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Abstract

Myocardial infarction (M), 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
considerable resources on the study and development of cell therapies for myocardial regeneration
after MI. However, due to a number of limitations, they are not yet readily available for clinical
applications. Mounting evidence supports the theory that paracrine products are the main
contributors to the regenerative effects attributed to these cell therapies. The next generation of
cell-based Ml therapies will identify and isolate cell products and derivatives, integrate them with
biocompatible materials and technologies, and use them for the regeneration of damaged
myocardial tissue. This review discusses the progress made thus far in pursuit of this new
generation of cell therapies. Their fundamental regenerative mechanisms, their potential to
combine with other therapeutic products, and their role in shaping new clinical approaches for
heart tissue engineering, are addressed.
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1. Introduction

Coronary heart disease (CHD) is one of the leading causes of death in the United States.[!] 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 experience an infarction for the first time.[X] Although the age-adjusted rates of
recurrent CHD have declined in the past decade, the recurrence and mortality rate within five
years after a first Ml 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 capillary microcirculation.
[3] The incidence of MI results in myocardial ischemic necrosis, which enervates cardiac
function and induces the remodeling of both the infarcted and noninfarcted 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 myocardial hypertrophy, left ventricular dilation, HF, and death.[] The key to preserving
heart function after Ml 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 v7a cell proliferation and differentiation. The heart
myocardium, unlike naturally regenerative tissues, was once considered to be terminally
differentiated, without regenerative abilities after injury.[>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 injury,[”-8l due to the specificity of the myocardium
environment and proliferative cardiomyocytes.[° Additionally, neonatal mice
cardiomyocytes were found to regenerate mainly through pre-existing cardiomyocytes.[4]
Scientists now believe that the human heart is capable of some level of regeneration with
varying degrees of myocardium renewal.[10.11] Recently, researchers achieved the
regeneration of adult cardiomyocytes from mice and humans by regulating their cell cycle.
[12] Researchers generated induced-pluripotent stem cells (iPSCs) from fibroblasts or bone
marrow cells for heart repair using various reprogramming techniques.[13.14] Also,
embryonic stem cell (ESC)-derived cardiomyocytes demonstrated their potential for cardiac
tissue engineering in preclinical animal models.[*®] 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 studies. In a clinical trial using
cardiosphere-derived autologous stem cells for the reversal of ventricular dysfunction
(CADUCEUS), the Ml patients who were intracoronarily infused with cardiosphere-derived
cells (CDCs), experienced reduced infarct-scar mass, increased viable heart tissue, a
thickened infarction-relative wall, and increased regional contractility.[16.17] Additionally,
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bone marrow-derived mesenchymal stem cells (MSCs)[18.19] and adipose tissue-derived
stem cellsl2%] have been shown to improve cardiac function for M1 injured hearts. 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 ECM
and regulate the remodeling process after MI injury.[21-26] Although cell therapies have the
potential to significantly advance the field of cardiac regenerative medicine, there are many
challenges hampering the utility of cell therapies in clinical applications. Our review will
address the opportunities and challenges involved with cardiac cell therapy, as well as the
things we can learn from biomaterials and bioengineering approaches to drive cell therapies
to the next generation. Our review will also summarize both cellular and noncellular
approaches (or the combination of the two) for cardiac regenerative medicine purposes.

2. Paracrine Mechanisms

2.1

Paracrine Mechanisms of CDCs

CDCs are derived from myocardial tissue samples and represent a natural mixture of
intrinsic cardiac stromal cells (CSCs). They consistently express CD105, partially express
CD90, and are negative for hematopoietic biomarkers 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)[27-29] (Figure 1). VEGF is a signaling protein that binds to
the surface of endothelial cells, ECM 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 phosphatidylinositol 3-kinase/protein kinase B (PI3K/
Akt) signaling pathway.[39] Other angiogenic factors, such as bFGF, which binds to heparan
sulfates in the ECM, help mediate endothelial cell migration, proliferation, and tube
structure formation.[3X] HGF, which is found in elevated levels in the heart, helps to prevent
oxidative stress after M1 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 fibrosis.[32:33]
By stimulating the SDF-1/CXCR4 axis, SDF-1 preserved viable cardiomyocytes and
increased vascular density in a mouse model of acute M1.[34] In addition, as a strong
chemokine, SDF-1 is an effective recruiter of endothelial progenitor cells (EPCs) from bone
marrow.[35] IGF-1 stimulates the Akt/Foxo pathway and plays an essential role in preventing
angiotensin Il-induced cardiac inflammation and fibrosis.[36:371

2.2. Paracrine Mechanisms of MSCs

MSCs in animal M1l models have been demonstrated to attenuate the expression of collagen
types | and 111 in the cardiac ECM via paracrine signaling.[21] They have also been reported
to decrease tissue inhibitors of metalloproteinase (TIMP)-1 and increase matrix
metalloproteinases (MMPS), which have a distinct spatial and temporal role in cardiac
remodeling.[38] After M1 injury, MMPs expressed by infiltrated macrophages and
fibroblasts, especially MMP-2 and MMP-9, trigger regenerative signals through the MMP/
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TIMP axis, and mediate ECM protein degradation, cell proliferation, and migration.[38:39]
Furthermore, adrenomedullin overexpression in MSCs significantly improved heart function
and decreased the heart fibrosis area.l40] Thymosin-g4 (T34), which is also secreted by
MSCs, restores cardiac function and contributes to cardiac repair after M1 injury.[41:42] T84
proteins suppress the epigenetic repressor methyl-CpG-binding protein 2. In doing so, they
reverse the expression of peroxisome proliferator-activated receptor-y and downregulate
fibrogenic genes, platelet-derived growth factor (PDGF)-g receptor, a-smooth muscle actin,
collagen 1, and fibronectin, resulting in reduced fibrosis.[43] 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 (Figure 1).

Paracrine Mechanisms of Cardiomyocytes Derived from iPSCs

The successful reprogramming of somatic cells, such as fibroblasts, into iPSCs, is a
cornerstone for regenerative medicine therapies. iPSCs from a cardiac patient could be
differentiated into cardiomyocytes (or endothelial cells in vitro), and transplanted back into
the patient as a way of reducing the risks of immune rejection and tumor formation. A safer
way to apply iPSC therapy is to use its secretome instead of live cells. One of the
mechanisms that iPSCs use to exert their cardiac protection is paracrine signaling.[44] For
example, after the intramyocardial injection of iPSC-derived cardiomyocytes in the hearts of
MI mouse models, researchers found that these cells protected the injured myocardium more
effectively than undifferentiated stem cells because of their upregulated production of
paracrine cytokines, such as tumor necrosis factor-a (TNF-a), interleukin (IL)-8,
granulocyte colony stimulating factor, and VEGF. In addition, the iPSC-derived
cardiomyocytes also promoted cell migration by releasing the paracrine signaling molecules
plasminogen activator inhibitor 1 and vascular cell adhesion molecule 1. These factors not
only enhanced cell engraftment and promoted angiogenesis, but also increased cell
proliferation and inhibited apoptosis, leading to the repair of the Ml injured myocardium
(Figure 1).[45] Moreover, the extracellular vesicles secreted from iPSC-derived
cardiomyocytes reduced arrhythmic burden and promoted cardiac function recovery.[46]

2.4. Modulation of Local Cardiac Inflammation by Paracrine Factors

Local inflammation after M1 plays an important role in cardiac remodeling. The infarct
triggers the increased production of inflammatory cytokines through the upregulation of NF-
kB expression.[47] The inflammatory cytokines include TNF-a, IL-18, IL-1a, IL-6, and free
radicals.[4849] Neutrophils, prompted by IL-8, C5a, A-formyl-methionyl-leucyl-
phenylalanine, and the leukotriene B4 inflammatory cascade, migrate to the infarcted
myocardium, where they ingest dead cells and degranulate cytotoxic molecules.[>%]
Additionally, IL-1 drives resident and infiltrated macrophages to synthesize proteases and
chemokines, and consume about 40% of the apoptotic cardiac cells.[5% Post-MI remodeling
also activates MMPs that degrade cardiac ECM rapidly. This degradation releases matrix
fragments that drive inflammation.[32] It has been reported that transplanted MSCs have
attenuated local inflammation by secreting paracrine signaling molecules into the
microenvironment, leading to the decreased expression of TNF-a, IL-1a, IL-6, and
monocyte chemoattractant protein-1.[2] Furthermore, the administration of IL-10-enriched
MSCs reduced apoptosis of cardiac cells via upregulated PI13K/Akt pathways.[®2] The over
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expressed IL-10 also stimulated CD11b*Ly6G~ macrophage polarization toward
osteopontin-producing macrophages (galectin-3" CD206™) for cardiac tissue repair and HF
prevention after M1.153] This macrophage polarization process was caused by an enhanced
IL-10-STAT3-galactin-3 axis.[>3] The overexpression of six factors (Cst7, Tnfsf11, 1133,
Fgl2, Matn2, and 1gf2) secreted by regulatory T cells promoted cardiomyocyte proliferation
via paracrine signaling (Figure 1).[54

3. 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 limitations.[5%] 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 tumorigenicity.[°¢!
This risk should always be taken into consideration in clinical practice.[5®] In addition, the
heterogenic or allogeneic transplantation of stem cells may result in immunological issues.
[55] Furthermore, the manufacturing, storage, and transportation of stem cells is complex,
expensive, and time-consuming, making it difficult to meet batch quality specifications and
pharmaceutical regulations. Moreover, since the stem cells migrate from blood vessels to the
heart via active vascular expulsion>’] or angiopellosis, 8] the clinical application of stem
cells through vein is restrained by low cell retention/engraftment rates and poor survival
rates, which minimizes their long-term treatment efficacy.[>5 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 increases proarrhythmic risks through three major mechanisms:
reentry, automaticity, and triggered activity.[80.61] Thus, cardiac stem cell therapies need to
be improved before they can be successfully applied in a clinical setting.

4. Harnessing Paracrine Mechanisms to Improve Stem Cell Therapy

The role of stem cell paracrine signaling in myocardial regeneration has been studied for
decades and has advanced our understanding of stem cell regenerative therapeutics.[22]
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
excitation.[82] 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 MI and take it to the next level.
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5. A New Era for Cardiac Cell Therapy: Integrating Biomaterials and
Nanomedicine

Biomaterials, such as polymers and native tissue derivatives, are 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, has 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 nonlive, synthetic stem
cells,[63.64] nanorobots,[65-671 and cardiac patches[®8] for M1 treatment (Figure 2). So far,
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 as the progress made in their development to date.

5.1. 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 pharmacoengineer stem cell therapies using drug composition
and delivery principles. Previously, nanoparticles coated with cancer cell membranes were
created for cancer immunotherapy.[89] 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 the water/oil/water
emulsion technique.[53] The PLGA capsule was then coated with stem cell membranes using
well-established methods.[67-711 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, nontoxic, biodegradable polymer that has been used in
various control-release systems.[72] These synthetic stem cells mimic the paracrine processes
of live stem cells[®3] and effectively eliminate the danger of aberrant stem cell
differentiation, which may cause tumorigenicity (Figure 3).[5%] For example, the
intramyocardial administration of synthetic stem cells made from human CSCs[®3] and
human bone marrow-derived MSCs[64] was shown to preserve cardiac function in a mouse
model of MI via paracrine mechanisms.

5.2. 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 defined.[”3] 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 slightly different protein signatures.l”#! To insure
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consistency, it will be important to optimize/characterize the secretome stock and reduce
variables during the manufacturing process. Although the secretome profile may be changed
by controlling the in vitro conditions,[7>7¢] 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 injections.[53] Moreover, to make the clinical
procedure safer, the synthetic stem cell administration paradigm should avoid, or minimize,
the use of invasive surgical procedures that can further injure the heart myocardium.

5.3. Exosomes and microRNAs (miRNAs): Opportunities

To study the therapeutic effects of exosomes, scientists have isolated them from various
types of stem cells (i.e., MSCs, cardiac progenitor cells (CPCs), ESCs, iPSCs, and CD34"*
EPCs)L77-79] through different isolation techniques, including ultracentrifugation, size
isolation, and immunoaffinity capture. In vivo, exosomes are secreted by most cell types
through the fusion of multivesicular bodies with the plasma membrane.[80:81] Once secreted,
they are imbibed by recipient cells through receptor—ligand interactions, direct membrane
fusion, and endocytosis/phagocytosis.[82] Therefore, exosomes may potentially play a role as
intercellular communicators.[83] Also, as bilipid membrane vesicles, with diameters between
30 and 150 nm,[77:84] exosomes usually carry membrane-bound or encapsulated proteins and
miRNAs with the capability to trigger various complex molecular processes and pathways.
[85] Studies show that stem cell-derived exosomes exert their cardiac therapeutic benefits
mainly through the gene products and miRNAs they carry, which stimulate angiogenesis,[8]
decrease cell apoptosis, 8] and reverse injury caused by inflammation.[87] Studies by Arslan
et al. and Ibrahim et al., for example, showed that stem cell-derived exosomes can treat post-
MI heart dysfunctions.[81:88] The following is a recapitulation of the molecular signals and
pathways that drive the exosomal-mediated regenerative/protective therapies for Ml heart.

MSC-derived exosomes contain glyceraldehyde 3-phosphate dehydrogenase, enolase,
pyruvate kinase m2, phosphoglycerate kinase, and phosphoglucomutase. These are
important enzymes that increase ATP production by upregulating phosphofructose kinase
levels.[81] The MSC-derived exosomes also contain peroxiredoxins and glutathione S-
transferases that can depress oxidative stress. Furthermore, the MSC-derived exosomes
activate adenosine receptors and phosphorylate the PI3K/Akt signaling pathway.[81:89]
Additionally, the intramyocardial injection of CSC-derived exosomes has been shown to
decrease infarct size and preserve left ventricular ejection fraction after M1 injury.[88.20]
When the release of exosomes in CSCs was suppressed by GW4869, a reversible inhibitor of
neutral sphingomyelinase, the therapeutic efficacy of CSCs decreased.[9] 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 transforming growth factor beta 1 (TGF-1) inhibition, helping to
minimize the size of the infarct scar.[92] Moreover, exosomes derived from ESCs have been
shown to enhance a number of cells in ways that induce cardiac repair. Namely, they
enhance the pluripotent markers octamer-binding transcription factor 4, sex determining
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region Y-box 2, and Nanog in embryonic fibroblasts, reduce caspase-3 cleavage in HyOo-
stressed H9c2 myoblasts, and increase tube formation in human umbilical vein endothelial
cells (HUVECS) in vitro.[93] Also, ESC-derived exosomes play a key role in promoting
endogenous repair by regulating endogenous stem cell functions.[%3]

The therapeutic efficacy of exosomes is also mediated by the miRNAs inside of the
exosomes. These noncoding miRNAs can regulate many important cellular pathways
involved in cardiac regeneration. For example, miR-146a, from CDC-derived exosomes, is
known to suppress Ml injury via the targeting of /rak-1and 7raf6, and plays a major role in
inflammation attenuation by dampening the toll-like receptor signaling pathway.[%4] In
addition, miR-146a reduces oxidative stress from ischemic injury by suppressing the
reduced nicotinamide adenine dinucleotide phosphate oxidase Nox-4, a molecule involved in
producing oxygen radicals in cardiovascular pathophysiology.[93] Exosomal miR-21-5p,
from MSCs, increases cardiac contractile force and calcium handling by regulating PI13K
signaling.[%6] The importance of miRNA content in the therapeutic profile of exosomes has
motivated some scientists to use an miRNA-mimicking approach to promote cardiomyocyte
proliferation and cardiac regeneration.[] Table 1 provides a detailed summary of miRNAs
related to cell therapy for Ml treatment.

5.4. 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 miRNAs[115116] 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 can 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 targeting.[117] It is also important to understand the stimulation
dynamics/protocols that lead to miRNA signature differences in exosomes within and
between cell lines.[!17] For example, unlike the exosomes from regular MSCs, the exosomes
from SuxiaoJiuxin-treated MSCs can specifically upregulate the protein expression of a key
epigenetic chromatin marker, histone 3 lysine 27 (H3K27), in HL-1 cardiomyocytes. The
upregulation of H3K27 is achieved via the repression of its ubiquitously transcribed
tetratricopeptide repeat, X chromosome.[118] 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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5.5. 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.
[119.120] To improve this therapeutic approach, scientists have sought optimal cell and
material combinations as part of their efforts to refine patch creation and delivery.[121.122]
Single layer cell patches were created previously. These earlier iterations suffered from cell
death due to lack of blood supply after transplantation.[*23]1 To solve this issue, researchers
began to add other cell types into the patch, including ESCs, iPSCs, endothelial cells, and so
forth.[124.125] These additions led to multiple-cell layered cardiac patches with microvessels
composed of self-assembled human vesicular endothelial cells that successfully integrated
with the host four weeks after implantation.[126] 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
compared to using cell sheets. Thus, these patches are more suitable for surgical
applications.[!21] 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 agents.[127] Since ECM has a tissue-specific protein
composition, researchers enhanced the bioactivity of decellularized amniotic membranes for
future cardiac applications by intergrading cardiac ECM hydrogel.[128] Recently, an ECM
patch, 3D-printed with bioinks composed of cardiac ECM, human CPCs, and gelatin
methacrylate, has been developed for heart repair, establishing the possibility of using
bioprinting as a cardiac patch fabrication method.[22%] Also, poly(A~isopropylac rylamine-
co-acrylic acid) or P(NIPAM-AA) nanogel was used to encapsulate cells for M1 treatment.
[130] Moreover, a new biomimetic microvessel (BMV)-integrated cardiac patch was created
by leveraging microfluidic hydrodynamic focusing to construct biomimetic microvessels.
The BMV lumens are lined with HUVECs and encapsulated in a fibrin gel spiked with
human CSCs.[231] This endothelialized BMV patch mimicked the natural vascular structure
of the heart, helping it integrate with the host myocardium after implantation.[!31] 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. It significantly reduced infarct scar size and
left ventricular wall stress after transplantation in swine MI models.[32] Unfortunately,
cardiac patches have had a slow path to clinical applications due to aforementioned live-cell
therapy limitations.[133] Thus, we will introduce cardiac patches without live cells (but with
acellular substances such as proteins, RNAs, or ECM alone) for Ml treatment.

5.5.1. 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 shapes.[121] Recently, researchers developed collagen-alginate cross-linked
scaffolds with IGF-1- or HGF-loaded alginate microparticles using a spray-drying
technique.[128] In vitro testing of the patch on CSC 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 effects.[127] Although this cardiac patch has not been used
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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.

5.5.2. 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 (Figure 4).11341 Due to its rapid clot-forming properties, platelet-fibrin gel
was used as a new biomaterial for cardiac repair in animal studies.[*35] To increase the
regenerative character of platelet-fibrin gel, researchers integrated several regenerative stem
cell factors, including VEGF, IGF-1, HGF, TGF-g, and PDGF, into the gel during the
fabrication process. To create the spray patch, calcium-containing media solution and
platelet rich plasma were placed in separate lumens of a double-lumen syringe. A spraying
device used compressed CO, gas to drive down the pistons on the dual-lumen syringe,
spraying the evenly mixed 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 two weeks after being sprayed. The spray patch increased the viability
of cultured neonatal rat cardiomyocytes in vitro. It also 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.

5.5.3. 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 rate of potential miRNA off-target. First, researchers designed an injectable
hydrogel that exhibits shear-thinning and rapid self-healing behavior by assembling 5
cyclodextrin-modified hyaluronic acid (CD-HA) with adamantane-modified hyaluronic acid
(AD-HA).[136] Since miRNA-302 has a proliferative effect on neonatal mouse
cardiomyocytes through the inhibition of Hippo signaling,[®7] they then chose miRNA-302
and modified it with cholesterol to enhance cellular uptake and improve miRNA-gel affinity
without changing the characteristics of the aforementioned injectable hydrogel. Finally, they
integrated the modified miRNA-302 into the injectable hydrogel and formed a complex
miRNA-302-enriched hydrogel, which can release miRNA-302 persistently for about three
weeks (Figure 5).[136] The study demonstrated the regeneration of neonatal mouse
cardiomyocytes, in vitro, and the preservation of cardiac function, in vivo,[3¢] using the
patch. This study innovatively used a biochemical method to assemble therapeutic miRNAs
into hydrogel patches with the capacity for sustainable release.

5.5.4. Decellularized Cardiac-ECM Cardiac Patch—ECM is composed of
interstitial matrix and basement membrane materials. Decellularized pig heart tissue can be
used as a bioactive ECM 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
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(myosin light chain (MLC™), cardiac troponin | (cTnlI*), connexin43™) by polarizing
macrophages toward a constructive remodeling phenotype, and by driving the recruitment of
cardiomyocyte progenitor cells.[!37] Also, the dECM protein, agrin, was shown to promote
heart regeneration after M1 in micel38] through Dag1, ERK, and Yap signaling pathways.
Recently, dECM was mixed with hydrogel to increase its versatility.[139] Altogether, the
bioactive dECM patch model provides us with a new candidate for the acellular regenerative
treatment of M| hearts.

5.6. Cardiac Patch: Challenges

As a promising approach for cardiac repair and regeneration after Ml, 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 procedure,[24°] most cardiac patches designed for epicardial
delivery233] 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
forming pericardial adhesions during cardiothoracic function is an underlying weakness of
the surgical cardiac patch transplantation which may cause disfunction of the heart or even
increase morbidity and mortality.[241] Thus, the value of the cardiac patch strategy and its
worth to the patient are debatable. In order to improve on the status quo, there has been
increased emphasis on using minimally invasive implantation procedures, the pursuit of
which has emerged as one of the most important goals in surgical transplantation.[234:140] |n
addition, in cardiac patch transplantations, sutures are often used to prevent patch shedding,
[142] 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
nanorods,[143] biocompatible glues,[244] 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 problem[143] 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 derivatives.[146]
Moreover, it is important to further optimize the cardiac patches’ therapeutic potential,
manufacture consistency, and cryostability before they can be fully developed clinical
products.

5.7. 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. However, the invasive nature of this delivery method is clinically
unappealing. Thus, research in recent years has focused on developing off site delivery
strategies, coupled with myocardial injury targeting techniques, to shuttle the therapeutic to
the injured myocardium. Two common injury biomarkers targets, for example, are MLC and
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cTnl. The concept of targeted drug delivery was originally developed in the field of 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.

5.7.1. 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
signature.[147] This cardiac homing peptide was conjugated with CSC-derived exosomes
through a dioleoylphosphatidylethanolamine A~hydroxysuccinimide (DOPE-NHS) linker for
cardiac regenerative therapy (Figure 6).[6] 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 proangiogenic, promyogenic, antiapoptotic,
and anti-inflammatory roles of exosomes.[¢] This research provides us with a new technique
to modify membrane-based nanoparticles, such as exosomes, to target M.

Post-MI induced myocardial disfunction and myocardial injury may require chronic
treatment for years. Thus, it is necessary to maintain an effective local drug concentration
and prolonged drug retention period. For this purpose, researchers engineered therapeutic
peptide-loaded calcium phosphate nanoparticles that can achieve cardiac targeting through
inhalation. Inhaled nanoparticles can rapidly diffuse into the alveoli, cross the alveolar
capillary membrane, and be transported to the heart through the pulmonary veins. The
efficacy of this targeting method was confirmed by tracking the nanoparticle uptake
efficiency by cardiomyocytes in vivo.[148]

5.7.2. Magnetic Targeting—Magnetic stem cell targeting relies on the application of a
magnetic field gradient to guide bioactive molecules to the site of injury.[149.150]
Superparamagnetic nanoparticles composed of a magnetite (Fe304) or maghemite (y-Fe,O3)
core. [149] 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
temperature.[151] 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).[149.152] |ntravenously administered
magnetic nanoparticles coated with polyethylene glycol and anti-CD34 successfully guided
mononuclear cells (CD34™") to the targeted area.[153] 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 benefit.[154] It has been widely reported that the magnetic targeting strategy is
nontoxic and can be applied universally to many cell types.[154]
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5.7.3. 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
heart.[155] MI events usually occur when coronary arteries become occluded as a result of
fibrin-rich thrombi that form inside the lumen.[X36] During M1, ECM will be deposited with
plethoric fibrin due to an imbalanced thrombin/thrombomodulin ratio.l*57] Nanogels are
nanosized colloidal hydrogels with loading and releasing kinetics that are related to particle
size, cross-linking density, and network homogeneity. They are notable for their potentials as
delivery vehicles of small molecules and proteins (Figure 7).[158] poly(A/-
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 fibrin.[6%] In the study, tissue plasminogen activator and a small-molecule cell
contractility inhibitor (Y-27632) were encapsulated inside the nanogels. An antifibrin
antibody was conjugated to the outside of the nanogel by the EDC/Sulfo-NHS coupling of
the AAc functional handles in the nanogel shell.[63] Through the conjugated antifibrin
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 M, in vivo.[®5] 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.

5.7.4. 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 cells.[159] 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 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 on macrophages, natural killer cells, or dendritic cells, facilitating
antibody-dependent cell-mediated cytotoxicity and killing the attached tumor cell.[160]
Nowadays, increasing knowledge in effector cell biology and the implementation of
antibody engineering technologies has improved bispecific antibody strategies for
immunotherapy of cardiac M1 injury.[*61] The binding of BsAbs with stem cells has been
applied to enhance stem cell targeting and tissue regeneration.[162] 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 cardiomyocytes.
[163] A decade ago, researchers began to design BsAbs to target human CD34* cells to the
specific antigens expressed by ischemic myocardium.[15%] They linked 2 whole antibodies
(anti-CD45 and anti-MLC) on Fcs, using a sulfosuccinimidyl 4-(A-maleimidomethyl
cyclohexane-1-carboxylate] crosslinker, the success of which was verified through flow
cytometry. This study provides an example of how BsAbs can be used to target
hematopoietic stem cells to injured myocardium, specifically.[15°]

5.7.5. Platelet-Inspired Ml Targeting—Before ischemic heart injuries, the major
blood vessels usually suffer from vascular damage and clot formation. During this process,
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the damaged subendothelial matrix components will be exposed, including collagen,
fibronectin, and von Wille-brand factor (vWF). The exposed ECM helps stimulate the
aggregation of platelets via many receptor-ligand interactions, including GPIb/V/IX-vWF,
allbp3-fibronectin, and allbg3-fibrinogen.[164.165] Under flow conditions, discoid platelets
also form membrane tethers, which play an important role in platelet-matrix and platelet-
platelet adhesive interactions.[166] Importantly, platelets have an innate ability to flow in the
vasculature until they bind to the targeted injury sites.[67] Thus, researchers are developing
platelet membrane coatings that effectively target the ischemic heart. In one of the studies,
[67] platelet membrane-decorated CSCs were formed by coating CSCs with platelet
membranes using a fusion method.[67.167] Rodent and porcine ischemia/reperfusion models
were used to prove the targeting proficiency and therapeutic efficacy of these bioengineered
cells.[871 To further improve this strategy, platelet-inspired nanocell (PINC), a nanoparticle
composed of a therapeutic core and a prostaglandin E, (PGEy) decorated platelet membrane
shell, was fabricated for ischemic heart tissue targeting. PINC achieved dually targeting to
the ischemic myocardium via both platelet inspiration and the PGE, decoration (Figure 8a).
In addition, PINCs showed a better cryostorage stability and have an innate ability to flow
inside the vasculature until binding to the targeted injury sites (Figure 8b—i).[168]

5.8. Cardiac Injury Targeting: Challenges

Although the emergence of 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 well-accepted standards 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 cells.[260] Furthermore, nanoparticles
conjugated with antibodies may be phagocytosed and, consequently, have their therapeutic
effects diminished.[16% 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 delivery.[67] However, the intravenous
injection of cardiac targeting drugs, which is more attractive and less invasive, may cause
increased off-target 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 injection.[170] Moreover, the magnetic
cardiac targeting strategy has to be thoroughly investigated in regards to particle size,
surface chemistry, magnetic properties, and the ability of an external magnetic field to guide
the injected stem cells to the heart.

6. Conclusion

This review began with a summary of the pathological repair process that occurs after Ml.
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 stem cell derivatives and byproducts that make up the new generation of stem cell
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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 nonlive 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 Ml
patients will improve.
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Figure 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. ¢) Factors play an important role in post-MI ECM remodeling, such as
balancing the expression of MMP and TIMP. d) Factors contribute to cardiomyocyte
regeneration by promoting the recruitment and differentiation of stem cells, and direct
cardiomyocyte preservation and regulation. €) Factors attenuate local inflammation through
microenvironment alteration.
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Figure 2.
Toolbox elements for a new era of cardiac regenerative medicine. Stem cell-driven

regenerative therapeutics will usually involve the integration of stem cells with artificial/
natural materials. Such integration leads to the fabrication of new regenerative medicine
products, including synthetic stem cells, acellular cardiac patches, and targeting
nanoparticles. The research on drug delivery methods has evolved from open-chest surgical
procedures to minimally invasive procedures, noninvasive inhalation, and the intravenous
delivery of drugs with specific targeting abilities.
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Figure 3.
Fabrication of synthetic stem cells, or cell-mimicking microparticle (CMMP). a) Overall

biochemical design and study model of CMMPs. MPs (that is, Control MP;) were fabricated

from PLGA and conditioned media from human CSCs. Then, MPs were cloaked with
membrane fragments of CSCs to form CMMPs. Control MP, was fabricated by cloaking
empty PLGA particles with CSC membranes. The therapeutic potential of CMMPs was

tested in a mouse model of MI. b,c) Texas red succinimidy! ester-labeled MPs (b, red) were
cloaked with the membrane fragments of green fluorescent DiO-labeled CSCs (b, green) to
form CMMP (c, red particle with green coat). Scale bar = 20 um. d,e) Scanning electron

microscope revealed the CSC membrane fragments on CMMPs (e) but not on Control MP4

(noncloaked MP) (d). Scale bar = 10 um. f,g) CMMPs and Control MP, were positive for
major human CSC markers CD105 (f) and CD90 (g), indicating the successful membrane
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cloaking on CMMPs. Noncloaked Control MP1 was not positive for either. h) CMMPs,
Control MP1, and Control MP, have similar in size to CSCs. /7= 3 for each group. i)
CMMPs and Control MP, carried surface antigens that were similar to CSCs. n= 3 for each
group. j—I) Similar release profiles of CSC factors (namely, VEGF, IGF-1, and HGF) were
observed in CMMPs and Control MP4, indicating membrane cloaking did not affect the
release of CSC factors from CMMPs and Control MP1. 7= 3 for each time point. All data
are mean + s.d. Comparisons between any two groups were performed using a two-tailed
unpaired Student’s #test. Comparisons between more than two groups were performed using
one-way ANOVA, followed by the post hoc Bonferroni test. This work is licensed under (a).
Reproduced with permission under the terms of the Creative Commons Attribution 4.0
International License.[83] Copyright 2018, Springer Nature.

Adv Healthc Mater. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Huang et al.

Page 27

l

Left anterior

descending
artery (LAD)

Normal

surface of infarcted area
promotes regeneration

b Gelation time
6
4
4
2
g2
>
0 10 20 30 40 50 60
Time (s)
IGF-1
e VEGF release f GF-1 release g HGF release
500 2500 200
400 "I’Q) 20001 5. . 150] 75
£ 300{ - ~a £ 1500 SN 75'100 :
i b o
2 2001 § 2 1000 ] » ? .y -
100 500 = 50 o—=©
4 X
r e 8 T a s 8 T e M e
o & Qo*\ o & ¢ Q"‘k o o o c“\

Figure 4.
Spray painting of gel matrix on infarcted myocardial areas. a) Schematic showing the spray

painting of in situ polymerizable biomaterials on the heart after M1 with a minimally
invasive procedure. b) Using compressed air to mix platelet-rich plasma with calcium-
containing media resulted in a stable gel formation in less than 1 min. ¢) H&E 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 of the concentrations of VEGF, IGF-1, and HGF from the sprayed
platelet fibrin gel conditioned media at different time points (7= 3 per time point). Scale bar
=100 pum. H&E, hematoxylin and eosin. Reproduced with permission.[*341 Copyright 2017,
Mary Ann Liebert, Inc.
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Figureb.

miR-302 control-releasing gel. a) Schematic showing gel assembly and miR-302
interactions. HA was modified with AD or 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 x 197% M 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 + s.d., 7= 3). Reproduced with permission.[*36] Copyright 2017, Macmillan
Publisher Limited, part of Springer Nature.
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Cardiac homing exosomes. 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 peptides.
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. ¢) 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
labeling of infarcted rat heart sections showed increased retention of both CHP-tagged
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exosomes compared to Scr-tagged exosomes (DAPI in blue and Dil-labeled exosomes in
red). Scale bars: =50 nm, ¢=1 mm. Reproduced with permission under the terms of the
Creative Commons Attribution (CC BY-NC) 4.0 license.[66] Copyright 2018, the Authors.
Published by lvyspring International Publisher.
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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. ¢) Core and C/S nanogel design. d) Size characterization (7= =30 per group). €)
Nanosight particle tracking for hydrodynamic diameter measurements. f) Dry AFM images
on a glass surface. Reproduced with permission.[6%] Copyright 2018, American Chemical

Society.

Adv Healthc Mater. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Huang et al.

Page 32

\ =
L 'd

Intravenous delivery

CSC secretome Nano-Cell
(cs) (NC)

Ischemic heart

C 3 d 5 € 1500 o
= S £ CS-PGE,-PINC
& 2 E = :
> s -20 g 1900
£ 8 40 g 500
g &
N = 0 - . - - -
100 1000  -60 . 0 1 3 7 14
Particle size (nm) PINC NC Time (day)
g h i
300 N.S. 0 20007 NC CS-PINC CS-PGE,-PINC
E — s 3 ar
< E £ 1500 —
8 T 20 ]
¥ £ 2 1000
S 100 & o
5 g a0 £ 500
o o} rf
ki N.S.
0 N 0
Before After 60 efore After Before  4hin50% serum

Figure8.
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) Transmission electron microscopy (TEM) image showing the
ultrastructure of CSC secretome-loaded and PGE,-platelet membrane-coated nanocells (CS-
PGE,-PINC). c¢) Size distribution of CS-PGE,-PINC measured by DLS. d) Zeta potentials of
CS-PGE»-PINC and nanocells (NC). e) Particle sizes of bare NC and CS-PGE,-PINC over
two weeks in PBS. f) TEM image showing the ultrastructure of CS-PGE»-PINC after freeze-
thawing. g) The comparison of particle size and h) zeta potential of CS-PGE,-PINC before
and after freeze-thawing. i) In vitro stability of NC, CSC secretome-loaded and platelet
membrane-coated nanocells (CS-PINC), and CS-PGE»-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, and *** indicates p < 0.001; N.S., no statistical significance.
Comparisons between any two groups were performed using a two-tailed unpaired Student’s
ttest. Comparisons between more than two groups were performed using one-way ANOVA,
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followed by the post hoc Bonferroni test. Reproduced with permission.[168] Copyright 2018,
Wiley-VCH.
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