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ABSTRACT 

Tissue regeneration using in-vitro scaffold becomes a vital mean to mimic the in-vivo 

counterpart due to the insufficiency of animal models to predict the applicability of drug and 

other physiological behavior. Three-dimensional (3D) bio-printing is an emerging technology to 

reproduce living tissue through controlled allocation of biomaterial and cell. Due to its bio-

compatibility, natural hydrogels are commonly considered as the scaffold material in bio-printing 

process. However, repeatable scaffold structure with good printability and shape fidelity is a 

challenge with hydrogel material due to weak bonding in polymer chain. Additionally, there are 

intrinsic limitations for bio-printing of hydrogels due to limited cell proliferation and 

colonization while cells are immobilized within hydrogels and don’t spread, stretch and migrate 

to generate new tissue. The goal of this research is to develop a bio-ink suitable for extrusion-

based bio-printing process to construct 3D scaffold. In this research, a novel hybrid hydrogel, is 

designed and systematic quantitative characterization are conducted to validate its printability, 

shape fidelity and cell viability. The outcomes are measured and quantified which demonstrate 

the favorable printability and shape fidelity of our proposed material. The research focuses on 

factors associated with pre-printing, printing and post-printing behavior of bio-ink and their 

biology. With the proposed hybrid hydrogel, 2 cm tall acellular 3D scaffold is fabricated with 

proper shape fidelity. Cell viability of the proposed material are tested with multiple cell lines i.e. 

BxPC3, prostate stem cancer cell, HEK 293, and Porc1 cell and about 90% viability after 15-day 

incubation have been achieved. The designed hybrid hydrogel demonstrate excellent behavior as 

bio-ink for bio-printing process which can reproduce scaffold with proper printability, shape 

fidelity and higher cell survivability. Additionally, the outlined characterization techniques 
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proposed here open-up a novel avenue for quantifiable bio-ink assessment framework in lieu of 

their qualitative evaluation. 
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1. INTRODUCTION 

Bio-printing is a revolutionary technology which uses a three dimensional (3D) printing 

discipline to fabricate a 3D scaffold. In this technique, living cell is encapsulated into the bio-

material and deposited layer-upon-layer [1-4]. Engineered scaffold is a highly porous 3D 

construct that serves as a temporary structural support for growing the isolated cells, providing 

nutrient to new tissues, facilitating the healing process, restoring the tissue function, and 

minimizing the wound scar [5]. To fabricate the engineered scaffold using bio-printing 

technique, appropriate bio-material selection is crucial. The selected bio-material should support 

certain criteria such as providing structural integrity and shape fidelity of the fabricated scaffold, 

facilitating cell viability and proliferation during incubation period [6]. The living cell can be 

encapsulated into material during fabrication of scaffold, or seeded on the scaffold after 

fabrication. Materials encapsulating living cell during fabrication is normally defined as bio-ink.  

On the other hand, materials that can be printed and subsequently seeded with cells after 

deposition, but not directly encapsulated with cells is defined  as bio-material ink [7]. Bio-ink 

facilitates more cell delivery and controlled cell to material distribution compared to bio-material 

ink [4].  To construct the porous scaffold with well-defined pore size and geometry, porosity, 

pore connectivity, mechanical properties, cell viability and proliferation, the development of 

novel and versatile bio-inks will have crucial implications [8, 9].  

Three common bio-printing strategies are commonly used to fabricate the 3D tissue 

scaffold and they are  inkjet bio-printing [10, 11], extrusion-based bio-printing [12, 13], and 

laser-assisted bio-printing [14-16]. Among them, the extrusion-based system is compatible with 

a diverse range of materials printing including hydrogels, biocompatible co-polymers and their 

composition including heterogeneous bio-ink, and cell spheroid [17]. Even though the spatial 
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resolution in extrusion based fabrication system is in micron level, the shape fidelity of the 

printed scaffold structure is still a challenge. In other words, extrusion-based bio-additive 

manufacturing (bio-AM) technique often demonstrates the significant disparity between design 

and fabricated part due to the material characteristics. Thus, identifying appropriate biomaterials 

for extrusion-based bio-printing to fabricate the 3D controlled porous structure using bio-AM to 

ensure shape fidelity and mechanical integrity is an active area of research. A number of 

characteristics, i.e., biocompatibility, printability, shape fidelity, degradation kinetics, and 

byproducts should be considered before selecting biomaterials for scaffold fabrication [1].  

Due to adjustable physical and chemical properties, hydrogels become one of the major 

candidates in tissue repair and drug delivery application [18]. The hydrophilic functional groups 

attached with the polymer enable the hydrogels to retain a high percentage (>90%) of water 

content and makes hydrogel especially attractive for cell delivery and encapsulation [19, 20]. 

Therefore, hydrogel is used to prepare the bio-ink which provides high cell density, achieves 

uniform cell distribution and ensures suitable microenvironment for the cell. However, achieving 

the intricate internal porous architecture with predefined shape, size and dimensional integrity 

using hydrogels material is severly limited. It is reported in several works that designing the 

scaffold architecture with porosity has a positive impact on the cell viability, proliferation and 

migration [21-25]. In terms of viability, the porous cell-laden scaffold shows  more than 30% 

improved cell  viability than non-porous scaffold [26]. Hence, the architecture of the 3D scaffold 

should be designed and fabricated addressing the tissue specific structural, mechanical and 

biological constraints [27-29]. The capability of fabricating 3D scaffold using bio-printing 

technique assuring uniform pore geometry with less discrepancy compared to the designed pore 

geometry is defined as printability  [30]. Continuation of proper printability throughout the 
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whole structure i.e. shape fidelity  [31] can ensure the specific geometrical, mechanical and 

biological constraints [32]. Selection of appropriate hydrogel during bio-printing process can 

ensuring the proper printability and shape fidelity of the fabricated scaffold [33]. Since, single 

hydrogel often struggles to achieve printability and shape fidelity, multiple hydrogels are mixed 

together to formulate hybrid hydrogels [34-36] for achieving the desired properties. 

To achieve the proper printability and shape fidelity of the fabricated scaffold, several 

materials related properties i.e. rheology [24, 37], pH [38] and printing process related 

parameters i.e. nozzle diameter, air pressure, print speed, print distance, build plane temperature  

[32, 39, 40] are important as  shown in Figure 1. After deposition from the nozzle tip, the 

filament should preserve the shape  morphology having enough mechanical strength to support 

the forthcoming  layers [41]. Proper printability of various hydrogels with extrusion-based bio-

printing is associated with three main characteristics. Those are: (i) hydrogels should be highly 

thixotropic, (ii) it should have sufficient mechanical strength to support the printed structure and 

(iii) should have enough layer to layer interaction to prevent failure during and after printing 

[24]. Rheological properties of hydrogels i.e. viscoelasticity and yield strength are critical for 

providing proper extrudability, bonding between layers and supporting the self-weight  [42]. 

Moreover, the proper controlling of shear thinning behavior of hybrid hydrogels is necessary to 

assure the smooth flow of materials and to retain mechanically strong filament morphology after 

deposition.  

 

 



 

4 

 

Figure 1: Various factors affecting printability, shape fidelity and bio-compatibility. 

Pneumatic, piston-driven, or screw-driven system are used in extrusion based bio-printing 

process to exert force to release material from the nozzle [1]. In pneumatic extrusion-based 

system, air pressure is the most important parameter since it determines the extrusion output and 

defines the extruded filament width [43]. The applied air pressure should be higher than the 

surface tension of extrusion hydrogel. The requirement of air pressure mainly depends on the 

hydrogel viscosity and nozzle diameter [32, 37, 38]. Hydrogel with higher viscosity requires 

higher air pressure to dispense through a constant nozzle diameter. On the other hand, the width 

of the dispensed filament decreases with increasing the viscosity of the hydrogel with a constant 

air pressure [44].  Increase in  viscosity  increases the mechanical strength of the fabricated 

scaffold [45]. Therefore, to achieve a good printability and shape fidelity, viscosity plays a 

significant role  [46]. 

During bio-printing process, inconsistent  air pressure and  print speed lead to a  

uncontrolled dispensing volume of hydrogel disrupting the printability [37, 38].  The filament 

width and pore geometry can be affected by the distance between nozzle tip and print platform. 
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During material deposition, change in nozzle direction may cause change in the speed 

(acceleration and deaccelaration) which also introduces inconsistency in deposited material 

geometry [32]. Temperature can also affect the printability. For an example, a temperature 

sensitive bio-ink (gelatin) creates nozzle clog and dispenses discontinuous filament at lower 

temperature which eventually leads to poor printability [47].  

Another important selection criteria of bio-ink is its bio-compatibility i.e. the 

encapsulated cell should show viability and proliferation at the incubation or post-printing 

period.  

 

Figure 2: (a) Cell damage due to high shear stress (b) Improper filament, mesh and scaffold 

geometry due to low viscous hydrogel. 

 

Even though, the extrusion based bio-printing process exerts force to release bio-ink [48, 

49], the effect of this force on cell viability is overlooked often time. The biological studies show 

that living cells are a dynamic structure and can manipulate their growth, locomotion, and 

differentiation under external influence [50]. Moreover, the alteration of mechanical signals 

caused by changes of cell geometry can change in chemical signals that may undermine cellular 

development [51]. During deposition through nozzle, the encapsulated cell near nozzle wall 
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experiences more shear stress and results cell death as shown in Figure 2 (a). The exerted share 

force profile is dependent upon the  nozzle geometry and  can affect  the cell viability [39]. 

Therefore, to prepare an effective bio-ink in pre-printing process, the selected hydrogel should 

have an optimum level of viscosity which will be able to hold the filament shape after deposition 

and can protect the cells from rupture. Often time, the viscosity of the hydrogel materials 

becomes a conflicting characteristic to achieve proper bio-compatibility. For example, the less 

viscous hydrogel precursor, i.e. less than 300 cps limits the mechanically stable structure [32] as 

shown in Figure 2 (b). Increasing the viscosity of the hydrogel (≤ 100000 cps) will bring the 

mechanical integrity but reduces the cell viability and proliferation [52]. Thus, selection of 

appropriate process parameters during bio-printing is imperative to achieve the proper 

printability and shape fidelity of the fabricated scaffold. 

1.1. Goal and aim of the research 

The goal of this research is to develop a bio-ink suitable for extrusion based bio-printing 

process to construct 3D scaffold. The objective of this research is to design a quantifiable 

framework for bio-ink assessment which is highly qualitative in nature. The research will focus 

on factors associated with pre-printing, printing and post-printing behavior of bio-ink and their 

bio-logy. To accomplish the objective following tasks are performed: 

Task 1: Study the bio-materials and their potentials as bio-ink.  

Task 2: Establish a cell-laden bio-ink assessment protocol for extrusion based bio-printing.  

Task 3: Investigate the rheological behavior of bio-materials and compositions.   

Task 4: Determine the bio-printability of 3D structure through a quantitative analysis.    

A bio-ink composed with a hybrid hydrogel will be identified in this research having the 

intention of fabricating large scaffold preserving proper printability, shape fidelity and better cell 
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viability. The extrusion-based in-house developed bio-printing system will be used in this 

research to fabricate 3D scaffold structure with features. Dispensing material used in this 

technique requires suitable viscosity and density as well as the shape fidelity retaining capability 

and high cell viability during and after printing [53]. A set of systematic qualitative and 

quantitative characterization tests such as rheological and mechanical test, microstructural test, 

filament collapse and fusion test, the effects of air pressure and print distance on filament width 

are conducted to validate printability, shape fidelity of the identified hybrid hydrogel. Moreover, 

the survivability of multiple cell lines e.g. BxPC3 (pancreatic cancer cell), human embryonic 

kidney cell (HEK 293), prostate stem cancer cell, Porc1 (functional cell) is determined into the 

scaffold fabricated with the proposed hybrid hydrogel at the post-printing stage i.e. at incubation 

period. 

1.2. Overview of the research 

This thesis is organized as follows: Section 2 represents the background and review of 

literature on scaffold based 3D bio-printing techniques and bio-materials. Section 3 describes the 

extrusion based bio-printing process.  Section 4, 5, and 6 focus on three proposed hybrid 

hydrogels. Section 7 describes the overall discussion of the proposed materials. Finally section 8 

concludes the work and future recommendation of this research work.  
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2. LITERATURE REVIEW 

2.1. 3D bio-printing technologies 

Tissue engineering aims to regenerate artificial organs or tissues to replace damaged or 

sick ones in the human body. Since this is a multidisciplinary field including medicine, 

engineering, material sciences, chemistry and biology, it achieves a great interest of research 

enlightening the hope of bridging the gap between organ shortage and transplantation 

requirement. In the fabricated engineered tissues and organs, cells can be used directly from the 

patients to regenerate the parts which minimizes the immunization and rejection concern. The 

fundamental steps of tissue engineering includes cell extraction, cell incubation and proliferation 

by 2D culture, fabrication of engineered scaffold, cell maturation in scaffold i.e. tissue 

generation, and implantation. Cell can be collected from blood or solid tissues. Depending on the 

bio-material properties, cell can directly attach with the material or the attachment can be 

promoted by external molecules [54]. Since cells are environment-sensitive, the cell behavior  

can be guided by material properties [55, 56], scaffold geometry [57, 58], surface treatment [59, 

60], growth factors [61, 62], and property degradation kinetics [63, 64]. Therefore, the proper 

selection of candidate materials, appropriate designing of scaffold and fabrication technologies 

are imperative to achieve the success in tissue engineering. 

 To fabricate the scaffold for tissue engineering, several fabrication technologies have 

been developed such as solvent casting [65-67], freeze drying [68-70], gas foaming [71-73], 

electrospinning [74-76], and bio-printing [34, 44, 77]. However, recent development of 3D 

printing processes revolutionized the scaffold fabrication processes which is often called 3D bio-

printing  [1, 78].  Compared with traditional tissue engineering approaches, where cells are 

seeded after the scaffold fabrication, bio-printing enables the cell encapsulation into the 
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biomaterials during the fabrication. Several advantages of bio-printing are enlisted in literatures 

e.g. large scale fabrication of scaffold [46], precise allocation of multiple cells and biological 

agents [2], enabling tissue reconstruction with a high level of 3d cell density [79], incorporating 

the vascularization into the scaffold [2, 80].  

The bio-printing process can be classified into three categories. They are inkjet bio-

printing, laser-assisted bio-printing, and extrusion based bio-printing as shown in Figure 3. 

Depending on the nature of droplet generation, inkjet bio-printing is classified as continuous 

inkjet-based bio-printing and drop-on-demand inkjet-based bio-printing where it delivers 

controlled volume of liquid to predefined location [81, 82] as shown in Figure 3(i). This printer 

produces pulses of pressure using heat that forms the droplet around 50-300 µm from the nozzle 

[83]. Some advantages of inkjet printer are high print speed, low cost and wide availability..  

However, low droplet directionality, risk of heat exposed with cell and biomaterial, mechanical 

stress on cell, frequent clogging of nozzle are considerable disadvantages of this printer to use in 

bio-printing [1]. 

Laser-assisted bio-printing (LAB), which is less common compared to other two bio-

printing strategies, is increasingly being used for tissue engineering as shown in Figure 3 (ii). A 

typical LAB consists of pulsed laser beam, focusing system, a ribbon, and a layer of biological 

material. This strategy is not using nozzle, therefore there is no nozzle clogging and it can print 

mammalian cell with negligible effect on cell viability [84-86].  However this has some 

drawbacks such as lower gelation kinetics, complex  ribbon preparation process for different 

material, difficult to target the accurate cell position, and finally the metallic residues are 

presented in the final construct due to vaporization of metallic laser-absorbing layer during 

printing [1]. 
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In extrusion-based bio-printing, material is deposited on a substrate parallel to XY plane 

following a vectorized tool-path and the subsequent z-axis movement ensures the progressive 

build height of the construct. Various materials are compatible with this printing techniques 

including hydrogels, biocompatible copolymers, and cell spheroid [17]. Two most common 

methods named pneumatic [39, 43, 87] and mechanical (piston and screw) [88, 89] are used to 

deposit the materials as shown in Figure 3 (iii). Though mechanical dispensing system has more 

direct control over pneumatic, pneumatic has simpler drive-control mechanism. Wide range of 

biomaterials, viscosity range from 30 mPa/s to 
7106  mPa/s are suitable for pneumatic 

extrusion system [90]. High viscous material gives structural support to the construct where low 

viscous materials maintain the microenvironment for high cell viability. The main advantage of 

extrusion-based bio-printing is maintaining high cell density which is one of the challenges in 

other bio-printing modal [1]. Sometimes multi-cellular cell-spheroids are deposited and 

controlled to self-assemble into the required 3D structures [91, 92]. The wide range of cell type 

has been printed with extrusion based system and cell viability has been reported from 40-86%  

[93]. The lower viscous material and bigger nozzle size may increase the cell viability [39, 94]. 

However bigger nozzle diameter restrict the resolution of the printing, which may be important 

for mimicking the native tissue structure.  With the improvement of dispensing system (i.e. 

nozzle, chamber or motor-control system) as well as designing of new material system might 

ease these challenges [89]. The aforementioned advantages of extrusion-based bio-printing 

technique and potential to improve this technique encourage us to choose this technique as our 

fabrication tool.  The overall steps of 3D bio-printing process for tissue regeneration is shown in 

Figure 3.  
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Figure 3: Overall steps in 3D bio-printing process and tissue engineering. 

It is challenging to maintain the cell viability for a longer span time. In the current state-

of-art, the cell viability is tested for a short range of time frame i.e. from few hours to couple of 

days [39, 95, 96]. In addition, due to the lack of mechanical integrity, the soft printed scaffolds 

dissolve in a short time through hydrolysis process [91, 96, 97] . Therefore this is really a big 

challenge to fabricate human scale tissue construct using the bio-printing process. The proper 

selection of biomaterial and process plans may help to fabricate thicker tissue construct. 

2.2. Bio-materials for 3D bio-printing 

In the literature, biomaterials are defined as “any substance (other than a drug) or 

combination of substances, synthetic or natural in origin, which can be used for any period of 

time, as a whole or part of a system, which treats, augments, or replaces any tissue, organ or 

function of the body” [98]. A major challenge in extrusion-based bio-printing  is to identifying 

appropriate material from a limited bio-material pool [43]. Materials selected for bio-printing 

should maintain or induce the desired function of the incorporated cell. Functions including 
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interaction with endogenous tissues and immune system, supporting appropriate cellular activity 

followed by facilitation of molecular or mechanical signaling systems are strictly important for 

successful transplantation and function [99]. Most importantly, these materials must support the 

cellular attachment, proliferation and micro-environmental function [18]. Therefore, a pilot test 

of biocompatibility can be done prior to heading bio-printing process, which will warrant the 

material functionality into fabrication process.  

In extrusion-based system, material pushed through the nozzle in semi-solid or gel state. 

Once extruded through the nozzle, the material must regain its shape. The desired transformation 

can occur via additives (e.g. cross-linker [100] and gelling agents [39]) or via external stimulus 

(e.g. UV exposure [101], humidity and temperature [96]). . For cell-laden material printing, 

materials that requires excessive form of stimulus (e.g. high or low temperature) or non-bio-

compatible additives (e.g. toxic binder or solvent) for  transformation critical point drying should 

be avoided [43]. Below is a chart (Figure 4) that shows the list of polymeric material (both 

natural and synthetic) that satisfies the stringent requirement of bio-materials[1, 43]. 

 

Figure 4: Biomaterial used for bio-printing. 
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Naturally derived polymers exhibit advantages for 3D bio-printing due to their similarity 

to human extra-cellular matrix (ECM) and their inherent bioactivity. On the other hand, synthetic 

polymers can be tailored to specific physical properties for stimulating particular cell/tissue 

activities. Even though, material presented in Figure 4 displayed cell viable characteristic, but 

their performance as bio-material varies in areas such as biocompatibility,  byproducts produced 

and loss of mechanical properties during degradation.  

To maintain the cell viability, the degradation kinetics of the materials must be 

understood and controlled. Among a several aspects, the degradation rate of the materials should 

be matched with the cell ability to replace the materials with the ECM. This is really challenging 

to match the degradation rate of a specific material with various cells and vice versa. Moreover, 

the byproduct of the material should be non-toxic, readily metabolized and rapidly cleared from 

the body because they often direct the biocompatibility of any degradable material. The toxic 

byproducts can include small proteins and molecules, non-physiological pH, increased 

temperature or other detrimental factors on cell viability.  

Additionally, the physical changes in materials i.e. swelling and contractile generate from 

extrusion process needs to be study [102]. Materials with high swelling rate can potentially 

absorb the fluid from surroundings and their contractions may close the pores or vessels that are 

necessary for cell migration and nutrients delivery. It becomes more challenging when multiple 

materials come into action having various swelling and contraction rates. To mimic the native 

tissue, the incorporated endogenous and exogenous cells should be attached, migrated, 

proliferated and functioned into the bio-printed construct. Several works have been published 

demonstrating the effects of materials on cell attachment [84, 103], cell sizes and shape [104]. 
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Moreover, the addition of external ligands on the material substrate has potential to increase the 

cell attachment and proliferation [103].   

The categories of bio-material can be generalized as i) cell-laden biomaterial i.e. bio-ink 

and ii) acellular biomaterial ink [7]. Printing with bio-material (non-living) is commonly used to 

create acellular porous 3D scaffolds in which post-fabrication cell seeding is performed. 

Building a tissue construct with cell-laden bio-ink is relatively new strategy [105, 106]. The 

exerted force on the material to extrude through the nozzle are generated with pneumatic [39, 43, 

87] or mechanical via piston and screw [88, 89] system. Finally, crosslinking agent, temperature 

or photo initiator curing is commonly applied on bio-ink for making the 3D scaffold structures. 

The printing parameter, as well as material preparation, can be significantly different based on 

the bio-ink. For example, exerted energy (i.e., pressure, temperature) on cell-laden bio-ink during 

printing needs to be lower for maintaining cell viability [107]. These materials can be classified 

further as shown in Figure 5 and reviewed accordingly in the upcoming five subsections from 

2.2.1 to 2.2.5.  

 

Figure 5: Classification of bio-material and bio-ink. 
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2.2.1. Homogeneous bio-material  

Several works have been published to demonstrate homogeneous material scaffold 

fabrication. The porous cell free scaffold provides the inhabitation of seeded cell for necessary 

nutrient and metabolic transport without significant compromising of mechanical stability of the 

scaffold. Moreover, the proper degradation rate of the scaffold material with respect to the new 

matrix production of the tissue will allow the successful tissue regeneration. To analyze the 

degradation of the fabricated scaffold over time, PLA was casted into the polydimethylsiloxane 

(PDMS) molds [9]. In the same study, alginate is used to fabricate a lumber vertebra model to 

demonstrate the effect of the internal architecture on fluid flow. Alginate has also been used to 

demonstrate to fabricate functionally gradient variational porous scaffold architecture [5, 108, 

109].  PCL is one of the frequently used synthetic polymers in bio-printing, mainly targeted for 

bone tissue regeneration application [110-112]. Poly (ethylene glycol) (PEG) micro-gel has been 

used to fabricate degradable scaffold to deliver bioactive nerve growth factor [113]. Various 

natural polymers e.g. collagen, agar and synthetic polymers e.g. Poly-l-lactic acid (PLLA), poly 

(glycolic acid) (PGA), have been used as scaffold material to fabricate soft and hard implants 

using 3D bio-printing technique [114].  A non-exhaustive list of bio-polymer that have been used 

for tissue engineering are listed in the Table 1. However, to analyze the combined effect of 

various materials into the solution, multiple materials are mixed together i.e. hybrid material to 

fabricate the cell free scaffold. 
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Table 1: Synthetic polymers used for tissue engineering. 

Polymer Application  References 

Poleanhydride Bone, controlled drug release [115-117] 

Polycarbonate 
Bone, degradable fixation device, controlled drug 

release 
[118, 119] 

Ployfumarate Bone  
[120] 

 

Poly (lactide-

cogycolide) (PLGA) 
Bone, drug delivery [121-124] 

 

2.2.2. Heterogeneous bio-material  

To achieve the desired properties e.g. mechanical strength, layer-to-layer adhesion, better 

rheological property, multiple bio-materials are mixed together which are defined as 

heterogeneous bio-material here. After fabricating the scaffold, live cell are seeded on the 

scaffold to determine the cytotoxicity of the structure. A hybrid scaffold has been fabricated 

using PCL and alginate to ensure the mechanical strength of the construct and better biological 

properties [125]. In another work, alginate was mixed with acrylamide to fabricate the cell free 

scaffold to perform the mechanical strength of the fabricated scaffold [126]. Co-polymer of 

poly(ethyleneglycol)-tetraphthalate/poly(butylene terephthalete) (PEGT/PBT) has been used to 

fabricate engineered cartilage and later bovine articular chondrocytes cell was seeded into this 

construct [127]. Gelatin, lysin and polyurethane (PU) were used together and liver cells were 

seeded to demonstrate the regeneration of implantable liver tissue [128]. PCL-HA matrix was 

used to fabricate the bone construct and hMSC cell was seeded into this fabricated scaffold 

[110]. To demonstrate the influence of porosity, molecular network mesh size and swelling in 

aqueous media, scaffold is fabricated using poly(ethylene oxide terephthalate)-poly-(butylene 

terephthalate) (PEOT/PBT) [129]. A prefabricated PCL scaffold was immersed into chitosan and 

hyaluronate solution to fabricate PCL/chitosan and PCL/hyaluronate hybrid scaffold and 
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chondrocytes were seeded into this construct for further analysis [130]. Alginate scaffold was 

prepared by coating it on 3D printed PCL scaffold and later hUCS was coated on the alginate 

scaffold to demonstrate the enhanced osteogenesis [131].  A 3D anatomical data-based rabbit 

femoral scaffold was fabricated using PCL/HA composite and the mechanical test was 

performed afterward [132]. Poly (ethylene glycol) diacrylate (PEGDA) and acrylic acid (AA) 

have been used as scaffold material where PEGDA served as cross linker and AA used for 

absorbing protein [133].  To enhance the mechanical strength of cartilage scaffold, cellulose 

nano-crystal (CNC) was reinforced into PCL/chitosan matrix. The overall tensile strength of the 

scaffold was improved significantly using this composition [134]. Chitosan was also mixed with 

hydroxyapatite and alginate to prepare the scaffold and MC3T3-E1 and   hASC cells were 

encapsulated respectively to demonstrate the fabrication of bone and damaged tissue [135, 136]. 

Alginate and gelatin have been used in several works to fabricate cell free structure and later cell 

has been seed on the scaffolds [137, 138]. However, to increase the cell density and proper 

distribution of cell into the material, various types of cell have been encapsulated into the 

biomaterials to fabricate the cell-laden scaffold.  

2.2.3. Single-material bio-ink 

The mostly used homogeneous material encapsulating single type cell is alginate. 

Hepatocytes cells were mixed with alginate and bio-printed the scaffold to exhibit the potential 

of the fabrication of micro-organ [139]. To accommodate the fast gelation and slow degradation 

kinetics, various cell lines are encapsulated with alginate to fabricate the cell laden scaffold [140-

142]. To demonstrate the direct bio-printing of implant, articular chondrocytes [143] and rat 

heart endothelial cells (RHECs) [52] were seeded into alginate and fabricated the scaffold. 

However, due to the poor mechanical properties and scarcity of cell adhesion site, other 
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biomaterials are mixed with alginate to improve the mechanical integrity and better cell 

survivability. Recently a work has been published where several single material bioink e.g. 

agarose, alginate, gelatin methacryloyl (GelMA) and poly (ethylene glycol) methacrylate 

(PEGMA) are used with single type mesenchymal stem cells (MSCs) to fabricate fibrocartilage 

and hyaline cartilage. Among them alginate and agarose hydrogels support the development of 

hyaline-like cartilage where GelMA and PEGMA support to develop more cartilage-like tissue 

[144]. A work related to direct printing of cartilage tissue using Poly (ethylene glycol) 

dimethacrylate (PEGDA) with human chondrocytes has been reported to repair human cartilage 

repair [82]. Human articular chondrocytes cell has been encapsulated into PEGDMA 

(polyethylene glycol di-methacrylate) solution to prepare the bio-ink and scaffold has been 

fabricated to demonstrate the regeneration of human cartilage. Gelatin methacrylamide along 

with two photon-initiator was used to encapsulate the HepG2 cell to prepare the bio-ink. This 

work demonstrated the effect of bio-printing process parameters and scaffold fabrication pattern 

on overall cell viability. Scaffold having higher cell viability showed the expression of liver 

specific functions [145].  In another work, brain cell is mixed with gelatin and a 3D model is 

fabricated using the bio-printing technique to establish the regeneration of injured nerve tissue 

[146]. However, the overall result showed that the combination of gelatin and hyaluronan has 

better potential than only gelatin to regenerate the nerve tissue. HUVEC cell is encapsulated with 

gelatin to regenerate hollow tube to facilitate the vascularization [147]. However, often time 

multiple materials are mixed together as heterogeneous material and single type cell is 

encapsulated to identify the effect of hybrid material composition on the overall mechanical 

integrity of scaffold and cell activity.  
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2.2.4. Heterogeneous bio-ink (multiple bio-material) encapsulating single cell line 

Several works have been published where authors encapsulated single cell line into 

multiple material composition to execute the fabrication of cell-laden scaffold.  Most recently, 

one of the widely reported hybrid hydrogels is alginate-gelatin which shows better achievement 

of scaffold architecture and improved cell bio-activity [6, 44, 148-150]. Alginate and gelatin are 

also mixed with different types of material to prepare the hybrid hydrogel and encapsulated with 

single type cell to accomplish various applications as enlisted in Table 2. 

Two different types of lung cancer cells e.g. A549 and 95-D have been used separately in 

the matrix of alginate and gelatin and demonstrates the possibility of tumor model regeneration 

to explore the cancer treatment [166]. Recently, a hybrid hydrogel containing alginate, methyl 

cellulose and laponite nano-clay is used with human mesenchymal stem cell line to validate the 

cytotoxicity of this hybrid hydrogel [46]. To identify the effect of 3D bio-printing process 

parameters on fabricated scaffold, mouse embryonic stem cell (ESC) has been encapsulated into 

alginate and gelatin and dispensed [6]. Chitosan grafted with lactic acid and methacrylate 

initiator has been used to encapsulate the chondrocytes cell to fabricate the scaffold. A covalent 

cross-linking technique and enzymatic degradation mechanism have been used during printing 

process and in incubation period respectively [167]. Gelatin and chitosan were mixed together to 

prepare the hybrid hydrogel and hepatocytes were encapsulated to analyze the biological 

function of the cell and their potentials to  regenerate the artificial liver tissue [168]. Cinnamon 

basil plant cell has been used with alginate, agarose and methylcellulose matrix to simulate an 

immobilization environment to identify the capability to produce the secondary metabolites in-

vitro [169]. Mouse fibroblast cell has been used into alginate and gelatin mixture to fabricate 

high resolution 3D cell-laden scaffold to explore the cell activity into the structure [148]. 
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Table 2: Various materials mixed with alginate and gelatin encapsulating single type cell. 

Material Other materials 

mixed 

Cell type 

encapsulated 

Application References 

Alginate 

RGD, PEGMA, 

GELMA 

Chondrocytes Engineering of whole bones 

for orthopedic and 

craniofacial medicine 

[151] 

Nano-cellulose Human nasoseptal 

chondrocytes 

(hNC) 

Growth of cartilage tissue [152] 

PCL, growth 

factor 

Chondrocytes Regeneration of cartilage 

tissue 

[153] 

Oxidation, 

RGD 

hADSC New tissue regeneration [154] 

Methyl 

cellulose 

hMSC Large scaffold fabrication [155] 

Agarose, gelatin SaOS-2 Bone tissue regeneration  [29] 

Fibrinogen, 

gelatin 

HeLa Tumor model [156] 

Collagen, PCL MSC Bone tissue regeneration [157] 

PCL Primary 

chondrocytes 

Cartilage regeneration  [158] 

Acidic media, 

agarose and 

methylcellulose 

Bone marrow 

stromal cells 

(BMSCs) 

Bone tissue regeneration [159] 

Gelatin 

Fibrinogen, Hepatic cell Functional proliferation and 

liver-specific functions 

[160] 

Nano-silica MC3T3 

preosteoblasts 

Bone tissue regeneration [161] 

PCL, 

fibrinogen, 

hyaluronic acid 

and glycerol 

human amniotic 

fluid-derived stem 

cells (hAFSC) 

Bone, cartilage and skeletal 

muscle tissues 

[162] 

Alginate, 

hydroxyapatite 

hMSC Drug delivery, microsphere 

deposition or soft tissue 

engineering 

[163] 

Alginate, RGD MG-63  [164] 

Hydroxyapatite Chondrocytes Regeneration of cartilage 

tissue 

[165] 

 

By blending the thermos-responsive polymer poly(N-isopropylacrylamide) grafted 

hyaluronan (HA-pNIPAAM) with methacrylated hyaluronan (HAMA), high-resolution scaffolds 

with good viability of bovine chondrocytes were printed [170]. A 3-D printable formulations of 
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hybrid hydrogels were developed, based on methacrylated hyaluronic acid (Me-HA) and 

methacrylated gelatin (Me-Gel). The formulated bio-ink was used to bio-print heart valve 

conduits containing encapsulated human aortic valvular interstitial cells (HAVIC) [171]. After 

seven incubation days, the encapsulated HAVIC showed enhanced production of collagen and 

glycosaminoglycan, indicating ECM remodeling. Electro-spinning of PCL fibers was combined 

with printing of rabbit elastic chondrocytes encapsulated in a fibrin-collagen gel and the scaffold 

was able to produced cartilage extracellular matrix even in vivo [172]. However, native tissue 

contain multiple cell type and mimicking the functional tissue regeneration, multiple cells are 

encapsulated to achieve the combined effect of each cell which is discussed in the next section.  

2.2.5. Heterogeneous bio-ink (multiple bio-materials) encapsulating multiple cell lines 

Fabricating and recapitulating a tissue construct like the native tissue microarchitecture 

comprising the multiple cell types along with multiple extra cellular matrix components still 

remain challenging [173].  Alginate and gelatin are commonly mixed to prepare the hybrid 

hydrogel and encapsulated with multiple type cells to accomplish various applications as enlisted 

in Table 3. Two different cell lines SaOS-2 and RAW 264.7 are encapsulated into alginate-silica 

composite to demonstrate the programmable bio-ink preparation [180].  GelMA, alginate, and 

poly (-ethylene glycol)-tetra-acrylate (PEGTA) were used with endothelial and stem cell to 

demonstrate the tissue scaffold fabrication with vascularization [2]. In another work, human 

umbilical vein endothelial cells (HUVEC) and hiPSC-cardiomyocytes were encapsulated into 

GelMA, alginate and photoinitiator Irgacure 2959 to demonstrate the fabrication of 

cardiovascular tissue [181]. Porcine aortic valve interstitial cells (VIC) and aortic root sinus 

smooth muscle cells (SMC) cells were encapsulated into alginate and gelatin to exhibit the in-

vitro fabrication of aortic valve [95].   
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Table 3: Various materials mixed with alginate and gelatin encapsulating multiple type cell. 

Material Other materials 

mixed 

Cell type 

encapsulated 

Application References 

Alginate 

PCL Osteoblasts and 

chondrocytes 

Regeneration of cartilage 

tissue 

[174] 

Nano-cellulose Articular cartilage 

and 

medial condyle 

Growth of cartilage tissue [175] 

Fibrin Functional and 

HUVEC 

New tissue regeneration [176] 

Carboxymethyl-

chitosan, 

agarose 

hESCs and hiPSCs Artificial 3D neural tissue [177] 

Collagen, fibrin C2C12 and 

MC3T3  

Mechanically robust and 

complex scaffold 

fabrication 

[178] 

PEGDA, 

nanoclay 

hMSC, HEK endure high stress in both 

tension and 

compression  

[49] 

Gelatin 

Polyethylene 

glycol, 

fibrinogen 

hMSC, HUVEC Tissue regeneration with 

vascularization 

[179] 

Methacrylate, 

photo initiator 

MC3T3, HUVEC Microchannel to facilitate 

vasculature 

[80] 

 

PCL and PEGDA were used as supportive material and collagen type 1 was used as 

hydrogel material along with encapsulating HUVEC and mouse mesenchymal stem cells to 

fabricate the hybrid tissue construct [182].   HUVEC and hMSC cells were encapsulated into 

multifunctional PEG (PEGX)-gelatin bio-ink to mimic the tissue more close to native one. Taken 

together, this hybrid hydrogel was a facile and effective approach for obtaining desirable bio-ink 

characteristics without compromising cell viability. The result showed that hMSC approached 

towards skin like tissue reconstruction [179]. Another hybrid hydrogel was formulated with 

gelatin, fibrinogen, HA and glycerol with different weight percentages for encapsulating various 

cells e.g. human AFSC, chondrocytes, and C2C12 to demonstrate the reconstruction of bone, 

cartilage and skeletal muscle [183]. To establish the extrusion into the hydrogel support bath, a 
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novel bio-ink was developed containing carbopol and irgacure and HAECs, MDCK and 

MCF10A cells were encapsulated into the bio-ink. After fabrication, the support bath was 

removed to leave the scaffold containing multiple cell [184]. 

From the above discussion it is clear that, bio-ink prepared with hybrid hydrogel may 

bring advantages over bio-ink prepared with single hydrogel but become a delicate process. Even 

though, various biomaterial inks and bio-inks are developed with hybrid hydrogel for bio-

printing process, the bio-ink assuring proper printability, shape fidelity for large scale scaffold 

(cm scale) and cell survivability into the printed scaffold for a longer period (more than 15 days) 

of time is still challenging. Moreover, controlling the cell proliferation direction with bio-ink 

component in extrusion-based bio-printing is still not explored. In this research, a hybrid 

hydrogel will be developed which will assure the proper printability, shape fidelity for large 

scale scaffold and cell will be safely encapsulated for a longer period of time. This research will 

also explore the controlling of cell proliferation direction using appropriate bio-ink component. 

2.3. Printability and shape fidelity  

2.3.1. Material properties affecting printability and shape fidelity 

Printability is an important concept as the fabricated scaffold of the bio-printing process 

must mimic both the cellular architecture and geometry [185]. To fabricate a tissue scaffold with 

intricate architecture, this is particularly important. Geometry is as important in tissue structure 

as its function. For an example, heart valves have to be durable whilst allowing appropriate 

blood flow at varying valvular pressures. For this reason, spatial and mechanical heterogeneity is 

needed. Understating the importance of printability and shape fidelity, a number of works have 

been published in recent past. Recently, few bio-ink papers have characterized their hydrogels 
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for  printability with any of the suggested standardized methods, which include viscosity/shear 

thinning [8, 186], yield strength [187], recovery [186, 188].  

Thixotropic Hydrogels may provide sufficient mechanical strength to support the printed 

structure and layer to layer interaction to prevent failure during and after printing [24]. 

Rheological properties including viscoelasticity and sufficient yield strength, the hydrogel may 

produce proper extrudability, binding of consecutive layers together and supporting the weight of 

deposited layers [42]. Moreover, to assure the smooth flow of materials and mechanically strong 

morphology after deposition, the proper controlling of shear thinning behavior of hydrogels is 

necessary. These rheological properties in general are linked and cannot be verified separately 

[189]. Achieving predefined shape, size, dimensional integrity and intricate internal porous 

architecture i.e. good shape fidelity using single material is limited due to its viscosity. Hence, 

multiple materials are mixed together to prepare hybrid hydrogel to assist large scale scaffold 

fabrication [46, 95, 131, 155, 190, 191]. The hybrid hydrogel enables to achieve physical 

gelation characteristics and uniform filament morphology after extrusion to support the 

successive layers. Besides, the mixing of multiple biomaterials may offer more suitable cell-

friendly microenvironment to support and improve various cell activities, i.e., proliferation, 

migration and differentiation [6]. Carboxymethylcellulose (CMC) [34], methyl cellulose [24, 

155], TEMPO-mediated nano fibrillated cellulose (TO-NFC) [192], gelatin [193], nano clay [46] 

have been used as viscosity modifier to prepare a hybrid hydrogel and improve printability.   

The printability and shape fidelity of a hybrid hydrogel is defined by the material loss 

modulus and a predictive air pressure model is developed in term of loss and storage modulus  

[33]. They demonstrated that the lower loss modulus can define good printability. Recently in 

another work, the printability of HA based hydrogel precursor is determined based on yield 
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stress, viscosity and storage modulus [194]. This work has shown that, the higher molecular 

weight with lower concentration of hydrogel provides better storage modulus and eventually 

better printability. The yield stress is one of the most important parameters to characterize 

because a yield stress is required for a material to hold its shape after bio-printing and support 

the weight of the added layers. The printability of a synthetic polymer (poloxamer) has been 

determined by yield stress and it is stated that this material shows good printability at the yield 

stress value around 300 Pa [188]. In another work, the printability of collagen hydrogel was 

determined by the riboflavin photo-crosslinking and pH. This study showed that riboflavin 

increased the storage modulus of the hydrogel but the degree of enhancement was less 

pronounced at higher collagen concentration. The higher value of pH also increased the 

printability and shape fidelity of the hydrogel in this work [195].  The mechanical properties and 

eventually the printability of single filament fabricated with dECM was tailored by vitamin B2 

and UVA irradiation [196]. This works showed that the inclusion of vitamin B2 with dECM 

increased the rheological stiffness. However, the increased amount of vitamin B2 decreased the 

rheological stiffness due to aggregation of this element to form photo-inactive aggregates. To 

improve the printability, alginate was mixed with genetically engineered M13 phages which 

includes the integrin-binding and calcium-binding domains. Hence, the shape fidelity of the 

fabricated filament was preserved better during crosslinking and in incubation period for a longer 

period of time [197]. There are other methods of quantifying the printability and shape fidelity 

such as using image analysis of software to measure pore area, circularity of pore [6], strut size 

[198], print area [199], and filament fusion and collapse [31].  
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2.3.2. Dispensing factor affecting cell viability and printability 

The effects of several dispensing factors shown in Figure 1 have been studied in various 

works. During, extrusion-based strategy, the dispensing pressure is applied to deposit the cell-

laden filament through nozzle orifice by pneumatic and mechanical assistance (as referred 

earlier), thereby the effects of dispensing pressure and nozzle diameter on the cell viability needs 

to be identified. Even though, the mechanical effects on cell viability is not considered, the 

biological studies show that living cells are dynamic structure and manipulate their growth, 

locomotion, and differentiation under external influence [50]. Moreover, the changes of cell 

geometry can alter the mechanical signals which may cause the change in chemical signals and 

subsequently undermine cellular development [51]. Specifically, the reduction of syringe nozzle 

diameter and increasing the dispensing pressure will increase the shear force on the cell during 

deposition and reduce the cell viability.  Moreover, the cell inside the solution may experience 

additional compressive or tensile forces due to the nozzle head movement with respect to 

substrate. The outcome of the experiment may vary with respect to different time frames i.e. 

short term (hour) and long term (day)  [39]. However, material, stage temperature and nozzle 

speed effects have not been studied i.e. at room temperature a single material (sodium alginate) 

is used. Others reported the effect of extrusion pressure, nozzle speed along with humidity and 

stage temperature [96]. The viability of cell is significantly increased when material was 

deposited on bed in room temperature applying humidity comparing with the deposition on hot 

bed without employing humidity. Nonetheless, the material effect has not been considered (only 

collagen is used) in this experiment. In another work, a framework of determining the optimum 

process parameters has been proposed for alginate and gelatin hydrogel encapsulating mouse 

embryonic stem cell (ESC) [6]. A set of shape fidelity and printability experiments has been 
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done to design a candidate material for 3D bio-printing. The related process parameters have 

been determined on cell free scaffold [31].  

In this research, different dispensing factors such as nozzle diameter, nozzle speed, 

dispensing pressure, print distance with various biomaterials is studied at different time frame to 

increase the cell viability. This study anticipates an effective improvement in bio-printing 

horizon and finally in overall 3D printed engineering tissue scaffold. 

2.4. Vascularized tissue scaffold 

The capability to fabricate 3D vascularized tissues on demand would enable scientific 

and technological advances in tissue engineering, drug screening and organ repair. Several key 

components e.g. cell, extra cellular matrix (ECM), and vasculature need to be patterned in 

precise geometries to generate 3D engineered tissue constructs that mimic the native grafts and 

eventually the organs. Each of these elements imprints vital role in imparting, supporting, and 

sustaining the biomimetic function of the engineered tissue construct, respectively. Among them 

perhaps vasculature plays most important role as they provides sufficient nutrients, 

growth/signaling factor, waste transport. Without the proximity to a perfused microvasculature; 

most cell within the bulk tissue will not remain viable. The structure of vascular tube is formed 

consisting of three different layers named intima contains a monolayer of endothelial cell, medial 

layer contains a multiple layers of smooth muscle cells (SMCs) and adventitia contains 

fibroblastic cells [200].  A recent work has been published demonstrating the effects of 

microchannel into the cell-laden tissue structure [80]. The microchannel was bio-printed using 

the agarose and the cell-laden hydrogel consisted of other types of photo-cross-linkable polymers 

e.g. GelMA, SPELA, PEGDMA and PEGDA was casted upon of these microchannel. The bio-

printed agarose was aspirated by light vacuum or removed manually to get the microchannel. 
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The cell viability of tissue structure embedded with microchannel was almost 90%, which was 

greater than the construct without microchannel (77%). Recently, a heterogeneous bio-printing 

process has been demonstrated where two different types of cell line, Human Neonatal Dermal 

Fibroblast (HNDFs) and 10T1/2 mixing into GelMA are deposited along with pluronic F-127 

into pure GelMA solution [201]. Pluronic F-127 is liquefied and removed from the construct, 

which imprints the vasculature to assist different growth factors and nutrients to flow. These cell-

laden bio-printing process shows 81% and 82% cell viability for HNDF and 10T1/2 cell lines 

respectively. Another work has been published demonstrating the bio-fabrication of functional 

vascular channels where the collagen and cell-laden gelatin were deposited. Once the HUVEC 

cell was attached with the inner surface of collagen, the gelatin was washed out to generate the 

vascular channel [147]. This process showed almost 90% cell viability. However, the cell-free 

gelatin deposition to make vascular channel and later injecting cell increased cell viability due to 

less mechanical stress on cell, higher cell density and less encapsulation of gelatin. A 

heterogeneous printing process using PCL/alginate struts coated by osteoblast-like cell-laden 

alginate has been demonstrated to maintain the mechanical strength of the fabricated scaffold 

[191]. Compared with non-coated alginate, the proposed construct shows more cell viability 

(almost 93%) and good alkaline phosphatase (ALP) activity. This work demonstrates the 

optimum alginate-calcium chloride mixing ratio to get suitable coat-ability.  

Recently, a single nozzle extrusion based heterogeneous bio-printing technique has been 

published where HUVEC cell-laden alginate/GelMA hydrogels are deposited simultaneously 

with Ca2+ crosslinking solution [202] . The GelMA is cross-linked by UV light. The appropriate 

concentration of Ca2+ (0.3M) solution and amount of exposure time (30 s) of UV light, suitable 

for cell viability (almost 80%) are reported here. This work concluded with the possibility of co-
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culture by seeding primary cardio-myocytes on top of the heterogeneous bio-printed tissue. 

However, due to the free radical produced by photo-initiator, high stiffness of cross linked 

material, prolonged exposure of UV undermine the cell viability. Other than printing the 

microchannel and removing later, a perfusable vascular construct fabrication has been 

demonstrated where a novel blend of ink consisting of GelMA, alginate and PEGTA has been 

developed [2]. HUVEC and MSC cell-laden ink is deposited through a co-axial nozzle 

containing concentric channel to create continuous hollow interiors. The result (80% cell 

viability) demonstrates the endothelial proliferation and ultimately the vasculature channel into 

the tissue. However due to the degradation of GelMA component of proposed ink, it was 

difficult to maintain the perfusability more than 21 days.  Another work related to built-in 

microchannel to deliver nutrients has been published where a co-axial nozzle has been used to 

deposit L929 cell-laden alginate as scaffold material and CaCl2 as cross-linker. The greater cell 

viability of the scaffold having built-in micro-channels compared without micro-channel 

illustrates the significance of vascular channels [203]. Hence, to regenerate the tissue, proper 

vasculaturization into the scaffold is important. 

2.5. Remarks 

The above discussion clarifies that even though extrusion-based bio-printing has good 

potential on in-vitro tissue fabrication, the related material design, geometry of the fabricated 

scaffold, determining optimum process parameters, and vascularization are important to 

successfully fabricate the thick tissue scaffold. Among them, the designing of an appropriate bio-

ink for extrusion based bio-printing and related printing process parameters will be focused in 

this research.  
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3. EXTRUSION BASED BIO-PRINTING: EQUIPMENT AND PROCESS PLAN 

3.1. Extrusion based bio-printer 

Extrusion-based bio-printing systems basically rely on dispensing of larger polymer or 

hydrogel strands through a dispensing micro-nozzle and positioning them via computer-

controlled motion either of the printing heads or collecting stage. To accomplish bio-printing 

using this technique, polymer or hydrogel is generally loaded in metallic or plastic barrel and 

dispensed via either pneumatic, piston-driven, or screw-driven force on a building platform as 

shown in Figure 6 (b). 

 

Figure 6: (a) Schematic diagram of extrusion based bio-printer, and (b) Driving force to release 

material.  

 

The resolution that can be achieved with extrusion-based printing is in the range of about 

80 µm, which is considerably low compared to laser- or inkjet-based systems which can be in 

few microns [204]. But the fabrication speed  is significantly higher and wide range of materials 

can be printed with extrusion based system [92]. Based on pneumatic, piston-driven, or screw-
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driven force, the released materials show different merits and demerits. Normally, materials 

dispensed by pneumatic systems are associated with a delay in dispensing due to the compressed 

gas. However, they work better for highly viscous molten polymer. On the contrary, the piston-

driven deposition generally offers more direct control over the flow of the hydrogel from the 

nozzle. Finally, screw-based systems provide more spatial control and are valuable for the 

dispensing of hydrogels with higher viscosities. It should be noted here, the encapsulated cell 

within the hydrogels can be deposited with high viability using both pneumatic and piston-driven 

systems. Material deposited by the screw-driven system can generate larger pressure drops at the 

nozzle which can be detrimental for the encapsulated cells. This issue can be minimized by 

designing the screw-pitch geometry. In contrast, pneumatic system is quiet simple, easy to use 

and can deliver delicate material without damaging them. Therefore, in this research we have 

selected pneumatic system in this research.  

The 3D printing philosophy used in extrusion based bio-printing is similar to fused 

deposition modeling (FDM), one of the 3D printing technologies [204]. This technology was 

developed in late 1980s which was successfully commercialized in 1990 [205]. Traditionally, the 

FDM system consists of three axis namely x, y, and z-axis where the nozzle or the build plane 

move on XY-plane and the build height is achieved by the z-direction movement. The main 

function of the nozzle or dispensing barrel is to extrude the filament materials onto the building 

platform following a preprogrammed path, essentially based on computer aided manufacturing 

(CAM). After completing the fabrication of a single layer, the nozzle moves up or xy-plane 

moves down one step along z-direction to deposit the next layer creating 3D structures.  The bio-

printing technique that we used in this research use the same process plan which has been build 

in our lab and explained in the following section.  
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3.2. Development of a 3D bio-printer 

In this research, a three-axis 3D bio-printer is developed in-house as shown in Figure 7 

and used to fabricate the acellular and cell-laden scaffold under sterile condition. The reason to 

develop the 3D printer is to ensure the user-end full control over fabrication process and 

optimizing related process parameters.  The optimized process parameters will assist towards 

achieving designed architecture of the scaffold. For fabricating cell-laden scaffold without 

contamination, the working envelop is properly sterilized by spraying 70% ethyl alcohol. The 

machine uses compressed air to exert the force on material. It has a controller assuring the 

consistent air pressure during extrusion and a HEPA filter is attached with the tube for sterile air 

flow.  Other process parameters such as nozzle speed, needle diameter, material flow rate, print 

distance are investigated and characterized for scaffold fabrication.  

 

Figure 7: 3D bio-printer developed in-house for this research.  

 The simultaneous coexistence of various cell types into biomaterials is necessary to 

mimic the architecture of native tissue construct. To do this, we have also develop a multi-nozzle 

system with the developed 3D bio-printer in our lab. The existing nozzle holder of our 3D printer 

is shown in Figure 8 (a). This nozzle holder is modified for holding multiple nozzles as shown in 
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Figure 8 (b). To hold three dispensing nozzles of 10cc simultaneously, an attachment is 

manufactured using aluminum as shown in Figure 9.  

 

Figure 8: (a) Existing nozzle holder, (b) Proposed nozzle holders, (c) External air pressure 

controllers. 

 

Figure 9: Attachment to hold three dispensing nozzles simultaneously. 

 

For heterogeneous (two or more dissimilar materials) material printing, co-axial dispensing 

nozzle with various gauges and materials (i.e. plastic, stainless steel) are assembled in-house. A 

co-axial dispensing nozzle is manufactured with a 20 gauge stainless steel needle by drilling with 

0.75 mm drill bit as shown in Figure 10 (a). Another needle is attached seamlessly as shown in 

Figure 10 (b,c) with this drilled needle to ensure the material flow through single nozzle. A 

schematic diagram of co-axial nozzle is shown in Figure 10 (d) to fabricate filament having micro-
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channel.

 

Figure 10: (a) Drilled needle, (b, c) attaching another needle with drilled needle, (d) Multi-

layered co-axial nozzle with cross-section. 

 

3.3. Pre-process plan of 3D bio-printing 

The overall framework of 3D bio-printing process plan is classified into three stages as 

pre-processing, processing and post-processing [206] as shown in Figure 11.  

 

Figure 11: Framework of the bio-printing process. 

 

A hierarchical pre-process plan of 3D bio-printing starts with a digital model designed by 

CAD software or obtained from reverse engineering as shown in Figure 11, which is used as the 

digital input of the machine, leads towards the end product. Before feeding the digital input to 

AM machines, several pre-process plans such as selecting appropriate build direction [207-211], 
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slicing [212, 213], tool-path design and generation [214, 215] can define the efficiency and 

product quality of this fabrication process.  

 

Figure 12: 3D model digitization by (a) CAD modeler (b) Reverse Engineering. 

 

 

Figure 13: The schematic diagram of overall process plan of 3D bio-printing. 
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3.3.1. Designing of scaffold tool-path 

The overall pre-process plan is shown in Figure 13 where a 3D model is sliced at a 

specific layer height. This slice generates a set of closed contours. The vectorized toolpath is 

programmed and generated into closed contours to deposit material layer-upon-layer.   The 

nozzle head needs to be guided along the generated path with a selected raster width i.e. filament 

to filament distance and deposition angle to fill the interior of the layer. In order to ensure the 

geometric quality, strength and stiffness of a model and overall build efficiency, the tool-path 

needs to be designed properly. Both zig-zag/direction parallel and spiral/contour parallel 

deposition path are commonly used in combination to fill the contour periphery and curing the 

interior material [216]. The contour parallel tool-path has high spatial filling accuracy but 

complicated generation algorithm and less infill efficiency. On the other hand, zig-zag tool-path 

has relatively high infill efficiency but less accuracy [217]. A tool-path planning approach for 

functionally graded material has been proposed considering the zig zag and contour parallel tool-

path [218]. This work has focused more on region-based material distribution by tool-path 

planning than build efficiency. A laser-based (selective laser sintering, SLS) tool-path planning 

has been proposed to scan and cure large contour area [219]. To expedite the efficiency, a dual 

laser has been employed on discretized contour area. In [219], authors focused on the zig zag 

tool-path planning strategy to balance and optimize the build efficiency. In zig zag tool-path, the 

nozzle/tool tip/print head will fill or cure the material in a continuous line-by-line fashion along a 

specific direction. Since each fabricated layer is supported by its preceding layer, a 0°-90° raster 

angle pattern among successive layers is usually used to ensure structural integrity [220]. 

However, other pre-determined layout patterns were also investigated for the structural integrity 

[221]. Adaptive material laying patterns have recently been proposed by Khoda et al. [222] to 
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achieve the desired porosity of the functionally gradient porous internal architecture of additively 

manufactured tissue scaffolds. A multi-directional parametric material deposition orientation 

[223] is also demonstrated considering the accessibility and porosity of the internal region. An 

adaptive tool-path algorithm has been proposed for interior of the object with zig-zag pattern 

[224]. Here, the deposition direction is determined via changing the direction parallel slope that 

provides the minimum build time. After this discussion, it is clear that continuous zigzag 

toolpath is efficient for extrusion based printing process. Therefore, zigzag toolpath pattern is 

used in this research to fabricate the scaffold.  

 

Figure 14: Process flow diagram of the proposed methodology.  
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The process flow chart of the proposed methodology is shown in Figure 14. Normally, a 

technology-independent de facto file format called STL (STerioLithography) is used to transfer 

the digital information of the scaffold model to bio-printers. The actual polynomial surface of the 

scaffold model is converted into STL model using first order piece-wise linear approximation. 

This causes loss of geometrical and topological information and introduces error to the actual 

scaffold model. This error is known as chordal error or chordal height deviation as shown in 

Figure 15. 

 

 

Figure 15: Chordal error 

Moreover during surface approximation, it causes several errors such as holes or cracks, 

non-manifolds, overlapping facets and incorrect normal, hence the loss of geometrical and 

topological information and introduces error to the digital model [225]. Since it represents the 

object surface by thousands of triangles, it does not provide an efficient memory storage 

compared to the higher level spline, NURBS (B-Rep) representations [226]. Therefore, STL 

representation may be cumbersome in term of digital memory and computational requirements. 

The memory and computational issues can be resolved by reducing the number of input data 

points. That will aggravate the loss of surface information and consequently the chordal 

deviation and finally erroneous digital model information. Besides, the approximated model 

volume differs from the actual model due to the approximation error in each layer as shown in 



 

39 

Figure 16. Figure 17 demonstrates the effect of change of number of triangles on the scaffold 

model quality. 

 

Figure 16: Error in contour generated from STL model. 

 

Figure 17: Effect of changes of triangle number on scaffold quality. 

Hence, the platform-specific data conversion during process plan step transition from 3D 

model digitization towards the end product results in error accumulation. Finally, this error 

introduces extrinsic and intrinsic variability in the end fabricated scaffold. Thus the repeatability 

between bio-printers with various data processing engines will be undermined. 
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To resolve the STL issues, several attempts have been taken by the researchers. Some 

works have been done to repair the existing erroneous STL file [227, 228]. A new rapid 

prototyping interface file format has been proposed including the topological information and 

discarding the redundant information that contained in STL file [225]. Other standard type of file 

format have been proposed to represent the 3D model instead of STL file. Each of them have 

different characteristics as listed in Table 4.  

Table 4: Characteristics of different file formats. 

File Format  Geometry Material Color 

SSTL  [229, 230]  × × 

AMF [231, 232]    

STEP [233, 234]    

3MF [235, 236]    

VRML, PLY, OBJ [237]  ×  

 

These standard files are approximating function-specific digital information of the model, but 

existing bio-AM machines are not capable to read all of this information. Attempts have been 

taken to make some of these file machine readable. An assessment has been done about the AM 

file format directing the development of new representation [229]. Nassar et al. [237] proposed 

an extensible markup language (XML)-based file formats describing the record and data transfer 

of AMF file at every stage of AM process. Another file format has been published for universal 

multi-material AM process [238]. 

To resolve the STL related issues, a systematic file format i.e. hierarchical scanning data 

structure (HSDS) [239] is proposed in this research. The NURBS (B-Rep) file of 3D scaffold 

model is directly sliced which creates a set of closed contours. The zigzag toolpath is generated 

into each closed contour. Each toolpath contains a set of information of a sequential number of 

points. The information of those sequential points will be stored into HSDS. A common 
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application program interface (API) platform is also proposed here, which can access the HSDS 

and generate machine readable file for different existing 3D bio-printers. This proposed file 

format system will be a new data feeding protocol for existing 3D bio-printers.  

3.3.2. File format for STL free scaffold model 

The scaffold is directly sliced and a similarity index is determined between any two 

consecutive contours. Once a set of sequential tool-path points of a specific scaffold-layer is 

generated, it is stored in HSDS. The chronological bottom-up or top-down visit to each layer of 

the scaffold will result in a sequential tool-path points for this scaffold. Hence, a generic HSDS 

file will be generated for the whole scaffold. A common application program interface (API) 

platform contacts the HSDS and generate machine readable file for different existing bio-printer 

control systems considering the similarity index and machine specific layer thickness. The data 

stored in HSDS can be retrieved remotely and be used by different existing bio-printers 

controller supporting the cloud/remote manufacturing process. That’s how the platform-

independent object repeatability can be ensured. Among four main service models such as 

Infrastructure-as-a-Service (IaaS), Platform-as-a-Service (PaaS), Hardware-as-a-Service (HaaS) 

and Sortware-as-a-Service (SaaS) of cloud based design and manufacturing (CBDM) [240], SaaS 

can be replaced by the HSDS to make the proposed methodology cloud based design and 

manufacturing enable. An overview of the proposed methodology including the potential of the 

cloud manufacturing is shown in Figure 18. 
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Figure 18: Overview of the process including cloud manufacturing possibility. 

3.3.2.1. Direct slicing of the scaffold  

The 3D parametric surface (NURBS surface) of scaffold model is sliced by a set of 

planar surfaces (parallel to XY plane) to find the layer contours to be used for additive 

manufacturing processes. Surface-surface intersection algorithm is used to identify the boundary 

contours of the cross-sectional area of the object to be filled with material as shown in Figure 19. 

Depending on the object geometry, the resultant closed boundary contour may be composed with 

a single curve or with a set of smoothly connected piecewise curves. A NURBS surface can be 

represented by the following equation: 
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Where }{
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P  are the control points, }{
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w  are the weights and the }{ )u(N
p,i  and }{ )v(N

q,j  

are the nonrational B-Spline basis function defined on the U and V knot vectors. In general the 

object surface and the cutting surface can be represented respectively as follows:  
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The problem of intersection can be solved by computing the set 
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Where  is any parameter. This function can be interpreted as a pair of two curves as 

follows: 
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Which represent the path of intersection on each of the surface in the corresponding 

parameter space. The intersected curve can also be determined applying k-Nearest Neighbors 

[241] on the points results from the following parametric equation: 
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After applying the same technique successively in bottom-up or top down fashion with a 

specific layer thickness, a set of closed object contour is generated  
R....,ii

ContCont_OB
21

  . Since 

they do not intersect themselves other than at their start and end points and have the same 

(positive) orientation generally these can be represented as: 
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Figure 19: (a) Surface-surface intersection and resultant curve, (b) Contour generation at 

different build height, (c) Resultant object contour. 

 

To make the HSDS compatible for each bio-AM machine with different resolutions, a 

similarity index between any two consecutive contours is determined. Depending on the 

similarity index a set of contours can be eliminated from the similar contour group within a 

specific layer thickness or a set of contours can be added in between of the consecutive layers by 

doing the linear interpolation without hampering the object geometry. Thus machine-specific 

HSDS can be generated. To determine the similarity index, three factors such as distance factor 

(DF), curvature factor (CF) and area factor (AF) are considered. A set of finite number of points 
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shown in Figure (8 (b)).   The summation of normalized curvature difference is defined as 
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curvature factor (CF)  , i.e. 
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 . The ratio of the area difference between two 

consecutive contours and the area of bottom surface of the object bounding box BB,bottom
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as the area factor, i.e. 
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Here AFCFDF
,   and are three associated user defined weights for distance factor, curvature 

factor and area factor respectively. These three weights reflect the relative importance of these 

three factors. Once a set of weighted factor (WF) of similarity index is determined, they are 

classified into a finite number (L) of similar contour groups (SCG) using equation (8) as shown 

in Figure 20 (c). 

 ;}{ 1...2,1   lilLll wfWFwfscgSCG                                              (8) 

Where 1 and ll wfwf are user defined minimum and maximum range of WFi. Some scenario 

of similarity index is shown in Figure 21. Therefore the candidate contours are identified to be 

eliminated from HSDS or added to HSDS depending on the AM machine resolution once the 

similarity index between contours are determined  

 

 

Figure 20: (a) Identification of corresponding points and distance factor, (b) Determination of 

area factor and curvature factor, (c) Group of similar contours. 
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Figure 21: Similarity Index of two consecutive contours (a) Same contours, WFi=0, (b) Smaller 

difference, WFi=0.11, and (c) Larger difference, WFi=0.83. 

 

3.3.2.2. Hierarchical scanning data structure 

Once all the sequential points of the whole scaffold are determined, this information is 

stored in a hierarchical order into HSDS file as shown in Figure 22. Different 3D bio-printers 

will generate different HSDS data structures as shown in Figure 23 where HSDS will contain all 

the information of the scaffold, layers, contours, and sequential path coordinates. 

 

Figure 22: Data storage hierarchy of HSDS. 
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Figure 23: Data structure of HSDS. 

 

3.3.2.3. Application program interface (API) 

The part and process related information i.e. coordinated linear or non-linear motion; 

depositing and non-depositing control points; flow rate, speed, raster etc. are stored in this file. 

To construct the physical 3D scaffold with any bio-printers, the stored data in HSDS needs to be 

converted into the controller specific language. A common API (Application Program Interface) 

platform is also proposed in this research, which can access the HSDS and generate machine 

readable file for different existing 3D printers as shown in Figure 24. The metadata section of the 

file will assure the readability by different existing 3D printing interpreters. Each line of this file 

will be called as “line of code” or “block”.  The API will read this line of code and send back 

signal to driver telling it was readable or not. If it is readable, the driver will tell interpreter to 

execute this line. The interpreter will generate a message using its own function and send it to the 

control system.  
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Figure 24: API working principle 

 

Likewise, the control system receives a set of messages which is queued up and executed. 

Thus, the consecutive execution of those lines of code will result in a final printer executable 

path-plan sequence for the 3D scaffold as shown in Figure 25. This proposed file format system 

can be applied on existing 3D printers as shown in Figure 26. 

 

Figure 25: Executing the API for a specific bio-printer 
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Figure 26: Executing HSDS for existing 3D printers. 

 

3.4. Results and discussion 

3.4.1. Implementation 

The proposed file format system is implemented on four example scaffolds with a Core i7 

@ 3.4 GHz CPU equipped with 8 GB RAM using Visual Basic scripting language. The layer 

thickness for existing AM machines are enlisted in Table 5 where Form1 has least layer 

thickness than other machines. 

Table 5: Layer thickness of different AM machines 

Stratasys FDM (in) MakerBot (in) Hyrel (in) Form1 (in) Projet 660 (in) 

LTmin LTmax LTmin LTmax LTmin LTmax LTmin LTmax LTmin LTmax 

0.007 0.014 0.004 0.013 0.004 0.02 0.001 0.004 0.004 0.004 

 



 

50 

To execute the fabrication of the actual CAD model of the scaffold, the HSDS file is 

generated for two different commercial 3D printing machines namely Dimension 1200es made 

by Stratasys and Hyrel Hydra made by Hyrel 3D. It should be noted here, that the proposed file 

format is generic and can be used by any machine control system which is also independent of 

material.   Only infill of the model is printed and the infill printing speed is used as 30 mm/sec 

and 50 mm/sec for Dimension 1200es and Hyrel Hydra respectively. The raster width for both 

machine is considered as 1.13mm and the layer thickness is considered as 0.2 mm and 0.30 mm 

for Dimension 1200es and Hyrel Hydra respectively.  The HSDS is generated considering the 

layer thickness 0.25 mm consisting of 12 layers where the Dimension 1200es needs 15 layers 

and Hyrel Hydra needs 10 layers to be fabricated to get the 3.0 mm build height of the object. 

Since the object is cylindrical, the similarity index for each consecutive contours is 0. Therefore 

the API has added three more contours in HSDS for Dimensions 1200es where it eliminates two 

contours from HSDS for Hyrel Hydra and updated the HSDS file accordingly to fabricate the 

same object using the two different machines. Finally the object is fabricated with Dimension 

using the ABS model and support material respectively and with Hyrel Hydra using ABS and 

PLA respectively as shown in Figure 27. An example of how the proposed methodology can be 

applied in cloud manufacturing is also shown in Figure 28. This same process plan framework is 

used to bio-print for this thesis which are shown in later chapters. 
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Figure 27: Same digital scaffold model fabricated using two different AM machines. 

 

 

Figure 28: An example of cloud manufacturing applicability.  

 

Total time needed to implement the methodology on the example 1, 2 and 3 are 

approximately 5, 12 and 10 seconds per iteration respectively. However, required time can be 

reduced significantly by parallel processing or increasing the computational power. The raster 

width used to fabricate the model and support is considered 0.5 mm and .75mm respectively for 

both proposed methodology and commercial software. Layer thickness is considered as 0.254 
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mm for both model and support. The infill printing speed is considered as 20 mm/sec. Sequential 

point information is stored in the HSDS format as discussed. Then the proposed API is used to 

create the printer specific .sml file and the models are fabricated as shown in Figure 29. 

 

Figure 29: Fabricated parts: (a) example 1, (b) example 2, and (c) example 3. 

 

3.4.2. Remarks of file format 

A generic digital file format is proposed that store the information of sequential toolpath 

points. An API is implemented to read the generic file for creating the printer specific deposition 

instruction. The proposed HSDS data structure contains generic process plan data in a 

hierarchical structure and can be accessed remotely. Such framework can support the cloud 

manufacturing as well as repeatability between bio-printers.   

  

mm scale
mm scale

(a) (b)

mm scale

(c)
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4.  3D PRINTABILITY OF ALGINATE-CARBOXYMETHYL CELLULOSE 

HYDROGEL 

Sodium alginate is a seaweed-extracted naturally derived polysaccharide, has been used 

in 3D bio-printing for several years because of its good biocompatibility. The inclusion of 

calcium ions directs cross-linking of the carboxylate groups of sodium alginate to achieve 

excellent gelation without hampering biocompatible environment [242]. Due to the high water 

content, it allows the good exchange of waste products and nutrients. Various cell types such as 

fibroblast [243], myoblast, endothelial [244], chondrocytes [153], and schwann [245] have been 

encapsulated into alginate for culturing. The dissipation of Ca2+ ions in physiological conditions 

results in water-soluble, nontoxic alginate and eventually the gradual degradation of Ca-alginate 

gel [246]. However, achieving the intricate internal porous architecture with predefined shape, 

size and dimensional integrity using hydrogels material is limited.  

To fabricate large scaffold with accurate pore size and geometry, other biomaterials are 

often mixed with alginate to prepare a hybrid hydrogel. Carboxymethyl cellulose (CMC), is a 

high-molecular-weight water-soluble polysaccharide used for viscosity modifier or thickener. It 

has been reported that the binding of CMC’s matrix protein assists in cell migration and cell 

attachment [247]. Moreover, alginate-CMC  (alg-CMC) hybrid hydrogel has been used to 

fabricate beads for various drug delivery experiments [248, 249]. However, to our best 

knowledge, the combination of alg-CMC has not been explored for 3D bio-printing which is 

examined in this research. The extrusion-based in-house bio-printing system is used to fabricate 

3D scaffold structures with special features. Dispensing material used in this technique requires a 

suitable viscosity and density as well as the shape fidelity retaining capability and high cell 

viability during and after printing [53]. A set of systematic quantitative characterization tests 
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such as rheological and mechanical test, filament collapse and fusion test, the effects of air 

pressure and print distance on filament width will be conducted to validate its printability, shape 

fidelity. Afterwards, 3D scaffold structures will be fabricated with various cell lines and the cell 

viability is recorded. The outcome of all these experiments and cell viability measurement will 

indicate the capability of this hybrid hydrogel as a candidate biomaterial for 3D bio-printing 

process.  

4.1. Materials and methods 

4.1.1. Preparation of bio-printer and scaffold toolpath 

A three-axis in-house modified 3D bio-printer is used to fabricate the acellular and cell-

laden scaffold under sterile condition. The hydrogel is stored in a disposable barrel reservoir 

(EFD, Nordson) and dispensed pneumatically through a dosing nozzle (EFD, Nordson, the inner 

diameter 410 µm) on a stationary print bed as shown in Figure 7. The hydrogel flow rate and 

width of filament are controlled by dispensing pressure, nozzle speed and print distance (i.e., the 

distance from the nozzle tip to build plane). The vectorized tool-path of the scaffold is 

programmed and converted into the machine-readable language with a visual basic based 

scripting language. The toolpath of the scaffold is designed and machine readable file format is 

prepared using the methodology described in chapter 3. The scaffold is fabricated layer-upon-

layer where the hydrogel filaments of succeeding layer are deposited in a  90/0 fashion into 

petri-dish. The spray of CaCl2 ensures the physical cross-linking of the fabricated scaffold. The 

total solid loading of the material composition is restricted ≤ 10% (w/v), because more than that 

solid content may reduce the cell viability than 80% [6, 46]. The weight percentage of alginate is 

kept constant at 4% due to prior reporting [45, 202] of high cell viability in up to 4% alginate 

solution. Even though 4% alginate shows good shear thinning behavior, only this percentage was 
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not a successful candidate to fabricate a defined 3D scaffold [45]. Therefore, various percentage 

of CMC is mixed with 4% alginate to get better cell viability and printability. For various 

compositions of alg-CMC (4:1; 2:1, 4:3 and 1:1), 1D line, 2D grid and 3D scaffolds are printed, 

and the filament width and pore size are measured using ImageJ software unless and otherwise 

stated. For each data of filament width and pore size, three random measurements (n = 3) are 

taken from random locations, and the data are represented as a mean ± standard deviation.  

4.1.2. Preparation of hybrid hydrogel 

The bio-materials used for scaffold fabrication are alginate (alginic acid sodium salt from 

brown algae; Sigma-Aldrich) and carboxymethyl cellulose (CMC) (Sigma-Aldrich). The 

chemical structures of that two material are shown in Figure 1 (a) and 1 (b) respectively. 

Alginate is a common biopolymer, composed of  (M)  mannuronic D- linked-)41(  and 

(G) acids guluronic L-  as shown in Figure 30 (a). This material is a negatively charged linear 

copolymer (M and G blocks) which is soluble in the water and supports cell growth and exhibits 

high biocompatibility. The G-block of this material assists to form gels and GM and M blocks 

improve the flexibility. Carboxymethylcellulose (CMC) is an anionic water-soluble biopolymer 

derived naturally or through chemical reaction from cellulose. It is a copolymer of  

glucose-D-β  and β-D-glucopyranose-2-O-(carboxymethyl)-monosodium salt which are 

connected via glucosidic-1,4-β bonds [190]. The chemical formula of CMC is shown in Figure 

30 (b). This material is non-toxic and non-allergenic, is widely used as thickener [250]. Each 

glucose monomer has three hydroxyl groups which can be substituted by a carboxyl group. More 

substitution of the hydroxyl group by carboxyl makes the cellulose more soluble, thicken and 

stable [190]. 
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Figure 30: Chemical formula of (a) Alginate, (b) Carboxymethyl Cellulose. 

A pure alginate and mixture of alginate and carboxymethyl cellulose (alg-CMC) 

solutions are prepared following the steps shown in Figure 31. Since both alginate and CMC are 

polar solute, they are soluble in water. These two materials make intermolecular action through 

the formation of hydrogen bonds and consequently compatible blended hybrid hydrogel. 4% 

(w/v) CaCl2 (Sigma-Aldrich) is prepared with 0.2 m  filtered deionized (DI) water and used as 

chemical cross-linker. The extrusion-based bio-printing system needs fast gelation. Since, 

alginate contains carboxyl group (-COO-), this part of the hybrid hydrogel is cross-linked with 

the application of divalent cation, e.g., Ca2+. Ca2+ generates ionic inter-chain bridges with G and 

M blocks and assists to achieve fast gelation. CMC also contains carboxyl group (-COO-) which 

forms calcium complex with the presence of Ca2+. Hence, this hybrid hydrogel aids the fast 

formation of gel during fabrication and encapsulates the cells. Moreover, mixing CMC with 

alginate will increase the solution viscosity which will improve the printability. 
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Figure 31: Preparation of hydrogel composed with: (a) Alginate, and (b) Alginate-CMC. 

4.1.3. Rheological test of hybrid hydrogel  

Rheological measurements were performed using a rotational rheometer (ARES-LS2, TA 

instruments, New Castle, DE, USA) with parallel plate geometry (20 mm flat plate). All 

measurements were recorded with a 1.0 mm gap width at 250C. The viscosities and shear stress 

of different concentrations were assessed using rotational test at a stress rate of 0.1 to 100 s-1. 

The dynamic sweep stress test is done at stress rate of 0.1 to 100% to determine the solid and 

liquid-like state of different bio-inks. The frequency sweep test (0.1 to 100s-1) and three interval 

thixotropic test (3iTT) (stress rate of 0.1 to 100%) were also performed to characterize the bio-

ink.The rheological properties i.e. viscosities, shear stress of bio-ink with different alginate and 

CMC compositions were assessed by different rheological measurements. The impact of the 

different concentrations of CMC on rheological behavior with respect to the shear rate and 

frequencies is determined by steady rate sweep test, dynamic stress sweep test, frequency sweep 

test and three point interval thixotropic test.  
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4.1.4. Mechanical test of hybrid hydrogel 

The Young’s modulus of the specimens is determined using the Nano-indentation 

equipment. Indentation is recorded at six random spots (n = 6) during each run of the experiment. 

Measurements are carried out at room temperature with an Atomic Force Microscopy, i.e., AFM 

(Dimension 3100, Veeco, USA). The indenter used in this test is a rectangular 0.01-0.025 Ωcm 

Anatomy (n) doped Si tip (RTESPA-300, Bruker, USA). The resonance frequency and an 

average spring constant of the indenter are about 300 kHz and 40 N/m respectively. The radius 

of curvature at the tip is nominally 8nm and tip half angle is 200. The test indentation on sapphire 

(Bruker, USA) determines the deflection sensitivity of the indenter. Once Young’s modulus is 

determined, the reduced modulus is calculated using the following equation: 
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Where Er is reduced modulus, Ei=150 GPa and 17.0i  is Poisson’s ratio of the probe 

respectively, E and  are Young’s modulus and Poisson’s ratio of the sample. The Poisson’s ratio 

of the sample is considered as 5.0 . 

4.1.5. Scanning electron microscope 

The microstructure of fabricated scaffold is analyzed by scanning electron microscopy 

(JEOL, JSM-6010LA, analytical Scanning electron microscope). The accelerating voltage, spot 

size (SS), and working distance (WD) used in this imaging are 10kV, 50mm and 13-14 mm 

respectively with magnifications of x27, x130, x160, x180, x700 scale.   The samples have been 

washed three times with PBS containing Ca2+ and Mg2+ and dehydrated using a gradation series 

of ethanol/distilled water solutions. 
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4.1.6. Swelling test 

The swelling test is done following the protocol described in the literature [251]. Briefly, 

sample filaments with various material compositions i.e. 4% alginate, 4% alginate-1% CMC, 4% 

alginate-2% CMC,  4% alginate-3% CMC,   4% alginate-4% CMC has length of 1 cm are 

printed with a diameter of 250 µm dispensing nozzle. The sample number for each material 

combination is n = 3. Before storing them in liquid media, the weight of all the filaments is 

recorded and denoted as dry weight (Wd).  All of the printed filaments are immersed in the 

culture media and incubator having ideal culture condition, i.e., 370C and 5% CO2.  The weights 

of the filaments are recorded every day up to 11 days and denoted this weight as wet weight 

(Ww). Using the following equation, % of swelling rate of these filaments is determined:  

                                    100
W

WW
rate swelling of %

d

dw 


                  (10) 

4.1.7. Shape fidelity test  

Alginate and CMC are mixed together for having accurate pore size and geometry during 

bio-printing. This hybrid hydrogel may enable to achieve physical gelation characteristics and 

solidified filament morphology after extrusion to support the successive layers. To investigate 

the capability of this hybrid hydrogel in term of printability and shape fidelity, a set of systematic 

qualitative and quantitative characterization tests such as filament fusion and collapse test, the 

effects of air pressure and print distance on filament width, lateral pore collapse test will be 

conducted in this section. 

4.1.7.1. Filament fusion test 

Four consecutive layers of various alg-CMC compositions are fabricated layer-upon-

layer without applying CaCl2 to conduct the filament fusion test. The fabricated scaffold follows 
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00-900 pattern which captures the 2D effect and increasing filament to filament distance (FD). 

The range of filament to filament distance used here is 1-5 mm with 1 mm increments. After 

considering the filament diameter (df), the raster width is defined as, fw dFDR   as shown in 

Figure 32. To facilitate the visualization, each composition is mixed with different colors. To 

avoid the undesirable surface tension, measurement is recorded from two top layers. Air 

pressure, nozzle speed, nozzle diameter and print distance used in this test are respectively 8 psi, 

5 mm/s, 0.41 mm and 0.7 mm. Pictures of fabricated scaffolds are taken with canon (EOS Rebel 

T6) high-resolution camera right after the fabrication to avoid the unwanted material spreading. 

Two different factors, i.e., the percentage of diffusion rate (rate of material spreading) (Dfr)  and 

printability (Pr)   [6] are determined respectively using equations (11) and (12) during filament 

fusion test shown below. The plotted values represent the 3 repetitions of measurements for each 

alg-CMC composition.    
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Where, At and Aa are a theoretical and actual areas of pore respectively, L is the perimeter 

of the pore. The diffusion rate of a pore without any material spreading is 0 (i.e. At=Aa) and for a 

perfect square pore, the printability is 1.0. 
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Figure 32: Filament deposited along (a) 00, (b) 900 and (c) 00-900. 

4.1.7.2. Filament collapse test 

The filament collapse test is conducted following our prior work (ref JMP pilling)work 

by Therriault et al.  [252], where the mid-span deflection of a suspended filament of hydrogel 

was analyzed. A platform consisting of seven pillars with a known space of 1, 2, 3, 4, 5, 6 mm 

are modeled with a CAD software Rhino 5.0 as shown in Figure 33 (a). The dimension of five 

pillars situated in the middle is 2x10x6 mm, and the dimension of the two corner pillars is 

5x10x6 mm. The platform is fabricated using “Dimension 1200es” 3D printer made by Stratasys 

with ABS material as shown in Figure 33 (a). A single filament of various compositions is 

deposited on this platform as shown in Figure 33(b).  
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Figure 33: (a) Model and fabricated part of the platform, (b) Determination of collapse area 

factor. 

 

The picture of the deposited filament is taken with canon (EOS Rebel T6) high-resolution 

camera right after the suspension to avoid the unwanted material deflection. Air pressure, nozzle 

diameter and nozzle speed used for this test are respectively 8 psi, 5mm/s, and 0.41mm. Collapse 

area factor (Cf), i.e., the percentage of the actual area after deflecting the suspended filament with 

respect to the theoretical area is determined using the following equation: 

                                                               %100
c
t

c
a

f
A

A
C          (13) 

Where, c
aA and c

tA are actual and theoretical area respectively as shown in Figure 33 (b). If the 

material is too viscous and unable to make a bridge between two pillars, the actual area is 

considered as zero and so as the collapse area factor. On the other hand, if filament does not 

collapse and makes a straight bridge between two consecutive pillars, then c
t

c
a AA   and 

consequently the collapse area factor is 100%. The plotted values represent the 3 repetitions of 

measurements for each alg-CMC composition. 
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4.1.7.3. Effect of nozzle speed, air pressure, and print distance on filament width 

For each composition of the hydrogel, a line having 10 mm length is deposited (three 

layers) with various nozzle speed, i.e., 4, 5, 6, 7, 8, 9, 10 mm/s. The air pressure and print 

distance used for this test are 8 psi and 0.7mm respectively. To determine the effect of air 

pressure and print distance on filament width, a line having 10 mm length is deposited (three 

layers) with the material composition of 4% alg-2% CMC and 4% alg-4% CMC. A range of 

pneumatic pressure (5, 6, 8, 10, 12, and 15 psi) is selected from prior literature and the prints are 

analyzed to find the effect of air pressure. The nozzle speed, print distance are used for this test is 

5 mm/s and 0.7 mm respectively. Various print distances, e.g., 0.4, 0.7, 0.9, 1.1, 1.3, and 1.5 mm 

are used to demonstrate the effect of print distance on filament width. The nozzle speed and air 

pressure used for this test are 5 mm/s and 8 psi respectively. For our tests, 0.41mm nozzle 

diameter is used. The width of the filament is recorded with Zeiss bright field inverted 

microscope for each of this test. The plotted values represent the 3 repetitions of measurements 

for statistical significance. 

4.1.7.4. Qualitative and quantitative test for lateral pore 

Two different qualitative tests are conducted during fabrication of scaffold. Firstly, each 

of the compositions is suspended in open air with an 8 psi air pressure and 10 mm print distance 

and observed if it makes continuous filament or just droplets. If any composition makes 

continuous filament, this is defined as proper gelation as shown in Figure 34(a). The composition 

making proper gelation potentially may maintain the shape fidelity of the fabricated scaffold. On 

the other hand, the composition making droplet during suspension is defined as under-gelation as 

shown in Figure 34(a) which loses the shape fidelity during the progress of scaffold fabrication. 

Secondly, the lateral porosity of the fabricated scaffold with each of the compositions is visually 
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observed to see the difference. Scaffold fabricated with the composition having a lower viscosity 

will collapse in the overhang region between two consecutive filaments of the lower layer, and 

eventually, the lateral pore may diminish. 

 

Figure 34: (a) Qualitative, and (b) Quantitative test of lateral pore. 

The shape fidelity can be described quantitatively in term of the lateral porosity as shown 

in Figure 34(b). The lateral collapse area factor, i.e., the percentage of the actual lateral area of 

each lateral pore with respect to the theoretical lateral pore area, is determined using the following 

equation:  

                                                         %100
2





f

l
al

f
rLTFD

A
C


          (14) 

Where, l
aA  is the actual area of the lateral pore, LT and fr  are theoretical layer thickness and 

theoretical radius of filament respectively as shown in Figure 34(b). If the lateral pore is 

diminished after fabrication of the scaffold, i.e. 0l
aA and so as the lateral collapse area factor. 

The higher value of  1l
fC  reflecting the better preservation of lateral pore and so as the 

scaffold shape fidelity. 

The list of tests proposed in this section will assist to find the material compositions to 

fabricate large scale scaffold with proper printability and shape fidelity.   
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4.1.8. Cell culture and cell-laden scaffold fabrication 

BxPC3, the human pancreatic cancer cell, human embryonic kidney cell (HEK 293) are 

cultured and maintained in high glucose DMEM, 2 mM Glutamine, and 10% Fetal Bovine 

Serum (FBS) with 100 µg /ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich) in 5% 

CO2 at 370C incubator. Prostate stem cancer cell is cultured and maintained in high glucose 

Prostate cancer cell media, 2 mM Glutamine, and 10% Fetal Bovine Serum (FBS) with 100 µg 

/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich) in 5% CO2 at 370C incubator. 

Finally, Porc1 cell is cultured and maintained in high glucose DMEM/F12, 10% Fatal Bovine 

Serum (FBS), with 100 µg /ml penicillin and 100µg/ml streptomycin (Sigma-Aldrich) in 5% 

CO2 and 370C incubator. The culture medium is changed twice a week. Cells in passage 3-5 are 

used for the 3D bio-printing. For cell-laden scaffold fabrication, 2×106 to  6×106  cells/ml are 

mixed with alginate and alg-CMC solutions respectively into disposable barrel reservoir (EFD, 

Nordson) and dispensed pneumatically through a dosing nozzle (EFD, Nordson, the inner 

diameter 250 µm) as shown in Figure 35(a). A 00-900 deposition direction is followed to 

dispense ten layers of cell-laden scaffold with a dimension of 10mm×10mm×2.0mm with1.0 mm 

filament to filament distance.  

The cell-laden scaffold is preserved in 5% CO2, and 370C incubator with the same 

medium used for cell culture referred in above. The medium was changed twice in a week. Bio-

printing of cell-laden scaffold and incubation are schematically shown in Figure 35 (b) and 

Figure 35 (c) respectively. 
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Figure 35: (a) Preparation of cell-laden hydrogel, (b) bio-printing of the cell-laden hydrogel, and 

(c) incubation of fabricated scaffold.  

 

 

4.2. Results and discussion 

4.2.1. Rheological test result 

Various rheological tests i.e.  steady rate sweep test, dynamic stress sweep test, frequency 

sweep test, 3-interval thixotropic tests are conducted to detemine the suitable combination of 

alginate and CMC. The outcome of each rheological test is analyzed in this section to suggest a  

suitable combination of alginate and CMC which will be able to hold the shape of fabricated 

large scaffold with proper prinability and shape fidelity.   

4.2.1.1. Steady rate sweep test 

Figure 36 (a) and Figure 36 (b) show the log-log plot of viscosity and shear stress vs 

shear strain rate respectively. Viscosity decreases with increasing the shear rate whereas the 

shear stress increases with increasing the shear rate. This phenomenon demonstrates the shear 

thinning behavior of all the compositions. However, the addition of CMC with suspension 

increases the viscosity as well as the shear stress. Zero-shear viscosity value of alginate hydrogel 
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with 4% CMC composition increases almost from 1 Pa.S to 600 Pa.s with respect to only 4% 

alginate. This might happen because of increasing the cross-linking rate with increased amount 

of CMC into the suspension.   

 

Figure 36: Evaluation of shear thinning behavior of hydrogels: (a) Viscosity vs shear strain rate, 

(b) Shear stress vs shear strain rate. 

 

The shear thinning behavior of all pseudo-plastic materials can be approximated by the 

following Herschel-Bulkley model [253, 254]:  

                                                    
n

o K                                                                             (15) 

Where,   and 0 are the static and dynamic yield shear stress (Pa) respectively, K is the model 

factor (consistency index in Pa.sn) and   is the shear rate (s-1) and n is the flow index. Graph 

from Figure 36(b) is fitted to this model with 95% confidence interval. R2-value varies from 95 

to 99 as shown in Table 6. Value of n less than 1 demonstrates that all the compositions are non-

Newtonian fluid. Addition of CMC from 1-4% with alginate hydrogel shifts the Newtonian 

characteristics to shear thinning, because the n-value is dropped down from 0.98 to 0.71 and 

yield shear stress is increased from 0.43 Pa to almost 512 Pa. This phenomenon reveals that 

mixing CMC leads to stronger mechanical strength and achieves better ability to retain the shape 
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fidelity after material deposition. The model factor K reflects the viscosity component (Pa.sn) 

which increases with increasing the percentage of CMC.  Therefore, alginate with 4% CMC 

shows better extrudability through nozzle due to reduce the viscosity with the application of 

shear stress. 

Table 6: Herschel-Bulkley model parameters for the curve shear stress vs shear strain rate for 

various compositions. 

Composition 𝝉
o 

(Pa) 
K (Pa.s

n

) n 
R

2

 

Alg-4% CMC-4% 511.9 126 0.71 96 

Alg-4% CMC-3% 301 69.24 0.76 95 
Alg-4% CMC-2% 221.8 44.23 0.81 97 
Alg-4% CMC-1% 22.13 7.43 0.91 98 

Alg-4% 0.43 0.23 0.98 99 

 

 

Figure 37: (a) Yield stress and model factor and (b) Maximum shear stress. 

The flow rate of all the compositions with respect to corresponding n, shear strain rate 

(𝛾0) and viscosity (𝜂0) is determined using the following equation: 

                                                  𝑄 = (
𝑛

3𝑛+1
)𝜋𝛾0

𝑛−1

𝑛 (
𝜕𝑃

𝜕𝑧⁄

2𝜂0
)𝑅

3𝑛+1

𝑛               (16) 
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Where, 𝜕𝑃 𝜕𝑧⁄  is the pressure gradient which is a unique value for a given deposition system, 

R=125 µm, is the radius of the nozzle. Finally, the maximum shear stress of all the compositions 

for corresponding n value is determined using the following equation as shown in Figure 37 (b):  

                                                          𝜏𝑚𝑎𝑥 = (
𝑛

3𝑛+1
)
𝑛 𝐷

4

𝜕𝑃

𝜕𝑧
           (17) 

Where D is the diameter of the nozzle.  

4.2.1.2. Dynamic stress sweep test 

One of the characterizing factors for viscoelastic suspension is their complex shear 

modulus (G*) which is expressed by the following equation: 

                                                              GiGG *
                                                                 (18) 

Where G  is the elastic (or storage) modulus, the real component and G  viscous (or loss) 

modulus, the imaginary component of equation (1). The dynamic stress sweep test for various 

compositions of the hydrogel at 1 Hz is represented the outcome of  G  and G  vs shear strain 

(%) in Figure 38. It is clear from the figure that with increasing the percentage of CMC into the 

alginate suspension, the physical state of the hydrogel is transferred from liquid-like to solid-like 

state. With 0-2% of CMC, value of G  dominates G  at each shear strain. Thereby, the liquid-

like state is persisted for these two hydrogel compositions. With increasing the amount of CMC 

in the suspension from 3 to 4%, Gdominates G  up to a certain level of shear strain and then 

intersects. This certain level is called as linear viscoelastic range (LVR) which determines the 

limit at which the suspension preserves the sedimentation within the sample without permanent 

deformation. This resembles the solid-like behavior of the suspension before the intersecting 

point. After the intersecting point, both moduli are decreased with the dominancy of G  i.e. the 

liquid-like phase. In the co-existence of liquid and solid-like phase, increasing the percentage of 
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CMC increases the LVR as shown in Figure 38 (iii-v).  To provide more insight into solid and 

liquid-like behavior of hydrogel, dynamic mechanical loss tangent ( GG  /tan ) is implied as 

shown in Figure 38(vi). Tangent value smaller than 1 predominantly reflects the elastic behavior, 

and greater than 1 predominantly indicates viscous behavior. It is clear from the Figure 38 (vi) 

that alginate with 4% CMC shows predominant solid-like behavior up to 60% shear strain. 

Besides, alginate with 3% CMC shows solid-like behavior up to 0.3% and 8% strain rate 

respectively.   

 

Figure 38: (a) Dynamic strain sweep test. 
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4.2.1.3. Frequency sweep test 

The outcome from frequency sweep test offers more insight about the interactions among 

hydrogel particles which is known as colloidal force. Here, with increasing the frequency, G

shows dominating character thanG  . However, 𝐺′and 𝐺"values for 4% CMC is at least one order 

higher than other compositions as shown in Figure 39. The phenomenon reflects more particle to 

particle interaction i.e. colloidal force into the hydrogel due to the presence of CMC. This 

behavior makes this composition more suitable for extrusion-based bio-printing.   

 

Figure 39:  Result of frequency sweep test for various compositions: (a) Storage modulus vs 

frequency, (b) Loss modulus vs frequency, and (c) Dynamic mechanical loss vs frequency, and 

(d) Phase angle vs frequency. 

 

4.2.1.4. Three point interval thixotropic test 

To provide more understanding of the real scenario during extrusion of hydrogel, 3-

interval-thixotropy-tests are also conducted on various compositions. In this test, the first interval 

imitates the at-rest state of sample, the second interval resembles the hydrogel decomposition 
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under high shear i.e. experienced high shear during extrusion, and third interval reflects the 

structure retention after hydrogel extrusion as shown in Figure 40 (a). The stress-shear rate loop 

shown in Figure 40 (c) demonstrates the shear history of alginate with 4% CMC. A stress is 

applied on the at-rest hydrogel which breaks down the initial network structures of the hydrogel. 

After the hydrogel is extruded through the nozzle at a certain shear rate, it takes time to recover 

the internal network. In most cases, when the shear is released, the stress path lags forming a 

hysteresis loop as shown in Figure 40 (c). The area within the hysteresis loop signifies the energy 

consumed in the internal network breakdown. From Figure 40 (b), it is clear that alginate with 

4% CMC consumes more energy to break down the internal network than other compositions.  

 

Figure 40: (a) Representation of three states during extrusion, (b-c) Result of 3-Interval-

thixotropic-tests. 

 

The viscosity and shear stress are also determined of some other compositions of alginate 

and CMC e.g. A2C5, A3C5, A4C5, A2C6 rather than the five candidates considered above to 

explore if they are suitable for 3D bio-printing as shown in Figure 41. Moreover, the viscosity is 

also compared with different alginate-CMC compositions having similar solid content e.g. 8%. It 

is clear from Figure 42 that, CMC has more effect on viscosity than alginate.   
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Figure 41:  (a) Viscosity and shear stress of various composition of alginate and CMC. 

 

 

Figure 42: Viscosity of various alginate and CMC compositions having solid content of (a) 8% 

and (b) 7%. 
 

4.2.1.5. Remarks for rheological test 

Once all the rheological tests are done, it is clear from the result that the viscosity is solid 

content dependent. However, for similar percentage of solid content, CMC has more effect of the 

enhancement of viscosity. Here, 4% alginate-4% CMC is considered as optimum composition 

because it has moderate level of viscosity that will require comparatively less amount of air 

pressure to dispense. Moreover, other three rheological tests are also demonstrating that 4% 

alginate-4% CMC has better potential to maintain proper printability and shape fidelity during 
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large scaffold fabrication. Composition having higher viscosity may improve the printability 

more, but will create negative effect of encapsulated cell.  

4.2.2. Mechanical testing 

Mixing of CMC with alginate has increased the Young’s and Reduced Modulus of the 

blended hydrogel as shown in Figure 43. Mean value of the response, i.e., Young’s modulus of 

various material concentrations is significantly different (p-value =0 with 95% confidence 

interval). Incorporation of CMC into alginate increases the crosslinking density by increasing the 

 COO/Ca 2
ionic interaction as shown in Figure 43. Moreover, the hydrogen bond between 

the same
COO ion of alginate and CMC makes the hybrid hydrogel stronger. Hence, with the 

increment of CMC percentage leads the upward trend of the Young’s and reduced modulus as 

shown in Figure 43. 

 

Figure 43: Young's and Reduced Modulus. 

 

4.2.3. Microstructure of materials  

To study the influence of CMC on the filament microstructure, SEM imaging is 

performed with novel hybrid hydrogel 4% alg-4% CMC in comparison to pure 4% alginate as 
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shown in Figure 44. The cross-linked filament surface of pure alginate is smooth because of 

forming a primary membrane with Ca2+ as shown in Figure 44 (b). On the other hand, the 

filament surface fabricated with alg-CMC hydrogel is highly porous as shown in Figure 44 (c) 

assists potentially more to supply the nutrients and oxygen to the encapsulated cell. The filament 

incubated 3 days showing more pores as shown in Figure 44 (d-f) indicating more release of 

CMC.  

 

Figure 44: Scanning electron microscopy of filament with (a-b) 4%Alg and (c) 4%Alg-4% CMC 

before incubation, (d-f) 4%Alg-4% CMC after 3 days of incubation. 

 

4.2.4. Swelling of material 

All the compositions of material exhibit an upward trend of the swelling rate with the 

changes of time as shown in Figure 45. The mean swelling rate of each material combination at 

different time periods, i.e., at day 1, 3, 5, 7, 9, 11 is significantly different (p-value=0 with 95% 

confidence interval). Likewise, various material compositions show a significant difference in 

swelling rate among them as shown in Figure 45. Reducing the percentage of CMC increases the 

swelling rate, and pure alginate shows maximum swelling. The reason behind this behavior is the 
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addition of CMC increases the crosslinking density. Hence, the water absorption decreases and 

eventually the swelling rate. 

 

Figure 45: Swelling rate of different compositions of material. 

 

4.2.5. Shape fidelity test result 

The outcome of shape fidelity test will exhibit the capability of the considered material 

compositions’ shape holding capacity. Specifically, the fusion test will determine the diffusion or 

spreading rate and measurement of printability of material compositions. The collapse test will 

identify the shape holding capacity of the deposited filament without support. The lateral pore 

collapse test will determine the capability to hold the lateral pore of the material compositions. 

How the nozzle speed, print distance, air pressure affect the filament width will also be identified 

from this test result. 

4.2.5.1. Filament fusion and printability 

To evaluate the effect of filament fusion and pore closure for each composition of the 

hydrogel, the area of the designed variational pore of the fabricated scaffold is measured as 
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shown in Figure 46. The diffusion rate and printability of each pore are determined following the 

equation (2) and (3) respectively. The diffusion rate shows decreasing trend where the 

printability shows an increasing trend with increasing the pore size for each composition of 

material as shown in Figure 47. Qualitatively, the 4% alg-4%CMC shows good pore size and 

geometry than other material compositions. The quantitative analysis of diffusion rate validates 

that the composition of 4% alg-4% CMC shows minimum material spreading, i.e. minimum 

diffusion rate than other compositions.  The range of printability of 4% alg-4%CMC is 0.78 to 

0.92 for the pore size 2mm to 5 mm which demonstrates almost square geometry of the pore. 

During diffusion test, the changes of layer thickness is also analyzed. Compared to 4% alg-4% 

CMC, the total build height of the scaffold fabricated with A4C3,  A4C2,  A4C1, and A4C0  are 

reduced by 22%, 33%, 40% and 59% respectively. This result indicates that compositions with 

less solid content diffuses more on xy-plane and undermine the filament stacking capacity which 

is also stated in existing literatures [38, 189]. 

 

Figure 46: Filament fusion test. 
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Figure 47: Diffusion rate and printability in filament fusion test. 

 

To explore qualitatively, the same scaffold is fabricated with some other compositions of 

alginate and CMC e.g. A2C5, A3C5, A4C5, A2C6 rather than the five candidates considered above 

for fusion test as shown in Figure 48. 

 

Figure 48:  Filament fusion test at various air pressure. 
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It is clear from the Figure 48 that none of the considered composition is able to dispense 

continuous filament with even 12 psi where A4C4 is dispensing continuous filament with 8 psi air 

pressure. Requirement of such higher air pressure to dispense the continuous filament with A2C5, 

A3C5, A4C5, and A2C6 is supporting the viscosity result of these compositions shown in Figure 

41.  Hence, A4C4 qualifies as optimum composition in term of printability and diffusion rate 

because of dispensing continuous filament with 8 psi air pressure. Therefore, in rest of the 

experiments A2C5, A3C5, A4C5, A2C6 are not considered as potential candidates.  

 

4.2.5.2. Filament collapse 

The qualitative observation of the collapse test for various compositions of material 

identifies that with increasing the percentage of CMC leads minimum deflection of the 

suspended filament as shown in Figure 49(a).  Composition with 4% alg-4% CMC generates 

almost straight filament on the pillars situated at various distances. The collapse area factor for 

each distance value of each material composition is determined using the equation (4). With 

increasing the pillar to pillar distance, the collapse area factor shows decreasing trend as shown 

in Figure 49 (b). The graph indicates the composition with 4% alg-4% CMC has minimum 

collapse area factor even with increasing the distance value. Composition with 4% alg-1% CMC 

is not able to hold the filament geometry and breaks away even at 4mm distance value. The same 

scenario happens for 4% alg at 3mm distance value. Hence, this event results in zero collapse 

area factors for these two compositions.  
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Figure 49:  (a) Filament collapse test, and (b) Collapse area factor. 

 

4.2.5.3. Effect of nozzle speed, air pressure and print distance on filament width 

The nozzle speed directly influences the filament width for all types of material 

compositions as shown in Figure 50 (a). With increasing the nozzle speed, the filament width 

reduces for all material compositions as shown in Figure 50 (b). 

 

Figure 50:  (a) Printed filaments at different nozzle speed, (b) the effect of nozzle speed on 

filament width. 
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With increasing the nozzle speed, the suspended filament experiences tension along 

deposition direction and become thinner. Higher nozzle speed may break down the filament 

results in a discontinuous material deposition. For each composition, the filament width is 

greater than the nozzle diameter because of material expansion after extrusion. The addition of 

CMC with alginate reduces the expansion of material after extrusion which results in less 

difference of the filament width with respect to original nozzle diameter at various nozzle speeds 

as shown in Figure 50 (b). Hence, composition with 4% alg-4% CMC shows minimum filament 

width than other compositions. 

 

Figure 51:  Qualitative effect of (a) print distance, (b) air pressure. 

 

The effect of print distance on filament width is shown in Figure 51(a) and Figure 52 (a). 

With increasing the print distance, the filament width is increasing. Apparently, the corner of the 

deposited filament changes from sharp to round with increasing print distance. Filament 

deposited from a higher distance get less contact with the build plane which leads the starting 

point of the deposition further away and results in accumulation of material. This event also 

creates curvy filament as shown in Figure 52 (a). With increasing the portion of CMC, the 
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changes of filament width reduces with increasing the print distance. Composition with 4% alg-

4% CMC shows a better corner and filament geometry, and material deposition than a 

composition with 4% alg-2% CMC.   

 

Figure 52:  Effect of print distance and air pressure on filament width. 

 

With increasing the air pressure, the filament width of 4% alg-2% CMC and 4% alg-4% 

CMC composition increases as shown in Figure 51(b) and Figure 52(b). However, the increased 

amount of CMC into alginate will reduce the changes of the filament width as shown in Figure 

52 (b). Applying less air pressure may not exceed the surface tension of the material with the 

nozzle and eventually will not deposit continuous filament. Besides, over material deposition 

may happen due to high air pressure. Thereby, applying optimum air pressure for different 

material compositions will assure the continuous filament deposition as well as uniform filament 

width.  

4.2.5.4. Qualitative and quantitative test of lateral pore 

Scaffolds having a filament to filament distance of 3 mm are fabricated (10 layers) with 

compositions of 4%alg-4%CMC and 4%alg-2% CMC as shown in Figure 53(a). Qualitatively, 

each pore of the scaffold fabricated by former composition is almost square. On the other hand, 
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the pore geometry of scaffold fabricated by later composition is almost circular. To visualize the 

lateral pore in the scaffold structure clearly, the scaffold is cut laterally and observed the lateral 

pore macroscopically and microscopically. The presence of lateral pore in the scaffold fabricated 

by 4%alg-4%CMC is quite clear. However, due to the higher collapse of the filament and 

comparatively less viscosity, lateral pore in the scaffold fabricated by 4%alg-2%CMC was 

almost invisible.  Therefore, it can be claimed that scaffold fabricated by 4%alg-4%CMC 

maintains the lateral pore as well. 

 

Figure 53:  (a) Qualitative, and (b) Quantitative test for lateral pore. 

 

For given 3mm filament to filament distance and 0.41 mm nozzle diameter, the 

theoretical lateral pore area is calculated as 1.1 mm2.The lateral pore area presented in the 

scaffold fabricated by 4% alg-4%CMC is measured (n = 5) and compared with theoretical pore 

area. Using equation (5), the lateral collapse area factor is determined as 37% for this specific 

filament to filament distance and nozzle diameter.  Since, there was no lateral pore in the 

scaffold fabricated with 4% alg-2% CMC, lateral collapse area factor for this composition is 

zero. 
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4.2.5.5. Remarks for shape fidelity 

After doing a set of systematic qualitative and quantitative characterization tests, it is 

clear that 4% alginate-4% CMC maintains good printability and shape fidelity. This result 

indicates that 4% alginate-4% CMC can be a good candidate for the fabrication of large-scale 

scaffold.  

4.2.6. Fabrication of large scaffold 

Once the aforementioned characterization tests are done, it is revealed, the composition 

of 4%alg-4%CMC shows good printability and shape fidelity. Therefore, this composition is 

used to fabricate acellular large scale scaffolds as shown in Figure 54. Using this material 

composition, authors were able to fabricate the scaffold having a build height of 1.4 cm. The 

represented scaffold figures demonstrate the capability of this composition to hold the shape 

fidelity of large-scale scaffold fabrication.  

 

Figure 54: Large-scale scaffold fabricated by 4%alg-4%CMC. 

 

4.2.7. Fabrication of scaffolds with multi-material  

To demonstrate the capability of the modified bio-printer to fabricate the scaffold with 

multiple materials, same hydrogel material i.e. alginate-CMC with two different colors is used in 
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two dispensing nozzles. The machine readable file is generated following Process flow diagram 

of Figure 14.  The generated toolpath and fabricated scaffold are shown in Figure 55. 

 

Figure 55:  Schematic representation of multi-nozzle bio-printer, and (b) fabricated scaffold using 

multiple materials. 

 

4.2.8. Fabrication of filament having micro-channel using co-axial nozzle system 

Even though the significant advances happen in engineering complex tissues in vitro, 

there are still critical challenges for the development of vascular networks within engineered 

scaffolds. Insertion of vascular networks in vitro has been shown to facilitate the integration of 

tissue constructs with the host vasculature via rapid anastomosis [255]. Similarly, rapid 

fabrication of three dimensional microchannel networks in cell-laden hydrogels has widespread 

applications for in vitro models of drug discovery and organs on a chip platforms [256]. The 

primary requirement to fabricate the scaffold having vascular network is having the ability of 

extrusion based bio-printer to dispense the filament having micro-channel. To do that, a 

dispensing system having co-axial nozzle is necessary which is designed and assembled in this 

research as shown in chapter 3. Using this facility, acellular and cell-laden filament with micro-

channel are fabricated in this research as shown in Figure 56.  
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Figure 56:  Fabrication of filament having micro-channel, and (b) Fluid flow through the 

fabricated filament having micro-channel. 

 

To demonstrate the cell survivability of the fabricated cell-laden filament having micro-

channel, filament is fabricated encapsulating BxPC3 cell line and incubated in 370C and 5% CO2 

for seven days. After that, the cross-section of the filament is stained with DAPI, GFP and phase 

contrast as shown in Figure 57. It is clear identified from this imaging that the encapsulated cells 

are surviving into this micro-channeled filament. Cell-laden filament fabrication capability 

having micro-channel will take this system one step ahead to fabricate functional tissue scaffold 

having vascular network in long run.  
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Figure 57:  Staining of cell laden filament having micro-channel using (a) Phase contrast, (b) 

GFP (live cell) (c) DAPI (dead cell) and (d) Live GFP-DAPI (live and dead cell). 

 

4.2.9. Analysis of cell survivability 

4.2.9.1. Cell-laden scaffold fabrication with non-functional cell 

 BxPC3 cell is encapsulated into 4%alg-4%CMC using magnetic stirrer immediately 

prior to dispensing the hydrogel to fabricate the scaffold.  Fabricated cell-laden scaffold is 

showing in Figure 58 .The cell viability and bio-compatibility of the encapsulated cells are 

conducted using LIVE/DEAD assay after the printing and at the different time period. Following 

the manufacturers protocol, ReadyProbes™ Cell Viability Imaging Kit, Blue/Green 

(Thermofisher, Waltham, MA, USA) was used. Cell encapsulated scaffold was imaged using 

Lionheart FX automated live cell imager (Biotek, Winooski, VT, USA). Using 50 μm layer 

thickness, the z-stack images are captured. The protocol is defined accordingly and beacon (n = 

5) is selected randomly. Laser power and other detector parameters are kept constant throughout 
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the imaging of the different beacons. The percentage of cell viability is determined with the ratio 

of total number of live cell to the total number cells presented in the focused area. Viability at 

different predefined time periods, i.e., day 1, 5, 15, 23 using staining of the live/dead cell is 

determined. A significant amount of live and dead cell is observed after dispensing and cross-

linking the hydrogels with CaCl2 as shown in Figure 59 and Figure 60. At the first day, the 

percentage of viability for alginate and alginate/CMC was almost similar and there was no 

significant difference. However, the cell viability into an alginate-CMC blend was higher and 

significantly different than into alginate at day 15 and 23 as shown in Figure 60 and Figure 61. 

From the SEM image, it is quite clear that presence of CMC induces more porosity into the 

structure over time. Thereby, the cell-laden filament fabricated with 4% alg-4%CMC allows 

more exchange of required growth factor and removal of waste material which drives towards 

higher cell viability. 

 

Figure 58:  Cell-laden scaffold and filament. 
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Figure 59: Live/dead staining of BxPC3 cell encapsulated in alginate at different time periods.  

 

 

Figure 60: Live/dead staining of BxPC3 cell encapsulated in alg-CMC hydrogel at different time 

periods. 
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Figure 61: Comparison of cell viability into alginate and alg-CMC at the different time. 

 

The morphology of BxPC3 cell is observed by phase contrast at different time periods into 

alginate and alginate/CMC. Minimum of five spots of spheroid morphology is visualized in each 

sample of alginate/CMC, and the diameter of the spheroid is continued to increase as shown in 

Figure 62. 

 

Figure 62: Generation of cell spheroid at day (a) 1, (b) 5, (d) 15, and (e) 23; (c) Cell morphology 

on 2D culture plate as control, and (f) Cell morphology after 23 days into scaffold. 
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Different types of cell line e.g. prostate cancer stem cell; and human embryonic kidney,   

HEK 293 cell are also mixed with 4% Alg-4% CMC composition using magnetic stirrer to 

evaluate the cell survivability. Scaffold with a dimension of 10mm×10mm×2mm and raster 

width of 2 mm is fabricated using this cell laden hydrogel. The cell viability of those cell lines 

into the scaffold is determined after 15 days as shown in Figure 63 (a). All the cell lines show 

almost similar amount of cell viability i.e. around 90% as shown in Figure 63 (b). This 

phenomenon indicates good survivability of different type of cells into this material composition. 

 

Figure 63: (a) Cell survivability of various cell line into 4% (w/v) Alg-4% (w/v) CMC hydrogel 

material (b) Cell viability of various cell line. 

 

4.2.9.2. Cell-laden scaffold fabrication with functional cell 

Porc1, a functional type of tracheal cell which has the contractile and expansion capacity, 

is mixed with 4% Alg-4% CMC composition to evaluate the cell survivability and functionality 

into this material composition. After 15 days of incubation, the encapsulated cell was showing its 

morphological change into the material as shown in Figure 64. Therefore, this material 

composition also exhibits the capability to allow the functionality of the cell. However, the 

arrangement of the cell into the scaffold is random which may hinder to achieve the contractile 
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effect of the scaffold as shown in Figure 64 (d). Therefore, we will continue our study to find out 

a component of bio-ink which will drive the cell along a specific direction. 

 

Figure 64: Imaging of scaffold encapsulating Porc1 cell: (a) DAPI, (b) GFP, and (c) Confocal, 

and (d) randomly distributed cell. 

 

4.2.9.3. Effect of pore size on cell survivability 

In tissue engineering and regenerative medicine, porous materials can provide a 

temporary microenvironment to promote cell adhesion, proliferation and differentiation to guide 

the formation of new tissues and organs [58]. The efficiency of cell viability and proliferation 

can be varied depending on scaffold pore size [57].  The pore size should be in a range that 

facilitates cell penetration and migration during cell seeding, nutrient diffusion and removal of 

metabolic substances, and provides a three-dimensional  microenvironment inducing cell 

assembly and differentiation [27]. To investigate the pore size on the overall cell survivability, 

scaffolds having pore size of 250, 500 and 1000 µm are fabricated using the alginate-CMC 

material encapsulating BxPC3 cell line in this research. The scaffold is stained after 15 

incubation days with GFP, DAPI and phase contrast. From Figure 65, Figure 66 and Figure 67, it 

is clearly identified that, there is effect of pore size on cell proliferation and smaller pore size 
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facilitates more cell proliferation than larger pore size.  A round cell morphology is typical 

observed for encapsulated BxPC3 cells, and homogeneous cell distribution facilitates tissue 

formation. The scaffolds having smaller pore size provide the cells more favorable 

microenvironment, which is a better choice for spheroid formation.  

 

Figure 65: Imaging of scaffold having pore size of 250 µm: (a) GFP, (b) DAPI, and (c) 

GFP/DAPI, and (d) GFP/DAPI/Phase contrast. 

 

 

Figure 66: Imaging of scaffold having pore size of 500 µm: (a) GFP, (b) DAPI, and (c) 

GFP/DAPI, and (d) GFP/DAPI/Phase contrast. 
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Figure 67: Imaging of scaffold having pore size of 1000 µm: (a) GFP, (b) DAPI, and (c) 

GFP/DAPI, and (d) GFP/DAPI/Phase contrast. 

 

4.2.9.4. 4D printing with Alginate and CMC 

Despite the tremendous potential of 3D bio-printing techniques toward the fabrication of 

highly complex biological structures and the flourishing progress in 3D bio-printing, fabricating 

complex free form scaffold is still challenging. Sometime to fabricate those complex freeform 

scaffolds, the dynamically reconfigurable architectures with tunable functionality and 

responsiveness are important. The phenomenon of dynamically reconfigurable architectures of 

the fabricated scaffold by 3D bio-printing process by the presence of suitable internal or external 

stimuli is called 4D printing [257]. This advanced technology offers great potential for the 

creation of sophisticated dynamical structures with high resolution, otherwise inaccessible 

through the 3D bio-printing techniques. The efficacy of the 4D printing method relies on the 

ability of swelling anisotropies by local control of the orientation of filament fabricated by 

alginate-CMC. The longitudinal filament direction shows different swelling behavior than 
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transverse direction. This swelling anisotropies subsequently result different elastic moduli. The 

extent of the magnitude of the anisotropic swelling depends on the filament direction, nozzle 

diameter and printing speed. Harnessing anisotropic swelling allows precise control over the 

curvature in bilayer [258].  

To demonstrate the potential of this alginate-CMC material for 4D bio-printing, a set of 

acellular scaffolds with various geometries is designed and fabricated as shown in Figure 68 to 

Figure 70 using the proposed extrusion based bio-printing methodology. Due to the anisotropy in 

the swelling rate of alginate and CMC, they dynamically reconfigure at different direction 

depending on the deposition direction.  Hence, depending on the scaffold geometry, they show 

different final configurations at the presence of water as shown in Figure 68, Figure 69 and 

Figure 70. The proper designing of deposition direction and controlling of process parameters 

can give more control over dynamic reconfiguration of the 3D bio-printed scaffold [259]. The 

successful trial of 4D printing with this material can allow the fabrication of more intricate 

scaffolds in future. 

 

Figure 68: Designing and fabrication of free-form scaffold for 4D printing demonstration. 
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Figure 69: Designing and fabrication of various scaffold for 4D printing demonstration. 

 

 

Figure 70: Designing and fabrication of scaffold having various porosity for 4D printing 

demonstration. 
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4.2.10. Remarks for material-Alginate and CMC 

From the aforementioned qualitative and quantitative analysis, it is clear that the 

combination of alginate and CMC can be a good candidate for large scale scaffold fabrication 

and cell encapsulation. Set of tests also determines that 4% alginate and 4% CMC is an optimum 

material composition to fulfil the both requirement i.e. large scale scaffold fabrication and better 

cell survivability. However, the maximum build height of the fabricated scaffold with this 

material composition is 1.4 cm which can be increased by the appropriate selection of another 

element into this bio-ink. That will be discussed in the next chapter. Moreover, the arrangement 

of the cell into the scaffold is random which may not be helpful to achieve the contractile effect 

of the scaffold. Therefore, this study will be continued to find out a component of bio-ink which 

will drive the cell proliferation along a specific direction and that will be discussed in chapter 6.  
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5. DEVELOPMENT OF CLAY BASED NOVEL BIO-INK FOR 3D PRINTING PROCESS 

In the previous chapter, the capability of the combination of alginate and CMC to 

fabricate large scale scaffold and cell survivability have been discussed. Adding nano particle in 

the bio-material is popular idea to improve the mechanical properties in both pre-printing and 

post-printing stage. Adding nano- material may improve the diffusion rate after dispensing which 

is 32% for alginate and CMC. It may also leave more lateral pore space where the combination 

of alginate and CMC leaves only 19%.  In this chapter, the focus will be to find out the material 

combination and composition contained with natural hydrogel which will allow less diffusion 

with good shape fidelity and subsequently to fabricate 3d scaffold structure. The cytotoxicity of 

the material composition will also be determined at the end of this section.  

Recently, different types of nano-clay e.g. laponite [260-262], montmorillonite (MMT) 

[263, 264]  are widely used for tissue engineering. This material augments the cell spreading and 

osteogenesis into fabricated scaffolds [161]. To fabricate scaffold in centimeter scale using 3D 

bio-printing, nano-clay is used as an element into the composition of alginate and methyl 

cellulose  for demonstrating the skeletal application [46]. MMT is a layered structure nano-clay 

consisting of an octahedral alumina sheet embedded by two tetrahedral silica sheets [260] as 

shown in Figure 71. Specific properties of MMT i.e. high capacity of cation exchange, 

adsorption, high surface area, and swelling behavior define it as a good candidate of tissue 

engineering application and drug delivery material [265]. Therefore, in several reported works, 

MMT is combined with alginate to prepare beads to analyze the drug delivery [266-268]. 

However, to our best knowledge, the combination of alginate-CMC-MMT has not been explored 

for 3D bio-printing process. In this chapter, montmorillonite nano-clay is blended with 

previously developed hybrid hydrogel alginate and CMC to investigate its capability to fabricate 
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large scaffold and cytotoxicity. A set of systematic quantitative characterization tests such as 

rheological and mechanical test, filament collapse and fusion test, the effects of air pressure and 

print distance on filament width will be conducted in this section as well to validate its 

printability, shape fidelity. Afterwards, 3D scaffold structures are fabricated with cell-laden bio-

ink and its viability is recorded. The outcome of all these experiments and cell viability 

measurement will indicate the capability of this hybrid hydrogel as a candidate biomaterial for 

3D bio-printing process.  

 

Figure 71: Chemical formula of Na-MMT. 

 

5.1. Materials and methods 

5.1.1. Preparation of hydrogel 

The materials and their compositions used in this chapter to prepare the hydrogel is 

shown in Table 7 where letter ‘A’, ‘C’ and ‘M’ represents  Sodium alginate,   carboxy methyl 

cellulose (Sigma-Aldrich) and sodium montmorillonite; and the numerical subscript represent 

their weight percentage respectively. In this research, five different composition i.e. A4C0M0, 

A4C0M4, A4C1M4, A4C2M4, A4C3M4 is considered where A4C0M0 is used as control. The weight 

percentage of Sodium alginate is kept constant at 4% due to prior reporting [45, 202] of high cell 

viability in upto 4% alginate solution. To maintain reasonable number of experiment, only 4% 

weight percentage of MMT is considered and this will expose potential of CMC in favor of 
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alginate and carboxymethyl cellulose in the composition. The percentages of material shown in 

Table 7 are dissolved into 0.2 m  filtered deionized (DI) water and stirred overnight to prepare 

the bio-ink gel. 4% (w/v) CaCl2 (Sigma-Aldrich) is prepared with 0.2 m  filtered deionized (DI) 

water and used as chemical cross-linker to assure quick gelation of the deposited bio-ink. 

Table 7: Percentage of material used to prepare bio-ink.  

Label  Alginate (A)  
% (w/v) 

CMC (C)  
% (w/v) 

MMC(M)  
% (w/v) 

A
4
C

0
M

0
 4 0 0 

A
4
C

0
M

4
 4 0 4 

A
4
C

1
M

4
 4 1 4 

A
4
C

2
M

4
 4 2 4 

A
4
C

3
M

4
 4 3 4 

 

Since alginate, CMC and MMT are polar solute, they are soluble in water. It is reported 

that alginate and MMT has chemical interaction due to the intermolecular hydrogen bonds and 

electrostatic attraction force [266, 267]. Moreover, it is stated that alginate attracts CMC via 

hydrogen bond into solution [190]. Therefore, possibly these materials are interacting among 

them in the aqueous solution via intermolecular hydrogen bonds and electrostatic attraction at 

numerous points to form gel as shown in Figure 72 (d) and eventually this formation of gel 

makes this hybrid bio-ink printable. 

 

Figure 72: Chemical interaction: (a) Into alginate, (b) Into carboxymethyl cellulose, (c) Into Na-

montmorillonite, and (d) Among alginate, carboxymethyl cellulose, and Na-montmorillonite. 
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5.1.2. Characterization tests 

The same instruments, protocols as discussed in chapter three, have been used in this 

chapter to conduct the rheological test, scanning electron microscope, swelling test, shape 

fidelity test.  

5.2. Results and discussion  

5.2.1. Rheological test result 

Various rheological tests i.e.  steady rate sweep test, dynamic stress sweep test, frequency 

sweep test, 3-interval thixotropic tests are conducted to detemine the suitable combination of 

alginate, CMC and MMT. The outcome of each rheological test is analyzed in this section to 

suggest a  suitable combination of alginate, CMC and MMT which will be able to hold the shape 

of fabricated large scaffold with proper prinability and shape fidelity.   

5.2.1.1. Steady rate sweep test 

The log-log plot of viscosity and shear stress vs shear strain rate is shown in Figure 73 (a) 

and (b) respectively. With increasing the shear rate, viscosity decreases whereas the shear stress 

increases. This phenomenon demonstrates the shear thinning behavior of all the compositions. 

However, the addition of CMC with suspension increases the viscosity as well as the shear 

stress. Zero-shear viscosity value of alginate hydrogel with 2% CMC composition increases 

almost from 4 Pa.S to 879 Pa.s with respect to only 4% alginate-4% MMT. This might happen 

because of increasing the cross-linking rate with increased amount of CMC into the suspension. 
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Figure 73: Evaluation of shear thinning behavior of hydrogels: (a) Viscosity vs shear strain rate, 

(b) Shear stress vs shear strain rate. 

 

5.2.1.2. Dynamic stress sweep test 

The dynamic stress sweep test for various compositions of the hydrogel at 1 Hz is 

represented the outcome of  G  and G  vs shear strain (%) in Figure 74. It is clear from the figure 

that with increasing the percentage of CMC into the alginate-MMT suspension, the physical state 

of the hydrogel is transferred from liquid-like to solid-like state. At the beginning of shear strain, 

the value of Gdominates G   for all compositions other than A4C0M0. With increasing the 

amount of CMC in the suspension from 1 to 3%, Gdominates G  up to a certain level of shear 

strain and then intersects. This certain level is called as linear viscoelastic range (LVR) which 

determines the limit at which the suspension preserves the sedimentation within the sample 

without permanent deformation. This resembles the solid-like behavior of the suspension before 

the intersecting point. After the intersecting point, both moduli are decreased with the dominancy 

of G  i.e. the liquid-like phase. In the co-existence of liquid and solid-like phase, increasing the 

percentage of CMC increases the LVR as shown in Figure 74.  To provide more insight into 

solid and liquid-like behavior of hydrogel, dynamic mechanical loss tangent ( GG  /tan ) is 
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implied as shown in Figure 74 (i-vi). Tangent value smaller than 1 predominantly reflects the 

elastic behavior, and greater than 1 predominantly indicates viscous behavior. 

 

Figure 74: Dynamic strain sweep test. 

 

5.2.1.3. Three point interval thixotropic test 

Three point-interval-thixotropic-tests are conducted on various compositions to provide 

more understanding of the real scenario during extrusion of hydrogel. In this test, the first 

interval imitates the at-rest state of sample, the second interval resembles the hydrogel 

decomposition under high shear i.e. experienced high shear during extrusion, and third interval 

reflects the structure retention after hydrogel extrusion as shown in Figure 75. The stress-shear 

rate loop shown in Figure 75 demonstrates the shear history of alginate with 4% CMC. A stress 

is applied on the at-rest hydrogel which breaks down the initial network structures of the 

hydrogel. After the hydrogel is extruded through the nozzle at a certain shear rate, it takes time to 
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recover the internal network. In most cases, when the shear is released, the stress path lags 

forming a hysteresis loop as shown in Figure 75. The area within the hysteresis loop signifies the 

energy consumed in the internal network breakdown. From Figure 75, it is clear that alginate 

with 4% CMC consumes more energy to break down the internal network than other 

compositions. 

 

Figure 75: Result of 3 point-Interval-thixotropic-tests. 

 

5.2.1.4. Remarks for rheological test 

Once all the rheological tests are done, it is clear from the result that the viscosity is solid 

content dependent, because 4% alginate-4% CMC-3% MMT is showing highest viscosity. 

However, material with higher viscosity demands more shear stress which hinders the overall 

cell viability. Composition containing 4% alginate-4% CMC-2% MMT, has better potential to 

maintain proper printability and shape fidelity during large scaffold fabrication. Since, it has 

comparatively less viscosity, it has higher potential to encapsulate the cell.  
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5.2.2. Swelling test result 

The swelling test is done following the protocol described in [251]. Briefly, sample 

scaffolds (n=3) are fabricated with material composition A4C2M4 as shown in Figure 76 (a). 

Qualitatively, it is clear that the filament width of the incubated scaffold increases with time as 

shown in Figure 76 (c-d). However, the geometry of the scaffold and morphology of the macro-

pore are seldom changed which indicates the capability of holding the shape fidelity of the 

scaffold in incubation period. The upward trend of the percentage of swelling graph shown in 

Figure 76 (e) exhibits high swelling capability of this material composition in proper incubation 

environment with respect to time. This time-dependent higher percentage of swelling creates 

more porosity in the structure which leads more exchange of nutrient and waste element of 

encapsulated cells during incubation period.  

 

 

Figure 76: Fabricated scaffold (a) Before cross-linking, (b) After cross-linking, (c) with 2 days of 

incubation, (d) with 10 days of incubation, and (e) Percentage of swelling with respect to 

incubation time. 
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5.2.3. Scanning electron microscope 

The SEM images of filament fabricated by various material compositions are shown in 

Figure 77. Since A4C0M4 doesn’t make proper gelation, it shows cracks on the filament surface 

after it get dried. With increasing the percentage of CMC, the materials get proper gelation and 

shows smooth filament surface. The image of the cross-section of filament shows with increasing 

the percentage of CMC, the amount of micro-pores increase. The presence of those micro-pores 

will potentially improve the nutrients and growth factor supply in case of cell laden scaffold 

fabrication.    

 

Figure 77: SEM images of deposited filaments composted with various material compositions. 

 

5.2.4. Shape fidelity test result 

The outcome of shape fidelity test will exhibit the capability of the considered material 

compositions’ shape holding capacity. Specifically, the fusion test will determine the diffusion or 

spreading rate and measurement of printability of material compositions. The collapse test will 

identify the shape holding capacity of the deposited filament without support. The lateral pore 

collapse test will determine the capability to hold the lateral pore of the material compositions. 
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How the nozzle speed, print distance, air pressure affect the filament width will also be identified 

from this test result.  

5.2.4.1. Filament fusion test  

To evaluate the effect of filament fusion and pore closure for each composition of bio-

ink, the area of each pore of the fabricated scaffold is measured and the diffusion rate and 

printability of each pore is determined following the equation (3) and (4). The diffusion rate 

shows decreasing trend where the printability shows increasing trend with increasing the pore 

size for each composition of material as shown in Figure 78 and Figure 79. Qualitatively, 

A4C2M4 and A4C3M4 show good pore geometry, sharp filament corner and less material diffusion 

at the intersections of consecutive layers than other material compositions. The quantitative 

analysis of diffusion rate validates that A4C2M4 and A4C3M4 show minimum material spreading 

i.e. minimum diffusion rate than other compositions. The range of printability of A4C2M4 and 

A4C3M4 are 0.76-1.03 and 0.82-1.10 which demonstrates almost square geometry of the pore. 

With decreasing the concentration of CMC and MMT, pores with smaller dimension are closed. 

Therefore, this test indicates that A4C2M4 and A4C3M4 can maintain good printability and shape 

fidelity. However, the geometry of the filament generated from A4C3M4 is not uniform 

throughout the scaffold due to over gelation. Applying increased amount of air pressure and 

reducing printing speed may facilitate to gain the uniform filament geometry. Still, the higher air 

pressure exerts undesirable amount of shear stress on the encapsulated cell, leads more cell 

damage. Hence, A4C2M4 can be a good candidate to maintain good printability, shape fidelity 

and safe environment for encapsulated cell.   
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Figure 78: Filament fusion test. 

 

 

Figure 79: (a) Percentage of diffusion rate, and (b) printability of various material compositions. 

 

5.2.4.2. Filament collapse test  

The qualitative observation of the collapse test for various compositions of material 

identifies that with increasing the percentage of CMC up to 2, the bio-ink transformed from 

under gelation to proper gelation state which leads the bridge formation on the pillars with 

minimum or zero deflection as shown in Figure 80. Hence, the material composition with higher 



 

109 

percentage of CMC resembles quantitatively less percentage of collapse factor as shown in 

Figure 80 (b). For example, composition A4C2M4 generates almost straight filament on the 

consecutive pillars located at various distances which indicates zero collapse of the filament as 

shown in Figure 80 (b). Increasing the percentage of CMC more than 2% transform the gelation 

status to over gelation and generates curvy filament.  

 

Figure 80: (a) Filament collapse test of different material compositions, (b) Collapse area factor 

at different distance. 

 

5.2.4.3. Effect of air pressure on filament width 

To determine the effect of air pressure on filament width, A4C1M4 and A4C2M4 are 

chosen as candidate compositions due to better printability and less fusion and collapse rate. A 

line having 10 mm length is deposited (three layers) with 5mm/s nozzle speed and 0.7mm print 

distance. Various air pressure e.g. 10, 12, 14, 16, and 20 psi are used during the inspection of the 

effect of air pressure on filament width as shown in Figure 81 (a). The width of the filament is 

recorded with Zeiss bright field inverted microscope for each of this test. The plotted values 

represent the 3 repetitions of measurements. 
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Figure 81: (a) Printed filaments at various air pressure, and (b) The effect of air pressure on 

filament width. 

 

With increasing the air pressure, the filament width of A4C1M4 and A4C2M4 composition 

increases as shown in Figure 81 (b). However, it is clear from the graph, the increased amount of 

CMC in bio-ink will reduce the changes of the filament width. Lower amount of air pressure 

may not exceed the surface tension of the material with the nozzle and eventually will not 

deposit continuous filament. Therefore, the filaments generated at 10 psi from both of 

compositions are discontinuous as shown in Figure 81 (a).  However, over material deposition 

may happen due to high air pressure. Thereby, applying optimum air pressure for different 

material compositions will assure the continuous filament deposition as well as uniform filament 

width. 

5.2.4.4. Qualitative and quantitative test of lateral pore 

Scaffolds having filament to filament distance of 3 mm is fabricated (10 layers) with 

compositions A4C1M4 and A4C2M4. Qualitatively, each pore of the scaffold fabricated by later 

composition is almost square in shape as shown in Figure 82. To visualize the lateral pore in the 

scaffold structure clearly, the scaffold is cut laterally and observed the lateral pore macroscopically 

and microscopically (with Zeiss bright field inverted microscope). Scaffolds fabricated with those 
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compositions collapse in overhang region between two consecutive filaments of the lower layer 

and eventually the lateral pore shrinks as shown in Figure 82. The lateral pore diminishes 

absolutely in the scaffold fabricated by less viscous bio-ink. Therefore, it can be claimed visually, 

scaffold fabricated by A4C2M4 maintains better lateral pore geometry than A4C1M4. 

 

Figure 82: Qualitative test of lateral pore. 

 

The shape fidelity can be described quantitatively in term of the lateral porosity as shown 

in Figure 83 (a). The lateral collapse area factor i.e. percentage of area collapsed right after the 

scaffold fabrication with respect to the theoretical lateral pore area is determined using equation 

(2). The theoretical area of lateral pore is represented as 𝐴𝑡
𝑙 = 𝐷𝐹 × 𝐿𝑇 − 𝜋𝑟𝑓

2 where LT and fr  

are theoretical layer thickness and radius of filament respectively as shown in Figure 83 (a). If the 

lateral pore is diminished after fabrication of the scaffold, 0l
aA . The greater value of lateral 

collapse area factor reflects the less preservation of lateral pore and so as the scaffold shape 

fidelity. For given 3mm filament to filament distance and 0.41 mm nozzle diameter, the theoretical 

lateral pore area is calculated as 1.1 mm2. The lateral pore area presented in the scaffold fabricated 

by A4C1M4 and A4C2M4 is measured (n=3) and compared with theoretical pore area. Using 
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equation (2), the lateral collapse area factor is determined as shown in Figure 83 (b).  It is clear 

from the graph that the lateral pore collapses significantly with decreasing the percentage of CMC. 

 

Figure 83: (a) Theoretical representation of lateral pore, and (b) Lateral collapse area factor. 

 

During lateral pore area test, the changes of layer thickness is also analyzed. Compared to 

A4C2M4 the total build height of the scaffold fabricated with A4C1M4 is reduced by 23%. This 

result indicates that compositions with less solid content diffuses more on xy-plane and 

undermine the filament stacking capacity which is also stated in some existing literatures [38, 

189]. 

5.2.4.5. Remarks for shape fidelity test 

After doing a set of systematic qualitative and quantitative characterization, it is clear that 

the composition, A4C2M4 maintains good printability and shape fidelity. This result indicates that 

A4C2M4 can be a good candidate for the fabrication of large-scale scaffold. 

5.2.5. Fabrication of large scaffold 

Once the characterization tests described above are done, it is revealed, composition 

A4C2M4 shows good printability and shape fidelity. Therefore, this composition is used to 

fabricate large scale acellular scaffolds with various pattern using the 14 psi air pressure and 

0.7mm print distance unless otherwise stated. A cuboidal scaffold with a dimension of 25×25×14 

mm3 is fabricated following 00-900 deposition orientations shown in Figure 84 (b). The 
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fabricated scaffold maintains uniform geometry of the macro-pores throughout the structure even 

after 75 layers as shown in Figure 84 (b). As it is stated above, increased air pressure and slower 

print speed may provide uniform filament geometry with A4C3M4 composition. To investigate, a 

cuboidal scaffold with a dimension of 30×30×18 mm3 is fabricated with A4C3M4which required 

20 psi air pressure and 4 mm/s print speed as shown in Figure 85 (b). CaCl2 is sprayed after 

finishing the fabrication of whole model for both compositions of A4C2M4 and A4C3M4. 

 

Figure 84: (a) Design of cuboidal scaffold, (b) Fabricated scaffold with the composition A4C2M4. 

 

 

Figure 85: (a) Design of cuboidal scaffold, (b) Fabricated scaffold with the composition A4C2M3. 
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A tubular scaffold having 10 mm diameter is fabricated up to 20 mm height without any 

shape deformity using the composition A4C2M4 as shown in Figure 86. Some other deposition 

orientations i.e. 00-450, 00-450-900 are also used to fabricate scaffolds with composition A4C2M4 

to validate the capability to yield different pore geometry as shown in Figure 87 (a) and (c). This 

indicates the competence of this material to achieve and control the intricate internal geometry of 

the fabricated scaffold. The microscopic view of the pore geometries shown in Figure 87 (b) and 

(d) validates the capability of this composition to maintain the desired complex pore geometry 

resulted from various deposition orientations.   

 

Figure 86: (a) Model of tubular scaffold; fabricated scaffold with (b) 10 mm, (c) 15 mm, (d) 20 

mm build height, (e-f) Top view of the scaffold having 20 mm build height, and (f) Flipping the 

scaffold on build plane after fabrication having 20 mm build height. 

 

 

Figure 87: (a) Scaffold and (b) its pore geometry having deposition orientation 00-450, (c) 

Scaffold and (d) its pore geometry having deposition orientation 00-450-900. 
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This material is deposited to fabricate complex layer geometry instead of depositing it for 

regular geometry i.e. square, circle, and rectangle to validate the ability to maintain the shape 

fidelity for complex 3D object. A bi-layer toolpath is designed for vertebra incorporating 

variational pore size and fabricated with this composition as shown in Figure 89. A kidney model 

is fabricated up to 30 layers following the deposition orientation of 450-900 as shown in Figure 

88. All of the fabricated scaffold demonstrated in this paper indicates the good potential of this 

composition to be implemented as new type of bio-ink in 3D bio-printing process.   

 

Figure 88: (a) Bi-layer toolpath orientation of vertebra with variational pore size, (b-c) 

Fabricated scaffold, and (d) Variational pore size. 

 

 

Figure 89: (a) Kidney model, (b) Bi-layer orientation, (c) Filament disposition orientation, and 

(d) Fabricated scaffold with different layer numbers. 
 

5.2.6. Assessing cytotoxicity 

BxPC3, the human pancreatic cancer cells are cultured and maintained in high glucose 

DMEM, 2 mM Glutamine, and 10% Fetal Bovine Serum (FBS) with 100 µg /ml penicillin and 
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100 µg/ml streptomycin (Sigma-Aldrich) in 5% CO2 at 370C incubator. The culture medium is 

changed twice a week. Cells at passage 5 are used for 3D bio-printing. For cell-laden scaffold 

fabrication, 2×106 cells/ml are mixed with A4C2M4 solution into disposable barrel reservoir 

(EFD, Nordson) and dispensed pneumatically through a dosing nozzle (EFD, Nordson, the inner 

diameter 410 µm). The cell-laden scaffold is preserved in 5% CO2, and 370C incubator with the 

same medium used for cell culture.  

During deposition the cell-laden filament through dispensing nozzle, the cell experiences 

shear stress, which could be potentially harmful to the cell. Thereby, the cell viability and 

cytotoxicity is conducted using LIVE/DEAD assay after 7 days. ReadyProbes™ Cell Viability 

Imaging Kit, Blue/Green (Thermofisher, USA) was used following the manufacturers protocol. 

The filament with the cells was imaged using Lionheart FX automated live cell imager (Biotek, 

USA). The z-stack images are captured using 50 µm layer thickness. The protocol is defined 

accordingly and beacon (n=5) is selected randomly. Laser power and other detector parameters 

are kept constant throughout the imaging of the different beacons. The demonstration of 

LIVE/DEAD assay is shown in Figure 90. From the figure it is clear that 84% of live cell are 

presented in the scaffold after 7 days. The percentage of cell viability for this proposed bio-ink is 

compared with existing bio-ink in Table 8. 

Table 8: Comparison of cell viability with proposed and existing bio-ink. 

Bio-ink constituents Cell viability (%) 

Pure alginate [155] 80 

Alg-Laponite-Methyl Cellulose [46] 70-75 

Alg-Methyl Cellulose [155] 78 

Alg-CMC-MMT (proposed) 84 
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Figure 90: (a) Cell-laden scaffold, (b) Phase-contrast view, (c) Live cell, and (d) Dead cell after 

seven days. 

 

5.2.7. Remarks for material-Alginate, CMC and MMT 

The presented hybrid bio-ink indicates an attractive alternative for 3D bio-printing 

materials for extrusion based system. The outcome of a set of characterization tests validate that 

MMT and CMC can be employed as a hydrogel filler for multiple polymeric platforms. The 

characterization tests and fabrication demonstration with 4% (w/v) alginate, 2% (w/v) CMC and 

4% (w/v) MMT makes this composition a novel type of bio-ink in 3D bio-printing process. It is 

clear that this hybrid bio-ink can be a potential biomaterial suitable for 3D bio-printing process 

and the outlined characterization techniques open an avenue directing reproducible printability 

and shape fidelity. Furthermore, 7 days of cell culture result shows 84% cell viability which 

proves it bio-compatibility as well. However, it is clearly identified that, the encapsulated cell is 

not changing its morphology which is one of the main requirements to regenerate the tissue. 

Therefore, in the next chapter, another element will be found out and mixed with alginate and 

CMC to provide better cell viability, proliferation and morphological change.     
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6. DEVELOPMENT OF NANO-FIBER INFILLED BIO-INK FOR 3D PRINTING 

PROCESS 

Recently, the increasing interest on hydrogel nano-materials and nano-composites in 

biomedical, pharmaceutical and tissue engineering applications [269] brings nano-fibrillated 

cellulose (NFC) on top of the list [270, 271]. NFC is a high aspect ratio natural, sustainable 

material derived from the most abandoned renewable polymer on earth i.e. plant [272, 273] 

which has a versatile application span in coatings, biomedical, energy, construction and specialty 

chemical industries [274]. NFC is composed with β (1-4) linked D-glucose units and partially to 

fully crystalline which exhibits remarkable mechanical properties [275, 276], hydrophilicity and 

tunable surface chemistries and biocompatibility [152, 277]. Typically, the individual fibrils of 

NFC are 3-5 nm in diameter and several micrometers in length [278].  The chemical structure of 

NFC is shown in Figure 91.  

Since, NFC forms gel at very low concentration into water, this rheology is used in 

several works to explore the 3D printing. Pure NFC (2% wt) is used as base material to fabricate 

the 3D object and freeze dried to analyze the potential of this material in additive manufacturing 

[279]. This material is also used in 3D bio-printing to fabricate 3D scaffold for culturing human 

pluripotent cells and liver cells [280, 281]. NFC is used with other hydrogels as filler or 

thickener to increase the viscosity to conduct the 3D bio-printing. Several works are published to 

demonstrate the 3D printability and biocompatibility of various concentration of alginate (0.25-

1.0 % w/v) and NFC (1.50-2.25 % w/v) hydrogel including chondrocytes cell to identify the 

potential to regenerate the cartilage tissue [152, 282]. In another work, human-derived induced 

pluripotent stem (iPS) cells are used with alginate-NFC and hyaluronic acid-NFC compositions 

to fabricate cartilage engineered tissue using 3D bio-printing technique [283]. Recently, NFC-
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alginate hydrogel is used as coating of surgical sutures as cell carrier and result demonstrates the 

potential of therapeutic cell delivery [284]. However, the non-uniformity of network 

entanglements in the pure NFC gel made them highly difficult to make them 3D printable 

because the erratic nature of pressure requirement [285]. Therefore, 3D printed object with this 

material shows poor shape control. To enhance the uniformity, dispersibility, homogeneity and 

printability of NFC based gel, the surface of this material is modified by oxidizing with 2,2,6,6 

tetramethyl-1-piperidinyloxy (TEMPO) to add negatively charged carboxylate ion. 

TEMPO-mediated oxidation is one of the chemical pretreatment methods to modify selectively 

the surface of native NFC under aqueous and mild condition.  This method selectively introduces 

anionic carboxylate groups on the surface of each cellulose fibril [286, 287].  This oxidization 

method proceeds with the addition of NaClO to aqueous NFC suspensions in the presence of 

catalytic amount of 2,2,6,6 tetramethyl-1-piperidinyloxy (TEMPO) and NaBr at pH 10-11 at 

room temperature [288]. The primary hydroxyl groups of C6 are selectively oxidized into 

aldehyde groups and consequently converted to carboxylate groups as shown in Figure 91.  

TEMPO mediated oxidized NFC will be denoted as TO-NFC in this paper. 

 

Figure 91: Mechanism of TEMPO pretreatment to NFC. 

 

This negatively charged carboxylated NFC has the capacity to disperse into the water at 

the individual nano-fibril level because of the electrostatic repulsion effect [289]. Because of its 
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larger surface area compared to pure micro-fibrillated cellulose (MFC), the smaller amount of 

TO-NFC i.e.0.2% (g/ml) can form gel by forming the hydrogen bond among fibers [192].  

Various percentage of TO-NFC i.e. 0.2-0.4 % (g/ml) shows the dominating amount of storage 

modulus compared to loss modulus [192] which reflects the shape holding capacity of this 

material after casting or bio-printing. In another work, the shear thinning behavior of TO-NFC is 

identified [275] which is also a critical property of any biomaterial to be 3D-printable. Moreover, 

the application of mono-, di- and trivalent cations into TO-NFC triggers the gelation due to 

strong ionic interactions between carboxylate group and metal ion [192, 290]. This phenomenon 

also encourages the authors to use this material as a conjugate of alginate to explore the 3D bio-

printing. In order to determine the biocompatibility, TO-NFC is administered with glucose and 

glyceryl trioleate to mice and investigated the blood insulin and GIP content [291]. TO-NFC (1% 

w/v) and the combination of carboxymethylation and periodate oxidized NFC (0.5 % w/v) is 

used to prepare gel and deposit using extrusion 3D-bioprinting system for wound dressing 

applications [292].  However, the pure TO-NFC does not show better shape fidelity compared to 

other hydrogel used in [292]. Recently, a work is reported to demonstrate the 3D printability of 

pure TO-NFC (2.8% w/v) to fabricate light weight large scale 3D scaffold. After fabrication, the 

scaffold is freeze dried and it achieved almost 98% porosity [285]. However, the cytotoxicity of 

this material is not considered in this paper. The addition of anionic group i.e. carboxylate with 

NFC improves the cytokine secretion which eventually assist to attach and proliferate the cell on 

the fiber surface [293]. Recent, several works reported that, to fabricate the functional tissue 

construct, the alignment of functional cell and cell to cell interaction are imperative [294-296].  

Though the 3D-bioprintability and biocompatibility of TO-NFC are demonstrated  [291, 

292], the distribution and orientation of fiber into 3D printed scaffold are not explored yet. In 
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extrusion based bio-printing process the bio-ink passes through the dispensing nozzle and the 

shear generated within the nozzle may provide a partial alignment of the reinforced fiber along 

the deposition direction. Such oriented distribution in scaffold structure may control its’ 

mechanical properties [275, 276], hydrophilicity, surface chemistries and biocompatibility [277, 

297]. Even though, the flow induced fiber alignment have been reported for synthetic polymer 

(i.e. carbon and glass fiber) [298-300], but alignment of natural fiber (e.g. cellulose nano-fiber) 

has not been studied yet. Since, the short fiber can be aligned with the application of shear, the 

controlled alignment of TO-NFC can drive the encapsulated functional cell towards its own 

direction as shown in Figure 92 (c). Therefore, TO-NFC is considered as third element and 

blended with previously developed bio-ink of alginate and CMC in this chapter.  

 

Figure 92: (a) Deposition of short fiber filled hydrogel, (a) Cross-linking of hydrogel, (c) 

Incubation and aligned cell proliferation for tissue regeneration. 

 

6.1. Materials and methods 

6.1.1. Preparation of TO-NFC 

TEMPO nano-fibrillated dry cellulose (0.2-2.0 mmol/g carboxylate level) is acquired 

from University of Maine (Orono, Maine, USA). The size of TO-NFC is achieved by following 
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the protocol described in Saito et al.[287]. TO-NFC with 1% (w/v) solid content is mixed into 10 

ml deionized water and agitated using a magnetic stirrer bar with 1500 rpm for different period 

of time i.e. 2, 4, 6, 8, 10, 12, 23 and 28 hours at room temperature. About 30 µl of slurry is 

placed in between of two cover slips to make the fiber planar. The cover slip is placed under the 

CK Olympus bright field microscope (Tokyo, Japan) and captured the distribution of fiber for 

each TO-NFC sample. Each image is imported into ImageJ, an image processing software and 

“segmented line” option is used to determine the length of the randomly selected fibers (n=10). 

The length of the fibers stirred for 2, 4, 6, 8, 10, 12, 23 and 28 hours are 219.13 ± 14.81 µm, 

128.8± 7.51 µm, 104.54± 6.11 µm, 87.83 ± 6.10 µm, 85.93 ± 6.73 µm, 62.49 ± 8.72 µm, 46.47 ± 

3.16 µm, and 34.69 ± 2.96 µm respectively. The diameter of the nanofibers is measured as 82 ± 

11 nm. After stirring, the TO-NFC slurry is stored at 40C before further analysis. The flow 

diagram of overall processing of TO-NFC is shown in Figure 93 (a).  

 

Figure 93: (a) Preparation of TO-NFC (b) Preparation of bio-ink using alginate, CMC and TO-

NFC. 

 

6.1.2. Preparation of  hydrogel 

TO-NFC slurry achieved after the stirring of 28 hours is selected as candidate fiber. This 

slurry is poured into HBSS with hybrid hydrogel (Alginate  and Carboxymethyl cellulose-CMC) 

developed in chapter three , stirred overnight until the solution turns into viscous and 

homogeneous solution and autoclaved at 1210C for 20 minutes for the further experiment as 

1% (w/v) pure TO-NFC with deionized water

Uniform slurry with short TO-NFC fiber

Magnetic stirring

Temperature 250C

Speed 1500 rpm

Time 2-28 hours
2% (w/v) 

pure CMC

2% (w/v) 

pure alginate

Stirring 

overnightHBSS

Uniform Alginate, 

CMC and TO-NFC

solution

Final sterile bio-ink

Autoclaving at 

1210C for 20 mins

(a) (b)
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shown in Figure 1(b). TN represents TO-NFC and the numerical subscripts represent the weight 

percentage of the material mixed. As a physical cross-linker, 4% (w/v) calcium chloride (CaCl2) 

(Sigma-Aldrich, St. Louis, MO, USA) is prepared with 0.2 µm filtered deionized (DI) water. The 

percentages of material shown in Table 9 are dissolved into 0.2 m  filtered deionized (DI) water 

and stirred overnight to prepare the bio-ink gel. 4% (w/v) CaCl2 (Sigma-Aldrich) is prepared 

with 0.2 m  filtered deionized (DI) water and used as chemical cross-linker to assure quick 

gelation of the deposited bio-ink.  

Table 9: Composition of samples with weight percentage. 

Sample Alg (A) 

(g) 
CMC(C) 

(g) 
TO-NFC 

(TN) (g) 
Alg/CMC/TO-

NFC (ACTN) (%) 
Water content 

(wt%) 

A
0
C

0
TN

1
 0.0 0.0 1.0 0/0/100 99.0 

A
1
C

1
TN

1
 1.0 1.0 1.0 33/33/33 97.0 

A
2
C

2
TN

1
 2.0 2.0 1.0 40/40/20 95.0 

A
2
C

2
TN

0.5
 2.0 2.0 0.5 45/45/10 95.5 

 

6.1.3. Fiber direction and deposited into deposited filament 

The shear induced deposition of soft material reinforced with the short fiber may affect 

the orientation of the fiber [301, 302]. In [301, 302], increase in fiber orientation is described by 

reducing the mean fiber angle relative to the direction of force exertion i.e. the deposition 

direction. To analyze this phenomenon, a single filament is extruded using the selected process 

parameters shown in Figure 94 (a). Material under simple shear flow condition through the 

nozzle may result two different layers called core layer and skin or frozen layer as shown in 

Figure 94 (b) [302, 303].  These two layers are defined by the fiber orientation. The fiber in the 

skin layer tends to be oriented parallel to the applied load or deposition direction whereas the 
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fiber in the core layer orients perpendicular to deposition direction [304]. The distribution of 

fiber for filament is captured by CK Olympus bright field microscope (Tokyo, Japan). 

 

Figure 94: Material compositions and process parameters used to analyze the effect of air 

pressure and (b) core layer and skin layer. 

 

6.1.4. Fourier transformation infrared (FTIR) spectroscopy 

Fourier transform infrared spectra were obtained using Nicolet 8700 FTIR spectrometer 

(Thermofisher, Waltham, MA) and  KBr discs in the spectra range 7800-350 cm-1 with an optical  

resolution of 0.09 cm-1 and an accumulation of 27 scans per analysis. 

6.1.5. Characterization tests 

The same instruments, protocols as discussed in chapter three have been used in this 

chapter to conduct the rheological test, scanning electron microscope, swelling test, shape 

fidelity test.  

6.2. Result and discussion 

6.2.1. TO-NFC fiber length 

About 30 µl of slurry is placed in between of two cover slips to make the fiber planar as 

shown in Figure 95 (a-b). The cover slip is placed under the CK Olympus bright field 

microscope (Tokyo, Japan) and captured the distribution of fiber for each TO-NFC sample. Each 

image is imported into ImageJ, an image processing software and “segmented line” option is 

used to determine the length of the randomly selected fibers (n=10). The fiber length is expressed 

Skin layer

Fiber 

Core layer
Process parameters

Nozzle dia (µm) 250, 310

Air pressure (psi) 8, 10, 12

Nozzle speed(mm/s) 4

Print distance (mm) 0.7

(a) (b)
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as “mean± standard deviation”. The microscopic view and the average length of the fiber size at 

different stirring time are shown in Figure 95 and Figure 96 (c) respectively. From those figures, 

it is clear that the fiber size is showing a decreasing trend ranging from 219 ± 14.81 µm to 34.7± 

3 µm with respect to the stirring time. 

 

Figure 95: Microscopic view of fiber size at stirring time of (a) 2 hours, (b) 4 hours, (c) 6 hours, 

(d) 8 hours, (e)  10 hours, (f) 12 hours, (g) 23 hours, and  (h) 28 hours. 

 

 

Figure 96: (a-b) 30 µl of TO-NFC into the cover slip for microscopic capture, and (c) changes of 

fiber size with respect to stirring time. 

 

(a) (b)

28

(c)

10 mm 10 mm
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6.2.2. Rheological test result 

Various rheological tests i.e.  steady rate sweep test, dynamic stress sweep test, frequency 

sweep test, 3-interval thixotropic tests are conducted to detemine the suitable combination of 

alginate, CMC and TO-NFC. The outcome of each rheological test is analyzed in this section to 

suggest a  suitable combination of alginate, CMC and TO-NFC which will be able to hold the 

shape of fabricated large scaffold with proper prinability and shape fidelity.   

6.2.2.1. Steady rate sweep test 

The log-log plots of viscosity vs shear strain rate and shear stress vs shear strain rate are 

shown in Figure 97 (a) and Figure 97 (b) respectively. Viscosity decreases with increasing the 

shear rate whereas the shear stress increases with increasing the shear rate. This phenomenon 

demonstrates the shear thinning behavior of all the compositions. However, the addition of solid 

content with the suspension increases the overall viscosity as well as the shear stress. Therefore, 

the composition, 2 2 1A C TN shows higher viscosity and shear stress. Zero-shear viscosity value of 

composition, 2 2 1A C TN  increases almost from 0.4 Pa.S to 300 Pa.S with respect to only pure TO-

NFC. This might happen because of increasing the cross-linking rate with increased amount of 

solid content. The elements of the composition, 2 2 1A C TN  having high solid content are 

containing the polar group C=O which drives towards high rate of cross-linking.   
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Figure 97: Evaluation of shear thinning behavior of hydrogels: (a) Viscosity vs shear strain rate, 

(b) Shear stress vs shear strain rate. 

 

6.2.2.2. Dynamic stress sweep test 

The dynamic stress sweep test for various compositions of the hydrogel at 1 Hz is 

represented the outcome of  G  and G  vs shear strain (%) in Figure 98. It is clear from the figure 

that with increasing the percentage of solid content into the suspension, the physical state of the 

hydrogel is transferred from liquid-like to solid-like state. In case of pure TO-NFC, value of G 

dominates G  at each shear strain as shown in Figure 98 (a). Thereby, the liquid-like state is 

persisted for this hydrogel. With increasing the amount of alginate, CMC in the suspension from 

1 to 2 %, Gdominates G  up to a certain level of shear strain and then intersects. This certain 

level is called as linear viscoelastic range (LVR) which determines the limit at which the 

suspension preserves the sedimentation within the sample without permanent deformation. This 

resembles the solid-like behavior of the suspension before the intersecting point. After the 

intersecting point, both moduli are decreased with the dominancy of G  i.e. the liquid-like phase. 

In the co-existence of liquid and solid-like phase, increasing the solid content increases the LVR 

as shown in Figure 98 (b-d).  To provide more insight into solid and liquid-like behavior of 
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hydrogel, dynamic mechanical loss tangent ( GG  /tan ) is also included in each graph as 

shown in Figure 98 (a-d). Tangent value smaller than 1 predominantly reflects the elastic 

behavior, and greater than 1 predominantly indicates viscous behavior. It is clear from the figures 

that 2 2 1A C TN  and 2 2 0.5A C TN shows predominant solid-like behavior up to almost 47%  and 9 % 

strain rate respectively.  

 

Figure 98: Dynamic strain sweep test for (a) Pure TO-NFC, (b) 1 1 1A C TN , (c) 2 2 0.5A C TN , and 

(d) 2 2 1A C TN . 

 

6.2.2.3. Three point interval thixotropic test 

To provide more understanding of the real scenario during extrusion of hydrogel, 3-

interval-thixotropy-tests are also conducted on various compositions. In this test, the first interval 

imitates the at-rest state of sample, the second interval resembles the hydrogel decomposition 

under high shear i.e. experienced high shear during extrusion, and third interval reflects the 
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structure retention after hydrogel extrusion as shown in Figure 99 (a). The stress-shear rate loop 

shown in Figure 99 (c) demonstrates the shear history of the compositions. A stress is applied on 

the at-rest hydrogel which breaks down the initial network structures of the hydrogel during 

extrusion. After the hydrogel is extruded through the nozzle at a certain shear rate, the initial 

internal network of the hydrogel is reformed as shown in Figure 99. From Figure 99 (b), it is 

clear that, the direction of the viscosity of the hydrogel is upward right after the extrusion which 

indicates the retention of the broken internal bond of the deposited hydrogel.  

 

Figure 99: (a) Representation of three states during extrusion, (b) Result of 3-Interval-

thixotropic-tests. 

 

It is revealed from the result of the above mentioned rheological experiments that 

compositions 2 2 1A C TN  and 2 2 0.5A C TN  have higher viscosity and eventually better solid-like 

state during exertion of shear. Therefore, these two compositions will be used for the rest of the 

research for further analysis unless otherwise stated.  

6.2.2.4. Remarks for rheological test 

Once all the rheological tests are done, it is clear from the result that the viscosity is solid 

content dependent, because 2% alginate-2% CMC-1% TO-NFC is showing highest viscosity. 
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However, material with higher viscosity demands more shear stress which hinders the overall 

cell viability. Composition containing 2% alginate-2% CMC-1% TO-NFC, has better potential to 

maintain proper printability and shape fidelity during large scaffold fabrication as well as cell 

viability.  

6.2.3. FTIR result 

Figure 100 represents the infrared spectra of pure TO-NFC,  2 2 1A C TN  and 2 2 0.5A C TN . 

The asymmetric stretching band at 1613 cm−1of the FTIR spectra indicated chains modified by 

carboxyl groups. Moreover, the stretching vibration band of the C-H at 2920 cm−1 and stretching 

vibration band of the -O-H groups near 3393 cm−1. A signal at 1040 cm-1 is corresponding to C-

O stretching vibrations.  

 

Figure 100: FTIR spectrum of various candidate materials. 

 

6.2.4. Fiber directionality 

The distribution of TO-NFC into the final solution of 2 2 0.5A C TN and 2 2 1A C TN  is shown 

in Figure 101 (a-b) which is apparently random. The determination of angle of the individual 

fiber with respect to the deposition direction is shown in Figure 101(c). The effect of the air 
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pressure on the deposited filament width and the orientation of the fiber are analyzed in this 

paper. The graph shown in Figure 101 (d) demonstrates the increasing tread of the filament 

diameter with increasing the air pressure for both 250 µm and 310 µm nozzle dia for 2 2 1A C TN

composition. Due to the change of the filament width, the orientation of the fiber changes which 

eventually affect the thickness of core and skin layer [304]. 

The filament fabricated with 2 2 1A C TN  through 250 µm and 310 µm nozzle at various air 

pressure and their fiber distribution are shown in Table 10 and Table 11. The absolute angle 

between the randomly selected TO-NFC fibers and the deposition direction is shown in Figure 

102 (a) and (b) for 250 µm and 310 µm nozzle respectively. The fiber distribution for the 

filament generated by 250 µm nozzle  and 10 psi air pressure shows almost 84% fiber disperse 

within 00-300 range with respect to the deposition direction. The result is shown in Figure 102 

(c). 

 

Figure 101: Distribution of TO-NFC into the final solution of (a) A2C2TN1, (2) A4C4TN1 and (c) 

angle between TO-NFC and deposition direction, and (d) changes of fiber width with respect to 

air pressure for A2C2TN1 composition. 
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align the fiber along deposition direction [28]. However, the fiber alignment stands better for 10 

psi because of the influence of the smaller core layer than 12 psi. The fiber distribution of the 

filament fabricated through 310 µm nozzle and 8, 10, and 12 psi is around 49, 43, and 32% 

respectively within 00-300 range with respect to the deposition direction. 

Table 10: 3D Printed filament and fiber distribution for 250 µm nozzle diameter at various air 

pressures. 

Nozzle dia 250 µm 8 psi 10 psi 12 psi 

3D printed filament 

   

Fiber distribution 

   
 

The result is shown in Figure 102 (c). It is showing the decreasing trend of the fiber 

alignment with respect to the deposition direction. Because, with increasing the air pressure, the 

core layer of the filament increases than its skin layer which disrupts the fiber alignment along 

force exertion direction. Therefore, the filament fabricated through 250 µm nozzle and 10 psi air 

pressure offers better fiber alignment by maintaining the optimum core layer and required shear. 
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Table 11: 3D Printed filament and fiber distribution for 310 µm nozzle diameter at various air 

pressures. 

Nozzle dia 310 µm 8 psi 10 psi 12 psi 

3D printed filament 

   

Fiber distribution 

   
 

 

Figure 102: (a-b) Orientation of randomly selected fiber with respect to deposition direction 

through 250 µm and 310 µm respectively, (c) percentage of fiber orientation distribution, and (d) 

cumulative percentage of fiber orientation distribution. 
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6.2.5. Swelling of material 

For the swelling test two sample candidates e.g. 2 2 0.5A C TN and 2 2 1A C TN  are used. The 

fabricated scaffolds with the compositions of 2 2 0.5A C TN and 2 2 1A C TN  are shown in Figure 103 

(a,c). All the material compositions used for swelling test show increasing trend of percentage of 

swelling and pore closure with respect to the incubation day as shown in Figure 103 (b,d). The 

mean of the percentage of swelling and pore closure is significantly different (p-value=0 with 

95% confidence interval) for different days. The swelling rate and pore closure of the 

composition 2 2 0.5A C TN  is greater than 2 2 1A C TN for each day. Because composition 2 2 1A C TN  

has more TO-NFC which forms more chemical bonds into solution and restrict the entry of water 

during incubation time. 

 

Figure 103: (a,c) Fabricated scaffolds and their microscopic pore geometry: (i) After the printing, 

(ii) After crosslinking, (iii) at day 2, (iv) at day 5, and (v) at day 10. (b) Percentage of swelling, 

and (d) Percentage of pore closure. 
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6.2.6. Microstructure of material  

The image shown in Figure 104 (a-b) demonstrates the fiber distribution on the planar 

surface of the pure TO-NFC. It is clear from the Figure 104 (a-b) that the fiber distributes 

randomly into the film. The prepared film is broken into two pieces images of the cross-sectional 

surface of the broken film are captured. The image of the cross-sectional surface shown in Figure 

104 (c-d) indicates the fiber distribution along lateral direction which is almost uniform. The 

cross-section of some of the fiber seems irregular because those fibers are not perfectly situated 

on X-Y plane. 

 

Figure 104: Image of the Pure TO-NFC (a-b) planar Surface and (c-d) Cross section. 

 

SEM is also conducted on the compositions of 2 2 1A C TN  and 2 2 0.5A C TN to analyze the 

microstructure morphologically as shown in Figure 105 (a-b). A smooth cell structure and 

homogeneous distribution of alginate, CMC and TO-NFC are observed. This homogeneous 

distribution is resulted from the strong chemical interaction between alginate, CMC and TO-

NFC. 

 
Figure 105: SEM images of the composition of (a) A2C2TN1, and (b) A2C2TN0.5. 
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6.2.7. Shape fidelity test 

6.2.7.1. Filament width 

To investigate the manufacturability i.e. 3D printability of the sample candidates, an 

acellular filament is deposited with pure TO-NFC, A1C1TN1, A2C2TN0.5 andA2C2TN1. The 

images of fabricated filament are captured using the CK Olympus bright field microscope 

(Tokyo, Japan). The width of the filament is determined using ImageJ as shown in Figure 106 

(a). Figure 106 (b) indicates that with increasing the solid content into the composition, the 

diffusion of the filament is decreasing i.e. properly holding the geometry of the filament which 

eventually will improve the overall shape fidelity of the fabricated scaffold. 

 

Figure 106: (a) Filament fabricated with four different samples and (b) Filament width of 

different samples. 

 

Depending on the difference of air pressure, the filament width will also change. The 

graph shown in Figure 107 demonstrates the increasing trend of the filament width with 

increasing the air pressure for both 250 µm and 310 µm nozzle diameter. In each case, the 

diameter of the deposited filament is higher than the nozzle diameter because of material 

deformation and expansion after deposition. The trend of this result is in accordance with other 

works related to the effect of air pressure on filament width [305, 306]. The changes of filament 

width fabricated with 2 2 1A C TN are 19-30% extruded through 250 µm nozzle at various air 
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pressures, which reflect the good shape holding capacity of the filament fabricated with this 

material composition.  The changes of filament width, fabricated with the composition of

2 2 0.5A C TN  and through the nozzle of 250 µm, at different air pressure are 34-49% which is 

undermining the shape holding capacity of this composition. The overall filament width 

fabricated with the composition and nozzle of 2 2 1A C TN and 310 µm respectively is larger than the 

filament fabricated with the same material composition and 250 µm nozzle size. Due to the 

excessive increase in deposited filament width, only 2 2 1A C TN composition will be considered in 

remaining section.   

 

Figure 107: Changes of fiber width with respect to air pressure. 

 

6.2.7.2. Filament fusion 

The actual pore area is measured using ImageJ software. Quantitatively, the diffusion rate 

shows a decreasing trend with increasing the pore size as shown in Figure 108. The fabricated 

scaffold and quantitative result indicate that the diffusion rate of composition 2 2 1A C TN  is only 
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100% and 100% for 2 2 0.5A C TN , 1 1 1A C TN  and TO-NFC respectively. With less solid content, the 

material diffuses more on xy-plane and undermine the filament stacking capacity which is also 

stated in some existing literatures [38, 189]. 

 

Figure 108: Fabricated scaffold for fusion test using compositions (a) A2C2TN1, A2C2TN0.5, 

A1C1TN1, Pure TO-NFC, and (b) Result for fusion test. 

 

6.2.7.3. Filament collapse 

The qualitative observation of the collapse test for various compositions of material 

indicates that increasing the percentage of solid content leads minimum deflection of the 

suspended filament as shown in Figure 109. With increasing the pillar to pillar distance, 

percentage of collapse is increasing. Quantitatively, composition 2 2 1A C TN shows only 23% of 

collapse while pure TO-NFC and 1 1 1A C TN shows 100% and 88% collapse respectively. 

Composition 2 2 1A C TN also shows better result than 2 2 0.5A C TN . Therefore, it can be concluded 

from this test that composition 2 2 1A C TN is able to hold the filament geometry during 3D bio-

printing. The result of collapse test is shown in Figure 109.  
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Figure 109: Deposited filament for collapse test using compositions (a) A2C2TN1, A2C2TN0.5, 

A1C1TN1, Pure TO-NFC, and (d) Result of collapse test. 

 

6.2.7.4. Remarks for shape fidelity test 

After doing a set of systematic qualitative and quantitative characterization, it is clear that 

the composition, A2C2TN1 maintains good printability and shape fidelity. This result indicates 

that A2C2TN1 can be a good candidate for the fabrication of large-scale scaffold. 

6.2.8. Fabrication of large scaffold 

Once all the characterization tests i.e. viscosity, filament width, collapse test and fusion 

test are done, it is clear that composition A2C2TN1 is able to assist the scaffold to maintain the 

structural integrity. Therefore, A2C2TN1 is used to fabricate acellular scaffold to demonstrate the 

3D printability of large and freeform scaffold. A cuboidal scaffold having a dimension of 

25mm×25mm with a raster width of 2.5 mm is fabricated up to 32 layers with a build height of 

8.75 mm with good shape fidelity as shown in Figure 110. This material composition can also be 

used to fabricate the free-form shape assuring the pore geometry as shown in Figure 111. After 

that, the structure starts to lose its fidelity because of increasing material weight on top of the 

structure. Authors have run the fabrication up to 42 layers with this material composition.  
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Figure 110: Fabrication of large scaffold using composition A2C2TN1. 

 

 

Figure 111: Fabrication of freeform scaffold. 

6.2.9. Analysis of cell survivability  

6.2.9.1. Cell directionality with fiber direction 

The Cell viability of the fabricated filament (n=3) with different compositions and 

process parameters is determined at 1, 5 and 10 incubation days. Regardless of different material 

compositions, process parameters and incubations days, cells are surviving into those 3D printed 

filaments as shown in Table 12, Table 13, Table 14 and respectively. However, filaments 

fabricated with various air pressures i.e. 8, 10, and 12 psi show different cell viability as shown 

in Figure 112. Filament fabricated with 8, 10 and 12 psi shows almost 84%, 82% and 73% cell 

viability respectively after 1 day of incubation. These percentage will increase up to 90%, 89% 

and 81% respectively for 8, 10 and 12 psi after 10 days of incubation which reflects the proof of 

cell proliferation into the filament. The encapsulated cell into all the filaments fabricated with 8 

and 10 psi demonstrates elongated morphology at different incubation days depicted at Table 12 

and Table 13. 
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Table 12: Live and dead cell with 8 psi air pressure at incubation days 1, 5, and 10. 

 

Table 13: Live and dead cell with 10 psi air pressure at incubation days 1, 5, and 10. 

 

The encapsulated cell into the filament fabricated with 12 psi demonstrates round 

morphology at the incubation day of 1 and 5. This may happen because of high shear effect on 

the encapsulated cell. However, the cells are recovering its morphology and shows elongated 

shape at the incubation day of 10 as shown in Table 14. The reason behind this phenomenon may 

be the addition of anionic group i.e. carboxylate with NFC improves the cytokine secretion 

which eventually assist to attach and proliferate the cell on the fiber surface [293]. To investigate 
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the attachment and proliferation of the cell on the fiber surface, porc1 cell is seeded on the pure 

TO-NFC surface and the cell morphology is observed at various incubation days. 

Table 14: Live and dead cell with 12 psi air pressure at incubation days 1, 5, and 10. 

 

 

Figure 112: Percentage of cell viability at different air pressures and incubation days. 

 

This action proves the cell attachment and proliferation on the TO-NFC surface as shown 

in Figure 113. Moreover, this cell spreading can be expedite by applying poly-l-lysine as shown 
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in Figure 114. The reason is poly-Lysine enhances electrostatic interaction between negatively-

charged ions of the cell membrane and positively-charged surface ions of attachment factors on 

the culture surface. It increases the number of positively-charged sites available for cell binding 

when adsorbed to the culture surface.  

 

Figure 113: Cell attachment on TO-NFC surface: at incubation day (a) 5 and (b) 15. 

 

 
 

Figure 114: Cell attachment on TO-NFC surface: at incubation day 7 after applying poly-l-

lysine. 
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As it is analyzed that, in extrusion based bio-printing process, the TO-NFC filled 

biomaterial ink passes through the dispensing nozzle generate shear which provides alignment of 

the reinforced fiber along the deposition direction. Such oriented distribution in scaffold 

structure may control its’ mechanical properties [275, 276], hydrophilicity, surface chemistries 

and biocompatibility [277, 297]. Therefore, it is clearly identified from Figure 115 and 116, the 

porc1 cell proliferating following the TO-NFC fiber into the deposited filament.  

 

Figure 115: (a) Proliferation of cell along the TO-NFC fiber, (b) Live cell attached with fiber, (c) 

Dead cell, (d) Live and dead cell. 

 

 

Figure 116: Proliferation of cell along the TO-NFC fiber captured by bright field microscope. 
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6.2.9.2. Effect of fiber length on cell viability 

TO-NFC prepared by stirring at three different time e.g. 4, 12 and 28 hours are used as 

candidate element and blended into alginate and CMC to prepare the bio-ink.  The Cell viability 

of the fabricated filament (n=3) with different compositions is determined after 6 incubation 

days. Regardless of different material compositions prepared by different fiber size, cells were 

surviving into those 3D printed filaments as shown in Figure 117 (a). However, filaments 

fabricated with various compositions show different cell viability as shown in Figure 118 (b). It 

is clear from the viability result that, the filament fabricated with composition having smaller 

fiber size i.e. fiber generated by the stirring of 28 hours shows better cell viability. Material with 

shorter fiber size represents more fibrous texture into the composition which creates highly 

micro-level porous environment for the encapsulated cell.  Scaffold environment having micro-

porosity will allow the transportation of necessary growth media and gas. Moreover the fibrous 

texture provides larger effective surface to attach the cell. This microenvironment can partially 

mimic the topographical features of the natural ECM and influence the cell activity [307]. 

Eventually, this phenomenon triggers better cell-matrix interaction resulting intrinsic physical 

forces into the cell and that may influence the cell division as previously shown on other types of 

substrate [308]. Hence, more cell cluster is visible for the composition of A2C2TN1-28 due to the 

increased cell-cell interactions as shown in the inset of Figure 117 (c). Due to the chemical 

treatment of NFC to generate TO-NFC, the structural chain forms mechanically strong 

crystallinity by hydrogen bond which will also make this bio-ink one of the better choice to 

fabricate larger 3D scaffold by bio-printing process [280].  
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Figure 117: Cell laden filament fabricated with the composition of (a) A2C2TN1-4, (b) A2C2TN1-12 

, and (c) A2C2TN1-28. 

 

 

Figure 118: (a) Live cell, dead cell and (b) Percentage of cell viability. 

 

6.2.9.3. Remarks for material-alginate, CMC, and TO-NFC 

From the aforementioned qualitative and quantitative analysis, it is clear that the 

combination of alginate, CMC and TO-NFC can be a good candidate for large scale scaffold 

fabrication and cell encapsulation. Set of tests also determines that 2% alginate, 2% CMC and 

1% TO-NFC is an optimum material composition to fulfil the both requirements i.e. large scale 

scaffold fabrication and better cell survivability. The capability of shear induced fiber alignment 

opens a new possibility of directing encapsulated cell proliferation. The formation of cell to cell 

network will give a maturation towards regeneration of functional tissue.  To get the actuation of 
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the fabricated scaffold in long run, the confluence of the cell should be more, which is still an on-

going research. Therefore, this study will be continued to improve the cell proliferation which 

will drive towards higher cell confluence to get the contractile effect in long run.  
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7. OVERALL DISCUSSION 

7.1. Comparison of viscosity 

In this whole research process three different types of hybrid hydrogels with various 

compositions are considered as shown in Table 15. In the hybrid hydrogel composed with 

alginate-CMC and alginate-CMC-MMT, we have fixed the alginate amount of 4%, because of 

prior reporting [45, 202] of high cell viability at this percentage. To maintain reasonable number 

of experiment, only 4% weight percentage of MMT is considered in alginate-CMC-MMT and 

this has exposed potential of CMC in favor of alginate and carboxymethyl cellulose in the 

composition. In alginate-CMC-TO-NFC hybrid hydrogel, all the elements have been varied and 

TO-NFC is considered up to 1 %, because small amount of TO-NFC can significantly increase 

the viscosity of the solution [192].   

Table 15: Composition of samples with weight percentage. 

Alginate  and 

CMC 

Alginate, CMC and 

MMT 

Alginate, CMC and 

TO-NFC 

A4C0 A4C0M0 A0C0TN1 

A4C1 A4C0M4 A1C1TN1 

A4C2 A4C1M4 A2C2TN0.5 

A4C3 A4C2M4 A2C2TN1 

A4C4 A4C3M4  

 

Rheological measurements were performed using a rotational rheometer (ARES-LS2, TA 

instruments, New Castle, DE, USA) with parallel plate geometry (20 mm flat plate). All 

measurements were recorded with a 1.0 mm gap width at 250C. The viscosities and shear stress 

of different concentrations were assessed using rotational test at a stress rate of 1.0 to 100 s-1. 

The dynamic sweep stress test is done at stress rate of 1.0 to 100% to determine the solid and 

liquid-like state of different bio-inks. The frequency sweep test (1.0 to 100s-1) and three interval 

thixotropic test (3iTT) (stress rate of 0.1 to 100%) were also performed to characterize the bio-
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ink. The rheological properties i.e. viscosities, shear stress of bio-ink with different alginate and 

CMC compositions were assessed by different rheological measurements. The impact of the 

different concentrations of alginate, CMC, MMT and TO-NFC on rheological behavior with 

respect to the shear rate and frequencies is determined by steady rate sweep test, dynamic stress 

sweep test, frequency sweep test and three interval thixotropic test in the previous chapters. The 

overall viscosity of all the compositions of each hybrid hydrogel is enlisted in Table 16 and 

graphically shown in Figure 119.  

Table 16: Viscosity of different compositions. 

Alginate  

and CMC 

Viscosity 

at 1.0 s-1 

(Pa.S) 

Alginate, 

CMC and 

MMT 

Viscosity 

at 1.0 s-1 

(Pa.S) 

Alginate, 

CMC and 

TO-NFC 

Viscosity 

at 1.0 s-1 

(Pa.S) 

A4C0 0.67 A4C0M0 0.67 A0C0TN1 4.0412 

A4C1 20.95 A4C0M4 3.44 A1C1TN1 28.3023 

A4C2 229 A4C1M4 160.574 A2C2TN0.5 190.065 

A4C3 280.080 A4C2M4 827.76 A2C2TN1 329.65 

A4C4 522.47 A4C3M4 1452.22   

 

 

Figure 119: Viscosity with respect to various shear strain rate for (a) Alginate and CMC, (b) 

Alginate, CMC and MMT, and (c) Alginate, CMC and TO-NFC. 

 

For all types of compositions shown in graph, it is clear that the viscosity is solid content 

dependent. Therefore, the viscosity of A4C2M4 is almost 36% and 60% more than A4C4 and 

A2C2TN1 respectively. This viscosity measurement gives a preliminary insight of the 



 

150 

qualification of any composition to fulfil the objective of this research i.e. fabricating large scale 

scaffold with proper shape fidelity and better cell viability for a longer period of time.  

7.2. Comparison of shape fidelity 

A set of shape fidelity related characterization tests e.g. filament fusion test, collapse test, 

lateral pore size test narrows down the set of candidate compositions to achieve the research 

objective. In the whole experiment process, it is clear that highest amount of viscosity may 

increase the shape fidelity of the final structure. However, that may elevate the requirement of air 

pressure which leaves negative impact on the overall cell survivability. Therefore, we needed to 

consider both the capability of fabricating large scaffold preserving shape fidelity and 

maintaining better cell viability during selection of optimum composition from each hybrid 

hydrogel. Under these considerations, A4C4, A4C2M4, and A4C4TN1 are qualified as optimum 

compositions from the hybrid hydrogels of alginate-CMC, alginate-CMC-MMT and alginate-

CMC-TO-NFC respectively.  

From the qualitative comparison of fusion test among the optimum candidates of three 

hybrid hydrogels shown in Figure 120, it is clear A4C4 and A4C2M4 are preserving pore geometry 

better (almost square) than A2C2TN1. The printability of all these three compositions are almost 

similar and very close to 1.0 which reflects very good potential of these compositions to maintain 

the shape fidelity of the final scaffold. The diffusion rate is totally solid content dependent, 

therefore A4C2M4 shows less amount of spread than A4C4 and A2C2TN1 as shown in Table 17. 

All the compositions are containing carboxyl group and more presence of this group generate 

more hydrogen bond into the solution and eventually it facilitates to hold the filament geometry. 

This fusion test result is also co-related with the viscosity result of these compositions.  
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Figure 120: Scaffolds fabricated for fusion test with the compositions of  (a) A4C4, (c) A4C2M4, 

and (c) A2C2TN1. 

Table 17: Fusion test result of the composition of A4C4, A4C2M4, and A4C4TN1. 

3X3 pore size A4C4 A4C2M4 A2C2TN1 

Diffusion rate (%) 33.0 12.0 35.0 

Printability 0.88 0.83 0.85 

 

The collapse test reflects the capability of any composition to maintain the lateral pore 

geometry without deflecting along build direction. Normally, researchers are considering the 

pore geometry on XY plane which is creating the vascularization to flow the growth media and 

gases. However, the preservation of lateral pore may allow the flow of nutrients from multi-

direction which may improve the cell viability and proliferation. From the qualitative 

comparison of collapse test among the optimum candidates of three hybrid hydrogels as shown 

in Figure 121(a), it is clear A4C4 and A4C2M4 are deflecting less than A2C2TN1. A4C2M4 

preserving more lateral pore than A4C4 as shown in Figure 121(b).  Quantitatively, A4C2M4 is 

able to preserve the lateral pore almost 60% where A4C4 is preserving only 19%.  A2C2TN1 is not 

able to leave any lateral pore.  The comparison of this collapse test result of these compositions 

also reflects the significance of their viscosity.  
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Figure 121: (a) Single filament deposited for collapse test and (b) Lateral pore preservation 

capacity of (i) A4C4, (ii) A4C2M4, and (iii) A2C2TN1. 

Table 18: Collapse result of the composition of A4C4, A4C2M4, and A4C4TN1. 

3mm pillar distance A4C4 A4C2M4 A2C2TN1 

Collapse rate (%) 0 0 0 

L. Collapse rate (%) 81 40 100 

 

7.3. Comparison of build height 

Once all the characterization tests described above are done, it is revealed, composition 

A4C4 A4C2M4, and A2C2TN1 have higher prospect to fabricate large structure. Therefore, these 

three compositions are used for large scaffold fabrication as shown in Figure 122. It is clear from 

the Figure 122  and Table 19 that the build height of the scaffold fabricated by the composition 

of A4C2M4 is 2.0 cm which is highest among three. The viscosity of A4C2M4 is almost 36% and 

60% more than A4C4 and A2C2TN1 respectively. Subsequently, the build height of the scaffold 

fabricated by A4C2M4 is almost 30% and 55% more than A4C4 and A2C2TN1 respectively. 

Therefore, here, the result of the viscosity test is supporting the build height result. Moreover, the 

shape fidelity related characterization tests also show the potential of A4C2M4 composition to 

fabricate large structure with proper shape fidelity because of having less diffusion and collapse 

rate. 
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Figure 122: Large scaffolds fabricated by the compositions of (a) A4C4, (b) A4C2M4, and (c) 

A2C2TN1. 

Table 19: Comparison of build height of the scaffold fabricated by the composition of A4C4, 

A4C2M4, and A4C4TN1. 

 A4C4 A4C2M4 A2C2TN1 

Build height (cm) 1.4 2.0 0.9 

 

7.4. Comparison of cell survivability 

To investigate the cytotoxicity of the compositions of A4C4, A4C2M4, and A2C2TN1, 

various cell lines e.g. BxPC3 (pancreatic cancer cell), prostate stem cancer cell, HEK293, Porc1 

cells are encapsulated into these compositions and the cell viability is analyzed using the 

live/dead assay as shown in Figure 123. The cell viability result reveals that composition 

A4C2M4 has less amount of cell viability i.e. 84% than A4C4 and A2C2TN1. Another drawback 

with A4C2M4 composition is, the cell was not changing its morphology as shown in Figure 123 

(b). Since, the cell-laden scaffold fabricated with A4C2M4 is used 14 psi air pressure, it may 

create the shear effect on the cell and results more cell death. Moreover, higher viscosity may not 

allow enough room for the encapsulated cell to expose its functionality.  However, this cell 

viability is higher than pure alginate and some other existing cellulose and clay based bio-ink as 

compared in Table 20. Adding some protein origin polymer e.g. fibrin, collagen with the 

composition of A4C2M4 may increase the cell adhesion site into the composition which will be 

one of the future study of this research.  

 



 

154 

 

Figure 123: Live dead assay of cell encapsulated into (a) A4C4, (b) A4C2M4, and (c) A2C2TN1. 

 

 

Figure 124: Cell phenotype after 10 days of incubation: (a) Prostate cancer cell encapsulated into 

A4C4, (a) Prostate cancer cell encapsulated into A4C2M4, and (c) Porc1 cell encapsulated into 

A2C2TN1. 

Table 20: Comparison of cell viability with the composition of A4C2M4 and existing bio-ink. 

Bio-ink constituents Cell viability (%) 

Pure alginate [155] 80 

Alg-Laponite-Methyl Cellulose [46] 70-75 

Alg-Methyl Cellulose [155] 78 

Alg-CMC-MMT (proposed) 84 

 

A4C4 and A2C2TN1 are showing almost similar amount of cell viability i.e. around 90% 

which is higher than the reported cell viability i.e. 40-86%  [93] using extrusion based bio-

printing process. The encapsulated cells are also showing morphological change into A4C4 and 
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A2C2TN1 as shown in Figure 124 (a) and Figure 124 (c). However, to achieve the actuation, the 

encapsulated functional cell should be connected. Recently, several works related to the 

functional tissue construction have been published and outlined that the alignment of functional 

cell and cell to cell interaction are imperative [294-296]. From Figure 124 (a) and Figure 124 (c), 

it is clear that even the cell is changing its morphology into A4C4, it is not connected. On the 

other hand, cell is making network into A2C2TN1 which is showing better possibility to 

regenerate the tissue. Finally, utilizing the shear during extrusion, reinforced TO-NFC is getting 

aligned along the deposition direction as shown in Figure 125 (a). Since, the addition of anionic 

group i.e. carboxylate with NFC improves the cytokine secretion, this phenomenon eventually 

improves the  attachment and proliferate of the cell on the fiber surface [293]. It is clear from the   

Figure 125 (b) that the encapsulated functional cell is changing its morphology along the 

deposition direction and proliferating. Therefore, the alignment of the short fiber resulted from 

the shear during extrusion can be a directed avenue of encapsulated cell to get connected, 

proliferate along a specific direction and regenerate the functional tissue in long run.  

 

Figure 125: (a) Aligning short fiber applying shear force, and (b) Directing the cell proliferation 

along deposition direction. 
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8. CONCLUSION AND FUTURE WORK 

8.1. Conclusion 

In this research, a novel bio-ink composed with hybrid hydrogels is designed which is 

capable of maintaining proper printability, shape fidelity and higher cell viability. To determine 

the best elements of bio-ink, first of all alginate with carboxymethyl cellulose (CMC) is 

considered. All the characterization tests related to material properties, printability, and shape 

fidelity and cell viability identify that bio-ink containing 4% alginate and 4% CMC is the 

optimum composition. This bio-ink is showing 86% cell viability even after 21 days of 

incubation. The maximum build height with this composition is 1.4 cm. However, during the 

analysis of cell proliferation and functionality, it is revealed that, the cell is spreading randomly 

and does not following any alignment which is one of the important factors for functional tissue 

regeneration. To improve the printability and shape fidelity and eventually build height of the 

scaffold, another element i.e. MMT is added into alginate-CMC. All the characterization tests 

related to material properties, printability, shape fidelity and cell viability detemine that bio-ink 

containing 4% alginate, 4% CMC and 2% MMT is the optimum composition. This bio-ink is 

showing 84% cell viability after 7 days of incubation. The maximum build height with this 

composition is 2.0 cm. However, during the analysis of cell proliferation and functionality, it is 

identified that, the cell is not changing its morphology which is necessary for functional tissue 

regeneration. Therefore, we have concluded that addition of some protein origin polymers can 

improve the cell attachment site into the scaffold and can improve the cell viability of this bio-

ink. To control the cell proliferation i.e. achieving the cell alignment, we have added one more 

element i.e. TO-NFC in alginate-CMC. We have taken the advantage of shear induced fiber 

alignment phenomenon using extrusion based bio-printing process to align the infilled fiber 
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during deposition of filament. The characterization tests conducted related to material properties, 

printability, shape fidelity and cell viability, reveal that bio-ink containing 2% alginate, 2% CMC 

and 1% NO-NFC is the optimum composition. This approach has successfully aligned almost 

84% fiber dispersion within 00-300 range with respect to the deposition direction. Moreover, the 

encapsulated cell creates the connectivity during proliferation in incubation period. The cell 

proliferation along the fiber shows the potential of controlling the direction of encapsulated cell. 

Therefore, to fabricate large scale functional tissue scaffold, this hybrid hydrogel can be a 

potential bio-ink in 3D bio-printing process. The machine readable files for all the scaffolds are 

generated following the proposed HSDS file format system. This proposed file format can be 

used for different existing bio-printers. At different situations, the printability of the bio-

materials are defined by different factors e.g. viscosity or tanδ or swelling rate or diffusion rate 

separately without considering the manufacturing parameters. The bio-compatibility is defined 

by the viability rate or cell morphology changes. This work establishes a processing bounds of 

different output i.e. viscosity, tanδ, diffusion and collapse rate, printability, swelling rate and cell 

viability as shown in Table 21 altogether. For example, in several works, the printability and 

shape fidelity of bio-ink are defined by viscosity where the viscosity value at 1.0 s-1 shear rate 

were around 350 Pa.S [309], 500 Pa.S [196], 800 Pa.S [24]. These values are comparable with 

our proposed bound of viscosity.  The appropriate printability value for various bio-ink are 

selected as 0.84 and 0.95 [6], which is also comparable with our proposed printability range. 

Actually, the manufacturing parameters are interrogated and correlated with fidelity and 

reproducibility of the 3D scaffold during the bio-ink design process in this work.  
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Table 21: Upper and lower limit of different output to suggest the 3D printability of new bio-ink. 

 Output Lower bound Upper bound 

Viscosity (Pa.S) 329.65 827.76 

Loss tangent (tanδ) 0.69 0.99 

Diffusion rate (%) 11.62 34.44 

Collapse factor (%) 0 5 

Printability  0.80 0.95 

Swelling rate (%) 17.68 227 

Cell viability (%) 84 91 

 

This complete package of quantifiable limit of different output opens an avenue to 

develop new bio-ink for extrusion based bio-printing process. Adjusting the outlined output 

within this limit will define a good 3D bio-printability of the developed bio-ink without 

compromising the structural integrity of the fabricated scaffold and better cell viability. 

Moreover, the outlined systematic quantitative characterization tests can be conducted to design 

material for other application where confirming printability is important e.g. medical devices, 

soft robotics, 3D printed electronics using extrusion based printing process. Finally, we hope the 

framework of this research will accelerate the future bio-ink development for extrusion based 

bio-printing process with more efficiency, repeatability and reliability.  

8.2. Future work 

A mathematical model relating different input parameters e.g. material concentration, air 

pressure, print speed, and print distance and different outputs e.g. printability and cell viability 

will be established based on experimental data in future. This model can be developed using 

design of experiment (DoE) method. It is expected, this model will be able to predict the 3D bio-

printability of new candidate of bio-ink more systematically considering the material 

characteristics and fabrication parameters. To improve the fiber alignment for the bio-ink 

consisting alginate, CMC and TO-NFC, various combination of nozzle diameters, nozzle length, 
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and mechanical vibration will be used in future. Because, it is stated that, dispensing nozzle 

having variational diameter  [310], extensional flow fields [311], and linear oscillatory 

mechanism [302] can improve the short fiber alignment during material release. Even though, 

bio-ink prepared with alginate, CMC and TO-NFC show good cell viability, cell to cell 

connection, and cell proliferation along deposition direction, its contractile effect is still not 

achieved due to less cell confluence. To improve the cell confluence, different protein origin 

polymers e.g. collagen, fibrin, thrombin will be added at various percentage into the existing 

alginate, CMC and TO-NFC based bio-ink. Once, the confluence of the encapsulated cell is 

improved and the contractile effect is achieved, this improved bio-ink will be used to fabricate 

large scaffold encapsulating functional cell. Another important factor to achieve the in-vitro 

functional tissue, is incorporating the vascularization encapsulating HUVEC cell as shown in 

Figure 126 (b). To accomplish the vascularization into the fabricated scaffold, a manufacturing 

system having the capability of releasing multiple materials encapsulating multiple cell will be 

necessary as schematically shown in Figure 126 (a). The work of designing and developing this 

system will be another future work. 

 

Figure 126: (a) An extrusion-based bio-printer having the capability of depositing multiple 

material, (b) Scaffold fabricating with multiple materials encapsulating multiple cells, and (c) 

Schematic representation of perfusion-based bio-reactor.  
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Finally, the dynamic supply of fresh growth factor during incubation i.e. perfusion based 

bio-reactor will also be designed and manufactured to incubate the fabricated scaffold in future 

as schematically shown in Figure 126 (c).    
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