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Abstract 

Zanjanizadeh Ezazi N., 2021. Development and Characterization of Conductive 

Drug-loaded Scaffolds for Tissue Engineering Applications 

 

Biomaterials science denotes a multidisciplinary science combining materials engineering, biomedical 

engineering, and biology, focusing on the materials and their interaction in the biological environments 

Tissue engineering is defined as an engineering system field using biomaterials to regenerate, restore 

tissue, or improve its function. This thesis focuses on fabricating scaffolds and patches for bone and 

heart regeneration using a conductive polypyrrole (PPy) polymer. PPy is widely used in different tissue 

engineering applications due to its biocompatibility, high electrical properties and conductivity, ease to 

synthesize, and environmental stability, such as in water and air. First, the role of this polymer in 

attracting protein and osteoblast cells was investigated. The bone scaffold�s mechanical properties using 

PPy were analyzed. The results showed no difference between conductive and non-conductive bone 

scaffolds, presenting almost the same young modulus between the two systems. In addition, more 

proteins were adsorbed on the surface of the conductive polymers. The same results were obtained in 

conductive cardiac patches, which showed higher blood coverage on the conductive 2-dimensional (2D) 

patch using PPy compared to the non-conductive one. In addition, cellulose was used to 3-dimensional 

(3D) print and fabricate a porous conductive cardiac patch. The in vitro investigations showed that cell 

attachment and proliferation on the conductive bone scaffold and cardiac patches were higher. 

Biomineralization was induced in simulated body fluid (SBF) on the bone scaffold�s conductive surface. 

PPy was also combined with bacterial cellulose (BC) to make conductive hydrogel for the treatment of 

myocardial infarction. The positive chains of PPy improved the loading of negative charged drug-loaded 

nanoparticles (NPs). All four systems were successfully developed, fabricated, and loaded with different 

drugs with different methods to make multifunctional bioengineered systems for drug delivery 

applications. The results showed that PPy controlled the release of the vancomycin (VCM), an antibiotic, 

and the GATA4-targeted compound 3i-1000, inside the pores of 3D bone scaffold and 3D printed 

cardiac patch, respectively, which is suitable for long-term therapy. Furthermore, bone scaffold, 2D 

cardiac patch, and conductive BC were combined with microparticles of silica, NPs of porous silicon, 

and Spermine-acetylated dextran, respectively, presenting the high potential of in situ drug delivery 

system enabling and dual delivery of drugs. Overall, this thesis demonstrated that PPy-based 

biocomposites are successfully developed, showing high biocompatibility and high functionality within 

hard scaffolds and soft patches, and thus, they are very promising platforms for future bone and heart 

tissue regeneration applications in vivo studies.   
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�It is not our job to identify the secret of the red rose � 

Maybe our job is to dive into the magic of the red rose 

And camp behind the wisdom 

Wash our hand in the glory of a green leaf and go our way 

We shall be born in the mornings when the sun rises 

Shall let the excitement fly 

Shall sprinkle moisture on understanding, space, color, voice, 

window and flower 

Letting the sky sit between the pronunciation of being 

Letting our lungs fill up and empty from eternity 

Letting the load of knowledge down from the shoulders of the blue jay 

Taking the name back from the fog, evergreen, mosquito and summer 

Let us rise up to the height of kindness on the wet legs of rain 

To open the doors for human, light, insect and tree 

Maybe this is our job, to be after the song of the truth between the 

century and the morning glory� 

 

Sohrab Sepehri  

     Translated by : Mahnaz Badihian 
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1 Introduction 

Two common age-related diseases are osteoporosis and cardiovascular disease (CVD), sharing the same 

risk and genetic factors and pathophysiological mechanisms [1]. Osteoporosis is a bone disease affecting 

millions of people worldwide, especially older people, that causes bone tissue loss, reduces bone 

regeneration, and making the tissue fragile [2]. Myocardial infarction is a leading cause of death 

worldwide, driven mainly by atherosclerotic plaques that cause a decrease in coronary blood flow and 

oxygen supply, resulting in cardiac ischemia [3]. As both diseases� mortality rates are high, researchers 

have tried to advance the approaches to facilitate the best outcome in therapies for these diseases. In 

both cases, it is attempted to improve the functions and regenerate the damaged tissue.  

Biomaterials and tissue engineering, as multidisciplinary fields, are applied to accelerate body 

tissue regeneration using different biocompatible engineered materials and fabrication methods. 

Designing a smart biomaterial system combines materials engineering, nanotechnology, and drug 

delivery to advance the previous strategies, such as traditional therapies and medicines for faster tissue 

regeneration and healing. This can be achieved by coupling different materials to make a composite and 

innovative payload to deliver the specific drugs to a particular tissue. Natural and synthetic polymers, 

ceramics, and conductive polymers are widely used in biomaterial research to fabricate a standard 

scaffold suitable for bone and cardiac tissue engineering. Also, drug carriers may be designed as a 

scaffold bulk, porous structure, or nanoparticles (NPs) for drug delivery application and facilitating 

tissue regeneration.   

This thesis presents the design and engineering of drug-loaded bone scaffolds and cardiac patches 

to accelerate bone tissue regeneration and treatment of myocardial infarction. Polypyrrole (PPy) was the 

primary studied material as a conductive polymer in all four studies. Gelatin, collagen, and 2,2,6,6-

tetramethyl piperidine-1-yl)oxyl (TEMPO)-oxidized cellulose nanofibrils (TOCNF) were used as 

natural polymers due to their suitable properties, such as higher cell attachment, swelling, and stability 

of the structure. Poly(glycerol sebacate) (PGS) was used in two cardiac patches as an elastic 

biocompatible polymer. For bone scaffold, porous silica particles and hydroxyapatite (HAp) NPs were 

used to induce and accelerate the mineralization and creation of calcium phosphate (CaP).                                               

Two different processing methods of solvent casting and 3D printing were used to make drug-

loaded smart systems, and the drug delivery mechanism was studied for each of them, either bulk or 

porous. The role of PPy in cell attachment and proliferation, protein adsorption, biomineralization, drug 

delivery, and mechanical properties was also investigated. As one of the vital properties in cardiac tissue 

engineering, conductivity is investigated for the 2D cast, and 3D printed composite patches using PPy. 

This thesis also provides supplementary studies on the fabrication of conductive bacterial 

cellulose (BC) as an antioxidant carrier and delivery of drug-loaded NPs for in situ drug delivery. This 

work produced a composite BC/gelatin/PPy to tailor stability and mechanical strength and improve 

delivery potential. In addition, drug-loaded Spermine-acetylated dextran NPs coated with tannic acid 
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are loaded inside the composite matrix along with pirfenidone for dual delivery and therapy. Drug 

release from matrix and NPs in infarcted myocardium pH is monitored, and the NPs incorporated system 

morphology is studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Literature overview 

 

3 
 

2 Literature overview  

2.1 Biomaterials 

Biomaterials is a multidisciplinary research field combining materials engineering, biomedical 

engineering, biology, and pharmaceutics [4-6], which focuses on designing, processing, and analyzing 

the materials utilized in the vicinity of the biological environment to aid the regeneration of the host 

tissue. Biomaterials is a revolutionary field that also uses nanotechnology to fabricate complex structures 

to heal tissue or the body�s organ [7]. To produce a bioengineered product, three steps should be 

considered: designing the system, processing the raw materials, and analyzing the fabricated assembly 

(Figure 1). 

In the designing stage, the type of materials, their size, shape, specific properties must match with 

the host tissue, engineering the bulk and the surface of the biomaterials in contact with the biological 

environment, and also the duration of therapy should be taken into account. It is vital to study whether 

the biomaterials should remain in the tissue or disappear after a while based on the application of the 

biomaterials [8]. At this stage, the type of drug delivered to the damaged tissue, their properties, and the 

delivery time should also be considered. The loading technique and the drug carrier are chosen based 

on the points mentioned above for the optimal delivery of the active agent to the damaged tissue. 

In the processing stage of a biosystem, the most suitable fabrication method is chosen to reach 

the final product�s acceptable shape and size during the shortest time while protecting the initial 

materials and other components inside the system (such as a drug) until the end of the processing stage. 

There exist, for example, solvent casting, electrospinning techniques, or additive manufacturing 

methods used for the fabrication of different biomaterials. The drug loading mechanism for further 

delivery is done in the middle or after the fabrication based on the delivery method and drug type. Drug 

carriers are mostly biodegradable bulks or NPs of different pore sizes ,and porous structure [9, 10].   

In the last stage of the fabrication process of a bioengineered system, the engineered biomaterials 

are tested in vitro and in vivo [11, 12] to analyze the system�s applicability and functionality in a 

physiological environment encountering the chosen cells or tissues. Besides, the system�s 

physicochemical and mechanical properties are studied to investigate the system�s compatibility with 

the destination site in acellular approaches. For fabricating a bioengineered composite system, protein 

adsorption tests and exploring the cell attachment on the fabricated system are vital in analyzing a 

system�s surface behavior. Biocompatibility [5] and cell proliferation are two other in vitro tests showing 

the cell viability and performance on the surface of the fabricated system. The drug release profile is 

used to evaluate the drug-loaded structures and monitor the active agents reaching the proposed location, 

while performing its function. 

Materials can be based on different properties, sizes, and the atom order or disorder within 

different shapes, such as particles, fibers, films, 3D scaffolds, and hydrogels [4]. Like industrial 

materials, biomaterials comparably can be classified as biometals, bioceramics, bioglasses, biopolymers, 
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and biocomposites. Biometals and bioceramics are inorganic, while polymers are known as synthetic or 

natural organic materials. Biocomposites are systems combining two or more of the materials to improve 

the properties in a specific application [4, 13]. Materials play a significant role in tissue engineering, 

and it is essential to study each type and its properties before biomedical applications.   

 

 

Figure 1. Biomaterials circle combining the engineering, biology, and pharmaceutical fields. 

Biomaterials development stages: designing, processing, and analyzing the engineered system. In the 

designing stage, it is essential to become familiar with the materials, drugs, and the required properties 

needed in the final products to make suitable shapes and morphology. The manufacturing method is 

chosen in the processing stage based on the raw materials, solvents, and the designed form of the system 

(fiber, bulk, or porous structure). In the last phase, the analyzing step, the fabricated biomaterial is tested 

in the cellular and acellular environments to study the drug-loaded system�s functionality. 

 

2.1.1 Biomaterials types and properties  

From the material�s point of view, biomaterials can be classified based on their mechanical and 

physicochemical properties [4]. Inorganic, nonmetallic materials, and ceramics are known for their high 

Young�s modulus and pressure strength. Such materials can be processed in various porous and bulk 

forms for mostly load-bearing applications, such as bone, joint replacement, and dental applications, in 

which rigidity and strength are required [12]. In contrast, polymers show more flexible and elastomeric 

behaviors, making them applicable in the regeneration and therapy of soft tissue [14], such as the heart 

and skin applications. The most important property in biomaterials is the biocompatibility with the 

lowest toxicity and releasing ions possible [4]. The biocompatibility is the requirement that the 
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biomaterial should have to be used in biomedical applications [15]. The method of manufacturing and 

sterilization, properties of the final system, and degradation products can affect the biocompatibility 

[15]. The natural materials that are made or extracted from nature show more frequent higher 

cell biomaterials interactions. For example, BC is produced as hydrophilic hydrogels by bacteria, which 

can be implanted on heart tissue for regeneration and repair purposes [16, 17]. Different assays can be 

used to analyze the biocompatibility of the materials in vitro to monitor the cells� behavior, the cell 

viability, and the tissue in which the implantation occurred. Conductivity is another important property 

in biomaterials, promoting cellular activity, signaling, and proliferation, especially in cardiac and neural 

tissue regeneration applications [6]. 

As biomaterials are primarily in contact with water and are implanted in wet conditions, the 

functionality in aqueous solutions is vital in designing the biomaterial system [5, 18, 19]. After 

implanting the biomaterials in the biological environment or body fluid, the first phenomenon taken 

place is protein adsorption, which later facilitates cell attachment on the material�s surface [20]. This 

protein adsorption can be based on the charges or physiochemical properties of the biomaterials� surface 

and the proteins� type. The biomaterials used for regenerative applications are designed to swell to direct 

the cells inside the structure or release drugs. Besides, the surfaces of biomaterials with high 

hydrophilicity with polar properties also help attracting the water molecules and proteins, which also 

induces the cells� attraction. Higher water absorption can facilitate the degradation of the materials, and 

they vanish after a specific time after the therapy is completed [4]. It is crucial to study how stable is the 

biomaterial system is, while expanding the macromolecular chain accrues, which is related to 

equilibrium the swelling with equal forces of water-polymer thermodynamic mixing to free energy and 

elastic crosslinked polymer contribution [4, 21]. 

The biodegradation is another crucial factor in studying the biomaterials implanted inside a 

biological environment, consisting of a highly controlled aqueous salt ionic solution at 37 °C, based on 

different mechanisms [5] (Figure 2). A biodegradable scaffold aims to attract the cells to attach to its 

surface, while the scaffold is gradually degraded and replaced by new forming tissue (Figure 3a). The 

materials are cleaved into the lower molecular weight of oligomers and monomers by bodily fluids, 

cellular activities, or enzymatic reactions [22]. This unique environment leads the material to degrade 

in the different mechanisms based on the chemical bonds (Figure 3b), which can be bulk or surface 

erosion degradation, depending on water diffusion degree inside the materials (Figure 3c) [4]. 

Bulk erosion mainly depends on water, molecules� penetration into the polymer, hydrophilic or 

hydrophobic behavior of the polymers, and initial molecular weight [22]. The morphology of the 

polymer (semicrystalline or amorphous-glassy and amorphous-rubbery) and geometry of the device can 

influence the bioerosion rate. Material processing may affect the bulk or porosity of the materials (which 

increases the reaction sites) and result in different degradation rates. Also, the in situ cyclic mechanical 

stresses over the biomaterials can accelerate the degradation of the materials [23]. The pH and 

temperature are other factors that affect the degradation rate of materials [24, 25]. Lower glass transition 
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temperature (Tg)  accelerates the degradation of the polymers, and acidic degraded products can catalyze 

the role in the degradation of polymers, such as the lactic acid. Water penetration in amorphous-rubbery 

state polymers is higher compared to the amorphous-glassy polymer. Hydrolytic degradation, the 

biomaterial and water reaction, can be accelerated by acids, bases, salts, or enzymes.  

 

 
Figure 2. Different chemical degradation mechanisms. (1) Cleavage of degradable crosslinks between 

water-soluble chains. (2) Chemical side chains chemical transformation to form charged and polar 

groups. (3) Cleavage of polymer backbone linkages. Reprinted with permission from ref. [4]. 

 

In the form of patches, where the surface area to the thickness ratio is high, the surface of materials 

eroding kinetics can be shown as L = L0 kt, where L is the polymer�s dimension, k is the rate constant, 

and t is the time, showing the polymer�s thickness� linear decrease [4]. In the case of drug-loaded 

scaffolds, the following relation applies, Mt/M  = 1 (1 K0 t/C0 a)n, where Mt and M  are 

cumulative drug release at a certain and infinite time, K0 is rate constant, C0 is an initial drug loading, a 

is half of the thickness of the samples or the radius, n is the shape factor (drug release rate-independent 

to time) of 1, 2, and 3 for slab cylinder, and spherical shape [4], respectively.  

 



Literature overview 

 

7 
 

 

Figure 3. (a) Left to right: the mechanism of replacing the biodegradable scaffold with new tissue � 

attracting and attaching the cells, cell penetration inside the porous system, degrading the scaffolds, and 

replacement by new tissue. (b) Schematics of hydrolysis speed of different chemical bonds and polymers. 

Anhydrides can be degraded within days to weeks, suitable for short-term drug delivery resulting in 

zero-order release. Polyesters are less hydrophilic than polyanhydrides, leading to surface erosion, 

making mostly esters acids and alcohols with drug release, depending on polymer surface erosion rate. 

(c) Surface erosion happens when water penetration rate inside the bulk is lower than the bond cleavage 

rate, while in bulk erosion, the molecular weight decreases. Adapted and modified from Ref. [4]. 

 

Degradation inside the biological environment can happen by corrosion of the protein adsorption process 

or by oxidizing agent secreting from cells such as macrophages. The catalysis can be affected by the 

hydrophilicity or hydrophobicity of the surface or bulk of the biomaterial. The cyclic stress may cause 

cracks (which can be sites for the calcification), and swelling increases the number of reaction sites, 

accelerating the disintegration and leading to the biomaterials� degradative agents [4, 22]. The pH 

changes occurring by acute inflammation can also accelerate the degradation. 

Degradation causes pH changes and creates species or products with different properties that can 

catalyze degradation or show toxicity [20]. Based on this fact, it is essential to study the cytotoxicity of 

the degradable biomaterials in vitro and in vivo. Enzymes like hydrolases are cell-derived proteins that 

catalyze functional groups� cleavage by substrate chain sequence recognition, which can be found 

chiefly on natural polymers. In contrast to natural polymers, synthetic polymers can be modified, 

engineered, and customized easier to control the degradation process over time. The degradation rate of 

materials can be tunable by adding other materials to make composites for different purposes, such as 
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drug delivery. As mentioned before, these materials can be either organic or inorganic, natural or 

synthetic.  

The materials and processing methods used in this thesis and the advantages and drawbacks of 

each are described in more detail in the next sections below.  

 

1. Gelatin 

Gelatin is a biodegradable extracellular matrix (ECM)-derived polymer, soluble in water, which can 

create hydrogels, and is widely used to fabricate biomaterial systems for its availability and low cost 

[26], especially its derivatives like gelatin methacryloyl (GelMA) in 3D printing techniques [27] to 

prepare bio-inks. To form a stable system with suitable mechanical properties, gelatin can be combined 

or crosslinked with other polymers or ceramics [28, 29]. The crosslinking can be done by either 

glutaraldehyde or acetone 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) solution [30]. The 

COOH group in gelatin can be bonded with amide groups of peptides and EDC/N-hydroxysuccinimide 

(NHS) crosslinkers [30]. These properties, make gelatin an important biomaterials in different 

applications, such as smart wound healing systems, food industry ,pharmaceutics as well as drug 

delivery and tissue engineering [31]. It can be used as coatings or even NPs [32] or facilitate polymers 

like PGS to be electrospun into random or aligned nanofibers, which can be used for cardiac tissue 

engineering [33]. Gelatin can also be combined with chitosan and nanobioglass for bone tissue 

engineering with the slurry casting fabrication method. This combination can make a porous structure 

with high biocompatibility, suitable for cells to proliferate and differentiate [34]. 

 

2. Collagen 

As a primary component of the ECM and widely distributed protein in the body [17], collagen is another 

natural polymer used in tissue engineering with a triple-helical structure, making a suitable environment 

for cells [35]. It can induce cell attachment and shows degradability, high biocompatibility, and low 

antigenicity, mimicking tissue environment for cells [36]. Collagen is mainly electrospun by 

electrospinning technique to make nanofibers for cardiac patches [36]. Collagen is not dissolved in water, 

and the processing, fabrication, and sterilization [37] of a system out of collagen is complicated. Besides, 

due to collagen�s low mechanical strength, it needs to be combined with other polymers. Hydrogels can 

also be made from collagen, combined with carbon nanotubes (CNT) to make conductive cardiac 

patches. Conductive collagen-based patches show improved performance in biomedical engineering [36, 

38]. Collagen is also coupled with nano-hydroxyapatite and phosphoserine to make a porous scaffold of 

cryogels for bone regeneration application, which induces calcium deposition and differentiation of 

human mesenchymal cells (MSC) in vivo [39].  
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3. Cellulose 

Cellulose, the most abundant biopolymer, can be derived from trees and plants, and it is biocompatible 

and renewable [40]. Cellulose�s rigid intra/intermolecular hydrogen bonds make it insoluble in solvents  

[32]. The large number of reactive hydroxyl groups on the cellulose surface simplify the immobilizations 

and modifications, making this biomaterial useful in tissue engineering [41]. However, it can be coupled 

with synthetic polymers like polyurethane to make electrospun fibrous and 3D porous structures, 

promoting cell proliferation for cardiac application [42]. Cellulose can be pre-treated by TEMPO-

mediated oxidation to make nanofibrous TEMPO-oxidized cellulose [43]. TEMPO cellulose can also 

be combined with ceramics like biphasic CaP within an injectable bone application system [44]. In 

addition, this cellulose is 3D printable with high biocompatibility in cardiomyoblasts� vicinity, showing 

the high potential in cardiac applications [45]. Also, it is shown that, the cellulose can be processed by 

electrohydrodynamic printing technique to make cellulose/calcium-deficient hydroxyapatite scaffold for 

bone tissue engineering with high alkaline phosphatase (ALP) activity and mineralization. These studies 

show the high functionality of this biomaterial for different applications [41].   

 

4. BC 

With the same molecular formulas as cellulose, BC is the crystalline nano-fibrillar structure [46], similar 

to ECM [47], with a large surface area made by bacteria, such as Komagataeibacter medellinensis 

Gluconacetobacter xylinus or Acetobacter xylinum [32], in bacterias culture medium. The BC structure 

can withhold a large amount of the medium in which it is immersed, and it can be made out of different 

shapes by an in situ moldability technique [32]. It is reported that it can accelerate the wound healing 

by reducing inflammatory response [47]. BC can be coupled with other polymers, such as collagen [48], 

alginate [16] and ceramics like polyvinylpyrrolidone, hydroxyapatite, and -tricalcium phosphate ( -

TCP), which can undergo hydrolytic degradation and shows biocompatibility in human osteosarcoma 

and cells [49]. Gelatin is another candidate that can be combined with BC using amine and hydroxyl 

groups [17] and expand the properties of the system. It can increase stability, improve tensile properties, 

and change the loading and drug release profiles [17]. Recently researchers worked on conductive BC 

systems in tissue engineering applications, such as heart and brain. As a result of the biocompatibility 

of two phases of conductive and non-conductive in the system, showing high biocompatibility and cell 

proliferation [46, 50].  

 

5. Silica and silicon 

Inorganic mesoporous silica microparticles and silicon NPs are produced by the bottom-up method to 

improve the drug solubility and control the release of the drugs [51] in drug and gene delivery 

applications [52]. These materials have high biocompatibility [53], drug loading capability, thermal 

stability, tunable morphology pore size, surface area [54, 55], and regeneration activity in vivo [56], 
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making them suitable materials for tissue engineering applications [57]. The drug loading is based on 

the solvent deposition method. The drug is dissolved in a solvent, following by adding the particles, 

letting the diffusion of the drugs into the pore structures of the particles [58]. The surface can be easily 

functionalized due to the silanol groups (Si OH), which induce bone formation. It can be combined 

with chemical groups [54] and other materials for novel bone scaffolds and delivery [59]. Silica can be 

used in hybrid microparticle systems like chitosan-silica microparticles suitable for drug delivery of 

vancomycin (VCM) [60]. Porous silicon (PSi) NPs are modified and functionalized to make other forms, 

such as thermally carbonized PSi (TCPSi), aminopropylsilane-modified TCPSi (APTES-TCPSi), and 

alkyne-terminated thermally hydrocarbonized PSi (Alkyne-THCPSi), [53] for drug delivery 

applications and improving the drug solubility.

 

6. HAp 

Another inorganic biomaterial used for hard tissue engineering and medical application is HAp, 

[Ca10(PO4)6(OH)2], one of the prominent bone and teeth anatomy components, which induces bone 

regeneration, osteoformation, and osteoconduction [61]. It is highly biocompatible, and its excellent 

mechanical properties make it a perfect choice for bone regeneration, highly cell attachment, and load-

bearing applications. HAp has high bioactivity, which results in the creation of CaP . It can be processed 

into NPs, porous, and bulk scaffolds [62]. In addition, HAp can be used as a coating material to induce 

mineralization, drug delivery application (conjugating the molecules over HAp NPs, or loading inside 

hollow NPs [63]), cements, and fillers [61]. When HAp is in a nano-form, the reabsorbance capability, 

bioactivity, sinterability, and density are improved due to the high surface energy [61]. Elevated surface 

area leads to more rigidity, better cell attachment, and lower cellular interaction and hypersensitivity 

[61]. Still, to overcome the drawbacks in mechanical properties, such as brittleness, fabrication of HAp-

polymer composites are preferable like HAp-collagen, HAp-chitosan, HAp-hyaluronic acid (HA), and 

HAp-gelatine [61]. Apatite can also be substituted with silicon to make silicate hydoxyapatite (SiHAp) 

and electrospun within Polycaprolactone (PCL) solution to make fibrous macroparticles for bone tissue 

regeneration with perfect cell scaffold interactions [64]. 

 

7. PGS 

PGS is a biodegradable polyester with elastomeric properties synthesized by polycondensation and 

Ultraviolet (UV)-crosslinking with high potential for biomedical application and tissue engineering 

(nerve and cardiac), and prolonged therapies. PGS undergoes surface erosion with linear mass loss 

versus time in vivo [65]. The degradation products can be absorbed in the body and finally removed by 

the metabolic process [66]. The mechanical properties of PGS are dependent on the pressure and 

temperature of the synthesis in polycondensation polymerization. For example, the Young�s modulus 

increases by increasing the temperature, which affects the PGS degradation [67]. PGS can be used along 



Literature overview 

 

11 
 

with other polymers to make biocomposites, such as gelatin [33] HAp [68], and Polyaniline (PANi) [69]. 

PGS grafted maleic anhydride (PGS-g-M) can be coupled with nano-HAp to produce a porous scaffold 

for bone regeneration and cell proliferation [68]. As a result of the hydroxyl groups on the surface, PGS 

shows hydrophilic properties, while  the  hydrophobicity of this polymer in an aqueous medium makes it 

suitable for hydrophobic anticancer drugs. [70] PGS can be processed in different ways, such as 

electrospinning [71] and solvent casting [72], and is one of the ideal materials for tissue engineering. 

 

8. PPy 
Conductive biomaterials with electrical activity are known as innovative materials, which are used to 

combine with other materials (ceramics or hyperbranched polymers [73]) to send electrical signals to 

biological systems for cell communication, which leads to proliferation, growth, and differentiation [74] 

such as PANi, CNTs and PPy[6].  

PPy is widely used in different tissue engineering applications due to biocompatibility, high 

electrical properties, conductivity, environmental stability like water and air[6], and ease of synthesis in 

large quantities [75, 76]. Due to the brittleness and difficult processing of PPy, it can be combined with 

other ceramics and polymers to make composites and even be synthesized in situ. The ease of use and 

in situ polymerization of PPy makes it useful for biomedical applications to promote the electoral pulse 

signal and cardiac function after infarction occurs. It is believed that the release of cation ions from the 

positive backbone can affect the cell and the cell attachment is higher in the oxidized state [77]. PPy is 

conjugated in the chitosan backbone within the hydrogel system, showing the improved electrical 

conduction in the injured heart muscle in vivo [78]. In another study, PPy/PLA nanofibrous scaffold is 

developed to improve the spinal cord�s nerve regeneration and functional recovery in rats [79]. In 

addition, The chitosan/PPy-alginate scaffold system is made for bone tissue engineering, demonstrating 

the broad application area of this conductive polymer [80].  

Simulataneiusly, using conductive polymers, especially CNT, raise many questions about toxicity. 

Moreover, electrical conductivity may be decreased in the system due to the high distance of NPs or 

heterogeneity [81]. Also, these polymers are not biodegradable, and the side groups in the structure 

should be changed to tailor the biodegradability properties [76].  

 

The materials used in this thesis are shown in Table 1 below: 
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Table1. Comparison of biomaterials and their forms used in this thesis. 

 

 Natural 

polymer 

Synthetic 

 polymer 

Ceramic Conductive 

polymer 

Gelatin powder    

Collagen Fibrous    

Cellulose Fibrous    

BC Fibrous Hydrogel    

Silica/Silicon   Microparticles/NPs  

HAp   NPs  

PGS  Synthesized by 

polycondensation 

technique. 

Processable in 

pre-polymer 

form 

  

PPy    Powder 

 

2.2 Biomaterials processing methods 

Biofabrication is one of the most critical steps in biomaterials and tissue engineering. The temperature, 

pressure, processing time, solvents, fabrication reservoirs, and molds can affect the final product and 

even cell biocompatibility. Solvent casting and 3D printings are the old and new methods used to 

fabricate biomaterials. Solvent casting is mainly used to make membranes and films, while 3D printing 

techniques can control the final scaffold�s structures, thickness, shape, and pattern.  

 

2.2.1 Solvent casting 

Solvent casting is easy to use, cheap, and fabricates different bulk and porous structures for bone and 

heart tissue engineering. In this method, the polymer or pre-polymer (as the primary polymer or the 

biocomposites matrix) is dissolved in a low boiling point solvent [82], followed by adding other 

polymers or ceramics. The batch is stirred to get the homogenous mixture before casting in the mold in 

which the solvent is evaporated and leaves the polymer or composite mixture behind with the desired 

shape [83]. The drying process can be done at room temperature, under vacuum, or by freeze-drying. 

The initial casted batch concentration can control the thickness of the final membrane. The homogeneity 

of the casted mixture and velocity of the drying are two crucial factors that affect the uniformity of the 

final system. By adding salt particles to the solution, nanoporous structures can be made for bone tissue 
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engineering. For example, nano-HAp-PGS-g-Mcomposite is fabricated by this technique to create 

porous structures [68]. Still, there are some limitations in the solvent casting method, such as possible 

deactivation of active agents in different solvents or lack of homogenous structure or loaded drug due 

to gravity [84]. 

 

2.2.2 3D printing 

3D printing, also known as an additive manufacturing method, is a novel technique for the fabrication 

of materials, , combining 3D designing and digital guidance with building a 3D object layer-by-layer by 

different technologies. At least one nozzle or needle is used for the printing materials into the printing 

bed. The nozzle, spray, or syringe containing the feeding material or the printing environment can be 

combined with chemicals, laser, electron beam, or UV-light to cure, fuse or sinter the powder or polymer 

materials while printing. Four different possible printing techniques are shown in Figure 4. Bioprinting 

is a technique involving using bioink (cell-laden, scaffold-free, or cell-free), which may include natural 

or synthetic hydrogels to facilitate printing living cells within liquid or gel state. They can be either 

inkjet-based, laser-assisted, or extrusion-based [85]. 

 

Figure 4. Different techniques of 3D printing. (1) Fused deposition technique with A and B as building 

and supporting materials and C print head. (2) Extrusion technique with A and B as the ink and building 

platform. (3) Inkjet method with A and B as powdered bed and binding liquid spraying nozzle. (4) 

Polyjet technique as A, B, and C as nozzle spraying photopolymer, UV, and supporting materials. 

Reprinted with permission from ref. [86]. 

 

 Extrusion based bioprinting 

In direct ink writing technique, the bioink is extruded by pneumatic pressure or mechanical force to 

make a final complex 3D architecture by creating a layer-by-layer method. Based on the type of bioink 

and the materials inside, the syringe carrying the materials and the printing bed can be heated before and 

after extrusion for facilitating the printing and improving the quality by affecting the viscosity. Bioinks 

need to be mechanically stable to hold the loaded agents or cells within the structure, biocompatible to 

keep cells safe and vital within application time, be able to mimic the bioenvironment for cells to 

proliferate and printable with easy formability and rapid sol to gel conversion to create different 

customized shapes [85]. In addition to the viscosity and rheological properties, surface tension and 

crosslinking mechanisms may affect ink printability [87]. Different ceramics or polymers (natural and 
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synthetic) and even cells inside the bioinks (the scaffolding support [88]) can be 3D printed by this 

method to make biomaterial or cell-seeded scaffolds for tissue engineering. After the 3D printing of the 

final shape, post-treatment can be done to sinter and cure the sample, for example, by UV-light [86]. 

These processing methods are widely used in industry and other bioengineered applications, such as 

tissue engineering. Si-HAp slurry has been 3D printed for bone tissue engineering, which later is 

functionalized with elastin-like polymer, inducing the differentiation of the mesenchymal stem cells to 

osteoblastic lineage [89]. Gelatin-based bioinks are usually used for extrusion bases bioprinting with 

sufficient viscosity [28, 90] suitable for cells. For example, this type of bioinks delivers nonparenchymal 

liver cells in the 3D liver fibrosis-on-a-chip [90]. Still, there is some complexity regarding the precision 

of the extrusion method in micron size, different bioinks and materials chemistry, and cell-specific 

bioinks [88]. 

As these examples show, tissue engineering is modelated by the different fabrication methods of 

biomaterials to make different structures ,such as scaffolds, patches, etc. The following sections focus 

on tissue engineering, the definition, challenges, and, more specifically, bone and heart tissue 

engineering applications.   

 

2.3 Tissue engineering 

2.3.1 Definitions and challenges 

Tissue engineering is defined as the field focusing on engineering systems, usually using biomaterials 

to regenerate and/or, restore a tissue, or improve its function [62]. This field aims to minimize invasive 

approaches and surgeries and facilitate the immediate functionality of tissues/organs by using 

biomaterials [83]. Yet, the tissue repair and regeneration mechanism are not entirely known for all 

materials, and there are some challenges in optimizing the parameters of the biomaterials to achieve the 

best outcome possible in tissue regeneration/repair. Another challenge is the complexity and 

unpredictable behavior of each biological element with different systems [91]. The ideal system should 

have the ability to stimulate the cell�s attachment, proliferation, and differentiation and match the 

mechanical properties of the engineered system with the native tissue.  

From a material�s point of view, metals were the only exciting biomaterials researchers were 

working on for several years, followed by the time when both metal and ceramics in different sizes come 

into the medical research and tissue engineering stage. Biopolymers have been used for smart engineered 

systems while mimicking the tissue. In the new era, novel biocomposites with multiple functions are 

introduced for various types of treatments [61, 63]. 

Tissue engineering can be divided into cell-free, scaffold-free, and hybrid cell-scaffold systems 

[88]. In novel systems, scaffold-less systems are designed to improve the cell engraftment on the 

regenerating tissues. Cell cell interactions and cell communication, secretion of growth factors, and 

prevention of arrhythmogenicity are enhanced with different types of developed cell sheets, such as 
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myoblasts, cardiomyoblasts, and adipose-derived stem cells sheets [36]. However, the lack of oxygen 

transmission in thick scaffold-less cell sheets makes them vulnerable, and cell apoptosis may occur.3131 

Bone and heart tissue engineering applications have been under investigation for years, and new 

technologies promote cell proliferation and tissue regeneration (Figure 5). Table 2 summarizes some 

cardiac and bone tissue engineering studies done in the literature, focusing on materials, processing 

methods, and bio-applications. 

 

 

 

Figure 5. Bone and heart tissue engineering applications. Schematic of the cardiac patch and bone 

scaffold. Cardiac patches are the preferable form of scaffolds in tissue engineering. In contrast, porous 

scaffolds are chosen for bone tissue engineering for porous structure and ease cell movement and 

mineralization. Complete skeleton anatomy made by Sevier Software. 

 

2.3.2 Bone tissue engineering and regeneration 

Dense connective bone tissue composed of nano- and micro-structures and organic and inorganic 

materials makes a robust mechanical structure. As a mineralized composite supportive framework of 

the body, bone can suffer from traumatic injury, tumor resection, or severe fractures [92]. As an 

alternative to autograft and allographs [61], tissue engineering and biomaterials can be used as 

alternatives to overcome diseases by mimicking the natural bone tissue with high compressive strength. 

Bone is classified as compact cortical and spongy cancellous bone [93]. As the spongy bone 

structure is porous, the 3D porous structure can be a good choice for the bone tissue application and cell 

growth in empty spaces, while for cortical bone, compact high strength biomaterials are designed. As a 

whole, the biomaterials can be in prostheses, scaffolds, or hydrogels forms, made by different techniques 
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such as 3D printing [61, 94]. The cell interaction with the biomaterials should be in a manner to help the 

osteoblast stay viable and proliferate and differentiate osteogenically, which is producing the calcium 

phosphates crystals and ALP enzyme. Another important aspect of bone tissue engineering is the 

mechanical properties. It should not be much weak to cause fatigue or failure and not be much stiff to 

cause stress shielding, making a long-term functional engineered system for bone tissue engineering 

[62]. Also, as most scaffolds need the proper porosity for cell attachments and nutrient movements, there 

should be a balance between porosity and mechanical strength [62, 95]. In addition, biodegradable bone 

systems are preferable to avoid second surgery to remove the scaffold or any supporting components 

from the operation site. Besides, functional biomaterial systems are composites combining, e.g., 

ceramics and polymers to mimic the bone tissue. For instance, alginate, gelatin, and bioactive glass can 

make covalently crosslinked porous hydrogel for bone application [96]. These systems are suitable 

choices in the interface of two different tissues, such as bone and cartilage or tendons.  

In addition, bone is known as an electroactive [97, 98] and piezoelectric tissue [99, 100]. The 

implantation of conductive scaffolds a designed engineered system [97], improves cell proliferation [99], 

differentiation, adhesion, and migration by strengthening electrical signals generated by endogenous 

electric fields [99, 100]. The combination of external electrical stimulation and conductive materials 

influences osteogenic differentiation, osteogenesis, and osteobonding by changing surface charge 

densities of conductive substrates [100]. In general, conductive systems are used for bone tissue 

engineering for inducing bone homeostasis and regeneration. Hydrogel/fiber scaffold was made by 

electrospinning of PCL/polyaniline (PANi) and incorporating the oxidized alginate and hyaluronic, 

gelatin, and graphene as hydrogel precursor [101]. In another system, poly(3,4-ethylenedioxythiophene) 

poly(4-styrene sulfonate) (PEDOT:PSS) combined with gelatin and bioactive glass showed human 

mesenchymal stem cells proliferation compared to control and less conductive samples [102].  

 

2.3.3 Heart tissue engineering and regeneration 

Cardiac tissue engineering is one of the complex applications in this field. In general, cardiac tissue 

engineering deals with high challenges, such as mimicking the myocardial tissue and cardiomyocytes 

(CMs) beating synchronization [103]. For this reason, there are many diverse techniques utilized to 

accomplish a successful system for tissue regeneration. Figure 6 [88] shows the different methods of 

heart tissue engineering. The biomaterials used in this application are primarily soft materials to mimic 

the mechanical properties of the native tissue [74]. Cardiac patches are the most frequently engineered 

systems used in cardiac tissue engineering. It can provide a thin matrix for drug delivery and/or cell 

therapy. It can help the treatment to be done in situ in the infarcted area of the myocardium. Without 

sutures, the cardiac patches are preferred to avoid further surgery or possible damage to the tissue or 

infection [104]. Hydrogels are used to prevent further damage to the myocardial tissue, inflammation, 

or oxidative stress [73]. The best system for the cardiac application is needed to be stable during 

contraction and relaxation cycles of the heart [105] with conductivity, which provides a matrix for 
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seeding the cells to promote differentiation. The biomaterial characteristics and properties like 

morphology and mechanical properties influence the behavior of the cardiomyocyte, which are used in 

cardiac tissue engineering.  

2D casting of cardiac patches is the most common manufacturing method in cardiac tissue 

engineering. It is cheap, fast, easy to use and flexible in making biomaterials in different shapes; 

however, casting cellular scaffolds is still a big challenge, due to the lack of biocompatible cell carrier, 

automatization, and demoulding techniques [88]. Additive manufacturing of extrusion 3D bioprinting 

with a controlled rate of bioink extrusion in a designed pattern is one of the novel fabrication methods 

for cardiac regeneration [88]. Printing technique helps reproducibility and custom design for each case 

of different patients. High precision in designing the cardiac tissue structure is helpful in tissue 

engineering and regenerative medicine [103]. Non-mulberry silk broin protein biomaterial ink, for 

example, is developed by 3D printing for cardiac tissue engineering, demonstrating the synchronous 

beating of CMs  while showing the ability to encapsulate the cells inside [103].  

 

 

Figure 6. Cardiac tissue engineering can be divided into cell-free, scaffold-free, and hybrid cell-scaffold 

approaches. Different methods are used in this field within each process, such as additive manufacturing 

and cast structures. Reprinted with permission from ref. [88].  
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The scaffolds and patches for tissue engineering without delivery systems are usually for mechanical 

support, in biomechanical point of view, and wall reinforcement [106]. The optimal system should 

transfer the stress from the infarcted tissue, match the Young�s modulus of the biomaterial with the 

tissue, and show biodegradability for cell infiltration, reducing fibrosis, increasing wall thickness, and 

decreasing ventricular volume [106].  

As a two-phase system, PANI/PGS conductive cardiac patch is produced by solvent casting, 

demonstrating a biocompatible system that induces the proliferation of C2C12 myoblasts cells [107]. In 

another conductive system, PPy-chitosan hydrogel (PPy�CHI) is developed to reduce the tissue 

resistivity and arrhythmia in the scar region in vivo [108]. Additionally, PPy/hydrogel is coupled within 

in situ polymerization and crosslinking to create adhesive paintable hydrogels that promote cardiac 

functions [73]. Some commercialized cardiac patches are GORE-TEX® and CorMatrix® ECM� 

Technology.  

 

Table 2. Cardiac and bone tissue engineering systems using ceramics, natural and synthetic polymers 

fabricated with different methods. 

Materials Processing Method 
Applica

tion 
System Ref. 

 
Collagen 

 
3D printing 

 
Cardiac 

Freeform 
reversible 

Embedding of 
suspended 
hydrogels 
(FRESH) 

[109] 

*PMNT-PEG-PMNT with PAAc Gelation Cardiac 
Polyion complex 

(PIC) micelle 
[110] 

Gelatin 
methacryloyl (GelMA) pre-

polymer 
Electrospinning Cardiac 

Chemically 
conjugated Bio-IL 

methacryloyl 
(GelMA) patch 

 

[81] 

Albumin( electrospun fibers )and 
gold nanorods (AuNRs) 

Electrospinning Cardiac 

Infrared radiation 
(IR) treated, cell-

seeded AuNR-
albumin 

electrospun bers 
patch 

[104] 

Silk-GelMA- polyethylene glycol 
dimethacrylate 

3D printing Cardiac 

Cell seeded silk-
based hydrogel 

patch- 
myocardial-on-a-

chip tissue 

[103] 

GelMAc- calcium peroxide(CPO) 3D printing Cardiac 
O2 releasing 

bioink GelMA 
constructs 

[111] 

GelMa+Alginate-CaCl2 3D printing Cardiac 

Crosslinked 
microfibrous 
scaffolds for 
fabricating 

[112] 
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endothelialized 
myocardium 

PCL, mPCL Melt electrowriting Cardiac 

Human-induced 
pluripotent stem 

cell-derived 
cardiomyocytes 

(iPSC-CMs) 
seeded hexagonal 
3D fiber scaffolds 

[113] 

Cardiac stem/Fibrin In vitro casting Cardiac 
Seeded into a 3D 

fibrin scaffold 
[114] 

Polyvinyl alcohol (PVA)-Fibrin gel 
for cells 

Casting Microneedles Cardiac 
Cardiac 

stem/stromal cells 
microneedle patch 

[115] 

Poly(butylene succinate�co�
dilinoleic 

succinate)- PGS 
Electrospinning Cardiac 

Electrospun fibers 
for soft tissue 
engineering 

[116] 

GelMA and polyethylene glycol 
diacrylate (PEGDA) 

Beam-scanning 
stereolithography 

Cardiac 

4D anisotropic 
cardiac patch with 
myocardial fiber 

orientation 

[117] 

Collagen  Cardiac 

Covalently 
immobilized 

Vascular 
endothelial 

growth factor 
(VEGF) to 

three-dimensional 
collagen scaffold 

[118] 

Graphene 
oxide/polyacrylamide (GO/PAAm) 

Casting Cardiac 

Graphene 
oxide/polyacryla

mide (GO/PAAm) 
composite 
hydrogels 

[74] 

ECM 
Atrial appendage micrograft 

Using  Cardiac 
Atrial appendage 
micrograft ECM 

patch 
[119] 

PPy-Gelatin 
hyperbranched poly(amino ester) 

HPAE 

In situ polymerization 
gelation 

Cardiac 
Conductive 
paintable 
hydrogel 

[73] 

Poly (hydroxymethylglycolide-co- -
caprolactone) (pHMGCL) 

Melt Electrospinning Cardiac 
Ultrafine fiber 

scaffolds 
[120] 

Poly(octamethylene maleate 
(anhydride) citrate) (POMAC) 

Soft-lithography and 
injection moulding 

Cardiac 
Shape-memory 

scaffolds 
[105] 

Silicon-Hydroxyapatite-Elastin 3D printing Bone 

Functionalized 
silicon doped 

hydroxyapatite 
(Si-HA) 

biomaterials 

[89] 

Alginate di-aldehyde (ADA) 
and gelatin- BG (45S5 BioglassR) 

Casting Bone 
Porous bone 

scaffold 
[121] 

Gelatin BG-Chitosan Casting Bone 
Porous bone 

scaffold 
[34] 

Collagen-Hap-phosphoserine  Bone 
Biocomposite 

cryogels 
[39] 

TEMP cellulose-biphasic CaP  Bone 
Injectable 
hydrogel 

[44] 

Polyvinylpyrrolidone, 
hydroxyapatite, and -TCP) 

Casting Bone Hydrogel scaffold [49] 
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PCL-SiHAp Electrospinning Bone 

Randomly aligned 
and well-aligned 

microfibers-
microparticle 

system 

[64] 

PGS-g-M Casting Bone 
Porous bone 

scaffold 
[68] 

SiHAp-Elastin 3D printing Bone 
Functionalized 
bone scaffold 

[89] 
*PMNT-PEG-PMNT with PAAc: 

poly[4-(2,2,6,6-tetramethylpiperidine-N-oxyl)aminomethylstyrene]-b-poly(ethyleneglycol)-b-poly[4-(2,2,6,6-tetramethylpiperidine-N-oxyl)aminomethylstyrene] with poly(acrylic acid) 

 
In order to design a suitable biomaterials system in tissue engineering applications, it is essential to 

study the causes, such as disease, from different angles affecting the patient and surgeons during a 

treatment. The following section is focused on bone and heart disorders mainly, osteoporosis and 

myocardial infarction. 

 

2.4 Osteoporosis and myocardial infarction  

2.4.1 Definition and current treatments  

 Osteoporosis 

Osteoporosis is a bone disease that includes tissue loss and defects, which increases the chance of 

fracture, known as the most frequent disease [122]. When osteoporosis occurs (Figure 7), bone mineral 

density decreases due to the imbalanced bone remodeling process, and high dissolving bone mass, with 

an increased risk of bone fracture and low healing speed [123]. Osteoporotic fractures, which mainly 

occur at elderly ages [75], and genetic osteoporosis [76] can raise concerns. During osteoporosis, the 

cell activity and proliferation are modified, and the amount of estrogen decreases, affecting the 

biomechanical and microarchitectural properties [122]. 

 

 

Figure 7. The comparison between healthy bone (right) and osteoporosis phenomena (left). Reprinted 

with permission from Shutterstock. 
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The current treatments include drug treatments like bisphosphonates, estrogen agonists/antagonists or 

teriparatide. In recent studies, consuming vitamin D and calcium can increase myocardial infarction and 

stroke, suggesting that osteoporosis and CVD�s may be related [124]. 

 

 Myocardial infarction (MI) 

 CVDs are the number one cause of mortality globally, causing 18 million deaths annually [125]. 

Myocardial infarction is caused by the cell death or apoptosis of the cardiac tissue causing left 

ventricular dilatation and remodeling, excessive deposition of ECM and cardiac fibrosis, stiffening the 

myocardial wall and reduced pumping ability, and systolic and/or diastolic dysfunction (Figure 8) [126]. 

The heart cannot repair the cellular damage due to insufficient endogenous healing response, leading to 

heart failure [126]. Current treatments include drugs therapy such as inhibitors of renin�angiotensin�

aldosterone system (RAAS) (Angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor 

blockers), mineralocorticoid receptor antagonists, -adrenoceptor blockers, angiotensin receptor-

neprilysin inhibitors (ARNIs) and diuretics, and novel approaches, such as NPs, extracellular vesicles 

[127], cell and gene delivery, and RNA therapeutics [128]. 

As a result of the complicated biology and suggested therapies of this area of research, new 

engineered options are required to overcome the deficiencies, such as the absence of suitable drug 

delivery systems (DDS) and payloads [126], lack of the donors for heart transplantation and limited 

retention of cells in cellular therapy [129]. In addition, there is no long-lasting solution for preventing 

the fibrotic changes in the damaged heart muscle [126].  
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Figure 8. Schematic demonstrating the fibrotic changes, cells, and mediators during heart infarction. 

The number of healthy CMs and cardiofibroblast decreases, and de novo deposited ECM increases to 

form fibrotic tissue. Reprinted with permission from ref. [126]. 

 

The heart is a dynamic and multicellular tissue that cannot be repaired after myocardial infarction [117]. 

It needs an intelligent engineered system to heal and repair the damaged tissue. Thus, tissue engineering 

and biomaterials can play a fundamental role in treating MI in order to provide a temporary structure 

that mechanically supports the cells. 

 

2.5 Drug-load implantable scaffolds for bone and heart applications 

As a pharmaceutical science field, drug delivery targets the optimum dosage of the drugs to the specific 

sites of the body for treatment with the best effectiveness and efficiency within DDS. As a result of the 

changing environmental factors, such as temperature, pH, and enzymes [130], drug activity and drug 

solubility in different environments may differ and affect the final treatment/drug release. Novel tissue 

engineering and biomaterials can be coupled with drug molecules to promote the proliferation or 

differentiation of the cells, accelerate tissue regeneration, or reduce post-surgical complications [131] 

while advancing the drug�s pharmacological therapeutic properties [130]. In the field of drug delivery, 

the therapeutic molecules can be loaded inside NPs, the bulk of biomaterials, or inside the pores of the 

porous structures to deliver the drug in situ for target-specific delivery, protecting the drugs from the 
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harsh bio-environments and improving the drug stability, solubility, and absorption (Figure 9) [132, 

133]. 

 

Figure 9. (a) Different drug-loaded smart systems known as DDS. NPs combined with other structures 

are used chiefly in injection or couples with the bulk surface. NPs can also be capsulated or 

functionalized to be delivered to the site. Bulk systems are based on degradation mechanism and depend 

on molecular weight, porous structures loaded with drugs inside their pores, 3D printed drug-loaded 

scaffolds that can be customized, and different dimensions of fibers loaded with other drugs. (b) 

Properties of the drug and the carrier in drug-loaded scaffolds: drug size, polarity, and charge, 

effectiveness, permeability and solubility conditions like pH, temperature and solvents dissolution rate 

and stability, drug drug interactions in dual delivery are the essential properties, while in designing an 

engineered payload, the pore size and volume of the biomaterials structure, and biodegradation rate and 

mechanical properties should be taken into account. 

 

Synthetic polymers are widely used in controlled drug release applications to regulate or customize the 

rate of release. They try to overcome the drawbacks of natural polymers, such as degradation and 

brittleness [130]. Hydrogels, crosslinked water-swollen structures, are used in biomedical applications, 

produced in various shapes as injectables or patch forms of biomaterials. Interconnections structure, 

high surface area, and highly functionalized surface make hydrogels a valuable drug vehicle [130]. 

However, hydrogels might suffer from weak mechanical properties, complex handling and sterilization, 

hard drug loading during fabrication, possible drug loss during handling because of large pore size(hard 

to obtain sustain release), and complex loading of hydrophobic drugs [130]. For these reasons, these 

biomaterials need to be reinforced with other materials for better productivity and properties.  

For cardiac applications, different types of patches (3D printed [134] or microneedle patches 

[135]) are mainly developed, which can also play the role of a payload of molecule drugs, growth factors, 
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and cells for in situ delivery. The aim is to keep the patch until the end of therapy and vanish after that, 

without showing any arrhythmogenicity and immune rejection. 

 

2.5.1 Drug release mechanism 

The drug release mechanisms in the different engineered systems can be based on diverse carriers and 

vehicles, such as porous scaffolds, hydrogels, NPs, or Bulk polymers. These systems can be used for the 

delivery of single or multiple drugs, simultaneously or in sequence.  

Drugs can be loaded inside the NPs or attached to their surface. NPs may be eliminated from the 

body or moved from the injection site; for this reason, they are mostly combined with scaffolds or 

hydrogels to improve the drug release [136]. Hydrogels can hold the drug inside their hydrophilic 

structure and release them by contractions and swellings. Usually, they are used in applications that the 

burst drug release is needed within minutes to hours. This drug release can be controlled by the 

crosslinking of the polymers and their molecular weight or degradation rate [136]. Pores in porous 

structures can also be loaded with drugs. The release mechanism mostly depends on the size of the pores 

and the interporeconnectivity of the 3D structure. In drug loading inside the biomaterials bulk, 

degradation or diffusion of the drug from the matrix is the controlling parameter of the releasing kinetics 

[136]. Biomaterials that can mimic the ECM can be used as carriers for the sustained drug delivery of 

the therapeutic agent, which acts as cells payload. 

NPs are mainly used for the treatment of myocardial infarction due to their ease in injection to 

the infarcted myocardium. Collagen or electrospun nanofibrous patches are used as stem cells carriers 

for cardiac repair [106]. Small drug molecules are categorized in a wide range of structures that can 

improve the stability and efficacy of tissue regeneration. For cardiac tissue engineering, prostaglandins, 

pyrvinium pamoate, dipeptidyl peptidase IV, are examples of small drug molecules [106]. Peptides, 

proteins, and growth factors are the other therapeutic agents for the infarcted myocardium and stimulate 

cardiomyocyte proliferation [137]. Table 3 shows some drug-loaded structures for bone and cardiac 

applications. 
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Table 3. Studies of drug-loaded systems, drugs, and their specific applications in bone and cardiac 

tissues. 

Drug(s) System Application Ref. 

Parthenolide- 

naringin 

3D dual-drug delivery by porous poly-L-lactic acid 

(PLLA) scaffold, chitosan microspheres 

Bone regeneration-

antiflammatory 
[138] 

Triamcinolone- 

cefixime 

trihydrate 

Bilayer chitosan hydroxypropylmethylcellulose drug-

loaded nanofiber- chitosan/hydroxypropyl 

methylcellulose/nano-HAp drug-loaded microspheres 

Prevention 

inflammation 

infection after 

surgery-bone 

application 

[139] 

Naringin and 

calcitonin-

gene-related 

peptide 

3D printed drug-loaded HAp and sodium alginate (SA) Bone regeneration [140] 

Tetracycline 

hydrochloride 
Drug loaded electrospun PCL-Silica nanofibers Bone healing [141] 

Human bone 

morphogenetic 

protein 2 

(rhBMP2) and 

dexamethasone 

Coaxial electrospun drug loaded silk fibroin 

(SF)/poly(lactide-co-glycolide) (PLGA) nanofiber 
Bone Regeneration [142] 

Vascular 

endothelial 

growth factor 

(VEGF) 

Alginate-microsphere patch 
Treatment of 

infarction 
[143] 

Simvastatin Release from -TCP Star Bone application  [144] 

Dexamethasone Electrically responsive PPy-based microreservoires Bone application [145] 

Insulin-like 

growth factor 

(IGF)-1 

PLGA) NPs CVDs [146] 

3i-1000 (ANP)-modified NPs Heart failure [147] 

Albumin NPs chemical conjugation Heart Failure [148] 
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3 Aims of the study 

Tissue engineering and biomaterials combined with drug delivery play a fundamental role in tissue 

regeneration and biomedical applications. This thesis aimed at studying the biocompatibility of a novel 

drug-loaded systems made by conductive PPy for bone and heart tissue engineering. Two different 

processing methods of solvent casting and 3D printing were used to fabricate the composite scaffolds, 

and later the physicochemical properties were analyzed. In vitro investigations were conducted to 

examine the cytotoxicity, biocompatibility, and proliferation of the cardiomyoblasts and osteoblast cells. 

Three different methods of drug-loading were used to load small drug molecules, such asVCM, 3i-1000, 

and curcumin.  

 

More specifically, the goals of the present work were: 

 

I. To investigate the role of PPy in osteoblast proliferation and biomineralization of composite 

bone scaffold by studying the release of VCM from mesoporous silica microparticles embedded 

on a conductive gelatin matrix. 

 

II. To fabricate conductive drug-loaded 2D cardiac patches for cardiac regeneration applications 

functionalized by porous silicon NPs, and to investigate the protein adsorption and cell 

biocompatibility of such systems. 

 

III. To study the dual loading of 3i-1000 and curcumin inside the pores and matrix of 3D-printed 

conductive PGS scaffolds for cardiac regeneration, and to investigate their cell biocompatibility 

for cardiac tissue engineering. 

 

AS. To fabricate and study the physicochemical properties of drug-loaded pH-sensitive NPs 

embedded on conductive drug-loaded BC materials. 
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4 Experimental 

In this section, the experimental methods of the studies performed in this thesis are described. The details 

of each section, including a description of the materials and instruments, can be found in the original 

publications (I-III). Collaborators fabricated the PSi used in publication (II) at the Laboratory of  

Industrial Physics, Department of Physics and Astronomy, University of  Turku, Finland. The Tempo 

nanocellulose in publication (III) was prepared by the collaborators in Aalto University. 

 

 

4.1 Processing methods 

4.1.1 Solvent casting of conductive porous bone scaffold (I) 2D heart patch (II) 
and BC (AS) 

PPy (0.26%, w/v) was dispersed in water, sonicated, and added to a mixture of HAp and mesoporous 

silica (10%, w/v, each) followed by adding into 2 mL of melted gelatin solution (1 g/mL) at 60 °C water 

bath. The mixture was vortexed until a homogenous slurry was obtained. The solvent casting method 

was used for a small cylinder-shaped bone scaffold inside 24-well plates on an icebox under shaking 

conditions. Samples were frozen immediately at 20 °C overnight and were freeze-dried by Heto 

LyoPro 3000 (Heto-Holten A/S, Denmark) at 50 °C for 48 h to obtain porous scaffold followed by 

crosslinking by 8% of glutaraldehyde for 3 h, washing with water and ethanol and freeze-dring for 6 h. 

Two types of conductive and non-conductive samples were fabricated labeled as (+P) and (-P) (Figure 

10a (I)). 

The same method was used to fabricate composite cardiac patches (II) from PGS, collagen, and 

PPy, followed by solvent evaporation with PGS as the matrix. Briefly, an equimolar mixture of glycerol 

and sebacic acid was polycondensated under argon gas at 120 °C for 24 h on a low-speed stirring to 

make pre-PGS polymer followed by the addition of 0.5%, w/v, (in 1,1,1,3,3,3-Hexafluoro-2-propanol 

(HFIP)) collagen and PPy solutions (1 and 5%, w/v) to obtain a black homogenous mixture. The 

suspension was shaped in a self-made silicone mold (Zhermack ZA22). After evaporating the solvent 

(HFIP), the creamy composite mixture was cured at 120 °C under a high vacuum to get an elastic 

conductive heart patch. Different concentrations of collagen and PPy were used to fabricate different 

type of patches of PPy and collagen: 0% collagen 0% PPy (0C 0P); 0% collagen 1% PPy (0C 1P); 

0.5% collagen 0% PPy (0.5C 0P); 0.5% collagen 1% PPy (0.5C 1P); and 0.5% collagen  5% PPy 

(0.5C 5P) (Figure 10b). 

 BC was prepared by adding Komagataeibacter medellinensis bacteria to the medium, pH 6.4, 

containing glucose at 28 C in sterile conditions in the oven for 3 days. The proliferated bacteria in the 

medium were aliquoted inside the 15 mL Falcons, which were used as a mold. The medium containing 

bacteria were incubated in the same conditions for 3 and 7 days to obtain different thicknesses of disc-

shaped BC at the air water interface with adequate oxygen in the Falcon. The BCs were washed with 
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water, 0.1 M of NaOH, and ethanol before immersion in 1% of gelatin solution, crosslinked with 1% of 

glutaraldehyde, followed by in situ polymerizations of PPy using Pyrrol monomer and FeCl3 in the same 

dish. After that, drug-loaded polymer particles, 3-(2,4-Dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-

1H-pyrrole-2,5-dione-6-[[2-[[4-(2,4-Dichlorophenyl)-5-(5-methyl-1H-imidazol-2-yl)-

2pyrimidinyl]amino]ethyl]amino]-3-pyridinecarbonitrile, (SB216763 (SB)-CHIR99021(CHIR)-

loaded  Spermine-acetylated dextran (AcDXSp) NPs) were loaded inside the BC structure in pirfenidone 

solution for 2 h on the shaker (Figure 11). 

 

4.1.2 3D printing of conductive porous cardiac patch (III) 

The Same as in publication (II), an equimolar mixture of sebacic acid and glycerol were 

polycondensaded at 120 °C under argon gas for 24 h, followed by adding the tip-sonicated PPy 

dispersion (1 or 5%, w/v) in tetrahydrofuran (THF) until a homogenous dark solution was obtained. 

TOCNF was added to the suspension at ratios of, 0:1, 1:2, and 1:4 (pre-PGS-PPy: TOCNF). The 

prepared ink was 3D printed by a BIO X Bioprinter (CELLINK, Gothenburg, Sweden) in rectangular 

grid shapes, 25% infill density, and nozzle tip size of 0.84 mm. Samples were frozen and freeze-dried 

for 48 h to avoid shrinkage and make the porous structure. Pre-PGS were cured in a similar way as in 

publication (II) for 48 h in a vacuum oven at 120 °C (Figure 10b). 

Figure 12 depicts the final products of bone scaffolds, cardiac patches, and hydrogels made in 

this thesis, publications (I-III), and (AS).  

 

 

 

Figure 10. (a) Processing steps of 2D bone scaffold using solvent casting (I), (b) processing steps of the 

2D cardiac patches (II), and 3D printed cardiac patches using solvent casting and 3D printing methods. 
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The conductive solutions were prepared by mixing different polymers, casted in different molds (I, II), 

while conductive bioink was 3D printed followed by freeze-drying and curing steps. 

 

 

Figure 11. Schematic picture of the structure of NP-loaded conductive BC composites containing 

pirfenidone, which is shown as PFD. NPs were loaded with SB-CHIR. BC-GP refers to BC/gelatin/PPy 

structure. 

 

 

Figure 12. Images of final scaffold and patches and the other types of conductive and non-conductive 

samples during the fabrication processes in this thesis. (I) Bone scaffolds were made in different shapes 

using molds. (II) 2D cardiac patches: Raw creamy composite and cured conductive and non-conductive 
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patches. (III) Bioink system made of TOCNF+PPy+PGS bioprinted in a grid pattern. (AS) Blank and 

SB-CHIR-loaded AcDXSp NPs inside different compositions of BC. BC-G shows BC and gelatin, BC-

P shows BC and PPy, BC-GP shows BC, gelatin, and PPy. BC-GP patch can attach to the heart muscle 

without any sutures. 

 

4.2 Functionalization of solvent cast conductive cardiac patch 

Hydrophilic (3-aminopropyl) triethoxysilane functionalized thermally carbonized PSi NPs (APTES-

TCPSi) were functionalized on the 0.5C-5P patch to check the activity of the surface of the patch. Each 

replicate was treated by 1 mL of NHS / EDC (10 M) in 2-(N-morpholino)ethanesulfonic acid MES 

(pH 5.5) at 4 °C, followed by adding APTES-TCPSi NPs on shaker 600 rpm for 12 h before washing 

with water and ethanol and drying at 37 °C.  

 

4.3 Drug-loading techniques 

4.3.1 Mesoporous Silica carrier for bone scaffolds (I) 

For the fabrication of drug-loaded bone scaffold, mesoporous silica (Syloid® 244 FP) microparticles (1 

g) were dispersed in 5 mg/mL of VCM in water for 3 h at room temperature, after which it was 

centrifuged at 4020 g for 7 min and the supernatant examined by ultraviolet-visible spectroscopy (UV�

Vis) spectrophotometer (UV-1600(PC), VWR). The drug-loaded silica microparticles were added to 

HAp suspension, PPy, and melted gelatin. The suspension was solvent casted in 24 well plates, frozen 

and freeze-dried for 48 h at 50 °C, followed by crosslinking in 8% of glutaraldehyde in water. The 

scaffolds were then washed and freeze-dried for 6 h before immersing and storing the VCM loaded +P 

and -P bone scaffolds at 37 °C in 3 mL of phosphate buffered saline (PBS) for 4 months. At each time 

point, 1 mL of the medium was taken out and replaced by an equal volume of the same medium to 

maintain the final release volume constant. The release of VCM was studied using a UV�Vis 

spectrophotometer at the wavelength of 229 nm.  

 

4.3.2 PGS matrices as drug carriers (II) 

0.5C-5P cardiac patches were made by adding sonicated 5% PPy and 0.5% collagen suspensions in 

(THF)/HFIP to the pre-PGS made from an equimolar mixture of sebacic acid and glycerol. 0.5 mL of 

the suspension was added by 2 mg/0.5 mL of the drug 3i-1000 inside THF in the release study glass 

bottles. After evaporating the solvent, the drug-loaded patches were sintered at 120 °C for 48 h in a 

vacuum oven. To evaluate the role of the pH in drug release, the patches loaded with 3i-1000 (an 

inhibitor of GATA4-NKX2-5 interaction) [149] in PGS matrix were immersed inside 5 mL of MES (pH 

6) and 1× PBS (pH 7.4) at 37 °C for 80 days. PBS represents the physiological pH, and MES with lower 

pH represents the low pH of the infarcted heart [150]. At each time point, 1 mL of the withdrawn medium 

was replaced by an equal volume of fresh medium and analyzed by high-performance liquid 
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chromatography (HPLC; Agilent 1260, Agilent Technologies, USA), column Gemini NX-C18 (100 × 

4.6 mm, 3 m, Phenomenex, Denmark), at the flow rate of 0.9 mL/min and injection volume of 20 l 

with a mobile phase of 0.1% of phosphoric acid (PA):methanol (65:35 v/v) and a wavelength of 280 nm.  

 

4.3.3 Drug loaded Bioink and porous in a 3D printed structures (III) 

Polycondensated Pre-PGS was added by 5% (w/v) of PPy in THF to obtain a dark homogenous mixture 

before adding TOCNF, at the ratio of pre-PGS-PPy:TOCNF (1:2). The homogenized suspension was 

divided and 3i-1000, curcumin (an antioxidant and anti-inflammatory drug [151, 152]), and the 3i-

1000/curcumin (1:1) mixture (co-loading) (2 mg/mL) all in ethanol, were added inside the syringes on 

a shaker for 2 h at room temperature. The bioinks 3D printed in cylinder shapes, 100% infill of grid 

lattice pattern, needle size of 0.84 mm, and freeze-dried at 49 °C for 48 h, followed by curing at 120 °C. 

The 3D printed blank samples without drugs were immersed in the same drug solutions for 2 h on a 

shaker to load the pores in the structure. After the washing steps, all samples were immersed in 10 mL 

of MES medium (pH 6) and PBS (pH 7.4) to evaluate the role of the pH in the release of the drugs for 

five months using HPLC at a wavelength of 280 nm (Figure 13). 

 

 

Figure 13. Schematic of the drug loading process of 3i-1000, curcumin, and the combination of both in 

three different methods of immersion, ink, and immersion-ink loadings.  

 

4.3.4 Drug loading inside the BC structure (AS) 

AcDXSp NPs were loaded with SB-CHIR, a cocktail for cardiomyocyte differentiation, and coated with 

tannic acid to obtain a pH-sensitive system. About 800 g/mL of NPs were prepared in pirfenidone 
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solution and added to the conductive gelatin BC composite in 24 well-plates. The immersion loading 

continued for 2 h on a shaker, followed by washing before analyzing the drug release in MES at (pH 5) 

in dynamic conditions at 37 °C by HPLC. 

 

4.4 Mechanical analysis of bone scaffold and cardiac patches 

Compression strength and tensile strength of cylindrical bone shape (6 mm in diameter and 12 mm in 

length) scaffolds (I), dog bone shape cardiac patches with gauge length of 30 mm (II) and 100% infill 

3D printed with a gauge length of 50 mm (III) were analyzed, respectively, with Lloyd LRX (Lloyd 

Instruments) and Universal Instron 4240. Bone scaffolds were tested under vertical force at the cross-

section of cylinders with 1.5 mm/min speed and 1000 N maximum load. The 2D cardiac patches were 

tested as made and after immersion in 3 mL of 1× PBS (pH 7.4) for 21 days at the speed of 3 mm/min. 

 

4.5 Conductive surface behavior in acellular studies  

4.5.1 Protein adsorption on the conductive bone scaffold (I) and cardiac 
patches (II) 

As the first phenomenon after scaffold implantation, initial protein adsorption on conductive (containing 

PPy) and non-conductive samples were studied. Bone scaffolds and the 2D cardiac patches were washed 

with ethanol and 1× PBS (pH 7.4), after that immersed inside 1× PBS (pH 7.4), contacting 10% of fetal 

bovine serum (FBS) solution for 4, 14, and 24 h at 37 °C. To remove the unbound or loosely attached 

proteins, samples washed with PBS, and attached proteins were recovered by 2% of sodium dodecyl 

sulfate (SDS) and quantified by a Micro- Bicinchoninic acid (BCA) protein assay kit (Pierce). The 

morphology of adsorbed and proteins was analyzed with the scanning electron microscope (SEM; FEI 

Quanta FEG250). 

 

4.5.2 Blood wettability of casted cardiac patch (II) 

The wetting angle between the blood drops (containing proteins) on the surface of the cardiac patches 

were measured by CAM 200 optical contact angle meter from KSV Instruments Ltd, Finland. The two 

contact angles from both sides of the drop were measured, and the contact angle was measured using an 

Attention Theta software. In addition, the wettability was observed by a simple test of immersing the 

+P and -P patches (around 10 mm in diameter) inside human blood (obtained from anonymous donors 

from the Finnish Red Cross) in a sterile condition, incubated at 37°C in 5% CO2 and imaged after 5 sec 

and 48 h. 
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4.6 Degradation, swelling, and stability of the bone scaffolds (I) and the cardiac 
patches (II, III) 

The behavior inside different media was observed to understand the stability and possible swelling of 

the engineered systems. Water absorption of  bone scaffold inside 1× PBS (pH 7) at 37 °C for 7 days 

(21days (II, III)), in MES (pH 6) (III)) were examined. On days 1, 4, and 7, the water on the surface 

was removed by a filter paper, and the wet weight (Ww) was compared to the initial weight before the 

immersion (W0), according to Eq. (1): 

 

Swelling ratio = (Ww � W0) / W0  (1) 

 

Degradation of the cardiac patches was also monitored at the same timepoints in 1× PBS (pH 7.4) 

at 37 ºC, and the weight of the samples was checked at each time point after drying with the vacuum at 

room temperature for 24 h (WD), according to Eq. (2): 

 

Degradation % = (W0 WD)×100/W0  (2) 

 

4.7 Biomineralization on the surface of bone scaffolds (I) 

To understand the biomineralization potential and formation of calcium crystals on the surface of the 

conductive porous bone scaffolds, they were immersed inside 5 times saturated simulated body fluid 

(SBF(5)) solution containing NaCl, NaHCO3, KCl, K2HPO4 3H2O, MgCl2 6H2O, HCl 1 M, CaCl, 

NaSO4, and Tris-buffer at 37 °C for 21 days. After washing steps in each time point, samples were 

freeze-dried and formed crystal morphology and Ca:P ratios analyzed with SEM (Hitachi S-4800, 

Department of chemistry) and Oxford INCA 350 energy-dispersive X-ray spectrometer (EDX) 

connected with the Hitachi S-4800, Japan. 

 

4.8 Cell investigations on bone and cardiac patches  

4.8.1 Cell lines and cell culturing (I-III) 

K7M2WT osteoblast cells (I) and cardiomyoblast rat cells (H9c2(2-1)  obtained from ATCC CRL1446, 

USA) (II, III) were cultured in Dulbecco�s Modified Eagle�s Medium (DMEM) medium supplemented 

with 10% of FBS, 1% of L-glutamine, 1% of non-essential amino acids (NEAA), and 1% (100 IU/mL) 

of penicillin-streptomycin and stored inside the incubator (BB 16 gas incubator, Heraeus Instruments 

GmbH) at 37 °C, 5% CO2 and 95% relative humidity until they reached confluency of ca. 80% in 75 

cm3 flasks before seeding on the samples for each experiment. Harvesting of the cells was performed 

with 0.25% (v/v) trypsin-PBS-ethylenediamine tetraacetic acid (EDTA). All the samples were 

disinfected inside ethanol and sterilized under UV light for 1.5 h for each side of scaffold and patches 

and stored inside fresh DMEM + 10% FBS and 1% (w/v) L-glutamine, 1% (w/v) NEAA, and 
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penicillin streptomycin (100 IU/mL) prior to starting the cell investigation. The light samples were 

trapped at the bottom of each well of 48-well plates using Pyrex cylinders (Thermo Fisher Scientific 

Inc.). The positive controls were empty wells containing the medium and Pyrex cylinders. 

 

4.8.2 Cytotoxicity of degradation bone scaffold (I) and cardiac patch (II-III) 

The cytotoxicity of the degradation products in vitro was investigated by two assays: CellTiter-Glo 

luminescent assay (Promega Corporation, USA) (I) and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay by extracting method. About 35,000 osteoblast K7M2 cells 

(I) and 10,000 of H9c2 cells (II, III) were seeded in  a  96-well plates and incubated for 24 h. Prior to 

each test, the scaffolds and patches were immersed in DMEM + 10% FBS and antibiotics (4 (I), 5 (II, 

III) replications) at 37 °C in 5% CO2. In addition, pure medium of DMEM + 10% FBS was also 

incubated in the same conditions and used as the positive control. At each time point (day 1, 3, 5, 7 and 

14 (I), 1, 7, 14, 21, and 28 (II)), the medium of each well of seeded cells was replaced with the incubated 

medium of scaffolds and patches for 48 h (I) and 24 h (II, III). Negative control samples were replaced 

by 1% of Triton X-100. Next, each thriving medium was discarded and washed with Hank�s Buffered 

Salt Solution (HBSS) 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4), followed 

by adding the CellTiter-Glo reagent (I). After 2 min of stirring on the shaker, the lysed cells� 

luminescence was measured by a Varioskan Flash plate reader (ThermoFisher) (I). For cardiac patches, 

each well was washed with PBS buffer (pH 7.4) and incubated in MTT solution (0.5 mg/mL) in 

HBSS HEPES (pH 7.4) for 4 h at 37 °C in 5% CO2. MTT solution was then discarded, and dimethyl 

sulfoxide (DMSO) was added to each well. The formazan formed was then moved into a new transparent 

96-well plate, and the results were measured by ta Varioskan Flash plate reader (Thermo Scientific 

Inc.)(II). 

 

4.8.3 Cell proliferation on cardiac patches (II, III) 

About 10,000 cardiomyoblast rat cells were counted and seeded on the sterilized 2D cast, and 3D printed 

cardiac patches in DMEM + 10% FBS and antibiotics and kept at 37 °C in 5% CO2. At each time point, 

the medium of the samples, the positive control (empty well+ Pyrex cylinders), and the negative control 

(1% of Triton X-100) was replaced with 10% of AlamarBlue Cell Viability Reagent (Thermo Fisher 

Scientific) in DMEM and kept at 37 °C in 5% CO2 for 6 h in the dark. The obtained fluorescent resorufin 

was transferred into the opaque 96-well plate, and the proliferation of the cells was analyzed by a 

Varioskan Flash plate reader (ThermoFisher) (II, III). In addition, the proliferation of H9C2 cells was 

investigated on the drug 3i-1000 loaded conductive PGS matrices and compared with the non-loaded 

matrices as the positive control (III). 
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4.8.4 Cell attachment 

Cell attachment and morphology of osteoblasts on the bone scaffold (I) and cardiomyoblasts on cardiac 

patches (II-III) were studied. After sterilization of the samples, about 10,000 (I) and 20,000 (II) of the 

corresponding cells were seeded on each sample,  3D-printed 5% 1:2 patches (III) and at each time point 

day 1, 7, 14, and 21 (I), and day 4 (III). Samples were washed with PBS (pH 7.4), and the attached cells 

were fixed with 2.5% of glutaraldehyde in PBS at 37 °C and washed again with PBS before post-fixation 

with 1% of osmium tetroxide in PBS and dehydration using 50%, 70%, 96%, and 100% of ethanol. All 

samples were dried by the critical point drying method and coated before imaging with SEM.  

 

4.9 Statistical analysis 

The results are stated as mean ± standard deviations (S.D.) of at least three independent set of 

measurements. Statistical analysis was achieved by means of one-way analysis of variance (ANOVA) 

with the level of significance set at probabilities of *p < 0.05, **p < 0.01, ***p < 0.001, calculated with 

an OriginPro8.6 Software. 
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5 Results and Discussion 

Biomaterials and tissue engineering may play a crucial role in tissue regeneration. This thesis fabricated 

engineered conductive biomaterials for bone and heart tissue engineering applications with different 

drug loading systems. In addition, the role of PPy in biomedical applications, its cytotoxicity, and its 

effect on drug delivery were also studied.  

 

5.1 Physiochemical and mechanical properties of bone and heart scaffold and 
patches 

One of the essential factors affecting an engineered biomaterial system�s physicochemical, mechanical, 

and biocompatibility properties, is the processing methodology. The temperature, pressure, molding, 

and washing steps in each manufacturing process may affect the final product and its characteristics. In 

this thesis, two different manufacturing processes were used, namely solvent casting and 3D printing. 

As a result of the lack of automatization, the solvent casting method was challenging  and needs more 

optimization, especially in laboratory conditions. The composite suspension, pre-polymer and freeze-

drying technique used in publications (I) and (III) create interconnected macroporous structures (pore 

diameter size of 281 m, porosity of 86.0±1.2 %, I) gelatin and TOCNF as their main composite matrix, 

which SEM was used to investigate after cross-linking. Two types of casted and 3D printed cardiac 

patches showed the conductive properties suitable for cardiac tissue engineering (Table 3). 
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Table 3. Morphology, physicochemical and mechanical properties of three systems (I (scale bar shows 

300 m) , II (scale bar shows 1 m), III (scale bar shows 300 m), and AS (scale bar shows 1 m)).

System Morphology
Porosity 

(%)
Conductivity

(S, CM-1)

Young�s
modulus 
(MPa)

Bone scaffold-+P
(I)

Porous 86.0±1.2 11000

Casted cardiac 
patch-0.5C-5P

(II)
Bulk 0.06± 0.14

(incubated) 
0.08

3D-Printed 
cardiac patch-

5%-1:2
(III)

Porous 78 ± 2 0.034±2.7 0.60 ± 0.16

NP-loaded 
cardiac patch-

BC-GP 
(AS)

Porous-
Fibers

5.1.1 Physiochemical and mechanical properties of conductive composite bone 
scaffolds (I)

SEM images and EDX studies of +P showed gelatin as the backbone matrix and nano-HAp (particle 

size of 200 nm) [153], mesoporous silica microparticles (particle size of 2.5 3.7 m, pore diameter 

of 19.0 ± 1.1 nm)[154] and web-like PPy embedded on the surface. These images also showed a higher 

area with more irregular pore walls compare to nonconductive composite scaffolds. The 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) studies indicated no 

significant change between the +P and -P scaffolds. The mechanical properties of cylinder-shaped of +P 
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scaffolds were studied by Lloyd instrument under load forcing vs. the surface area until the sample 

fracture indicated the force threshold. Compression strength with Young�s modulus of +P scaffolds 

showed 7 MPa and 0.11 GPa, respectively.  

The compression strength in bone tissue engineering is essential as the bone scaffold should 

mimic the similar mechanical properties of cancellous bone. Although PPy is a brittle polymer, it 

showed that it did not affect the compression strength with Young�s modulus compared to -P scaffold. 

In addition, the crosslinking step is the crucial step that can influence the mechanical properties and 

body strength. Glutaraldehyde (8%) used for crosslinking can be named an indicator for enhancing 

stability and strength. 

 

5.1.2 Functionality (II), physicochemical and mechanical properties of 
conductive patches (II, III) 

The functionality of the casted conductive patch of 0.5C-5P surface was tested by attaching APTES-

TCPSi NPs on the surface by crosslinking confirmed by EDX (II). The blank smooth surface was 

changed to a rough surface with the attached NPs. The hydroxyl and carbonyl groups on PGS-based 

patch and NHS and EDC chemistry simplify the crosslinking of APTES-TCPSi NPs on the surface via 

amidation [155]. The cross-linked NPs can be seen in Figure 14, showing the rough surface of 

functionalized surface in two magnifications.  

 

Figure 14. SEM images showing the surface morphology of (a) 0.5C�5P and (b) 0.5C�5P functionalized 

with APTES-TCPSi NPs. Reprinted with permission from publication (II). Both scale bars show 100 

m. 

 

Universal Instron 4240 testing instrument was used to test the mechanical behavior of both cardiac 

patches. Casted cardiac patches were also incubated in 1× PBS (pH 7.4) for 21 days to monitor the 

Young�s modulus changes during this time (II). The results showed the increase of elongation and 

decrease of the Young�s modulus, showing the suitable mechanical properties for cardiac applications. 

The 3D printed cardiac patches (III) mechanical behavior also showed the suitable elastic modulus 

comparable with human myocardium and pure PGS elastic modulus, ranging from 0.02 0.5 MPa [156], 
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and between 0.056 and 1.5 MPa [157]. The increase of the Young�s modulus and low elongation is due 

to the brittleness of TOCNF, as it is the primary matrix of our biocomposite. 

 

5.2 Investigation of protein adsorption on the surface of the bone and cast cardiac 
patches (I, III) and blood wettability (II) 

In tissue engineering, it is essential to investigate the surface behavior of the biomaterial used in the 

application. The first phenomena that occur right after implanting a biomaterial in a biological 

environment are protein adsorption and blood wettability [158]. This phase can improve sending signals 

to the cells� integrin and simplify the cell attachment to the surface of the biomaterials [159]. This thesis 

also investigated the role of PPy in attracting the proteins and potential effects on the blood wetting 

behavior of the conductive systems.   

 

5.2.1 Protein adsorption  

FBS adsorption on the conductive porous bone scaffold and bulk cardiac patch were studied for 24 h at 

three different time points using a BCA assay to quantify and investigate the attached proteins in the 

pore surface of the bone systems and cardiac patches� surface. Both systems showed higher protein 

attachment on conductive surfaces compared to non-conductive surfaces. The results of BCA and SEM 

images indicated the higher and more significant protein aggregation on the surface of pores on 

composite bone scaffolds over time (Figure 15) due to the rougher surface and higher porosity and 

surface of +P samples microstructure. In addition, bovine serum albumin (BSA), as the main protein of 

FBS serum with the isoelectric point of (4.8) at pH 7.4, can attract more on the positive chains of PPy, 

leading to higher cell attachment [160]. In contrast, the time did not affect the absorbing of the proteins 

in casted cardiac patches, except on the most conductive patches (0.5C-5P). The protein adsorption 

increased by 5% in 24 h compared to 4 and 14 h of incubation in the buffer.  

 

5.2.2 Wettability of casted conductive cardiac patch (II) 

The wettability was tested on two pure PGS patches and a 0.5C-5P conductive patch on two-time points. 

Although the quantitative results of wetting angel showed a similar range due to the same backbone of 

hydrophilic PGS with the O-H group [161], conductive patches were more hydrophobic due to the 5% 

of PPy in the structure [162], which can adsorb proteins C3, fibronectin, vitronectin, platelet and 

leukocyte in blood more than hydrophilic surfaces. Attaching the platelet within 5 sec improved the 

wetting ability on 0.5-5P (Figure 15) [158, 163]. 
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Figure 15. Upper image: Human blood wettability of (a) 0C-0P and (b) 0.5C-5P samples after 5 sec. 

Reprinted with permission from publication (II). Lower image: FBS proteins adsorption for 24 h of 

incubation in PBS + 10% FBS solution at 37 °C with errors bars of mean ± S.D (n = 3) analyzed by one-

way analysis of variance (ANOVA) with the level of significance set at probabilities of *p< 0.05 and 

**p< 0.01. SEM images of each group of the sample are attached next to each bar. Scale bars are 50 m. 

Reprinted with permission from publication (I). 

 

5.3 Swelling (I, II, III) and degradation behavior (II, III) of conductive patches 

The scaffolds� behavior inside an aqueous medium was analyzed in different periods for three systems. 

Swelling in tissue engineering represents the ability to absorb medium while its stability remains the 

same. This can mimic the body fluids absorption and facilitate nutrient flow and waste removal when 

tissue replacing occurs. Thermoplastic gelatin and TOCNF with carboxylic groups as the main matrix 

of bone and 3D printed scaffold absorbed media more than its initial weights. While this ability is much 

lower in the casted PGS-based cardiac patch with no porosity [164]. Adding hydrophobic PPy in these 

three systems influenced the swelling, and the non-conductive systems had the same range of 

swellability as the conductive ones. In bone scaffolds, silica particles with hydrophilic silanol groups 

improved the swellability and facilitating cell infiltration. Higher swelling was observed in lower pH 

for 3D printed cardiac patches, while TOCNF helped to stabilize the structure. This stability can also 

decrease the rate of degradation (6-7%) of the patches, which was tested in MES (pH 6) and PBS (pH 
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7.4) as the primary matrix was TOCNF and the degradation mostly depended on PGS. This controlled 

the drug-releasing process and prevented a burst drug release. In the three studies, the PPy did not affect 

the degradation rate of these materials.  

 

5.4 Biomineralization on the surface of the bone scaffold 

The ability of CaP crystals [Ca3(PO4)2] formation on the porous scaffold was studied in 21 days in SBF(5) 

in an acellular environment. Biomineralization is a crucial phenomenon in bone tissue engineering as it 

facilitates the attachment of the osteoblast cells and cell differentiation [165]. As the hydroxyapatite 

NPs already existed on the gelatin matrix, it can improve biomineralization as a suitable place for 

nucleation sites. Besides, silanol groups of the mesoporous silica microparticles can attract the Ca2+ and 

then PO4
3- [166]. The results showed that the PPy in the scaffold structure accelerated the rate of CaP 

creation already on day 7 (confirmed by EDX with lowering the Si peak until day 10). Multiple layers 

of CaP appeared on the surface of the pores on days 10 and 14 for conductive and nonconductive samples 

and were completely covering the surface on day 21. Energy-dispersive X-ray (EDX) spectroscopy and 

SEM confirmed the prominent peaks of Ca and P on the surface with a Ca:P ratio of 1.25 1.4, which 

can represent the octocalcium phosphate, precipitated hydroxyapatite, and precipitated amorphous 

calcium phosphate (ACP) with Ca:P ratio of 1.33, 1.33�1.67 and 0.67�1.50, respectively [167, 168] 

(Figure 16). 
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Figure 16. SEM images of CaP crystal formation on porous +P and -P during 21 days of immersion in 

SBF(5), confirmed by EDX, showed the disappearance of Si peaks starting from day 10, proving the 

full coverage of CaP on the pores of the scaffolds. Scale bares are 20 m. Reprinted with permission 

from publication (I). 

 

5.5 The drug release profile of loaded bone and cardiac scaffold 

VCM, a model antibiotic drug, was loaded in mesoporous silica microparticles before crosslinking on 

the gelatin matrix with a loading degree of 6.3%. The release of the drug model was monitored from a 

conductive and non-conductive scaffold  for  4 months in PBS (pH 7.4). The conductive scaffold showed 

the 2.019 ± 0.1% drug loading based on the initial weight of each replicates. The high stability of the 

scaffold prevented significant burst drug release. The drug release reached a release plateau until almost 

80% in 20 days, which is higher than non-conductive scaffolds due to higher surface area and porosity 

[169, 170], and the exact positive charges of VCM (the polycationic antibiotic) and positive charges of 

PPy chains [171, 172]. The large size of the mesoporous silica microparticles (average pore diameter 
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size of 19 nm) showed high drug release [51], suggesting the vital role of gelatin matrix in controlling 

the drug release of trapped drugs from the large pores of the mesoporous silica microparticles . 

In the different systems, as the bulk cardiac patch is the drug carrier, the release of the small 

molecule 3i-1000 was controlled by the rate of degradation of the PGS matrix (Figure 17a). As 

mentioned, this degradation depended on the synthesis parameters of the PGS polymer, which retained 

its stability and prevented the burst drug release in MES (pH 6) and PBS (pH 7.4). The drug release can 

be controlled by adjusting the curing temperature and time, and thickness of the patches. During 21 days 

and 8% of degradation, more than 20% of the 3i-1000 was released  with slight release until 80 days, 

corresponding to the degradation of the PGS matrix, showing a similar behavior in two different pH-

values. In contrast to the casted PGS-based matrix, the 3D printed patch with TOCNF as the primary 

matrix showed that low degradation prevented the drug release of the ink-loaded system. However, the 

immersion-loading method showed the drug release for single drug delivery and co-delivery in MES 

and PBS buffers with loading values of 1.6 0.8% and 0.2% for hydrophobic and negative surface 

charges of 3i-1000 and curcumin, respectively. About 12% of the cumulative released amount of 3i-

1000 was detected in the immersion-loaded method (Figure 17b-c). 

 

Figure 17. (a) Cumulative 3i-1000 release profiles from the degradable cardiac patch of 0.5C 5P in two 

pH values. (b-c) Cumulative release of single-drug and co-loading drug of 3i-1000 and curcumin within 

ink-immersion loaded 3D printed cardiac patches at two pH values. Statistical data were obtained by 

one-way analysis with a level of significance set at the probabilities of **p < 0.01 and ***p < 0.001. 

Reprinted with permission from publications (II, III). 

 

5.6 In vitro investigations of heart patches and bone scaffolds 

The in vitro investigation of three bone and cardiac scaffolds systems was performed to study the cell 

behavior (viability, cytotoxicity, and cell attachment) on the surface of these biomaterials.  

As the degradation of scaffolds over time may influence the cell viability and proliferation, the 

cytotoxicity of bone composite scaffolds of +P and -P at different compositions of casted and 3D cardiac 

patches were investigated with ATP luminescence and MTT assays. The cell viability of the three 

systems showed the osteoblasts (K7M2), and cardiomyoblasts (H9c2) cells remained viable in extracted 

media from wells containing degrading scaffolds in 14 days (I) and 28 days (II, Figure 18-Left a, III). 
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This suggested the biocompatibility of PPy in these three degradable composite systems. In addition, 

the proliferation of cardiomyoblast on the surface of the cast and 3D printed patches was studied with 

the AlamarBlue assay. The proliferation of the cells on porous 3D printed conductive samples was in 

the same range as 3D printed porous TOCNF based on standard deviation almost twice every two weeks, 

showing the suitable environment for proliferation with positive interaction between the cells and the 

wall pores. This was also observed on a casted cardiac patch, indicating a similar behavior (Figure 18-

Left b). 

Moreover, the cell proliferation on 3i-1000 loaded casted patches was studied compared to non-

compound loaded samples during 21 days. The results showed 8% of patch degradation and 20 % of 

drug release improved cell proliferation (Figure 18-Left c). This slowed that the release of 3i-1000 in 

this system can be useful in long-term drug delivery applications. 

 

5.7 Cell attachment on the scaffolds 

Cell biomaterial interactions were tested to study the attachment and morphology of the osteoblast and 

cardiomyoblasts cells on porous and bulk structures of bone scaffold and cardiac patches. During 21 

days, osteoblast cells attached to the pore wall of the gelatin-based matrix, which was decorated with 

silica and HAp particles. High infiltration and attachment of the cells were observed by SEM at day 7. 

It is suggested that the high swellability and hydrophilic nature of the gelatin led the cells inside the 

structure and provided a suitable place for hosting osteoblasts (Figure 18-Right a). These positive 

results were observed in both cases for +P and -P samples. In porous 3D printed TOCNF based cardiac 

patches case, cardiomyoblasts attached and elongated on the pore walls, gain the pores� shape, and kept 

them viable during a month. In contrast to the porous bone scaffold, the high stability of TOCNF kept 

the cells on the wall of the pores (Figure 18-Right b). The casted cardiac patch was also seeded with 

H9c2 cells, and early cell attachment was studied on day 1 after the seeding. The results showed that the 

higher number of cells attached to the conductive samples and higher infiltration was detected on 

samples containing collagen, showing the casted PGS/PPy/collagen is a candidate biomaterial with high 

potential for improving the cell attachment and high infiltration (Figure 18-Right c). These results 

confirmed the cell proliferation tests, suggesting the high cell biocompatibility of all three systems.  
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Figure 18. Left: (a) Cytotoxicity of biodegradable conductive 2D cardiac patches during 28 days in 

DMEM + 10% FBS. The positive control is a blank medium. (b) The proliferation of the cardiomyoblast 

H9c2 cells on the surface of the 2D cardiac biocomposite during 21 days. (c) Cell viability of 3i-1000 

loaded cardiac patch compared with blank samples in 21 days. Right: (a) K7M2 and (b-c) H9c2 cells 

attachment on the conductive bone scaffold and 2D cast on day 1 and 3D-printed cardiac patches on day 

4, respectively. Statistical analysis was obtained by means of a one-way analysis of variance (ANOVA), 

with the level of significance set at probabilities of **p < 0.01 and ***p < 0.001. Reprinted with 

permission from publications (I, II, III). 

 

5.8 Fabrication of particle-based composite conductive BC for co-drug delivery (AS) 

As an additional study, the fabrication of drug-loaded NPs embedded on composite BC for cardiac 

applications and in situ drug delivery, was investigated. The natural polymer  of gelatin was crosslinked 

with the BC matrix, and PPy was successfully synthesized in situ on BC/gelatin matrix, followed by 

loading the drug-loaded negative charge NPs inside the composite matrix. In contrast, the matrix itself 

was loaded with an antioxidant drug, pirfenidone, for the in situ co-delivery into the infarcted 

myocardium. The fluorescent microscopy and SEM results confirmed the successful injection of the 

drug-loaded NPs in different composite layers compared to pure BC (Figure 19a). As a result of the 

stability test, the majority of the NPs were released within 24 h, which accelerated the delivery of drug-

loaded NPs in the infarcted area.  
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Cumulative release profiles in MES (pH 5) for two different thicknesses of BC-GP did not show 

a significant statistical difference. While pirfenidone showed less than 30% release from the main matrix 

of BC-GP, SB and CHIR were released around 4, and 1.5 % from the released NPs delivered in situ 

(Figure 19.b). 

It is suggested that by controlling the release of drug-loaded NPs, the big issue of losing drug-

loaded NPs by intravenous injection is reduced, and more accurate dosage of the drug can be delivered 

in situ without considerable wasting of the NPs, thus achieving a more successful treatment of 

myocardial infarction. While the antioxidant drug release from the main matrix of composite BC may 

reduce the inflammation on the heart muscle, the NPs carrying the drug to the damaged tissue improve 

the cardiomyocyte proliferation. Based on PPy based bone and cardiac scaffolds explained in previous 

sections, it is expected that the conductive BC composite will enhance cell proliferation while 

controlling the release of drug-loaded NPs in situ.  

 

Figure 19. (a) Fluorescent microscopy of pure BC and BC-GP containing PPy and gelatin. The bright 

lights represent AcDXSp NPs coated with tannic acid. The results suggest the NPs in different layers of 

BC structures. The images were taken in wet conditions. In addition, the SEM image shows the BC-GP 

sample containing NPs. (b) Cumulative release percentage of pirfenidone in MES (pH 5) from the BC-

GP samples and SB and CHIR from the released NPs from the BC-GP structure. Three release drug 

profiles were studied for 3 days and 7 days made of BC in medium, showing the thin and thick system, 

labeled as 3D and 7D. Unpublished result
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6 Conclusions 

This thesis provides the development of methods for the fabrication of three different smart systems 

with a supplementary study for bone and heart tissue engineering and drug delivery applications. PPy, 

a conductive polymer, was used in all four studies to investigate its role and properties, such as 

mechanical properties, biocompatibility, and drug release. The positive charge of PPy chains can attract 

proteins, accelerate the cell attachment, control the drug release, and entrap the drug-loaded NPs. 

Although PPy brittleness would have shown the negative mechanical properties in bone and cardiac 

patches, the results demonstrated that its weak mechanical properties do not have any considerable effect 

on the Young modulus. The hydrophobicity and positive charge of PPy are two relevant factors for 

engineering the controlled drug release of such systems. In addition, PPy accelerated the 

biomineralization, and CaP crystals were formed on the conductive surfaces� samples faster than non-

conductive samples. Both osteoblast and cardiomyoblast cells interacted better on conductive samples 

in three systems with high elongation and infiltration. In general, it was observed that PPy can be used 

in cardiac applications and other tissue engineering applications, such as bone tissue engineering, 

without changing the essential properties, such as swell ability and mechanical properties. PPy also 

improved cell signaling with a crucial role in drug delivery. In combination with gelatin, PPy, HAp, and 

VCM-loaded mesoporous silica microparticles with high porosity and surface area, the release of VCM 

was controlled by two factors: (1) the releasing from the silica microparticles pores, and (2) the releasing 

the trapped VCM from the gelatin matrix structure make, which makes such system suitable for long-

term therapy due to the surface charge of conductive samples containing PPy. 

Casted cardiac patches with high elongation percentage on wet conditions suitable for cardiac 

patch implantation were able to control the release of small molecule 3i-1000 due to its gradual 

degradation, preventing the burst release and improving the proliferation of H9c2 cells for 21 days. We 

automated, customized, and accelerated the cardiac patch fabrication by replacing the collagen in the 

casted cardiac patch with TOCNF, making the porous structure without using particle leaching or 

crosslinkers. Cells attached to the pore walls with the same shape as the pores and proliferated well. 

Two model drugs, curcumin and 3i-1000, were also loaded both in the composite conductive ink and 

inside the pores. High stability and slow degradation of the cardiac patches prevented burst drug release, 

making them suitable for long-term co-delivery of drugs for myocardial infarction treatment.  

Finally, a more stable composite PPy based BC system was fabricated for cardiac tissue 

engineering and treatment of myocardial infarction. This conductive system was loaded with antioxidant 

drugs and drug-loaded NPs. This system is expected to facilitate the NPs reaching the infarcted to be 

demonstrated in future in vivo studies. 

Overall, this thesis demonstrated that PPy is coupled with other polymers and ceramics to make 

biocomposites within the hard bone scaffold, cardiac patches, and hydrogel. These systems showed high 
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biocompatibility and functionality, suitable for drug delivery applications, and thus, are very promising 

platforms for future heart tissue regeneration. 
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7 Future studies, perspectives, and challenges 

Biomaterials and tissue engineering have been developed since early ages and continue their way up the 

road of progress. At the same time, researchers have tried to improve the systems using new technologies 

to improve the usability of the biomaterials for human use, such as biomechanics, to develop recent 

automated advances, e.g., 3D printing [36], processing methods with patient-specific design and 

development [88] and computer simulations and modeling to predict the behaviour of biomaterials under 

different forces or biological environment [22]. 

As the second stage of biomaterials development mentioned in earlier sections, processing 

methods are critical stages that need to be progressed to fulfill the researchers�, doctors�, and patients� 

requests  in tissue engineering. Assembling the bioengineered system and performing detailed 

experiments that require high precision, researchers are replacing it with automatic equipment that can 

solve the time-consuming cell studies [18]. In addition to processing methods, there are several other 

stages in developing biomaterials, such as the storage condition or transportation of engineered 

biomaterials from production to the final usage by researchers or clinics. Biomedical engineering tries 

to automate the storage rooms and other facilities to protect the growth factors, proteins, or cells in 

bioproducts. For example, drug-loaded biomaterials are multidisciplinary, dealing with challenges, such 

as controlling the drug release in different physiological environments. 

Most of the cardiac patches need to be implanted with open-chest surgery. Because of this, non-

invasive or minimally invasive surgeries are preferable to eliminate complicated patient physical and 

mental recoveries [36], reducing the damages and inflammation with improved implantations. Although 

the biocompatibility of non-degradable biomaterials is studied as bio-stable systems with no cytotoxicity, 

the long-term usage of some material designs may be problematic, which may end up in a second surgery 

for removal.  

Some biomaterials may suffer from low shear strength low stability [173], and they need extra 

protection in processing steps and long-term storage. Biomaterials with shape memory and self-healing 

properties may solve some of the aforementioned problems facilitating surgical implantation and clinical 

handling [36, 94] in the years to come in the Tissue Engineering field. 

The sterilization step is another important factor. It is vital to study if, heat treatment, irradiation, 

plasma, and other techniques are suitable for engineered drug-loaded system and if the drug and the 

used biomaterials are safe and remain active with no unwanted degradation or mechanical change during 

each step of sterilization [174]. UV-sterilization was the main technique used in discussed investigations,  

which provided a safe environment for drug-loaded scaffold and patches with scalable potential in the 

industry. Overall, drug-loaded biomaterials, as combination products (combination of medical devices, 

pharmaceuticals, and biological products), are unique systems with complex regulatory, which 

demonstrate the future opportunities and difficulties simultaneously [69].  
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