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ABSTRACT 

PREPARATION AND CHARACTERIZATION OF UV 

CROSSLINKED ALGINATE-BASED TANNIC ACID-

REINFORCED HYDROGELS 

 

Enes Hamdi Demirci 

MSc. in Bioengineering 

Advisor: Prof. Dr. Sevil Dinçer İşoğlu 

co-Advisor: Asst. Prof. Tuğrul Tolga Demirtaş 

 

June 2023 

 

Alginate is a commonly used biopolymer in bioprinting applications. However, alginate-

based bioinks have some mechanical limitations for printing purposes. Also, existing 

methacrylation methods are time consuming and have low methacrylation efficiencies. 

Based on these facts, we focused on enhancing mechanical strength of alginate within the 

scope of this thesis. To do this, we applied microwave irradiation during methacrylation 

process of alginate and compared the efficiencies between conventional and microwave 

irradiation. Here, we report a significantly faster and more effective method for the 

controlled synthesis of methacrylated alginate (Alg-MA) by microwave energy (250 W) 

with approximately 80% degree of methacrylation (DM) even with a very low amount of 

metyhacrylation agent (aminoethyl methacrylate (AEMA)). Rheological and mechanical 

analyses showed that Alg-MAs synthesized by microwave irradiation allowed the 

formation of more elastic and stronger hydrogels with very high stability than the ones 

synthesized by the conventional method. Additionally, we combined these hydrogels with 

tannic acid by a second cross-linking in order to improve their mechanical strength and 

tissue integration ability. Addition of TA provided hydrogels very good mechanical 

strength and also  antibacterial characteristics towards gram-positive and gram-negative 

bacteria. As a conclusion, hydrogels with mechanically superior properties and 

antibacterial characteristics were obtained by MW-assisted methacrylation and physical 

cross-linking by TA. 

 

Keywords: alginate, microwave, bioink, tannic acid, hydrogels. 
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ÖZET 

IŞIK İLE ÇAPRAZ BAĞLANABİLEN ALJİNAT BAZLI 

TANNİK ASİT İLE GÜÇLENDİRİLMİŞ BİYOMÜREKKEP 

HİDROJELLERİN HAZIRLANMASI VE 

KARAKTERİZASYONU 

 

Enes Hamdi Demirci 

 Biyomühendislik Anabilim Dalı Yüksek Lisans 

Tez Yöneticisi:  Prof. Dr. Sevil Dinçer İşoğlu 

Tez Yöneticisi II: Dr. Öğr. Üyesi Tuğrul Tolga Demirtaş 

 

Haziran-2023 

 

Aljinat biyobaskı uygulamalarında yaygın bir şekilde kullanılan bir biyopolimerdir. 

Fakat, aljinat bazlı biyomürekkeplerin baskı amaçları için bazı mekanik sınırlamaları 

mevcuttur. Ayrıca, mevcut metakrilasyon yöntemlerinin zaman alması ve metakrilasyon 

derecesinin düşük olması gibi sınırlamaları bulunmaktadır. Buradan hareketle, tez 

çalışması kapsamında aljinatın mekanik özelliklerinin iyileştirilmesi üzerine 

odaklanılmıştır. Bu amaçla, metakrilasyon işlemi mikrodalga enerjisi uygulanarak 

gerçekleştirilmiş ve geleneksel ile mikrodalga uygulamasının verimleri kıyaslanmıştır. 

Çalışmada, 250 W mikrodalga enerjisi uygulanarak, çok düşük metakrilatlama ajanı 

varlığında (AEMA) %80 metakrilatma derecesine sahip aljinat sentezi için hızlı ve etkin 

bir yöntem ortaya konmuştur. Reolojik ve mekanik analizlere göre, mikrodalga ile 

sentezlenen aljinatların geleneksel yöntemle sentezlenenlere göre daha elastik ve güçlü 

oldukları gözlenmiştir. Ayrıca, daha üstün mekanik özellikler ve doku entegrasyonu 

kabiliyetine sahip hidrojeller elde etmek amacıyla bunlar tannik asit ile etkileştirilmişler 

ve ikincil çapraz bağlanma ile mekanik gücün arttığı gözlenmiştir. Buna ek olarak, tannik 

asit etkisi ile hidrojellerin antimikrobiyal özellik kazandığı görülmüştür. Sonuç olarak, 

mikrodalga ve TA yardımıyla, üstün mekanik özelliklerde ve antimikrobiyal karakterde 

aljinat hidrojeller elde edilmiştir. 

 

Anahtar kelimeler: Aljinat, mikrodalga, biyomürekkep, tannik asit, hidrojeller 
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Chapter 1 

1.Introduction 

1.1. Tissue Engineering 

Tissue and organ transplantation have been life-saving procedures for millions 

of people worldwide suffering from various diseases, including organ failure, severe 

burns, and cancer. However, the shortage of suitable donor organs, tissue rejection, 

and the risks of infections and complications associated with transplantation have 

highlighted the need for alternative approaches [1–3]. The tissue engineering (TE) 

approach is promising for mimicking or developing various biological structures 

suitable for the mentioned purpose. 

TE is an interdisciplinary field that combines knowledge from engineering, life 

science, and material science to develop biological substitutes that can repair or 

develop tissue function [4]. These biological substitutes, often called scaffolds, are 

made of biocompatible materials, and are also a critical component of tissue 

engineering, as they supply a three-dimensional structure for cells to grow and 

differentiate, and can also act as a delivery system for growth factors and other 

signalling molecules that are necessary for tissue development and regeneration. Cells 

are often seeded onto or within the scaffold, where they can proliferate and 

differentiate into the desired tissue type. The resulting tissue construct can then be 

transplanted into the body to replace damaged or diseased tissue. 

TE  and regenerative medicine (RM) strategies aim to repair or replace damaged 

tissues or organs using engineered constructs composed of cells, biomaterials, and 

biochemical signals. To achieve successful tissue integration and regeneration, it is 

necessary to interact and integrate with the surrounding tissues and cells, and to 
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incorporate appropriate physical and cellular signals that can promote tissue growth, 

differentiation, and function [5]. 

To promote tissue regeneration and influence cell behaviour, one approach is to 

incorporate biologically active proteins such as growth factors, cytokines, and 

extracellular matrix (ECM) proteins into the 3D printing process. Additionally, the 

inclusion of DNA can also aid in achieving this goal. For example, growth factors 

such as bone morphogenetic protein (BMP) and transforming growth factor-beta 

(TGF-beta) can promote cell proliferation, differentiation, and ECM production in 

bone and cartilage tissue engineering. Similarly, DNA-based technologies such as 

gene therapy can be used to introduce new genes into the cells, which can alter their 

behaviour and promote tissue growth [6]. In addition to these modifying factors, other 

factors such as mechanical stimulation, cell alignment, and nutrient supply are also 

crucial for successful TE and regeneration [5, 6]. 

In summary, the incorporation of modifying factors such as DNA and 

biologically active proteins is crucial for the advancement of TE and RM approaches, 

as it enables the creation of functional tissues and organs that can effectively treat 

various diseases and injuries. Therefore, the design and implementation of TE and 

RM strategies require a multidisciplinary approach that integrates knowledge from 

diverse fields such as biology, engineering, and the science of materials. 

However, current tissue engineering strategies have some limitations, such as 

the need for a better understanding of cell biology and the complex interactions 

between cells and biomaterials, the need for better biomaterials with suitable 

mechanical and biological properties, and the need for more efficient methods for 

growing and expanding cells [6, 7]. In order to overcome the limitations and imitate 

the complex structure of tissue, it has been focused on obtaining more automated and 

reproducible systems with three-dimensional printing technology, including 

biological components [8, 9]. 
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1.2.  3D Printers & Bioprinters for Tissue 

Engineering 

David E. H. Jones first proposed the concept of 3D printing in a paper he wrote 

in 1974, titled "A Three-Dimensional Cartesian Coordinate Positioning System." 

[10]. However, it was Hideo Kodama who first developed a functional prototype of a 

3D printing system using photopolymerization in 1981 [11]. After that, Charles W. 

Hull, in 1984, developed the first three-dimensional printing objects by 

stereolithography (SLA) (Figure 1.1) [12]. Then, since its origin in the 1980s, additive 

manufacturing or 3D printing technology has made significant progress, and it is now 

being used in various industries, including medicine, aerospace, automotive, and 

architecture, among others. Because Kodama's work laid the groundwork for 

developing various additive manufacturing processes widely used today. 

Furthermore, bioprinting technology is the most up-and-coming application in the 

field of 3D printing, where it has the potential to revolutionize TE and RM [13]. 

 

Figure 1.1 Evolution of the 3D bioprinting technology [12, 14, 15]. 

Both technologies (3D printing/bioprinting) use layer-by-layer fabrication 

processes from CAD models, but the difference between the two lies in the materials 

used. A range of materials such as plastics, metals, and ceramics are used to form 

objects in 3D printing. These materials are not living and do not contain any biological 

components. In contrast, 3D bioprinting involves the use of bioinks that consist of 
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living cells and biomaterials, such as hydrogels, that can support cell growth and 

differentiation [16–23]. 

The goal of 3D bioprinting is to create functional tissue constructs that can be 

utilized for TE, RM, and drug discovery applications [18]. 3D bioprinting offers many 

potential benefits over traditional tissue engineering techniques. Firstly, by using bio-

inks that contain living cells and bioactive molecules, it enables the creation of 

intricate tissue structures that can mimic the natural architecture of tissues and organs 

in the body instead of using traditional methods. Secondly, it allows the precise 

control of mechanical properties, which can be adapted to meet the specific 

requirements of the tissue being engineered. Thirdly, it offers a faster and more 

efficient method of tissue fabrication, as the entire process can be automated, reducing 

the need for manual labor [24–26]. Furthermore, 3D bioprinting techniques enable the 

creation of patient-specific scaffolds based on anatomically accurate 3D models 

generated from medical imaging data. This ensures that the scaffold is tailored to the 

unique requirements of the patient's tissue defect, thereby improving the success rate 

of tissue regeneration and reducing the risk of rejection or adverse reactions. The 

process of additive manufacturing involves the use of computer-aided design (CAD) 

software to create a digital model of the tissue structure. This digital model is then 

turned into a series of thin, horizontal slices, which are used as a guide for the printer. 

The printer then builds the tissue structure layer by layer, depositing the material in a 

controlled manner. This process is able to repeat itself multiple times until the desired 

tissue structure is created [27]. These constructs can be utilized for different purposes, 

such as modeling diseases, screening drugs, and even RM. The use of cell-laden bio-

inks enables the creation of more complex and functional tissue constructs, as the cells 

can differentiate and organize themselves within the construct to form functional 

tissue. On the other hand, 3D printing can be utilized for lots of applications, for 

example, prototyping, manufacturing, and product design. It is typically used to create 

solid objects with complex geometries that may be difficult or impossible to fabricate 

using traditional manufacturing techniques [23, 26]. However, it is not typically used 

for biological applications, as it does not involve the use of living cells or biomaterials 

that can promote tissue formation and cell growth. In general, while both technologies 

have their unique applications, 3D bioprinting is still in its initial stages of 

development in tissue engineering. The use of 3D bioprinting has the possibility of 
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bringing a significant change to the medical field. It can allow the production of 

customized tissues and organs that are specifically designed for each patient, leading 

to advancements in disease modeling and drug development. Ultimately, this 

technology can provide a ray of hope to individuals who are struggling with various 

medical conditions [26]. 

1.2.1. 3D Bioprinting Process 

The 3D bioprinting process generally involves the following steps (Figure 1.2) 

[12]: 

• 3D scanning of the required organ or tissue: To initiate the bioprinting process, 

medical imaging data of the tissue or organ that requires printing is collected 

using techniques such as CT scans or MRIs. The data is then processed and 

converted into a 3D digital model. 

• 3D bio-modelling of the required tissue or organ geometry: Based on the 3D 

digital model, a virtual 3D bio-model is created using specialized software. 

This helps to determine the geometry and structure of the tissue or organ that 

needs to be printed. 

• Formulation of bio-inks from cellular or cell-free biomaterials: The ink 

formulation is a critical step in the bioprinting process. Biomaterials, such as 

hydrogels, are combined with cells to create a bioink that can be used for 

bioprinting. 

• Three-dimensional bioprinting (calibration and slicing): The bio-ink is loaded 

into a bioprinter, which then deposits the ink layer by layer, based on the 3D 

bio-model. The printer is calibrated to ensure accuracy and precision during 

printing. The bio-ink is sliced into layers to enable precise deposition of the 

ink. 

• Maturation: After bioprinting, the printed structure is left to mature and grow. 

This enables the cells to proliferate and differentiate, leading to the formation 

of tissue or organ-like structures. 

• Physical, chemical, and biological characteristics and potential applications of 

the bio-printed structure: The final step involves analyzing the bio-printed 

structure to ensure that it meets the required specifications. This involves 

testing the structure for mechanical properties, cell viability, and functionality. 
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In summary, the 3D printing process has revolutionized manufacturing and 

allowed for the creation of complex and intricate structures that would be difficult or 

impossible to produce utilizing conventional manufacturing methods [13, 28, 29]. 

 

Figure 1.2 Phases of the 3D bioprinting operation [12]. 

1.2.2. Types of 3D Bioprinting 

3D bioprinting is an emerging technology that enables the production of 

complex 3D structures with living cells and the fields of tissue engineering and 

regenerative medicine have shown a lot of interest in 3D bioprinting. [13]. While 

bioprinting has made significant strides in recent years, there is still no single 

bioprinting technique that can produce all the scales and complexities of synthetic 

tissues [17]. 3D bioprinting technologies can be broadly classified into three main 

types based on their working mechanisms: inkjet bioprinting, laser-assisted 

bioprinting, and extrusion-based bioprinting [30].  

In order to obtain optimal outcomes in 3D bioprinting, it is crucial to take into 

account various factors, such as the printing precision, the survival rate of the cells, 

and the choice of the material for creating the desired 3D structures. Other factors to 

consider include the biocompatibility of the materials, the mechanical properties of 

the printed structures, and the ability to vascularize the printed tissues or organs [13]. 
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Besides, these methods have some limitations as well as advantages, and 

researchers continue to investigate and develop new bioprinting techniques and 

materials to improve these shortcomings, including the printing precision, the survival 

rate of the cells, and the ability to print complex structures. Additionally, the choice 

of method depends on the specific application and the type of biomaterial being 

printed [26]. 

1.2.2.1. Inkjet-Based Bioprinting (IBB) 

IBB is a type of 3D bioprinting technology that allows for the printing of live 

cells and biomaterials in a precise and controlled manner. It works by using an inkjet 

printer to deposit tiny droplets of a cell-loaded hydrogel onto a substrate, which can 

be a tissue culture dish, a scaffold, or even a living organism [31]. 

The use of IBB in tissue engineering (TE) and regenerative medicine (RM) has 

many potential applications. For example, it could be used to create artificial organs 

or tissues for transplantation or to develop new drugs and therapies. IBB also permits 

accurate positioning of cells, which can be important in creating complex tissue 

structures [32]. IBB has a lot of advantages such as low cost, non-contact nature, 

reduced risk of contamination, and the ability to achieve high resolution and precision 

as well [33]. Certain studies have been successful in printing droplets containing only 

one cell. This level of precision can be important in creating tissues with specific 

structures and functions. 

The process of IBB involves several steps. First, the cells are suspended in a 

hydrogel solution that provides a supportive and nourishing environment for the cells. 

The hydrogel solution is then loaded into the ink cartridge of an inkjet printer, which 

is specially adapted to handle the viscous nature of the hydrogel. The printer then 

ejects droplets of the hydrogel solution onto the substrate using either thermal or 

piezoelectric methods, as represented in Figure 1.3 [34, 35]. Thermal inkjet printers 

work by heating a tiny resistor located in the printhead, which causes a small amount 

of ink to vaporize and form a bubble [36]. This bubble rapidly expands, pushing the 

ink droplet out of the nozzle. Piezoelectric inkjet printers use an electric charge to 

create a vibration in a tiny crystal, which then ejects a droplet of ink [37]. As the 

droplets are deposited onto the substrate, they begin to solidify, creating a 3D 

structure. Because of the hydrogel's nourishing and protective environment, the cells 
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within the droplets continue to be alive and viable. With 3D bioprinting, it is possible 

to fabricate intricate tissues and organs that have diverse uses, such as regenerative 

medicine, tissue engineering, and drug development. 

 

Figure 1.3 Inkjet bioprinting [31]. 

Tse et al. utilized a printer that uses piezoelectric technology to deposit ink in 

order to create neural tissue from porcine Schwann cells and neuronal NG 108-15 

cells [38]. They found that the viability of both neuronal and glial cells was high 

immediately after printing, with 86% and 90% respectively. Additionally, the 

proliferation rate of the printed cells was similar to that of non-printed cells. After 7 

days, the printed cells had developed neurites that elongated, which is a positive sign 

of neural tissue formation. This study showcases the possibilities and capabilities of 

bioprinting technology to create complex tissues, such as neural tissue, for use in 

regenerative medicine and tissue engineering. 

IBB is still a relatively new technology, and there are many challenges that still 

need to be addressed, such as improving cell viability and ensuring the precise 

placement of cells within the printed structure. However, it holds great promise for 

the future of TE and RM, and it is expected that IBB will become increasingly 

significant in the creation of novel treatments and therapies for various ailments and 

illnesses. 
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1.2.2.2. Laser-Based Bioprinting (LBB) 

LBB is a type of 3D bioprinting technique and in this technique, laser-assisted 

3D bioprinter technology makes use of a pulsed laser beam so as to deposit bio-ink-

containing living cells onto a substrate with high precision and accuracy, as seen in 

figure 4 [39]. The laser radiation used in this technique is highly monochromatic, 

meaning that it consists of only one wavelength of light, and it is focused and 

coherent, meaning that it is well-aligned and produces a tightly focused beam [40]. 

The laser beam is focused onto the bio-ink, causing it to rapidly heat and expand, 

which generates a small droplet of the ink [41]. These droplets are then precisely 

deposited onto the substrate to form a 3D pattern of living cells. The laser beam is 

pulsed to avoid heating or damaging the cells and to ensure the bioink is deposited 

accurately. 

 

Figure 1.4 Laser-assisted bioprinting [42]. 

LBB has the capability to transform the field of tissue engineering and 

regenerative medicine by facilitating the production of intricate and fully functional 

tissues and organs, such as synthetic skin, cartilage, and blood vessels. It is also being 

investigated for drug screening and toxicology testing. It offers many advantages over 

traditional tissue engineering techniques, including high precision, scalability, and the 
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ability to print multiple cell types and materials simultaneously [43, 44]. Additionally, 

it minimizes damage to the cells and extracellular matrix during printing, which is 

vital for maintaining cell viability and function. 

However, many challenges must be overcome before LBB can be widely 

adopted in clinical settings. These include improving the viability of the printed cells, 

optimizing the printing parameters, and ensuring the safety and biocompatibility of 

the materials used in the process. 

1.2.2.3. Extrusion-Based Bioprinting (EBB) 

Rapid prototyping (RP), also known as additive manufacturing or 3D printing, 

is the process of creating physical models or prototypes of a design using 3D 

computer-aided design (CAD) data [45]. It involves the layer-by-layer deposition of 

materials, such as polymers, metals, or ceramics, to build up a three-dimensional 

object [46]. RP is also referred to as solid freeform fabrication because it allows for 

the creation of complex geometries and internal architectures that may not be possible 

with traditional manufacturing techniques. RP has found extensive use in diverse 

areas, such as product development, engineering, and biomedical applications, 

including medical device design and tissue engineering [47, 48]. In the medical field, 

rapid prototyping is used to create customized implants, prosthetics, and other 

medical devices. It can also be used to create models of organs, tissues, and other 

structures for surgical planning and training. The ability to create complex, 

customized objects quickly and easily has made rapid prototyping an important tool 

in many industries. It has opened up new possibilities for design and manufacturing, 

allowing for faster iteration and testing of new ideas [49]. 

EBB is one of the most popular and promising techniques for fabricating 3D 

tissue constructs due to its unique advantages. EBB enables the precise deposition of 

bio-inks in a layer-by-layer manner to create complex 3D tissue constructs that mimic 

the native tissue architecture [50]. 

EBB offers the crucial benefit of enabling the deposition of a high concentration 

of cells, providing greater flexibility in the selection of materials with varying cell 

densities and viscosities. As a result, EBB is a highly versatile and customizable 

technique that can be adapted to various tissue types. EBB can also provide enhanced 

structural support for printed components when using high-viscosity materials. 
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Additionally, EBB has the advantage of creating a better environment for preserving 

cell viability and function in cases where low-viscosity materials are used [51]. EBB 

also offers several advantages over other bioprinting techniques. For example, it can 

print at higher speeds, which facilitates scalability, and the process-induced cell 

damage is relatively less compared to other techniques [52]. Additionally, EBB 

allows for the use of multiple printing heads, enabling the use of multiple bio-inks to 

fabricate more complex tissue structures. 

However, maintaining cell viability during the extrusion bioprinting process can 

be challenging. The extrusion pressure and nozzle gauge can affect cell viability, with 

higher pressures and smaller gauge sizes leading to lower cell viability. This is 

because the mechanical forces generated during the printing process can damage or 

kill the cells [34]. In order to improve cell viability during extrusion bioprinting, 

several strategies have been proposed, including optimizing the printing parameters 

(such as extrusion pressure, nozzle size, and printing speed), incorporating protective 

agents in the bio-ink (such as antioxidants, growth factors, and ECM proteins), and 

using pre-culture techniques to enhance the robustness of the cells. 

Furthermore, the bio-inks used in EBB can be crosslinked using different 

mechanisms like ionic, thermal, or photocrosslinking, making them more stable and 

durable, as seen in Figure 1.5. The use of crosslinking agents also allows for the 

fabrication of free-standing 3D structures that can be used for implantation [7].

 

Figure 1.5 Extrusion-based bioprinting [49]. 
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Tan et al. demonstrated the application of the multi-nozzle EBB to creating 

tubular structures made of alginate through 3D bioprinting. The researchers explored 

the impact of varying the viscosity of the alginate solutions on the final printed 

structures [53]. The study demonstrated that the extrusion-based bioprinting 

technique can be used to fabricate large-diameter vascularized constructs. The results 

indicated that the printing parameters, including the nozzle diameter, the printing 

speed, and the viscosity of the alginate solution, significantly affect the mechanical 

properties and morphology of the printed structures. The findings of this study hold 

significance in the fields of tissue engineering (TE) and regenerative medicine (RM), 

as they offer a promising approach for the fabrication of large-diameter vascularized 

constructs that can be used for the replacement or regeneration of damaged tissues 

and organs. 

Dolati and colleagues conducted a study on using coaxial bioprinting to create 

a vascular conduit made of alginate [54]. The study aimed to develop a bioprinting 

technique that could create vascular conduits with enhanced mechanical properties, 

which could potentially be used in regenerative medicine. The researchers applied the 

same bioprinting technique to incorporate micro-engineered blood vessels and 

cellular layers into the extracellular matrix of target tissues, thus demonstrating the 

potential for tissue engineering applications. 

Across the board, EBB is a highly versatile and promising technique for 

fabricating 3D tissue constructs with excellent accuracy and precision, which makes 

it a valuable tool for TE and RM. 

Despite the benefits offered by additive manufacturing for tissue engineering, 

there are still obstacles that need to be addressed. One challenge is the need for 

suitable biomaterials that can be printed with high accuracy and resolution [26]. 

1.3. Bio-Inks 

Bio-inks utilized in 3D bioprinters are vital components for the 3D bioprinting 

process [55, 56]. Bio-inks are formulations containing cells, biomolecules, and a 

scaffold material that can be used in bio-fabrication techniques such as 3D 

bioprinting, to create complex 3D tissue structures [57]. These formulations are 

designed to simulate the hydrated environment of natural tissues, which is essential 
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for maintaining cell viability and proliferation [58]. Bio-inks can be made from 

various materials, including hydrogels, which are highly hydrated networks of cross-

linked polymers that can hold large amounts of water. Hydrogels are a popular choice 

for scaffold materials in bio-inks due to their ability to mimic the extracellular matrix 

of natural tissues and provide a highly hydrated environment for the cells [59, 60]. 

The term "bio" in bio-inks refers to the fact that the formulation contains living cells, 

which are the true biological components of the material [61, 62]. A 3D-printed tissue 

construct can be created by combining a polymer solution and cells, which are then 

printed into a specific shape. A crosslinker is added to the polymer solution to create 

stability. Once the mixture is printed, it is exposed to UV light, which causes the 

crosslinker to bond and solidify the structure of the tissue construct. This can be used 

in a variety of applications, such as implanting engineered tissue into a patient, using 

the construct for drug screening, or creating organ models on microfluidic systems 

(Figure 1.6). 

 

Figure 1.6 The process of creating a 3D printed tissue structure, along with its 

various uses and applications [63]. 

By using bio-inks, researchers can create tissue models that closely mimic 

natural tissues in terms of their cellular organization, mechanical properties, and other 

characteristics. Bio-inks are an important tool for tissue engineering and regenerative 
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medicine, as they allow researchers to create complex tissue models that can be used 

for drug screening, disease modelling, and other applications. In addition, bio-inks 

can be customized to incorporate specific cell types or biomolecules, allowing 

researchers to create tissue models that are tailored to their specific research needs. 

1.3.1. Critical Properties of Bio-Inks 

Hydrogels are commonly used as bio-inks for the 3D printing of tissue-

engineered constructs due to their unique properties, such as their ability to absorb 

large amounts of water and their ability to mimic the extracellular matrix (ECM) of 

natural tissues. However, hydrogels used as bio-inks must possess certain essential 

properties to ensure their effectiveness in 3D printing applications [64, 65]. 

A brief overview of each of these crucial properties: 

1. Biocompatibility: 

Biocompatibility is an important property of hydrogels used as bioinks, as they 

will be in direct contact with living cells and tissues. The hydrogel must not cause 

any adverse reactions when it comes into contact with living cells or tissues. The 

hydrogel should support cell adhesion, proliferation, and differentiation [59, 66]. 

2. Printability: 

Printability is another crucial property, as it determines the ability of the hydrogel 

to be extruded from the 3D printer nozzle and maintain its shape during printing. 

The hydrogel should be able to flow through a printer nozzle, maintain its shape 

during the printing process, and solidify quickly once it is deposited on the 

printing substrate [34, 67]. 

3. Mechanical Property: 

Mechanical properties such as stiffness, elasticity, and toughness are also 

important as they can affect the structural integrity and functionality of the printed 

tissue-engineered constructs. The hydrogel should have the appropriate 

mechanical strength and stiffness to support the cells and tissues being printed. 

The mechanical properties should match the properties of the target tissue [59, 

68]. 

4. Hydrophilicity: 
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Hydrophilicity is another essential property of hydrogels used as bio-inks, as it 

determines the ability of the hydrogel to absorb and retain water, which is 

important for maintaining cell viability and facilitating nutrient and waste 

exchange. The hydrogel should have a high water content and be able to absorb 

and retain water, which is necessary for the growth and survival of cells [67, 69]. 

5. Geometric Structure: 

The geometric structure of the hydrogel can also influence the behaviour of cells 

within the printed construct. The hydrogel should be able to form complex three-

dimensional structures that mimic the architecture of natural tissues [34, 52]. 

6. Biodegradability: 

Biodegradability is an important property for hydrogels used as bioinks, as they 

need to degrade over time and be replaced by newly synthesized tissue. The 

hydrogel should be able to degrade over time, allowing the cells and tissues to 

grow and mature, and eventually replace the scaffold [70, 71]. 

Incorporating guidance cues, such as morphogens, growth factors, and 

topography can further enhance the properties of the hydrogel-based scaffolds. 

Topography can guide cell behaviour and promote cell alignment and tissue 

formation. Growth factors and morphogens can regulate cell proliferation, 

differentiation, and tissue development [34]. 

1.4. Natural and Synthetic Biomaterials for 3D 

Bioprinting 

3D bioprinting involves the use of materials that are able to mimic the features 

of living tissues in order to create functional constructs [72]. The biomaterials utilized 

for the production of bio-inks should have some characteristics such as 

biocompatibility, printability, and biodegradability. Selecting the right biomaterials is 

critical for ensuring the safety and efficacy of 3D bioprinting applications in tissue 

engineering, regenerative medicine, and drug discovery [73]. The biomaterials used 

in 3D bioprinting can be broadly classified into two categories: natural polymers and 

synthetic polymers [74–76]. 
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Natural polymers, particularly in hydrogel form, offer several benefits when it 

comes to creating a convenient microenvironment for encapsulated cells [73]. 

Hydrogels refer to networks of hydrophilic polymer chains that exist in three 

dimensions and are capable of absorbing significant amounts of water without losing 

their shape or structure. This property makes hydrogels particularly attractive for use 

as cell encapsulation matrices, as they can create a supportive and nurturing 

environment for the encapsulated cells [67]. 

Hydrogels possess the advantage of being biocompatible, implying that they 

can be employed in various biomedical applications without causing any harmful 

effects on live cells. Additionally, natural polymers, such as collagen, gelatine, 

alginate, and chitosan, are attractive materials for cell encapsulation due to their 

biocompatibility, biodegradability, and similarity to the extracellular matrix (ECM) 

found in living tissues [77]. The ECM is a sophisticated system of proteins and 

polysaccharides that offer structural support and chemical signals to cells, and natural 

polymers can mimic some of these properties. Encapsulating cells within a hydrogel 

can protect them from harsh external conditions, such as shear stress, changes in pH 

or temperature, and immune responses [68]. The hydrogel can also serve as a physical 

barrier to prevent the cells from migrating and forming unwanted tissue structures. 

Additionally, hydrogels can be modified to provide cues that promote cell growth and 

differentiation, and making them an excellent choice for use in tissue engineering. 

Broadly, natural polymers in the form of hydrogels offer several advantages 

when it comes to providing a favourable microenvironment for encapsulated cells 

[78]. Their biocompatibility, ability to mimic the ECM, protection of encapsulated 

cells, and biodegradability make them an excellent choice for various biomedical 

applications, including tissue engineering, drug delivery, and regenerative medicine. 

On the other hand, synthetic polymers are macromolecules that are created 

through chemical synthesis, rather than being naturally occurring [7, 79]. 

Polyethylene glycol (PEG), polycaprolactone (PCL), poloxamers (Pluronic), 

polypropylene fumarate, polyanhydrides, polyvinyl alcohol, and synthetic proteins 

are frequently utilized in the creation of bio-inks for 3D printing applications and are 

considered one of the most widely used types of synthetic biomaterials. These 

substances can be utilized either independently or together with natural hydrogels to 
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obtain particular mechanical and biological characteristics necessary for the desired 

purpose [55]. 

Synthetic polymer-based biomaterials have several advantages as bioinks for 

bioprinting, including their precise deposition with high fidelity and mechanical 

strength. Different 3D printing techniques, including extrusion-based, inkjet, and 

stereolithography, can be employed to accurately and carefully deposit biomaterials 

in a controlled fashion [80]. However, the poor biocompatibility and uncontrollable 

degradation of synthetic polymers remain major challenges in the development of 

synthetic-based bioinks [81]. Biocompatibility refers to the ability of a material to 

interact with biological systems without causing adverse effects such as 

inflammation, immune response, or toxicity. Synthetic polymers can cause adverse 

effects due to their chemical composition, and it is crucial to modify their surface 

chemistry to enhance biocompatibility. Surface modifications such as the grafting of 

bioactive molecules, incorporation of cell-binding domains, or functionalization with 

biomolecules can improve biocompatibility. Additionally, uncontrollable degradation 

of synthetic polymer-based biomaterials can lead to the release of toxic degradation 

products, affecting cell viability and function. The design of biodegradable polymers 

with controlled degradation rates and non-toxic degradation products is crucial to 

avoid these issues [82]. 

In summary, synthetic polymer-based biomaterials offer several advantages for 

bioprinting, but improving their biocompatibility and controlling their degradation 

remains a challenging area of research. To address these challenges, researchers have 

explored various approaches, including modifying the surface chemistry of synthetic 

polymers to enhance their biocompatibility, incorporating biologically active 

molecules to promote cell adhesion and growth, and developing new polymers with 

improved degradation profiles. As a result of ongoing research, the properties of bio-

inks have been enhanced, making them more compatible with biological systems and 

increasing their ability to break down over time. These improvements have expanded 

their potential applications, which include but are not limited to tissue engineering, 

regenerative medicine, and targeted drug delivery [34, 83, 84]. 
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1.5. Alginate (Alg) 

Alginate is a versatile and valuable material for hydrogel-based applications in 

tissue engineering and drug delivery applications due to its unique properties and ease 

of use [85–87]. Alginate, known as derived from brown algae, is a natural 

polysaccharide [77]. The polymeric backbone of alginate is made up of repeating units 

of two different types of monomers: guluronic acid and mannuronic acid. These 

monomers are negatively charged, which means that alginate has an overall negative 

charge. Thanks to the backbone being negatively charged, alginate has the remarkable 

property of being able to create ionically crosslinked chains via interacting with a 

solution that has a positive charge, such as calcium, barium, and strontium [73, 77]. 

When alginate comes into contact with a solution containing ions with a positive 

charge, these ions bind to the negatively charged carboxylate groups on the polymer's 

backbone. This binding results in the formation of a structure that resembles a gel. 

This ionic crosslinking of alginate is widely used in biomedical applications, such as 

drug delivery, tissue engineering, and wound healing, due to its biocompatibility and 

easy processing. 

 

Figure 1.7 Chemical structure of alginate polymer. 

One interesting property of alginate hydrogels is their pH responsiveness [88]. 

Alginate hydrogels are stable in a neutral to basic environment, but they can become 

soluble in acidic conditions due to the protonation of the carboxylic acid groups in the 

alginate molecule. This property makes alginate hydrogels useful for drug delivery 

applications, as they can release drugs in response to changes in pH. Additionally, 

among other things, adjusting the concentration of the crosslinking ion and the pH of 

the solution can control the degree of crosslinking in alginate gels. The resulting gels 

can have different properties, such as stiffness, porosity, and degradation rate, 

depending on the specific application requirements [89]. 
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Calcium chloride (CaCl2) is often used as a crosslinker for alginate hydrogel 

formation due to its high solubility in water, which allows for rapid ion exchange and 

gelation [77]. The resulting hydrogel has good mechanical strength and stability. 

Alginate can be crosslinked using calcium sulfate (CaSO4) and calcium carbonate 

(CaCO3) for its gelation as well [6]. However, since the water solubility of calcium 

sulphate (CaSO4) and calcium carbonate (CaCO3) is lower than that of CaCl2, the time 

required for crosslinking also increases. This slower gelation rate can be beneficial in 

some cases where a slower gelation rate is desired. In addition, the choice of 

crosslinker can affect the properties of the resulting hydrogel. For example, the use of 

CaSO4 as a crosslinker can result in a hydrogel with a higher porosity compared to 

CaCl2-crosslinked hydrogels, while CaCO3-crosslinked hydrogels tend to be more 

brittle [90]. 

Alginate hydrogels have been used to create various tissue constructs, such as 

bone, cartilage, and liver. Alginate-based hydrogels have been utilized as a means of 

drug delivery, with the ability to regulate the release of various bioactive molecules 

such as proteins and drugs. Alginate-based materials have also been utilized as wound 

dressings, creating a moist environment that helps facilitate the healing process. 

Although alginate-based hydrogels possess several desirable characteristics for 

biomedical uses, such as biocompatibility and minimal toxicity, they also have certain 

drawbacks [91]. One such limitation is their tendency to break down over time under 

physiological conditions, which can limit their long-term stability. Another limitation 

is that alginate hydrogels do not provide binding sites for cell attachment, which can 

hinder cellular growth and function. One way to overcome this limitation is to 

incorporate cell-adhesive peptides, such as the RGD peptide, into the hydrogel [92]. 

These peptides can provide binding sites for cell attachment and promote cellular 

proliferation and function. 

Besides these, alginate's ability to form hydrogels under mild conditions makes 

it ideal for creating bio-inks [77]. Bio-inks are essential in 3D bioprinting, a technique 

used to fabricate complex structures, such as tissues and organs. Alginate-based bio-

inks have several advantages, such as excellent printability, high stability, and the 

capacity to enclose cells, growth factors, and medications [93]. The degree of 
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crosslinking and the concentration of the alginate solution are just a couple of the 

variables that can affect alginate's printability [94–97]. 

One way to adjust the printability of alginate is by pre-treating it with a specific 

amount of calcium ions before the printing process. This process, known as pre-

crosslinking, refers to the addition of a small quantity of calcium ions to the alginate 

solution, resulting in partial crosslinking of the alginate chains. This can improve the 

mechanical stability of the printed structure and prevent deformation during printing. 

Another way to adjust the printability of alginate is by altering the quantity and 

nature of the crosslinking agent used. Different crosslinking materials have different 

properties, such as their strength and stiffness, which can affect the final printed 

object. For example, adding a higher concentration of calcium ions can lead to 

stronger crosslinking and a more rigid structure. Alternatively, using different types 

of crosslinking agents, such as polyethylene glycol (PEG), can also affect the 

printability of alginate. Briefly, it is possible to adjust and optimize the properties of 

the printed object by modifying the quantity and nature of the crosslinking agent used 

[96]. 

Lastly, printing the alginate solution directly into a calcium chloride solution 

can also lead to quick setting and improved printability [88]. This method, known as 

in-situ crosslinking, involves using a bath of calcium chloride solution to crosslink 

the alginate as it is being printed. This can lead to more precise printing and better 

control over the final structure. 

Zhang and colleagues used alginate-based bioinks to print cartilaginous cell 

hollow structures, taking advantage of these properties [98]. In this study, these 

container-like printable microfluidic channels gained the ability the transport essential 

substances like oxygen and nutrients through their structure. Additionally, the 

channels were found to support cell growth. Also, to develop tubular structures with 

a triaxial nozzle assembly, Yu and colleagues used cartilage cells and alginate as 

bioinks in a similar study [99]. Their findings demonstrated that the coaxial system 

using this particular bioink has the ability to enhance the survival of cartilage 

progenitor cells both during the printing process and after it, during the post-press 

stage. Gao and colleagues developed a coaxial system that can produce robust 

structures with tiny channels for delivering nutrients using a hydrogel material based 
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on alginate through 3D printing [100]. Likewise, Jia and co-workers described a 

mixed bio-ink system based on alginate that can be employed for direct 3D printing 

of structures [101]. Christensen and colleagues produced a bio-ink containing mouse 

fibroblast cells using sodium alginate and utilized a calcium chloride crosslinker in a 

personalized 3D printer to develop vascular-like structures [102]. Ning and co-

workers employed biomaterials based on alginate to produce 3D structures that 

contained living cells. They examined how the flow characteristics influenced various 

cell lines, including Schwann cells, fibroblast cells, and skeletal muscle cells, during 

the printing process [103]. They also noted that the concentration of bio-ink, 

temperature, and viable cell density had an impact on the flow rate of cell suspensions. 

Additionally, in the initial printing of induced pluripotent stem cells and human 

embryonic stem cells, alginate was utilized as a bioink [104]. Moreover, they 

investigated the ability of such cells to differentiate into cells that resemble 

hepatocytes. Zhao and co-workers utilized 3D bioprinting to generate a tissue model 

of a cervical tumour and examine its in vitro characteristics [105]. To conduct their 

research, they employed a combination of HeLa cells and a bio-ink made up of 

gelatine, alginate, and fibrinogen for printing. Ahlfeld and colleagues blended 

synthetic nanosilicate clay with alginate and carboxymethyl cellulose (CMC), 

resulting in two bio-ink formulations. They evaluated the bio-ink samples using a 3D 

drawing technique based on extrusion to create 3D structures [106]. This approach 

offered high printing precision and smoother extrusion. In another study, Kosik-

Kozioł and co-workers described the development of cartilage structures using 3D 

printing technology, made of alginate and reinforced with PLA fibers [107]. 

According to their results, incorporating PLA fibers into the 3D structures enhanced 

their mechanical properties by a factor of three when compared to structures made 

solely of alginate. Furthermore, the fiber-reinforced alginate constructs maintained 

the rounded shape of human chondrocyte cells for up to two weeks during in vitro 

testing. These studies provide evidence that alginate-based bioink is a highly preffered 

material in 3D bioprinting due to its many advantages over other hydrogels [65]. 

1.6. Purpose of The Thesis 

According to the studies in the literature, alginate has advantages as a bioink, 

but it may not maintain long-term stability under physiological conditions due to ionic 
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cross-linking. This limits the application of ionic cross-linked alginate hydrogels in 

biomedical materials. In addition, it is necessary to obtain combined systems with 

additional components, such as RGD, to achieve this with alginates that do not have 

a sufficient stimulating effect on cell attachment. It is seen that combinations of 

alginate hydrogels with other polymers are used or different cross-linking approaches 

are applied, especially to increase mechanical strength. One of the methods used is 

photo-crosslinking, which makes alginate hydrogels with much better mechanical 

properties and structural stability than calcium ionic cross-linked alginate hydrogels 

[108, 109]. 

Photocross-linking is a powerful technique for in situ gelation that can create a 

3D network of covalent bonds within a hydrogel using light [77]. This technique has 

several advantages over traditional chemical cross-linking methods, including its mild 

reaction conditions, the ability to cross-link in the presence of biological molecules, 

and the ability to create highly defined and tunable networks [110]. In photo-

crosslinked hydrogel applications, cells or aqueous macromer solutions with bioactive 

factors can be moved in a way that is minimally invasive. After a short exposure to 

ultraviolet (UV) light, the solutions quickly cross-link in place under physiological 

conditions. For this reason, photo-crosslinked hydrogels have recently received 

increasing attention in biomedical applications [111, 112]. Photo-crosslinked 

hydrogels are made by exposing a solution with photoinitiators to UV or visible light. 

When exposed to UV or visible light, chemicals called photoinitiators release free 

radicals that can start the polymerization process. In this way, the free radicals formed 

convert aqueous macromer solutions into hydrogels [113, 114]. In addition, the 

mechanical properties and swelling behaviour of photocrosslinked hydrogels can be 

easily controlled by replacing the photocurable part [110, 115]. However, the speed 

and consistency of crosslinking, which depend on the depth of light penetration and 

dispersion, are significantly affected by the concentration of the initiator [116]. Some 

of the chemical photoinitiators used in these studies are VA-086, VA-044, V-50, and 

Irgacure 1870. In photoinitiator crosslinking processes, photoinitiator active groups 

like methacrylate (MA) are added to macromolecular chains to lower the 

photoinitiator concentration and keep the right amount of crosslinking [117, 118]. 

This protects cells and bioactive substances from damage while keeping the right 

amount of crosslinking. There are different alternatives for the methacrylate process. 
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One of them is the modification of alginate with methacrylate anhydride. Another 

approach is to methacrylate alginate by adding amino ethyl methacrylate (AEMA) to 

the structure with the help of EDC-NHS. Both methods are applied in the literature. 

In my thesis work, it is aimed to obtain alginate, which is the most widely used 

biomaterial, in a form that can be crosslinked with light in order to improve its 

mechanical properties and increase its integration with biological tissue. 

Microwave heating is based on the fact that the material to which this energy is 

applied absorbs microwave energy and converts electromagnetic energy into heat. 

When microwave energy is applied, molecules with dipole moments absorb this 

energy easily, the rotational movements of the molecules are stimulated, and many 

chemical reactions, including polymerization, can take place at lower temperatures 

than normal and in short periods of time [119–121]. Since the efficiency of chemical 

modifications will increase as a result of microwave heating, it is expected that this 

method applied in our study will reduce the very long purification time due to the low 

methacrylation efficiency obtained with the conventional method, and also reduce the 

reaction time from 24 hours to minutes. 

Tannic acid (TA) is a polyphenolic compound obtained from plants and is 

commonly employed in the design of biomaterials, including surface modification, 

protein alteration, and crosslinking [122]. However, according to studies, TA has 

valuable properties such as biocompatibility [123], antioxidant, antibacterial, and 

biodegradability [124, 125]. The United States Food and Drug Administration (FDA) 

has given TA approval and it has the capacity to interact with biopolymers like 

albumin, chitosan, collagen, and gelatin through non-covalent interactions [126], 

[127]. Previous studies have shown that TA can form cross-linked macromolecules 

with hydrogen, covalent, and hydrophobic bonds because it contains more than one 

phenolic group [128, 129]. In addition, it has been determined that the contact of TA 

with human tissue has adhesion, hemostasis, and antimicrobial effects [129, 130]. 

These properties have made TA a suitable biomaterial to form multifunctional 

hydrogels for use in biomedical applications, and in light of these, the spread of tannic 

acid applications in materials science has recently increased rapidly [122, 131, 132]. 

In this context, the use of TA in the work of my thesis is expected to increase 

antimicrobiality, and, more importantly, adhesion ability, which is reported to be low 

in alginate-based hydrogels [9]. 
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Figure 1.8 Schematic illustration of alginate-based hydrogel synthesis and 

characterization within the scope of this study. 

When the literature is examined, although many different alginate-based bio-

inks are used in three-dimensional bioprinting applications in tissue engineering, there 

is no photo-crosslinked alginate prepared with microwave energy with high 

efficiency, and there is no bio-ink application in which alginate and tannic acid 

materials are used together. Accordingly, in this study, we primarily aimed to improve 

the mechanical properties and tissue integration of alginate by increasing the reaction 

efficiency in crosslinking with photo-crosslinking, as well as to strengthen the weak 

mechanical properties of alginate by adding tannic acid to the alginate bio-ink, as well 

as improve the antibacterial properties of tannic acid. We aim to produce an alginate-

based bioink that can be used appropriately without creating toxic effects for tissue 

engineering applications (Figure 1.8). 
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Chapter 2 

2.Materials And Methods 

2.1. Materials 

Alginate (Alg, 180947), 2-aminoethyl methacrylate hydrochloride (AEMA, 

516155), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, 

E7750), N-Hydroxysuccinimide (NHS, 130672), lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP, 900889), phosphate buffered saline (PBS, 

P4417), and tannic acid (TA, 403040) were purchased from Sigma-Aldrich 

(Germany). Empty 3 ml cartridge syringes (CONS-C-001) and 0.25 mm diameter 

bioprinting needles (CONS-BN-25G) were obtained from Axolotl Biosystems 

(Istanbul, Turkey). 

2.2. Synthesis of methacrylated alginate (Alg-MA) 

Methacrylated alginate is produced by reacting 2-aminoethyl methacrylate 

(AEMA) with sodium alginate (Alg) according to the method given in the literature 

[108]. Briefly, sodium alginate was dissolved in autoclaved filtered ultrapure (AFU) 

water (1% w/v, pH 7). 1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were then added to the 

alginate solution in order to activate the alginate's carboxylic acid groups (Figure 2.1). 

After 15 minutes, pre-dissolved AEMA (EDC:NHS:AEMA: 2:1:1, molar ratio) was 

added to the product, and the reaction proceeded for 24 hours at room temperature. 

Then, Alg-MA was purified by dialysis against distilled water for 3 days (MWCO 12-

14 kDa), and lyophilized. Methacrylation was performed with conventional synthesis 

and also microwave irradiation in order to investigate the effect of microwave energy 

on the synthesis. Microwave irradiation was carried out with a temperature- and 

power-controlled microwave synthesis device (MicroSynth Milestone flexiWAVE). 
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Unlike the traditional method, in this experiment, the solution was mixed in a 

magnetic stirrer for 15 minutes after the pre-dissolved AEMA was added to the 

system. Then, the solution was transferred to the microwave device, and microwave 

energy was applied for 5 minutes at varying periods and microwave powers (100W, 

250W, and 600W) (Table 2.1). The temperature of the synthesis reaction was kept 

between 50-60 oC. The microwave energy was stopped at certain intervals, and the 

solution was cooled with specific cycles. After synthesis was completed, the solution 

was purified for 3 days using 12-14 kDa dialysis tubes against distilled water and then 

freeze-dried. The products were characterized by 1H-NMR and FTIR, and the 

methacrylation degree was calculated. 

Table 2.1 Synthesis parameters of the Alg-MA hydrogels. 

Method type EDC 

(mg)  

NHS 

(mg) 

AEMA 

(mg) 

Power 

(W) 

Reaction Time Dialysis 

Time 

(Day) 

Conventional 95.85 28.75 41.40 - 24 hours 3 

Microwave 95.85 28.75 41.40 100 6 min (40 s x 6 + 

60 s x 2) 

3 

Microwave 95.85 28.75 41.40 250 6 min (20 s x 10 

+ 30 s x 5) 

3 

Microwave 95.85 28.75 41.40 600 6 min (10 s x 20 

+ 20 s x 8) 

3 

 

Figure 2.1 Methacrylation reaction of alginate. 

2.3. Preparation of photo-crosslinked Alg-MA 

hydrogels 

To fabricate photo-crosslinked Alg-MA hydrogels, Alg-MA (1%, w/v) was 

dissolved in AFU water containing 0.3% w/v photo-initiator (LAP). Alg-MA 
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solutions were injected into glass plates and crosslinked with 365 nm UV light at 3000 

mW/cm2 (Woodpecker B-Cure Plus) for 30 seconds to make hydrogels with a 

diameter of 10 mm and a height of 10 mm (Figure 2.2). 

 

Figure 2.2 Illustration of Alg-MA hydrogels after photocrosslinking. 

2.4. 3D Printing 

The 3D printing of Alg-MA samples was performed with a 3D printer (Axo A1 

brand). First, Alg-MA (3% w/v) solution containing 0.3% LAP was prepared with 

AFU water. A preliminary crosslinking was applied by mixing the prepared solution 

with 1% CaSO4 (2:1, v/v). Then, the hydrogel solution was transferred to the syringes 

and centrifuged at 1500 rpm for 5 min to remove the bubbles (Figure 2.3) [133]. The 

printing process was carried out at room temperature using a 25G nozzle.

  

Figure 2.3 Images of alginate hydrogels in the syringes prepared for the printing 

process. 
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For the printing study, the resolution of the printed Alg-MA filaments was 

evaluated in two dimensions: width and height. For this purpose, different pressures 

(4, 5, 6, 7, and 8 psi) and speeds (5, 10, 15, 20, and 25 mm/s) were applied. Alg-MA 

filaments were exposed to UV for 30 s after printing, and then images were taken. 

The width and height measurements of the images were noted using ImageJ software. 

These values were then plotted with the GraphPad software. 

2.5. Preparation of Tannic Acid (TA) loaded 

hydrogels 

Photocrosslinked Alg-MA hydrogels were exposed to various amounts of TA 

solution [124, 125, 134]. Briefly, three different concentrations of TA (0.5%, 2.5%, 

and 5%, w/v) were prepared, and photo-crosslinked Alg-MA hydrogels were 

immersed into these solutions for 24 h at R.T (Figure 2.4). Then, the hydrogels were 

rinsed with distilled water and lyophilized. Hydrogels were characterized by FTIR to 

prove the addition of TA into the structure by observing broad bands from 3000 to 

3550 cm-1, and peaks at 1713 cm-1 and 1613 cm-1. The antibacterial effect of TA at 

different concentrations on the hydrogels was evaluated by gram-positive 

(Staphylococcus aureus) and gram-negative (Escherichia Coli) bacteria. The stability, 

swelling, and mechanical characterization of the hydrogels were evaluated. 
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Figure 2.4 Tannic acid-immersed hydrogels. 

2.6. Characterizations 

2.6.1. 1H-NMR Characterization 

The 1H-NMR analysis for all samples was performed by a Bruker 400 

brand/model (400 MHz) device, and the degree of methacrylation (DM) for all Alg-

MA samples was determined from 1H-NMR spectra. All samples containing Alg-MA 

were dissolved to a concentration of 1% (w/v) in deuterium oxide (D2O). Unmodified 

alginate was used as a reference. The percent DM (DM%) on the Alg backbone was 

calculated utilizing the equation below [135]: 

DM% = 
(Ha  3)⁄ + [(Hb + Hc)  2]⁄

HAlg  2⁄
 × 100                                        (2.1) 

where HAlg stands for protons in the Alg backbone; Ha, Hb, and Hc stand for protons 

in the methyl group and vinyl group of AEMA, respectively. 
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2.6.2. FT-IR Characterization 

The FTIR analysis was performed using a Thermo Scientific Nicolet 6700 with 

ATR mode (4000-400 cm-1) in order to evaluate the chemical structure of hydrogels, 

and unmodified alginate was taken as a reference. The peaks at 2980-2850 cm-1 (-CH 

streching) and 1714 cm-1 (COO- streching) from the methacrylate units and the peaks 

at 1713 cm-1 and 1613 cm-1 (COO-) from the addition of tannic acid were used for the 

assessment [134, 136, 137]. 

2.6.3. SEM Analysis 

SEM analysis has been carried out using the Zeiss Gemini 300 instrument. For 

this analysis, all hydrogel samples were dried and then coated with gold. The coated 

hydrogel samples were appraised with regard to surface and cross-section 

morphologies. 

2.6.4. Rheological Analysis 

The rheological properties of the hydrogels were measured using an Anton Paar 

MCR 301 brand/model instrument. Hydrogels were obtained in the form of a 

cylindrical disk of 2 mm in height and 12 mm in diameter. Rheological properties 

were evaluated on three different main parameters: frequency, strain, and temperature. 

Frequency-dependent rheological analysis was performed under 0.2% strain between 

0.5 and 100 rad/s. As a result of the dynamic analysis, the storage modulus (G'), loss 

modulus (G"), and complex modulus (G*) values of the hydrogels were determined. 

Strain-dependent rheological analysis was performed at a fixed frequency of 1 Hz, at 

a strain range of 0-2%. As a result of the dynamic analysis, the G', G" and G* values 

of the hydrogels were determined. In order to see the structural stability of the 

hydrogel at different temperatures, temperature-dependent rheological analysis was 

carried out at a constant frequency of 1 Hz, in the range of 15-45 °C. As a result of 

the dynamic analysis, the shear stress of the hydrogels was determined. 

In addition, a 3% w/v solution was prepared with both conventional and 

microwave methods (100W, 250W, and 600W) and non-methacrylate alginate 

samples. Then, in order to see whether the solutions were suitable for printing on a 

3D bioprinter, the temperature was increased by 0.5 °C every 30 seconds, and the 

viscosity was determined in a rheometer (Anton Paar, Austria) in the range of 15-45 

°C. 
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2.6.5. Mechanical Tests 

The mechanical properties of the hydrogels were evaluated in the SHIMADZU 

AG-X 50kN brand/model universal testing instrument in order to evaluate the 

compressive moduli of the hydrogels. The hydrogels were acquired in the form of a 

cylindrical disk of 10 mm in height and 10 mm in diameter. The test was performed 

by applying compression force at R.T. A compression force 0.05 N was applied at a 

displacement rate of 0.02 mm/sec. Before the mechanical test, all samples were stored 

in PBS. 

2.6.6. Swelling and Stability 

In order to determine the swelling capacity and stability of the obtained photo-

crosslinked and TA-enhanced hydrogels, the disks, which are 12 mm in diameter and 

2 mm in height, were lyophilized and then submerged in PBS solution (pH 7.4) at 37 

°C. Different time intervals were applied for both swelling (15, 30 min, 1, 2, 4, 6, and 

8 h) and stability tests (3, 7, 14, 21 and 28 d) [138]. The PBS solution was changed 

every 2 days over the tests, and the tests for all samples were repeated three times. 

The percentages of swelling and stability were calculated by the equations (2.2 and 

2.3) given below. Note that weight loss was calculated for the assessment of hydrogel 

stability. 

Swelling capacity (%) = (W - W0) / W0 × 100                               (2.2) 

In this equation, W is the weight of the swollen material, and W0 is the weight 

of the dry material before immersing. 

Weight loss (%) = (W0 - Wd) / W0 × 100                                  (2.3) 

In this equation, W0 is the dry weight of the material before degradation, and 

Wd is the dry weight of the material taken from the environment at a given time. 

2.6.7. Antibacterial Test 

The antibacterial activity of TA-containing Alg-MA materials was determined 

by the Kirby-Bauer disk diffusion test. For this purpose, the bacterial species 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), representing gram-

positive and gram-negative types, respectively, were cultured separately in a liquid 

nutrient medium called LB Broth. By measuring the OD600 values, the bacteria were 

brought to 0.5 McFarland density and inoculated with a sterile swab on the surface of 
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the petri dish containing LB agar. Then, Alg-MA/TA materials (5 mm in diameter) 

and an ampicillin disc as a positive control were placed in a petri dish (100 mm). The 

discs were incubated at a temperature of 37 oC for 24 h. The area around the discs 

where bacterial growth was inhibited was then measured and compared to the 

negative control (non-TA hydrogel) to determine the antibacterial activity.  
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Chapter 3 

3.Results and Discussions 

3.1. Determination of the degree of methacrylation 

(DM) 

Since the degree of methacrylation has a considerable influence on the physical 

properties of the material, it is critical to calculating the DM using proton NMR 

spectra. For this reason, 1H-NMR spectra of alginate, conventionally methacrylated 

alginate, and alginate methacrylated by microwave method using different powers 

were obtained for NMR analysis as shown in Figure 3.1. When the spectra were 

analyzed and DM was calculated according to Equation 2.1, it was observed that the 

methacrylating process of all samples was carried out successfully. 

Figure 3.1 shows both the characteristic peaks belonging to the saccharide units 

of alginate and newly formed amide bonds formed by the reaction of alginate with 2-

aminoethyl methacrylate (AEMA). Here, the characteristic peaks between 3.50 ppm 

and 5.20 ppm are observed in all spectra and represent the saccharide units of alginate 

[136]. In addition, the peaks at 5.76 and 6.16 ppm in the Alg-MA samples represent 

vinyl protons of AEMA, while the peak at 1.95 ppm represents methyl protons [108]. 

Furthermore, the peaks around 3.25 ppm represent the protons of the methylene group 

attached to the amide group. 

Considering these peaks, it was observed that the methacrylation degree of Alg-

MA hydrogels obtained by the microwave method was higher than that of Alg-MA 

hydrogels obtained by the conventional method, as shown in Table 3.1. When the 

microwave assisted Alg-MA samples were analyzed among themselves, it was 

observed that the hydrogel samples obtained by applying 250W power showed a 
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higher methacrylation degree compared to the others. In addition, it was also observed 

that a noticeable increase in temperature was obtained with the energy applied during 

microwave synthesis. Therefore, during the synthesis using 600W energy, the 

solution reached much higher temperatures than those using 100W and 250W energy. 

Considering this situation, the lower degree of methacrylation in the samples 

synthesised with 600W energy compared to the others was achieved due to the 

elevated temperature having an unfavorable effect on the methacrylation reaction. 

Taking into account all these results, we can conclude that microwave 

irradiation allowed for more efficient methacrylation in shorter reaction times 

compared to conventional synthesis. 

 

Figure 3.1 NMR spectra of methacrylated alginates (with 100, 250, and 600 W 

microwave irradiation) and conventional samples. 

 

 

 

 

 



35 
 

Table 3.1 Degree of methacrylation of Alg-MA samples. 

Samples Degree of methacrylation (%) 

ALG-MA CONVENTIONAL 66 

ALG-MA 100W 71 

ALG-MA 250W 83 

ALG-MA 600W 63 

 

3.2. 3D Printing 

Although we used cylindrical needles in 3D bioprinting, the printed structures 

do not have a cylindrical form. In addition, the printed hydrogels have certain weights, 

and gelation rates are slow. Therefore, these hydrogels are prone to diffusion and 

spreading from their initial shape [139, 140]. Due to this reason, the printing 

resolution of the hydrogel filaments to be printed was evaluated in two dimensions: 

height and width. For this, firstly, 3% (w/v) Alg-MA was mixed with 1% (w/v) CaSO4 

for pre-crosslinking, and then 3D printing was performed under different pressures 

(4, 5, 6, 7, 8 psi) and speeds (5, 10, 15, 20, 25 mm/s). The printed filaments were then 

cross-linked with UV, and images were taken with an optical microscope. Using the 

ImageJ program, the height and width values were measured, and the following 

graphs, as seen in Figures 3.3 and 3.4, were obtained to determine the optimum 

printing parameters. 
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Figure 3.2 Image of the Axo A1 3D bioprinter used in the study. 

When the graphs were examined, it was observed that the height and width of 

the printed filaments decreased with decreasing pressure and increasing speed. In 

short, the height and width of the printed filaments are directly proportional to the 

pressure and inversely proportional to the speed. While interpreting the results, the 

inner diameter of the needle used during printing (25G, 250 µm) was taken into 

consideration. According to these results, when the height graph was analyzed, it was 

observed that bioprinting at 4 psi pressure at a speed of 5 mm/s and 6 psi pressure at 

a speed of 10 mm/s were estimated as appropriate. When the width graph was 

examined, the closest value to the needle tip was obtained at a speed of 20 mm/s and 

25 mm/s at 4 psi pressure and 25 mm/s at 5 psi and 6 psi pressure, respectively. 
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Figure 3.3 Height plot of printed hydrogel filaments. 

 

Figure 3.4 Width plot of printed hydrogel filaments. 
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3.3. FT-IR Analysis 

In order to demonstrate the successful methacrylation of the Alg-MA samples 

obtained by both conventional and microwave-assisted methods and show the 

addition of tannic acid in varying amounts (0.5%, 2.5%, and 5% TA) into the hydrogel 

structure, FTIR analyses were performed and shown in Figures 3.5, 3.6, and 3.7. 

When Figure 3.5 is examined, the characteristic peaks at 3700–3000 cm-1 

correspond to the stretching in the -OH groups of alginate [136]. The peaks at 2980–

2850 cm-1 correspond to the stretching of -CH groups [141]. In addition, when the 

alginate graph is analyzed, seven distinctive peaks belonging to alginate are observed. 

Here, the peaks at 1600 cm-1 and 1406 cm-1 correspond to asymmetric and symmetric 

O-C-O stretching of COO- (carboxylate anions) groups, respectively [141, 142], C-O 

and C-C stretching vibrations correspond to peaks at 1083 cm-1 and 1025 cm-1 

respectively [141], the peak at 943 cm-1 corresponds to C-O stretching [141], C1-H 

distortion corresponds to the peak at 879 cm-1 [141] and finally, the peak at 817 cm-1 

corresponds to C-H bending vibrations [143]. On the other hand, in the regions 

indicated by arrows, the peaks at 2980–2850 cm-1 of the methacrylated alginate 

samples show growth and a shoulder around 1715 cm-1, which is not seen in the 

alginate spectrum. These growths and shoulders correspond to -CH groups in aliphatic 

chains and C=O groups in esters, respectively, as a result of the addition of 

methacrylate units. These results provide evidence for the successful methacrylation 

of alginate. 
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Figure 3.5 FTIR spectra of non-modified alginate and methacrylated alginates 

by conventional and microwave irradiation. 

When Figures 3.6 and 3.7 are analyzed, a broad band between 3550-3000 cm-1 

is observed. This band is attributed to stretching vibrations of -OH groups commonly 

found in phenolic groups of TA [137]. The peak at 1713 cm-1 corresponds to the 

stretching of C=O groups in ester groups [144]. The peaks at 1613 cm-1, 1525 cm-1 

and 1450 cm-1 can be attributed to aromatic C=C stretching [145]. Finally, the peaks 

at 1178–1017 cm-1 and 745 cm-1 correspond to the stretching of the benzene ring and 

the bending vibration of the aromatic C-H group, respectively [127]. As a result, the 

distinctive peaks of tannic acid are observed in the spectra of tannic acid at all 
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concentrations. This shows that all concentrations of tannic acid and methacrylated 

alginate hydrogel groups interacted successfully. 

 

Figure 3.6 FTIR spectra of TA-reinforced hydrogels obtained by the 

conventional method. 

 

Figure 3.7 FTIR spectra of TA-reinforced hydrogels obtained by the microwave-

assisted method (250 W). 

3.4. Mechanical Tests 

In this part of the study, 3D printed methacrylated alginate (Alg-MA) samples 

were UV photo-crosslinked, and the mechanical properties of the resulting Alg-MA 

hydrogels were investigated. Here, all Alg-MA samples (3% w/v) containing 0.3% 

photo-initiator (LAP) were injected into glass plates and photo-crosslinked with 365 
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nm UV light at 3000 mW/cm2 for 30 sec in order to the form of cylindrical disks. In 

addition, the photo-crosslinked hydrogels were immersed in tannic acid at varying 

concentrations (0.5%, 2.5%, and 5% TA) for 24 hours, and then the effect of tannic 

acid on the mechanical properties of the hydrogels was also investigated. 

Accordingly, the stress-strain curves of the hydrogels without tannic acid are shown 

in Figure 3.8, and the stress-strain curves of "Conventional Alg-MA" and "250W Alg-

MA" hydrogels after interaction with tannic acid are shown in Figures 3.9 and 3.10, 

respectively. As seen in Figure 3.8, the 250W Alg-MA hydrogel with the highest 

methacrylation degree showed the highest resistance to deformation. A higher 

modulus of compression was observed with 250W irradiated hydrogels than with the 

conventional sample. But, a higher strain level was reached with conventional 

hydrogels compared to the 250W irradiated hydrogels. According to Figure 3.8, the 

compressive strength values for each hydrogel are 6.02, 1.93, 8.33 and 3.74 kPa for 

conventional, 100W, 250W, and 600W, respectively. Based on this finding, 250W 

irradiated samples can be used for further experiments. 
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Figure 3.8 Compressive stress-strain curves of alginates. 

In this study, tannic acid is used to reinforce hydrogels by adding second cross-links 

into the hydrogel structure. When Figures 3.9 and 3.10 were analyzed, a significant 

enhancement in the mechanical properties of tannic acid reinforced hydrogels was 
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observed compared to the hydrogels without tannic acid (non-TA). This increase in 

deformation resistance can be attributed to the higher crosslinking density achieved 

by tannic acid. For example, compressive stress was measured at 8 kPa with 15% 

strain, while it was 9–10 kPa with 25% strain with tannic acid reinforced hydrogels. 

In conclusion, it was proved that the addition of tannic acid to hydrogels synthesized 

by both conventional methods and microwave-assisted methods provided a 

significant improvement on the mechanical properties of hydrogels, as also reported 

in the literature [146]. 
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Figure 3.9 Compressive stress-strain curves of conventional Alg-MA hydrogels 

with different concentrations of TA. 
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Figure 3.10 Compressive stress-strain curves of 250W Alg-MA hydrogels with 

different concentrations of TA. 
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3.5. Rheological Analysis 

The rheological analysis of a bioink is a critical parameter to consider when 

developing a hydrogel for use in three-dimensional bioprinting, in order to maintain 

its shape before crosslinking. Alginate hydrogels mostly have a limited viscosity 

value. Bioink hydrogels with this limited viscosity tend to form collapsed structures, 

unable to maintain their shape [138]. Too high viscosity has a negative effect on the 

controlled realisation of the bioprinting, as clogging of the needle tips can occur. In 

addition, high viscosity will have a negative effect on cell viability in cell printing 

studies as it will require high pressure in extruded systems. As a result, it is very 

difficult to establish the ideal printing parameters needed for bioprinting without 

looking at the bioink's viscosity characteristics through rheological analysis [147]. 

In light of this information, the changes of viscosity values in methacrylated 

alginate hydrogels before crosslinking at a certain temperature range (15–45 oC) were 

investigated. Furthermore, alginate (Alg) and precross-linked alginates (Alg-CaSO4) 

were used as controls to compare with the viscosity values of methacrylated alginate 

samples (Conventional Alg-MA, 100W Alg-MA, 250W Alg-MA, 600W Alg-MA). 

Considering Figure 3.11, it is shown that the Alg sample has the lowest viscosity 

value, which supports the knowledge that alginate has limited viscosity. The viscosity 

values of conventional Alg-MA, 100W Alg-MA, 250W Alg-MA and 600W Alg-MA 

vary in the ranges of 673-512 mPa.s., 1893-645 mPa.s., 2223-781 mPa.s. and 3207-

631 mPa.s., respectively. According to these values, considering the Alg-CaSO4 

sample with known printability and viscosity values ranging between 2430-1205 

mPa.s., it can be said that Alg-MA samples showed a printable bioink property for 

use in extruded bioprinting processes. However, the conventional Alg-MA sample 

showed the lowest viscosity value among the methacrylated alginate samples, with a 

value between 673-513 mPa.s., which proved that the Alg-MA samples produced by 

the microwave-assisted method provided more suitable printability in the extruded 

bioprinting process than the one produced by the conventional method. 
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Figure 3.11 Viscosity of the alginate-based hydrogels before crosslinking. 

Frequency dependent dynamic analyses, strain dependent dynamic analyses and 

temperature dependent shear stress of all Alg-MA hydrogels prepared with 0.3% 

(w/v) LAP at 3% (w/v) concentration and crosslinked by exposure to UV light for 30 

seconds are shown in the Figures below (Figure 3.12, Figure 3.13, Figure 3.14, Figure 

3.15, Figure 3.16). According to the frequency dependent dynamic analysis with 

frequency ranging from 0.5-100 rad/s, it was observed that all hydrogels exhibited 

elastic properties and maintained their structural integrity as shown in Figures 3.12 

and 3.13. The storage modulus (G’) was higher than the loss modulus (G”) for all 

samples, which means that they showed the rheological behaviour characteristic of a 

gel. 100W Alg-MA and 250W Alg-MA hydrogels were found to have higher 

elasticity compared to the others, which can be attributed to the high degree of 

methacrylation showing high elasticity. It was also observed that the storage modulus 

(G') increased more than the loss modulus (G") with frequency in all Alg-MA groups. 

Accordingly, all Alg-MA groups have viscoelastic structure since G' > G". 

From these frequency dependent dynamic analyses, the values of the storage 

modulus and Tan δ (Tan δ = G”/G’) at 1 Hz were calculated. These modulus are in 

the range of those reported in the literature for alginate–cellulose inks that report 

values from the order of hundreds of Pa [148] to the order of several kilopascals [149, 

150]. In our study, Tan δ values was found as 0.022, 0.039, 0.033, and 0.017 for 
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conventional Alg-MA, 100W Alg-MA, 250W Alg-MA, and 600W Alg-MA 

hydrogels, respectively. 

As can be seen in Figures 3.14 and 3.15, according to the strain dependent 

dynamic analysis applied in the range of 0-2%, it was observed that deformation 

started between 0.02% and 0.03% for all hydrogels. However, considering the storage 

modulus, 100W Alg-MA and 250W Alg-MA hydrogels showed higher deformation 

resistance than the others. Conventional Alg-MA hydrogel showed the lowest 

deformation resistance and the lowest stable behaviour, which is an indication that 

more deformation resistant hydrogels can be obtained by microwave assisted 

synthesis compared to the conventional method. Finally, when Figure 3.16 is 

examined, according to the temperature dependent shear stress between 15-45 oC, 

Conventional Alg-MA hydrogel showed the highest shear stress while 100W Alg-

MA hydrogel showed the lowest shear stress. The 250W Alg-MA hydrogel showed a 

slow increase in shear stress up to about 30 oC, while it showed a sharp increase after 

30 oC. The 600W Alg-MA hydrogel showed a very slight increase up to 17 oC and a 

constant shear stress after 17 oC. According to the temperature dependent shear stress 

results, it is understood that 250W Alg-MA and Conventional Alg-MA will show a 
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more stable structure and a higher mechanical strength compared to the others, 

especially considering the values at 37 oC, which is the normal body temperature. 
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Figure 3.12 Frequency-dependent storage modulus of Alg-MA hydrogels after 

crosslinking. 
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Figure 3.13 Frequency-dependent loss modulus of Alg-MA hydrogels after 

crosslinking. 
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Table 3.2 Characteristics of Alg-MA hydrogels at 200 rad/s frequency. 

Samples Storage Modulus (G’, kPa) Loss Modulus (G”, kPa) 

Conventional Alg-MA 39,7 0,9 

100W Alg-MA 50,6 1,9 

250W Alg-MA 45,5 1,5 

600W Alg-MA 39,9 0,7 
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Figure 3.14 Strain-dependent storage modulus of Alg-MA hydrogels after 

crosslinking. 
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Figure 3.15 Strain-dependent loss modulus of Alg-MA hydrogels after 

crosslinking. 
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Figure 3.16 Temperature-dependent shear stress of Alg-MA hydrogels after 

crosslinking. 

3.6. SEM Analysis 

The morphological structures of hydrogels produced for use in tissue 

engineering applications are important for cell studies. Pores and their 

interconnectivity nature is critical for cell attachment, migration and proliferation. In 

addition, cells can carry the nutrients and oxygen they need, while cell waste can be 
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removed from the environment. Hydrogels can provide interconnective porous 

structure due to their architectural characteristics. 

In order to examine the surface morphologies, conventional Alg-MA and 250W 

Alg-MA hydrogel groups were dried in a lyophilisator and then coated with 10 nm 

gold. Following this, the samples were examined by SEM. 

Figure 3.17 shows SEM images of conventional Alg-MA hydrogel groups. 

When SEM images were investigated, it was seen that all hydrogel groups had a 

porous structure. When hydrogels with different concentrations were examined 

(Figure 3.17b, Figure 3.17c), it was observed that the hydrogel containing 5% tannic 

acid had a more dense porous structure than the hydrogel containing 0.5% tannic acid. 

 

Figure 3.17 SEM images of conventional Alg-MA hydrogels. (a) non-TA, (b) 

0.5% TA and (c) 5% TA. All magnification: 250X. 

SEM images of 250W Alg-MA hydrogel groups are shown in Figure 3.18. 

When the figures are examined, it was seen that both the hydrogel without tannic acid 

(Figure 3.18a) and the hydrogel containing 0.5% tannic acid (Figure 3.18b) had a flat 

structure. The hydrogel containing 5% tannic acid (Figure 3.18c) was observed to 

have a porous structure compared to the others. 
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Figure 3.18 SEM images of 250W Alg-MA hydrogels. (a) non-TA, (b) 0.5% TA 

and (c) 5% TA. All magnification: 250X. 

According to these results, the addition of tannic acid contributed positively to 

the formation of porous structure of hydrogels. In addition, it was observed that the 

pore formation in the structure of hydrogels increased with the increase of tannic acid 

concentration, which will provide a supportive feature in the attachment, proliferation 

and differentiation of cells to hydrogels. In addition, the cells will be involved in the 

transport of the nutrients and oxygen they need and will help the removal of cell 

wastes from the environment. 

3.7. Swelling and Stability 

The change in swelling behaviour represents changes in the physical and 

chemical structure of the hydrogels [108]. The swelling tests of conventional Alg-MA 

and 250W Alg-MA hydrogels in PBS for 8 hours are shown in Figure 3.19 and Figure 

3.20. In addition, swelling tests were also applied to tannic acid loaded hydrogels 

(0.5%, 2.5%, 5% TA) in order to examine the effect of tannic acid on the swelling 

properties of hydrogels. According to the literature, addition of TA is expected to 

form secondary physical cross-links and give swelling ability to the end product. On 
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the other hand, a chemically cross-linked hydrogels swelling ability can be restirected 

due to these secondary additional cross-links. When Figures 3.19 and 3.20 are 

examined, it is seen that all samples exhibited very high swelling behaviour within 

the first 15 minutes and then continued to exhibit swelling behaviour at lower rates 

for 8 hours. Also, microwave irradiated sample showed a bit more swelling than 

conventional Alg-MA hydrogel. Also, the non-TA groups showed much more 

swelling behaviour than the TA groups at different concentrations. Concurrently, as 

the concentration of tannic acid increased, the swelling behaviour of the hydrogels 

gradually decreased, which can be attributed to the interaction of the hydrogels with 

tannic acid promoting the formation of a more stable structure by forming secondary 

cross-linking [145]. Furthermore, when both figures were examined, it was observed 

that the TA addition affected the microwave irradiated samples a bit more than the 

conventional Alg-MA. By microwave irradiation, we obtained better hydrogels as 

shown by mechanical and rheological analysis , which probably allows more uniform 

interactions with TA molecules. 
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Figure 3.19 Swelling behaviours of conventional Alg-MA hydrogels. 
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Figure 3.20 Swelling behaviours of 250W Alg-MA hydrogels. 

In order to evaluate the stability of hydrogels, TA loaded, conventional Alg-

MA and 250W Alg-MA hydrogels were incubated in PBS at 37 oC for 28 days 

and samples were taken from media at certain time intervals (3, 7, 14, 21, and 28 

days) for weight loss measurement, and results were given in Figure 3.21 and 

Figure 3.22. First, no wight loss was observed for the hydrogels, which do not 

contain TA, due to the stability of covalent cross-linking [108]. But, we observed 

an increasing weight loss in the TA-containing hydrogels, which are proportional 

to the TA amount in the gels. This was an expected results because physically 

cross-linked TA molecules had tendency of release from the hydrogels in aqueous 

medium [151]. Figures 3.21 and 3.22 show that the concentration of tannic acid 

is directly proportional to the weight loss of the hydrogels because the tannic acid 

released into the PBS medium depends on the initial concentration of tannic acid 

in the hydrogels [151]. A burst release of TA was observed in the first 3 days and 

it was decreased gradually afterwards. Furthermore, no significant difference in 

weight loss due to tannic acid release was observed between conventional Alg-

MA and 250W Alg-MA hydrogels. 
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Figure 3.21 Stability properties of conventional Alg-MA hydrogels 

containing different concentration of TA. 
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Figure 3.22 Stability properties of 250W Alg-MA hydrogels containing 

different concentration of TA. 
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3.8. Antibacterial Activity 

Tannic acid (TA) has the ability to trigger cell membrane damage causing cell 

death and block toxin genes present in bacteria [152]. Therefore, to understand 

whether TA imparts antibacterial properties to Alg-MA hydrogels, the antibacterial 

effect of Conventional Alg-MA (C) and 250W Alg-MA (250W) hydrogels containing 

TA at certain concentrations (0.5%, 2.5%, 5% TA) against Gram-negative (E. coli) 

and Gram-positive (S. aureus) bacteria was investigated by zone inhibition assay. For 

each TA concentration, C and 250W hydrogel samples containing antibiotic as 

positive control, non-TA (blank Alg-MA gel) as negative control and the respective 

TA concentration were placed on the plates, as shown in Figures 3.23 and 3.24. As 

expected, the positive control, antibiotics, showed the highest zone diameter, while 

the negative control, non-TA hydrogels, did not exhibit any antibacterial properties. 

Moreover, this assay showed that as the TA concentration was increased from 0.5% 

to 5%, the zone diameters of C and 250W hydrogels increased from 9.4 mm to 16.9 

mm and from 9.8 mm to 18.2 mm for E.coli, respectively. Likewise, for S.aureus, it 

increased from 12.0 mm to 16.9 mm and from 10.1 mm to 16.9 mm, respectively, as 

shown in Figure 3.25 and 3.26. Furthermore, no significant increase was observed in 

the zone diameters of Alg-MA hydrogels containing 2.5 and 5% TA, nor between C 

and 250W hydrogels containing the same concentration of TA. It was realised that the 

hydrogels containing TA exhibited greater zone diameters against S.aureus than 

against E.coli. This is because S.aureus is more susceptible to TA due to the ability 

of TA components to bind directly to the peptidoglycan layer [153]. In conclusion, 

TA-containing Alg-MA hydrogels showed antibacterial properties against both 

bacterial species. 
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Figure 3.23 Digital image of Alg-MA hydrogels containing 5% TA concentration 

against E.coli. 
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Figure 3.24 Digital image of Alg-MA hydrogels containing 5% TA concentration 

against S.aureus. 
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Figure 3.25 Zone diameters (mm) of C hydrogels against E.coli and S.aureus. 
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Figure 3.26 Zone diameters (mm) of 250W hydrogels against E.coli and S.aureus.  
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Chapter 4 

4.Conclusions and Future Prospects 

4.1. Conclusions 

The primary objective of this thesis is to develop Alg-MA with better 

mechanical characteristics for a potential use as bioinks [154]. In this direction, 

methacrylated alginates were obtained by reacting alginate (Alg) with 2-aminoethyl 

methacrylate hydrochloride (AEMA) carbodiimide coupling. We aimed to compare 

the efficiencies of conventional method and microwave-assisted reaction in terms of 

degree of methacrylation and reaction time. Our 1H-NMR results showed that higher 

methacrylation degree was achieved by microwave energy with shorter reaction time. 

Then, we optimized the printing conditions of Alg-MA hydrogels and found that 5 

mm/s printing speed for 4 psi pressure and 10 mm/s printing speed for 6 psi pressure 

allowed appropriate fibers. In addition, Alg-MA hydrogels were found to have 

suitable viscosities for bioprinting, according to the rheological analysis. Mechanical 

test analyses showed that 250W-irradiated Alg-MA hydrogels with the highest 

methacrylation degree revealed higher deformation resistance with 8.3 kPa compared 

to the other samples, indicating that more robust hydrogels can be obtained by 

microwave method than conventional method. Moreover, TA provided  hydrogels 

extra mechanical strength by secondary cross-links. TA addition was also confirmed 

by FTIR. According to the frequency dependent rheological analysis, the storage 

modulus of conventional Alg-MA, 100W Alg-MA, 250W Alg-MA, and 600W Alg-

MA hydrogel groups at 100rad/s were found to be 39.7 kPa, 50.6 kPa, 45.5 kPa, and 

39.9 kPa, respectively. Also, the loss modulus of these hydrogels was found as 0.9 

kPa, 2.0 kPa, 1.5 kPa, and 0.7 kPa, respectively. In the literature, the storage modulus 

(at 100 rad/s) of microwave-assisted GelMA hydrogels (600W/8% MA, 1000W/8% 

MA, 600W/4% MA, 1000W/4% MA) were obtained as 9 kPa, 39.1 kPa, 27.5 kPa and 
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41.1 kPa, respectively [155]. The loss modulus of all hydrogels was reported as 0.1 

kPa. Based on these findings, Alg-MA hydrogels obtained in our study exhibited 

higher viscoelastic properties compared to GelMA hydrogels frequently used in the 

literature. Also, these hydrogels showed a significant swelling behaviour in PBS at 37 

oC as expected. Addition of TA limited and decreased the swelling ability of the 

hydrogels as reported in the literature. The stability of these hydrogels were proved 

by stability experiment in physiological conditions.  We expect antibacterial activity 

due to TA, therefore we applied antimicrobial test and obtained that TA immersed 

Alg-MA hydrogels gained antimicrobial characteristics against both Gram-positive 

and Gram-negative bacteria. As a conclusion, for the first time in the literature, Alg-

MAs with higher DM were obtained by microwave irradiated methacrylation 

synthesis with AEMA. Thanks to the methacrylation process and TA addition, the 

mechanical properties of alginate were improved. These Alg-MAs containing TA 

have great potential for use in bioprinting applications as bioinks. 

4.2. Societal Impact and Contribution to Global 

Sustainability 

Tissue engineering and regenerative medicine is a field where very important 

developments in human health are experienced today. According to the data in the 

USA, although the expenditures on organ transplantation have exceeded millions of 

dollars, hundreds of thousands of patients are still waiting for a suitable organ to 

sustain their lives. Due to the current inadequacies in this field, investments and 

research have accelerated in the production of tissues or organs needed by patients in 

the laboratory environment and implanting them to the patient. Since the 1990s, many 

simple tissues and organs such as cartilage, skin and urethra can be obtained in the 

laboratory environment with the help of a tissue scaffold without using any printing 

method. However, studies show that there is a great need for large-scale and mass 

production in this field. Based on this, a urinary bladder was first made with 3D 

bioprinting in the early 2000s and implanted into the patient. With this important 

development, the 3D bioprinting technique has enabled the printing of simple organs 

such as skin as the first category, hollow tubular structures such as vessels as the 

second category, and hollow but not tubular organs (such as the urinary bladder) as 
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the third category. Since organs such as the heart, kidney and liver are the most 

complex, studies on these organs are still ongoing. Currently, under the leadership of 

Prof. Atala, 3D printing studies are being carried out for 40 different body parts at the 

Wake Forest Institute for Regenerative Medicine (WFIRM). The fact that the tissue 

substitutes or organs needed by patients are made using their own cells in the 

laboratory environment both reduces the dependence on organ transplantation and 

minimizes the possibility of tissue rejection. It is stated in many studies and articles 

that this technology is of great importance in terms of personalized medicine. In the 

light of all this information, within the scope of Turkey's 11th Development Plan, 

more studies should be carried out using 3D bioprinting technology, which continues 

to increase rapidly in the field of tissue engineering in recent years in order to move 

our country to higher levels in international competition. For this purpose, this thesis 

study on the production and characterisation of alginate-based 3D tissue scaffolds in 

the field of tissue engineering and regenerative medicine will contribute to the society 

in terms of improving human health by enabling the formation of a new generation 

tissue scaffold with increased biocompatibility and and better mechanical properties. 

4.3. Future Prospects 

The human body consists of many complex systems. These systems contain 

different tissue and organ structures within themselves. These structures have the 

ability to regenerate and repair themselves at a certain level. However, due to internal 

or external factors such as aging or accidental damage, this regeneration/repair ability 

may be completely lost or a sufficient point may not be reached to perform this 

process. At this point, scaffold-based approaches in tissue engineering come to the 

fore in order to replace or regenerate damaged tissues or organs. In addition, three-

dimensional bioprinting, which has emerged as a new technology in this field, has 

made significant progress in recent years and has become an interesting tissue scaffold 

production method. Based on this, the prepared Alg-MA hydrogels have great 

potential to be used in bioprinting applications. For the future studies, 3D printing 

will be applied in the presence of the alive cells and the ECM capabilities of these 

gels will be investigated by in vitro cell cultures within the scope of high quality and 

funded research projects. These studies will be followed by animal experiments with 

specific disease and appripriate scaffold models.  
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