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Abstract

The number of people affected by heart disease such as coronary artery disease and myocardial
infarction increases at an alarming rate each year. Currently, the methods to treat these diseases are
restricted to lifestyle change, pharmaceuticals, and eventually heart transplant if the condition is
severe enough. While these treatment options are the standard for caring for patients who suffer
from heart disease, limited regenerative ability of the heart restricts the effectiveness of treatment
and may lead to other heart-related health problems in the future. Because of the increasing need
for more effective therapeutic technologies for treating diseased heart tissue, cardiac patches are
now a large focus for researchers. The cardiac patches are designed to be integrated into the
patients’ natural tissue to introduce mechanical support and healing to the damaged areas. As a
promising alternative, synthetic biodegradable polymer based biomaterials can be easily
manipulated to customize material properties, as well as possess certain desired characteristics for
cardiac patch use. This comprehensive review summarizes recent works on synthetic
biodegradable cardiac patches implanted into infarcted animal models. In addition, this review
describes the basic requirements that should be met for cardiac patch development, and discusses
the inspirations to designing new biomaterials and technologies for cardiac patches.
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1| INTRODUCTION

Heart disease is one of the leading causes of death and hospitalization in the US and other
countries around the world. According the American Heart Association (AHA), about 1 in
every 3 deaths in the US is a direct result of heart related diseases. Approximately 2,300
Americans die each day from cardiac-related illness, and nearly 92.1 billion adults are
currently living with some form of cardiovascular disease or their after-effects (Benjamin et
al., 2018). Diseases such as myocardial infarction (Ml), or heart attack, and coronary artery
disease can decrease or completely restrict blood flow to the heart, causing the surrounding
myocardium to die. Challenges in treating such diseases arise because, unlike other tissues
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within the body, the heart lacks any significant regenerative abilities. Instead, the body’s
inflammatory system produces a fibrotic response, replacing the dead myocardium with
collagen-laden scar tissue. Depending on the degradation rate of dead myocardium and the
synthesis rate of the new collagenous tissue, the ventricle wall can become either too thin
and rupture or too thick and stiff. This stiffer tissue inhibits the heart ability to pump the
blood throughout the body at a physiologically optimal pressure and volume. Because of the
heart’s poor regenerative properties, treatment options for heart disease are very limited.
Most patients who suffer from heart disease are permanently prescribed drugs such as ACE
inhibitors and Beta blockers to lower blood pressure and relieve the heart workload. Blood
thinners are prescribed to prevent future clots within the arteries, but none of these solutions
promotes healing and regeneration of the heart tissue itself. While heart transplant remains
an option for patients with severe enough conditions, this approach is extremely invasive and
is often used as a last resort. The risk associated with this procedure coupled with the
difficulty of finding donors has led researchers to look for better ways to introduce proper
healing within the heart.

While preventative and medicinal techniques such as diet and lifestyle change and
prescription drugs seem to be the best ways to control heart disease to date, there is an ever-
increasing need for an effective treatment response that induces healing within the heart to
prevent future heart disease and improve prognosis. Cardiac patches are a new and
promising technology to introduce healing and repair to diseased and damaged myocardium.
Utilizing a fairly basic concept, researchers are engineering scaffold constructs to act as a
bandage on the heart after damage to the native cardiac tissue. Creating a cardiac patch is
dependent on three main requirements: (a) a physiologically accurate scaffold
microstructure, (b) a mechanical structure that supports dynamics of a beating heart, and (c)
proper biocompatibility and degradation rate. Synthetic polymeric materials are particularly
of interest because of their ability to be produced to such a high degree of specificity.
Synthetic polymers are typically biodegradable, biocompatible, and their degradation rates
can be highly controlled. Important to note is that the topics covered in this review only
extend to synthetic polymeric materials for cardiac patches. Other natural and synthetic
materials are being investigated for cardiac patches, but synthetic polymeric materials can be
tailored on a molecular level to fit any requirement that should be met to function as an
integral part of a beating heart. These considerations are just a fraction of the factors
affecting the success and overall biocompatibility of a fully functional cardiac patch. In this
comprehensive review, we will give a detailed overview covering the current processes and
technology being utilized to create synthetic polymeric cardiac patches for successfully
inducing cardiac tissue healing and regeneration after injury.

2| CARDIAC TISSUE MICROSTRUCTURE AND COMPOSITION AND
CARDIAC PATCH REQUIREMENTS

Cardiac patches are at the forefront of research, using a relatively simple concept to fulfill
one of the most urgent needs in healthcare currently. Heart patches are designed to be
attached to the surface of the heart; more specifically, they are meant to “patch” the dying
region of the heart after MI (Figure 1). To create a therapeutic construct that will support
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cardiac tissue regeneration, the structure and characteristics of healthy native myocardium
must be mimicked as closely as possible. Along with being both biocompatible and
biodegradable, the patch microstructure, porosity, and mechanical properties should all
reflect the heart’s physiological standards well enough to integrate into the heart as a
functioning therapeutic component. Once implanted, the patch can host a variety of cells and
biological components that dwell within the tissue. Along with being both biodegradable
and biocompatible, the scaffold can also reduce the harshness of the environment around the
implant, ensuring the integration into the native tissue (Cui, Yang, & Li, 2016). To design an
engraftment that meets these standards, the native structure and function of the tissue itself
must first be studied and understood.

The ventricular walls of the heart consist of three distinctive layers of varying thickness,
structure, and function related to mechanical strength and/or protection. The endocardium is
the thin layer lining the inside of the left ventricles. This layer is collagen and
elastindominant, serving to protect the inner surface of the ventricles. In a similar sense, the
epicardium is a thin, protective extracellular matrix (ECM) protein-dominant layer that
spans the outside surface of the ventricles. Together, these two layers encase the third and
middle layer, known as myocardium. The myocardium, made up of mostly densely aligned
cardiomyocytes within an intricate network of ECM components, binds directly to the
surrounding two layers via the connections made by the mutually shared structural proteins.
The ECM within the myocardium is mostly Types I and 111 collagen, mixed with a sparse
distribution of elastin fibers. The final structural component affecting overall heart function
is the pericardial sac, a thin collagenous membrane encasing the ventricles, separated from
them by a thin layer of fluid (Shi et al., 2019). One of the many challenges in designing
cardiac patches is taking the important structural components into consideration for
fabricating a material that will integrate well into the complex anatomy of the heart. To do
this, many researchers are attempting to mimic and improve functionality of the heart as
well. Conductive polymers may integrate more successfully since they are able to participate
in the pumping of the heart beginning at implantation. The success of these patches is
directly related to their integration within host tissue and their ability to guide tissue
development and maintain biological function. A fully integrated cardiac patch begins with
materials that can support biological activity, avoid adverse host immune response, and
withstand the dynamic forces of the heart including contraction, torsion, tension, and shear
stresses (Jawad et al., 2007).

3| BIODEGRADABLE POLYMERIC CARDIAC PATCHES

Synthetic polymeric scaffolds are excellent candidates for cardiac patch tissue engineering
because they are easily tailored and fabricated to fit particular needs of the native tissues.
Polymers have a wide range of mechanical properties and good biocompatibility, and their
degradation rate can be easily manipulated. Additionally, synthetic polymers are known for
their durability, porosity, and microstructure that can be tailored to meet the specifications of
natural cardiac tissues. Though polymers as a biomaterial themselves can lead to reduced
cell adhesion and scaffold integration, there are certain modifications such as the addition of
stimuli and growth factors that maintain their popularity as a candidate for tissue scaffolds.
The polymer chain variabilities lie in the chemical structures, molecular weights and
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molecular weight distribution, and functional groups that can be attached to the polymer.
Cardiac scaffolds require a certain degree of elasticity and mechanical strength to withstand
the dynamic nature of the heart. Many cardiac scaffolds developed incorporate a
combination of polymers to achieve these properties. Blending polymers in scaffolds is
utilized to incorporate the mechanical properties of different polymers to form a scaffold that
contains many desirable characteristics. Through research, the development of turning
polymers into biodegradable polymers have enabled a wider diversity in polymer selection
(Guan, Sacks, Beckman, & Wagner, 2002). Several biodegradable polymers, such as poly(e-
caprolactone) (PCL), poly(glycerol sebacate) (PGS), poly(lactic-co-glycolic acid) (PLGA),
biodegradable polyurethane (PU), and poly(l-lactide) (PLLA), are common polymers of
interest for cardiac patch application research (Figure 2a—e). The fabrication methods for
these materials as patches vary widely depending on a combination of material properties
and physiological requirements. They can be processed scaffolds with various morphologies
using different methods. Phase separation and salt leaching fabrication methods can process
them into porous scaffolds (Figure 2f—g; (Hashizume, Fujimoto, et al., 2013; Ravichandran
et al., 2015). Electrospinning is a common way to fabricate nano or sub-micro fibrous
scaffolds (Figure 2h; He et al., 2018), while phase separation can also achieve nano-fibrous
morphology (Figure 2i; Liu et al., 2015). Additionally, patches with pattern surface were
fabricated using film casting (Figure 2j; Cristallini et al., 2019). The reported polymeric
cardiac patches that were placed on the heart infarction animal models are summarized in
Table 1.

3.1| PCL based patches

PCL is commonly used due to its rapid availability, low price, and high structural support.
Earlier iterations of scaffolds involved forming meshes with PCL to support cardiomyocytes,
enabling these cells to contract 3 days after seeding (Shin, Ishii, Sueda, & Vacanti, 2004).
Over the course of 14 days the order of contractions and strength improved, however, cells
were only able to survive on the outer portion of the patch due to poor nutrient flow into the
center of the scaffold. The envelope of innovations continues to be pushed with new
functionalization methods being developed and tested. Plasma functionalization has been
performed on PCL scaffolds to improve and stabilize cardiac function (Guex et al., 2014).
Results from the study indicate improvement in the amount of stem cells present in scar
tissue. Cellular signaling indicated higher concentrations of CD68 positive cells compared to
the sham, meaning gene expression in the scaffold was higher than in the untreated post-Ml
control group. A study using a PCL electrospun scaffold loaded with cells reported similar
improvements in recovery (Chen & Kan, 2018). Rat bone marrow stem cells within the
scaffold survived with high expression of VEGF. The cells were capable of surviving within
the center of the scaffold because of adequate nutrient exchange. Further improving upon
previous scaffold designs, a collagen/elastin/PCL scaffold was evaluated using a mouse
model (Liu et al., 2016). The infarct area was significantly decreased in the scaffold with the
highest concentration of natural protein and C-kit* cells, compared to the sham operation
group, the untreated M1 group, the cell free PCL group, and the natural protein only group.
When comparing the cell-seeded scaffold to the other experimental scaffold groups,
significant improvements were seen in ejection fraction, fractional shortening, and wall
thickness (Figure 3).
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Optimizations of PCL scaffolds have examined a wide array of factors on the life of cells.
All of the following groups aim to improve the scaffold design either through synthesizing
new combinations of polymers or utilizing different fabrication methods. For example, its
effect on cellular adhesion and function are heavily influenced by fiber diameter size (Chen,
Patra, Warner, & Bhowmick, 2007). Conversely, it was found that uniformity has a bigger
impact on cell proliferation rather than the size of the fibers. Fabrication methods for PCL
scaffolds are widely variable, with most groups focusing on electrospinning as the primary
fabrication method. However, Yeong et al. (2010) used selective laser sintering to form a
porous scaffold. The mechanical strengths of the highly porous structures were evaluated
based on the porosity of the structure. A linear relationship between compressive stiffhess
and porosity was established to predict how porosity impacts the mechanical attributes.
Various groups have moved from pure PCL scaffolds to scaffolds with an amalgam of
polymers, both natural and synthetic, to overcome the downfalls of PCL. Incorporating both
collagen and elastin into the electrospun fibrous scaffold has proven to increase cellular
attachment, proliferation, and elasticity (Liu et al., 2016). The hydrophilicity is improved as
well, decreasing the contact angle when more of the natural polymers are added.
Additionally, fiber diameter has been shown to decrease with the addition of higher
concentrations of natural polymers to PCL. The addition of collagen and elastin improved
Young’s modulus and tensile strength compared to the pure PCL scaffold; however, these
variables decreased when the natural polymer concentration was 50% and higher. Cell
proliferation measured via Ki67 immunofluorescence staining has indicated that higher
concentrations of natural polymers greatly increased cell proliferation. Alternatively, gelatin
has also been used in a PCL based scaffold blend to improve cellular compatibility using
electrospinning with slightly decreased tensile strength (Zhang, Ouyang, Lim, Ramakrishna,
& Huang, 2005). However, the blended scaffold was capable of withstanding a greater strain
than the pure PCL or pure gelatin scaffolds. Pok et al. have also examined improving the
biocompatibility of PCL using chitosan in non-cardiac scaffolds (Hadjianfar, Semnani, &
Varshosaz, 2018). One of the core features of the heart is the uniformity of contractions
performed based on electrical pulses. Improving conductivity of scaffolds promotes better
cellular signaling between the scaffold and the host. Further improving upon the gelatin—
PCL scaffold, Talebi, Labbaf, & Karimzadeh (2019) synthesized a conductive PCL film by
adding polypyrrole. The mechanical structure of the construct, synthesized via film casting,
was improved with the introduction of polypyrrole, and its crystalline nature improved the
stiffness of the scaffold while simultaneously enhancing the conductivity. Other alternatives
to improving conductivity include incorporating polyaniline (PANI) as the conductive
polymer to a PCL-based scaffold (Borriello, Guarino, Schiavo, Alvarez-Perez, & Ambrosio,
2011). Borriello et al. created a scaffold with 1E-5 S/cm using only 10% polyaniline in the
scaffold blend. Overall, PCLbased scaffolds have shown continual improvement in
complexity and as a staple material in scaffold production for cardiac patches. A complex
PCL patch made by one group involved a multi-layered patch with a core of PCL coated in a
chitosan and ECM gel (Pok et al., 2017). The patch was implanted and monitored for 8
weeks in a full-thickness post-MI rat model, with significant host tissue incorporation at
Week 4. The multilayered patch experienced a fast degradation of the gel portion at Week 4,
while the PCL core had a much slower degradation rate. The multilayer patch induced
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significant muscular and vascular remodeling and achieved a significantly higher right
ventricular ejection fraction compared to a commercial pericardium patch.

3.2| PGS based patches

PGS is a synthetic polymer that has also gathered a following as a scaffold for cardiac
patches (Chen et al., 2010; Marsano et al., 2013; Radisic et al., 2008; Ravichandran et al.,
2015). Mechanical and degradation properties are controlled by the ratio of glycerol and
sebacic acid, leading to an easily customizable polymer (Wang, Ameer, Sheppard, & Langer,
2002). PGS is a common polymer used in cardiac patches due to its mechanical and
structural properties that are like that of the myocardium (Kharaziha et al., 2013; Qazi et al.,
2014). Laser patterning modifications to PGS scaffolds have improved biomimic parameters
by incorporating anisotropic morphologies into the scaffold. This more closely resembles
native cardiac tissue, improving cell alignment. The grafts showed mechanical properties
comparable to native myocardium stiffness (Engelmayr et al., 2008). Marsano et al. (2013)
examined the effects of the PGS patch with VEGF on remodeling of the heart post-Ml in a
mouse model. The patches were implanted into the mice 1 week after an induced MI. Four
weeks after implantation, a significant improvement in cardiac function in the mice with
cardiac patches and growth factors was observed. Engraftment of the patch was also
measured by the amount of ingrowth and thickness of the wall, with the VEGF and patch
showing the most improvement over the groups with neonatal rat cardiomyocytes (RCM)
alone or RCM and control skeletal muscles (SM) together. Chen et al also designed a PGS
porous scaffold to examine the efficacy of this patch as a biomechanically secure cell
delivery vehicle (Chen et al., 2010). The scaffolds were seeded with human embryonic stem
cell-derived cardiomyocytes. This cellularized PGS scaffold produced beating
cardiomyocytes suitable for implantation. The patches were implanted on the left ventricle
of adult male Sprague—-Dawley rats, and it indicated no alteration of important systolic or
diastolic parameters after a period of 2 weeks. Similarly, Radisic et al designed a PGS
cardiac patch scaffold seeded with multiple cell types (Sprague-Dawley RCM and cardiac
fibroblasts) to promote cardiomyocyte proliferation, differentiation, and contractility in a
nude rat model. These PGS scaffolds were prepared by porogen leaching and die-punched
into disks (5 mm diameter by 2 mm thickness; Radisic et al., 2008). The RCM and
fibroblasts were seeded onto the constructs using Matrigel to ensure even cell distribution.
The implantation of this patch induced cardiac fibroblast attachment, which, in turn, assisted
with cardiomyocyte proliferation, differentiation, and contractility. PGS has even shown
success in larger animal models, where Ravichandran et al. (2015) used a porcine infarction
model to test the efficacy of a PGS scaffold as biomimetic support of porcine infarcted
myocardium. The PGS and fibrinogen scaffolds preceded with bone marrow-derived
mesenchymal stem cells were implanted in the infarct bed of the left ventricle. This
combination of materials increased the left ventricular function, as opposed to the infarct-
only control group. Additionally, the presence of cardiac marker proteins showed that this
scaffold was instrumental in the differentiation and proliferation of the bone marrow-derived
mesenchymal stem cells into cardiac cells.
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3.3| PLGA based patches

PLGA is a popular block copolymer used in a wide array of scaffolds. PLGA is also highly
biodegradable, biocompatible, and easily customizable (Joachim et al., 2008). Zhou et al.
(2010) used a PLGA patch to observe the effects on cell proliferation and ventricular
remodeling. A PLGA scaffold was electrospun, and growth factors were employed to help
the proliferation of cardiac cells. The PLGA patch with mesenchymal stem cells was
implanted into the rat infarcted area. This scaffold had a significant increase in mesenchymal
stem cell survival rate post-MI. Additionally, cardiac function and ventricular remodeling
were improved in response to the patch. To improve PLGA bioactivity, Cristallini et al
produced PLGA/gelatin cardiac patches functionalized with adenosine and examined their
efficacy for heart healing of ischemic-reperfused hearts in a pig model (7= 4; Cristallini et
al., 2019). To create the patch, blends were evenly distributed onto a mold, produced by soft
lithography, to produce a microstructure like that of myocardium. After inducing heart
ischemia in porcine, these 3D bioartificial patches were implanted in the affected area. The
functionalization of these 3D cardiac patches promoted signaling pathways, cellularization,
and a nonfibrotic outcome after 3 months of implantation.

Lesman et al. (2010) created a 50:50 PLGA:PLLA cardiac patch to promote functional
vascularization. Three different cell types (human embryonic stem cell derived
cardiomyocytes, endothelial cells, and embryonic fibroblasts) were suspended in a mixture
of cell culture medium with Matrigel and were seeded onto the PLGA:PLLA porous
scaffold for 2 weeks. Once these constructs were able to spontaneously and synchronously
beat, they were implanted into the left ventricle of immunosuppressed rats. Two weeks after
implantation into the left ventricle of the rats, the results of this scaffold with triple cell
culture indicated that a mature tissue graft was implanted with enhanced vascularization in
Vvivo.

3.4 | Biodegradable PU based patches

Biodegradable PU is another popular polymer used in cardiac patch development.
Expanding the validity of poly(ester urethane urea) (PEUU) as a scaffold material, rat post-
infection model testing has been performed (Fujimoto, Guan, et al., 2007). Implanting
PEUU scaffolds showed that after 4 weeks, the PEUU exhibited host fibroblast penetration
as well as endocardial endothelization and low amounts of inflammation as compared to the
polytetrafluoroethylene scaffolds used as the control. PEUU was almost completely
absorbed by the host at the 12-week time point, indicating the patch was able to grow cells
capable of withstanding pressure without additional structural support. Another study using
PEUU in a rat model reported similar results with host integration, as well as the presence of
connective tissue throughout the scaffolding and improved angiogenesis (Fujimoto, Tobita,
et al., 2007). The scaffold was shown to improve the contractile function compared to the
untreated infarction control group. More stiffness was also observed in the untreated
infarction group, while the scaffold maintained pressure—strain curves between the treatment
and both control groups (untreated healthy and untreated infarction groups). Moreso, the
wall thickness of the patched hearts were nearly twice that of the control group (untreated
post infarct) and contained dense, muscle-like bundles. Wagner’s group has progressed into
large animal studies using polyurethane and has examined the limitations of their scaffold
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designs (Hashizume, Fujimoto, et al., 2013). The PEUU porous patches were implanted in
pigs 2 weeks after induced MI. After 8 weeks, the wall thickness of the cardiac patch hearts
was much thicker with more vascularization and less scar tissue formation. Mechanical tests
showed the cardiac patch exhibited a good degree of elasticity and had low deformation.

Polyurethane’s degradation and other physical and chemical properties change based on the
type of polyurethane present in the polymer chain. Tests have been performed to evaluate the
limitations of the various scaffold types in rat models (Hashizume, Hong, et al., 2013). Poly
(ester urethane) urea (PEUU), poly(ester carbonate urethane) urea (PECUU), and poly
(carbonate urethane) urea (PCUU) have progressively longer degradation times, with PCUU
having the longest degradation time. Rat postinfarction model results indicate that PECUU
scaffolds have significantly better cardiac output compared to the other scaffold designs.
Similarly, the scaffold with the highest elastin content in scar tissue was PECUU, with a
statistically significant increase compared to all other scaffold models and controls. Wall
thicknesses of the three scaffold designs were not statistically different from each other,
indicating all three scaffolds were viable in structural support (Figure 4). In more recent
studies, a bi-layered (polyurethane and porcine heart ECM) patch was implanted in a rat
model (D’Amore et al., 2016). The bilayered design had a polyurethane layer for mechanical
strength with an ECM-rich layer to provide ample cellular support. This scaffold showed an
improvement in vascularization with the ECM gel-coated scaffold compared to either of the
aligned pure polyurethane scaffolds. Additionally, the left ventricular wall thickness was
much thicker than that of the untreated infarct group. Like the healthy, untreated control
group, the cardiac patch-treated group had a lower end systolic area (ESA) and end diastolic
area (EDA), as well as a higher fractional area change (FAC) when compared to the
untreated infarct group. Although the patch-treated heart results were similar to that of the
healthy group, it is noted that the cardiac patch group was not quite as functional as the
healthy group.

Scaffolds loaded with adeno-associated virus (AAV) have been designed to test long-term
gene delivery to improve cardiac function after M1 (Chung et al., 2015). Using
biodegradable PEEUU and PEUU, core-sheath fibers were loaded with AAV. The patch was
implanted on heart infarcted Lewis rats. The AAV was labeled with green fluorescent protein
(GFP) to assess the transfection rate of the cardiac patch, with most transfection occurring
during the first week, and some indications of transfection occurring up to the eighth week
of study. After 12 weeks, extensive patch integration with the host body was seen with a
majority of connective tissue. Muscle bundles were developed underneath the patch at the
12-week mark indicating improved regeneration of the heart. Echocardiograms showed a
lower EDA, higher FAC, and higher ejection fraction (EF) in the PEEUU patch groups than
the control group, with no significant difference between the unloaded and AAV-loaded
PEEUU patch.

PU exhibits high elasticity and has been shown to support cardiac gap junction formation
(McDevitt, Woodhouse, Hauschka, Murry, & Stayton, 2003). Alperin, Zandstra, and
Woodhouse (2005) made a PU film coated in various proteins to mimic the natural
microenvironment of the heart to improve biocompatibility. Collagen 1V-coated PU had the
best cellular proliferation on the scaffold, and cellular contractions were observed. Park et al.
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(2013) aimed to improve the biocompatibility of PU patches by incorporating a silk fibroin
blend. The addition of silk fibroin decreased the contact angle and reduced the maximum
tensile stress of the scaffold. Although pure PU proved to have superior mechanical
properties, the scaffold was still within the acceptable limits required for cardiac patches. In
all ratios of silk fibroin:PU, the gene expression indicating maturity was increased compared
to that of pure PU. Other groups also have focused on improving the electro-conductivity of
PU scaffolds. Bahrami et al incorporated graphene nanocomposites into the scaffold
(Bahrami, Solouk, Mirzadeh, & Seifalian, 2019). The inclusion of graphene to the scaffold
made the material semi-conductive; however, the casting film’s conductivity was greatly
increased compared to the electrospun scaffold. The mechanics of the scaffold were also
improved and proved to be more structurally sound when graphene was added. Cell viability
was largely unaffected by the addition of graphene to the scaffold. Another example of a
nanoscale additive in scaffolds is gold nano-rod (Ganji et al., 2016). The one displaying the
best cell confluence contained 50 ppm of gold nano-rods, while the 100 ppm gold:PU
scaffold was similar to that of pure PU.

3.5| PLLA based patches

PLLA has shown promise in multiple scaffold designs from gut to cardiac applications
(Chung et al., 2015; Liu et al., 2015; Spadaccio et al., 2017; Xu et al., 2013). Despite the
wide array of applications, a few groups have been able to use animal models to assess its
capabilities (Chung et al., 2015; Liu et al., 2015; Spadaccio et al., 2017). One scaffold was
composed of a PLLA mat loaded with VEGF to improve angiogenesis in the area of heart
defect (Chung et al., 2015). When placed in a rat model, they determined a statistically
significant increase in enjection fraction for the scaffold loaded with VEGF and cardiac stem
cells (CSC) isolated from 8 week old rats. These results were compared to the PLLA mat
only and control, an untreated infarct heart. Fractional shortening also exhibited a
statistically significant increase compared to the control. The amount of fibrosis was
significantly decreased by the presence of the cell-loaded patch, suggesting that the
inclusion of the cells was the main factor in the decrease of fibrosis. One study using rabbits
as their model tested a PLLA scaffold functionalized with granulocyte colony-stimulating
factor (GCSF; Spadaccio et al., 2017). The scaffold was shown to improve the capillary
density, indicating angiogenesis was more prevalent in the functionalized scaffold compared
to that of the control and PLLA-only scaffold. The size of infarction was also decreased by a
statistically significant amount in the functionalized scaffold compared to that of the control.

Porous designs have also been tested with PLLA based scaffolds. One porous design was
made using sucrose leaching from a phaseseparated solution. Mice models indicated proper
cell differentiation via cell markers during 7 days of implantation (Liu et al., 2015). The
native mice cells migrated into the scaffold providing evidence of integration into the porous
patch in the mice models. Since cardiac patches require materials that are resistant to high
pressure systems, slower degrading patches have been developed using multiple layers of
polymers in an effort to improve the structural support of the patch (Ichihara et al., 2015).
Using a sheet of PLLA with a copolymer of lactide acid and poly(lactide-co-caprolactone)
(PLCL) to make a longlasting polymeric patch. Over the course of a 6-month animal study
using beagles, the collagen content of the scaffolds had increased well over the native
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amount, while the elastin content in the scaffold was significantly less than the native tissue.
The prevalence of growth factors over the course of the 6 months decreased to levels
comparable to native tissue.

FUTURE PERSPECTIVES AND CONCLUSIONS

Proper material selection is an important basis for the eventual success of the cardiac patch.
While the polymers covered in this review are currently being considered by many research
groups, they have varying properties that may play a large role in how the patch performs.
These polymers have vastly different structures that make degradation variable. Each of
these can be tailored to certain structures and molecular weights to fit many degradation
time frames. All of the above-mentioned polymers (PCL, PGS, PLGA, PU, and PLLA) have
excellent biocompatibility, making them desirable options for cardiac patches. Of these
polymers, PGS and PLGA are known to support extensive cell growth (Rai et al., 2013;
Stout, Basu, & Webster, 2011). Polyurethane (PU) promotes a cardiomyocyte friendly
environment via its microbial- and thrombotic-resistance (Jaganathan, Supriyanto,
Murugesan, Balaji, & Asokan, 2014; Kitsara, Agbulut, Kontziampasis, Chen, & Menasché,
2017). PCL was shown to have the higher cell retention and spreading when compared to
PLLA (Castellano et al., 2014). PU and PGS are also known for its excellent physiochemical
and mechanical properties with its increased shear strength and elasticity (Jaganathan et al.,
2014; Rai et al., 2013). Conversely, PLGA, PLLA, and PCL are relatively mechanically rigid
(Castellano et al., 2014; Park, Radisic, Lim, Chang, & Vunjak-Novakovic, 2005). PGS’s
biodegradability is excellent and allows it to be completely resorbed after implantation
(Kitsara et al., 2017). All of these polymers are hydrophobic without bioactivity, and it is
generally required to modify the patches and improve their bioactivities. The ability to
functionalize these polymers allows for easy customization depending on the needs of the
individual patches.

Several of the major challenges of creating a structurally acceptable and biocompatible
cardiac patch have been made clear. However, this review does not address all of the
challenges that researchers face with adding cells, growth factors, and other biomaterials to
achieve cardiac tissue repair. On top of the other considerations, the implant’s success is also
dependent on the signaling pathways that must be activated to achieve the proper
inflammatory responses, inhibit tissue degradation, and reduce adverse remodeling that leads
to scar formation. These are all factors that must be considered when designing such a novel
and targeted treatment to reduce heart-related death and illness by inducing healing ability
where there once was none. This construct must be integrated seamlessly into the native
tissue to support the proper response from the body.

Other hurdles to overcome concern commercial production and storage of these tissue
engineered constructs. The production of this technology must comply with Industrial
Engineering ethics and standardization so that these patches can be produced with efficiency
and consistency and stored in a way that maintains a reasonable shelf-life (Gandhimathi,
Muthukumaran, & Srinivasan, 2017). With heart disease affecting so many people world-
wide and growing in prevalence every year, regenerative therapies are at the forefront of
research to improve the outcome for patients who suffer from these diseases. Although new
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possibilities arise each day with so much research and funding now focusing on heart
disease and cardiac patches, there are still many obstacles between research, clinical trials,
and eventual wide-scale treatment.

Currently, there are no bioresorbable synthetic polymeric cardiac patches on the market or in
ongoing clinical trials. The majority of post-MI treatments deal with stenting or drug
administration and the patches are used only for structural support. One past clinical trial ()
tested a product called Anginera, a cardiac patch intended for coronary artery bypass
grafting, but there have been no updates since March of 2009. Still, numerous cardiovascular
patches are sold on the market for their mechanically supportive properties, non-
biodegradable polytetrafluoroethylene (PTFE) and biodegradable bovine pericardium.
Decellularized bovine pericardium tissue is a patch material sold on the market, produced
and sold by the following companies: Neovasc Inc. (PeriPatch™), Edwards Lifesciences,
Baxter (Supple Peri-Guard™), St. Jude Medical, Inc. (SJM™ Pericadial Patch with
EnCap™), and LeMaitre vascular (XenoSure®). This natural material is popular for its
nontoxicity and biodegradability, emphasizing its success on the market. While cardiac
patches have been developed to the point of being a relatively common treatment for
cardiovascular diseases, the lack of resorbable polymeric patches on market today is
indicative that more research and innovation must occur before the market shifts to rely
more on biodegradable polymeric-based patches.

Current and future directions of cardiac patches include the use of hybrid scaffolds; for
example, polymer and polymer, polymer and decellularized ECM, polymer and hydrogel,
and so forth to alter the mechanical properties and to improve the scaffold bioactivity, which
can further enhance their function for heart infarction treatment. For example, PLLA/PLGA
(Lesman et al., 2010), PCL/collagen/elastin (Liu et al., 2016), PCL/chitosan/ECM gel (Pok
et al., 2017), and polyurethane/heart ECM (D’Amore et al., 2016) exhibited significant
improvement in heart function restoration. Countless combinations exist so that tailoring the
best scaffold for cardiac tissue engineering can become more of a possibility. Future efforts
may focus on options such as mixing polymeric scaffolds with tissue-derived scaffolds or
solid fibrous networks with hydrogels to improve the outcome. Patch conductivity has been
more emphasized recently as well. Conductive polymers or particles can be combined with
current cardiac patches, which can show better electric conduction. Similar to developing
new conductive patches, involving other biofunctional factors with patches is also important.
In addition, the development of new biodegradable polymers is also being explored. Many
groups focused on using current well-known polymers, with the lack of good alternatives
being a major reason. New polymer design has to be well considered in biosafety,
mechanics, degradation, and processing, as well as functional involvement. For example,
new polyurethanes, including low-initial modulus polyurethane (Xu, Huang, Tang, & Hong,
2017) and conductive polyurethanes (Xu et al., 2016; Xu et al., 2016), may be promising as
a potential cardiac patch material. Current patch implantation requires an open-chest
surgery, which presents a host of new factors that must be considered. Radisic’s group
developed an minimal-invasively surgery to place an elastic patch on the heart surface
(Montgomery et al., 2017), bringing new inspiration for cardiac patch evolution. Although
many challenges remain in cardiac patch development progressing to clinical trials and
eventually hospitals and clinics, enthusiasm in this method of treatment for heart infarction
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will be significantly increased with new concepts in material development, cell biology and
medicine, and new surgical technigue involvement.
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Cardiac Patch Requirements

* Biodegradable

* Biocompatible

* Bioactivity

* Physiologically accurate
microstructure

* Mechanical strength, elasticity
and mechanically matching

* Conductivity

¢ Others

FIGURE 1.
Illustration to show a cardiac patch placed on an infarcted heart, and general requirements to

design a biodegradable polymeric cardiac patch
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FIGURE 2.
(a) Chemical structure of PLGA. (b) Chemical structure of PGS. (c) Chemical Structure of

PLLA. (d) Chemical structure of PCL. (e) Chemical structure of a typical biodegradable PU
synthesized from PCL, 1,4-diisocyanatobutane and putrescine (Guan et al., 2002). (f) PGS
fabricated with salt leaching. Reproduced with permission (Radisic, M., Park, H., Martens,
T. P., Salazar-Lazaro, J. E., Geng, W., Wang, Y., ... Vunjak-Novakovic, G. (2008)).
Copyright 2008, published by Wiley. (g) PEUU scaffold fabricated using phase separation.
Reproduced with permission (Hashizume et al., 2013). Copyright 2013, published by
Elsevier Ltd. (h) Electrospun GelMA/PCL. Reproduced with permission (He et al., 2018).
Copyright 2018, published by Theranostics. (i) Nanofiber phase separation scaffold of
PLLA. Reproduced with permission (Liu et al., 2015). Copyright 2015, published by
Elsevier Ltd. (j) PLGA film cast scaffold on patterned surface. Reproduced with permission
(Cristallini et al., 2019). Copyright 2019, published by Wiley
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(a)

Hollistic view

FIGURE 3.
(a) Macroscopic view and measurement of infarct size after 28 days post-implantation into

mice. The yellow dashed line indicates the area of ventricle aneurysms. Yellow arrows point
to new blood vessel branches. (b) 2,3,5-Triphenyltetrazolium chloride (TTC) staining
performed on the mice groups 28 days after transplantation. Red staining denoted healthy
myocardium and white staining represents the infarcted area. (c) Topography of natural
proteins (elastin and collagen)/PCL electrospun sheets via scanning electron microscopy
(SEM). Reprinted with permission (Liu et al., 2016). Copyright 2016, published by e-
Century Publishing Corporation
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COLCO0OEOT

FIGURE 4.
(a) Scaffold cross-section electron micrograph images from PEUU, PECUU, and PCUU,

respectively. Scaffolds were prepared using salt-leeching method. (b) Macroscopic images of
rat heart implant sites for PEUU, PECUU, and PCUU scaffolds and their trans-sectional
views at 16 weeks post-MI. (c) Representative views of Masson’s trichrome stained cross-
sections of mouse hearts at 16 weeks post-MI for PEUU, PECUU, and PCUU scaffolds,
where black boxes indicate the area shown in higher magnifications in the right panels, red
arrows indicate suture lines placed at the time of implantation, and black arrows indicate
regions with trace amount of remaining scaffold material. Reprinted with permission
(Hashizume, Hong, et al., 2013). Copyright 2013, published by Elsevier Ltd
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