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Kandidaatintutkielma 
Tampereen yliopisto 
Bioteknologian ja biolääketieteen tekniikan tutkinto-ohjelma 
Huhtikuu 2020 

Sydänkudoksen uusiutumiskyky on erittäin rajallinen, minkä takia se ei itsestään kykene toi-
pumaan kovinkaan suuresta kudosvauriosta. Tällainen vaurio syntyy esimerkiksi sydäninfark-
tissa, jossa noin miljardi sydänlihassolua kuolee. Tästä syystä joudutaan usein suorittamaan 
kirurginen korjaustoimenpide, joista sydänsiirto on yksi yleisimmistä. Potilas joutuu kuitenkin 
usein odottamaan pitkiä aikoja korvaavan sydämen saamiseksi. Tästä syystä on kehitetty 
useita vaihtoehtoisia hoitokeinoja, joissa kudosteknologiset kehikot (engl. scaffolds) ovat 
avainasemassa, sillä ne vaikuttavat suuresti solujen elinkelpoisuuteen. Tämän työn tarkoituk-
sena oli selvittää, mitä materiaalivaihtoehtoja ja valmistusmenetelmiä on olemassa sydämen 
kudostekniikassa käytettäville kudosteknologisille kehikoille.  
Työ jakautuu kolmeen osaan. Teoriaosa käsittelee sydämen kudostekniikassa tutkimuksiin ja 
hoitokeinoihin käytettyjä soluja sekä kudosteknologisten kehikoiden vaatimuksia yleisissä so-
velluksissa. Materiaaliosa käsittelee tutkittuja materiaaliryhmiä, jotka on rajattu polymeereihin, 
hydrogeeleihin, delullarisoituun soluväliaineeseen (engl. decellularized extracellular matrix, 
dECM), hiilipohjaisiin materiaaleihin sekä komposiitteihin. Lisäksi jokaisesta ryhmästä käsitel-
lään tarkemmin muutamaa materiaaliesimerkkiä. Kolmas osuus käsittelee kehikoiden valmis-
tusmenetelmiä, jotka on rajattu kolmiulotteiseen (3D) biotulostukseen ja sähkökehruuseen.  
Tutkimus osoittaa, että yksittäistä parasta materiaalia on mahdotonta valita, sillä jokaisella 
materiaalilla on omat hyvät ja huonot puolensa. Hydrogeelit, komposiitit sekä dellularisoitu 
soluväliaine kuitenkin vaikuttavat muita materiaaliryhmiä lupaavimmilta sydämen 
kudosteknillisissä sovelluksissa. Tämä johtuu siitä, että ne muistuttavat ominaisuuksiltaan 
normaalia sydänkudosta eniten.  
Kehikoiden valmistusmenetelmistä sähkökehruu on selvästi rajoitetumpi kuin 3D-biotulostus. 
Tämä johtuu siitä, että se soveltuu ainoastaan polymeeriliuoksille, jotka johtavat sähköä. 
Menetelmä ei kuitenkaan sovellu hydrogeeleille. Lisäksi sähkökehruulla pystytään tuottamaan 
vain yksinkertaisia kehikoita. 3D-biotulostus soveltuu sen sijaan useammalle materiaalille ja 
kykenee tuottamaan myös monimutkaisia kehikoita. Eräs 3D-biotulostuksen 
erikoisominaisuuksista on tulostaa soluja sisältäviä materiaaleja.  
 
 
Avainsanat: Sydämen kudosteknologia, 3D-biotulostaminen, sähkökehruu, 
kudosteknologinen kehikko, dECM 
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1. INTRODUCTION 

Today, cardiovascular diseases are among the most common and the deadliest diseases 

worldwide, especially in developed countries (Chaudhuri et al. 2017, p. 1311; Qasim et 

al. 2019, pp. 950-951). The reason behind their mortality is that they can cause cardiac 

arrest or a heart attack. Even if the patient survives the heart attack, this does not mean 

that the danger is over because 1 billion cardiomyocytes (heart muscle cells) die during 

it. Because heart’s auto-regeneration ability is limited, these cells will not be replaced 

with new cardiomyocytes but with scar tissue cells. This is a problem because the scar 

tissue blocks waves of electrical current which are required for heart contraction. Be-

cause of this, the risk of hearts failure increases. (Qasim et al. 2019) In addition, since 

scar tissue does not consists of cardiomyocytes, it is unable to contract and therefore 

cannot assist heart to pump. 

If the heart receives too much damage due to disease and cannot function properly, 

it must be replaced with a transplant or treated via other means. At the moment, heart 

transplant is the most used and effective treatment method, however, because of the 

lack of donors, patient might have to wait for a long time for one. Heart must also be 

compatible with patient or it will cause rejection reaction, which slows the acquiring pro-

cess even further. Cell therapy has been proposed as an alternative treatment method. 

One form of this is a direct injection of cells to the damaged tissue’s site. (Qasim et al. 

2019, p. 1311-1212) This, however, have been reported to result in majority (90%) of 

cells to die because they lack three-dimensional extracellular matrix (ECM) which they 

require to survive. They also lack nutrients and oxygen supplies, and are exposed to free 

radicals and inflammatory cytokines present. (Domenech et al. 2016, p. 438) To make 

sure the cells survive, they need to be provided with a scaffold that acts as a substitute 

to the ECM. Both two-dimensional (2D) and three-dimensional (3D) scaffolds have been 

developed but 3D scaffolds have proven better in multiple occasions (Ou & Hosseinkhani 

2014; Laschke & Menger 2017). In cardiac tissue engineering, the scaffold needs fulfil 

specific requirements regarding its properties and structure. These involve porosity, elec-

trical conductivity and biocompatibility. They depend mainly on manufacturing method 

and material that are used. (Qasim et al. 2019) 
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This literature review focuses on the scaffolds that can be utilized in cardiac tissue 

engineering. At the beginning, different cells and their sources will be introduced. In ad-

dition, different requirements for scaffold materials and scaffold itself are considered. 

After this, the main biomaterial groups are introduced, and also a few examples from 

each material group are discussed about. This is followed by introduction to the scaffold 

fabrication methods and how they affect the scaffold’s structure. In the final chapter, I 

consider what material groups, materials and scaffold manufacturing methods are the 

most suitable for cardiac tissue engineering.  
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2. CARDIAC CELL CULTURING AND SEEDING 

Cardiac tissue engineering has advanced remarkably during the past decades and re-

searchers are every day closer in managing to construct a fully functional human heart. 

This does not mean, however, that every research was made with cells of human origin. 

This chapter will describe the cells that are currently utilized in cardiac tissue engineering 

as well as will introduce the requirement that scaffold are required to have for proper cell 

cardiac cell culturing. 

2.1 Different cardiac cell types 

Today cardiac tissue engineering utilizes a large variety of cells in research studies 

(Chaudhuri et al. 2017, p. 950). Most of the currently used cells in this field are different 

types of stem cells, or more precisely cardiomyocytes that are derived from different 

stem cells. The reason behind this is that cardiac tissue, that contains mostly adult car-

diomyocytes, has extremely poor ability to regenerated any damage in it, at least with 

mammals. They can divide via mitosis similar to other cells, but this is only enough to 

replace dead cells that die naturally. Stem cells do not have this limitation because they 

have ability to differentiate into different types of cardiac cells as well as have better 

ability to divide via mitosis. At the moment, cells in use are divided into two main catego-

ries: human and non-human cells. Both cell types can be used in forms of mixture and 

alone, which makes them applicable to wide range of purposes. (Qasim et al. 2019, p. 

1318)  

Non-human cells refer to cells that are collected from other species than humans, usually 

from mice and rats. These animals are preferred because they do not only breed easily 

and grow fast, but also because they have long history in modern medicine as test ani-

mals. For example, rat myoblast cells have been used in multiple experiments because 

of their ability to differentiate into functioning cardiac tissue (Siltanen 2006; Ong et al. 

2018). There has also been experiments with c-kit positive cardiac stem cells that were 

harvested from two-month-old male mice (Sun et al. 2018). C-kit, also known as CD117, 

is a protein found on the surface of various cell types. They are able to bind stem cell 

factors to the surface and this allows growth of certain blood cells. This accelerates the 

wound healing progress after surgery. (Takemoto et al. 2012, National institute of health 

2020) 
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There are large variety of human cells that are in use in cardiac tissue engineering and 

many of them are collected from bone marrow (Ong et al. 2018, p. 952; Qasim et al. 

2019, p. 1318). Adipose-derived stem cells belong to this group and they show promising 

results in regenerative tissue therapy. They are multipotent, meaning that they are able 

to differentiate into multiple different tri-germ lineages, such as cardiomyocytes. (Frese 

et al. 2016)  

Human embryonic stem cells can be derived from the inner mass of blastocyst, a struc-

ture that is formed in the early stage of all mammalian development.  These stem cells 

are pluripotent, meaning that they are able to differentiate into any tri-germ lineages. 

(Rich 2015, p. 105; Chaudhuri et al. 2017, p. 952) This is visualized in Figure 1. In addi-

tion, they also have great self-renewal ability. 

 

Figure 1. Illustration of cell potency (MacDonald 2018) 

Adult mammalian heart is not completely composed of adult cardiac myocytes but there 

are also resident cardiac stem cells that reside in myocardium (heart muscle). These 
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cells have considerably better ability to renewal cardiac tissue and therefore show prom-

ise in cardiac tissue engineering. (Angert et al. 2011) Another interesting cell type that 

can assist cardiac tissue regeneration is fibroblast which is connective tissue cell found 

in various parts of the body. Under suitable conditions they can acquire features similar 

to the smooth muscle cells. After this they turn into myofibroblasts that normally appear 

when there is an injury to the tissue and assist the damage repair process. In addition, 

they can stimulate the release of growth factors and cytokines, which promotes healing 

process further. (Souders et al. 2009)  

With modern genetic engineering it is also possible to return fully developed and differ-

entiated adult cell to its pluripotent state (Chaudhuri et al. 2017, p. 953; Qasim et al. 

2019, p. 1315). These are called induced pluripotent stem cells (iPSCs) and they have 

multiple properties that are favored in medicine. For example, since the adult cells can 

be collected from the same person who needs treatment, it is possible to avoid fatal 

immunological rejection reactions in certain circumstances. They are also ethically more 

accepted than other pluripotent stem cells. That is why human induced pluripotent stem 

cell-derived cardiomyocytes (hiPS-CMs) and human cardiomyocyte progenitor cells 

(hCMPCs) are preferable choices in cardiac tissue engineering. (Qasim et al. 2019, p. 

1315)  

2.2 Scaffold’s effects on cell culturing 

It is possible to grow living cardiac tissue without scaffold; however, this will usually result 

in death of majority of the cells. This has been proven, for example, while treating myo-

cardial infarction with direct cell injection to the damaged tissue site. Nearly 90% of the 

cells die without scaffold. The reason behind this is that cells have short survival duration 

and, because they do not have extracellular matrix nor nutrients provided, they usually 

die before being able to attach to the tissue. (Qasim et al. 2019) This is a major reason 

why cells are preferred to be seeded into the scaffold and allow the tissue develop 

enough before surgical procedure.  

Scaffold’s properties can variate considerably depending on what material, manufactur-

ing process or even shape is used. Regardless, the main reason for scaffold is to act as 

a surface where cells can adhere as well as improve their proliferation and activation 

(Carletti et al. 2011, p. 17). In cardiovascular tissue engineering this means that scaffold 

should mimic the natural myocardial extracellular matrix. The way a scaffold is supposed 

to affect the cells depends on the application, especially cells. In cardiac tissue engineer-

ing, this brings up multiple challenges from which a few are shown in Figure 2.   
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Material used to build scaffold should be biocompatible with cells that are used and also 

with the patient. This means that, in a specific application, the material should perform 

with an appropriate host response without causing any unfavorable response, such as 

host rejection or blood clots formation. Biocompatibility also includes degradation prod-

ucts if scaffold is biodegradable. (Park & Lakes 2007, p. 12) Biodegradable materials are 

usually favored in cardiac tissue engineering because scaffold will be replaced with ex-

tracellular matrix that cells produce themselves (Chaudhuri et al. 2017; Qasim et al. 

2019). This also means that there will not be any foreign material left in the body, and 

possible secondary surgery can be avoided (Kumbar et al. 2014, p. 2). Biodegradation 

and ECM replacement must be synchronized properly so that scaffold can continue to 

give mechanical support to the tissue through the whole growing process. In addition to 

biocompatibility, some of the materials can also be bioactive, meaning that they promote 

desired biological response. 

 

Figure 2. Illustration about challenges in cardiac tissue engineering. Scaffold af-
fects many of them. (Qasim et al. 2019, p.1313). 

Scaffold usually contains pores and they have multiple functions. They increase the 

space for cells to migrate and are also fundamental for vascularization. In addition, they 

increase surface area and increase the amount of possible cell interactions. On the other 

hand, certain unfavorable interactions can be avoided too, however, the material itself 

also plays a major role in this. The pores themselves can be of different shape and size 

depending on the cells that are used. There should also be interconnectivity between 

pores because otherwise cells might have problems in signaling with others. Lack of 

interconnectivity can also complicate vascularization process.  In addition, pores must 
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be taken into consideration when evaluating scaffold’s mechanical properties because 

these allow shape maintenance when stress or load is applied. (Carletti et al. 2011, pp. 

18-19) If the material gets too porous, it might affect the strength of the scaffold. 

Heart functions via electrical impulses. This means that if the used scaffold material is 

not electrically conductive, these impulses will be blocked and chance for the heart failure 

increases. Similar problem occurs after cardiac arrest or heart attack when scar tissue 

is formed to replace death cells. The problem occurs because scar tissue does not con-

duct electricity but rather acts as insulator to it. This is also the reason why electrical 

conductivity is one of the most important properties that a successful scaffold material 

must have (Qasim et al. 2019).         
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3. MATERIALS 

There is a large variety of biomaterials that are used in cardiac tissue engineering. These 

materials have their own unique properties that might have positive or negative effects 

based on the situation. Most of the materials can be divided into groups, however, some-

times choosing one specific group for one specific material might find to be a challenge. 

In the most cases, materials are not used alone, but with other materials that can also 

be from different groups. These are called composites and they are discussed in their 

own subchapter.  This chapter goes through each main material groups with the excep-

tion of ceramics and metals. The reason for this is that metals and ceramics not enough 

elastic for scaffold materials. In addition, ceramics act often as electrical insulators. 

3.1 Polymers 

Polymers is potentially the largest material group used in the medicine. They are usually 

divided into two groups: synthetic and natural polymers. Synthetic polymers can be fur-

ther divided into biodegradable and biostable polymers.  

3.1.1 Synthetic biostable and biodegradable polymers 

 

Synthetic polymers are popular materials used in building scaffolds because of their easy 

reproducibility, high versatility, tailorable properties and good workability (Carletti et al. 

2011, p. 24; Kumbar et al. 2014, p. 1). The word “synthetic” means that it cannot be 

found in the nature but instead is synthesized in a laboratory. This gives manufacturers 

an ability to tailor polymer’s properties to be optimal for specific application, however, it 

requires a lot of designing and testing. One of these properties is degradability and cer-

tain applications require polymer to be biostable whether others require them to be bio-

degradable. Biostable means that material can stay inside human body for almost infinite 

amount of time without degrading. However, it can get worn out. Biodegradable materials 

on the other hand degrade and are removed from body via normal metabolic pathways. 

From these the latter are preferred and biostable polymers are less commonly used in 

cardiac tissue engineering, because they need to be removed from tissue via second 

surgery (Kumbar et al. 2014, p. 1). However, if heart tissue can be grown to a nearly fully 

developed cardiac tissue before implantation, this procedure could be avoided.  
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Polymers biodegrade via two complementary processes: degradation and erosion. In 

degradation, polymer chains are cut into smaller pieces via enzymes (enzymatic degra-

dation) or by water molecules (hydrolytic degradation). This further leads to erosion in 

which the material itself is lost. (Kumbar et al. 2014, pp. 187-188) 

Polyurethanes belong to the synthetic polymers and they have shown interest in multiple 

fields of tissue engineering, including cardiac tissue engineering. There exists both sta-

ble and biodegradable versions. (Carletti et al. 2011, p. 27) The latter versions degrade 

via both enzymatic and hydrolytic ways (Boffito et al. 2018). Polyurethanes also have 

good mechanical properties, such as good stretchability, and biocompatibility, which is 

why they are used in multiple biomedical applications such as myocardial repairing (Car-

letti et al. 2011, p. 27). They are not used necessarily alone in scaffolds but instead they 

can be used with other materials, such as laminin-1 (natural polymer, LN1), to improve 

cell proliferation. This specific material combination is known as polyurethane-grafted 

laminin-1 (PU-LN1), and it has ability to stimulate cells differentiation and prevent apop-

tosis (programmed cell death). Its degradation products are also proven to be non-cyto-

toxic.  (Boffito et al. 2018)  

There exist multiple synthetic biodegradable polymers that have been proven to be use-

ful in cardiovascular tissue engineering. Polymers such as polylactic acid (PLA) and pol-

yglycolic acid (PGA) are already in use in multiple applications. Unfortunately, there exist 

one application where these types of polymers have been reported to be undesirable. 

This application is heart valves and there are actually multiple problems involved. First 

of all, their degradation times are extremely long, for example, PGA degrades in 2-3 

months and PLA in 3 years. (Fallahiarezoudar et al. 2015). It has also been reported that 

heart valves that are produced from PLA and PGA copolymers do not have as good 

flexibility as natural valves and also that they grow too thick (Sodian et al. 2000).  This 

would cause stenosis in the heart and interfering with the blood flow. To combat this, it 

could be possible to use some other material in addition to base material just as laminin-

1 is used with polyurethane. 

Kluin J. et al studied construction of heart valves in their research. They did use biode-

gradable elastomeric implant in which bis-urea-modified poly-carbonate (PC-BU) acted 

as a base material. Material was tested for cytotoxicity and found non-cytotoxic. Con-

structed valves were coated with fast-degrading fibrin (protein involved in the blood clot-

ting) after which they were tested in vitro with pulsatile test system. According to results, 

opening and closure behavior were good. In addition, cardiac output, effective orifice 

area, and regurgitation fraction were found to meet the criteria (ISO 5840). They also 
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continued their studies in vivo test that was carried out with sheep. According to results 

the scaffold was able to maintain functionality up to 12 months. (Kluin et al. 2017) 

3.1.2 Natural polymers  

 

Natural polymers are widely used materials in tissue engineering. Unlike their synthetic 

counterparts, natural polymers are found in the nature, such as in plants, animals and 

humans (Carletti et al. 2011, p. 20). Naturalness is also the reason why they have good 

biocompatibility compared to other material groups. However, since they are possibly 

extracted from another organism than the patient, caution must be exercised while clean-

ing the polymer. This helps to avoid dangerous immunological responses (Kumbar et al. 

2014, p. 288).   

Natural polymers are not generally that strong compared to the synthetic polymers. In 

addition, they are also difficult to process into specific form because of their complicated 

and weak structure. For example, it is nearly impossible to process most of them via 

heating because their structure will break before melting. This is why they are modified 

via postprocessing methods, such as cross-linking. This improves mechanical proper-

ties, however, caution must be exercised so that their valuable properties, such as bio-

compatibility, will remain unchanged. These processes can also affect their biodegrada-

bility times, which can serve as an advantage and a disadvantage. (Kumbar et al. 2014, 

p. 288) In addition to their good biocompatibility, natural polymers are non-toxic and have 

great water-binding capacity. Ability to bind water is important because it not only helps 

cells to attach to the surface but makes it possible to use these polymers in hydrogel 

manufacturing (Spicer 2020, p. 184).  

Collagen belongs to the most used natural polymers in tissue engineering and is also a 

common protein found in human body (Chaudhuri et al. 2017; Ong et al. 2018; Qasim et 

al. 2019). Its main job is to add mechanical strength to the tissue, and is mainly found in 

extracellular matrix whose major component it is. Strength comes from collagen’s elon-

gated fibrins that form a triple helical structure (Figure 3.). Principally there are three 

types of collagen. Type I collagen is found in the skin and bones, type II in cartilage and 

type III in the blood vessels.  (Carletti et al. 2011, p. 20) There have also been research 

studies about collagen applications in the treatment of cardiovascular diseases. Joanne 

P. et all. (2016) studied how nanofibrous clinical-grade collagen scaffold affected human 

cardiomyocytes. Scaffolds were made with electrospinning. The results showed that bi-

ocompatibility of the material and scaffold were good both in vitro and in vivo tests. In 

addition, scaffold’s stiffness was found to be similar to those that have already been 
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reported optimal for cardiac tissue regeneration. In addition, collagen is a great signal 

transducer and has good cell adhesion ability (Qasim et al. 2019, see Table 1., p. 1316). 

 

 

Figure 3. The collagen triple-helix formed from three fibrins. (Knupp & Squire 2003, 
p. 559) 

Chitosan is another natural polymer that has been considered as potential scaffold ma-

terial for cardiomyocytes. It is N-deacetylated derivative of chitin and natural polysaccha-

ride found in exoskeletons of insects and crustaceans (Carletti et al. 2011, p. 21). Mate-

rial has good biocompatibility and high processability, and is non-cytotoxic. Abedi A. et 

al studied this material in vitro environments with human adipose derived-mesenchymal 

stem cells. Results showed that material is not optional to be used alone in cardiovascu-

lar engineering. The reason behind this is that it lacks electrical conductivity, and me-

chanical properties were not suitable. They decided to add poly (3,4-ethylenedioxythio-

phene)– polystyrenesulfonic acid or PEDOT:PSS for short. This was noticed to not only 

improve electrical conductivity and mechanical properties, but also cell viability and bio-

compatibility. However, it did not affect the cytotoxicity. (Abedi et al. 2019) 

3.2 Hydrogels 

Hydrogels belong to the polymeric compounds; however, their composition and proper-

ties can vary greatly from regular polymers. But what are they? Hydrogels are cross-

linked water-soluble polymers that can store water inside their pores, meaning that they 

are also hydrophilic. Hydrogels can be divided into two categories depending on these 

cross-linking methods. In chemical hydrogels polymers are cross-linked by covalent 

bonds while physical hydrogels are kept together via non-covalent interactions and mo-

lecular entanglement as is shown in Figure 4 (Spicer 2020, p. 185). However, there 

exists rare examples in which gel-like structure is provided by colloidal dispersions. This 

is the case with nanofibrillar cellulose hydrogels. (Lou et al. 2014, p. 390) In addition to 

polymer that hydrogel is made from, it is possible to add anchoring materials to them to 

enhance cell adhesion and growth on the scaffold. (Chaudhuri et al. 2017) 
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Figure 4. Chemical gels (a) are formed when polymers cross-link via covalent 
bonds. Physical hydrogels on the other hand are kept together via non-covalent 
interactions such as hydrogen bonding, van der Waals forces and ionic interac-

tions. In addition, entanglement occurs between polymers. (Spicer 2020, p. 
185). 

Polymers that are used to produce hydrogel have a major impact on what properties 

hydrogel itself will ultimately have. These include mechanical strength, cell proliferation, 

biocompatibility and degradation. They can variate greatly because polymer can be syn-

thetic or natural or even combination of these. However, hydrogels mechanical strength 

is generally weak regardless of the polymer that is used, at least compared to the poly-

mer itself.   (Spicer 2020, pp. 187-188)  

Regardless of the material, most of the hydrogels are porous. This, combined with water 

bound inside, allow free movement of the low-molecular-weight solutes and nutrients 

inside the scaffold. They also allow the transport of cellular waste products out of the 

hydrogel. 

Biocompatibility, as previously was mentioned, depends on the polymer in hydrogel. For 

natural polymers this is obviously better than for synthetic ones. The most fascinating 

feature that hydrogels have, however, is the ability to eliminate possibilities of immuno-

logical reactions when hydrogel, that is seeded with the cells, is injected in-situ. They 

also enhance the efficiency of cell-delivery compared to situation where cells are deliv-

ered without a hydrogel. (Chaudhuri et al. 2017) 

According to Quasim et al. (2019) research it is popular to use polymers in their hydrogel 

form instead of polymeric from, especially while aiming to use 3D bioprinting in scaffold 
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fabrication. The reason behind this is that the cells require moisture to grow efficiently. 

However, the amount of water decreases as cells grow and scaffold gets highly com-

pressed, and therefore improves mechanical strength and decreases elasticity  

(Chaudhuri et al. 2017). This is actually a benefit with biodegradable polymers because 

it helps to maintain cellular bioactivity and viability while also prevents scaffold from fall-

ing apart (Dhingra et al. 2014, p. 52).  

Fibrin (not to be confused with collagen fibrin) is a protein that is used to encapsulate 

cardiac tissue cells in the hydrogels because they are able to stimulate the release of 

elastin by the smooth muscle cells (Chaudhuri et al. 2017). Elastin, in turn, is one of the 

major components of extracellular matrix where provides elasticity to tissue (Mithieux & 

Weiss 2005, p. 437). Regardless of this ability, fibrin cannot be used alone because it 

does not produce mechanically strong enough scaffolds. To combat this, collagen is 

used to add strength. (Chaudhuri et al. 2017, p. 953)  

Smart hydrogels have ability to change their mechanical or physical properties when 

coming into contact with environmental stimuli. Principally there are three types of stim-

ulus: chemical, biochemical and physical. Chemical stimulus can be a change in pH or 

a change in the glucose and oxidant concentrations. Response can variate from change 

in swelling to also releasing certain compound out from the hydrogel’s matrix (controlled 

release system). Biochemically responsive hydrogels react when they come in contact 

with antigens, enzymes and other types of ligands. This can be used for controlling the 

degradation process. Physically responsive hydrogels on the other hand react to physi-

cal factors such as temperature, light, electricity and pressure. This allows users to con-

trol hydrogel’s physical properties. (Saludas et al. 2017, p. 458) 

3.3 Carbon-based materials 

Carbon forms foundation to every organism and is also a part of multiple other materials 

that are discussed in this report. For example, carbon is a part of backbone chain of 

several polymers. This is mainly due to carbon’s ability to form long chains via covalent 

bonding. In addition, carbon is also able to form various dimensional materials such as 

fullerenes, nanotubes and graphite. They were discussed in Renu G.B et al. (2019) re-

search study. Their main interest was to study graphene as a scaffold material for liver 

cells but a possibility of using it in cardiovascular tissue engineering was also mentioned. 

Graphene is carbon’s allotrope that consist of sp2-hybridizated carbon atoms (Choi & 

Lee 2012). It has essentially basic structure of graphite except graphene is one layer 
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thick whereas graphite consists of multiple layers (Figure 5.) (Renu et al. 2019). Gra-

phene can also be rolled to form nanotubes or sphere-shaped fullerenes. In fullerenes 

part of the hexagon rings are replaced with pentagon rings. 

 

Figure 5. Graphite’s (left) and graphene’s (right) molecular structure. (Renu et al. 
2019) 

Apart from ability to take different shapes and forms (both 2D and 3D) on nano level, 

graphene’s structure provides good electrical conductivity and also incredible strength to 

the scaffold. However, the most crucial ability graphene has, is that it can be modified 

with other materials and compounds. It can also be used to modify other materials, for 

example as coating material. Especially polymers are used in this process. Synthetic 

polymers can be added to provide material tailored degradability and strength whereas 

natural polymers can be used to provide better biocompatibility. Correctly done this has 

been found to enhance the cell-cell interaction as well as normal cellular functions. (Renu 

et al. 2019) 

Graphene-based materials have also their limitations. Even though many researchers 

have found graphene-based 3D scaffolds biocompatible, there has been few signs of its 

possible cytotoxicity. However, it has been possible to minimize toxicity by modifying 

size, preparation and structure of the scaffold in ways that were previously discussed. 

There has also been concern about mass transfer in the scaffold which is required to 

provide cells easier access to nutrients. This procedure also makes removing the meta-

bolic waste products more effective. Changing the pore size and distribution, however, 

could be facilitate this. When the pore size is enlarged, availability of nutrients and oxy-

gen becomes easier for cells as well as mass transfer. This is the case with macroporous 

3D scaffolds made of graphene foam which is why this material’s structure could be used 

as reference for other graphene variations. (Renu et al. 2019) However, growing pore 

size can decrease the cell density which is why the pore size must be selected carefully. 

This is also important for vascularization stage. 
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There has also been concern about graphene’s biodegradation kinetics. While graphene 

has multiple variations and manipulation is relatively easy, degradation time should be 

similar to cell proliferation and extracellular matrix formation. If degradation is faster or 

slower than tissue growth, in the worst scenario whole tissue construct can collapse. 

(Renu et al. 2019) 

Graphene has multiple derivatives that have been used in tissue engineering. Graphene 

oxide (GO) is one of them. It is oxidized graphene that has carboxyl acid, hydroxyl and 

epoxide groups in the plane (Figure 6). Compared to the normal single-layer graphene, 

the oxidized version is weaker and also less elastic. In addition, GO’s electrical conduc-

tivity decreases to fraction of graphene’s which is why it cannot be used as it is for cardiac 

tissue engineering. Instead it can be processed with reducing reagents to produce re-

duced graphene oxide (rGO), which restores some of the graphene’s electrical conduc-

tivity. Structures for graphene oxide and reduced graphene oxide are presented in Fig-

ure 6.  (Goenka et al. 2014). It can be further processed into rGO foams, which poten-

tially provides similar nutrient and oxygen supply for the cells the as normal single-layer 

graphene foam does. 

 

 

Figure 6. Structures of graphene oxide (left) and reduced graphene oxide (right) 
(Renu et al. 2019) 

3.4 Decellularized extracellular matrix 

It has been brought up multiple times by now, that ideal cardiac tissue engineering ma-

terial will degrade and is ultimately replaced with extracellular matrix. However, there 

also exists a possibility to seed cells directly into extracellular matrix that has had its 



16 

 

previous cells removed. This removal is called decellularization and the produced mate-

rial decellularized extracellular matrix (dECM). Getting rid of cells alone is not enough, 

but also every foreign substance, that might cause host rejection, must be removed.  

3.4.1 Where can decellularized tissue be acquired from? 

 

To produce dECM, donor tissue is required. At the moment, there are two different 

groups of donors to choose from: other humans (same species/allograph-derived) or 

animals (xerograph-derived) (Capulli et al. 2016; Kluin et al. 2017). Decellularization can 

be done to either the whole organ or to a piece of it.  

In cardiac tissue engineering, acquiring tissue is more complicated than one might first 

assume. The main problem is the cardiac tissue’s weak regeneration ability. This means 

that it is not viable to acquire heart tissue from healthy individual since it would only 

transfer the problem to another patient. However, it is possible to produce dECM from 

different tissue sources, but this would prevent from utilizing the shape that the heart (or 

piece of heart tissue) would naturally provide. In addition, ECM produced this way might 

differ from heart’s natural structure and composition, which would require additional mod-

ification to combat this.   

Because using cardiac tissue for decellularization is the most optimal choice, it is im-

portant to consider where heart tissue can be acquired from. Because of human heart 

donor shortage, human hearts are not viable choice. Instead, it could be possible to use 

animal-derived tissues. These collected as large amounts from animal husbandry. How-

ever, they do not produce as biocompatible decellularized extracellular matrixes as hu-

man derived ones. (Moroni & Mirabella 2014)  

3.4.2 Decellularized extracellular matrix’s merits and flaws 

 

Decellularized ECM has multiple problems to be solved. However, solving these would 

grant access to superior properties that this material has to offer. The first merit is that, 

in theory, fully decellularized tissue should maintain its 3D fibrous structure. In addition, 

organization of the proteins, that it consists of, will remain too. This makes it possible to 

produce perfectly shaped heart parts, which in return would reduce the need of design 

of scaffold itself, although this does not mean that scaffold did not need any modifica-

tions. (Capulli et al. 2016) It is also possible to decellularize whole heart, as has been 

done to porcine heart in Figure 7.  
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Figure 7. Porcine heart before (A) and after (B) decellularization. (Momtahan et al. 
2015) 

As Capulli A.K et al. mentioned in their research study, it is challenging to meet patient’s 

specific needs with decellularized fibrous tissues. It is not enough that decellularized 

tissue resembles native tissue by structure and biochemical composition. (Capulli et al. 

2016) It must also have similar mechanical properties and these might variate multiple 

ways depending on where the original tissue was acquired from. Correct properties can 

be met via modifying extracellular matrix with other materials such as have been demon-

strated with materials examples from other materials groups. 

3.4.3 Decellularization reagents and their effects  

 

Decellularization process does not only include the removal of the cells, but also removal 

of everything that has potential to cause rejection reaction inside patient’s body, such as 

foreign DNA. Generally, decellularization consists of removal of cells and rinsing of cell 

remnants. For this, source tissue has to go through multiple steps where everything un-

wanted is removed. There exists both physical and chemical decellularization methods, 

but also enzymatic methods. Regardless of the method, is important to minimize 

changes in EMC, mainly in its (surface) structure and composition. This is difficult be-

cause every cell removal agent and method alter these. (Crapo et al. 2011) Decellulari-

zation process can vary greatly depending on the situation (tissue and application). 
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Chemical agents consist of acids, bases, detergents, alcohols, and hypotonic and hyper-

tonic solutions. Acetic acids are used to remove residual nuclei but can also damage the 

collagen in the ECM while decreasing its mechanical strength. Bases on the other hand 

are used to remove hair from the tissue in the early stages of decellularization. Bases 

also decrease ECM mechanical strength; however, their effect is greater. This is due to 

its ability to cut collagen fibrins and disturb their crosslinks. Hypertonic solutions are used 

to dissociate DNA from proteins whereas hypotonic solutions are used to destroy cells. 

Alcohols are also used to destroy cells and they do this via dehydration. However, they 

can precipitate proteins, which can cause damage to ECM ultrastructure. (Crapo et al. 

2011) 

Biologic agents consist of enzymes, such as trypsin, collagenase and lipase, and non-

enzymatic agents. They can be used to assist cell removal; however, removing cells 

completely with enzymes alone is difficult. They may also affect recellularization (seeding 

cells into the dECM) process negatively. Non-enzymatic chelating agents, such as eth-

ylene glycol tetraacetic acid, are often used with enzymes or detergents. Toxins also 

belong to the non-enzymatic group. Their usage is based on naturally occurring cytotoxic 

reactions that kill cells. (Crapo et al. 2011) 

Cells can be removed physically too, via temperature, force and pressure. Freezing is 

effective way to lyse cells even within the tissue. This might cause minor disruptions in 

the ECM ultrastructure because of the protein loss. Mechanical abrasion is effective only 

on the surface of the tissue and is usually used in combination with previously mentioned 

chemical and biological agents. Hydrostatic pressure on the other hand is effective for 

removing cells from corneal tissues and blood vessels. However, possible formation of 

ice crystals can cause damage in ECM ultrastructure. This can be prevented via temper-

ature manipulation but higher temperature can damage ECM too. (Crapo et al. 2011) 

3.5 Composites 

As it has been brought up multiple times by now, individual materials do not necessarily 

have enough good properties. For example, natural polymers have generally good bio-

compatibility but they lack the mechanical strength. These lacking properties can be im-

proved by combining the original material with another material in a macroscopic or mi-

croscopic size scale. These combinations are called composites and their properties ex-

ceeds materials, that have been discussed so far, in many ways. (Park & Lakes 2007, 

pp. 207-224) 
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Structure is an important factor when considering composites as many properties de-

pend on it. Generally, their structure involves two phases: reinforcing phase (or filler) and 

matrix phase that surrounds it. It is important that every material used is insoluble with 

each other’s for this to work. (dos Santos et al. 2017, p. 51) If taken a deeper look, it can 

be noticed that the properties depend on the heterogeneities (fillers or inclusions) and 

especially their shape, size, volume fraction and interface among the constituents. Shape 

of the inclusions can take form of particles, fibers or platelets, as is shown in Figure 8. 

These inclusions are not necessarily embedded materials but they can also be voids that 

are filled with air or liquid. These composite types are referred as cellular solids, or more 

commonly foams. It should be mentioned that cells which are talked in this context should 

not be confused with biological cells. (Park & Lakes 2007, pp. 207-224; dos Santos et 

al. 2017, p. 51)  

 

Figure 8. Different fillers in composites (Kim 2012) 

Filler orientation is also an important factor because it affects materials isotropy (dos 

Santos et al. 2017, p. 55). For example, if composite has laminates as fillers that are 

oriented, properties are anisotropic, meaning that they depend on the direction. On the 

other hand, if the fillers are randomly oriented particles, the composite’s properties are 

isotropic and therefore independed of the direction. The application defines which isot-

ropy is preferred, however, heart itself is anisotropic. (Park & Lakes 2007, pp. 207-224; 

Pok et al. 2014) 
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Composites chemical and biological properties generally depend on the materials that 

are used. These have been discussed in previous sub-chapters so they are already fa-

miliar. However, in composites, two or more materials are used together, meaning that 

they are chemically more complex. This is the reason why biocompatibility must be 

properly tested with composites especially if they are biodegradable. It is not enough that 

materials themselves in the composite are biocompatible but degradation products must 

be biocompatible both together and separately.  

Multiple composite materials are already utilized in cardiac tissue engineering applica-

tions. One of these materials is polycaprolactone-carbon nanotube (PCL-CNT). PCL be-

longs to the biodegradable synthetic polymers and it is used for pharmaceutical and tis-

sue engineering applications, but also for controlled drug delivery. The reason behind 

this is that in addition to biodegradability, it has good biocompatibility, mechanical and 

structural stability. It also degrades via enzymatic degradation which can be interacted 

via changing scaffold structure and enzyme concentrations. However, it lacks bioactivity 

and has high hydrophobicity. This has been known to affect cell affinity and small tissue 

regeneration rates negatively. Ho C.M.B. et al. (2017) tested if this could be improved 

with carbon nanotubes (CNT). The results showed that cell affinity increased. In addition, 

electrical conductivity and mechanical properties (hardness, elastic modulus et cetera) 

were improved.  

Another potential composite for cardiac tissue engineering is chitosan/carbon scaffolds. 

Chitosan was already discussed about in “Natural polymers”-section. As it has been al-

ready brought up, chitosan is not compatible to be used alone in cardiac tissue engineer-

ing because it lacks mechanical properties and electrical conductivity. Just as with PCL, 

nanotubes have been used in attempts to improve these properties. Martins A.M. et al. 

(2014) investigated this possibility in their research. The results showed that after adding 

nanotubes to the chitosan matrix, the compound gained mechanical properties that were 

similar to cardiac muscle. Material also supported cell cultivation of cardiac cells and 

electrical conductivity was improved. However, material requires further testing before it 

can be used in treatments. Pok S. et al. (2014) executed similar research with chitosan 

and single-walled carbon nanotubes (SWCNTs) and results were similar.  
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4. SCAFFOLD FABRICATION METHODS 

Choosing the right manufacturing method for right material is crucial step in scaffold 

building. The reason behind this is that fabrication method affects not only scaffold’s 

shape, but also its porosity and vascularization and therefore also has impact to cells’ 

interaction with other cells and scaffold itself. Every manufacturing method has their ad-

vantages and disadvantages when using with a specific material. In this sub-chapter two 

main scaffold manufacturing processes, electrospinning and bioprinting, will be intro-

duced. 

4.1 Electrospinning 

Electrospinning utilizes electrostatic force in the scaffold fabrication process. It is possi-

ble to produce scaffolds with specific structures; however, it is hard to produce complex 

shapes. 

4.1.1 Basics of electrospinning 

 

Electrospinning is a manufacturing method that is currently used to fabricate ECM-mim-

icking fibrous scaffolds. Method is widely used because these types of scaffolds can be 

manufactured even on a nanoscale level. This in turn allows precise formation of inter-

connective pores which is similar to natural ECM. (Mukhopadhyay 2017, p.237; Jun et 

al. 2018) Unfortunately it is difficult to produce specific shaped scaffold with electrospin-

ning which limits their applications. Electrospinning system is shown in Figure 9 and it 

is used to visualize the process as the basics are introduced. As can be seen from the 

figure, the system involves five major parts: a high-voltage power supply, a syringe, a 

metallic needle, the solution (usually polymer) and a collector. (Unnithan et al. 2015,) 
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Figure 9. Simplified schematic of electrospinning system. (Unnithan et al. 2015, p. 
47) 

As the name implies, electrospinning uses electrostatic forces in the manufacturing pro-

cess. This is provided by a power supply that is used to produce a strong electric field to 

the nozzle which works as the first electrode. The electric field in return causes the solu-

tion to be charged, which causes repulsive forces to be form. When these forces exceed 

solution’s surface tension, a droplet of the solvent accelerates out from the spinneret. It 

takes form of a cone that is also known as the Taylor cone. At the same time the solvent 

starts to evaporate and solution jet starts to stretch. After flying for a short time, it starts 

to lose its stability and starts to whip with a high frequency. This causes it to undergo 

further bending and stretching. It will ultimately fly to the collector that acts as grounded 

counter electrode. As the solution jet flies though air, it dries and forms a nonwoven mesh 

on the surface of the collector. (Unnithan et al. 2015, p. 47) 

As electrospinning is based on the electrostatic forces, the used material, or at least its 

solution, must be electrically conductive. In addition, it has to be either in melted form or 

solution.  (Unnithan et al. 2015, pp. 45-48) Polymers are well suited for solution for-

mation, however, this method is not compatible with hydrogels since they will dry in the 

process. Fortunately, polymer scaffold can be made into hydrogel after process by dip-

ping it in the water.   However, if the polymer (or other solute) itself does not conduct 

electricity well, it is enough that solvent does. If neither of them can conduct electricity, it 

can be improved via adding salt (Zong et al. 2002). This should not be necessary for 

materials that are used in cardiac tissue engineering because they are required to con-

duct electricity in any case. However, it can be used to change the charge density of the 

solution. 
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4.1.2 Parameters of electrospinning and their effects 

 

Even though electrospinning is relatively simple process, there exists multiple parame-

ters that affect the forming fiber morphology. They can be both solution or system based 

which is why they must both be considered to produce desired smooth fibers. It is also 

possible that one parameter to affects other parameters, which makes controlling them 

difficult. (Unnithan et al. 2015) 

Concentration and viscosity of the solution are related to each other’s as first one controls 

the latter. As the concentration of the polymer decreases, solution’s flowability increases, 

which may cause electrospray to occur instead of electrospinning (Zong et al. 2002). 

This is because the fibers will not stay intact but instead polymeric micro particles are 

formed. As the concentration increases the formation of fibers becomes easier. However, 

if increased too much, larger helix-shaped micro ribbons are formed. Effects of concen-

tration can be adjusted via changing, flow rate, electric field strength, distance between 

collector and tip, tips design, collector composition, and geometry. Also, temperature, air 

humidity and air velocity can have an effect on fiber morphology. (Unnithan et al. 2015) 

Molecular weight also affects the morphologies of electrospun fiber. If the concentration 

of the polymer is kept constant and molecular weight is lowered, beads are formed in-

stead of smooth fibers. High molecular weight on the other hand causes microfibers to 

be form. This is because higher molecular weight is directly related to polymers length 

and the longer is polymer’s average length the more intermolecular interactions are 

formed. These can be provided by oligomers too in which case molecular weight is not 

as relevant. (Unnithan et al. 2015) 

Surface tension of the solution and applied voltage are tied together. As the surface 

tension gets lower, while keeping concentration the same, smooth fibers are formed in-

stead of beads. In addition, as the surface tension becomes stronger, higher voltage is 

required to form stronger electrical field to jet solution out from the Taylor cone. This in 

turn has been proven to not only cause beads to be formed, but also causes fiber diam-

eter to grow. (Unnithan et al. 2015) 

Electrical conductivity depends on the polymer, solvent and possible salt that is present. 

As was mentioned previously, solution is required to conduct electricity for this manufac-

turing method to work in the first place. However, if polymer is polyelectrolytic, its ions 

can increase polymer jet’s ability to carry charge. This in turn can cause poor fiber for-

mation. Ionic salts on the other hand have a possibility to produce nanofibers that have 

small diameters. This must be taken into consideration when spinning natural polymers 
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because they are generally polyelectrolytic by nature. This feature is based on their elec-

trolyte groups that will produce ions to the solution when polymer is dissolved. (Unnithan 

et al. 2015) 

Flow rate of the solution was already mentioned before and it is important parameter that 

affects fiber formation. As it gets lower, polymer solution has more time for polarization 

to happen more completely. This will cause thin smooth fibers to be form. Higher flow 

rate has opposite effect and large diameter bead fibers are formed. When the fiber jets 

out from the cone it starts to dry while flying. This is why the fly distance, or the tip to 

collector distance, must also be selected carefully. (Unnithan et al. 2015) 

4.2 Bioprinting 

3D bioprinting belongs to the newer scaffold manufacturing methods that are in use to-

day. This method has proven to be useful with multiple materials such as alginate hydro-

gels, collagen, gelatin and even decellularized EMC. Concept of adding dimension of 

time to 3D bioprinting has started the development of four-dimensional (4D) bioprinting, 

which can lead to the era of completely new types of scaffolds. (Ong et al. 2018) 

4.2.1 3D Bioprinting methods  

 

3D printing, as it implies, can be used to print physical 3D objects that has specific di-

mensions. After being developed, this method was found useful in producing patient-

specific 3D scaffolds or molds that could be used in transplantation. At the moment it is 

possible to print scaffolds that has already been seeded with cells, however, this de-

pends highly on the printing method. If seeding cells is not possible before printing, they 

can also be seeded after. 3D bioprinting methods include inkjet, microextrusion and la-

ser-assisted bioprinting, multiphoton excitation (MPE) based fabrication, and spheroid-

based bioprinting. (Ong et al. 2018) Different 3D bioprinting methods are illustrated in 

Figure 10. Despite the method, the scaffold is constructed layer-by-layer which is similar 

to normal 3D printing.  
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Figure 10. Different 3D bioprinting methods. (Ong et al. 2018, p. 2) 

Inkjet bioprinting can be executed via multiple methods from which thermal and piezoe-

lectric bioprinting are the most common ones (Xu et al. 2006; Xu et al. 2008; Mukho-

padhyay 2017). Thermal bioprinting utilizes heat to produce a vapour bubble in bio-

material that already contains seeded cells. The bubble is then deposited via a nozzle. 

Piezoelectric bioprinting on the other hand operates via different voltages that are applied 

to the piezoelectric crystal withing the bioprinter. This produces pressure that causes the 

matter to be ejected from the nozzle. (Ong et al. 2018) 

Microextrusion bioprinting appears to be similar to the inkjet bioprinting, however, it uti-

lizes mechanical force to cause biomaterial to be ejected from the nozzle. Mechanical 

force is often generated via a piston, a screw or pneumatic systems (gas or pressured 

air) (Ong et al. 2018; Qasim et al. 2019). This method is considered to be primitive be-

cause of its low resolution compared to the previous ones; however, it produces high 

density biomaterials with high viability. (Ong et al. 2018) 

Laser-assisted bioprinting is high resolution scaffold fabrication method. It utilizes a laser 

beam that transfers energy to the cell-containing biomaterial ribbon, which causes it to 

be deposited onto the receiving substrate (Mukhopadhyay 2017, p. 267; Ong et al. 2018, 

p. 2). Another high-resolution bioprinting methods is MPE which uses photo energy to 

cross-link polymers and proteins. (Ong et al. 2018)  

Previously mentioned methods utilize the usage of single cells that are trapped inside 

the biomaterial. Spheroid-based organ bioprinting, however, utilizes three-dimensional 
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clusters of cells in bulk. These clusters further attach to each other because of the sur-

face tension. Formed material demonstrates similar physiological properties to the native 

tissue from which cells were collected. (Ong et al. 2018) 

A thought about adding the dimension of time to 3D bioprinting has begun the develop-

ment of 4D bioprinting. Scaffold produced via this method have ability to change their 

shape when it is exposed to external stimuli such as cell fusion. 4D bioprinting would 

also promote dynamic, structural and cellular changes of a tissue over time that would 

make cultured tissues to resemble those found in the nature.  (Ong et al. 2018) Smart 

hydrogels are one potential material group that could be utilized for this type of bioprint-

ing.  

4.2.2 Challenges with bioprinting 

 

Even though 3D bioprinting is applicable to multiple different materials and is able to 

produce scaffold with high resolution, this method has its challenges. One of the major 

problems arises from the fact that cells can be seeded into the material before printing 

it. At first, this might seem advantageous, this also means that cells go through the bi-

oprinting process.  As bioprinting can utilize laser beam or mechanical force, cells are 

unavoidably exposed not only to thermal or vibration energy, but also shearing forces. 

(Ong et al. 2018) These can be deadly to them and also cause differentiations in their 

functioning which may lead into formation unnatural tissues. The amount of damage re-

ceived is depended on the exposure time which is why it should be minimized while still 

maintaining the effectiveness of 3D bioprinting. In 4D bioprinting on the other hand, cells 

get exposed to stimuli that enable it to change in time, however, these stimuli can also 

be damaging to cells (Ong et al. 2018).  

According to Ong et all. (2018) it is also difficult to bioprint scaffold that has similar archi-

tecture to that of the adult myocardium. This is because of their high complexity (Qasim 

et al. 2019, p. 1312). As a solution for this, decellularization products has been proposed 

to be solution to this problem since they already possess foundation for correct architec-

ture. (Ong et al. 2018)  
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5. CONCLUSIONS 

Cardiovascular diseases belong globally to the most common and deadliest diseases. 

These can lead to the situations where heart gets damaged so much that it is unable to 

regenerate lost cells and therefore heart replacement is required. Because of the lack of 

donors, however, alternative treatment methods have been developed. One of them is 

direct cell injection to the damaged site. However, most of these cells because they are 

not supported by extracellular matrix. The solution for this is to manufacture a 3D-scaf-

fold, where cells can be seeded into before the operation. This would allow to grow heart 

tissue, or even whole heart, in a laboratory. It however, requires correct scaffold material 

and manufacturing method to be possible. In cardiac tissue engineering, scaffold mate-

rial is required to have proper mechanical strength and also ability to conduct electricity. 

In addition, it should be biodegradable and biocompatible with the patient and cells that 

are used. 

Every material group has its merits and flaws. Synthetic polymers can be tailored to have 

a large variety of properties; however, their biocompatibility is not generally as good as 

with natural polymers. Even thought, both types are widely used in cardiac tissue engi-

neering, they are usually combined with other materials to improve their flaws. For ex-

ample, chitosan lacks ability to conduct electricity and is combined with PEDOT:PSS to 

improve this. Combining materials can produce solution to many problems in cardiac 

tissue engineering and is definitely worth researching. Especially, collagen shows prom-

ising results in multiple fields of tissue engineering. The reason behind this is that it is 

already widely. It is also a major component of the ECM, which makes it suitable for 

scaffold fabrication.  

It seems also be the case that polymers are preferred to be used in hydrogels because 

they mimic tissue better than the polymers they are made of. Hydrogels also inherit their 

properties from polymers they are made of. Forming hydrogels is not possible with any 

polymer since they are required to be hydrophilic to store water inside their pore. 

Carbon-based materials, especially graphene, belong to the more rarely used scaffold 

material in cardiac tissue engineering. Regardless, they have multiple valuable proper-

ties such as great mechanical strength and ability to conduct electricity well. In addition, 

they would allow nano-scale scaffold building, which could be useful especially for vas-
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cularization stage. However, there has been concerns about their biodegradation kinet-

ics and also a few signs of possible cytotoxicity have been observed. These materials 

clearly require more research to be used in their full potential.  

Decellularize extracellular matrix is a natural product that has been made from living 

tissue by removing its cells. Because of this, it mimics cells environment extremely well. 

The main problem with this material is that decellularized tissue must be acquired from 

somewhere. The origin can be another human, patient himself or even animal. Using 

animals as source has obviously ethical problems, but also biological concerns because 

any foreign material inside body usually cause rejection reaction. This is also the case 

with the human tissue but the risk is increased with animals. Regardless decellularized 

EMC shows great promise in the field of cardiovascular tissue engineering as a scaffold 

material. 

What seems to be common with each material group, is that they are combined with 

other materials due to the fact that there does not exist perfect biomaterial for any specific 

application. This has led to the discovery of multiple new materials and especially com-

posites. They have far superior properties compared to the single materials from which 

they are made. However, because multiple materials are used, more precautions must 

be taken. This is the case especially with degradation products as they must all be bio-

compatible both together and separately. Choosing the right matrix-filler combination 

would also enable the production of isotropic and anisotropic scaffolds that could resem-

ble heart tissue better. Heart itself is anisotropic. 

Different fabrication methods can produce different types of scaffolds.  3D bioprinting 

can be utilized to most materials and it is even possible to print cells containing matter. 

This however, requires more caution than when cells are not included. Including cells, 

however, is not possible with electrospinning. Electrospinning is far more simple method 

than 3D bioprinting, however, it is difficult to produce specific shaped scaffolds. In addi-

tion, it works for only solutions that conduct electricity, such as polymer solutions. These 

limit this fabrication method’s capabilities for different applications. However, it could be 

electrospinned fibrous mesh in 3D bioprinting.  Also, there has been research studies 

and theories about 4D bioprinting that would take a dimension of time into consideration. 

These types of scaffolds would give a chance to produce more realistic tissues.  
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