end-

diastolic and end-systolic dimensions (LVEdD and LVEsD, respectively) were measured by using 

the leading-edge method of the American Society of Echocardiography. The B-mode images were 

obtained for measurements of left ventricle end-diastolic and end-systolic volume (LVEdV and 

LVEsV, respectively). LVEF was determined from B-mode echocardiography (LVEdV-

LVEsV/LVEdV) × 100%, and LVFS was calculated from M-mode echocardiography (LVEdD-

LVEsD/LVEdD) × 100%. 

Heart morphometry studies 

After all animals were euthanized, hearts from mice were collected and frozen in optimum 

cutting temperature (OCT) compound (Tissue-Tek, Torrance, CA) after equilibrated with 

increasing sucrose solutions up to 30% overnight. Then, the hearts in OCT were cryo-sectioned 

with a thickness of 10 𝜇𝜇m from the apex to the ligation level with 100 μm intervals for Masson’s 

Trichrome staining as previously performed. Masson’s Trichrome stained tissue slides were 

scanned with a PathScan Enabler IV slide scanner (Advanced Imaging Concepts, Princeton, NJ). 

Morphometric parameters were measured with ImageJ software.   
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Immunohistochemistry (IHC) 

The IHC analysis of heart cryo-sections was performed as previously described. Briefly, 

all samples were fixed (4% paraformaldehyde solution), blocked and permeabilized (Dako, 

Glostrup, Denmark with 0.01% saponin, Sigma-Aldrich, St. Louis, MO) for incubating with 

primary antibodies overnight at 4∘C: mouse anti-alpha sarcomeric actin (1:200, a7811, Sigma), 

rabbit anti-Ki67 (1:200, ab15580, Abcam), rabbit anti-von Willebrand factor (1:200, ab11713, 

Abcam), rabbit anti- Histone H3 (1:100, ab5176, Abcam), rabbit anti- AuroraB (1:100, ab2254, 

Abcam), rat anti- CD34 (1:200, Monoclonal antibody MEC14.7, Invitrogen). FITC- or Texas-Red 

secondary antibodies (1:400, Abcam) were applied for antibody conjunction (1.5 hours, room 

temperature). Samples were then mounted in Prolong Gold Antifade Mountant with DAPI 

(Thermofisher, P36935). Images were taken with an epi-fluorescent microscope (Olympus IX81) 

and confocal fluorescent microscope (ZEISS LSM 880). Tissue morphology was characterized by 

images using the NIH Image J software and ZEN lite software.  

Statistical analysis 

All results are expressed as mean ± s.d. Comparison between two groups was performed 

with two-tailed Student’s t-test. Comparisons among more than two groups were performed using 

one-way ANOVA followed by post hoc Bonferroni test. Differences were considered statistically 

significant when the P value < 0.05. 

 

 

 

 

 



   

191 

 

Supplemental Figures 

 

 

Fig S1.  The immunogenicity of SCRD BsAbs. The infiltration of T-lymphocytes with CD8 
(green) and CD3 (green) were barely detected. Macrophages that labelled with CD68 (green) were 
also neglectable. Nuclei were counterstained with DAPI (blue). Scale Bar, 50 μm.   
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Figure S2. SCRD BsAbs treatment promotes stem cell recruitment. CD34+ cells in the 
infarcted area were detected via CD34 antibodies (green). Myocardium was counterstained with 
α-SA (red). Nuclei were counterstained with DAPI (blue). Scale Bar, 50 μm.   
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Fig. S3. The effects of SCRD BsAbs treatment on cell-cycling in the infarcted area. The area 
around MI risk area was analyzed through IHC. Ki67+ cells (red) were counted per field of view 
through Image J software. n=4 in Sham group, n=6 in G-CSF group, n=5 in G-CSF + BsAb group. 
All data were means ± s.d. Comparisons among groups were performed using one-way ANOVA 
followed by post hoc Bonferroni test. The comparisons between samples were indicated by lines, 
and the statistical significance was indicated by asterisks above the lines. “**” indicated P <0.01. 
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