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CONSPECTUS

Cardiovascular disease (CVD) is a major health problem worldwide. Since adult cardiomyocytes
irreversibly withdraw from the cell cycle soon after birth, it is hard for cardiac cells to proliferate
and regenerate after myocardial injury, such as that caused myocardial infarction (Ml). Live cell-
based therapies, which we term as first generation of therapeutic strategies, have been widely used
for the treatment of many diseases, including CVD. However, cellular approaches have the
problems of poor retention of the transplanted cells and the significant entrapment of the cells in
the lungs when delivered intravenously. Another big problem is the low storage/shipping stability
of live cells, which limits the manufacturability of living cell products. The field of chemical
engineering focuses on designing large-scale processes to convert chemicals, raw materials, living
cells, microorganisms, and energy into useful forms and products. By definition, chemical
engineers conceive and design processes to produce, transform, and transport materials. This
matches the direction that cell therapies are heading toward: “produce”, from live cells to synthetic
artificial cells; “transform”, from bare cells to cell/matrix/factor combinations; and “transport”.
from simple systemic injections to targeted delivery. Thus, we hereby introduce the “chemical
engineering of cell therapies” as a concept.

In this Account, we summarize our recent efforts to develop chemical engineering approaches to
repair injured hearts. To address the limitations of poor cellular retention and integration, the first
step was the artificial manipulation of stem cells before injections (we term this the second
generation of therapeutic strategies). For example, we took advantage of the natural infarct-
targeting ability of platelet membranes by fusing them onto the surface of cardiac stromal/stem
cells (CSCs). By doing so, we improved the rate at which they were delivered through the
vasculature to sites of MI. In addition to modifying natural CSCs, we described a bioengineering
approach that involved the encapsulation of CSCs in a polymeric microneedle patch for
myocardium regeneration. The painless microneedle patches were used as an in situ delivery
device, which directly transported the loaded CSCs to the MI heart. In addition to low cell
retention, there are some other barriers that need to be addressed before further clinical application
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is viable, including the storage/shipping stability of and the evident safety concerns about live
cells. Therefore, we developed the third generation of therapeutic strategies, which utilize cell-free
approaches for cardiac cell therapies. Numerous studies have indicated that paracrine mechanisms
reasonably explain stem cell based heart repair. By imitating or adapting natural stem cells, as well
as their secretions, and using them in conjunction with biocompatible materials, we can simulate
the function of natural stem cells while avoiding the complications association with the first and
second generation therapeutic options. Additionally, we can develop approaches to capture
endogenous stem cells and directly transport them to the infarct site. Using these third generation
therapeutic strategies, we can provide unprecedented opportunities for cardiac cell therapies. We
hope that our designs will promote the use of chemical engineering approaches to transform,
transport, and fabricate cell-free systems as novel cardiac cell therapeutic agents for clinical
applications.

Graphical Abstract

1.

Mimetic Exosome

INTRODUCTION

According to the Centers for Disease Control and Prevention, CVD is the primary cause of
death in the United States.! Each year, 735 000 Americans have a heart attack and 600 000
die from one. Ischemic heart disease (IHD), including myocardial infarction (M), is an
especially devastating type of CVD.2 Myocardial ischemia leads to the rapid death of
cardiomyocytes, generating an infarcted area and causing defects in contractility. Fibrotic
scar will eventually build up in the heart to compensate for the loss of large portions of
functional tissue, ultimately affecting heart performance. The critical step in preserving
heart function post-MI lies in repairing the damaged tissue with healthy myocytes.*
Although human adult cardiomyocytes are able to proliferate, the frequencies are very low
(<1%) owing to their postmitotic state.> This low level of cardiomyocyte turnover is not
sufficient to compensate for the loss of myocardial mass. Understanding and enhancing
cardiac cell proliferation after MI are central themes of heart regenerative medicine.

There has been interest in using stem cell therapies to restore cardiac function in ischemic
heart disease. We call this paradigm the first generation of therapeutic strategies.”:8 Up to
now, a large number of studies have indicated that transplanted stem cells in animal models
of post-myocardial-infarction heart failure enhance cardiomyocyte proliferation and improve
cardiac function. Moreover, multiple clinical trials have been conducted to investigate the
effects of different types of stem cells on cardiac repair and regeneration.®-10 Despite
encouraging preclinical results, however, the efficacy of stem cell therapies in cardiac clinic
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trials has been disappointing and no benefits, or only small clinical improvements, in cardiac
function were recorded.1112 Scientists sought to identify the root causes of the problem.
After dedicated investigation, they found that the transplanted cells have a low retention/
engraftment rate in the infarct site (less than 10%).13 Even worse, the survival fraction of
transplanted cells is very low, further aggravating the low efficacy of cell therapy. Thus,
scientists have realized that stem cells alone are not a magic bullet and that even high doses
of stem cells may not be sufficient for the improvement of therapeutic efficacy.

The purpose of chemical engineering is to develop large-scale strategies to produce,
transform, and transport (deliver) materials, including drugs. In our arena, the “drugs” are
living cells and their derivatives. One example of this is the artificial manipulation of stem
cells before they are injected to enhance their targeting of infarct sites and improve their
retention rates therein. We term this group of manipulations the second generation of
therapeutic strategies. Recent studies have adopted the emerging consensus that paracrine
effects play an important role in adult stem cell therapy.1# In other words, stem cell
secretions of proteins and microvesicles (i.e., exosomes) are thought to enhance myocardial
regeneration and inhibit fibrosis.1# Thus, while the development of artificial stem cells that
mimic the paracrine process is challenging, it is nonetheless of high importance.1® Inspired
by the biological secretion processes of natural stem cells, it is possible and appealing to
utilize chemical engineering methods to develop artificial stem cells that mimic key natural
stem cell functions in pursuit of novel, more effective cardiac cell therapies (the third
generation of therapeutic strategies). As opposed to natural cells, artificial cells can be easily
synthesized at much lower costs and have high storage/shipping stability once manufactured.
Thus, the development of chemical engineering approaches that help artificial stem cells
target the infarct area would help ensure the viability of a stem cell-free solution.

In this Account, we will review these three generations of therapeutic strategies (Figure 1).
Our most recent efforts to use chemical engineering tools to develop artificial biomaterials
with different formulations as novel cardiac cell therapeutic agents are also discussed. In
addition, the challenges and future opportunities of this rapidly growing field are addressed.

2. STEM CELL INJECTIONS: THE FIRST GENERATION OF THERAPEUTIC
STRATEGIES

The loss of cardiac cells is irreversible and induces cardiomyocyte injury.16:17 The original
intention of stem cell transplantations was for stem cells to differentiate into cardiomyocytes
de novo and increase the number of cardiomyocytes in the native tissue. Until now, many
cell types have been proven to differentiate into cardiomyocytes in vitro, such as embryonic
stem cells (ESCs), mesenchymal stem cells (MSCs), and endothelial progenitor cells.18
However, the in vivo cardiomyocyte differentiation ability has not been successfully
confirmed so far. It is also unclear if the generated cardiomyocytes can electrically couple to
the host tissue. Nevertheless, small improvements in cardiac function are observed in most
clinical studies.1® The mechanisms of action leading to functional improvements are mainly
attributed to the protection of resident cardiomyocytes from apoptosis and enhancements in
their proliferation rates (Figure 2). Stem or progenitor cells will release cytokines,
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chemokines, growth factors, and exosomes as part of their paracrine signaling system to
inhibit cardiomyocyte apoptosis and promote resident cardiomyocyte proliferation. Thus,
enhancing the number of stem cells in injured hearts and promoting their paracrine effects
may be a promising strategy for increasing cardiomyocyte proliferation and repair after
injury. This finding has driven us to develop novel methods to enhance the accumulation and
retention of stem cells in the injured heart. Chemical engineering, which utilizes chemical
modifications and synthesis strategies to transform or transport stem cells, may create new
possibilities for stem cell therapies.

3. TRANSFORM OR TRANSPORT STEM CELLS: THE SECOND
GENERATION OF THERAPEUTIC STRATEGIES

As we have mentioned above, although the idea of using stem or progenitor cells for cardiac
therapies continues to be at the forefront of research endeavors, after nearly two decades of
effort, meta-analytical studies indicate that the benefits of cardiac cell therapies have been
none to marginal and that cardiac cell therapy is “far from getting approval”. Researchers
seeking to identify the root causes of the problem have found that low retention and
engraftment of transplanted cells is among the major hurdles preventing successful clinical
translation. For example, intramyocardial injections of MSCs in rat or porcine hearts results
in as low as 11% retention after 90 min and 0.6% retention after 24 h.20 In addition, most of
the implanted cells are washed off and transported to the lungs and other organs.?! As for
the intracoronary and intravenous delivery routes, their cardiac retention rates are much
lower than that of intramyocardial injections. Thus, after decades of research, the field of
regenerative medicine must come to terms with the very poor retention rate of cells used to
target the injured heart, regardless of cell type or delivery route, and primarily due to the
strong mechanical flushing forces of the beating myocardium and the inflammatory
microenvironment of the MI area. To overcome this limitation, several approaches have been
developed, including the enhancement of the cells with infarct-targeting and binding
capacity and the provision of material scaffolds to transport the cells and trap them around
the infarct area. This section will focus on our recent studies using chemical engineering
strategies to transform stem cells or synthesize material scaffolds to deliver cells directly
into the injured heart.

3.1. Stem Cell Transformations

As we have indicated, vascular cell delivery routes for heart therapy have poor cell retention
rates compared with other delivery routes. However, the intravenous and intracoronary
administration of stem cells is much safer and convenient than intramyocardial
administration. Therefore, the development of approaches that improve the cell retention rate
by vascular routes may be more promising for further clinical applications. To improve cell
retention rates, two key points should be considered. One is the need to enhance the
targeting of infused cells to the infarct site, and the other is the need to improve the binding
capacity of the cells once delivered to the myocardium so that they can overcome the strong
flushing forces therein.
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Although still nascent, magnetic particle-meditated, targeted drug delivery systems have
been widely developed for many biomedical applications.22:23 Superparamagnetic
nanoparticles, especially, have been explored to label MSCs and delivery them to local sites
by applying an external magnetic field.24 Following the success of magnetic cell delivery,
we introduced magnetic nanoparticles to transform the cells with magnetic targeting groups
for myocardial repair.2> US Food and Drug Administration (FDA)-approved
superparamagnetic nanoparticles were chosen as the magnetic targeting groups for clinical
translation because of their favorable regulatory stance. Improved retention was achieved
with this magnetic enhancement using human cardiosphere-derived stem cells (hCDCs),
which led to improved cardiac function.

Another strategy that we have experimented with is the use of the natural ability of platelets
for homing to MI regions.26 Acute M1 induces blood vessel injury, exposing collagen,
fibronectin, and von Willebrand factor, which attract platelets. Inspired by this, we
artificially modified the natural stem cells with platelet membranes to synthesize infarct-
homing stem cells (Figure 3). After confirming the targeting ability of platelet nanovesicle
(PNV)-fused stem cells, rat and pig models of myocardial infarction were used to test their
cardiac regeneration potential, with positive results.

3.2. Chemical Synthesis of Biomaterials to Transport Stem Cells

An alternative to manipulating the stem cells before transplantation is to use biomaterial-
based stem cell delivery systems to enhance stem cell homing, engraftment, and survival.
21-29 Bjomaterials that are retained in the heart can provide a stable microenvironment for
transplanted cells and protect them from the mechanical forces of blood flow. In addition,
biomaterials protect cells from the regional inflammation and ischemia of the heart injury,
which improves their viability. This section will detail the biomaterial approaches that have
been developed by our lab to enhance cell retention at the injury site and therapeutic
performance, including the use of injectable hydrogels and cell-seeded patches.

Injectable hydrogels are an increasingly promising clinically transferable resource for
overcoming low cell retention rates.30 These hydrogels can be delivered into the injured
hearts by a minimally invasive injection. Hydrogels protect the cells encapsulated in it from
being damaged by the shear forces of the injection itself. To date, various natural materials
have been used for the synthesis of injectable hydrogels, including alginate, collagen, fibrin,
hyaluronic acid, Matrigel, and decellularized extracellular matrix (ECM). Few of these,
however, have been used in clinical trials due to concerns about patient contamination,
immunological problems, and batch-to-batch variability. To address these limitations, we
pre-encapsulated human cardiac stem cells (hCSCs) into a synthetic polymer-based
hydrogel.3! The poly(A~isopropyla-crylamine-co-acrylic acid) (P(NIPAM-AA)) hydrogels
have thermosensitive properties and a porous structure that facilitates the exchange of
nutrients, oxygen, and cellular secretions between their interior and the surrounding
environment. In both mouse and pig MI models, we confirmed that P(NIPAM-AA)
hydrogels enhanced cell retention and preserved cardiac function with minimal effect on
systemic inflammation or local T cell infiltrations. Although promising, P(NIPAM-AA)
hydrogels have a toxic effect on the viability, growth, and biological function of the loaded
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cells. This is mainly attributed to the physical and chemical properties of the polymer that
forms the hydrogel, including its surface charge and hydrophobicity/hydrophilicity. To
overcome this hurdle, we synthesized a poly(Nisopropylacrylamide- co-itaconic acid)
(P(NIPAM-1A))-based hydrogel, which improved the microenvironment for cardiac stromal
cells.32 Compared to P(NIPAM-AA) hydrogels, (P(NIPAM-1A)) hydrogels provide a more
hydrophilic and negatively charged microenvironment. In mouse MI models, we verified that
P(NIPAM-IA) hydrogels enhanced cell retention and promoted myocardial regeneration
through angiogenesis and the protection of cardiomyocytes from apoptosis.

In addition to hydrogels, cardiac patches have been used as scaffolding material for
improved cell retention and myocardial regeneration.33 Different three-dimensional (3D)
scaffolds made of natural biological materials, have been loaded with cells and used to treat
the damage caused by myocardial infarctions. The rationale for their use as stem cell carriers
is that cells will enter the injured site from the patch, or release secretions in response to
infarct-driven signals. Previous works focused on overcoming the low retention of the
cardiac patch method, but few of these reports were concerned with cardiomyogenesis and
angiogenesis in the infarct area. Vascularization plays an important role in enhancing
cardiomyocyte survival and improves the function of ischemic hearts. We have fabricated a
vascularized cardiac patch by combining biomimetic microvessels (BMVs) with cardiac
stem cells (CSCs).34 The BMVs were synthesized using human umbilical vein endothelial
cells (HUVECS), which create a luminal surface by microfluidic hydrodynamic focusing.
After testing in the rat M1 model, we found the cardiac patch enhanced angiogenesis and
promoted cardiomyocyte proliferation.

The premise that paracrine signaling is the primary mechanism responsible for stem cell
therapy is heavily supported by the scientific literature.1* For this signaling modality to
function with the patch treatment paradigm, the secretome released by the cells must be able
to reach the host myocardium. In addition, the encapsulated stem cells need to have access
to nutrients from the heart environment. Thus, a linker is needed between the cells in the
patch and the host myocardium. To achieve this, we developed a cardiac stromal cell-
encapsulated microneedle patch (MN-CSCs), ensuring communication between cells and the
host myocardium (Figure 4).3% Microneedles provide a new strategy for delivering various
therapeutics by the transdermal route. Microneedle-based transdermal delivery has been
widely used in the delivery of drugs, biopharmaceuticals, and vaccines. It offers many
advantages, such as noninvasive administration, versatile titration of dosage and regimen (as
the patch can be on and off), and faster healing at injection site. Our microneedle patch
provided channels for the communications of cells with host myocardium and improved
cardiac function in both rat and pig MI models.

4. CHEMICAL SYNTHESIS OF CELL-FREE SYSTEMS FOR CARDIAC
REPAIR: THE THIRD GENERATION OF THERAPEUTIC STRATEGIES

In addition to low cell retention and off-target delivery issues, there are other issues that
need to be addressed before the successful clinical application of stem cells is possible.
These include the storage and shipping stability of the live cells and their tumorigenic and
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immunogenic risks. It is difficult to grow, preserve, and transport stem cells before they are
administered to the patient, which creates a big obstacle for manufacturing. The field of
chemical engineering aims to design large-scale processes to convert raw materials,
including living cells, into useful forms and products. If we adopt chemical engineering
principles to develop large-scale manufacturing processes, we can improve manufacturing
efficiency, minimize product variability, and reduce costs. In the following section, we will
summarize our recent efforts to use chemical strategies to fabricate cell-free systems that can
repair injured hearts and successfully overcome the limitations of cellular therapeutic
strategies (Table 1).

Recruit Endogenous Stem Cells

As an alternative to the delivery of exogenous stem cells, the recruitment of endogenous
stem cells to the infarct site provides an efficient way to repair the injured heart. The
isolation and culture of stem cells is time-consuming, and the transplanted cells may pose
safety concerns. Previous reports have indicated that endogenous stem cells are released
during MI and migrate to the infarct site.36 However, this inherent recruitment is not capable
of inducing significant cardiomyocyte regeneration. To improve the endogenous recruitment
of stem cells, we developed iron nanoparticles with two binding regions. The nanoparticle
material used was ferumoxytol (trade name: Feraheme (FH)), a clinical contrast agent. We
chemically modified the iron nanoparticles with two different antibodies (one bound to
CD34-positive cells, and the other targeted to the cardiomyocytes) to capture the
endogenous stem cells and transport them more efficiently to the infarct site using an
external magnetic field (Figure 5).37 In addition to magnetic targeting, it has been reported
that platelets possess the capacity to find cardiac injury sites (relying on the binding motif of
their membranes) and can serve as infarct-homing carriers. Thus, we chemically engineered
platelets with CD34 antibodies to find CD34-positive cells and transport them to the infarct
site.38 While this therapy paradigm still requires the isolation of platelets and their
modification in vivo, it is simpler than large-scale cell manufacturing. Alternatively, it is
feasible to create bispecific antibodies (BsAb) that possess an anti-CD41 and an anti-CD34
binding arm to capture both endogenous stem cells and platelets in vivo. However, BsAb
synthesis is very complicated and time-consuming. More importantly, there is a risk that
platelets will conjugate with stem cells and clog the vasculature. To overcome this
limitation, we used bioorthogonal click chemistry to recognize circulating CD34-positive
cells and direct them to the infarct site for heart repair in a stepwise fashion (Figure 6).3 In
our system, anti-CD41 antibodies and CD34 antibodies were not conjugated but used to
modify the bioorthogonal chemical groups, Dibenzocyclooctyne (DBCO) and azido,
respectively. These were then i.v. administrated separately. The anti-CD41-DBCO group was
injected first and given a 48 h pretargeting window to ensure more platelets accumulated in
the injured heart. Then, the anti-CD34-azido group was injected to bind to circulating stem
cells and then to the infarcted heart via an azido-DBCO reaction.

4.2. Chemical Synthesis of Artificial Stem Cells to Mimic the Natural Stem Cell Cardiac
Repair Function

Paracrine secretions, such as vascular endothelial growth factor (VEGF), insulin-like growth
factor 1 (IGF-1), and exosomes, might be the primary mechanism used by stem cells to
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impart therapeutic effects. Thus, it is reasonable to develop a therapeutic paradigm to treat
MI that delivers just stem cell secretome using biocompatible materials. Biomaterials have
been shown to protect protein-based secretome from degradation, possess high loading
efficiency, achieve the sustained release of loaded content, and have high cryopreservation
stability.40 Poly(lactic-co-glycolic acid) (PLGA) is an FDA-approved biodegradable
polymer that has been widely used in drug delivery systems for the treatment of diseases
such as cancer and bacterial infections. Thus, PLGA is an ideal candidate for stem cell
secretome-loading. We have employed PLGA to load both mesenchymal stem cell (MSC)
and cardiosphere-derived stem cell secretome for the repair of injured hearts.*! Furthermore,
since stem cell membranes are not null in the repair process, we cloaked the secretome-
loaded PLGA capsules with stem cell membranes to construct artificial stem cells that could
mimic the therapeutic abilities of natural stem cells (Figure 7).42 We successfully
demonstrated that these stem-cell-mimicking microparticles had a higher infarct-targeting
capacity and released secretome in a more sustained manner than natural stem cells.
Furthermore, biomimetic particles preserved viable myocardium and augmented cardiac
function to an extent similar to cardiac stem cell therapy. We also synthesized platelet
membrane-coated and secretome-loaded PLGA for myocardium regeneration after ischemia/
reperfusion (I/R) injury.*3 Moreover, prostaglandin E2 (PGE2), which targets the PGE2
receptors in the pathological cardiac microenvironment resulting after I/R injury, was
conjugated to these particles (PINCs) to enhance their targeting ability. The improved
cardiac function and reduced cardiac remodeling were confirmed using our PINC delivery
system.

Exosomes for Myocardial Regeneration

Exosomes are small microvesicles (~30-100 nm) that are released from late endosomes by
most types of cells. They contain various molecular constituents present in their cells of
origin, including proteins and/or peptides, microRNAs (miRs), and mRNAs that play an
important role in cell-cell communication.** Recently, exosomes and exosome-based
delivery systems have been used in the treatment of disease, including CVVD. Exosomes
produced by MSCs have been shown to induce myocardial regeneration.*> Cardiosphere-
derived stem cells (CDCs) have been applied in clinical trials, including the CADUCEUS
and SCIPIO trials.*6 In addition, CDC-derived exosomes have been shown to improve
cardiac function in murine models of myocardial infarction through intramyocardial
injection. Previous research has shown that CDCs are also effective in the treatment of
dilated cardiomyopathy (DCM). Thus, we tested the efficacy of intravenously injected CDC-
derived exosomes for the treatment of DCM and found that they were capable of improving
cardiac function.#” However, it should still be noted that exosomes are mostly distributed in
the liver and spleen when administrated by i.v., which may lead to undesired side effects and
low therapeutic efficacy. To extend our research, we chemically modified exosomes with a
cardiac homing peptide to increase their accumulation in the infarct site while still
preserving the i.v. delivery modality.48 Results showed a significant improvement in cardiac
function.
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5. SUMMARY AND OUTLOOK

Heart disease is the leading cause of death in the United States for both men and women.
Each year, 735 000 Americans have a heart attack and 600 000 die from one. Chemical
engineering strategies are crucial in the scientific pursuit of improving these statics. The
paradigmatic examples discussed in this account mainly highlight the chemical strategies we
recently used to modify cellular strategies for the treatment of CVD. While stem cell
therapies (first generation) have been on the cutting-edge of researched treatment options for
acute and chronic ischemic heart disease for many years, after nearly two decades of effort,
meta-analytical research indicates that the benefits of cell therapies have been none to
marginal.

Cells are often viewed as “live drugs”. In the past, the field focused on the “live” portion of
this moniker, assuming the injected cells were “magic bullets” that could home in on the
diseased tissue and start the regenerative process. Unfortunately, the reality is far from what
has been expected. Cell therapies have met many bottlenecks on the road to clinical
translation, such as low retention and engraftment, lung entrapment, low storage/shipping
stability, and safety concerns.#9 Switching our focus to the “drug” part of the “live drug”
moniker is an essential next step in the development of effective cardiac cell therapies. With
the booming of chemical engineering in the biotechnology field, it is possible to chemically
manipulate cells to ensure they have better retention and therapeutic efficacy. This can be
done through the chemical modification of cell membranes with infarct-targeting molecules
or magnetic nanoparticles, and through the chemical synthesis of biomaterials that provide
scaffolding for encapsulating cells, among other strategies. These second generation
therapeutic strategies help stem cells find the injured site, improve cell retention in the
injured heart, and promote therapeutic efficiency.

However, unresolved issues with the use of actual cells, such as storage/shipping stability
and safety concerns, paved the way for a third generation of studies aimed at developing
cell-free therapeutic methods. Endogenous stem cells are recruited after MI, but at low rates.
Improvement of endogenous stem cell accumulation and retention in the infarct site would
increase the efficacy of treatment and address the drawbacks related to traditional cell
therapy. In addition, given the importance of paracrine signaling in cell therapy, and despite
the challenges associated with it, the development of artificial stem cells that mimic the
paracrine process is of high importance. Inspired by the biological secretion processes of
natural stem cells, it is possible to utilize chemical engineering methods to develop artificial
stem cells that mimic key natural stem cell functions in pursuit of novel, more effective
cardiac cell therapies. As opposed to natural cells, artificial cells can be easily synthesized at
much lower costs and have high storage/shipping stability once manufactured.>% These
synthetic cells can be loaded with cell secretome to act as artificial paracrine signal
distributors. Exosomes are one of many secretome components that are being studied for the
treatment of CVD. They are stable in storage and during shipping, easy to produce, and
simple to modify for enhanced permeability and in situ retention.

In the future, exosomes may serve as vehicles to transport therapeutic chemical compounds
to the injured heart, in addition to their natural proteomic and genetic cargos, thus enhancing
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their therapeutic effects. Additionally, the development of exosome isolation strategies for
larger-scale production will further accelerate their clinical application. Although the
introduction of chemical engineering strategies has contributed to promising advances in
cardiac regenerative therapy, many limitations still need to be addressed to accelerate their
clinical translation. For example, secretome contains a host of proteins and growth factors.
Determining which one or which combination holds the key to cardiomyocyte regeneration
remains to be accomplished. Furthermore, since it is difficult to control the ratio of the
extracted secretome from one batch to the other, methods to standardize the quantities of
secretome-encapsulated particles will need to be developed. The use of exosomes presents a
similar standardization problem since they contain various protein factors and miRNAs.
Thus, further concentrated research is highly desirable to accelerate clinical translation.
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Figure 1.
Evolution of translational cardiac regenerative therapies. Chemical engineering strategies

were introduced to address the limitations of stem cell therapies for cardiomyocyte
regeneration.
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Figure 2.
Schematic representation of the mechanisms used by stem cells for heart repair. The

transplanted stem cells were expected to repair the injured heart by either the differentiation
of cardiomyocytes or the secretion of paracrine factors.
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(A) Schematic illustration of the fusion of platelet nanovesicles (PNVs) with cardiosphere-
derived cardiac stem cells (CSCs) for targeted heart repair. (B—D) Micrographs showing Dil-
labeled CSCs (red) decorated with DiO-labeled PNVs (green). Successful fusion is depicted
in yellow. Scale bars: 20 ym. (E,F) Western blots and fluorescent micrographs confirming
the presence of platelet specific markers in the PNV-CSCs. Scale bars: 200 4m. (G) Protocol
design for the pig study. (H) Angiograms confirming the successful pig ischemia/reperfusion
model. Scale bars: 15 mm. (I) Ex vivo imaging showing pig hearts 24 h after intracoronary
administration of CM-Dil-labeled CSCs or PNV-CSCs. Reprinted with permission from ref

26. Copyright 2018 Nature Publishing Group.
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Figure 4.
(A) Schematic illustration of the use of stromal cell (MN-CSCs)-integrated microneedle

patch for myocardium regeneration. (B) SEM image of microneedle. (C) Fluorescent image
showing fibrin gels loaded with DiO-labeled cells and combined with MN. Scale bar: 500
mm. (D) Hematoxylin and eosin stain showing the retention of the MN-CSC patch on the
infarcted heart. (E) Heart section image showing MN-CSC patch after 7 days of treatment.
Scale bar: 500 mm. Reprinted with permission from ref 35. Copyright 2018 American
Association for the Advancement of Science.
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Figureb5.
(A) Schematic showing the construction of the magnetic bifunctional cell engager

(MagBICE) by conjugating two different antibodies. (B) TEM images of nanoparticles
before and after antibody modification. (C) Fluorescent images of unconjugated and
conjugated magnetic nanoparticles stained with antimouse Texas-Red and antirabbit FITC
secondary antibodies. (D) Ex vivo imaging confirming the enhanced accumulation of
MagBICE compared to magnetic nanoparticles alone. (E) T2 weighted MRI images were
used to confirm the targeting of MagBICE; to the injured myocardium. (F) Confocal images
demonstrating the recruitment of circulating stem cells to the infarct site. Reprinted with
permission from ref 37. Copyright 2014 Nature Publishing Group.
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Schematic showing the use of pretargeting and bioorthogonal click chemistry systems to
capture circulating CD34-positive cells and transport them to the Ml area, in a targeted
manner, to increase therapeutic efficiency and efficacy. Reprinted with permission from ref

39. Copyright 2018 American Chemical Society.
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Figure7.
(A) Protocol for the fabrication of cell-mimicking microparticles for myocardial repair.

(B,C) Micrographs showing CSC cell membranes (green) coating the microparticles (red).
(D,E) SEM images before and after membrane-coating. (F,G) Time-lapse imaging
demonstrating the rolling and traveling behavior of CMMPs on attached cardiomyocytes.
Reprinted with permission from ref 42. Copyright 2017 Nature Publishing Group.
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Summary of Chemical Engineering Approaches to Construct Cell-Free Methods for Myocardial Repair
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chemical engineering type principle
produce synthetic cells _
paracrine effect
transform exosomes
two antibody-modified Fe304

pretargeting and bioorthogonal chemistry system  capturing endogenous stem cells and targeting to infarct
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