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Summary  

Organ transplantation would be the first option for those whose tissues/organs have been 

extremely injured. However, the growing gap between the number of organ donors and 

receivers has resulted in the long waiting list for organ transplantation. Regenerative medicine 

has emerged as a promising approach to tackle the crisis associated with organ shortage by 

employing the principle of engineering and biology. The regenerative medicine aims to support 

and accelerate the regeneration of defective tissue/organs through combining cells, scaffolds, 

and growth factors. Among various biofabrication methods, tremendous attention has been 

devoted to the recently emerged three-dimensional (3D) bioprinting technology for the 

fabrication of functional tissue-engineered scaffold loaded with cells due to its ability to 

assemble complex structures with meticulous control over the entire fabrication process. It is a 

computer-assisted technology that enables the direct fabrication of complex 3D constructs 

usually layers upon layers fashion according to a pre-designed structure. The 3D bioprinting 

concept was borrowed from 3D printing technology that has been primarily exploited in 

fabrication industries as a rapid prototyping technology. Harnessing the 3D printing technology 

in the generation of personalized implants, tissue-engineered scaffolds, drug delivery devices, 

tissue models has opened up a new avenue for the biofabrication methods. For bioprinting 

application, an ideal bioink should possess a set of desirable properties including 

biodegradability, biocompatibility, providing mechanical strength and rheological properties, 

and closely mimicking the native tissue microenvironment. The selection of materials to be 

used as bioinks remains the main bottleneck in the realization of 3D bioprinting technology. 

This thesis aims to develop novel bioinks to address the challenges associated with current 

bioinks by employing polymers and nanomaterials. The specific objectives of this thesis are 

organized into seven chapters that will be presented in the form of a collection of the published 

papers which are the results of the research. In addition, a literature review has been provided 

to establish the background of this research. Overall, the main contributions of this thesis to 

the 3D bioprinting field are as follows: 

➢ Development of a novel bioink composed of methylcellulose/gelatin-methacryloyl 

(MC/GelMA) hydrogel with high shape integrity and improved biological stability (paper 

1).  

➢ Extending the usage territory of MXene nanosheets to the 3D bioprinting field owing to its 

favorable features (paper 2).  



Page iii 
 

➢ Addressing the poor electrical conductivity of current bioinks by employing poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) conductive polymer for 

neural tissue engineering (paper 3).  

➢ Development of bioink with potent antibacterial activity toward Gram-positive (S. aureus) 

and Gram-negative (P. aeruginosa) bacterial, while supporting the cellular functions (paper 

4). 
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Introduction and motivation  

 

n this chapter, a summary of this multi-disciplinary thesis is provided with a special focus 

on the significance of this research to the field. This chapter first discusses the crisis of 

tissue/organ shortages that remains a life-threatening challenging matter that was the 

main motivation of this thesis. Then, challenges associated with current bioinks have 

recognized, allowing us to define the aims of this thesis.  

  

I 
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1.1 Abstract 

A variety of biofabrication methods such as solvent casting, gas forming, membrane 

lamination, salt leaching, and fiber binding have been introduced in the regenerative medicine. 

However, these conventional biofabrication methods suffer from serious limitations such as 

the inability to replicate the complicated microenvironment of native tissues. Recently, three-

dimensional (3D) bioprinting has emerged as a revolutionary biofabrication method, offering 

the unprecedented capability to deposit cells at the desired location to construct a complex 

structure with superior resolution. 3D bioprinting allows rapid patterning of living and non-

living biological materials through robotic dispensing of bioink into a tissue-like architecture. 

Thus, tremendous efforts have been devoted to the development of 3D bioprinting techniques 

to achieve functional tissue/organ with matched properties to the actual organs.  The primary 

aim of this thesis is to develop novel cell-laden bioinks for tissue engineering applications using 

the extrusion-based 3D bioprinting technique.  

1.2 Research motivation  

The crisis of tissue/organ shortages remains a life-threatening challenging matter due 

to the unbalanced bomber of organ donors and receivers [1]. The current approach relies on the 

donated tissue/organ that encounters the challenges associated with the possible immunological 

rejection of the donated organ and shortage of organs [2]. According to the statistics shown in 

Figure 1.1, the waiting list has experienced a significant expansion over the last decades, while 

the organ donors available cannot fulfill this demand. This leads to the increasing waiting time 

for those who require critical organs on transplant lists. While 79 people revive critical organs 

every day, 18 people die waiting for organs that could save their lives [2].  
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Figure 1.1. The statistics of the number of organ donors, transplantation, and waiting list [2]. 

Reproduced with permission [2]. Copyright (2014) Annual Reviews. 

Tissue engineering has emerged as a promising alternative approach to regenerate and 

replace the damaged organs from the patient’s cells [3]. Tissue engineering is identified as an 

interdisciplinary field of research that integrates the principle of engineering and biology to 

fabricate functional tissue-like structures (Figure 1.2) [4]. Tissue engineering has been 

successfully employed to build a variety of organs and tissues with different organizations and 

functionalities such as kidney [5], tendon [6], and cornea [7] to blood vessels [8] and the heart [9]. 

Tissue engineering uses the combination of cells and biomaterials in which cells are seeded 

onto or into the scaffold [4]. The scaffold support cell to grow and generate extracellular matrix 

before implantation. In addition, tissue engineering has exhibited high potentials in scientific 

researches owing to the capability of the fabrication of in vitro models that could be used for 

the assessment of drug candidates and novel treatments [10]. From the economic point of view, 

the cost for the assessment of a drug candidate is over one billion dollars with an average drug 

development timeline of 10 years [4]. Despite these high expenses and long screening time, the 

high failure rate for candidate drugs adds to the difficulty. This is because the 2D cell 

monocultures used in preclinical studies cannot replicate closely the behavior of target tissue. 

Fabrication of laboratory-grown 3D may replicate closely the whole spectrum of characteristics 

of native tissue [11].   
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Figure 1.2. The workflow of tissue engineering for the regeneration of a tissue/organ. 

Accordingly, cells are harvested from the patients, followed by seeding onto or into the 3D 

scaffold and let them grow and produce the ECM before implantation in a bioreactor [4]. 

Reproduced with permission [4]. Copyright (2017) Frontiers. 

Biofabrication refers to the techniques that allow the fabrication of scaffolds in an automated 

manner with precise hierarchical architecture [2]. The biofabrication techniques aim to generate 

a functional tissue-like structure that resembles closely endogenous tissues. Considering the 

critical role of biofabrication method in the tissue engineering strategy, a variety of 

biofabrication methods have been developed to achieve better control over the fabrication of 

the complex heterogeneous nature of endogenous cells, tissues, and organs [12]. Particulate 

leaching, freeze-drying, electrospinning, and microengineering are typical examples of 

conventional biofabrication methods that can create 3D scaffolds. Although these conventional 

biofabrication methods can mimic a certain degree of native tissue microenvironment, they 

have some serious limitations such as poor reproducibility and versatility in their fabrication 

procedures that limit their applications [2]. For example, all the above-mentioned techniques 

require post cell-seeding procedure that proved to be challenging [2]. Recently, the 3D 

bioprinting technique has revolutionized the biofabrication field that offers enhanced control 

over the fabrication of cell-laden 3D networks [13]. 3D bioprinting allows the fabrication of 3D 
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structure through the layer-by-layer deposition of materials in the pre-designed location [14]. 3D 

bioprinting has the advantage of high reproducibility due to the nature of the automated printing 

process. There has been tremendous effort focused on the development of 3D bioprinting 

techniques over the last decades as demonstrated by the number of publications in this field 

(Figure 1.3 a) [15]. 3D bioprinting has been extensively investigated for the fabrication of 

various tissue/organs for specifically tissue engineering application (Figure 1.3 b). Although 

3D bioprinting is still in its preliminary stages, it has exhibited tremendous promise in a variety 

of biomedical application including drug discovery, high throughput screening, cancer models, 

smart implants, etc. (Figure 1.3 c). 

 

Figure 1.3. (a)  Schematic illustration of trends in the 3D bioprinting field, showing the rising 

number of publication related to 3D bioprinting according to the data extracted from ISI Web 

of Science using “3D bioprinting.” (b) The number of a publication focused on certain tissue 

engineering using the 3D bioprinting biofabrication method. (c) Potential application of 3D 

bioprinting in biomedical applications [15]. Reproduced with permission [15]. Copyright (2020) 

liebertpub. 
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1.3 Knowledge gaps 

According to the comprehensive literature review in Chapter 2, certain challenges 

associated with the 3D bioprinting field have been recognized. The current bioinks suffer from 

serious limitations that deserved to be addressed as outlined here briefly:   

• Lack of ideal printable bioinks with high shape fidelity and improved biological stability. 

• A limited selection of biomaterials that have been employed in the design of bioinks.  

• Poor electrical conductivity of current bioinks due to the inherent properties of polymers 

used in bioinks. Electroconductive bioinks facilitate the uniform distribution of electrical 

cues to encapsulated cells within 3D printed structure, improving the signaling between 

cells.  

• Lack of a bioink with inherent antibacterial activity to eliminate the risks associated with 

bacterial infections while supporting tissue regeneration. 

1.4 Research aims and questions  

The primary aim of this thesis is to develop novel cell-laden bioinks for tissue engineering 

applications using the extrusion-based 3D bioprinting technique. An ideal bioink should 

provide both printability and biocompatibility requirements and mimic closely the physio-

chemical properties of the native tissue microenvironment. This research generally attempts to 

design novel bioinks with improved performance. From the recognized knowledge gaps in the 

3D bioprinting field, the following research aims were developed: 

➢ Aim 1: To design a cell-laden bioink with long-term biological stability and excellent 

printability by employing photo-crosslinkable hydrogels.   

➢ Aim 2: To explore the potential use of Ti3C2 MXene nanosheets in the design of bioinks 

for tissue engineering applications.  

➢ Aim 3: To address the poor electrical conductivity of current bioinks by employing (3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) conducting polymers. 

➢ Aim 4: To eliminate the risk of bacterial infection at the lesion site for skin tissue 

engineering.  

This thesis attempts to address the following questions in separate chapters: 

➢ Question 1: How to improve the biological stability of the methylcellulose-based bioinks in 

the biological condition without compensating for the printability of methylcellulose? 

➢ Question 2: How does MXene affect the ultimate properties of the bioink in terms of 

mechanical strength, printability, electrical conductivity, and biocompatibility? 
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➢ Question 3: How do tune the electrical conductivity of a bioink by employing conducting 

polymers? 

➢ Question 4: How the gallium-crosslinked hydrogels can protect the bioink against bacterial 

infection?  

1.5 Hypothesis 

To address the above-mentioned aims and questions, the following hypothesis is made: 

1) Gelatin methacrylol with permanent crosslinking ability under UV irradiation allows the 

long-term stability of 3D printed structure in the biological media. 

2) MXene nanosheets have exhibited a reinforcement effect on the hydrogel composites. In 

addition, it possesses high electrical conductivity that is expected to endow the bioink with 

high electrical conductivity. 

3)  Conducting polymers have been widely used in tissue engineering applications due to their 

excellent biocompatibility and excellent electrical conductivity. Therefore, it is 

hypothesized that the addition of PEDOT:PSS can impart electrical conductivity to the 

bioink.  

4) Gallium-based compounds have demonstrated potent antibacterial activity toward a broad 

range of gram-negative and gram-positive bacteria while demonstrating acceptable toxicity 

toward normal cells. Therefore, I hypothesized the use of gallium in the bioink formulation 

can eliminate the risk of bacterial infection at the lesion site.  

1.6 Thesis outline 

This Ph.D. thesis is organized into seven chapters; introduction, literature review, four 

chapters adapted from the publications, and finally a chapter of conclusions and suggested 

future research works. A summary of each chapter is given below. 

Chapter 1: Introduction introduces tissue engineering as the promising alternative 

approach to tackle the unbalanced number of organ donors and receivers. This chapter also 

highlights the promise of 3D bioprinting in addressing the challenges associated with 

conventional biofabrication methods. Finally, this chapter discusses the motivation of this 

research, and current main research gaps, and subsequent research aims.  

Chapter 2: Literature review provides a comprehensive overview of the challenges 

associated with the design of advanced bioinks for extrusion-based 3D bioprinting mode. This 

chapter begins with the definition of bioink and different modes of 3D bioprinting, followed 

by the main characteristics of bioink. Next, the chapter summarizes the strategies have 



Introduction and Motivation   Chapter 1 

Page 8 
 

employed to overcome the challenges associated with single-component bioinks. Knowledge 

gaps are highlighted at the end of this chapter. 

The main contribution of this chapter is to provide a compressive literature review 

regarding the current bioinks and highlight the knowledge gap in this area.  

Chapter 3: Development of a bioink with high stability is the first results chapter of this 

thesis, where a bioink with high shape integrity is introduced. This bioink took advantage of 

the printability of methylcellulose (MC) and the permanent photo-cross-linking of Gelatin-

Methacryloyl (GelMA) under UV irradiation. This chapter begins with the extensive 

characterization of bioink in terms of degradation kinetics, the swelling ratio, mechanical 

behavior, and morphological features. Following this, the chapter provides a comprehensive 

rheological characterization of bioink in terms of shear-thinning, self-healing, yield stress, 

time, and temperature sweep. Finally, the viability of human primary osteoblasts encapsulated 

within the MC/GelMA hydrogel was evaluated to confirm the biocompatibility of prepared 

bioinks and their ability to be used for practical 3D bioprinting applications. 

The main contribution of this chapter is to address the poor and quick dissociation of MC-

based bioinks by employing a permanent photocrosslinking method. This bioink demonstrated 

long-term stability in the biological media without significant dissociation. In addition, this 

bioink demonstrated better printing resolution and shape integrity compared to the pristine 

MC bioink.  

Chapter 4: Employing MXene nanosheets in the 3D bioprinting is the second results 

chapter of this thesis, where the development of a nanoengineered bioink composed of 2D 

Ti3C2 MXene nanosheets dispersed within the hyaluronic acid/alginate (HA/Alg) hydrogel for 

extrusion-based 3D bioprinting is presented. In this chapter, the bioink properties are 

specifically formulated to achieve the synergistic effect between HA/Alg and 2D Ti3C2 MXene 

nanosheets, in which the highly thixotropic behavior of HA/Alg provides excellent printability 

and Ti3C2 MXene nanosheets improve the mechanical, rheological, electrical conductivity of 

the bioink. Herein, the effect of MXene dosages on the key properties of the prepared MXene 

HA/Alg bioink is evaluated. Next, the printability of the optimized bioink was fully 

investigated using rheological measurements followed by the printing of multilayered complex 

3D structures to demonstrate its printing performance. Finally, the in vitro biocompatibility of 

the MXene nanocomposite ink was characterized by the LIVE/DEAD cell assay in the bulk 

and bioprinted structures. 
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The main contribution of this chapter is to introduce a nanocomposite bioink with 

adjustable mechanical, rheological, and electrical properties. This MXene nanocomposite 

bioink also have demonstrated high biocompatibility as evidenced by the high viability of 

encapsulated cell within both bulk hydrogel and 3D bioprinted structures. These results 

suggest the potential application of the developed MXene nanocomposite bioink in tissue 

engineering. 

Chapter 5: Development of an electroconductive bioink is the third results chapter of 

this thesis, where the key challenges in the development of cell-laden electroconductive bioinks 

for extrusion-based 3D printing are addressed. The bioink is composed of PEDOT:PSS 

conductive polymer that dispersed homogeneously within highly thixotropic hydrogels and 

imparts high electrical conductivity to the bioink. It was demonstrated that the bioink can print 

3D stable multilayered structures with high shape fidelity and resolution without the need for 

the added complexity of support baths or UV radiation. 

The main original contribution of this chapter is to address the challenges associated with 

the poor electrical conductivity of current bioinks. The electrical conductivity of the developed 

bioink can be adjusted upon the change in the PEDOT:PSS dosage.  

Chapter 6: Development of an antibacterial bioink is the fourth results chapter of this 

thesis, where a cell-laden bioink with potent antibacterial activity for skin tissue engineering 

applications is introduced to address the challenges associated with a bacterial infection. This 

challenging matter has been fulfilled by the use of gallium in the formulation of the bioink that 

plays dual functions; (i) First, it stabilizes the hydrogel network through the formation of ionic 

crosslinking with Alg chains. (ii) Second, it endows the hydrogel with potent antibacterial 

activity toward both gram-negative and gram-positive bacteria. Taken together the excellent 

printability, potent antibacterial activity, and high cytocompatibility makes it a potential 

candidate for skin regenerative medicine. 

The main original contribution in this chapter is to introduce a novel bioink with potent 

antibacterial activity against both gram-negative and gram-positive bacteria while supporting 

cellular functions.  

Chapter 7: Conclusion and Future directions first provide the summary of this thesis by 

highlighting the main findings obtained from the results. Next, this chapter discusses the 

possible future directions for perusing this work. 
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1.7 Format 

The thesis entitled” 3D Bioprinting of Advanced Bioinks for Tissue Engineering 

Applications” has been prepared as a portfolio of the publications based on the requirements 

of The University of Adelaide. The printed and online versions of this thesis are identical.  
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Literature review  

 

fter introducing the significance of 3D bioprinting technology in the previous 

chapter, an overview of the challenges associated with the design of ideal bioinks 

for extrusion-based 3D bioprinting mode is discussed in the second chapter. First, 

the terminology of bioink and different mode of 3D bioprinting is provided, 

followed by an introduction of hydrogels as the dominant biomaterials in the formulation of 

bioinks. Next, the key characteristics of hydrogel required for 3D bioprinting applications are 

discussed in detail. As the main focus of this chapter, the opposing behavior of printability and 

biocompatibility of bioink were discussed through the definition of biofabrication window. As 

single-component bioink cannot fulfill all required characteristics of bioink, advanced bioink 

is introduced as the next generation of bioinks. Next, the current gaps in the design of an ideal 

bioink are recognized that are considered as the aims of this thesis.  

The outcome of this chapter is a submitted manuscript to the “Advanced Materials” journal as 

follows: 

“ Rastin H, Mansouri N, Hassan K, Mazinani A, Ramezanpour M, Yap P, Yu L, Thanh Tran, 

Vreugde S, Losic D, Converging 2D Nanomaterials and 3D Bioprinting Technology: State-of-

the-Art, Challenges and Potential Outlook in Biomedical Applications, Advanced Materials, 

under review”. 
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2.1 Abstract  

This chapter will first define the basic of 3D bioprinting technology such as steps 

involved in the 3D printing process, terminology of bioink, and different modes of 3D printing 

technology. Next, after briefly introducing the hydrogels as the prime biomaterial candidates 

in the design of bioinks, This chapter will specifically focus on the requirements of ideal 

bioinks. This chapter will then move on to discuss why the conventional bioinks fail to fulfill 

the critical criteria of an ideal bioink through the definition of biofabrication window. Finally, 

this chapter deliberately elaborate on the different strategies that have been exploited to obtain 

printable bioinks without compromising the biocompatibility requirement for tissue 

engineering application.  

2.2 The bioprinting steps  

3D printing is a computer-aided fabrication method in which materials deposit in a 

layer-by-layer pattern to obtain a solid 3D structure. This process follows three sequential main 

steps; pre-bioprinting, bioprinting, and post-bioprinting maturation stages (Figure 2.1) [1]. In 

the pre-bioprinting step, the accurate 3D models of the target tissue are designed via 

CAD/CAM (computer-aided manufacture) software, followed by breaking into 2D layers for 

a 3D bioprinter. Next, appropriate material and cell sources are selected according to the target 

tissue. In the bioprinting step, the bioink prints the pre-designed 3D structure through the layer-

by-layer deposition of bioink. Finally, in the post-bioprinting maturation stage, the printed 

construct allows maturing in a bioreactor. 
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Figure 2.1. The flow diagram of steps involved in the bioprinting process [1]. Reproduced with 

permission [1]. Copyright (2019) Burns & Trauma. 

2.3 Terminology of bioink and biomaterial ink  

When it comes to bioprinting technology, it is necessary to clarify the basic definition 

of “bioinks” and its distinction from “biomaterial inks”. As proposed by Groll et al. [2], 

irrespective of the type of bioprinting technology, bioinks can be defined as a formulation that 

must contain cells as a mandatory component before the printing process (Figure 2.2 a), while 

biomaterial ink does not directly mix with cells, and cells are seeded on the scaffold once 

printed (Figure 2.2 c). As an example of the bioink formulation, Dubbin et al. [3], developed a 

bioink composed of modified alginate with proline-rich peptides and a recombinant 

protein with the complementary peptide-binding domain. The resulting weak binding between 

two complementary peptide domains prevents the sedimentation of encapsulated cells (Figure 

2.2 b). On the other hand, as an example of biomaterial ink, Liu et al. [4] printed out poly(ɛ-

caprolactone) (PCL)/ Strontium-containing hydroxyapatite (SrHA) biomaterial ink first, after 

which seeded bone marrow-derived mesenchymal stem cells (BMSCs) on the scaffolds 

(Figure 2.2 d).  

In the context of 3D bioprinting technology, the common biomaterials can be divided 

into two main groups [5]: (a) hard biomaterials such as ceramics, bioglass, and synthetic 

polymers that generally need high temperature or toxic solvents to be printed that makes them 

inappropriate for cell encapsulation. According to the above-mentioned definitions, these 

materials fall into the biomaterial ink category. (b) Soft biomaterials such as hydrogels are the 

https://www.sciencedirect.com/topics/materials-science/recombinant-protein
https://www.sciencedirect.com/topics/materials-science/recombinant-protein
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commonly used materials in 3D bioprinting for cell encapsulation due to their high water 

uptake capacity [6]. Therefore, soft biomaterials can be used in bioinks or biomaterial ink 

formulations. According to these definitions, bioprinting technology can be divided into two 

main categories based on whether or not they incorporate living cells: (i) acellular bioprinting 

techniques that print biomaterial inks and (ii) cellular bioprinting techniques that prints bioinks 

[5]. To fabricate a 3D living architecture, viable cells can directly deposit with bioinks by using 

cellular bioprinting techniques, which deliver some advantages. For example, the post-cell 

seeding procedure is avoided when using bioinks, which is a challenge for researchers. On the 

other hand, acellular bioprinting techniques deliver some advantages as well for tissue 

regeneration applications rather than cellular bioprinting techniques [7]. For example, a variety 

of 3D printing techniques with specific conditions (e.g. higher temperatures, chemicals, and 

other harsh environments) and biomaterials can be employed for the fabrications of implants 

or tissue [8].  
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Figure 2.2. The distinction between a bioink (left) and biomaterial ink (right). (a) In the case 

of bioink, cells are regarded as the mandatory component of the printing formulation [2]. 

Reproduced with permission from ref. [2], Copyright (2018) IOPSCIENCE.  (b) An example of 

bioink composed of modified alginate with proline-rich peptide (P1) and a recombinant 

protein (C7), in which NIH 3T3 cells or hASCs were encapsulated within the hydrogel [3]. 

Reproduced with permission from ref. [3], Copyright (2016) Wiley-VCH. (c)  In the case of 

biomaterial ink, cells are not part of printing formulation and are just seeded after the printing 

process [2]. (d) An example of biomaterial ink composed of PCL and SrHA. 3D structures were 

https://www.sciencedirect.com/topics/materials-science/alginate
https://www.sciencedirect.com/topics/materials-science/peptide
https://www.sciencedirect.com/topics/materials-science/recombinant-protein
https://www.sciencedirect.com/topics/materials-science/recombinant-protein
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printed first, after which BMSCs were grown on the scaffold [4]. Reproduced with permission 

from ref. [4], Copyright (2019), Elsevier. 

2.4 Different modes of 3D bioprinting technologies  

Extrusion [9], inkjet [10], laser-assisted printing [11], and stereolithography [12] are the 

dominating modes of 3D bioprinting technology based on the working condition of bioprinting 

technology. These technologies have specific inherent advantages and disadvantages, which 

need to be carefully considered to select the best printing technology for targeted technology. 

These include the viscosity of ink, printing speed, resolution, cell density, and cost. Most 

importantly, the functions of living cells/organ architectures are also affected by the variation 

of available bioprinting technologies [13]. Figure 2.3 presents schematically these printing 

technologies along with the advantages and disadvantages of these methods considering 

throughput (speed), required viscosity range, acceptable cell viability, and overall material 

loading. The key performances of these methods are summarized in the following section [14]. 
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Figure 2.3. Most common fabrication techniques have been used within bioprinting along with 

their key features. 

2.4.1 Extrusion- based bioprinting mode 

In the early 2000s, extrusion-based bioprinting technology was first introduced, which 

gained more attention among all bioprinting technologies in the fabrication of complex 

tissue/organs [15]. Extrusion-based bioprinter functions quite similarly to fused deposition 

modeling in terms of the printing process but dispensing cell-laden hydrogels, in which the 

bioink is pushed out through a nozzle [9]. Despite other bioprinting modes that dispense small 

droplets, an extrusion-based bioprinter pushes bioink filament through a nozzle in a continuous 

process by application of either pneumatic or mechanical forces [16]. Extrusion-based bioprinter 

enables the fabrication of 3D architectures by stacking 2D patterns in a layer-by-layer manner.  
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A notable advantage of micro-extrusion bioprinting mode is the ability to obtain high 

cell density similar to physiologically relevant tissues [6, 14]. In addition, 3D extrusion-based 

bioprinting mode has shown promise in the printing of a broad spectrum of biomaterials with 

viscosities ranging from 30 mPa/s up to 6 × 107 mPa/s [17]. While high-viscose bioinks can 

provide better printability and structural integrity, the low-viscose bioink is more beneficial for 

maintaining cellular functions [14, 18]. Therefore, often, researchers attempt to exploit advanced 

bioinks with shear-thinning behavior to fulfill both printability and biocompatibility 

simultaneously [19]. Shear-thinning behavior allows easy extrusion of materials along the nozzle 

as the viscosity of bioink drops in response to an increase in the shear rate in the nozzle [20]. 

Once ink exits the nozzle, the viscosity returns to its initial value and provides enough 

mechanical strength for subsequent layers. The high viscosity of bioink provides the initial 

structural integrity without the need for rapid post-crosslinking in contrast to other bioprinting 

modes. In addition, owing to its inherent high printing speed, this mode permits the fabrication 

of anatomically-relevant size tissues [21]. Taken together, extrusion-based bioprinting has 

become the most widespread mode, allowing the construction of anatomically-relevant size 

tissues within a reasonable processing time.  

One of the main advantages of extrusion-based bioprinter is the ability to add an extra 

syringe, which realizes the printing of multiple bioinks loaded with various cell types [22]. This 

is highly valuable for the fabrication of complex tissue with multiple cell types and 

microenvironments. For example, Ozbolat et al. [23] fabricated an extrusion-based ‘multi-arm 

bioprinter’, allowing printing of multi-material within a lower time frame, while being capable 

to process multiple cell types simultaneously. These capabilities empower the extrusion-based 

printer to generate complex architectures. Lately, Liu et al. [24] proposed a swift continuous 

multi-material extrusion-based bioprinter, which is capable to print up to seven various kinds 

of bioinks without the need for switching of printing nozzles (Figure 2.4). The extrusion printer 

consists of a multi-channel, whereas each channel is connected to its bioink reservoir. The 

dedicated printer software is used to open the valve of each channel to diffuse various bioinks 

at the anticipated moment by a print head system. The benefit of this methodology is the 

negligible absence of an opening gap between the switching processes. As a testing procedure, 

they printed a range of complex 3D architectures from multi-layer cubes consisting of 2/3 

various bioinks shaped as human organ structures from multiple bioinks. 



 Literature review   Chapter 2   
  

Page 19 
 

One common drawback of extrusion-based bioprinter is the risk of cell membrane 

damage during printing, which decreases the cell viability compared to other modes [13, 21b, 25]. 

The mechanical shear stress inflicted on cells during printing proved to have a detrimental 

effect on cellular viability as well as cellular functions [25]. Although the reduction in cell 

viability can be diminished by using lower printing speed or larger nozzle size, it would result 

in a longer processing time or loss of printing resolution. Compared to other bioprinting modes, 

inferior printing resolution of extrusion-based bioprinting is another major drawback of this 

mode [26]. In addition, the blockage of the nozzle is a potential challenge in extrusion-based 

bioprinter once high viscose bioink is printed [14, 27].  

   

Figure 2.4. 3D bioprinted architectures through swift continuous multi-material extrusion-

based bioprinting. (a) Dual-layered cuboid block, (b) triple-layered cuboid block, (c-e) blood-

vessel like constructs of dual, triple, and quadruple materials, respectively, (f) seven material-

containing pyramid, (g-h) continuous segments of seven different bioinks in three- and ten-

layered blocks, (i) separately printed organ-like constructs from multiple bioinks, (j-n) side 

views of constructs in (‘i’) to show 3D nature; (j) brain, (k) lung vascular, (l) kidney, (m) left 

atrium (heart), (n) bladder/prostate [24]. Reproduced with permission from ref. [24], Copyright 

(2016) Wiley-VCH. 
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2.4.2 Inkjet-based bioprinting mode 

With superior features of inkjet bioprinting such as low cost, fast process, noncontact 

mode, and high resolution, extensive interest has been drawn to inkjet-based bioprinting to 

fabricate 3D tissue-like constructs [10]. According to its basic working process, inkjet‐based 

bioprinting mode prints a controlled volume of discrete droplets on the printing substrate by 

applying external forces behind a nozzle [28]. Like extrusion-based bioprinting technology, this 

mode can also print different cell types [29] and materials [30] simultaneously once equipped 

with multiple nozzles. Inkjet‐based bioprinting has demonstrated excellence in the fabrication 

of small-scale tissues due to its high resolution.  

Inkjet bioprinting including continuous-inkjet, drop-on-demand (DOD) inkjet, and 

electrodynamic inkjet are more popular forms of direct bioprinting techniques [15]. In the case 

of continuous inkjet printing, bioink is stored in a chamber and subsequently extruded through 

a nozzle. This extruded stream via a nozzle breaks up into droplets owing to the Rayleigh-

Plateau instability [31]. On the other hand, the DOD inkjet technique creates droplets by using 

thermal/piezoelectric actuators, and/or electrostatic forces, which make this technique more 

preferable than continuous inkjet bioprinting. Moreover, its low cost, high resolution (20–100 

µm) along with the diffusion of numerous materials via multiple nozzles make this technique 

more advantageous. However, the DOD technique has some drawbacks as well such as 

selectivity of low viscous materials, longer processing time, and weak mechanical 

characteristics of printed patterns [7]. The third subdivision of inkjet bioprinting is 

electrohydrodynamic bioprinting, which exercises an electric field to drag the droplet through 

the orifice of the nozzle [32]. The ability to use a small diameter orifice with high concentrated 

bioinks uplifts this technique rather than other inkjet techniques [31].  

A common drawback of inkjet‐based bioprinting mode is the difficulty in the printing 

of high-viscose bioinks [33]. This mode is only able to print bioinks with low viscosity (<15 

m.Pa/s), which requires immediate post-crosslinking by ionic [34], thermal [35], photo [36], and 

pH [37] crosslinking strategies to stabilize the printed structure. Post-crosslinking strategies are 

usually associated with excessive chemical modifications of bioink components before printing 

or using products or conditions that might be toxic to the cells, which can potentially deteriorate 

cell viability [38]. In addition, to fulfill the viscosity requirement, bioink cannot encapsulate 

high cell density because loading high cell density increases the viscosity and subsequently 

results in the blockage of the nozzle [39]. These limitations prevent its usage in the fabrication 
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of large-scale tissue/organs with high mechanical strength. Another drawback of inkjet‐based 

bioprinting mode is the settling of encapsulated cells on the lower position of cartilage once 

transferred to the syringe, resulting from the low viscosity of the bioink [40]. Settling of cells 

not only results in the heterogeneous distribution of cells, but also increases the viscosity of 

ink placed in the lower position of cartilage and subsequently leads to the blockage of the 

nozzle.  

The potential application of inkjet-bioprinting mode in the fabrication of functional 

tissues has been demonstrated by many researchers, as reviewed comprehensively elsewhere 

[41]. For example, Sanjana et al. [33c] demonstrated neuron adhesive patterns as a basal podium 

and other patterns adopting PEG (cell-repulsive material) as well as collagen/poly-D-lysine 

mixture (cell adhesive material) by using inkjet bioprinting technology. In addition, by using 

this technology, Xu et al. [42] fabricated fibrin-based 3D scaffolds, which were used to construct 

a 3D neural network. Later, Lee et al. [37] demonstrated artificial neural tissue fabricated by 

printed murine neural stem cells (NSCs) contained fibrin gel and characterized the properties 

of the fibrin gel on the endurance of the murine NSCs. 

2.4.3 Laser-assisted bioprinting mode 

Laser-induced forward transfer (LIFT) printing, also known as laser-assisted 

bioprinting, was first adapted for cell bioprinting in 1999 [43]. The LIFT system consists of three 

major parts: (i) pulsed laser sources usually work with ultraviolet (UV) or near-UV 

wavelengths, (ii) a donor slide (ribbon) that comprised an energy-absorbing layer (Au/Ti) on 

the top that responds to the stimulation of laser source and cell-containing bioink that dangled 

on the bottom of donor layer, (iii) a collector substrate that receives the printed material [44]. In 

a typical working process of LIFT bioprinting, a laser pulse focuses on the small region of the 

absorbing layer, where locally evaporates the absorbing layer and therefore generates a high-

pressure bubble at the interface of bioink and absorbing layer. This high-pressure bubble puts 

pressure on the bioink to propel towards the collector substrate followed by crosslinking [44a, 

45].  The resolution of LIFT and associated droplet size generally depends on the array of factors 

such as the thickness and viscosity of bioink, the laser pulse energy, the air gap between the 

donor and receiver slides, the surface tension, and the hydrophilicity of the substrate [11b, 46].  

The advantages of the LIFT bioprinting mode stem from its nozzle-free working 

process [10a, 47]. For example, the nozzle clogging problem is avoided in LIFT bioprinting 

whereas other bioprinting modes often encounter nozzle clogging during printing. Moreover, 
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the nozzle-free process of LIFT mode avoids mechanical shear stress that cells experienced 

along the nozzle in other printing modes, which results in higher cell viability [44b, 48]. In 

addition, LIFT bioprinting can print low-to-medium viscose bioink, which broaden its usage 

to print a wide range of bioinks compared to inkjet-based mode. This mode also can deposit 

high cell density 108 cells/mL with high resolution by adjusting the printing parameters [11b, 49].   

Despite its superior properties compared to other bioprinting techniques, there is a 

disadvantage as well [6a].  First, the common drawback of LIFT bioprinting mode is its long 

processing time, hampering the fabrication of large-scale tissue [50]. Second, the adaptation of 

the LIFT printing parameters is a complex process for users. Third, although the cost of the 

LIFT system has experienced a rapid decline, it is still a considerably expensive system 

compared to other bioprinting modes. Fourth, evaporation of laser-absorbing layer once 

irradiated by laser might leave a trace of metallic residues, imposing the risk of contamination. 

To address this issue, it is suggested to replace the metallic laser-absorbing layer with a non-

metallic laser-absorbing layer [51]. Fifth, the laser might damage the cells due to the thermal 

shock [52]. Given these limitations, LIFT bioprinting is less popular compared to other printing 

modes.   

An elaborate example of influencing parameters of LIFT bioprinting technology on 

skin cells (fibroblasts, keratinocytes) and human mesenchymal stem cells (hMSC) was reported 

[53]. They applied this printing technique on these cells because of their high potential in the 

regeneration of human skin as well as a possible application of stem cell therapy. They 

demonstrated the influence of the LIFT technique on cells by characterizing the cell’s survival 

rate, proliferation, and apoptotic activity by monitoring for several days. It was found that both 

cell types remain viable during the printing procedure as the survival rate was reported 

98% ± 1% for skin cells and 90% ± 10% for hMSC. In addition, no increases in apoptosis or 

DNA fragmentation were detected for both cell types after applied for the printing procedure.  

They showed in their study that, the LIFT technique can be considered as a suitable technology 

for computer-controlled positioning of numerous cell types and a capable tool for tissue 

engineering. 

2.4.4 Stereolithography mode 

Apart from the bioprinting methods above, stereolithography is a more remarkable 

bioprinting technique that uses light for the crosslinking of light-sensitive bioinks in a layer-

by-layer manner [54]. In this technique, a laser/digital light projector is used over a bath of light-
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sensitive bioinks to create a single printing plane [44a]. Next, the printing stage moves 

downward, allowing the new bioink solution to cover the printed layer and then the new layer 

projected on the top of the previous layer. Therefore, the printer head only needs to move in a 

unidirectional plane, which provides high resolution (90%) printing patterns [55]. In addition, 

irrespective of the complexity of the pattern, the printing time for each layer is the same because 

the whole pattern is projected over the printing plane, which makes this mode relatively easy 

to control the printing process [56].  

 Despite all these advantages, there are some limitations associated with the 

stereolithography mode, which restricted its biomedical applications [26, 57]. First, although the 

stereolithography printer is an inexpensive system, the need for a large amount of bioink 

solution imposes an additional cost. Second, the harmful nature of the UV-based cross-linking 

method and the risk of toxicity of photo-initiators residuals are challenges for the 

stereolithography users [58]. Third, UV usually involves an excessive post-crosslinking process 

to remove the trapped inks within the products [57]. Fourth, suitable bioinks with desired 

biocompatibility and biodegradable for stereolithography are lacking. However, significant 

progress has been made recently in the development of light-sensitive polymers suitable for 

stereolithography printing [12a]. Fifth, stereolithography is not compatible with the fabrications 

of 3D structures with horizontal gradients.  

Stereolithography has been exploited for the fabrication of microfluidic architectures 

for organ-on-chip platforms by using transparent biocompatible polymers [59]. Since 

stereolithography eradicates the necessity of costly molds as well as has the benefit of swift 

prototyping, stereolithography-based microfluidic architecture may lead to competent 

commercialization of organ-on-chip platforms [60]. 

2.5 Hydrogels  

Hydrogels are a 3D network of hydrophilic macromolecules that can absorb and preserve a 

large amount of water without dissolution in a swollen state [61]. The high swelling ratio of 

hydrogels provides an aqueous 3D microenvironment similar to that of the natural ECM for 

encapsulated cells [62]. Hydrogels have been widely investigated in the design of cell-laden 

bioinks for 3D bioprinting technologies due to their high water uptake capacity, tuneable 

mechanical properties, biocompatibility, and biodegradability [63]. Recent progress in the 

synthesis of hydrogels facilitates meticulous control over the physicochemical properties of 

hydrogels that make them the prime candidate for 3D printing technology [64].  
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Hydrogels convert from solution state to gel-like structure upon crosslinking by physical or 

chemical crosslinking that can be either permanent or reversible depending on the nature of the 

crosslinking method [65]. The physical crosslinking mechanism generally relies on the inherent 

chemical structure of the polymers that form a 3D network through molecular entanglements, 

ionic interaction, hydrogen bonding, and hydrophobic forces [66]. Despite the simplicity of this 

crosslinking method, it suffers from poor control over the hydrogel network [67]. By contrast, 

chemical-crosslinked hydrogels are generally achieved through the permanent covalent linking 

of separate macromolecular chains [68]. The chemical crosslinking method provides more stable 

and tune-able 3D networks compared to the physically crosslinked hydrogels.  

According to the source, hydrogels can be alternatively divided into two major classes [69]: 

(1) natural hydrogels (collagen, gelatin, Hyaluronic acid, alginate , etc.), and (2) synthetic 

hydrogels (Polyethylene glycol, poly(lactic-glycolic)acid (PLGA), Pluronic, etc.). The two 

classes of hydrogels possess certain advantages and disadvantages that deserved to be 

considered once designing for the target application [70]. For example, natural-derived 

hydrogels have the advantage of better biocompatibility that can closely replicate the ECM, 

while synthetic-derived hydrogels provide better tune-ability over the ultimate properties of the 

hydrogel network [69].  

2.5.1 Natural hydrogels 

Gelatin, methylcellulose, alginate, hyaluronic acid, kappa-carrageenan are typical 

examples of natural hydrogel that have been widely employed in the design of bioink 

formulation [69]. Hydrogel with natural origin can be sub-categorized into two main distinct 

groups; protein-based materials and polysaccharide-based materials.  

2.5.1.1 Protein-based materials  

Gelatin is an example of protein-based hydrogels that derives from denaturing the 

triple-helical conformation of collagen [71]. It is a soluble biopolymer in warm aqueous 

solutions that undergoes sol-to-gel transition at lower temperatures. Gelatin hydrogels have 

been extensively explored in a variety of biomedical applications such as drug delivery, tissue 

engineering, and wound dressing owing to the set of favorable characteristics [71]. For example, 

Gelatin proved to promote cell adhesion and proliferation due to the presence of Arginine-

Glycine-Aspartic acid (RGD) motif along its backbone [72]. Compared to collagen, gelatin has 

exhibited relatively lower immunogenicity with higher water uptake capacity [73]. In addition, 
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gelatin carries different functional groups along its backbone that facilitate the chemical 

modification of gelatin for the target applications. Gelatin-methacryloyl (GelMA), a commonly 

used derivative of gelatin, has been extensively investigated in the design of bioink for 3D 

bioprinting technology owing to its photo-crosslinking ability and inherent biocompatibility 

[74]. GelMA can be obtained from the reaction of gelatin and methacrylic anhydride in 

phosphate buffer (pH = 7.4) solution at 50 oC, in which the reactive amines are substituted with 

methacryloyl moieties (Figure 2.5) [75].  

 

Figure 2.5. Synthesis of GelMA through the reaction of gelatin and methacrylate anhydride. 

Irradiation of UV light enables the fabrication of 3D network [75]. Reproduced with permission 

from ref. [75], Copyright (2019) Royal Society of Chemistry. 

 

2.5.1.2 Polysaccharide-based materials 

Alginate (Alg) is a well-known copolymer polysaccharide that has widely exploited 

in bioprinting technology due to the set of favorable features such as biocompatibility, 

biodegradability, tuneable characteristics, hydrophilicity, porosity, and ionic crosslinking 

[76]. It is composed of mannuronic acid (M) and L-guluronic acid (G) units in different ratios, 

forming brittle hydrogel upon the introduction of multivalent cations. This results in the 

linking of separate alginate chains through the formation of an “egg-box” 3D network [77] 

(Figure 2.6).  However, alginate hydrogel comes with some drawbacks. For example, it 

dissociates in the biological media over time due to the ion-exchange processes that disrupt 

the physical crosslinking of alginate chains with crosslinker. In addition, alginate hydrogel 
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suffers from the lack of cell-adhesion domains and the risk of inflammation associated with 

the release of calcium ions [78].  

 

Figure 2.6. Schematic illustration of alginate chemical structure. Alginate undergoes a sol-to-

gel transition once exposed to divalent cations through the formation of egg-box like 3D 

network [78]. Reproduced with permission from ref. [78], Copyright (2019) American Chemical 

Society. 

Methylcellulose (MC) is a water-soluble biopolymer isolated from cellulose by partial 

substitution of hydroxyl groups with methoxy groups [79] and shows sol-gel transition around 

37 ℃, which is related to the change from a hydrophilic to a hydrophobic nature [80]. It was 

shown that single-component MC hydrogel could be easily printed at 21℃ with more than 

80% cell viability, while rough strands containing voids were observed at lower or higher 

temperatures [81]. Despite the suitable properties of MC for 3D bioprinting, the lack of a post-

crosslinking method causes dissociation of MC in biological media. Given this, MC has been 

used as a printable component in combination with other polymers, which act as viscosity-

enhancing agents. In the multi-component MC-based hydrogel for a 3D bioprinting 

application, a blend of alginate/MC bioink has been introduced, in which alginate serves as a 

post-crosslinking agent in the presence of calcium chloride solution [82]. Moreover, treatment 

of alginate/MC with trisodium citrate as a chelating agent improved the adhesion between 

printed layers resulting in better stackability.  

Kappa-Carrageenan (κCA) is a negatively charged sulfonated polysaccharide, obtained 

from red algae, which is widely used as a thickening agent in the pharmaceutical and food 

industry[83]. It exhibits stiff gel behavior once undergoes gelation in the presence of potassium 

ions, which offers enough mechanical strength for supporting cells [84]. Moreover, from the 

rheological point of view, κCA possesses shear-thinning behavior and can be a promising 
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candidate in 3D bioprinting applications [21a, 85]. Given this, κCA has been blended with 

multiple biomaterials to generate shear-thinning bioink for extrusion-based 3D bioprinting. 

Accordingly, bioinks composed of κCA are benefited by good cell viability and attachment.  

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan, composed of alternating 

glucuronic acid and N-acetyl-glucosamine saccharides that exist in the natural ECM [86]. HA 

hydrogel forms a viscose hydrogel with shear-thinning behavior once dissolved in water, 

suitable for 3D bioprinting applications [87]. HA hydrogels have the advantage of inherent 

bioactivity and promoting cell growth, proliferation, and differentiation.  Although HA 

hydrogels have exhibited high cell viability and favorable tissue integration, it suffers from the 

poor cell adhesion and quick dissociation in biological media. Given this, it is typically 

functionalized by different functional groups such as methacrylate or thiol [88].  

2.5.2 Synthetic hydrogels 

Synthetic hydrogels are benefited by better control over mechanical strength, relatively 

easy processing, and chemical modifications [70]. This class of hydrogels can address the 

challenges associated with natural hydrogels in 3D bioprinting. However, immune reaction, 

high chances of infection, and the effect of degradation by-products are the drawbacks of 

synthetic hydrogels [89]. To overcome these challenges, synthetic hydrogels are typically 

modified with cell adhesion peptides or blend with other natural-derived hydrogels [90].  

2.6 Key design characteristics of bioink 

Lack of ideal bioink remains a challenging matter in the translation of 3D bioprinting 

technology to clinical applications. Recent studies reveal that the ideal bioink should meet 

specific chemical and physicochemical requirements to provide a cell-friendly 

microenvironment for the encapsulated cells during and after the printing process [70]. Here, the 

key characteristics of hydrogel required for 3D bioprinting applications are discussed in detail.  

2.6.1 Rheological properties  

Rheology is a powerful tool to quantify the flow behavior of the hydrogel under external 

stress [19b, 91]. Rheological studies reflect the flow behavior of the bioink at different stages of 

the printing process. Literature has demonstrated that the rheological characteristics of cell-

laden bioink strongly impact the function of encapsulated functions such as spreading, 

proliferation, and differentiation [92]. Thus, meticulous tuning of the rheological behavior of a 

bioink is critical to a successful 3D bioprinting process. In an extrusion-based 3D bioprinting 
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process, bioink passes through a thin nozzle by applying mechanical pressure behind the 

syringe. The application of high shear stress along the nozzle might be detrimental to the 

viability of encapsulated cells, thus shear-thinning hydrogels with quick recoverability are 

advantageous to the 3D bioprinting process [93]. Overall, rheological behavior governs the 

printability of inks, which deserves careful modulation to attain high resolution. 

2.6.1.1 Viscosity  

The viscosity of bioink determines the shape fidelity of bioink once printed and directly 

impacts the fate of encapsulated cells [17c]. Inks with high viscosity benefit from better shape 

integrity with the ability to print taller constructs [91b, 94]. However, blockage of the nozzle is 

more likely to happen when printing high viscose inks, which can disrupt the printing process. 

Additionally, inks with higher viscosity deliver high shear stress to the encapsulated cells 

during the printing process that can potentially diminish the cell viability and directly change 

the cell’s functions such as proliferation, expression of genes, and proteins [17b, 25, 95]. In 

contrast, the relatively low viscosity of hydrogels results in poor control over the shape 

retention of hydrogel once printed, while provides a better microenvironment for cell 

proliferation, migration, and tissue formation. In addition, the viscosity of bioink determines 

the shapes of the ink once expelled from the nozzle. Relatively low viscosity bioink form 

droplet at the needle tip, while the bioink high viscosity forms continuous filament shape.     

2.6.1.2 Shear-thinning behavior  

Bioink experiences a high shear rate once extruded along the nozzle that might 

deteriorate the viability of encapsulated cells. Thus, shear-thinning hydrogels have been widely 

exploited in the design of bioink due to their ability to alleviate the application of shear stresses 

on cells once extruded along the nozzle [93]. The viscosity of shear-thinning hydrogels drops 

upon increasing the shear rate, thus shield the encapsulated cells from disruption as well as 

smooth extrusion along the nozzle. Recent studies reveal that the inclusion of laponite into ink 

formulation allows the modulation of the rheological properties (Figure 2.7) [21a, 85b, 96]. 

Accordingly, the addition of laponite to κCA endow thixotropic behavior to the ink as 

evidenced by the decrease in the viscosity upon increasing shear rate (Figure 2.7 b). This is 

recognized as the pre-requisite feature for the successful printing of complex 3D structures. In 

addition, cell viability depends on the duration and level of shear stress during extrusion, thus 

careful consideration should be taken to adjust the printing parameters (pressure, temperature, 

printing speed, nozzle diameter) [17b, 25, 95]. Power-law model (η=K𝛾𝑛−1) is the most commonly 
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used model to quantify the shear-thinning behavior of the hydrogels under external stress, 

where η denotes the viscosity, γ is the shear rate, n is the flow index and K is the consistency 

index. In the case of fluid with Newtonian behavior, the power-law index is one, while the 

power-law index is lower than one for fluid with shear-thinning behavior. As seen in Figure 

2.7 b, the power-law index is lower than one for all prepared formulations, showing the shear-

thinning behavior of the bioink.  

2.6.1.3 Recoverability  

Once the extruded material exit the nozzle, the quick and high structural recovery is critical to 

avoid spreading of the printed stands on the printing stage [97].  Thus, in addition to shear-

thinning behavior, material-forming bioink should exhibit a quick transition from fluid-like 

behavior to a solid-like state and recover its rheological properties after removing the stress. 

To quantify the extent of recoverability of the bioink, two approaches have been widely 

employed [98]. First, changes in the storage (G’) and loss modulus (G’’) of the material-forming 

bioinks are monitored upon series of repetitive low and high strain in an oscillation mode. In 

the second method, bioink undergoes a high shear rate for a short time, and recovery of the 

viscosity is considered as the recoverability of the bioink [99]. This method simulates the 

deformation of the bioink experienced during the printing process. Figure 2.7 c presents the 

recoverability of the laponite/κCA bioink over applying alternating low and high strains. 

Accordingly, the incorporation of laponite imparts high recoverability to the bioink [21a].  
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Figure 2.7. (a)  A schematic illustration of laponite/κCA’s bioink during different stages of 3D 

printing process. (b) The shear rate sweep test confirms the shear-thinning behavior of the 

Laponite/κCA bioink. The power-law model index is lower than one for all prepared 

formulations. (c) The recoverability of the bioink over applying alternating low and high strains 

[21a]. Reproduced with permission from ref. [21a], Copyright (2017) American Chemical Society. 

2.6.1.4 Yield stress  

Bioinks should exhibit sol-like behavior during extrusion with low viscosity to protect 

cells from the application of high shear stress. Once printed, bioink should display solid-like 

behavior with high self-supporting behavior to prevent the collapse and spreading to the 

neighboring [19b]. To examine these opposing rheological behavior of hydrogel, it is critical to 

monitor the storage and loss modulus of the hydrogel via oscillatory rheology. The G’ reflects 

the elastic shape retention of hydrogel while G’’ is associated with the viscous flow. In addition 

to the G’, yield stress reflects the shape retention behavior of the hydrogel. Yield stress is 

defined as the minimum force required to put on fluid for initiation of flowing [100]. Thus, 

bioinks should overcome the yield stress to initiate flowing along the nozzle. Both G’ and yield 

stress depend on the hydrogel network, the molecular weight of the polymer, and degree of 

physical entanglement within the network. In other words, the G’ and yield stress dictates 

whether the printed structure collapse or remaining intact after the printing process. Higher 

yields stress of bioink means better shape integrity of the printed construct, however, it equals 

higher required pressure for extrusion of the material. Figure 2.8 presents the changes in the 
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G’ and G’’ values over shear sweep, indicating the yield stress point shift toward lower values 

upon addition of laponite to the κCA [21a]. 

 

Figure 2.8. Monitoring the variation of G’ and G’’ over shear stress sweep to obtain the yield 

stress. Accordingly, yield stress decreased upon addition of Laponite to the κCA [21a]. 

Reproduced with permission from ref. [21a], Copyright (2017) American Chemical Society. 

2.6.2 Electrical properties of bioinks 

The electroconductive scaffold has been enormously exploited in tissue engineering [101], 

drug delivery [102], and biosensing [103]. Electroconductive scaffolds can replicate the electrical 

properties of the target tissue, enabling the stimulation of the cells for improvements in their 

growth, differentiation, and migration [104]. Current bioinks usually consist of polymers with a 

poor electrical conductivity that restricts their application in the regeneration of excitable 

tissues [105]. The development of conductive bioink has been investigated to attain materials 

with close similarity to the native tissue microenvironment for tissue engineering application 

[106]. Attributed to the high electrical conductivity of some NMs, the integration of NMs into 

the insulating polymers, even at a very low concentration, is found to impart improved 

electrical conductivity to the inks [104]. Due to the outstanding electrical conductivity of 

graphene, recent studies have attempted to develop new electroconductive bioinks for nerve, 

muscle, and cardiovascular tissue engineering. For example, Jakus et al. [104b] fabricated 

graphene-based composite scaffolds using an extrusion-based 3D printer with excellent 

biocompatibility, robustness, and electrical conductivity (more than 800 S/m), as shown in 

Figure 2.9. The potential effect of this conductive graphene scaffold was investigated on 

human mesenchymal stem cell behavior (hMSC) for neural tissue engineering applications. It 

was demonstrated that graphene-based scaffolds supported hMSC attachment, viability, and 

proliferation. Moreover, the printed scaffolds (with a diameter of 4 mm) induced neurogenic 

differentiation with noticeable upregulated glial and neuronal gene expressions. In vivo 
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experiments validated excellent biocompatibility without any inflammatory response over 30 

days in a mouse model as well as the capability of the prepared scaffolds for surgical handling 

which holds great potential for electrogenic tissue regeneration. In other work, the 3D printing 

technique was integrated with microfluidic spinning to fabricate 3D GO scaffolds with tunable 

fiber diameter and structure [107]. Then, the hydrothermal reduction was used to obtain 

conductive rGO microfibrous scaffolds. The prepared 3D graphene-based scaffolds with 

excellent electrical properties demonstrated suitable biocompatibility on SH-SY5Y cells. 

However, cells grown on GO scaffolds showed better cell attachment and proliferation 

compared to those of rGO. Moreover, the conductive rGO scaffolds successfully induced the 

cell alignment along the fiber axis, which could be effective in tissue engineering of the central 

nervous system and myocardial repair. In another study, graphene was incorporated into 

Poly(trimethylene Carbonate) to improve the mechanical and electrical properties of the 

scaffold [108]. The 3D-printed conductive scaffold with enhanced tensile strength accelerated 

adipose-derived mesenchymal stem cell (MSC) proliferation and upregulated osteogenic 

markers. The excellent biocompatibility and processability of the composite 3D scaffolds make 

them a promising material for biomedical applications. Moreover, applying electrical 

stimulation on cell-loaded scaffolds showed an enhancement in Col I and ALP gene 

expressions. 

 

Figure 2.9. Impart the electrical conductivity into the biomaterial ink using graphene 

nanosheets. The simple physical blending of graphene and elastomer solution enables to print 
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3D structures suitable for tissue engineering and bioelectronics applications [104b]. Reproduced 

with permission from ref. [104b], Copyright (2015) American Chemical Society. 

 

2.6.3 Antibacterial activity  

Despite aseptic procedures during the implantation, the risk of bacterial infection at the 

implantation site remains a prominent challenge to the field [109]. The antibacterial activity can 

be endowed to a hydrogel by the encapsulation of antibiotics in the hydrogel network [110]. 

However, the antibacterial activity of the materials is likely to disappear after the full release 

of antibiotics [111]. In addition, resistance towards conventional antibiotics is another 

concerning issue that urgently calls for more alternative antibacterial materials [112]. Thus, 

designing implants with inherent antibacterial properties is highly in demand and valuable to 

avoid implant rejection [109b, 113].  NMs with inherent antibacterial properties are the focus of 

many researchers, revealing their exceptional antibacterial performance resulting from their 

intrinsic physicochemical characteristics [114]. For example, Zhang et al. [115] coated the 3D 

printed β-TCP bioceramic scaffolds with silver (Ag)/GO (named as Ag@GO) particles to 

confer the antibacterial activity to the scaffold. The scaffolds exhibited improved osteogenic 

differentiation of rabbit bone marrow stromal cells evidenced by the higher ALP activity and 

the expression of bone-related genes. In addition, the scaffold exhibited potent antibacterial 

activity against E. coli thanks to the released of silver ions. In another study [116], it was shown 

that incorporation of GO into PCL biomaterials ink improves the antibacterial activity of 

scaffold significantly in a concentration and time-dependent manner. Accordingly, around 80% 

of adherent S. epidermidis and E. coli bacteria on the printed scaffold were found dead after 24 

hours of exposure at 7.5 wt.% of GO  (Figure 2.10). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/stromal-cell
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Figure 2.10. Improve the antibacterial activity of PCL biomaterial ink upon addition of GO. 

Percentage of live and dead S. epidermidis (a, b) and E. coli (c,d) bacteria adhered to the PCL 

scaffolds after 2 h and 24 h incubation [116]. Reproduced with permission from ref. [116], 

Copyright (2020) Elsevier. 

2.6.4 Enhanced tissue formation  

To replace the injured tissue with a functional scaffold, it is critical to provide an 

appropriate microenvironment for cell survival and growth [101a, 117]. According to the previous 

reports, graphene family materials have shown the prospective potential to regenerate and 

recover bone, neural, cardiac, cartilage, and liver tissues with the aim of future clinical 

applications [118]. Thus, many researchers attempt to develop graphene-containing inks to 

improve the cellar functions for tissue regeneration purposes. For example, Zhou et al. [119] 

prepared a photo-crosslinkable PEGDA-GelMA ink loaded with various concentrations of GO 

that were printed using stereolithography-based bioprinters (Figure 2.11). The prepared 

biocompatible were assessed for cartilage tissue engineering applications, showing that human 

bone marrow mesenchymal stem cell proliferation rate increased upon addition of GO, with 

the highest rate in 0.1 mg/mL of GO. This is attributed to the higher level of protein absorption 

on the scaffold surface caused by GO nanosheets. In another study conducted by Cheng et al. 

[120], it was demonstrated that the GO-embedded collagen/chitosan bioink blocked the 

https://www.sciencedirect.com/topics/engineering/mesenchymal-stem-cell
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Rank/Rankl/OPG pathway and subsequently regenerated the cartilage. In another study [121], it 

was demonstrated that the addition of GO nanosheets into the formulation of alginate-based 

bioink not only contributes to the printability but also endows osteogenic differentiation due to 

the higher absorption of osteogenic inducers on GO nanosheets. In addition, it can enhance the 

viability MSCs in an oxidative stress environment, thanks to the antioxidant property of the 

GO and scavenging reactive oxygen species (ROS).  

 

Figure 2.11. Enhanced chondrogenic differentiation of hMSCs upon addition of GO into 

PEGDA-GelMA biomaterial ink [119]. Reproduced with permission from ref. [119], Copyright 

(2017) Elsevier. 

2.6.5 Mechanical strength  

Engineering the mechanical properties of inks that can replicate the native tissue is found 

to be consistently challenging to the field as their performance relies significantly on their 

mechanical properties [14, 122]. Thus, designing advanced bioinks with adjustable mechanical 

properties is of great interest to facilitate the regeneration of functional tissue [14]. Given this, 

Guiney et al. [123] have developed high content hBN-embedded PLGA ink where the 

mechanical and thermal properties of the ink were tunable upon the change in the content of 

HBN (Figure 2.12). The 3D printed structures exhibited high flexibility as can be cut, folded, 

or rolled immediately after printing without collapsing. The tensile testing results show that the 

elongation to failure of 3D printed structure increases upon increasing the hBH till 60 vol.% 

then experienced a significant drop (Figure 2.12). In addition, evaluations of cytocompatibility 

of the scaffold show the high viability and proliferation of hMSCs on scaffolds over four 
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weeks. Similar enforcement effects of HBN have also been reported elsewhere that 

incorporated into the Polyvinyl Alcohol/Bacterial Cellulose biomaterial ink [124]. More 

recently, the in vitro effectiveness of HBN-containing ink on bone tissue regeneration was 

investigated and showed that the even small addition of exfoliated HBN into PLA favored the 

attachment, proliferation, and differentiation of cells with osteogenic potential [125]. They 

reported that printed PLA/hBN scaffolds have a higher rate of cell attachment and proliferation 

compared to pristine PLA scaffolds. In addition, the evaluation of mineralization activity of 

pristine PLA and PLA/hBN scaffold shows that the latter has a significantly higher amount of 

calcium deposition after three weeks. 

 

Figure 2.12. Enhanced flexibility of the 3D printed biomaterial ink upon addition of hBN. (a) 

Images taken from 3D printed 40% vol hBN. (b) Strain to failure results of 3D printed structure 

with varying amounts of hBN. (c) Cytocompatibility of hMSCs seeded on the 40% volume 

hBN scaffold at different time intervals [123]. Reproduced with permission from ref. [123], 

Copyright (2018) American Chemical Society. 

2.6.6 Durability  

 

After printing, the bioinks should support the long-term stability of 3D printed structure 

in the physiological media [64, 94b, 126]. In general, conventional hydrogels suffer from poor 

mechanical properties, making them unsuitable for certain tissues that possess a higher 

toughness [38]. The mechanical properties of hydrogels are generally regulated by the 

manipulation of the monomer and crosslinker concentrations [38]. The crosslinking procedure 

plays a crucial role in determining the mechanical and physicochemical properties of 3D 
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printed construct and subsequently matters for the regulation of cellular activity [76a]. Hydrogel 

bioink can be crosslinked in a variety of ways depending on the nature of the polymer and the 

existing functional groups [127] [128]. Physical and chemical crosslinking methods are the two 

most commonly used crosslinking methods, however, both may be combined to achieve 

advantageous properties [129]. Physical cross-linking occurs when polymer chains interact non-

covalently and reversibly. For example, with the addition of divalent cations such as calcium, 

barium, and strontium to alginates, strong hydrogels can be formed via the coordination of 

divalent cations through two adjacent G-blocks [130]. Despite this, chemical cross-linking refers 

to the formation of an irreversible covalent bond between polymer chains[38]. The photo-

crosslinking approach, for instance, is the most commonly used chemical crosslinking 

technique in the 3D bioprinting of methacrylated hydrogels like GelMA and PEGDA [9d, 131]. 

Photo-crosslinking can take place either during or after extrusion, in which the photoinitiator 

is exposed to light to initiate the reaction [132]. DNA undergoes changes when exposed to UV 

radiation, as evidenced by numerous studies, thus, many researchers have investigated 

photoinitiators that absorb near-UV or visible light wavelengths [133]. Hydrogels that are 

crosslinked through physical methods are typically softer than those that are crosslinked 

chemically. Although soft matrices appear to have better cell viability than stiffer systems, 

shape fidelity is relatively inferior [38]. 

 

2.7 Biofabrication window  

The primary aim of 3D bioprinting is to fabricate a functional tissue-like structure that can 

replicate the complexity of the extracellular matrix of the native tissue microenvironment. In 

such a 3D printed scaffold, the cell-matrix interaction facilities matrix remodeling and 

extracellular matrix (ECM) synthesis. The rational design of bioink can provide a suitable 

microenvironment to control the cellular functions including adhesion, migration, proliferation, 

and differentiation [97]. Thus, the design of a bioink with suitable properties is the primary step 

for 3D bioprinting. As mentioned, hydrogels possess a set of desirable properties including 

cytocompatibility, tuneable rheological behavior, quick gelation kinetics, high water uptake 

capacity, and porosity that makes them an excellent candidate for the design of bioink [134]. In 

terms of biocompatibility, naturally-derived hydrogels can provide more cell-friendly 

microenvironments due to the presence of cell-adhesion domain along their chemical structure, 

whereas the synthetically-derived hydrogels have poor cell-binding sites [70]. On the other hand, 

bioink composed of synthetically-derived hydrogels can print 3D structures with higher shape 
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fidelity compared to the naturally-derived hydrogels. Convectional bioinks generally are 

composed of single component natural or synthetic hydrogels that suffer from poor 

biocompatibility or printability [18]. However, the single-component hydrogel is not able to 

fulfill all required properties for the design of an ideal bioink for extrusion-based 3D 

bioprinting technology. The biofabrication window shows the opposing relationship between 

printability and cytocompatibility of cells within the 3D printed structure (Figure 2.13). 

Accordingly, the properties that can improve the cytocompatibility of bioink, usually 

deteriorate the printability [18]. For example, increasing the hydrogel concentration can typically 

provide higher shape fidelity while such hydrogel network is not appropriate for cell survival 

and migration [135]. To achieve an ideal bioink, it is necessary to meet these opposing 

requirements by developing advanced bioinks. Several strategies have been employed to 

achieve advanced bioinks with both printability and cellular compatibility simultaneously [18].  

 

Figure 2.13. The biofabrication window for the design of advanced bioink to meet both 

printability and biocompatibility simultaneously [18]. Reproduced with permission from ref. [18], 

Copyright (2016) Springer. 

2.7.1 Assessment of Printability  

 

Bioink development requires a rigorous evaluation of printability. While "printability" 

is frequently mentioned in biofabrication publications, there is no definitive agreement on the 

definition of what "printable" material is [136]. According to Gillispie et al, printability is “the 

ability of a material, when subjected to a certain set of printing conditions, to be printed in a 

way which results in printing outcomes which are desirable for a given application” [137]. In 

light of this, evaluation is often conducted according to various aspects of printing, thereby 

making ink comparison challenging [138]. When it comes to extrusion-based bioprinting, 
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printability encompasses a number of dimensions, including extrudability, filament formation, 

and shape integrity. Shape fidelity, also often referred to as print accuracy, is used to quantify 

the difference between the printed construct and the original computer graphic. Bioinks with 

poor shape integrity may move to neighbouring areas and may collapse as more layers are 

added to the geometries. Due to the inability of the bioink to maintain the fiber integrity, pores 

may be compromised. Paxton et al.[19b] have suggested a two-step approach for the evaluation 

of printiability of bioink in extrusion-based bioprinting. In the first step, a manual material 

dispensing procedure was used to initially screen the material’s probability based on filament 

formation, layer stacking, and merging layers after dispensing. As a consequence, this step 

provided a fairly thorough evaluation of the printing abilities of a material, since it covered 

three of the most important bioink properties: yield stress, shear thinning and recovery after 

dispensing. These criteria are then evaluated via rheological evaluations as the second step. 

2.7.2 Effect of printing process on cellular functions  

 

A good understanding of bioink-cell interactions and how the cells might be stimulated 

by the bioink is an essential step in the development of bioink. It is also crucial to measure the 

effects of shear forces and degradation products on cellular processes [139]. As encapsulated 

cells within bioink pass through the thin nozzle, they suffer from shear forces that can adversely 

affect their viability, adhesion, and proliferation[140]. Shear stress was demonstrated to have a 

significant impact on cell phenotype and functionality. As an example, articular chondrocytes 

can undergo significant morphological and metabolic changes at 1 Pa shear stress [141], while 

human mesenchymal stem cells (hMSCs) can tolerate shear stresses up to 1 * 10-5 Pa without 

changing messenger RNA expressions of osteocalcin, Runx2, and alkaline phosphataste[142]. 

Along with the cellular viability, it is necessary to monitor the cellular functions such as 

adhesion, proliferation, and/or differentiation. As the cells proliferate in the bioink, they begin 

to deposit ECM, which is mainly composed of proteins, glycoproteins, and proteoglycans [143]. 

Thus, examining the deposited matrix and measuring the protein content can provide further 

insight into how cells behave within bioink.   

Researchers have shown that the printing pressure behind the nozzle has a much greater 

impact on cell viability than the diameter of the nozzle. At higher pressure behind the nozzle, 

shear stress rises exponentially which results in an exponential drop in the percentage of living 

cells [17b]. The geometry of the needle also affects cell viability besides its diameter and 

extrusion pressure. Compared to cylindrical needles, conical needles are advantageous since 
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they require lower printing pressure. Thus, tapered needles require less pressure compared to 

cylinder needles to achieve the same flow rate [144]. The printing pressure determines the 

printing speed and in turn has a direct effect on cell viability. Generally, higher printing speeds 

result in lower cell viability due to a higher extrusion pressure [145]. Therefore, it is necessary 

to optimize the printing speed to minimize the negative effects of shear stress on cell viability. 

2.8 Advanced bioink 

Since single-component hydrogel cannot satisfy all requirements for the rational design of 

bioink, multiple strategies have been employed to obtain advanced bioinks to overcome the 

challenges associated with conventional bioinks. Generally, advanced bioink can be classified 

into four major groups: multi-material, interpenetrating networks, nanocomposites, and 

supramolecular bioinks that will be discussed in detail below (Figure 2.14) 
[18].  

 

Figure 2.14. Classification of advanced bioinks into four main groups including multi-material, 

interpenetrating networks, nanocomposites, and supramolecular bioinks [18]. Reproduced with 

permission from ref. [18], Copyright (2016) Springer. 

2.8.1 Multi-materials bioinks 

Multi-material hydrogels have been widely explored for the design of advanced bioinks 

to address the drawbacks of single-component hydrogels [146]. In this strategy, blends of two 

(or more) polymer hydrogels are prepared to address the drawback of the other constituent 

hydrogel. For example, alginate forms a stable hydrogel through ionic crosslinking when 

exposed to divalent ions, however, the poor biocompatibility and low viscosity of alginate limit 

its application in the design of bioink [147]. To overcome this challenging matter, different 
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naturally-derived hydrogels such as gelatin have been mixed with alginate [94a]. Employing a 

similar strategy, Duan et al [148]. proposed a multi-material bioink based on 

methacrylated hyaluronic acid (Me-HA)/GelMA hydrogel for the fabrication of heart valve 

conduits. GelMA suffers from poor printability due to the low viscosity at low concentrations. 

It was demonstrated that the addition of Me-HA resulted in higher viscosity and subsequently 

higher printing resolution. Elsewhere, Rutz et al [146b]. proposed a multi-material bioink based 

on GelMA and PEG, as shown in Figure 2.15. They found that the pre-crosslinking of GelMA 

bioink with PEG crosslinker allows the tuning of the rheology and degradation behavior of the 

bioink. This bioink has the advantage of higher structural integrity resulted from the pre-

crosslinking of strategy.  

 

Figure 2.15. Multi-material bioink based on GelMA and PEG. (a) The chemical structure of 

polymers can be linear, branched, or multifunctional. (b) PEG serves as the crosslinker of 

polymers. The ultimate properties of bioink are tunable by varying the length and functional 

groups of PEG. (c) Cells can be encapsulated in the pre-crosslinked bioink. (d) Pre-crosslinking 

of GelMA with PEG. (e) Post-crosslinking of bioink to improve the structural integrity of the 

printed structure. (f) The crosslinker and polymers can carry a variety of functional groups. (g) 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hyaluronic-acid


 Literature review   Chapter 2   
  

Page 42 
 

steps involved in the 3D printing of GelMA/PEG bioink [146b]. Reproduced with permission 

from ref. [146b], Copyright (2015) Wiley-VCH. 

2.8.2 Interpenetrating networks (IPNs) bioinks  

Compared to multi-materials bioinks, IPNs consist of two separate networks that 

crosslinked individually with the different crosslinking methods. Generally, the first network 

is flexible and soft while the second network is brittle polymers [18]. IPNs were found to exhibit 

superior mechanical strength compared to the single component networks of either of its 

constituent hydrogels. For example, In a series of promising works, a nanoengineered ionic-

covalent entanglement (NICE) bioink has been introduced for the fabrication of mechanically 

stiff and elastomeric 3D structures (Figure 2.16) [21b, 85b, 149]. The NICE synthesized by the 

addition of GelMA into the laponite-κCA hydrogel, which overcomes the lack of cell-adhesion 

domain site, rapid dissociation in a physiological environment, and poor mechanical properties 

of laponite-κCA bioink. The synergy of ionic-covalent entanglement and nano-reinforcement 

provides a printable hydrogel with a cell-friendly microenvironment suitable for bone 

bioprinting. The NICE bioink exhibited excellent performance in terms of printability, 

mechanical properties, and osteoinductivity, allowing the fabrication of cellularized structures 

[21b, 85b].  For example, several scaffolds with various shapes were fabricated for 

craniomaxillofacial bone defects to showcase the capability of NICE bioinks for bone tissue 

engineering [21b]. It was found that the NICE bioink induced deposition of osteo-related 

mineralized extracellular matrix and improved endochondral differentiation of encapsulated 

hMSCs in a growth factor-free environment. In addition, the changes in gene expression of 

hMSC once exposed to laponite were investigated by RNA whole-transcriptome sequencing 

under 2D culture conditions. Accordingly, significant changes were recorded in the level of 

4629 genes expression, especially the genes involved in the endochondral differentiation 

(COL1A21, SMAD1/4/5/7, and SOX9), osteoblast development (TGF-β2 and the TGF-β2), and 

bone morphogenic protein signaling pathway (BMP1, BMP4, and BMP2K) were found to be 

upregulated due to the nanosilicate treatment. Elsewhere, Hong et al. printed out NICE 

hydrogels composed of poly(ethylene glycol) diacrylate (PEGDA)/alginate/laponite hydrogels. 

Ionic crosslinking of alginate resulted in the enhanced fracture strength of hydrogel from 

~200 J/m2 to over 1500 J/m2. Moreover, the permanent chemical crosslinking of PEGDA 

preserve the structural integrity of printed structure upon application of stress.  
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Figure 2.16. NICE bioink composed of laponite, GelMA, and κCA designed for bone tissue 

engineering with improved printability, bioactivity, and tuneable degradation [21b, 85b]. (a) 

schematic illustration of the synthesis of cell-laden NICE bioink [85b]. Reproduced with 

permission from ref. [85b], Copyright (2018) American Society . (b) Improved the cell adhesion 

on the NICE bioink upon addition of GelMA into the Laponite-κCA hydrogel [85b]. (c) The 

extent of cell spreading of circularity index, showing the higher elongation of cells after 

addition of GelMA [85b]. (d) The fabrication of several scaffolds for the craniomaxillofacial 

bone defects to showcase the capability of NICE bioinks for bone tissue engineering [21b]. 

Reproduced with permission from ref. [21b] , Copyright (2020) American Chemical Society. 
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2.8.3 Nanocomposites bioinks   

Polymeric hydrogels have been widely studied in the bioink formulation owing to their 

biocompatibility, rheological properties, and easy processing [62-63, 150]. However, polymeric 

materials generally suffer from arrays of limitations such as insufficient bioactivity, weak 

mechanical properties, and poor electrical conductivity, which hamper their application in the 

context of 3D bioprinting [13, 18, 78]. Integration of NMs and 3D bioprinting appeared as a 

feasible approach to address the limitation of polymeric inks and creates an opportunity to 

attain advanced bioinks with unprecedented properties.  

From the variety of NMs that have been exploited in the 3D bioprinting context, laponite 

nanoparticles are the main focus of researches to attain advanced inks [151]. This broad utility 

of laponite in 3D bioprinting is mainly attributed to its excellent rheological behavior, which 

is considered a superior benefit compared to the other 2D NMs [21a, 152]. Laponite is a  synthetic 

nanoclay made up of layers of magnesium atoms between silicon atoms bonded with sodium 

atoms with the chemical formula of Na+0.7[(Si8 Mg 5.5Li 0.3) O20 (OH)4]
−0.7  [153]. Laponite 

particle is a disk-shaped crystal with a thickness of 1 nm and diameter of about 25-30 nm which 

has positive and negative charges distributed on the rim and surfaces, respectively [154]. 

Laponite was found to significantly improve the printability of bioink as it can form hydrogel 

with highly thixotropic behavior in an aqueous solution thereby enabling the fabrication of 3D 

structures [21a, 152]. Laponite forms a “house‐of‐cards” structure once dissolved in an aqueous 

solution above 2 wt.% concentrations resulting from its dual electrostatic characteristic [154]. 

This structure imparts shear-thinning behavior and high recoverability to the hydrogel solution. 

Shear-thinning behavior is recognized as the pre-requisite characteristic for 3D bioprinting, 

which means the ink’s viscosity drops at high shear rates that subsequently lead to higher cell 

viability, printing resolution, and shape fidelity of the 3D constructs [13, 20, 155]. Therefore, the 

inclusion of laponite into the bioink formulation can endow shear-thinning behavior to the ink 

to meet the criteria for extrusion-based 3D bioprinting [21a, 151c, 156]. Numerous researches have 

investigated the rheological properties of laponite, especially its ability to modulate the 

rheological properties of natural [21a, 99, 157], and synthetic polymers [151c] for 3D bioprinting 

applications. For example, single-component kappa-carrageenan (κCA) hydrogel suffers from 

poor printability as it forms an irregular filament once extruded out of the nozzle [21a]. The 

inclusion of laponite into κCA hydrogel allows the facile extrusion of ink along the nozzle and 

fabrication of physiologically relevant-scale tissue with spatial accuracy and good mechanical 

strength [21a] (Figure 2.17a). Another interesting characteristic of laponite is its ability to 
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improve the bioactivity of the scaffold for bone and cartilage tissue engineering [156, 158]. Cell-

laden bioinks with bioactive properties are highly valuable for translation of the 3D bioprinting 

to preclinical models [21b, 151d, 159]. Accordingly, several studies have evaluated the bioactive 

properties of laponite in bone and cartilage tissue engineering [160]. Laponite was found to 

dissociate within the lysosome and release a variety of elements including sodium, magnesium, 

and lithium below pH=9 [161]. These elements with inherent bioactivity promote the osteogenic 

[156, 162], and chondrogenic [163] differentiation of the cells following the degradation of laponite. 

For example, a nanocomposite bioink was synthesized upon addition of laponite into photo-

crosslinkable monomer (N-acryloyl glycinamide) (NAGA) [164], as shown in Figure 2.17 b-d. 

It was demonstrated that sustainable release of bioactive ions (Mg2+ and Si4+) as degradation 

byproducts of laponite from laponite/N‐acryloyl glycinamide bioink induces osteogenic 

differentiation of primary rat osteoblast (ROB) cells in vitro, which significantly contribute to 

the facile regeneration of new bone in tibia defects of rats in vivo. In addition, several studies 

conducted on the performance of the NICE bioinks proved that the use of laponite facilitates 

the deposition of a cartilage/osteoid-like matrix of GAGs, collagen, and proteoglycans during 

the initial few weeks of culture [21b, 85b, 149].  
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Figure 2.17. Improving the printability of κCA upon the adhesion of laponite. Laponite with 

intrinsic thixotropic behavior was introduced in the single-component κCA hydrogel to modify 

its rheological behavior [21a]. Reproduced with permission from ref. [21a], Copyright (2017) 

American Chemical Society. (b-d) Enhanced bone regeneration of the scaffold. The sustainable 

release of laponite biodegradation products improved the bone regeneration rate. (b) Evaluation 

of the efficiency of the implanted blank and PNAGA20%-Clay bioink in terms of new bone 

formation via micro-CT (b(I) and b(II)), micro-CT reconstruction images (b(III) and b(IV)), 

and reconstructed 3D models (b(V)-b(VIII)) of the new bones. (c) Fluorescent labeling assay 

of blank (c(I) and c(II)) and PNAGA20%-Clay (c(III) and c(IV)). Three different colors 

including yellow, red, and green represent tetracycline hydrochloride, alizarin red S, and 

calcein labeling, respectively. (d) Comparison of the percentage of the fluorescent labeling area 

of bone and new bone volume/total volume (BV/TV) ratio for blank and PNAGA20%-Clay 8 

weeks after surgery [164]. Reproduced with permission from ref. [164], Copyright (2017) 

American Chemical Society. 
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2.8.4 Supramolecular networks 

In supramolecular hydrogels, polymer networks are formed by non-covalent interaction, 

keeping the hydrogel shape fidelity [18]. Covalent interaction break irreversibly once goes under 

high shear rate, while the reversible nature of non-covalent interaction results in re-joining of 

non-covalent interaction after dissipation of energy [165]. Highley et al [166]. prepared a HA-

based supramolecular hydrogel using host-guest interaction between Ada and cyclodextrine 

molecules which were located along polymer chains. This supramolecular bioink quickly forms 

a stable hydrogel resulting from the guest-host interaction (Figure 2.18). In addition, the bioink 

has exhibited shear-thinning behavior which facilitates the bioprinting process and provides 

enough mechanical stability exactly after the extrusion. The ultimate properties of the bioink 

can be tuned by varying the degree of conjugation of host and guest moieties on the polymer 

backbone.  

 

Figure 2.18. Supramolecular HA bioink modified with adamantane (Ad, guest) and β‐

cyclodextrin (CD, host). (a) Modification of HA backbone with Ad and β‐CD. (b) Printing of 

supramolecular ink (red) into a supramolecular support bath (green) [166]. Reproduced with 

permission from ref. [166], Copyright (2015) Wiley-VCH. 

Hybridization of deoxyribonucleic acid (DNA) strands also provides supramolecular 

hydrogel, displaying shear thinning properties that make them suitable biomaterial for the 3D 
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bioprinting process [167]. DNA has been employed to synthesize supramolecular hydrogels 

owing to its set of exciting properties such as base-pairing characteristics, structural rigidity, 

and minimal toxicity [168].  For example, Li et al [169]. synthesized a DNA-based supramolecular 

bioinks composed of a polypeptide that carrying DNA strands (Bioink A) and a complementary 

DNA crosslinker (Bioink B), as shown in Figure 2.19. The hybridization between two 

complementary DNA strands resulted in the quick formation of hydrogel with high structural 

integrity. It was observed that prepared hydrogel possesses remarkable properties such as self-

healing properties, high mechanical strength, biocompatibility, biodegradability, and 

permeability. 

 

Figure 2.19. Supramolecular bioink based on DNA hybridization that composed of a 

polypeptide carrying DNA strands (Bioink A) and a complementary DNA linker. The quick 

hybridization of DNA strands enables the structural stability of hydrogel on the substrate [169]. 

Reproduced with permission from ref. [169], Copyright (2015) Wiley-VCH. 

2.9 Knowledge gaps in the development of advanced bioinks 

The literature review summarized here highlighted the need to develop advanced bioinks to 

overcome the challenges associated with conventional bioinks. Accordingly, several 

knowledge gaps are identified that deserved to be explored: 

1) Lack of MC-based bioink with high printability and biocompatibility that can remain 

stable in biological media for long-term use.  

2) A very limited number of nanoengineered bioink despite the remarkable properties of 

nanomaterials.   
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3) Lack of ideal bioink with adjustable electrical conductivity for neural tissue 

engineering. 

4) Lack of bioink with inherent antibacterial activity to overcome the challenges 

associated with bacterial infections in skin tissue engineering.    

2.10 Conclusion  

Chapter 2 highlights the recent progress in the emergence of hydrogels in 3D 

bioprinting technology, with a special focus on the main attributes of hydrogels in the design 

of an ideal bioink. By taking advantage of the advanced bioink strategies, conventional inks 

can be equipped with added functionality to overcome the challenges associated with the 

current bioinks. This Ph.D. thesis aims to step towards addressing the current challenges in 3D 

bioprinting technology by developing advanced bioinks with enhanced performance.  
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2.12 Outcome of this chapter  

The outcome of this chapter is a submitted manuscript to the “Advanced Materials” 

journal as follows: 

“ Rastin H, Mansouri N, Hassan K, Mazinani A, Ramezanpour M, Yap P, Yu L, Thanh Tran, 

Vreugde S, Losic D, Converging 2D Nanomaterials and 3D Bioprinting Technology: State-

of-the-Art, Challenges and Potential Outlook in Biomedical Applications, Advanced 

Materials, under review”. 

This paper provides a comprehensive review on the integration of 2D nanomaterials 

and 3D bioprinting. The main contributions of the 2D nanomaterials in the design of bioinks 

are categorized into six main classes as follows; 1) reinforcement effect, 2) delivery of 

bioactive molecules, 3) improved electrical conductivity, 4) enhanced tissue formation, 5) 

photothermal effect, 6) and stronger antibacterial properties. 
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Development of a bioink with high 

stability  

 

n this chapter, a novel bioink based on Methylcellulose/gelatin methacryloyl 

(MC/GelMA) has been introduced in which GelMA stabilizes the 3D printed structure 

once exposed to UV irradiation. The bioink exhibited long-term stability in the biological 

condition without significant dissociation. Compared to pristine MC, the MC/GelMA 

bioink demonstrated better printability as evidenced by higher shape integrity and better shear-

thinning behaviour. In addition, encapsulated human primary osteoblast cells remains viable 

within the MC/GelMA bioink with no significant differences with the bulk hydrogel.  

This chapter has been published as  

“Rastin H, Ormsby RT, Atkins GJ, Losic D. 3D Bioprinting of Methylcellulose/Gelatin-

Methacryloyl (MC/GelMA) Bioink with High Shape Integrity. ACS Applied Bio Materials. 

2020;3(3):1815-1826.” 
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Employing MXene nanosheets in the 3D 

bioprinting   

 

n this chapter, the potential application of MXene nanosheets in the design of bioink was 

investigated in which MXene homogenously dispersed within hyaluronic acid/alginate 

(HA/Alg) hydrogels. The bioink exhibited excellent printability with adjustable electrical 

conductivity by varying the MXene dosage. In addition, the developed MXene nanocomposite 

ink have demonstrated high biocompatibility as evidenced by the high viability of encapsulated 

cell within both bulk hydrogel and 3D bioprinted structures. These results suggests the potential 

application of the developed MXene nanocomposite bioink in tissue engineering.  

This chapter has been published as  

“ Rastin H, Zhang B, Mazinani A, Hassan K, Bi J, Tung TT, et al. 3D bioprinting of cell-laden 

electroconductive MXene nanocomposite bioinks. Nanoscale. 2020;12(30):16069-16080.”  
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Development of an electroconductive 

bioink  

 

n this chapter, to overcome the challenges associated with poor electrical conductivity of 

current bioinks, a bioink with tunable electrical conductivity is introduced. The bioink is 

composed of thixotropic methylcellulose/kappa-carrageenan (MC/κCA) hydrogels filled 

with poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 

conducting polymers. In this chapter, the printability of the MC/κCA hydrogel was 

characterized comprehensively to obtain the optimal printing parameters. To showcase the 

successful printability of the bioink, a variety of multi-layered 3D structures were printed, 

confirming the excellent performance of the bioink in terms of shape fidelity and printing 

resolution. Harnessing the high electrical conductivity of PEDOT:PSS allows adjusting the 

conductivity to the ink. In terms of biocompatibility, encapsulated HEK-293 cells remain 

viable within the ink without noticeable changes before and after the printing process.  

This chapter has been published as:  

“Rastin H, Zhang B, Bi J, Hassan K, Tung TT, Losic D. 3D printing of cell-laden 

electroconductive bioinks for tissue engineering applications. Journal of Materials Chemistry 

B. 2020;8(27):5862-5876.”  
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Development of an antibacterial bioink  

 

n this chapter, a cell-laden antibacterial bioink based on Methylcellulose/Alginate 

(MC/Alg) hydrogel was developed to address the challenges associated with a bacterial 

infection in skin tissue engineering. This chapter first characterized the bioink in terms 

of printability, followed by the antibacterial performance of the bioink. The results have 

demonstrated the potent antibacterial activity toward both Gram-positive (Staphylococcus 

aureus) and Gram-negative (Pseudomonas aeruginosa) bacteria with a bactericidal rate of 

99.99%. Next, the biocompatibility of gallium- and calcium-crosslinked hydrogel were 

compared, showing no significant differences between these two crosslinker in terms of cell 

viability and metabolic activity of fibroblast cells. These results suggests that gallium-

crosslinked bioink supports encapsulated fibroblast cellular functions while eliminating the 

bacterial infection risk simultaneously.  

This chapter has been published as  

“ Rastin H, Ramezanpour M, Hassan K, Mazinani A, Tung TT, Vreugde S, et al. 3D 

Bioprinting of a Cell-laden Antibacterial Polysaccharide Hydrogel Composite. Carbohydrate 

Polymers. 2021:117989.”  
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Conclusion and future directions  

 

 n this chapter, the main findings of this Ph.D. thesis are summarized. This includes the 

summary of the conducted experiments, contributions of each chapter, and conclusions 

of the researches carried out in this project. In addition, the recommendation for future 

work is provided in this chapter 
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7.1 Conclusion  

There has been a growing demand for engineered tissue due to the unbalanced 

number of donors and receivers of organs. Engineered tissues must possess precise 

geometries with the ability to mimic the native tissue. Since two decades ago, 3D bioprinting 

has experienced rapid advances in the fabrication of functional biological structures in three 

dimensions owing to the high controllability of the 3D bioprinting technologies. Inkjet, orifice-

free, stereolithography, and extrusion bioprinting are four main classes of bioprinting 

methods with specific limitations and strength. Latter is the most common printing 

technique, which can print high viscose inks with high cell density. Despite rapid 

development in printing accuracy and speed, ideal bioinks with suitable characteristics are 

lacking and appeared as the main barrier in this field. This is mainly because high viscose 

bioinks favor printing, whereas lower-viscosity inks are more suitable for maintaining cell 

viability and function.  

Hydrogels have been widely explored in the design of bioink due to a set of favorable 

features such as high water uptake capacity, low toxicity, and similarity to ECM environments. 

Bioink used in extrusion-based 3D bioprinting should meet the number of requirements for 3D 

printing. First, bioink should provide a cell-friendly environment to ensure high cell viability 

within the fabricated bioconstructs. Second, bioink should possess specific rheological 

behavior to shield encapsulated cells from high shear stress during printing and enable the 

printer to deposit strands with pre-designed resolution. Cell-laden hydrogels expose to high 

shear stress during printing where bioink passes through a thin nozzle, which proved to be 

impairing the cell viability. The use of a nozzle with a bigger diameter saves cells from high 

shear stress, however, it adversely affects the resolution of fabricated constructs. Given this, 

shear-thinning hydrogels are of interest for extrusion-based bioprinting because their viscosity 

drops at high shear stress which secures cells along the nozzle without losing the resolution. 

Third, hydrogel gelation should be mechanically strong enough to preserve the construct once 

printed. Recently, hydrogels derived from natural resources draw more attention to be used in 

3D bioprinting applications such as gelatin, alginate, chitosan, and agarose. However, they all 

have their intrinsic advantages and drawbacks. For example, gelatin as a natural polymer 

benefits from cell adhesion sites along its backbone, but it suffers from poor mechanical 

properties and lack of printability. Thus, the need to design and development of multi-

component hydrogels with shear-thinning behavior is of critical importance to address the 

limitation of single-component hydrogels in terms of printability and biological requirements. 
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In this research, four different novel bioinks with desirable properties have developed that will 

be discussed below.  

7.2 Contributions and conclusions  

This Ph.D. thesis attempted to address the challenges in the design of bioink for extrusion-

based 3D bioprinting through developing some advanced bioinks. The main findings of this 

research are outlined below: 

➢ Chapter 3 describes a novel photo-crosslinkable MC/GelMA bioink in which GelMA 

serves as a permanent macromolecular crosslinker while MC provides printability 

requirements. The MC/GelMA bioink overcomes the quick dissociation of MC-based hydrogel 

in the biological media as a result of GelMA crosslinking under UV irradiation. Following are 

the main findings of this chapter: 

• Compared to the pristine MC hydrogel, the MC-8/GelMA-5 bioink has exhibited 

enhanced compressive modulus, which is attributed to the physical interaction of MC 

and GelMA chains.  

• The rheological characterization of the bioink reflects the high thixotropic behavior, 

suitable for the 3D bioprinting process.  

• To showcase the biocompatibility of the developed bioink, the viability of 

encapsulated human primary osteoblasts within the MC-8/GelMA-5 ink was evaluated 

using LIVE/DEAD cell assay. It was observed that the cells remain viable after 

printing without noticeable changes compared to the bulk hydrogel. 

• The main significance of this chapter is to fabricate physiologically scaled tissue 

implants with long-term stability in the biological media that can be used for bone 

tissue engineering for large non-healing fractures. Despite the favorable features of 

MC-based bioinks, the lack of a post-cross-linking ability leads to the dissociation of 

MC in biological media. This remained the main challenging issue in the 3D 

bioprinting of MC-based hydrogels. This chapter addresses the challenges associated 

with the quick dissociation of pristine MC-based bioinks. The developed bioink not 

only have exhibited better stability but also printed 3D structures with better 

printability and resolution.  

➢ The development of new bioinks with desirable properties has been restricted due to 

the limited selection of materials used in 3D bioprinting. Each material brings a different 

quality to the bioink, thus it is required to the extent the library of biomaterials in 3D 

bioprinting. In chapter 4, MXene, a new class of 2D nanomaterials, was exploited in the design 
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of bioink owing to its remarkable properties. The bioink is composed of HA/Alg that is filled 

with Ti3C2 Mxene nanosheets. Following are the main findings of this chapter: 

• The addition of MXene was found to improve the mechanical, rheological, and 

electrical properties of the bioink that can be tuned upon varying the concentration of 

MXene.  

• Evaluation of the biocompatibility of the bioink confirmed high cell viability (>95%) 

in both thin-film and bioprinted structures over a week with no significant differences. 

•  These results promise the application of MXene nanocomposite bioinks in neural 

tissue engineering and other biomedical applications. 

• The main significance of this chapter is to explore the potential of MXene 

nanocomposite bioinks for tissue engineering application. This bioink can be 

employed in neural tissue engineering and the design of medical devices due to its high 

electrical conductivity. This bioink could positively guide neural stem cell to grow and 

proliferate in the prepared 3D scaffold. In addition, bone tissue engineering is another 

promising application of this bioink due to the degradation products of MXene that 

promote bone tissue formation. 

➢ In addition to the rheological and biological requirements, the electroconductivity of 

bioink is also critical to successfully replicate the properties of native tissue.  However, most 

current bioinks deal with poor electrical conductivity due to the inherent properties of 

polymers. Chapter 5 introduces an electroconductive bioink composed of highly thixotropic 

MC/κCA hydrogels filled with PEDOT:PSS conducting polymers. Conductive polymers have 

been extensively investigated in biomedical applications due to the high electrical conductivity 

and biocompatibility. Following are the main findings of this chapter: 

• It has been found that the incorporation of PEDOT:PSS impart electrical 

conductivity to the hydrogels.  

• The bioink exhibited appropriate rheological properties, suitable for the 3D bioprinting 

process.  

• MC/κCA/PEDOT:PSS bioink printed several multi-layered structures, confirming the 

excellent printability of the bioink with high shape retention and resolution.  

• The encapsulated HEK-293 cells remain viable within both bulk and 3D bioprinted 

structures and grow over time, indicating the high biocompatibility of the bioink. 

• The main significance of this chapter is to overcome the poor electrical conductivity 

of current bioinks for neural tissue engineering applications. This bioink enables the 
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transferring of electrical stimulations that can be used to promote cellular behavior. In 

addition, this bioink allows the printing of physiological-scale constructs without 

requiring a secondary support bath.   

➢  Chapter 6 describes the synthesis and characterization of a bioink with potent 

antibacterial activity to address the challenges associated with a bacterial infection through 

employing gallium in the bioink formulation. The bioink is composed of MC/Alg that 

crosslinked with 0.5 wt.% gallium nitrate. Following are the main findings of this chapter: 

• The mechanical, swelling ratio and degradation kinetics of the MC/Alg strongly 

depends on the concentration of comprising polymers and gallium. It was found that 

the higher gallium concentration leads to the higher crosslinking density and 

subsequently higher mechanical strength and slower degradation kinetics.   

• It was found that the sustainable release of gallium from the bioink network imparts 

antibacterial activity to the bioink toward both gram-negative and gram-positive 

bacteria.  

• The gallium-crosslinked bioink supported the fibroblast cellular functions with no 

significant differences compared to the calcium-crosslinked bioink. This confirms the 

high biocompatibility of the developed gallium-crosslinked bioink. 

• The main significance of this chapter is to eliminate the risks of bacterial infection at 

the lesion site. Skin is the largest tissue in the body that is susceptible to bacterial 

infection once damaged. This chapter introduced a bioink with potent antibacterial 

activity without significant negative effects on cellular functions. This bioink opened 

a new frontier in the design of multi-function bioink for the treatment of bacterial 

infections. Excellent printability, potent antibacterial activity, and high 

cytocompatibility of this bioink make it a potential candidate for skin regenerative 

medicine. 

7.3 Limitations of this thesis 

Like other studies, this thesis also has several limitations as outlined below.  

Chapter 3 aims to develop a Methylcellulose/gelatin methacryloyl (MC/GelMA) bioink with 

high shape integrity and high stability through combining the advantages of each of the 

printability of the MC and the permeant cross linking of the GelMA. The limitation of this 

reported studies includes: 

✓ High viscosity of the bioink that limit the migration of cells. 

✓ Use of UV-irradiation that proved to have detrimental effect on cellular viability. 
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✓ Limited biological studies have conducted in this study. Therefore, further studies are 

required to assess the function of encapsulated cells within the bioink.  

 

Chapter 4 aims to impart exploit the extraordinary properties of MXene nanosheets in the 

design of bioink that would potentially encourage cell adhesion and growth. The limitation of 

this reported studies includes: 

✓ Lack of comprehensive biological studies such as cellular adhesion, proliferation and 

differentiation.  

✓ Lack of study on the effect of MXene nanosheets on the bioactivity of Bioink 

thoroughly.  

✓ Lack of detailed nanotoxicity of Mxene nanosheets. 

 

Chapter 5 aims to impart electrical conductivity within the bioink through integrating the 

thixotropic kappa-carrageenan with methylcellulose (MC/κCA) hydrogels filled with 

conducting polymers (PEDOT:PSS). The limitation of this reported studies includes: 

✓ Lack of implementation of electrical signals to the bioink to monitor the cellular 

behaviour to the electrical cues. 

✓ This work include HEK-293 cells within the hydrogel, while it is recommended to 

include neural cells with high sensitivity to the electrical cues.  

 

Chapter 6 concentrated on developing a bioink with antimicrobial properties by using gallium 

in the formulation of bioink. The limitation of this reported studies includes: 

✓ The long-term cytotoxicity of gallium nitrate on the encapsulated have not addressed 

in this work. 

✓ Lack of comprehensive comparison of gallium-crosslinked hydrogel with calcium-

crosslinked hydrogel in terms of mechanical behaviour. 

 

7.4 Recommendations for Future work 

This Ph.D. thesis made a significant contribution to the 3D bioprinting field with novel 

discoveries that highlight the development of advanced bioinks for tissue engineering 

application through employing different polymers and nanomaterials. This work opened new 

frontiers that deserved further research in the future.  Thus, several recommendations and 
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pathways are highlighted here for future work to fully realize the potential of developed 

bioinks: 

1. Design of different nanocomposite bioinks through employing other types of 

2D nanomaterials and their hybrids: Since 2D nanomaterials are at the infancy 

stage, only a few types of 2D nanomaterials have been exploited in the design of 

bioink. Thus, as the family of 2D nanomaterials is expanding, it is expected new 

types of 2D nanomaterials will be exploited in the design of bioinks. In addition, 

obtaining synergistic properties resulting from the combining of different 

nanomaterials is another emerging trend, which is expected to grow in the future. 

Such synergistic properties hold great promise for enhancing the efficacy of printed 

functional constructs, necessitating more efforts to combine different 

nanomaterials. Taking advantage of the extraordinary features of 2D nanomaterials 

to add new functionality to the conventional bioink is the current trend in the 

developments of 2D nanocomposite bioinks.  

2. Integration of machine learning and 3D bioprinting technology to obtain more 

reliable results: Considerable attention has been devoted to the significant promise 

and benefits of machine learning in industrialized 3D printing technologies. In 

generic terms, machine learning techniques aim to convert input data into outputs 

by employing training data. The converging of 3D printing and machine learning is 

due to the complexities involved in the 3D printing process. Despite the widespread 

potential of machine learning in 3D printing, machine learning is relatively 

unexplored in the 3D bioprinting field for biomedical applications that deserved 

further researches. The current bioprinting workflow initiates from medical image 

processing, followed by optimization of printing parameters and finally alterations 

during post-printing tissue maturation. Machine learning can be utilized to better 

digitalize current workflow and enhance biological performance. Machine learning 

can provide generalized modeling of complex processes that allow experts to 

optimize the affecting parameters in multiple-stages 3D bioprinting processes. For 

example, the current approach in 3D bioprinting is to select materials from 

experiments, where machine learning can build a model to reach the best material 

selection according to the desired properties. It is expected that 3D bioprinting will 

become more digital and in silico in near future by employing machine learning to 

unlock the bioprinting promise. 
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3. Exploration of the performance of the MXene nanocomposite bioink for bone 

tissue engineering: MXenes have demonstrated remarkable features such as large 

surface area, high biocompatibility, substantial electrical conductivity, potent 

antibacterial activity, and easy dispersion in aqueous solutions, Moreover, MXene 

degrades into components that accelerate bone formation, that makes it a prime 

candidate for bone tissue engineering. In general, the regeneration of bone defects 

requires a scaffold supporting cellular functions such as adhesion, proliferation, 

migration, differentiation, and maturation over bone formation. In this sense, 

exploration of the performance of the developed MXene nanocomposite bioink for 

bone tissue engineering is highly recommended.  

4. Investigating the effect of applied electrical stimulation on the cellular 

behavior encapsulated within the developed electroconductive bioink: 

Electrical stimulation has been employed to promote large non-healing bone 

fractures and has recently been used to stimulate cells for better tissue formation 

performance. Electroconductive scaffolds can replicate the electrical properties of 

the target tissue, enabling the transferring of electrical signals to all cells within the 

scaffold. The positive effect of electrical stimulation on cellular function is related 

to the activation of many intracellular signaling pathways after the application of 

electrical stimulations. The integration of electrical stimulation and ideal tissue-

engineered scaffolds have an advantage of both and are of interest for the field of 

regenerative medicine. In this sense, it is recommended to investigate the effect of 

electrical stimulation on the cellular behavior encapsulated within the developed 

electroconductive bioink in this thesis.   

5. Design of an antibacterial bioink by employing poly-lysin within the bioink 

network: Antimicrobial hydrogels have been attracted significant attention for 

wound healing applications due to eliminations of bacterial infection at the lesion 

site. Poly-l-lysine is an emerging candidate with inherent antibacterial activity 

toward a broad range of bacteria and fungi. Aside from its antibacterial activity, 

poly-l-lysine has demonstrated a set of favorable features such as high 

biocompatibility, biodegradability, and nontoxicity toward mammalian cells that 

makes it a promising candidate for tissue engineering application. In this sense, it is 

recommended to design an antibacterial bioink based on Poly-l-lysine to eliminate 

the risks associated with bacterial infections. For example, poly-l-lysine can be 

modified easily with methacrylate that makes it photo-crosslinkable under UV 
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irradiation. Physical mixing of GelMA and methacrylated poly-l-lysine seems to be 

a sensible bioink formulations.  

6. Design of a nanocomposite bioink with sustainable drug delivery:  High surface 

area, high rate of cellular uptake, and low cytotoxicity of 2D nanomaterials offer an 

attractive platform to be used as a carrier for drugs and therapeutic macromolecules. 

For example, graphene has been widely exploited as a therapeutic delivery vehicle. 

In this sense, it is suggested to design a graphene-containing bioink with sustainable 

drug release to deliver loaded substance in a prolonged manner to cells, which can 

be used to regulate the cell’s behavior.  




