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Abstract

Tissue engineering introduced a new landscape for regenerative medicine. It displays a distinctive feature for tissue regenera-

tion in organs that lack the capabilities to regenerate themselves, particularly the heart. Adult mammals cannot compensate

for the injured and dead cardiomyocytes. Instead, scar tissue is formed leading to a loss in cardiac contractile activity. There-

fore, scaffold fabrication plays a substantial role to enhance cell regeneration and differentiation via utilizing biomaterials to

mimic the natural tissue niche. One of the most significant biomaterials is biodegradable polymers which serve as a tempo-

rary scaffold to allow cells to regenerate and proliferate. Moreover, they provide the scaffold with mechanical strength. They

also allow long-term biocompatibility with avoidance of surgery performance in order to remove the cardiac patch or scaf-

fold.  In  this  review,  we  provide  an  overview of  biodegradable  polymers  used  in  cardiac  tissue  regeneration  clarifying  the

most significant biodegradable polymers used in cardiac patches and scaffolds. We will discuss how these polymers facilitate

stem cell delivery, engraftment, differentiation, and proliferation. In addition to summarizing the classification, properties,

pros, and cons of biodegradable polymers.

Keywords: Biodegradable Polymers; Scaffolds; Stem Cells; Cardiac Regeneration; Tissue Engineering; Cardiomyocytes; Myo-
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Abbreviations

Aniline tetramer-AT, Blood outgrowth endothelial cells –BOECs, Carbon nanotubes-CNTs, Cholesterol-modified PUR-

PUR-Chol, Decellularized extracellular matrix-dECM, 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide-EDC, Embry-
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onic stem cells-ESCs, Endothelial progenitor cells-EPCs, Engelbreth-Holm-Swarm-EHS, Extracellular matrix-ECM, He-

matopoietic stem cells-HSCs, Hydroxysuccinimide-NHS, induced pluripotent stem cells-iPSCs, Laminin-1-LN1, Matrix

metalloproteinase  9-MMP9,  Mesenchymal  stromal  cells-MSCs,  Placental  growth  factor-PlGF,  Platelet-derived  growth

factor-BB-DGF-BB, Pluripotent stem cell  (PSC)-derived cardiomyocytes (CM) -PSC-CM, Poly (D, L-lactic acid)-PDL-

LA,  Poly  (D-lactic  acid)-PDLA,  Poly  (Ethylene  Glycol)-PEG,  Poly  (Glycolic  Acid)-PGA,  Poly  (Lactic  Acid)-PLA,  Poly

(Lactic-co-Glycolic  Acid)-PLGA,  Poly  (L-lactic  acid)  –PLLA,  Polyurethane/  laminin-1-PUR/LN1,  Polyurethanes-PUR,

Vascular endothelial growth factor-VEGF

Introduction

Heart diseases including myocardial infarction re-

sult  in  heart  failure  which  is  the  leading  cause  of  death

worldwide.  The  prognosis  for  heart  failure  is  quite  poor,

and the only solution is organ transplantation, and the situa-

tion  thereby  represents  an  obstacle  because  of  the  lack  of

donors after their death, or because of the immune response

against the graft transplantation. Myocardial infarction rep-

resents around 50 % of cardiovascular heart disease. It caus-

es a  high level  of  morbidity and mortality and sequentially

ends  with  heart  failure  and  death.  The  mammalian  car-

diomyocytes have a very limited regenerative capacity after

their loss, unlike others like a hydra, salamander, and zebra-

fish,  also  unlike  other  organs  like  skin,  and  liver,  causing

permanent and severe heart diseases and the situation there-

by  heart  diseases  are  the  leading cause  of  death  worldwide

[1].

Minimal  invasive  techniques  and  procedures  are

extensively required for patients suffering from myocardial

infarction  or  heart  diseases  generally.  The  operation  has  a

high  risk  and  requires  chest  open  surgery  which  exposes

many  patients  to  death.  Accordingly,  some  less  invasive

methods emerged such as a catheter, an endoscope, and nee-

dles. As a consequence, scientists are working intensively to

uncover and develop new methods and techniques for deliv-

ering  drugs  or  enhancing  the  regeneration  ability  of  car-

diomyocytes while using a less intrusive process such as in-

jection.  Understanding  and  mimicking  the  mechanisms

whereby  some  vertebrates,  such  as  zebrafish  or  neonatal

mammals,  regenerate  their  cardiomyocytes,  would  provide

new  insights  into  the  establishment  of  new  strategies  to

treat heart diseases. Therefore, scientists are grappling with

time with much effort in order to discover the mechanisms

behind  the  regeneration  or  to  develop  scaffolds  to  help  in

the cardiac self-renewal [1,2]. The performed cardiac tissue

engineering strategies to determine and achieve cardiac re-

generation are either cell therapy using stem cells, bioactive

molecules, or tissue engineering using scaffolds made from

biomaterial and nanomaterials.

Stem cells introduced a new avenue in terms of car-

diac regeneration. They are used to replace damaged and ne-

crotic cardiomyocytes or they enable the proliferation of al-

ready  existing  cardiomyocytes  [3].  Different  kinds  of  stem

cells tend to help in this regard including induced pluripo-

tent stem cells (iPSCs), mesenchymal stromal cells (MSCs),

pluripotent  stem  cells  (PSCs),  and  embryonic  stem  cells

(ESCs). Interestingly, iPSCs and ESCs can give all cell types

and  iPSCs  can  even  be  derived  from  normal  somatic  cells

which, in turn, enable autologous engraftment and decrease

the possibility of immune rejection. PSCs displayed a higher

propensity for angiogenesis,  vascularization,  and decreased

myocardial  fibrosis  [3].  Moreover,  mesenchymal  stromal

cells have long contributed to cardiac regeneration by induc-

tion the cardiac stem cells to proliferate and differentiate in-

to cardiomyocytes or by enhancing angiogenesis [4]. Never-

theless, cell-based therapies have some limitations including

the lack of cell retention, a high number of cells to be inject-

ed, and immunogenic response in case the cells’ source is al-

logeneic or xenogeneic [1,5].

Biomaterials  particularly  biodegradable  polymers

are considered valuable tools to deliver the cells,  and some

exhibit  a role in cell  adhesion and survival.  Several  designs

for cardiac tissue engineering have emerged including scaf-

fold  development  as  designing  a  3D  porous  structure  that

mimics the natural extracellular matrix (ECM). Also, hydro-

gels which can be injected as a liquid form then become ge-

latinous  after  crosslinking [6].  Therefore,  constructing  and
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seeding a scaffold or hydrogel, alone or in combination with

stem cells showed more significant values as they overcome

some limitations the cell therapies have, the significance re-

sides  in  the  enhancement  of  the  delivery  process  and  in-

creasing the cell retention level. They are able to recruit cells

to  the  site  of  injury  and  induce  cell  adhesion.  Natural  and

synthetic  biodegradable  polymers  participate  significantly

in the fabrication of cardiac scaffolds, hydrogels, or patches.

They  might  be  used  independently,  or  they  can  be  com-

bined  to  form  a  composite.  Natural  polymers  such  as  chi-

tosan,  alginate,  gelatin,  collagen,  and  fibrin  or  synthetic  as

poly (Glycolic Acid) or (PGA), poly (Lactic Acid) or (PLA),

and poly (Lactic-co-Glycolic Acid) (PLGA) exhibited better

cardiac regenerative capability [7]. In the present review, we

will provide a comprehensive overview of cardiac regenera-

tion approaches, the usage of biodegradable polymers in car-

diac  tissue  regeneration  with  their  pros  and  cons  and  we

will  have  insights  on  recent  advances  in  cardiac  regenera-

tion and tissue engineering.

Cardiac Regenerative Capacities and Limitations

The  nervous  and  the  cardiovascular  systems  are

considered the systems that do not have the ability to self-re-

new and are a cause of severe diseases or disability and even-

tually  death.  Adult  mammals  including  humans  are  inca-

pable of heart regeneration; consequently, injury or disease

leads  to  life-threatening heart  diseases  and death.  The fail-

ure of cardiomyocytes to divide and proliferate is one of the

most  obvious  hurdles  to  heart  regeneration.  On  the  other

hand, some vertebrates like zebrafish, show robust heart re-

generation capacity. After cardiomyocyte loss due to injury

or disease, the heart becomes incapable of adequate regener-

ation instead, the heart forms scar tissue which in turn be-

comes a burden for the contractile activity of the cardiomyo-

cytes. Surprisingly, the concept of the mammalian incapabil-

ity  of  heart  regeneration,  division,  and  proliferation  has

been changed.  It  has been illustrated that  the human heart

has  a  modest  regeneration  capacity  with  a  frequency  of

1-22%  via  cardiomyocyte  division.  Notably,  mammalian

neonates can regenerate their cardiomyocytes and compen-

sate  for  any  produced  loss  Which  in  turn  opened  new  av-

enues in heart regeneration induction as a trial to overcome

myocardial infarction and heart failure [8-11]

The  propensity  for  heart  repair  and  regeneration

in  different  vertebrate  species  has  been  studied  extensively

to  uncover  the  mysterious  limitations  of  the  human  heart.

Interestingly,  newts  and  zebrafish  can  regenerate  and  re-

place damaged cardiac tissues via the replacement of pre-ex-

isting cells. Zebrafish have been used widely in research as a

model to understand the mechanism underlying cardiac re-

generation owing to their outstanding capability of regenera-

tion. Within two months, it can entirely restore a 20 % heart

amputation [12-14]. On the contrary, mice's cardiac regener-

ative capacity is limited. Cardiomyocyte regeneration devel-

ops at a modest annual rate of 0.76 % in mice via the prolif-

eration of pre-existing cardiomyocytes [10]. While neonates

exhibited a significant regenerative capacity as a response to

injury.  Nevertheless,  this  regenerative  capacity  diminishes

over time, as within a week mice become unable to regener-

ate their hearts one more time [11]. They have the same re-

generative mechanism as zebrafish which is re-inserting the

cardiomyocytes into the cell cycle [15,16]. Previously, it was

thought that  humans do not  have any cardiac regenerative

capacity.  Surprisingly,  rejuvenation  of  human  cardiac  cells

has been shown to continue during human life even if  at a

modest rate estimated at 2% in the first decade of life and de-

clined to 1% in the 7th decade [9].

The  underlying  mechanisms  that  govern  cardiac

regenerative limitations are not fully understood. Determi-

nation  of  different  regeneration  among  vertebrate  species

will provide insights into the limitation of other species and

most importantly human beings. Intrinsic variations in car-

diomyocytes could be involved in this. In comparison to ma-

ture  mammals,  lower  vertebrate  cardiomyocytes  are

mononucleated, smaller in size,  and contain fewer myofib-

rils.  These  features  have  been  found  in  young  mammals

suggesting that they may induce regeneration via cell  cycle

re-entry.  Therefore,  these variations might  be attributed to

enhancing or suppressing cardiac regeneration [17].

Although cardiomyocytes play a substantial role in

cardiac regeneration potential., non-cardiac cells have been

found  to  be  attributed  to  poor  regenerative  capacity  when

they  respond  to  injury  or  disease.  For  instance,  fibroblasts

are abundant in adult mammalian cardiac cells unlike the fe-

tal  mammalian  nor  the  adult  non-mammalian  vertebrate.

They  have  an  inverse  effect  on  cardiac  regeneration,  and
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they are contributed to scar tissue formation. Anatomically,

the Zebrafish heart has a different trabeculae structure than

the adult mammalian heart but is similar to the fetal mam-

malian heart.  In zebrafish,  it  is  long,  extensively lined with

endothelial  cells  and  it  protrudes  into  the  ventricular  lu-

men.  In  contrast,  in  the  adult  mammalian,  the  wall  of  the

ventricle becomes thicker with less trabeculation and endo-

cardial surface area, suggesting that this is involved in the re-

generation potentiality [17].

Possible  Cardiac  Tissue  Regeneration  Ap-
proaches

Stem Cell-Based Therapy

Cell-based  therapy  and  particularly  stem  cel-

l-based  therapy  participated  dramatically  in  the  treatment

of  urgent  cardiovascular  disorders  as  a  myocardial  repair

that  leads  to  heart  failure.  Huge efforts  have been made to

test a variety of cell types for the purpose of heart regenera-

tion. For instance, embryonic stem cells, mesenchymal stro-

mal cells, hematopoietic stem cells (HSCs), induced pluripo-

tent  stem  cells,  pluripotent  stem  cell  (PSC)-derived  car-

diomyocytes  (CM)  (PSC-CMs)  and  endothelial  progenitor

cells (EPCs) as illustrated in figure 1 [1,5,18-23].

Figure 1: Schematic illustration of different possible stem cell sources that are used in cardiac tissue regeneration and different stem cell types
used in cardiac regeneration

The  cell  sources  might  be  autologous,  allogeneic,

or  xenogeneic.  The  autologous  source  is  the  source  of

choice  because  of  the  absence  of  immune  rejection.  Stem

cell  source  varies  according  to  the  stem  cell  type,  for  ins-

tance, stem cells can be extracted from bone marrow, blood,

cardiac  tissue,  the  inner  cell  mass  of  the blastocyst,  or  adi-

pose tissue as shown in figure 1. Then these extracted stem

cells undergo differentiation into cardiomyocytes, endothe-

lial cells, or smooth muscle cells [1,5,18-23].

The stem cells could be administrated intravenous-

ly, intracoronary, or into the myocardium directly in a form

of  cell  suspension.  On the  other  hand,  their  delivery  could

be  performed  with  the  help  of  other  supporters  such  as

sheets,  scaffolds,  or  others.  They  could  be  administrated

with  or  without  growth  factors  or  exosomes  that  enhance

the  process  of  proliferation,  adhesion,  and  attachment.

When administrated, they exhibited high regeneration, and

vascularization  and  they  decreased  fibrosis  and  scar  tissue

formation (figure 2) [1,5].
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Figure 2: Schematic illustration of the stem cells used as therapy in cardiac regeneration with co-administration of other materials that help
in adhesion, retention, and proliferation. The stem cells can be injected intravenously, or directly into the affected cardiac tissue via intramyo-

cardial administration. Also, it can be applied intracoronary. They can be applied alone or seeded in a scaffold. After administration, stem
cells exhibit better regeneration and angiogenesis with less fibrosis and scar tissue formation

Cell-based  therapy  showed  promising  results  in

the process of regeneration, still,  there are problems in cell

retention and a high number of cells to be administrated. In-

duced pluripotent stem cells are a new type of stem cell that

can differentiate into all cell lineages and are easily obtained

by  the  conversion  of  somatic  cells  into  iPSCs  [22].  While

MSCs are a heterogeneous population of stem cells that ex-

ist in the vast majority of stromal tissues. Their heterogenei-

ty allows them to be multipotent stem cells, or progenitors,

or  even  differentiated  cells  [24,25].  The  ability  of  MSCs  to

self-renew and undergo multidirectional differentiation in-

cluding cardiomyocytes is therefore only demonstrated by a

small  portion  of  the  population  which  are  the  multipotent

stem cells and progenitors [24,25].

Biomaterials  are  considered  a  promising  method

too in the process  of  regeneration,  they act  as  a  good scaf-

fold, and vehicle, and play a substantial role in stem cell re-

tention and survival, they also can be combined with special-

ized cells [22].

Decellularized Extracellular Matrix (dECM)

Another  aspect  that  can  be  used  in  cardiac  tissue

regeneration  is  the  decellularized  extracellular  matrix

(dECM) which is extracted from natural cardiac tissues (my-

ocardium). It represents a natural scaffold and template but

without cellular elements. It has been widely studied as a na-

tural  alternative  to  cardiac  regeneration  in  the  myocardial

heart. It maintains the native microenvironment and the mi-

crostructure. It provides native mechanical stability and re-

tention  of  cellular  elements  and  biomolecules  and  conse-

quently  enhances  recellularization  through  proliferation

and  differentiation.

The  decellularization  strategies  and  approaches

vary. They include three major categories;  1) The chemical

approach that depends on using a chemical compound to re-

move the intact cells and keep only the matrix. It uses acid,

detergents, bases, or alcohol. 2) The enzymatic or biological

approach  in  which  biological  compounds  are  used  to

achieve cell removal. For instance, enzymes such as trypsin.

Also, chelating agents can be used as biological materials for

decellularization.  3)  physical  approach,  this  approach  uses

physical forces like pressure or mechanical forces, and elec-

troporation to extract cells. On the other hand, freezing and

thawing are also used [26].

ECM  whole  heart  was  performed  on  rats  and

porcine,  and  it  managed  to  maintain  the  ECM  and  the

whole heart architecture. Interestingly, the recellularization

took  place  significantly  when  cardiac  and  endothelial  cells

are seeded to the ECM [27,28]. Because of these significant

results  and  the  advantages,  the  ECM  displayed,  scientists
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moved to try this approach in humans. Sanchez et al. devel-

oped the first ECM for the human heart which was found to

keep  the  heart  shape,  vascularity,  and  mechanical  stability.

They  achieved  recellularization,  regeneration,  and  vascu-

larization  after  cell  reseeding  [29].  These  results  indicated

that ECM represents a suitable natural platform for cardiac

tissue regeneration. Nevertheless, there are still major obsta-

cles that exist when using dECM, including adequate recellu-

larization  to  achieve  the  goal.  Also,  the  balance  between

ECM preservation and cell removal is illustrated in figures 3

and 4.

Figure 3: A microscopic and macroscopic illustration of the process of rat heart decellularization using different techniques. Adapted from
Ref. [27] with copyrights
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Figure 4: Histological illustration of rat cardiac recellularization indicating the thickness in the ventricular wall, and mature regions of car-
diomyocytes. The expression of gap-junction associated protein. Re-reendothelialization is observed, the appearance of small and large ves-

sels. Adapted from Ref. [27] with copyrights

Scaffold-Based Therapy Via Tissue Engineering

Cardiac tissue engineering presents the problem of

developing and regenerating damaged heart valves and myo-

cardial muscles. It provides a revolutionary breakthrough in

cardiac  regeneration.  It  provided  solutions  for  cardiac  re-

pair, healing, proliferation, differentiation, and consequent-

ly regeneration. In tissue engineering, it depends on the fab-

rication of scaffolds using biomaterials as polymers to repre-

sent a template and support for the heart to regenerate the

damaged part. It mostly occurs with the help of cellular ele-

ments such as stem cells or non-stem cells and/or bioactive

molecules as growth factors (fig.5). The process involves iso-

lating  cells  from  a  patient  via  biopsy  and  then  culturing

them in a scaffold that resembles the original tissue environ-

ment.  The  scaffold  should  possess  specific  features  that  al-

low tissue regeneration and replacement, it will be discussed

in the following section. The selected biomaterials must act

as biological and mechanical support, it should enhance cell

adhesion,  growth,  and  proliferation.  Different  fabrication

techniques  are  used  in  order  to  design  scaffolds  ranging

from  electrospinning,  and  3D  bioprinting  which  has  been

widely used. Different scaffold designs have been shown as

cardiac patches,  nanofibers,  core/shell,  and hydrogels  as  il-

lustrated in figure 5 [6,30].
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Figure 5: Schematic Illustration of the cardiac tissue regeneration approaches and applications with the three major elements required for tis-
sue engineering. 1) The scaffolds, are composed of biomaterials that are mostly natural biodegradable polymers designed by different fabrica-
tion techniques. 2) The cellular elements which mainly stem cells, can be obtained from non-stem cell sources as well and 3) biomolecules as

growth factors or drugs or chemical compounds that help in accelerating the regeneration

Characteristics of Scaffolds and Biodegradable Poly-
mers

Tissue  engineering  has  made  substantial  use  of

biodegradable  polymers.  Polymer  types,  properties,  and

physicochemical  qualities  are  all  significant  factors  to  con-

sider while designing a scaffold that enhances tissue growth.

To design a scaffold able to maintain heart function and re-

generate the damaged cells, the scaffold should have particu-

lar criteria to achieve the best regeneration and healing capa-

bility.  The  scaffold  should  mimic  the  extracellular  matrix

present in the natural heart. It also should serve as a reposi-

tory  for  the  slow  release  of  bioactive  chemicals,  and  allow

nutrients, oxygen, and waste to pass from and out of the car-

diac  tissue.  It  needs  to  allow angiogenesis  and vasculariza-

tion; therefore, it  should be porous enough to allow vascu-

larization. Importantly, it should be mechanically stable and

strong  to  endure  the  harsh  environmental  condition  and

the surrounding contraction. It  also must resemble the na-

tive cardiac tissue. Another necessary feature needed to pre-

sent in the scaffold is to be conductive to serve as a biologi-

cal  pacemaker  and  cell  support,  it  also  affects  the  cell  be-

havior.  Biocompatibility  and  biodegradability  are  substan-

tial  features  required  in  the  ideal  scaffold.  A  scaffold  must

not  cause  coagulation  or  immune  response,  it  also  needed

to  be  degraded  gradually  upon  regeneration  or  prolifera-

tion. It should remain for a long enough time to allow cells

to  be  integrated  with  the  native  tissue.  When  degraded,  it

must  not  secrete  any  toxic  substance.  Biodegradable  poly-

meric  biomaterials  have a  great  influence on cardiac  tissue

engineering.  They  have  a  suitable  rate  of  biodegradation

that is  long enough to allow cells  to adhere and proliferate

and at  the same time not to remain for a  longer time than

needed to avoid allergic reactions or safety concerns. Sever-

al natural and synthetic polymers serve as good biodegrad-

able  sources with proper physical,  chemical,  and biological

properties.  The  used  polymeric  materials  should  allow  cell

adhesion,  proliferation,  alignment,  and  differentiation.

They  also  should  permit  the  occurrence  of  vascularization

and angiogenesis. Moreover, they should be electroconduc-

tive which is the major feature of cardiac tissue that allows

action potential passage (figure 6) [31-33].
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Figure 6: Illustration of the main features the scaffold and polymers should possess in order to achieve appropriate and correct cardiac tissue
regeneration with maintaining cardiac tissue characteristics, function, and structure

Then the designed scaffold can be seeded with cel-

lular elements. Cell source differs from autologous, allogene-

ic,  or  xenogeneic  sources.  Cell  type  ranges  from stem cells

(embryonic  stem  cells,  nuclear  transfer  embryonic  stem

cells,  induced pluripotent stem cells,  mesenchymal stromal

cells,  cardiac  stem  cells,  purified  hematopoietic  stem  cells,

and  many  others)  or  skeletal  myoblasts  or  progenitor  cells

or  bone  marrow  mononuclear  cells  [1,32,34].  Cell-based

therapy  alone  has  limitations  including  low  cell  retention,

targeting,  and  delivery.  Therefore,  using  biomaterials  and

scaffolds aids in the improvement and overcoming of such

obstacles.  They  act  as  a  support  and  a  vehicle  to  maintain

cells and deliver them to the target tissue. They also support

the cells mechanically to help in proliferation and regenera-

tion with keeping the same tissue architecture [32].

Growth factors play a substantial role in cardiac tis-

sue regeneration as they are able to enhance the process of

angiogenesis.  For  instance,  in  coronary  artery  disease,

which  is  implicated  by  an  arterial  obstruction,  the  process

of  angiogenesis  becomes  necessary  for  cardiac  repair  and

function  maintenance.  This  occurs  by  growth  factors  that

cause  the  formation  of  new  blood  vessels.  On  the  other

hand, growth factors enhance cell adhesion, migration, pro-

liferation,  and  differentiation  which  in  turn,  promotes  re-

generation  and  cardiac  repair.  They  cause  ECM  remodel-

ing, and homing of stem cells or proliferation of cardiomyo-

cytes, they have an antiapoptotic effect. Interestingly, inject-

ed stem cells  in  the  damaged heart  tissue  can regenerate  it

via  recruitment  and  secretion  of  growth  factors  indicating

the involvement of these molecules in cardiac regeneration

and repair. Unfortunately, growth factors have a short half-

life with declined stability. Therefore, they are integrated in-

to scaffolds and/or mixed with stem cells [35].

Classification  of  Biodegradable  Polymers
used  in  Cardiac  Tissue  Regeneration

Natural  Biodegradable  Polymers  in  Cardiac  Scaf-
folds

Collagen

An essential natural polymer that is widely used in

the field of tissue engineering in general and in cardiac tis-

sue regeneration, in particular, is collagen. It is the most pre-

valent protein in the human body,  it  can be found in skin,

cartilage, tendons, and bone. Moreover, it provides structu-

ral support to other tissues, such as blood vessels. It consists

of  polypeptide  strands  that  are  responsible  for  producing

collagen fibers with suitable mechanical properties [36,37].

Collagen comes in a variety of forms; there are ap-

proximately  28  different  types.  Types  I,  II,  III,  and  IV are,

nonetheless, commonly utilized in tissue engineering. Heat

feasibility, biodegradability, hyposensitivity, biocompatibili-

ty,  low  toxicity,  and  robust  cellular  activity  are  all  advan-
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tages  of  collagen  for  cardiac  tissue  engineering.  Collagen,

on the other hand, exhibits inferior mechanical and electri-

cal properties. Furthermore, when hydrated, it loses structu-

ral stability [7,38-44].

To compensate for the lack of mechanical stability,

collagen  scaffolds  are  physically  or  chemically  crosslinked

to produce stiffness-controlled collagen scaffolds. In a study

done by Lin et al, collagen type I was cross-linked with dif-

ferent  ratios  of  hydroxysuccinimide  (NHS)  and  1-ethyl-3-

(3-dimethyl aminopropyl) carbodiimide (EDC). Then these

scaffolds are seeded with mesenchymal stromal cells. The re-

sults revealed that this scaffold enhanced mesenchymal stro-

mal  cell  proliferation  and  differentiation  into  cardiac  pro-

genitor  cells  [45].  Collagen  combined  with  carbon  nano-

tubes  (CNTs)  is  another  solution  to  circumvent  collagen's

weak  mechanical  properties.  Carbon  nanotubes  were  cho-

sen  because  of  their  outstanding  mechanical  and  electrical

capabilities.  By  taking  into  consideration  the  toxic  high

dose of  carbon nanotubes,  combining collagen and carbon

nanotubes  boosted  electrical  conductivity,  cell  alignment,

and  assembly  [46].

Another study used varying ratios of collagen type

I  and carbon nanotubes  to  construct  a  scaffold,  which was

then seeded with LX-2 cells and cardiomyocytes separately.

The findings demonstrated that LX-2 cells implanted on col-

lagen carbon nanotube scaffolds did not undergo apoptosis

or alteration in cell  morphology.  On the other hand, when

the  scaffold  was  seeded  with  cardiomyocytes,  cell  function

was  improved.  Carbon  nanotubes  increased  the  scaffold's

electrical and mechanical properties [47]. Nanofibrous colla-

gen scaffolds are manufactured by electrospinning, in which

collagen is combined with glycerol and compatible solvents

before  being  seeded  with  the  cellular  element  which  is  in-

duced pluripotent stem cell-derived cardiomyocytes.  In di-

lated  cardiomyopathy,  these  scaffolds  containing  cellular

components  exhibited  promising  results  [48].

Gelatin

Gelatin is a natural polymer derived from collagen

that  is  employed  in  cardiac  regeneration  because  of  its

biodegradability,  biocompatibility,  safety,  and  nontoxicity

in  addition  to  its  limited  immunogenicity.  The  fabrication

of  a  high  stable  scaffold  in  the  form of  gelatin  matrices  by

electrospinning has been demonstrated to promote cardiac

cell development. These nanofibrous matrices possessed bio-

physical  and  mechanical  characteristics  that  were  ideal  for

contracting cardiomyocytes. On the other hand, gelatin was

found  to  provide  a  weak  mechanically  stable  scaffold  with

poor suture retention. Furthermore, it  is extremely hydrat-

ed and has a short shelf life. Therefore, cross-linking of ge-

latin chemically, physically, or biologically via enzymes has

been  used  to  overcome  gelatin  disadvantages  and  produce

an  appropriate  scaffold.  For  instance,  when  gelatin  was

cross-linked  using  microbial  transglutaminase  enzyme  to

obtain  gelatin/microbial  transglutaminase  hydrogel,  it  en-

hanced cell proliferation, differentiation, and adhesion. Fur-

thermore, this cross-linked scaffold was nontoxic with con-

trolled the mechanical properties of the hydrogel [7,49-51].

Fibrin

Another  natural  polymer,  which  is  a  cross-linked

biopolymer, that is extensively used in cardiac regeneration

and  tissue  engineering  is  fibrin.  It  is  consisting  of  fi-

bronectin, and it is involved in blood clot formation, in pres-

ence of thrombin which converts fibrinogen into fibrin with

clot formation. The produced clot can be dissolved in pres-

ence of other enzymes [52]. This is because it is safe, non--

toxic,  injectable,  high  biocompatible,  biodegradable,  and

has a controllable degradation rate, it enhances cell prolifera-

tion, adhesion, and attachment. Its gelation rate is depend-

ing  on  the  modulation  of  fibrinogen  and  thrombin  ratio

However, it has some drawbacks as weak mechanical stabili-

ty  and  susceptibility  to  gel  shrinking.  Furthermore,  it  can

transmit diseases. In order to overcome these drawbacks fib-

rin was mixed with synthetic polymers to enhance elasticity

and resistance to deformation forces [7].

Fibrin  has  been  used  to  selectively  isolate  cardiac

stem cells through recapitulation of heart homeostasis when

it is used in designing a 3D cardiac culture system. The selec-

tive isolation of cardiac stem cells is carried out via fibrinoly-

sis of the scaffold and matrix without further processing as

tissue purification or dissociation [53].

A  commercial  fibrin  glue  product,  approved  by

the FDA and has been used in surgery is called Evicil® (Ethi-

con) which has been. It has been used as a tissue sealant and

hemostatic  agent.  The  manufacturing  depends  on  the
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thrombin enzyme will make cross-linking to the fibronectin

into  a  clot  that  rapidly  closes  the  wound.  The  property  of

cross-linking allowed fibrin to be widely used in drug deliv-

ery, and cell cargo. Moreover, it can be facilitating its modifi-

cation and combination [32]. On the other hand, fibrin has

been used as a source for cardiac angiogenesis. Fibrin stimu-

lated cardiac angiogenesis via two main growth factors: vas-

cular endothelial growth factor (VEGF) and platelet-derived

growth  factor-BB  (PDGF-BB).  This  result  has  been  ob-

tained  without  any  genetic  modification  or  transfection

suggesting that fibrin plays a crucial role in inducing cardi-

ac angiogenesis without any side effects [54].

Alginate

Alginate is a natural anionic polysaccharide that is

commonly used in cardiac regeneration. It consists of β-D--

mannuronic acid and α-L-guluronic acid. It can be obtained

from the cell  walls of brown algae like Ascophyllum nodo-

sum, Laminaria japonica, Laminaria hyperborea, and Sargas-

sum.  Alginate  has  different  biochemical  properties  that

make  it  a  good  choice  in  biomedical  applications  such  as

high  biocompatibility,  biodegradability,  easy  graft  co-poly-

merization,  non-toxicity,  low cost,  and non-thrombogenic.

Furthermore, it can cause improvement in the biological fea-

tures  and  capability  of  mechanical  property  modification.

However,  gel  degradation  is  still  one  of  its  limitations  that

causes  refraining from using it  in  a  variety  of  applications.

However, this drawback can be defeated in vivo, when algi-

nate is oxidized with periodate or irradiated with gamma ra-

diation. Moreover, high hydrophilicity is another disadvan-

tage  that  limits  cell  attachment  and  proliferation.  It  has

weak  mechanical  stability  as  well  which  can  be  overcome

when combined or copolymerized with other degradable po-

lymers  that  have  high  mechanical  stability  [7,30,55].  Algi-

nate  has  been  combined  with  fullerenol  to  form

fullerenol/alginate  hydrogel  and injected into a  myocardial

infarction rat model. It has been used as cell delivery in car-

diac  tissue  regeneration.  It  exhibited  antioxidant  activity

with  no  cytotoxicity  on  the  used  stem  cells.  It  enhanced

stem cell delivery, adhesion, and survival.  This scaffold en-

hanced stem cell differentiation to cardiomyogenic [56].

Chitosan

Chitosan is a natural polymer derived from chitin

in marine crustaceans and is produced from β-(1-4)-D glu-

cosamine  and  N-acetyl-D-glucosamine.  It  is  commonly

used in tissue engineering including cardiac tissue engineer-

ing because of its flexibility to be fabricated using different

fabrication techniques to give different forms such as nano-

fibers,  gel,  patches,  or 3D scaffolds.  Scaffolds made by chi-

tosan  exhibit  high  safety,  high  biocompatibility,  and

biodegradability. Chitosan exhibits antibacterial characteris-

tics  and  high  wound  healing  properties  with  no  immuno-

genic response. Chitosan hydrogel possessed antioxidant ac-

tivity and cell adhesion with a decrease in oxidative stress in

cardiac  tissue  engineering  [30].  Chitosan  is  mechanically

weak, but with cross-linking with polymers, the mechanical

stability is improved. For instance, it is combined with natu-

ral polymers as collagen or alginate or with synthetic poly-

mers  as  poly  (Lactic  Acid),  poly  (Lactic-co-Glycolic  Acid),

and poly (Ethylene Glycol) or (PEG). This produced several

forms of scaffolds with higher mechanical stability [7,36].

Chitin is insoluble in several solvents. In contrast,

chitosan is created via chitin deacetylation producing solu-

ble chitosan. Chitosan can be degraded with a variable num-

ber  of  enzymes  including  lysozyme  which  is  the  main  en-

zyme  that  degrades  chitosan  physiologically  in  vivo.  The

degradation rate of chitosan depends on the degree of acety-

lation.  For  instance,  chitosan  which  has  a  low  acetylation

rate can last for a long period in vivo without degradation.

The degradation rate can be controlled via side group modi-

fication [7,36]. Chitosan is widely used in cardiac regenera-

tion  as  its  degradation  products  are  biocompatible  with  a

controlled degradation rate. For instance, Xu and colleagues

injected chitosan hydrogel to deliver mesenchymal stromal

cells. They designed the scaffold to be temperature-respon-

sive,  this  scaffold  revealed  that  it  enhanced  cell  retention,

and improved mesenchymal stromal cell differentiation in-

to  cardiac  cells  when  administrated  to  myocardial  infarc-

tion rat model [57].

Matrigel

Matrigel is a natural extracellular protein-contain-

ing  natural  polymer  including  collagen,  laminin,  entactin,

and  perlecan.  Laminin  supplies  Matrigel  with  properties

that allow it to function as the basement membrane's extra-

cellular  environment.  It  is  extracted  from  Engel-
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breth-Holm-Swarm (EHS) mouse tumors. It has been used

as a gelatinous material in cardiac tissue engineering to en-

hance cell  adhesion and attachment,  it  also shows a robust

effect  on  angiogenesis.  Matrigel  contains  numerous  pre-

cious growth factors that facilitate cell proliferation, growth,

and differentiation. The presence of a high protein content

improves matrix stiffness and scaffold strength. It has been

manufactured commercially  by  extracting it  from mice  tu-

mors and it has a long shelf life (2 years). The obstacle that

prevents its use in clinical trials or as a product in the mar-

ket is  that it  has an animal source as it  is  derived from the

sarcoma cells of mice [7]. A study used Matrigel to produce

vascularized pacemakers using endothelial and cardiac pro-

genitor cells. These cells were seeded and incorporated with

the Matrigel and transplanted in vivo in a rat model and in-

vestigated in vitro as well to detect and examine alterations

in  the  cardiac  sinus  node.  The  results  illustrated  that  this

scaffold  elevated  the  survival  rate  in  rats  and  scaffold  im-

proved the electrical activity indicating that the tissue-engi-

neered Matrigel scaffold seeded with endothelial and cardi-

ac  progenitor  cells  acts  as  a  cardiac  pacemaker.  However,

this scaffold didn’t achieve effective vascularized tissue [58].

Figure 7: Schematic illustration of natural biodegradable polymers that are widely used in cardiac tissue engineering

Synthetic  Biodegradable  Functional  Poly-
mers  for  Cardiac  Tissue  Engineering

Poly (Ethylene Glycol) (PEG)

Poly (ethylene glycol) is a biodegradable synthetic

polymer,  derived from ethylene oxide.  It  is  used in cardiac

tissue regeneration because of its high safety, and high solu-

bility as it is soluble in water and organic solvents, exhibits

preferable mechanical  properties and is  easy to manipulate

the  chemical  composition  when  entered  into  hydrogel  de-

sign or scaffold. Nevertheless, the limitations in using it as a

polymer in tissue engineering are less cell adhesion capabili-

ty, it is an inert polymer so it will decrease cell proliferation

and differentiation [7]. PEG has been used in a form of com-

posite as well in cardiac tissue regeneration. For instance, it

has been combined with fibrinogen to form a PEG-fibrino-

gen patch which was used as a supportive scaffold with ge-

netically engineered induced pluripotent stem cells express-

ing placental growth factor (PlGF) and matrix metalloprotei-

nase  9  (MMP9).  This  scaffold  aided  in  repairing  ischemic

and  damaged  myocardium,  it  enhanced  cell  proliferation,

growth, and differentiation [59]. PEG has been used also in

a form of hydrogel when it is mixed with heparin and seed-

ed with mesenchymal stromal cells. This scaffold enhanced

cardiac cell retention, cell growth, and angiogenesis [60].

Polyurethane (PUR)

Polyurethanes have been used in biomedical appli-

cations as tracheal  tubes.  Also,  they are used in cardiac re-

generation  and  cardiac  assist  devices  [61].  They  have  been

synthesized by condensation of diisocyanates with both alco-

hols  and  amines.  They  are  considered  biocompatible,  and
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mechanically stable strong polymers. They have a degrada-

tion rate that resembles polyesters, pure polyurethanes have

a very low degradation rate, and this makes them poor can-

didates  for  drug  delivery  and  tissue  engineering  applica-

tions.  Nevertheless,  polyurethanes  enhance  cell  prolifera-

tion  and  adhesion  and  have  good  mechanical  stability.

Therefore, using them in combination is a better way to ex-

ploit  their  advantages  and  overcome  their  disadvantages

[36].

polyethylene glycol-based polyurethanes manufac-

tured with poly(epsilon-caprolactone) have been fabricated

in  a  form  of  a  porous  patch  and  they  enhanced  cell  adhe-

sion and proliferation [62,63]. Moreover, they used a Lewis

rat  model  in  a  form  of  bi-layered  patches  from  po-

lyurethanes and extracellular matrix, this patch induced an-

giogenesis and inhibited scar formation [64].

Polyurethane/  laminin-1  (PUR-LN1)  mimicked

the  microenvironment  of  the  cardiac  tissue.  This  scaffold

has been fabricated by surface functionalization and modifi-

cation  of  polyurethane  via  melt  extrusion/  carbodiimide

chemistry.  Then  they  are  grafted  with  laminin-1  (LN-1)

which  is  a  cardiac  extracellular  matrix.  PUR  has  been  also

combined with gelatin which acts as an adhesion molecule.

Both scaffolds performed better cell adhesion. PUR-LN1 in-

duced cell  proliferation and differentiation with protection

from apoptosis [65]. Additionally, a subcutaneous adminis-

tration of PU-LN1 scaffold in mice was efficiently absorbed

into the host tissues, with no evidence of resorption or signi-

ficant inflammation (figure 8).

Using  the  PUR-LN1 scaffold  without  cell  seeding

was  found  to  induce  and  facilitate  long-term  angiogenesis

as illustrated in figure 9 [65].

On the other hand, a network of polyurethane and

siloxane has been fabricated for cardiac regeneration appli-

cations. The scaffold was combined with an electroconduc-

tive  source  which  was  aniline  tetramer  (AT),  a  biodegrad-

able source which was castor oil, and a source for mechani-

cal stability which was siloxane. This network achieved bet-

ter C2C12 myoblasts adhesion and proliferation [66].

PURs  showed  their  efficiency  when  applied  in

heart  valve  development.  Previously,  when  heart  valves

made  of  PURs  were  applied,  calcification  originated  after

blood contact, which later resulted in thromboembolic activ-

ity [67]. Therefore, to overcome the calcification and devel-

op  an  anti-thrombogenic  surface  in  addition  to  boosting

cell attachment, Stachelek and colleagues developed a valve

made  of  polyether  urethane.  They  used  cholesterol-modi-

fied PUR (PUR-Chol) to stimulate endothelial cell prolifera-

tion, and adhesion [68]. Increased surface energy, a reason-

ably  smooth surface,  and distinct  surface  chemistry  distin-

guished  PUR-Chol  from  untreated  PUR.  This  valve  en-

hanced  the  seeding,  adhesion,  and  retention  of  the  blood

outgrowth  endothelial  cells  (BOECs)  with  no  gross  abnor-

malities, unlike the unseeded polyurethane leaflets which ex-

hibited thrombosis as shown in figure 10A and B. The seed-

ed  leaflet  did  not  induce  any  immunogenic  reaction  upon

implantation, unlike the unseeded part as shown in figures

10C and D [68].

Poly (Glycolic Acid) (PGA)

Poly (Glycolic Acid) is a simple synthetic polymer

used extensively in tissue engineering. It is a linear aliphatic

polyester  that  is  characterized  by  a  high  melting  tempera-

ture  of  more  than  200  °C,  safe  degradation  products,  bio-

compatibility,  mechanical  stability,  and  biodegradability.

However, its high hydrophilicity allows PGA to lose its me-

chanical stability when applied in vivo after 4 weeks of graft-

ing. Therefore, it is used as a temporary scaffold in cardiac

regeneration. Surface modification is performed to enhance

PGA's capability to enhance cell adhesion and proliferation

[7].

Poly (Lactic Acid) (PLA)

Poly (Lactic Acid) is semicrystalline polyester that

is  obtained  via  the  polymerization  of  lactic  acid.  It  is

biodegradable with a low degradation rate. It is a hydropho-

bic polymer that is found in different forms; meso-poly (lac-

tic  acid),  poly  (L-lactic  acid)  (PLLA),  poly  (D-lactic  acid)

(PDLA),  and finally  poly  (D,  L-lactic  acid)  (PDLLA).  Each

form has its features and applications. For instance, regard-

ing  crystallinity,  PDLA  is  considered  a  crystalline  material

while  PLLA  is  a  semicrystalline  polymer.  On  the  other

hand, meso-poly (lactic acid) is amorphous. PLLA is widely

used in heart regeneration because of its safety, biocompati-

bility,  mechanical  stability,  and  biodegradability.  However,
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its main drawback is the low degradation rate [7].

Figure 8: Histological examination by hematoxylin and eosin staining of the subcutaneously implanted scaffolds in mice. The PUR-LN1 did
not induce an inflammation response. Adapted from Ref [65] with copyrights

Poly (Lactic-co-Glycolic Acid) (PLGA)

Poly  (Lactic-co-Glycolic  Acid)  is  a  copolymer  of

both  PGA  and  PLA.  It  is  suitable  for  cardiac  regeneration

because  of  its  mechanical  property,  biodegradability,  bio-

compatibility, controllable degradation rate, and safety. It is

also less soluble in organic solvents. However, its disadvan-

tages are limited cell adhesion, and proliferation [7]. PLGA

has been fabricated in a  form of  a  core/shell  using electro-

spraying.  It  is  combined  with  stromal-derived  factor-  1α

and seeded with mesenchymal stromal cells applied for the

purpose of treating myocardial infarction. This core/shell ex-

hibited a good vehicle for drug delivery as it made sustain re-

lease of the incorporated stromal-derived factor- 1α. It also

enhanced stem cell proliferation [69].
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Figure 9: Illustration of the blood vessels formed after scaffold transplantation in mice when inject subcutaneously and examined histological-
ly by a light microscope. Adapted from Ref [65] with copyrights

Advantages and Disadvantages of  Natural  and Syn-
thetic Biodegradable Polymers

Natural  biodegradable  polymers  exhibit  special

characteristics that allow them to be widely used in regenera-

tive  medicine  and  heart  regeneration.  For  instance,  fibrin,

gelatin,  and  alginate  are  nontoxic.  Collagen  has  very  low

toxicity. They also display some disadvantages that become

a  burden  in  some  circumstances.  Fibrin  has  high  elasticity

and  biocompatibility.  It  also  enhances  cell  adhesion  with

control of its degradation rate. While its drawbacks, it may

allow disease transmission, and it is not mechanically stable.

While  collagen  is  characterized  by  good  permeability,  bio-

compatibility,  and  biodegradability  without  stimulation  of

the  immune  system  when  applied.  However,  mechanical,

and electrical properties are extremely weak. Similarly, chi-

tosan exhibited the same advantages as collagen besides its

antimicrobial  activity  and  hemostatic  property.  It  is  easily

fabricated and processed. Nevertheless, it is so fragile, and it

is soluble only in an acidic medium which acts as a burden

as it makes it less soluble in physiological PH. Gelatin and al-

ginate  have  outstanding  nontoxicity,  biocompatibility,  and

biodegradability.  Alginate  is  a  chelating  agent  with  non-

thrombogenic  nature.  While  disadvantages  for  gelatin  and

alginate  are  low  melting  temperature  and  low  protein  ad-

sorption, respectively [7].

Synthetic  polymers  such  as  poly  (Glycolic  Acid),

poly  (L-lactic  acid),  poly  (Lactic-co-Glycolic  Acid),  poly

(Ethylene Glycol), polycaprolactone, and polyurethanes are

biocompatible and nontoxic. Poly (Glycolic Acid), and poly

(Lactic-co-Glycolic  Acid)  are  biodegradable  with  high  and

adjustable degradation rates respectively.  While polycapro-

lactone, poly (L-lactic acid), and polyurethanes have a long

degradation  time.  PLLA  and  PLGA  have  good  mechanical

properties, while PGA is less mechanically stable. PGA and

PLGA  are  low  soluble  in  organic  solvents  while  po-

lyurethanes  are  soluble  in  organic  solvents.  Regarding  cell

adhesion, growth, and proliferation, PLGA and PEG are not

the polymers of  choice because they possess  low cell  adhe-

sion, and proliferation capability [7].

Possible  Fabrication  Techniques  in  Cardiac  Tissue
Regeneration

Various  fabrication  techniques  have  been  em-

ployed for cardiac tissue regeneration purposes and scaffold

design.  The  fabrication  technique  of  choice  is  determined

by the function for which it is built, and the materials used

to construct it. The manufacturing method utilized has a sig-

nificant impact on the scaffold's properties and, as a result,

its  functionality.  Admitting  that  the  major  features  of  the

scaffold  play  a  key  role  in  heart  regeneration  effectiveness,

the manufacturing processes undoubtedly have a significant

role in scaffold efficiency and cardiac tissue engineering. As

a  result,  multiple  fabrication  processes  must  be  developed

in order to generate the best scaffold for cardiac tissue crea-

tion [30,33].
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Figure 10: A figure illustrates the comparison between endothelial seeded A and C and the unseeded B and D polyurethane leaflet. The seed-
ed valve did not induce thrombosis(A), the unseeded induced abnormal gross thrombi (B). in (C) and (D) immunostaining for platelets mark-

ers CD41/CD61, the seeded showed no immunoreaction response (C) unlike the unseeded (D). Adapted from Ref [68] with copyrights
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Figure 11: Synthetic biodegradable polymers used in scaffold fabrication for cardiac tissue regeneration

The  fabrication  techniques  can  be  classified  into

implanted  scaffolds  and  injected  hydrogel  scaffolds.  In  the

implanted  scaffolds  they  are  classified  into  conventional

and non-conventional  fabrication techniques.  The conven-

tional  techniques  are  illustrated  in  figures  12  and  13.  and

they include freeze-drying, electrospinning, solvent casting,

solvent  casting/particulate  leaching,  sol-gel  method,  ther-

mal  separation,  and  foaming  techniques.  While  the  non--

conventional methods are selective laser sintering, 3D print-

ing, and stereolithography. On the other hand, examples of

the injected hydrogel scaffolds are emulsification, freeze-dry-

ing, emulsification-freeze drying, microfluidic, micro-mold-

ing,  3D printing,  and  solvent  casting  leaching  as  shown in

Figure 12 [70].

Figure 12: Classification of different implant fabrication techniques used in cardiac tissue regeneration
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Figure 13: Classification of different fabrication techniques used in cardiac tissue regeneration to obtain injected hydrogel scaffolds

The  solvent  casting/particulate  leaching  produces

a porous scaffold, and the manufacturing depends on pour-

ing the mixture into a mold after dissolving the polymers in

a  solvent  with  high  volatile  properties  in  the  presence  of  a

suitable  porogen.  A  temperature  variation  can  be  a  major

factor in scaffold fabrication in a method known as thermal-

ly  induced  phase  separation.  It  permits  polymer  solution

phase separation depending on polymer concentration. It se-

parates polymers into high concentrated polymers and low

concentrated  polymers.  On  the  other  hand,  freeze-drying

can  be  used  without  a  high  temperature  applied  as  in  the

thermally induced phase separation. The freeze-drying pro-

cess can produce porous scaffolds via using a polymer solu-

tion that is  frozen and then this  frozen solution undergoes

freeze-dried under a vacuum. Another commonly used fab-

rication technique is electrospinning, where an electric cur-

rent  is  applied to  a  polymer solution added in  a  needle  ei-

ther a single needle or a double needle. The double needle is

usually  used to form a core/shell  fiber.  The produced fiber

features  and morphology can be controlled and altered via

changes  in  humidity,  temperature,  needle  shape,  and  size.

In  addition  to  the  applied  electrical  current  and  collector

shape.  Every technique possesses  its  advantages and disad-

vantages, but there are common drawbacks in the conventio-

nal techniques including the inability to produce fully homo-

geneous pores,  obstacles to controlling the scaffold geome-

try, and the use of organic solvents [30], [70]. Because of th-

ese limitations, unconventional techniques emerged such as

3D  printing,  and  laser  ablation  which  are  computer-based

techniques.  They  overcome  the  conventional  methods  and

introduce  scaffolds  successful  for  cardiac  tissue  regenera-

tion.  Selective  laser  sintering,  a  commonly  used technique,

depends on applying laser beams as infrared or CO2 lasers,

which leads to fusion and solidification of the applied poly-

mers. This method allows the formation of a complex scaf-

fold consisting of layers above each other [30,70].

Conclusive Remarks

Heart diseases are the major cause of death world-

wide  and  the  situation  gets  worse  over  time.  The  problem

beyond this is that the cardiomyocytes do not have the abili-

ty  to  regenerate  and compensate  for  the  dead cells.  There-

fore, when there is an injury or a disease in the heart such as

myocardial  infarction,  it  leads  to  scar  tissue  formation  but

not regeneration, where the cardiomyocytes are nonfunctio-

nal and lack contractile activity.

Scaffold  construction  approaches  combining

biodegradable polymers, stem cells, progenitor or adult car-

diac  cells,  and  biomolecules  have  opened  up  a  new  lands-

cape in the field of cardiac tissue regeneration. Scaffolds al-

so allow for drug delivery with fewer cytotoxicity and side ef-

fects. In this review, we highlighted some extremely encour-

aging outcomes in terms of the development of scaffolds for

cardiac  tissue  engineering.  But  as  of  this  now,  there  isn't  a

perfect biodegradable polymer that meets all the criteria for

creating cardiac tissue.
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Figure 14: Schematic illustration of the conventional fabrication techniques and the manufacturing methods to produce implanted scaffolds.
Adapted from Ref [70] with copyrights

Diverse  fabrication  techniques  and  forms  have

been widely used in research. However, new techniques are

required to pave the way for more sophisticated cardiac re-

generation and to overcome emerging limitations.  For ins-

tance,  using  the  3D  bioprinting  fabrication  method  and

combining  them  with  suitable  types  of  stem  cells,  such  as

the  iPSCs.  Additionally,  this  can  be  combined  with  multi-

-biomaterials and new growth factors, such as those derived

from plant extract, where every member will serve for specif-

ic purposes to achieve better regeneration.

Additionally,  numerous  trials  have  been  used  to

promote  vascularity  within  the  cardiac  patches,  frequently

by adding vasculogenic substances, but it is still  difficult to

produce  big  perfusable  blood  vessels.  Also,  further  safety

and  toxicity  tests  are  needed.

On the  other  hand,  further  investigations  are  still

required for the promising established scaffolds in order to

reach clinical trial phases. Furthermore, more studies are es-

sential to be able to introduce a product that can reach the

market to save the lives of patients suffering from myocar-
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dial infarction and heart failure.
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