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Abstract 

The loss or failure of an organ is one of the most devastating problems a patient can face. 
Treatments are extremely limited and commonly involve transplantation with a donor organ, 
surgical reconstruction and the use of mechanical devices, such as kidney dialyzers. Since the 
1980s, a new field of research at the crossroads of biology and engineering has been developing 
novel approaches for those faced with organ failure, termed by Langer and Vacanti ‘Tissue 
Engineering’. Their original aims were to develop techniques to produce new tissue, either in 
vitro for later implantation, or in vivo by encouraging self-repair. The aims have expanded to 
include the development of in vitro models of physiological tissues for disease modelling and 
drug discovery. This work will focus on the latter, specifically as it relates to kidney disease and 
the glomerular basement membrane (GBM).  
 
The thesis contains a literature review, which covers general approaches to tissue engineering, 
3D bioprinting in particular as well as the kidney and kidney disease. This is followed by a 
chapter detailing the methods and two results chapters.  
 
In Chapter 3, a reliable tissue engineering system based on 3D bioprinting was developed using 
a model cell type, human mesenchymal stem cells (hMSCs). A part-automated methodology for 
bioink production was developed and validated using a cell viability assay and electron 
microscopy. Next, the previously validated method was applied to conditionally immortalized 
glomerular cells. Cell viability was low, and only decreased over time, so a series of experiments 
sought to determine the cause. For one of the cell types, glomerular podocytes, two possible 
mechanisms were elucidated: anoikis and calcium induced cytotoxicity during crosslinking. 
 
Accordingly, pilot studies using fibrin to promote cell attachment were conducted and showed 
improved viability. The final results chapter (Chapter 4) details the application of fibrin to 
successful GBM tissue engineering via two distinct methodologies. After validating with hMSCs, 
glomerular cells were coated in modified thrombin and bioprinted using the method detailed in 
Chapter 3. Though there was evidence of GBM formation, cell viability was still lower than 
desired and the cells did not display the morphological changes expected in a bioactive scaffold. 
Finally, a novel method leveraging the enzymatic gelation of fibrin by cell membrane–embedded 
thrombin resulted in large, stable 3D fibrin scaffolds of glomerular cells and GBM, paving the 
way for future use as an in vitro model.  
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Chapter 1: Introduction 
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F o r e w o r d  
Chronic kidney disease (CKD) is a global health problem, with up to 16% of the adult population 

being affected worldwide.1 There are few options for those facing end stage renal failure, 

treatments are limited to placement on dialysis or whole organ transplantation.2 Through dialysis 

can be life-saving, it requires frequent hospital visits for several hours at a time, severely 

impacting the quality of life of the patient.3 Receiving a donor kidney will replace the diseased 

organ’s functionality, and outcomes over 10 years are largely positive (75%4) but also forces the 

patient into a lifetime treatment of immunosuppressive drugs to prevent rejection of the donor 

organ.5 In addition, the number of patients on waiting lists for donor organs are far larger than 

the supply.4 A 2017 National Health Service report found that only 27% of patients on the kidney 

transplant list were transplanted within the first year, this increased to 58% after 3 years on the 

list but in that time 5% of waiting patients had died.4 Options for patients with CKD are limited 

because the kidney does not have the ability to repair itself, and as well as there being hereditary 

forms of CKD, several common diseases such as obesity, lupus and diabetes are known to 

cause renal damage.6 The following chapter reviews tissue engineering approaches, including 

3D bioprinting, as well as the structure and function of the kidney and how that relates to 

disease.  
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1 . 1  T i s s u e  E n g i n e e r i n g  f o r  I n  V i t r o  
m o d e l s .   
One of the emergent applications of tissue engineering is to design and fabricate in vitro 

complex cell-laden constructs that mimic in vivo cell behavior in order to study biological 

processes in isolation. In order to generate functional organ models, the cells, methods and 

materials used to grow them must be carefully selected, usually imitating the cells’ in vivo 

behavior and environment. In practice, the degree to which the in vivo system is recapitulated 

in vitro is often a balance between accuracy, complexity and practicality. The earliest in vitro 

studies were also the most simple: growing cell lines, special types of cells which will continually 

divide in a process called proliferation, on 2-dimensional (2D) materials such as plastic or glass.7 

Much of our understanding of biological mechanisms such as differentiation, force sensing and 

migration were determined using 2D cell culture.8 This approach is still the standard procedure 

for in vitro cell culture, however the environment of 2D culture flasks and plates cannot replicate 

any of the 3-dimensional (3D) mechanical and chemical cues necessary for organogenesis.9 

Furthermore, the nature of these 2D surfaces will alter the cells’ morphology and behavior. 

Studies have demonstrated that these surfaces induce morphological changes such as a 

flattened shape and forced apical-basal polarity in cells, as well as loss of differentiation.10,11 

Interestingly, placing the same cells back into a 3D culture environment can restore their 

physiological phenotype. Benya and Shaffer demonstrated this behavior with dedifferentiated 

chondrocytes grown in 2D, which began to express markers for cartilage after culture in 3D gels 

of agarose.12 It is important to note that the dimensionality of the cell culture environment is not 

the only difference between 2D monolayer and 3D culture systems, it is also how, what and 

when biological cues are presented.8 Building a 3D in vitro model of tissue can therefore provide 

information about cellular behavior in a physiologically relevant context, but success depends 

on recapitulating the in vivo environment as best as possible.  
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1 . 1 . 1  M o r p h o g e n e s i s  a s  t h e  B a s i s  f o r  T i s s u e  
E n g i n e e r i n g  
The idea of cellular self-organization in tissue morphogenesis was first demonstrated in 

experiments with the regeneration of sea sponges.13 Since then, the field of developmental 

biology has played a crucial role as the basis for tissue engineering.14 The starting point for any 

tissue engineering investigation is almost always a stem cell, primary cell or cell line, with the 

end goal of fabricating a mature, functional tissue. This is almost the same pathway our own 

bodies use to develop from embryo to adulthood. Tissue engineers must therefore understand 

and imitate the natural processes of organogenesis, in order to proceed according to nature and 

not against it.14 Time is against the tissue engineer in this process, as the development of an 

organ in vivo takes months or years, and doctors or patients do not have the time to wait for the 

engineered organ to ‘morphologically, biochemically, mechanically and functionally’ differentiate 

into a mature organ ready for experimentation or transplantation.14 Therefore, new strategies 

must be established to rapidly generate 3D, organ-like, living structures. Knowledge of the 

forces triggering organ-specific morphogenesis is essential and must be considered for in these 

emergent 3D living systems, e.g., osmotic pressure, cadherin-mediated cell to cell interactions, 

integrin-response cell to matrix interactions, and intracellular forces via actin and microtubule 

polymerization.15 Changes in these inputs result in changes in cell number, size, shape, position 

and phenotype.15 Changes in cell number come from cell proliferation and cell death, changes 

in shape can manifest as cell elongation or other modulations in cell shape, changes in cell 

position are a result of cell migration or cell reorganization.15 These morphogenic processes are 

what ultimately lead cells to become mature tissue and functional organs.  
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1 . 1 . 2  T h e  D e s i g n  P a r a m e t e r s  o f  a n  ‘ I d e a l ’  S c a f f o l d  
The environment in which these cells will be matured and assayed for functionality during tissue 

engineering is usually called the scaffold, which is a highly porous 3D substrate on which cells 

from 2D expansion culture are transferred and grown so that they generate their own 

extracellular matrix (ECM).16 A tissue engineer must carefully design the properties of this 

scaffold, by considering a combination of mechanical, biochemical, and physical properties.  

The ideal scaffold for a chosen cell type will exploit the feedback loop between cells and the 

scaffold, visually represented in Figure 1.1 below. Cells will naturally try to obey their pre-

programmed path towards morphogenesis by remodeling their scaffold and forming cell to cell 

and cell to matrix interactions. The properties of the scaffold such as the architecture, 

mechanical and biochemical cues meanwhile, will induce mechanotransducive signals which 

will in turn drive the cells’ behavior. Of particular interest to this study are hydrated polymer 

networks, also called hydrogels. Many of the mechanical, structural and biochemical properties 

of a hydrogel can be tuned to best encapsulate the cells of interest. However, the behavior of 

the cells during morphogenesis must be understood to design a scaffold which facilitates that 

process.  

 

Figure 1.1: Diagram representing the feedback loop in place between cells and their scaffold. The forces exerted on 
the scaffold by the cells as well as the properties of the scaffold giving rise to those forces are detailed. adapted with 
permission from Elsevier (2009).  
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1.1.2.1 Mechanical Properties  
The mechanical properties of a solid (‘hard’) scaffold are most commonly reported as stiffness 

in Pascals, defined by Young’s Modulus, numerically determined from the slope of the linear 

region of a stress–strain curve, usually experimentally determined by compression testing.17 

The stiffness of a scaffold has been previously demonstrated to direct cell behavior in many 

studies18–21, e.g., skeletal muscle cells’ cytoskeleton displayed significant myosin striation on 

substrates with similar stiffnesses to muscle tissue, but not on softer surfaces19. Mesenchymal 

stem cells could be directed into myoblasts, neurons or osteoblasts if the substrate had 

stiffnesses similar to muscle, brain or bone respectively.21 Indeed, cells appear to prefer 

migrating on a stiffer substrate in a mechanism called ‘durotaxis’.22 In the body, tissues exhibit 

a wide range of stiffnesses, over a Pascal to Gigapascal range, and can be related to the 

function of the organ.23 Stiffer tissues such as bones and cartilage can support large loads, while 

organs such as lungs and skin are less stiff to allow them to stretch and contract. When 

designing 3D scaffolds for tissue engineering, it is beneficial to know the mechanical properties 

of your chosen tissue so that the cells are placed in an environment which best mimics their in 

vivo niche. 

 
Figure 1.2: Relative stiffnesses of human organs and common cell culture materials. It can be seen that the most 
commonly used 2D cell culture material, polystyrene is much stiffer than the majority of soft tissues. Reproduced 
with permission from Springer Nature (2020).  
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Hydrogels are one of the most common classes of materials used in tissue engineering, as they 

are highly permeable to oxygen, nutrients and other water-soluble metabolites and therefore 

most similar to the extracellular matrix in vivo.24 For gel (‘soft’) scaffolds, the mechanical 

properties are reported both as the Young’s Modulus (E), a result of compressive and tensile 

testing, and the flow properties of these viscoelastic materials are commonly probed using 

rheometry. In these experiments, hydrogels and other viscoelastic materials are subjected to 

oscillating loads and the storage (G’) and loss (G’’) moduli are recorded as a function of the 

frequency of the load.25 These values can be used to determine the solution to gel transition as 

a function of time, temperature or degree of crosslinking.  

Understanding these material properties in hydrogels is critical so that the hydrogel can 

physically support the cells in their 3D growth, but also so that appropriate force is transmitted 

to the cells during their growth to drive correct morphogensis.26 In morphogenesis, cells will 

excrete their own ECM compounds to tailor their microenvironment to their functional needs. 

Therefore, the cells themselves may contribute to the mechanical stiffness of a tissue construct. 

Deller et al. used compression data to assay the differentiation pathway of stem cells in fibrin 

gels, where it was found that constructs in which the cells which had been directed down an 

osteogenic lineage were stiffer than those directed down an adipogenic lineage or not 

differentiated at all.27 These stiffer constructs contained deposits of calcium phosphate laid down 

by the differentiating stem cells which led to their increased stiffness.27  

The mechanical properties of the scaffold can also influence what types of forces can be applied 

to a tissue. Mooney et al. demonstrated that the elastic modulus of scaffolds made from type I 

collagen sponges allowed them to be placed under cyclic elastic strain and retain their properties 

regardless of the magnitude of applied strain.28 Smooth muscle cells were placed under cyclic 

strain on these sponges exhibited a contractile phenotype, whereas smooth muscle cells on the 

same scaffolds with no strain exhibited an undifferentiated phenotype. 
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1.1.2.2 Scaffold Architecture  
The careful design of the architecture of a scaffold is critical to ensure cell viability and tissue 

maturation. An essential feature of all scaffolds is a highly interconnected porous architecture 

to allow cellular penetration and diffusion of nutrients to the cells.29 The pore size has been 

demonstrated to affect cell viability and migration in scaffolds designed for osteogenesis, with 

lower pore sizes driving cell aggregation and bone growth in vitro and higher pore sizes leading 

to greater bone ingrowth in vivo.30 Pore size will also affect the specific surface area of the 

scaffold, which is a measurement of the area available to cells to interact with.30 In this way, 

smaller pores would be expected to promote cellular adhesion so long as they are not so small 

as to limit cell motility.29  

In hydrogels, properties such as polymer fraction, polymer size, and crosslinker concentration 

will determine the architecture of the scaffold.31,32 These in turn determine the mass transport 

properties of the scaffold, or the ability of a hydrogel to allow the diffusion of nutrients, gases, 

proteins, cells and waste products both in and out.26 In vivo, the majority of cells exist within 

100 µm of a capillary therefore the architecture of hydrogel scaffolds must be tuned to allow for 

diffusion across comparable distances.  

1.1.2.3 Biochemical Properties 
The ideal scaffold should simultaneously promote the desired cellular functions such as 

adherence, proliferation and differentiation, as well as not illicit a toxic response.26 The material 

used for the scaffold can be selected and designed to promote cell binding, be chemically 

degraded and may also incorporate growth factors.  

1.1.2.3.1 Cell-Matrix Interactions 

As mentioned in Chapter 1, Section 1.1.1, cell to matrix interactions are primarily mediated 

through a family of cell-surface-adhesion receptors called integrins.33 These are transmembrane 

proteins which will specifically bind to components of the ECM, modulating signals transferred 

intracellularly; mechanically through the cytoskeleton and chemically through various signaling 
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cascades.33 These biochemical interactions not only anchor the cell in its microenvironment, but 

also provide it information on its location, environment, adhesive state and surrounding matrix; 

driving processes such as cell differentiation, immune response, wound healing and 

morphogenesis.34,35,36 Distinct integrins will bind specifically to ECM components such as 

collagen, laminin and Arginine-Glycine-Aspartic Acid tripeptide sequence (RGD) as illustrated 

below in Figure 1.2.34  

 

1.1.2.3.2 Materials Used in  Scaffolds  

The biochemical properties of a scaffold will primarily arise from the material used in the scaffold 

which are broadly split into two categories: natural and synthetic.37 In either case, the majority 

of these materials are polymeric, but also include ceramics and composites of the two.38 Natural 

polymers are split into their own three broad categories: proteins such as collagen, fibronectin, 

silk, laminin and gelatin, polysaccharides such as cellulose, amylose, dextran, chitin, alginate 

and glycosaminoglycans, and finally polynucleotides, DNA and RNA.37 Most of these materials 

are ECM analogues, presenting cell-binding motifs and other cell-friendly characteristics. 

However, they can carry a risk of immune response and infection due to the fact that they are 

often isolated from other organisms.36 Synthetic materials on the other hand are typically 

Figure 1.3: The 
integrin receptor 
family in 
mammals and 
their ab subunit 
associations. 
Reproduced with 
permission from 
Cell (2002) 
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amorphous and homogenous materials with little to no biological activity.39 They must still be 

biocompatible, and polyglycolic acid (PGA), polylactic acid (PLA) and poly(lactic acid-co-glycolic 

acid) (PLGA), Poly(ɛ-caprolactone) (PCL) and polyethylene glycol (PEG) are the most 

commonly used synthetic materials.40,41 The porosity of scaffolds made from these synthetic 

materials, degradation and mechanical properties can be more easily and widely tuned than 

natural materials, and they are often far less expensive.42  

Both synthetic and natural materials have inherent advantages over the other and are therefore 

often used in combination. Initial tissue engineering studies focused on coating ‘hard’ synthetic 

scaffolds with proteins such as fibronectin, collagen and laminin in order to enhance cell 

adhesion.36 In another application, vascular endothelial growth factor (VEGF) has been 

incorporated into PLA scaffolds to encourage vascularization.43 Synthetic polymeric hydrogels 

can be modified to incorporate RGD sequences, or tissue engineers can mix synthetic hydrogels 

with ECM proteins which present the domain such as fibronectin, vitronectin, and fibrinogen.44 

Synthesizing isolated RGD peptides and chemically associating them to polymers is facile, 

inexpensive and minimizes the risk of pathogen transfer or immune response when compared 

to xenograft or cadaveric sources of ECM protein.45,36 However, native integrin binding motifs 

are much more potent than the isolated RGD domain, Hautanen et al. measured a 1000-fold 

lower affinity in binding for RGD when compared to native fibronectin.46 Another drawback to 

this approach is the competitive inhibition of these incorporated binding sites by proteins found 

in the serum-rich media used in cell culture.39  

1.1.2.3.3 Scaffold Degradation 

The properties of a scaffold can also be designed to change over time. Scaffolds meant for 

implantation in vivo for example, usually are required to biodegrade in order to permit neotissue 

formation.42 Materials such as the synthetic polymer family of linear aliphatic polyesters, which 

biodegrade through hydrolysis of their ester bonds,47 have been used for over 20 years in tissue 

engineering research and have generated a large body of work primarily focused on the repair 



 35 

of in vivo injuries and defects.29,48,49 Originally used as materials in sutures, these materials have 

been well characterized by regulatory bodies, leading to their widespread use.50 Synthetic 

materials can be combined and optimized to degrade at a controlled rate, or designed to 

incorporate molecules which will degrade with UV light for example.51 However, concerns have 

arisen around the hydrolytic degradation of these polymers as it produces carbon dioxide 

thereby lowering the local pH and leading to cell death and tissue necrosis, although there 

remains no consensus on these concerns.52,53 In addition, synthetic polymers have reduced 

bioactivity which may increase the risk of rejection in vivo.29 Natural polymers have the 

advantage of being not only biocompatible but also bioactive, and can also be formed into 

degradable scaffolds.42 Cells will enzymatically degrade natural hydrogels such as collagen and 

fibrin using matrix metalloproteinases.54  

In order to replicate the ECM for tissue engineering to produce the ‘ideal’ scaffold, the 

mechanical, structural and biochemical dynamics of the in vivo environment must be assessed 

and understood.39 A large variety of strategies exist, but they all fundamentally depend on the 

desired end result and the methods to be used to achieve it. The following section will examine 

tissue engineering methods in more detail. 

1 . 1 . 3  A p p r o a c h e s  t o  3 D  T i s s u e  E n g i n e e r i n g  
1.1.3.1 3D Scaffolds 
There are a great number of methods to generate 3D scaffolds for tissue engineering, which 

can broadly be separated into three categories, the first two were recently reviewed by Eltom et 

al. and are ‘conventional methods’ and ‘rapid prototyping’.38 In brief, ‘conventional’ methods 

include freeze drying, solvent casting, gas foaming, electrospinning and thermal-induced phase 

separation, all techniques that have been applied to materials science before they were used 

by tissue engineers.38 Of these techniques, electrospinning is one of the most common and can 

be used to generate scaffolds from synthetic polymers55 as well as natural polymers such as 
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collagen56 and spider silk composites57. In the latter, the composition of the electrospun fibers 

could be tuned so that an optimum ratio of silk to collagen with the desired stiffness and 

distribution density of ligand binding sites was found, in order to best direct stem cells down a 

neural lineage.57 Cells are almost always incorporated into these scaffolds by seeding after 

manufacture due to the cell antagonistic conditions used during their synthesis (extreme 

temperatures, low pH, cytotoxic solvents).58 A precise control of the microstructure and 

architecture of the scaffold as well as the mechanical properties of the scaffold is allowed in 

most of these methods.58  

‘Rapid prototyping’ includes stereolithography, selective laser sintering, fused deposition 

modeling, and bioprinting.38 If ‘conventional’ methods allow for fine control of the microstructure 

of the scaffolds, ‘rapid prototyping’ methods allow for control of both the micro- and the 

macrostructure of the scaffolds.59 ‘Rapid prototyping’ methods involve the sequential delivery of 

material and/or energy to controlled points in space.58 This material can be formed of synthetic 

or natural polymers, ceramics or hydrogels and combinations thereof.37 Depending on the 

method used, rapid prototyping of a scaffold allows for both the seeding of cells after 

manufacture, and for the cells to be incorporated into the material and deposited with spatial 

control.38 Developments in a particular field of rapid prototyping, 3D bioprinting, will be detailed 

in Chapter 1, Section 1.2. 

Often however, a combination of these manufacturing techniques is used to generate composite 

materials which recapitulate the most desirable aspects of the individual techniques. Landmark 

work by Langer, Vicanti et al. combined non-woven PGA meshes and fibrin to attempt to 

generate cartilage for in vivo implantation.60 These materials were selected due to their 

biodegradation properties, however the mechanical strength and durability of the implants 

meant that resulting cartilage was sub-optimal.60 Moutos et al. also attempted to generate 

cartilage by using woven PGA and PCL scaffolds reinforced with fibrin and Matrigel 

respectively.61,62 These two natural materials provide the biological support for the cells whereas 
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the synthetics mimic the mechanical properties of the desired tissue. The third method is the 

purely biological method which includes decellularized organs as scaffolds and enzymatically-

driven 3D scaffold generation, which will be discussed in more detail in the context of fibrin 

scaffolds in Chapter 4, Section 4.2.2. 

1.1.3.1.1 Decellularized Extracellular matrix Scaffolds 

A scaffold made of acellular ECM which has been processed from allogeneic or xenogeneic 

tissue will be the best biomimic.58 Using a tissue sample from the patient or another species 

(often porcine), the cells and cellular antigens are removed using a variety of chemical, 

enzymatic and physical methods, often in combination.63 However, these methods can alter the 

decellularized ECM (DECM), possibly reducing its biomechanical integrity and cellular inductive 

properties. Furthermore, the chemicals used in decellularization may also be released after 

implantation possibly causing harm.64,65 DCEM from a large number of physiological sources 

have been used in tissue engineering and rapidly adopted in the clinic, such as porcine small 

intestine, human dermis, porcine urinary bladder and others.64 DECM scaffolds from these 

sources have resulted in the regeneration of skin and contaminated wounds, as reviewed by 

Elmashhady et al.64 Despite these successes, autologous or at least allogenic DECM scaffolds 

are the most desirable because failure to completely remove the alien cellular material from the 

donor tissue will invariably result in the failure of the transplant due to immune responses.66 

Limitations on the availability of donor organs for DECM that form an immune match are the 

same as those faced by patients on waiting lists for organ donation, so timing is key.66 To that 

end, Chani et al. recently demonstrated that a decellularized rat kidney could be cryopreserved 

for 3 months before being recellularized with comparable results to a fresh kidney, paving the 

way for whole organ transplantation from cryopreserved DECM scaffolds.66   
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Figure 1.4: Schematic representations of the various approaches to scaffold-based tissue engineering and a list of 
their advantages and disadvantages. Often these methods are used in combination to nest utilize the advantages 
presented by each. Adapted from Chan and Leong with permission from the European Spine Journal (2008).    

1.1.3.2 Organoids 
With the discovery of embryonic stem cells (ESCs) and their synthetic equivalent, induced 

pluripotent stem cells (iPSCs), scientists were quick to establish protocols for differentiating 

these pluripotent stem cells into mature cell phenotypes by using chemical and physical signals 

inspired by developmental biology.67 As a result, pluripotent stem cell differentiation into 

rudimentary human tissues such as kidney, lung, brain, gut, and liver are now possible.67 The 

first study to use these pluripotent stem cells to replicate the 3D systems of organogenesis, i.e. 

cell differentiation and morphogenesis, in vitro was by Yoshiki Sasai and his colleagues, who 
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used ESCs to generate self-organizing optic cup, layered cortical and retinal structures, pituitary 

and brain structures.68 The formation of 3D organoids from cells in vitro reflects the principles of 

self-organization and morphogenesis present in the embryo, and are often scaffold-free.69 

These models are more complex and organ-like than those formed by 2D culture, and allow 

scientists to investigate cellular behavior and interactions that are difficult to study in vivo.70 

Methods to arrive at these organoids are end-tissue specific, and often involve specific changes 

in signaling molecules and transfers between 2D and 3D culture.67  

The formation of brain organoids was one of the first protocols to be developed, principally due 

to ESCs’ spontaneous differentiation into neurons in the absence of inhibitors67, and are an 

excellent candidate tissues for modelling organ development in vitro. Studying the human brain 

using model organisms is of particular interest due to the complexity of cerebral development, 

ethical issues around obtaining human samples, and subtle differences between human and 

animal models.68 Eiraku et al. modified a technique called serum-free floating culture of 

embryoid body-like aggregates (SFEB), first developed by Watanabe et al.71, by reaggregating 

the dissociated ESCs isolated from SFEB in low adhesion 96-well plates (SFEBq), which could 

be directly differentiated into neocortical organoids with a similar structure to in vivo neocortical 

tissue.72 The SFEBq generated organoids could also be resuspended in Matrigel and 

differentiated into retinal organoids73 or “mini brains” containing an impressive range of brain 

regions74. One striking example of mini brain fabrication was reported by Qian et al., who 

developed a bioreactor to generate forebrain organoids from iPSCs, which when infected with 

Zika Virus showed preferential infection, cell death and a reduction of the neural cell volume, 

recapitulating the mechanism of Zika Virus inducted microcephaly.75  

By taking pluripotent stem cells and exposing them to activin A, cells can be directed to the 

definitive endoderm lineage, a prerequisite for differentiation into mature endoderm derivatives 

such as stomach, lung and liver organoids.67 The importance of activin A in pluripotent stem cell 

fate was first established by D’Amour et al. in 2005,76 and human PSCs have since been induced 
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into hepatic endotherm cells in 2D using a combination of activin treatment and bFGF/BMP4.77 

These immature endodermal cells were further carried down the hepatic cell track by addition 

of endothelial and mesenchymal cells, which led to the spontaneous formation of 3D aggregates 

resembling the liver bud when cultured on a layer of Matrigel.77 In vivo transplantation of these 

liver-bud like aggregates into murine models resulted in vascularization within the host, 

functionality and metabolism and even rescued recipient mice from drug-induced liver failure.77  

Kidney organoids have also formed the basis of intense study, landmark work by Melissa Little 

and her colleagues is discussed later in Chapter 1, Section 1.3.7.3.78   

Overall, organoids possess a number of key attributes. They can be readily generated from 

relatively well characterized and understood ESCs or iPSCs, allowing for simultaneous 

differentiation into multiple cell types, can integrate genetic knock-out models, and have 

potential for personalized medicine as pluripotent stem cells can be directly sourced from the 

patient.67 Moreover, they mimic organogenesis, self-organizing into structures that can not only 

provide us with information about our biological development, but also potentially generate 

autologous tissues ready for transplantation. They are, however, commonly limited by the 

Figure 1.5: Spin bioreactor and brain 
organoids fabricated by Qian et al. to 
study the effects of the Zika Virus on 
forebrain organoids. The bioreactor 
system is modular, stackable and 
compact, and allows for smaller 
working culture volumes. These small 
volumes allow for disease modelling 
and immunoassays to be more cost 
effective and therefore complete. Zika 
Virus modelling replicated in vivo 
mechanisms of increased cell death, 
proliferation and reduced neuronal cell 
layer volume resembling microcephaly. 
Reproduced with permission from 
Elsevier (2016).  
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absence of the other tissues types which make up a whole organ, such as nerves, blood vessels 

and immune cells.67 These tissue components could eventually be incorporated using as yet 

unknown methods.  

1.1.3.3 Microfluidics 
Most tissues found in the body are vascularized, meaning a network of blood vessels and 

capillaries deliver oxygen and nutrients deep in the tissues. This also means that many cells in 

the body are subject to flow and shear forces, shaping their behavior.79 Microfluidic systems can 

emulate the cellular microenvironment by recreating shear stresses found in vivo and facilitate 

the diffusion of signaling molecules between cells.9 In practice, a perfusable channel is created 

and cells are either seeded in the channel or in monolayer culture and subjected to the controlled 

laminar flow, simulating vascular shear. 

Using this technique, researchers were able to model complex cell to cell interactions such as 

metabolism induced cytoxicity,80 as well as physiologically relevant levels of metabolite 

exchange between two cell types.81 Many types of organs have been modelled using 

microfluidics, including the lung,82–84 the heart,9 liver,24 and kidney.79,85–91 The kidney specifically 

has been the object of several high profile studies by Dr. Jennifer Lewis and colleagues, both 

as cells coating perfused channels and as organoids under flow.79,89  

 
Figure 1.6: Schematic of the microfluidic organoid laden chip used to derive vasculalised kidney organoids. 
Reproduced with permission from Springer Nature (2019). 
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In the latter, kidney organoids (shown above) were subjected to superfusion and it was found 

that those organoids expressed enhanced adult gene expression, cellular polarity and 

substantial vascularization when compared to static controls.79 Microfluidic systems in general 

have the advantages of being readily scalable, low cost, automated, have replicated several 

organs’ function, and can be interfaced with detection systems for rapid analysis.92 However, 

the cells in microfluidic devices are usually still adhered to a 2D surface. Even if that surface 

may be modified with natural materials to mimic the ECM, microfluidic devices do not fully 

recapitulate the 3D in vivo environment such that microfluidics are not considered a true 3D cell 

culture technique and are limited in their ability to fully replicate the structure of tissue in vivo.   

1 . 2  3 D  P r i n t i n g  a n d  B i o p r i n t i n g  
Additive manufacturing, also called 3D printing, involves the precise layer by layer deposition of 

material by a computer-controlled machine to form assembled structures. The first 3D printer 

was developed in 1986 by C. Hull and generated 3D objects from layers of ultraviolet (UV) 

curable resin in a process termed “stereolithography”.93 In the decades since, 3D printing has 

already driven innovation in engineering, manufacturing, art, education and medicine by 

essentially democratizing the skill of precision manufacture.94 Using low-cost, easy-to-use and 

often open-source95 3D printing systems, consumers with a rudimentary grasp on computer 

aided design (CAD) can prototype and manufacture physical objects with a range of material 

properties. In brief, a CAD program allows the user to design a 3D object in silico, this object is 

then converted into layer-by-layer 4-axis (x, y, z and extrusion) movements of the printer using 

another program (usually called the ‘slicer’). These 4-axis instructions are sent as code (g-code, 

ISO 6983, is the standard language96) to the 3D printer which carries out the commands. In 

more advanced systems, both the material generating the 3D printed object and the object are 

continuously monitored so that the 3D printer can automatically make adjustments to ensure 
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successful prints. Additive manufacturing techniques were first applied to tissue engineering by 

forming synthetic scaffolds for subsequent seeding with cells (see Chapter 1, Section 

1.1.3.1).59,97,98 However these methods are inherently limited both by the homogeneity of the 

cell distribution within the scaffolds as well as their inability to control the positioning of those 

cells.14,99 Therefore, researchers quickly sought to place the biological material, either cells or 

cell aggregates, concurrently with the scaffold material, using a layer-by-layer approach to 

generate 3D structures in a process called 3D bioprinting, outlined in Figure 1.6 above.100 Tissue 

engineers must carefully select the combination of bioprinting approach and bioink in order to 

minimize cell death during the process, maximize 3D spatial control, to best fit the desired end 

result. 

  

1 . 2 . 1  A p p r o a c h e s  t o  3 D  B i o p r i n t i n g  
Currently, three approaches to bioprinting exist: inkjet14,101–103, extrusion100,104–107 and laser-

assisted108,109. A graphical guide to each method can be found below (Figure 1.8).110  

Each technique has their respective advantages and drawbacks owing to the restrictions 

imposed by the choice of technique on the cell-carrier material and the forces being applied to 

the cells.111 These have been thoroughly reviewed in the last five years.110,112–114 The ideal 

combination of 3D bioprinting technique and bioink will depend on the desired outcome.  

Figure 1.7: Schematic of the 
bioprinting procedure for tissue 
engineering. The desired properties 
of the bioink, fabrication and 
processing method are summarized 
on the right. Reproduced from 
Nakamura et al. with permission 
from IOP Publishing (2010).  
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Inkjet printers are best suited to printing low viscosity materials and precise patterning of 

cells.115,116 However, prints using this method often exhibit poor mechanical properties, and 

therefore poor z-axis resolution and size as the hydrogels in inkjet printing cannot be too viscous 

or they will clog the nozzle.117 In general, these bioprinters are high resolution, low cost and 

fast.114 Inkjet bioprinting has allowed for in situ application of fibroblasts118 and chondrocytes119 

to wounds.   

Extrusion bioprinters are best for printing large 3D tissues due to the high viscosities and cell 

densities and that can be printed.110,111 However prints using this method are not the most viable 

due to the shear forces and possible backpressures involved.120,114 A more thorough review of 

extrusion bioprinting can be found in Section 1.2.2.  

 
Figure 1.8: a) two approaches to inkjet bioprinting, both dispense pulsed droplets of bioink onto a substrate. b) 
microextrusion bioprinting approaches, which either use a pneumatic or mechanical (piston or screw) system to 
dispense continuous cylinders of bioink. c) laser-assisted where a pulsed laser is focused onto a cell-rich absorbing 
substrate generating sufficient pressure to propel material onto the printbed. Image from Atala et al. reproduced with 
permission from Springer Publishing (2014) 

In laser-assisted bioprinting, no nozzle is used which makes it useful for cells that are particularly 

sensitive to shear, but the very small resolution limits its application to cellular 

microconstructs.109 These systems are however often cost prohibitive for basic tissue 

engineering research.110  
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Table 1: Properties and advantages and disadvantages of different 3D bioprinting methods, adapted from 121.  

Bioprinter 
Type 

Speed Resolution Cell 
Viability % 

Advantages Disadvantages 

Inkjet Fast High 80-90 Speed 
High viabilities 

Clogging of nozzle 
Poor mechanical 
properties of bioink 

Microextrusion Slow Moderate <80 Ease of use 
Variety of materials 

Large shearing 
forces applied to 
cells 
 

Laser-assisted Medium High >90 Single-cell resolution Expensive 
Limited application 

 

1 . 2 . 2  E x t r u s i o n  3 D  B i o p r i n t i n g  
The first studies in extrusion bioprinting focused on 3D printing biocompatible scaffolds to be 

subsequently seeded with cells, although the accepted definition of ‘3D bioprinting’ has evolved 

since to now exclude this methodology.122 Next, studies conducted by Vladimir Mironov, Gabor 

Forgacs and colleagues relied on the computer-aided deposition of scaffold-free cell aggregates 

onto hydrogel, which then fused into self-assembled constructs in a process similar to 

morphogenesis.14,123,124 Current efforts in extrusion bioprinting can involve single cells, 

aggregates and organoids, and cell strands printed on one or several printheads using a variety 

of synthetic and natural hydrogels as the scaffold material.125 Extrusion 3D bioprinting (other 

methods reviewed in Chapter 1, Section 1.2) can involve layer by layer deposition of live cells 

and extruded biocompatible bioink using an actuator and a nozzle.104 Extrusion bioprinting 

therefore requires that the hydrogel carrier material for the cells strike a balance between being 

viscous enough to achieve good print resolution but not so viscous that the cells experience 

high shear stress and therefore low viability.126 Extrusion bioprinters are commonly actuated 

either by a mechanical system in which the flow of material is driven by a motor which displaces 

a piston or screw, or by a pneumatic system in which the flow of material is generated by a 
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pressure differential from air being forced into the material reservoir.111 Interestingly, a study 

has found that increasing print pressure in a pneumatic system lead to a greater proportion of 

injured cells than decreasing nozzle diameter, although both lead to apoptosis.127 The flow of 

the bioink is dependent on the hydrogel’s rheological properties as well as the dispensing 

parameters which include nozzle diameter (L), dispensing height (h), printhead speed (V), 

volumetric flow rate (Q, a function of applied pressure) and adhesion to the substrate, visualized 

in Figure 1.9.111  

Despite the many variables that must be carefully controlled to strike the correct balance 

between print resolution, accuracy, and cell viability; a study has shown that cells bioprinted 

under optimized conditions showed little additional damage compared to cells which were not 

subject to the same forces by being gently cast into the same shape.128  

 

Figure 1.9: Diagram of the variables affecting the flow and resolution of the bioink in extrusion bioprinting. (–) indicates 
decreases in the variable in bold, (+) indicates increases in the variable in bold.  
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Currently, the most advanced extrusion bioprinters such as that developed in A. Atala’s group, 

use a range of materials from hydrogels to synthetic biodegradable polymers, often concurrently 

using multiple printheads and can therefore reproduce complex 3D tissues such as cartilage 

and bone.105 J. Lewis’ group is also leading the field in the development of complex 3D 

structures by using Pluronics as sacrificial materials to ‘build in’ perfusable channels which 

mimic blood vessels or renal tubules.89,106 Using this approach, the Lewis lab has designed 

‘kidney on a chip’ systems and demonstrated reabsorption of albumin, as well as disease state 

and rescue in the endothelial cells.129 Though this method exploits 3D printing to form the 

channels on which the cells are seeded, it does not incorporate cells into a 3D printed matrix 

and therefore is not ‘true’ 3D bioprinting. Disadvantages of this method versus ‘true’ 3D 

bioprinting are that is it low-throughput and more time and effort is necessary to prepare the 

chips for cell seeding. One of the aims of this work is to innovate on this approach and also use 

Pluronic as a sacrificial material but incorporated into the bioink with the cells of interest.  

 

Figure 1.10: The Lewis Lab’s approach to 3D kidney models for disease modelling. a) schematic detailing the process 
by which the cell-coated perfusable channels are made using sacrificial Pluronic ink and Gelbrin ECM (a proprietary 
ECM mimicking gel made of gelatin and fibrin). b) photographs demonstrating the possible channel designs when 
using this method. c) fluorescence microscopy images of the two cell types growing in separate channels with interior 
lumens. d) a closer view at the cells in the channels, stained for cell-specific protein expression. Reproduced using 
a Creative Commons License, PNAS (2019).   
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1 . 2 . 3  B i o i n k s  
For any of the 3D bioprinting methods described in Section 1.2.1 above, a bioink must be 

carefully selected. Some of the considerations have already been detailed in the context of 

tissue scaffolds in Section 1.1.2, but specific considerations for bioinks will now be examined. 

For the purposes of this study, a bioink is any fluid containing cellular material deposited by a 

bioprinter.130 Most bioinks are composed of multiple components, synthetic or natural polymers 

and hydrogels, soluble factors and multiple cell types.99 These components will be selected on 

properties such as shear-thinning131 (though not necessarily), mechanical132, 

thermoresponsiveness113,133, crosslinking134 and biological activty112 which are all readily tunable 

and form the bioprinter’s toolkit.  

In general, the rheological properties of the bioink will be tuned to allow printability and structural 

stability of the bioprinted structures.99 The rheology of bioinks can allow them to be broadly 

separated into two categories, shear-thinning and non-shear-thinning.99 Shear-thinning 

materials exhibit non-Newtonian properties and become less viscous under shear, a property 

usually desired for extrusion bioprinting.131 They exhibit these properties due to the reversible 

and noncovalent bonds between the monomers of the bioink.131 Many hydrogels such as 

alginate135, gelatin-methacrylate (GelMA)136, Pluronic F127137 and others are shear-thinning, 

though these properties may change when combined with other components.131 Non–shear-

thinning bioinks do not form reversible bonds in their supramolecular assemblies and will often 

need further crosslinking after printing.112 Hydrogels which display non–shear-thinning during 

their gelation process include fibrin and collagen, which would imply they are not suitable for 

extrusion 3D printing. However, Hinton et al. developed an elegant solution.138 By printing these 

materials into a container filled with a shear-thinning gelatin microbead slurry, the soft fibrin 

could be crosslinked as it was precisely deposited in 3D space, resulting in mechanically robust 
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prints with complex 3D internal and external geometries once the support material had been 

washed away by increasing the temperature.138  

Other than the given biocompatibility, bioinks can be designed to promote cell adhesion by 

incorporating biomolecules.99 Alginate, a biologically inert but mechanically stable material has 

been used in combination with gelatin139, fibrin117, cellulose140 and RGD-peptides135 to present 

integrin signaling motifs to the cells incorporated into the bioink. Although studies have shown 

certain cell types such as human mesenchymal stem cells and brain cancer cells will survive 

and proliferate in pure alginate bioinks.107,126 Some of the most biologically successful bioinks 

are not bioinks at all, rather suspensions of cells only, and have been demonstrated to work 

with inkjet, extrusion and laser-assisted bioprinters.141 Pioneered by A. Mironov and colleagues, 

bioprinting with pure cell suspensions is also termed scaffold-free bioprinting, and these 

techniques can more closely mimic morphogenesis by encouraging the production of 

endogenous ECM.123 In practice however, these bioinks are often used in conjunction with 

natural or synthetic materials to provide structural support to the scaffold-free system.141  

Once a bioink has been carefully deposited, its components are usually controllably crosslinked 

to give rise to the desired mechanical properties and stability of the 3D printed construct.99 Many 

methods exist to crosslink polymers used in bioprinting, the most common relying on 

temperature (as seen above), ionic bonds (e.g., with alginate126) and light (as with GelMA142). 

GelMA is a hydrogel material that is widely used in tissue engineering due to it providing both 

the bioactivity of gelatin and the flexibility of photocrosslinking.143 J. Malda and colleagues have 

pioneered research on GelMA as a bioink by the addition of viscosity-enhancing materials such 

as gellan gum144 or hyaluronic acid145. However concerns do exist around the damage caused 

by the UV light used during crosslinking as well the cytotoxicity of the photoinitiators used in 

these bioinks.112 As with any tissue scaffold, the biological properties of the bioink components 

must be taken into account.  
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The thermoresponsive properties are often crucial for a bioink, with many materials such as 

gelatin, agarose and PLGA melting when heated during printing and solidifying on the 

substrate.113 A recent review by R. Suntornnond covers thermoresponsive hydrogels for 

bioprinting in great detail.113 In particular, synthetic hydrogels known as Pluronics display 

desirable thermal and mechanical properties of high viscosity and shear-thinning when heated 

and will essentially dissolve at lower temperatures.146 This mechanism is detailed in Section 

Error! Reference source not found., but it has already been proven useful in a number of 

bioprinting studies.106,107,147  

Overall, using 3D bioprinting for tissue engineering often calls for a complex and multifaceted 

approach based on considered, complementary selection of techniques and materials. A 

thorough understanding of the tissue to be printed will help to direct the bioprinting approach.    

1.2.3.1 Alginate Hydrogels for Bioprinting 

Alginic acid is a family of naturally occurring polysaccharide copolymers of b-D-mannuronic acid 

(M residues) and a-L-guluronic acid (G residues), usually extracted from algae.32 These M and 

G residues link to form blocks in the polymer chain, and alginates extracted from different 

sources differ in their M and G residue ratio as well as the length of their blocks.148 In order to 

form stable hydrogels, alginate must be crosslinked, which can be done using chemical or 

physical methods, with the most commonly used method being ionic crosslinking.148 Divalent 

cations such as Cu2+, Ba2+, Zn2+, and most commonly Ca2+, interact with the G-blocks most 

strongly to form ionic bridges between different chains, giving rise to a ionically crosslinked 

alginate hydrogel (see Figure 1.11 below).149 These ions also interact with the M-blocks though 

this interaction is weaker due to the lower electron density between adjacent M-blocks.  

Soluble sodium alginate is commonly used as a hydrogel in bioprinting due to its 

biocompatibility, affordability, mechanical properties, ability to form porous scaffolds and 

reversible control over stiffness.126 The degradation of the bioink can be tuned by varying 
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amounts of oxidized alginate.135 Commercially available alginate has not always been purified, 

nor has its ratio of G to M blocks been determined, and this will be the case for the alginate used  

 

Figure 1.11: a) chemical structures of G and M residues in GGGG, MMM and MGM blocks as found in alginate. b) 
diagram of uncrosslinked alginate chains (black) formed of M (straight or curved) and G blocks (sawtooth), 
crosslinked with a divalent cation (blue) which only interacts with the G residues in what is called the ‘egg box’ model. 
Reproduced and adapted with permission from Elsevier (2012). 

in this study.150 Both the purity of the alginate (i.e. freedom from contaminants such as 

endotoxins) and the ratio of G to M blocks have been shown to affect cell viability.151 High 

guluronic acid content (73% G residues) alginate appears to be less favorable to cell 

proliferation and metabolism when compared to alginate with high mannuronic acid content 

(68% M residues).152 In addition, purifying commercial alginates with unknown G to M ratios has 

resulted in improved biocompatibility when transplanted in vivo.153 Therefore, using alginate of 

a known composition appears to give the user more control over cell behavior and fate in the 

gel, however previous studies using commercially available ‘raw’ alginate did not note any 

negative effects.107 It is also important to note that alginate is a biologically inert material, 

needing modification to promote cell adhesion in most cell types. 

1.2.3.2 Sacrificial Bioinks  
Additional complexity can be added to the bioprinting process by using composite printing 

methods or even composite bioinks. Often the poor mechanical properties of the most cell-

friendly hydrogels mean that additional templating or ‘sacrificial’ material is needed to support 

the cell-laden bioink.112 For example, sacrificial microchannels of agarose have been co-printed 

with gelatin methacrylate and have resulted in more porous scaffolds which can be subjected 



 52 

to flow.154 Water-soluable polymers such as PVA and PCL have also been co-printed as support 

material alongside softer hydrogels to result in larger and more defined sturctures than would 

be possible with the hydrogel alone.155 The technical challenge of printing these dissimilar 

materials at the same time in situ has been addressed by several commercial and custom 3D 

bioprinters, however their complexity and expense is often prohibitive to most researchers. 

Therefore, much research has been done to incorporate sacrificial material in the bioink itself, 

often using a class of thermoresponsive synthetic polymers called poloxamers or Pluronics.156 

At gelling concentrations of around 15% it is a liquid at low temperatures and a gel at 

physiological temperatures.146 Therefore it can be washed away in solution at 4˚C, leaving 

behind channels or pores and enhancing the 3D construct. Alone, Pluronics are not suitable for 

long term cell culture due to poor biocompatibility, therefore they are mostly used in combination 

with other materials.156        

1 . 3  T h e  K i d n e y  
In the body, the two kidneys perform the essential function of filtering waste products of 

metabolism from the blood and producing urine.157 Processing 180 L of blood each day, the 

kidneys are susceptible to  damage from the toxins, diseases and drugs that can be found in 

the blood.129 Each kidney is composed of approximately one million subunits called nephrons, 

themselves divided into the tubule and glomerulus which is responsible for the ultrafiltration of 

the blood.158 

1 . 3 . 1  D e v e l o p m e n t  a n d  M o r p h o g e n e s i s  
As discussed above in Section 1.1.1, understanding the morphogenesis of an organ can provide 

a blueprint for tissue engineers to create functional in vitro models. Kidney morphogenesis 

begins with the intermediate mesoderm, which first gives rise to the ureteric bud and the 

metanephric mesenchyme.159 In this step, pretubular cells begin to aggregate on the ureteric 
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bud, receiving a Wnt9B signal from the bud160 and forming precursors to nephrons.161 These 

cell aggregates undergo morphogenesis into comma-shaped then s-shaped bodies during 

which the mesenchymal cells transform into epithelial cells and excrete angiogenic factors such 

as VEGF162 which recruit endothelial cells to the cell body.161 Next, the glomerulus and other 

structures of the nephron are fully formed.161  

Genetic knock-out experiments on platelet-derived growth factor (PDGF) and integrin α3 genes 

have demonstrated that they are essential to proper glomerular development.163 Ligands for 

integrin α3 include laminin-1 and -5, collagen, fibronectin and nidogen.163 These specificities 

lead to the notion that integrin α3 is a receptor for the basement membrane in epithelial cells, 

and it has also been demonstrated to have a role in cell-cell adhesion.163 Crucially, as the 

glomerular epithelial cells, also called podocytes, mature to the capillary loop stage they lose 

their mitotic ability; the consequences of which are reviewed below in Section 1.3.5.  

1 . 3 . 2  G l o m e r u l a r  S t r u c t u r e  a n d  F u n c t i o n  
The glomerulus is a specialized capillary loop, that serves as a molecular sieve regulating 

hemostasis, protein and salt levels in the blood.158 This loop is made of highly specialized 

epithelial cells called podocytes and fenestrated endothelial cells, separated by the glomerular 

basement membrane, and the whole loop is encased by mesangial cells. Partial epithelium in 

what is called the Bowman’s Capsule collects the glomerular filtrate and contracts to direct it 

towards the proximal tubule to be further processed into urine.164 

 

 

Figure 1.12: Simplified schematic showing a cross-
section of a renal glomerulus. With BC the Bowman’s 
Capsule, P the interdigitating podocytes, the green line 
the glomerular basement membrane, C the inner space 
of the capillary, E the fenestrated endothelial cells, M 
the mesangial cells. Reproduced with permission from 
the Company of Biologists (2008) 
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1 . 3 . 3  G l o m e r u l a r  M o r p h o g e n e s i s  
The morphogenesis of an organ or part or an organ can provide a roadmap for tissue engineers 

to follow (See Chapter 1, Section 1.1.1). The precursor to the nephron can first be seen in the 

renal vesicle, which develops into the s-shaped body, which includes early distal tubule, 

Bowman’s capsule and podocytes.158 After recruitment of endothelial cells, the original single 

capillary expands into a plexus of six to eight individual loops, and the podocytes extend 

themselves around them.158,165 The mechanisms of the segmentation of the nephron and the 

extending of the podocytes around the capillary loops are not entirely understood.158 The cells 

that will become the podocytes and GEnCs have already formed their own basal lamina and 

these fuse to become the glomerular basement membrane.158 A study using a transgenic mouse 

model expressing GFP in the ureteric bud visualized its branching morphogenesis in real time.166 

In the final stage, the podocytes mature and form their foot processes and the endothelial cells 

form their fenestrae, giving rise to a fully formed glomerular filtration barrier (GFB).165,167 It is the 

structure of the GFB which gives the kidney its specificity of filtration, and all three components 

contribute.168 

 

Figure 1.13: Schematic representations of the stages of kidney nephrogenesis. a) formation of cellular condensate 
around the ureteric bud on the Wolffian duct, b) pretubular cells aggregate, and form c) comma-shaped and d) s-
shaped bodies, e) secretions of angiogenic factors recruit endothelial cells to the body, f) the glomerulus forms. With 
permission from Mechanisms of Development (2000) 
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1 . 3 . 4  T h e  G l o m e r u l a r  F i l t r a t i o n  B a r r i e r  
The two cell types of interest for this study are the podocytes and glomerular endothelial cells 

(GEnCs). Highly specialized and with distinct characteristics, together with the glomerular 

basement membrane they form the GFB.  

  

Figure 1.14: a) diagram of the GFB showing the podocytes (green) and associated proteins and molecules, GBM 
(blue) and fenestrated endothelial cells (red) and their negatively charged glycocalyx. Adapted with permission from 
Current Opinion in Nephrology and Hypertension (2001). b) False color TEM image of the GFB showing the same 
components as the diagram in a), the endothelial cell (En, red) and fenestrae (f), Podocytes (green) and foot 
processes (Fp) and the GBM (blue, B). Adapted with permission from Kidney International (1975). 

1.3.4.1 Glomerular Endothelial Cells 
Starting on the vascular side of the GFB, the endothelial cells provide the first mechanism of 

filtration through their structure and possibly charge.167 GEnC fenestrations are 

transcytoplasmic holes, approximately 60-80 nm in size and cover 20% of the endothelial 

surface.169 These fenestrations make the capillary much more permeable to water and small 

solutes, while retaining ‘large’ molecules such as proteins.170 Studies using electron microscopy 

have shown these are not empty as first assumed but filled with a 200-400 nm thick coat of 

glycocalyx.170 The glycocalyx is a hydrated network of fibrillar proteoglycans and these are made 

up of a core protein and covalently bound glycosaminoglycan side chains.168 The importance of 

the GEnC glycocalyx for filtration was confirmed in vitro by over-expression of an enzyme 

(human heparinase, HPSE-1) which degrades the most abundant proteoglycan found in the 

glycocalyx, heparan sulfate.168 Mice with this defect had their glycocalyx significantly reduced 
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and displayed a significant increase in albumin flux and therefore hallmarks of disease also 

observed in models with diabetic nephropathy.168,171 

1.3.4.2 The Glomerular Basement Membrane 
Basement membranes are common thin ECM sheets which serve as a foundation for both 

epithelial and vascular endothelial cells.172 They are most commonly composed of polymers of 

laminin, collagen, nidogen and heparin sulphate proteoglycans.173 Laminin is a heterotrimer of 

α, β, and γ glycoprotein chains, of which 15 different isoforms exist, with 5 variants of the α, 3 

of the β, and 3 of the γ chains known in mouse and human.174 The most physiologically common 

is the α1β1γ1 isoform (LM-111), in the glomerulus this changes as it matures into the α5β2γ1 

isoform (LM-521) which is the only isoform found in mature glomeruli.172 Both the GEnCs and 

podocytes intracellularly synthesize α1 and β1 initially, with the laminin polymerization occurring 

preferentially at the cell surfaces and leading to interactions between plasma membrane laminin 

receptors and the C-terminus of the laminin α chain.172,173 Both cells also appear to contribute 

to the maturation of the laminins in the GBM to LM-521.173 Collagen IV is another crucial 

component of the GBM, and like laminin undergoes isoform substitution via an as yet unknown 

mechanism.172 Early capillary loop stage glomeruli contain collagen α1α2α1(IV), which changes 

to collagen α3α4α5(IV) as they mature.173 The podocytes appear to contribute to this change 

but the endothelial cells do not.173 Changes in the composition of the GBM and the expression 

of cellular receptors which interact with the GBM result in defects and disease.173 So far, only 

one in vitro model of the glomerulus have demonstrated mature laminin or collagen IV deposition 

in the GBM.175  

1.3.4.3 Podocytes 
Finally, on the urine facing side of the GBM are the terminally differentiated visceral epithelial 

cells known as podocytes.176 The defining feature of podocytes are the interdigitating foot 

processes that form between cell bodies and attach to the GBM, wrapping around the 
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endothelium.177 The podocytes have a highly complex cellular architecture, comprising of major 

processes which are regulated by microtubules178, foot processes which are actin-mediated179, 

slit diaphragms in between those foot processes which are a meshwork of proteins180,181, and 

finally a thick negatively charged glycocalyx which not only provides a charge barrier for the 

GFB182 but enhances separation between foot processes by charge repulsion183. The 

development of these foot processes was recently revealed in stunning detail by using serial 

block-face scanning electron microscopy by Ichimura et al.164 Greater understanding of the 

development of the glomerulus in vivo can provide tissue engineers with more defined goals to 

replicate in vitro. Crucially for the understanding of glomerular disease, podocytes are a non-

proliferative cell type when fully mature, although uncontrolled proliferation may occur in a 

diseased state such as HIV nephropathy184, collapsing glomerulopathy and focal-segmental 

glomerular sclerosis185. A change in the appearance of the podocytes is also a hallmark of these 

diseases, with foot processes appearing disrupted and effaced.178 

1 . 3 . 5  K i d n e y  D i s e a s e   
End stage renal disease (ESRD) is a collection of syndromes which all lead to complete loss of 

renal function, caused by a range of conditions, some genetic, some idiopathic. A recent review 

by Reint et al. thoroughly examined the developmental defects and genetic changes that can 

cause end stage renal disease.186 Nephrotic syndrome (NS), is one of the most common forms 

of kidney disease (KD) and manifests as excessive leak of protein in the urine, interstitial edema 

aggravated by salt and water retention, and secondary effects on lipid metabolism, hemostasis 

and the endocrine system.187 NS is a result of a range of conditions, but the unifying feature is 

damage to the glomerular filtration barrier.187 As seen in section 1.3.2, the kidney, and 

specifically the glomerulus, have a highly specialized cellular architecture which is crucial to 

their function. Knock-out experiments removing just the glycocalyx of the GEnCs resulted in 

significantly increased albumin flux and decreased transendothelial resistance, indicating the 



 58 

filtration mechanism had been disrupted.168 Dysregulation of differentiation markers (Wt1, 

PAX2) or the actin cytoskeleton resulted in defects in the slit diaphragm of the podocyte, leading 

to morphological changes and therefore NS.186 Loss of differentiation in podocytes, normally 

post-mitotic cells, can lead to over-proliferation in an attempt to heal.187 There are also 

indications that immune cell dysfunction can lead to KD, with several therapeutic agents focused 

on immunological targets.188   

Focal-segmental glomerular sclerosis (FSGS) is the primary disease entity associated with 

nephrotic syndrome.185 Approximately 60 genes have been implicated in FSGS, and these can 

be broadly divided into two groups: genes that regulate actin dynamics and affect the structural 

integrity of the foot processes, and those that are related to adhesion to the GBM and may 

contribute to podocyte detachment.177 In particular, mutations in the NPHS1 gene are implicated 

in abnormalities in nephrin, a specialist glomerular adhesion protein.177,189 

1 . 3 . 6  C e l l  L i n e s  A n d  I n d u c e d  P l u r i p o t e n t  S t e m  C e l l s  
Due to the non-proliferative nature of mature glomerular cells, attempts to study them in vitro 

must use cell lines or induced pluripotent stem cells. Pioneering work by M. Saleem and 

colleagues have transfected podocytes190 and GEnCs169 with mutant simian virus 40 large tumor 

antigen to give rise to conditionally immortalized cell lines which are permissive at 33˚C and 

differentiate into their mature cell types after placement at 37˚C. The conditionally immortalized 

GEnCs retained the markers and behavior of primary GEnCs, showing fenestrae in response to 

VEGF. The conditionally immortalized podocytes expressed in vivo markers such as nephrin, 

podocin, CD2AP, synaptapodin as well as known molecules of the slit diaphragm.190 So far, 

these cells have been used to generate glomerular basement membrane in 3D cell culture using 

both magnetic levitation and 3D scaffolds, albeit with immature collagens and laminins55. 

In another approach, M. Little and colleagues have pioneered 3D renal organoid generation 

from induced pluripotent stem cells.191 One major drawback of these efforts so far is that using 
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iPSCs to generate whole kidney organoids has resulted in organoids that are morphologically 

and genetically representative of human first trimester tissue, but that contain all of the 

anticipated components of the human fetal kidney such as the patterned and segmented 

nephrons, collecting ducts, renal interstitium and endothelium.191 Recent work from J. Lewis et 

al. applied microfluidic flow to iPSC derived organoids which enhanced angiogenesis.79 

However, further limitations in iPSC derived organoids were demonstrated by the variability in 

kidney organoids between experimental batches.192 Recent efforts within the Little group have 

led to glomerular organoids from iPSCs which do show promise.193 In fact, podocytes isolated 

from these organoids displayed significantly improved gene expression when compared to 

conditionally immortalized podocytes.193  

1 . 3 . 7  R e n a l  T i s s u e  E n g i n e e r i n g  M o d e l s  
Initial studies attempting to engineer 3D kidney tissues focused on using 3D biodegradable 

polymer scaffolds, seeded with cells and implanted in vivo for maturation. Kim et al. isolated 

renal segments from 1 day old rats (which could include various cell types such as nephron 

epithelial and endothelial cells) and seeded them onto polyglycolic acid scaffolds and saw 

successful ingrowth of renal tissues after two and four weeks implantation.194 Other studies 

observed renal structures forming after in vivo implantation and even the production of a dilute 

urine, demonstrating the constructs’ functionality.195,196 More recently, renal cells isolated from 

rat were grown on collagen/Matrigel scaffolds in vitro and self-assembled into both tubules and 

glomerular like structures.197 Mouse embryonic kidney cells were grown on silk/collagen-

Matrigel scaffolds and showed recapitulation of function kidney tubules for over 2 weeks.198 Most 

recently, efforts within our research group have used fibrin/polyglycolic acid (PGA) scaffolds to 

grow and mature conditionally immortalized podocytes and endothelial cells and demonstrated 

the presence of collagen IV by immunostaining, an indication of an autologously generated 

glomerular basement membrane.55   
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1.3.7.1 Bioartificial Kidney 
Other than 3D scaffolds for drug discovery, the development of a bioartificial kidney (BAK) is 

another fertile area of research.199–202 The concept marries a hemofilter which serves as the 

glomerulus, and a bioreactor unit which contains renal cells grown as a confluent monolayer on 

the lumen of tubules, replicating the metabolic and endocrine functions of a kidney ex vivo.203 

Though promising, these systems have faced failures during clinical trials and present several 

issues such as the impossibility of implementation in public healthcare due to the cells being 

used and difficulty in upscaling.199 

1.3.7.2 Decellularized Organs 
As seen in Chapter 1, Section 1.1.3.1.1, decellularized organs can form the basis for scaffolds 

for tissue engineering. The benefit of decellularized kidneys is they maintain the complex 

architecture and native biochemical aspects of the in vivo tissue.7 They have been seeded with 

human embryonic stem cells, although they did not show much difference in expression when 

grown on decellularized kidney or lung, pointing to a lack of specific differentiation.204 More 

recent work has shown extensive repopulation of decellularized kidneys by induced pluripotent 

stem cell (iPSC) derived endothelial cells, where glomerular endothelial fenestrations could be 

observed.205 This success was limited by the inability to concurrently seed other cells such as 

the podocytes.205 An advantage of decellularized organs is that their inherent structure allows 

for placement in a perfusion based bioreactor, allowing for flow to be applied.206 

1.3.7.3 Organoids 
Tissue organoids can be isolated from primary mammalian organs or expanded from pluripotent 

stem cells (see Chapter 1, Section 1.1.3.2). Both approaches have been used to generate 

kidney organoids, with the M. Little’s group developing some of the most complete renal 

organoids.191,193,207–209 By examining the process of kidney morphogenesis, Takasato et al. were 

able to develop a protocol by which in vitro kidney organoids could be generated from pluripotent 
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stem cells, in a major advance.210 The multicellularity inherent to these organoids makes them 

applicable to drug screening, disease modelling, human developmental studies and tissue 

engineering.210 Generating organoids in this manner has the added flexibility of being able to 

incorporate mutations in the pluripotent stem cells to better model disease.191 One major 

drawback of these efforts so far is that using iPSCs to generate whole kidney organoids has 

resulted in organoids that are morphologically and genetically representative of human first 

trimester tissue.192 However, by using glomeruli sieved from the larger organoids, Hale et al. 

showed improved podocyte-specific gene expression when compared to conditionally 

immortalized cells.193 Another drawback is that the growth of these organoids is limited both in 

the duration209 and sizes that can be generated, in part due to lack of vascularization210. 

However, a recent study induced substantial vascularization and morphological maturation in 

kidney organoids by application of flow, highlighting the need to recapitulate all aspects of the 

cellular microenvironment.79  

 
 

Figure 1.15: Tilescan immunofluorescence 
image of a M. Little et al. renal organoid, 
showing the complexity of the tissue, ECAD+ 
stain (yellow) for distal tubule, LTL+ stain 
(blue) for proximal tubule, and NPHS1+ (red) 
stain for glomerulus. Scale bar 1 mm, 
reproduced with permission from Springer 
Nature (2015). 
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1.3.7.4 Microfluidics 
Flow is an essential part of the kidney’s correct function, and cells throughout the organ are 

subject to vascular or urinary flow shear stress dependent on their function.86 Microfluidic 

chambers, also called chips, allow for a controlled flow to be applied to cells within the channel. 

Studies using kidney cells were first conducted using rudimentary polydimethoxysilane (PDMS) 

devices, but quickly yielded promising results especially when examined for potential use in 

pharmacokinetic85 and disease modelling90. However, though these devices have a 3D 

architecture and can incorporate co-culture, the cells are often seeded and grown as a 2D 

monolayer on a flexible substrate, which is not an accurate replication of the in vivo structure of 

the kidney.90 A recent study, Petrosyan et al. built a functional glomerulus on a chip and 

mimicked several disease mechanisms using conditionally immortalized podocytes, primary 

podocytes and amniotic fluid derived podocytes.175 Crucially for the future of this study, the 

conditionally immortalized podocytes formed a much weaker GFB due to lower expression of 

key markers.  

 
Figure 1.16: Glomerulus on a chip developed by Petrosyan et al. a) diagram of the microfluidic device architecture. 
b) Diagram of the device when cells have been seeded. c) difference in albumin permeability of GFBs generated with 
conditionally immortalized podocytes like those used in this study (top) and primary podocytes (bottom). The primary 
podocytes appear much less permeable to albumin. d) Commercial device from this technology, the OrganoPlate™ 
platform, courtesy of MIMETAS™. Reproduced and adapted with permission from Nature Communications (2019).   
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1.3.7.5 3D Bioprinting Kidneys 
The next innovation came from the lab of J. Lewis, who combined 3D bioprinting technology 

and microfluidics.89,129 Both studies utilize the thermoresponsive gelation of Pluronic (discussed 

in more detail in Chapter 2, Section 3.1.1) to create 3D printed channels within gelatin/fibrin 

hydrogel. In the first, proximal tubule epithelial cells (PTECs) were seeded on the interior of the 

printed channel and once these formed a confluent monolayer, were subjected to flow and 

shown to express mature cell markers.89 In their next study, Lewis et al. printed two channels 

using the fugitive Pluronic ink and one was seeded with PTEC cells while the other was seeded 

with endothelial cells to successfully model tubular–vascular exchange.129 A. Atala gave a much 

publicized TED Talk in 2011 in which he ‘printed a human kidney’ on stage.211 In fact, this was 

a cell-free hydrogel scaffold in the shape of a human kidney, used to illustrate the future potential 

of 3D bioprinting technology. In reality, Atala and colleagues have designed one of the most 

advanced bioprinting systems in the world and have been cited many times in this thesis. 

Overall, 3D bioprinting of kidneys and especially glomeruli remains a nascent field of research, 

with great potential for future innovation.  

1 . 4  T h e s i s  S t r u c t u r e  
The work presented in this thesis aims to develop a method to biofabricate an in vitro model of 

the glomerular filtration barrier from conditionally immortalized podocytes and endothelial cells.  

Short introductions to the topics covered as well as the materials and methods used therein will 

be outlined at the start of each individual results chapter. 

Chapter 2 seeks to develop and test two new mechanical systems to be used in the bioprinting 

process. The first is an inexpensive, novel dual-extrusion system for 3D bioprinting. Using an 

open-source design as a starting point, the complexity, reliability and usability were greatly 

improved by the end of the prototyping phase, so that the end result was an experimentally 

optimized, new design. This design formed the basis for much of the 3D bioprinting data 
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acquired in this work. However, upon the acquisition of commercial system, the CELLINK BioX, 

a new set of optimization experiments were undertaken. Using the alginate–F127 bioink, ideal 

parameters such as print speed and print pressure were determined, and performance was 

baselined using model cell lines at CELLINK headquarters in Gothenburg, Sweden. The second 

mechanical system to be tested was the dual-asymmetric centrifuge used in the bioink 

manufacture. By quantitatively assessing different uses of the dual-asymmetric centrifuge 

versus a baseline, an experimentally optimized bioink preparation method was established. 

Spectrophotometric assays and scanning electron microscopy (SEM) studies of bioink prepared 

according to different methods confirmed the mechanism of action hypothesized from the cell 

viability results. 

The optimization of these procedural parameters was necessary to give the best possible 

chance of success to the next phase of the work, discussed in Chapter 3. Here, the conditionally 

immortalized glomerular cells are discussed for the first time, starting with their low viability in 

the alginate–F127 bioink. Working procedurally again, fluorescent cell lines were first 

established, before a baseline viability in the bioink for both cell types was determined. Next, 

exploratory live/dead studies of the bioink components, possible crosslinking solutions, bioink 

preparation method as in Chapter 2, and print pressure using the CELLINK BioX were 

conducted. Of these, only one experiment gave a possible indication as to the low viability, but 

for the podocytes only. The chapter concludes on a discussion of the importance of cell 

adhesion to the matrix and the potential for anoikis, as indicated by serial block face SEM and 

positive viability results using the biomaterial fibrin.  

Fibrin and thrombin form the basis for much of the experimentation and discussion in Chapter 

4. It begins with the successful purification and chemical modification of thrombin to generate 

an active, surfactant-coated form of the enzyme. This surfactant coated enzyme is compared to 

the native and cationized protein in terms of cell membrane binding and fibrin formation at the 

membrane using stem cells, with the surfactant coated enzyme found to perform the best. 
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Techniques from these results were applied to the glomerular cells and it was found that the 

surfactant thrombin and fibrin worked well with these too. The next challenge was incorporating 

the fibrin/thrombin technique to the less than ideal bioprinting approach from Chapter 3. Both 

quantitative live/dead assay and qualitative light microscope and electron microscope imaging 

helped to determine that the fibrin/thrombin method in combination with the alginate–F127 

bioprinting did not give the desired results. Next came the development of a novel method which 

utilizes the cell-membrane bound thrombin to generate 3D fibrin scaffolds of various 

architectures. The effect of fibrinogen concentration, cell culture conditions and co-culture are 

all explored and how they relate to the positive detection of collagen IV as measured by 

immunofluorescence. Collagen IV is significant as it is a key component of the glomerular 

basement membrane, the third component of the GFB other than the two cell types already 

present in the 3D fibrin constructs.    

The study concludes in Chapters 5 with overall outcomes, placing this work in context with 

current in vitro GFB fabrication strategies and Chapter 6, which outlines future work using the 

techniques developed in this thesis. 

1 . 5  A i m s  
The overall aim of this work is to present a functional in vitro glomerular filtration barrier (GFB) 

model, incorporating mature podocytes and glomerular endothelial cells which had generated 

their own basement membrane. The three dimensional structure of the GFB is critical to its 

function, with all three components contributing to the ultrafiltration of blood in vivo. Therefore, 

the scaffold material used to generate this model must be 3D to best replicate the GFB, must 

be highly biocompatible and bioactive to allow the cells to mature into glomerular tissue and 

express the components of the basement membrane. It is desirable to create a controlled 3D 

architecture of cells so homogenous populations of podocytes and endothelial cells are not 

present as this is not how they are in vivo. In addition, blood flow plays a crucial role in the 
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physiology of the kidney, so a 3D system which could be subjected to flow forces is the ultimate 

aim. With such a system, it is hypothesized that in vitro filtration can be observed, indicating 

GFB function, and therefore can be used to model renal health and disease. Though the GFB 

is not the only part of the kidney involved in filtration, dysregulation of the GFB is a crucial marker 

of disease.   
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Chapter 2: Materials and 
Methods 
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2 . 1  3 D  B i o p r i n t i n g  

2 . 1 . 1  3 D  P l a s t i c  P r i n t i n g  f o r  E x t r u d e r  C o m p o n e n t s  
All extrusion system parts were designed and exported as .stl files (which describes the 3D 

shape’s surface geometry as a series of triangles) in Fusion 360 (Autodesk, USA then sliced 

into Gcode using Cura (Ultimaker, USA). Parameters such as temperature, print speed, layer 

height, retractions, and support material were optimized for each print. The resulting Gcode was 

printed on a modified RostockMax V2 (SeeMeCNC, USA) with a Chimera print head (0.25 mm 

or 0.4 mm nozzles) and Titan Extruders (E3D, UK) using 1.75 mm polylactic acid (PLA) filament 

(RS Components, UK) onto a PEI sheet (3M, USA) adhered to the printbed.  

2 . 1 . 2  C e l l  C u l t u r e  
All cells were proliferated for harvesting on tissue-culture treated 175 cm2 flasks (Thermo Fisher, 

UK).  

2.1.2.1 Human Mesenchymal Stem Cells 
Human mesenchymal stem cells (hMSCs) derived from human bone marrow were sourced with 

informed consent from healthy donors from Southmead Hospital, Bristol, UK in accordance with 

Bristol Southmead Hospital Research Ethics Committee guidelines (reference #078/01), North 

Bristol NHS Trust. These were used as a control cell based off previous work by Armstrong et 

al.107  

Human Mesenchymal Stem Cells (hMSCs) obtained from patient samples were cultured in 

complete media: Dulbecco’s Modified Eagle Medium (DMEM; Sigma Aldrich, UK) with 10% 

Fetal Bovine Serum (FBS; Sigma Aldrich, UK), 1% penicillin/streptomycin (Sigma Aldrich, UK), 

and 1% GlutaMAX (Invitrogen), with 0.005% Fibroblast Growth Factors (FGF; Peprotech) added 

fresh during every media change. Media was changed thrice a week in both the 2D flasks and 

3D bioprints.  
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2.1.2.1.1 Passaging  

Cells were passaged 80%–90% confluence. The cells were detached disposing of the media, 

washing twice with 25 mL of pre-warmed Dulbecco’s Phosphate Buffered Saline (PBS; Sigma 

Aldrich, UK), adding 7 mL trypsin–EDTA (Sigma Aldrich, UK) and incubating for 5 minutes at 

37°C. Detachment of the cells was checked using a bright-field microscope. At least 7 mL of the 

cell media containing FBS was added to each flask to inhibit the trypsin. The totality of the cell 

containing solution was transferred to a 15 mL Falcon tube (Fischer Scientific, UK) and a 10 µL 

sample was counted on either an automated hemocytometer (Countess II, Invitrogen, UK) or 

manually using a Neubauer hemocytometer. The Falcon tubes were then centrifuged at 

1500RPM or 500G for 5 minutes using a Sorvall Legend RT (Thermo Scientific, UK). The 

supernatant was discarded, and the cells were resuspended in the calculated amount of media 

to achieve the desired final concentration for re-plating or suspension in a gel.  

2.1.2.2 Human Hepatic Stellate Cell Line  
Human Hepatic Stellate Cell Line (LX-2 cells) were provided by CELLINK and were cultured in 

Iscove’s Modified Dulbecco’s Medium (IMDM) with 10% FBS, 1% Essential Medium non-

Essential Amino Acids (EM-NEAA; 100x), 1% antibiotics/antimycotics and 1% L-glutamine (200 

mM), all Gibco, USA, at 37˚C, 5% CO2 in a humidified cell culture incubator. Media was changed 

every 2 days and cells were passaged at 80% confluency.  

After bioprinting, cells were tested for viability using a live/dead stain and imaged on a widefield 

microscope at day 1 and day 7.  

2.1.2.3 A459 Cell Line 
A459 adenocarcinomic human alveolar basal epithelial cells were provided by CELLINK were 

cultured in RPMI 1640 (Gibco, USA) supplemented with 10% FBS (Gibco, USA) and 1% 

Penicillin-Streptomycin (10000 U/mL; Sigma Aldrich, USA) at 37˚C, 5% CO2 in a humidified cell 
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culture incubator. Media was changed every 2 days and cells were passaged at 80% 

confluency.  

After bioprinting, cell viability was measured using a live/dead stain at day 1 and day 6. The 

presence of spheroids was assessed at day 9.   

2.1.2.4 Conditionally Immortalized Human Glomerular Cells 
Human glomerular podocytes and endothelial cells were donated by Bristol Renal at the 

University of Bristol. Donated kidneys were obtained by the Renal Unit and processed into 

individual populations of podocytes and human glomerular endothelial cells before being 

transfected with the temperature-sensitive SV40 large T gene which gives rise to “permissive” 

or proliferative behavior at 33˚C and “non-permissive” or mature behavior at 37˚C.190 This results 

in two conditionally immortalized populations of cells: Podocytes and Glomerular Endothelial 

Cells (GEnCs). Further information on these cells can be found in Chapter 1, Section 1.3.6. 

Podocytes were cultured in RPMI 1640 medium without L-glutamine (Sigma-Aldrich, UK) with 

10% FBS, 1% insulin-transferrin-selenium (ITS; Life Technologies), and 1% 

penicillin/streptomycin.  

GEnCs were cultured in Endothelial Basal Media 2 (EBM-2; Lonza) with the addition of the 

EGM-2 MV SingleQuots (Lonza): 5% FBS, 0.04% hydrocortisone, 0.4% hFGF-B, 0.1% VEGF, 

0.1% R3-IGF-1, 0.1% ascorbic acid, 0.1% hEGF, 0.1% GA-1000. Both the podocytes and 

GEnCs were cultured in a humidified 33°C incubator under a 5% CO2 atmosphere 

(ThermoFisher, UK) and the media was changed every two days. 

Where the Podocytes and GEnCs were grown in co-culture, the GEnC medium was used as it 

is also suitable for podocyte cell proliferation and differentiation.  

2.1.2.4.1 Lentiviral Transfection 

Transfection work was undertaken in collaboration with Dr. Ruth Rollason (Renal Unit, 

University of Bristol). Plasmids expressing fluorescent protein were obtained through Addgene 
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and delivered as a bacterial stab. The bacteria were grown on agar plates with carbenicillin 

added and the following day, single colonies were isolated and grown in a stirring incubator at 

37°C and 180 RPM in liquid broth (LB) for a maximum of 18 hours. The resulting bacterial 

solution was mixed 50:50 with 50% glycerol (Sigma Aldrich, UK) and frozen at -80°C for long-

term storage. When needed, plasmid DNA was extracted from the bacteria using a Miniprep Kit 

(Quiagen, USA).  

The day before transfection, Human Embryonic Kidney 293 (HEK293; Clontech, USA) 

packaging cells were plated out onto T75 culture flasks (Corning, USA) in DMEM (Sigma 

Aldrich, UK) with 10% FBS (without antibiotic). After 20–24 hrs., the media was aspirated and a 

3.33% solution of Lipofectamine 2000 (Thermo Fisher Scientific, USA) in serum free media 

(SFM) was added to each plate and left for 4 hours. An equal mixture of the three transfection 

plasmids: psPAX2 packaging vector, pMDG.2 envelope vector and transfer plasmid (in separate 

experiments, green fluorescent protein (GFP) for the podocytes, mCherry-Actin for the GEnCs; 

Addgene, USA), was added. The plasmid containing solution was changed after 4 hours. After 

48 hours, the cells were checked for fluorescence with an epifluorescence microscope (Leica, 

UK) and the supernatant was collected and stored at 4°C. Care should be taken when putting 

fresh media on the HEK293 cells as they can detach easily. After another 24 hours, more of the 

supernatant was collected and pooled with the first collection. The supernatant solution was 

spun down in a Sorvall Legend RT centrifuge (Thermo Scientific, UK) at 1000 RPM for 5 minutes 

to remove any detached HEK293 cells. Lenti X concentrator (Clontech, USA) was added to the 

supernatant and left at 4°C overnight. The viral suspension was spun at 1000 G for 1 hour at 

4°C. The virus pellet was resuspended in the appropriate cell media for the target cell of choice 

and snap frozen for later use at -80°C.  

To infect the target cells, a range of volumes of virus was added to the cells grown in a 12 well 

plate in order to determine the ideal viral load. 8.5 ug/mL polybrene (Clonetech, USA) was 
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added to improve transfection efficiency. Cells were checked for expression of the fluorescent 

tag using an epifluorescence microscope. Once the optimized viral load was established, cells 

were transfected, selected with puromycin 3 days post-infection and frozen for later culture at -

80°C.  

2.1.2.4.2 Passaging 

Cells were passaged according to the method described in 2.1.2.1.1. GEnCs have been 

previously demonstrated to retain the morphological features of early passage cells up to p.41 

so cells were never passaged beyond this number. Passage number for GEnCs in this study 

ranged from 33 to 39.  

2.1.2.4.3 Cell Freezing 

When necessary, cells were stored in a liquid nitrogen tank. To prepare cells for freezing, cells 

were passaged according to Chapter 2, Section 2.1.2.1.1 counted and resuspended in freezing 

media: 10% DMSO (Santa Cruz Biotechnology, USA), 40% FBS (Sigma Aldrich, UK) and 50% 

of the appropriate cell media with FBS, at 1 million cells per mL. Aliquots of cells in freezing 

media were slowly frozen in a Mr. Frosty overnight in a -80˚C freezer before transferring to a 

storage box in the liquid nitrogen tank.  

2.1.2.4.4 Fluorescence Activated Cell Sorting (FACS)  

Cells were passaged according to Chapter 2, Section 2.1.2.1.1 and resuspended at 5-8 million 

cells per mL in 500 uL of sorting buffer (SB). Sorting buffer was PBS plus 25 mM HEPES, 1.75 

mM EDTA (all Sigma Aldrich, UK) and 0.5% BSA (Biowest, USA) sterile filtered through a 0.22 

µm pore filter (Sartorius, UK). Cells were first sorted in a pre-sort step to verify fluorescence, 

then a population of cells were sorted so that they were all fluorescent. A post-sort sort was 

performed to verify sorting efficiency.  
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2 . 1 . 3  B i o i n k  P r e p a r a t i o n  
2.1.3.1 Initial Method  
The basis for this project was a study by Armstrong et al. wherein a 3D bioprinter and a bioink 

were concurrently developed for 3D cartilage and bone engineering using hMSCs.107 Through 

careful experimentation and optimization a defined protocol was established. First, a 40% by 

weight stock solution of Pluronic F127 (Sigma Aldrich, UK) in the appropriate cell media was 

prepared by mixing the F127 powder with the media in an autoclavable pot and autoclaved at 

121˚C for 4 hours. This both fully dissolves the F127 into the media and sterilizes the solution. 

After autoclaving, the 40% wt. F127 solution was stored at 4˚C until needed. Second, a 10% wt. 

solution of Sodium Alginate (Sigma Aldrich, UK) was prepared in the relevant media with FBS. 

The alginate was stirred using an overhead stirrer (Caframo, Canada) at 500 RPM for a 

minimum of 4 hours or until fully dissolved. The 10% wt. alginate in media solution was then 

spread into a thin layer on the lid of a 6-well plate (Corning, USA) and sterilised in a laminar flow 

hood (Thermo Fisher, UK) under UV-light for a minimum of 20 minutes. The sterile 10% alginate 

was collected into a sterile container and stored at 4˚C until needed. Finally, a 6% wt. alginate 

and 13% wt. F127 bioink was prepared by hand mixing 1.2 mL 10% wt. alginate stock with 0.65 

mL 40% wt. F127 stock in a 3 mL syringe (Terumo, USA) using a 200 µL pipette tip. The bioink 

is now ready for 150 µL of cell-laden suspension to be added.  

In brief, the cells to be bioprinted were passaged using the appropriate method and 

resuspended in 150 µL of the appropriate media, added to the syringe containing the bioink and 

mixed by hand using a 200 µL pipette tip. The open end of the syringe was covered in sterile 

parafilm (Santa Cruz Biotechnology) and centrifuged in a fixed-angle centrifuge (Thermo 

Scientific, UK) at 400 G for 10-20 seconds to remove any bubbles. The plunger was reinserted 

into the syringe and the syringe was loaded into the bioprinter ready for printing.   
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2.1.3.2 Optimized and Automated Method  
In order to further parameterize, optimize and automate the bioink manufacturing method 

several changes were instated. A 40% wt. Pluronic F127 solution was made in Phosphate 

Buffered Saline (PBS; Sigma Aldrich, UK) using the same autoclave method as before. PBS 

was selected instead of media with FBS as the high temperatures of the autoclaving procedure 

more than likely denatured any beneficial additives present in the media and FBS.  

2.1.3.2.1 Mixing using the Dual Asym metric Centrifuge  

1.2 mL of 10% alginate solution  was prepared by mixing 0.120 mg sodium alginate powder at 

3500 RPM for 5 minutes in 1.2 mL of the appropriate cell media in an autoclaved 3 mL pot using 

the DAC (both Speedmixer, UK). If not fully dissolved after 5 minutes, the process was repeated. 

To the 1.2 mL of 10% alginate, 0.65 mL sterile 40% wt. F127 stock solution was added. The 

stock solution of F127 was prepared and sterilized in the same step by autoclaving 40% wt. 

F127 in PBS for 30 minutes at 121˚C. Once placed in the fridge at 4˚C, the solution became 

liquid and homogenous. The alginate-F127 bioink was mixed at 1500 RPM in the DAC for a 

maximum of 1 minute. Cells were then passaged as appropriate, resuspended in 150 uL of the 

appropriate media and mixed at 1500 RPM in the DAC for 10 seconds to uniformly disperse the 

cells into the bioink. Using a sterile spatula, the cell-laden bioink was transferred from the DAC 

pot into a syringe for bioprinting. The result is a bubble-free, mixed, 6% alginate–13% F127 

bioink, containing a uniform distribution of the cells of interest.  

 

Figure 2.1: a) Picture of the dual asymmetric centrifuge (DAC) manufactured by SpeedMixer™. b) Schematic showing 
the two axes of rotation inside the DAC, where the sample rotates both around the central axis of the machine and 
its own central axis. This results in a gentle but thorough mixing, without introduction of bubbles, ideal for hydrogels.    
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2.1.3.2.2 Alginate sterilization  

Unlike F127, sodium alginate cannot be sterilised by autoclaving either in its solid powder form 

or dissolved in solution without changes to the mechanical properties of the final hydrogel.212 

Therefore, sterilization by chemical means and UV-radiation were explored.  

The final method for alginate sterilization was to mix the 10% alginate solution in a DAC pot as 

outlined above and leave the fully dissolved solution of alginate in the DAC pot with the lid 

removed facing the UV light in a laminar flow hood for a minimum of 1 hour.  

2.1.3.2.3 Bioink Preparation During CELLINK Placement 

While at CELLINK, the alginate was sourced from a collaborator in the USA and was sterilised 

by filtering before being lyophilized. All other aspects of bioink preparation followed the protocol 

in 2.1.3.2.1.  

2.1.3.2.4 RGD-Alginate Addition 

Where stated, 16.6% of the alginate (Sigma Aldrich, UK) was replaced with arginylglycylaspartic 

acid, RGD–Alginate (Novamatrix, USA). 

2.1.3.3 Crosslinking 
Post-printing, constructs were immersed for 10 minutes in 22˚C 100 mM CaCl2 (which had been 

sterilised by filtration after dissolving in the appropriate cell media). This step also serves to 

bring the F127 below its critical micelle temperature, causing it to leave behind a porous network 

within the bioprinted construct. After 10 minutes, the CaCl2 solution was removed and replaced 

with the appropriate cell media.  

2 . 1 . 4  3 D  B i o p r i n t i n g  U s i n g  t h e  M e n d e l M a x  3  
A modified MendelMax 3 was used for most of the initial bioprinting experiments in this study. 

In brief, a custom dual extrusion system was manufactured by 3D printing and mounted to the 

backplate of the MendelMax 3. The entire MendelMax 3 was decontaminated with 70% Ethanol, 

placed in a laminar flow hood and irradiated with cross-beam UV light to ensure sterility during 
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the printing process. The bioink was prepared according to Section 2.1.3 and loaded into a 

sterile Luer lock 5 mL syringe (Terumo, UK). Nozzles of various gauges were sterilised by 

autoclaving and attached to the syringe using the Luer lock. Gauges ranged from 30 to 21 

(Metcal, USA), however 21 gauge nozzles were the most commonly used.  

A single construct to be 3D printed was designed in Fusion 360 and sliced using MatterControl 

software (Maker’s Tool Works, USA). The layer height was set to be the same as the nozzle 

inner diameter, the print speed was set to 25 mm/s, the infill was set to 100% and the printbed 

temperature was set to 37˚C. The resulting Gcode was loaded onto an SD card and plugged 

into the MendelMax 3’s control interface. The first layer of bioink is critical to a successful print, 

therefore, the distance between the tip of the nozzle and the print surface must be carefully 

calibrated. Other studies have used a Teflon disk of known thickness to repeatably calibrate this 

distance133 however, for the purposes of this study and as a result of the author’s experience, 

this calibration was done by eye and could be adjusted by “babystepping”. The printbed was 

heated to 37˚C for all prints to trigger the temperature-dependent gelation of the F127. 

2.1.4.1 Line Width Tests 
A single .stl model could not be used to generate lines for any needle gauge, for example a 0.51 

mm line would result in a single line using a 21 gauge needle but using a 25 gauge needle the 

slicing software would result in two 0.26 mm lines side by side. Using a python script developed 

by Dr. Ben Carter, gcode was generated which allowed the 3D bioprinter to print ten single lines 

of variable width, dependent on the needle gauge (See Appendix A). Bioprinted lines were 

imaged using a brightfield microscope and the line diameter was measured at the widest point. 

2.1.4.2 Live/Dead Staining 
Samples were tested for cell viability using a live/dead staining protocol. 1 uL of 4 mM stock 

solution of live stain Calcein–AM Green in DMSO (Life Technologies, UK) was added per mL of 

media, and 1 uL of 2 mM stock solution of dead stain Ethidium Homodimer III (Life Technologies, 
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UK) was added per mL of media. The stain became visible after around 30 minutes but was 

sometimes left up to an hour. Stained constructs or cells in 2D were either washed or transferred 

to fresh pre-warmed media to minimize background fluorescence. It is important to note that 

GFP or mCherry expressing cells were never used in live/dead experiments so that their 

fluorescence did not interfere with the readout from the live/dead stain.  

2.1.4.3 Widefield Imaging 
All constructs for live/dead staining were imaged on a Widefield Epifluorescence Microscope 

(DMI3000 Leica, UK) owned and maintained by the Wolfson Bioimaging Facility. A 10× objective 

was most commonly used, although 5× and 20× were also employed. 3 random areas of each 

sample were imaged using z-stacks with layer thicknesses of 10 µm to reduce imaging time and 

file sizes. A minimum of 3 constructs were imaged for each variable. The result was 9, 2-channel 

(green and red) z-stacks for each variable, representing 3 technical repeats.  

2.1.4.4 Live/Dead Data Processing 
All the following live/dead image and data processing macros and CellProfiler pipeline were 

developed and written by Peter Johnson and can be found in Appendix A. 

Once images were taken on the widefield they were processed to extract quantitative live versus 

dead data. This was first done using a Fiji (ImageJ, USA) macro which converts each 2-channel 

RGB z-stack into two separate, thresholded and z-compressed images for the live (green) 

channel and the dead (red) channel. These images were then processed using a pipeline in 

CellProfiler 3.1.8.213 The resulting .csv files containing the raw live/dead data for each set of two 

images were collated using a macro in Excel (Microsoft, USA) so an average viability can be 

calculated.  

2 . 1 . 5  3 D  B i o p r i n t i n g  U s i n g  t h e  C E L L I N K  B i o  x  
The Bio X (CELLINK, Sweden) is a commercially available 3D bioprinting platform. It differs from 

the customized MendelMax 3 in two key areas: the printheads use pneumatic actuation, and 
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the onboard computer and operating system incorporate the slicing software. Therefore, .stl files 

were saved onto a USB drive and processed using the Bio X’s operating system, HeartOS 

(Version 1.54–Dev). Print parameters such a print speed and extrusion pressure were optimized 

by printing single lines at various speeds and pressures. 

Bioink prepared according to Section 2.1.3.2.1 above was loaded into an autoclaved, 

specialized 3 cc pneumatic syringe (Nordson EFD, USA) by the transfer method. In this method, 

a sterile spatula was used to transfer the bioink with cells from a DAC pot to the wide opening 

of a 5 mL Luer-lock syringe (Terumo, UK) with its plunger removed. The plunger was carefully 

reinserted, and depressed so that the bioink was primed to be extruded. The 5 mL syringe was 

coupled to the 3 cc pneumatic syringe with an autoclaved male to male Luer lock coupler and 

the approximately 2 mL of bioink was extruded into the 3 cm3 pneumatic syringe.  

Once the bioink was loaded, a nozzle of known diameter (Metcal, USA) was coupled using the 

Luer lock, the locking screw on the printhead was loosened and the 3 cm3 pneumatic syringe 

was inserted into the printhead of choice. In order to calibrate the distance between the tip of 

the nozzle and the printing surface, the nozzle was brought into gentle contact with the print 

surface so that the contact caused the nozzle and pneumatic syringe to lift slightly in the 

printhead. The locking screw was then tightened to hold the nozzle and pneumatic syringe in 

that position and the printbed was lowered 0.1 mm using the Bio X’s software. This ensured that 

the nozzle to printbed distance for the first layer was always 0.1 mm. 

The Bio X also had an automated bed-levelling feature, and this was used periodically before 

printing as per the manufacturer’s instructions.  

The printbed was heated to 37˚C for all prints to trigger the temperature-dependent gelation of 

F127. 
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2 . 1 . 6  S p e c t r o p h o t o m e t r i c  A s s a y  f o r  P l u r o n i c  F 1 2 7  
D i f f u s i o n  f r o m  B i o i n k  
A spectrophotometric assay was used to determine the relative amounts of Pluronic F127 

leaching from the bioink. By using 1,6-diphenyl-1,3,5-hexatriene (DPH) in tetrahydrofuran 

(THF), the fluorescence DPH will preferentially be incorporated into hydrophobic environments 

such as the core of a micelle.214 Therefore DPH may be used to measure changes in the 

concentration of micelles in the sample, but only above the critical micelle concentration (CMC). 

F127 is a surfactant and will form micelles in solution, thereby allowing F127 micelles to be 

detected using DPH, although a solution of only free monomers will be below the detection limit. 

A 1 mL volume of bioink was crosslinked in 100 mM CaCl2 for 10 minutes before being immersed 

in 10 mL of phenol-free DMEM media at room temperature. 100 µL samples were taken at 1, 2, 

5, 10, 20, 30, 60 and 180 minutes. After measuring by UV-vis (Agilent Technologies Cary-60 

UV-Vis) from 300–600 nm in a 1 cm path length quartz cuvette, 10 µL of 10 mg/mL DPH in THF 

was added to the samples. The mixture was measured again. The expected absorbance peak 

was 358 nm.214 Additional measurements of the air, water, blank media with and without DPH, 

5% F127 in media with and without DPH, 5% alginate in media with and without DPH were 

made as controls.  

2 . 1 . 7  S c a n n i n g  E l e c t r o n  M i c r o s c o p y   
Samples were prepared for scanning electron microscopy (SEM) by using a critical point dryer 

(CPD300; Leica, UK). In brief, 3D printed constructs were progressively dehydrated in solutions 

of 20%, 50%, 70%, 80%, 90% and 100% ethanol for 5 minutes each. Samples in 100% ethanol 

were placed into the chamber of the CPD where liquid CO2 replaces the 100% ethanol and is 

quickly evaporated leaving behind a fully dry sample, which retains much of its original hydrated 

architecture. CPD samples were mounted onto SEM stubs and a layer of silver was applied with 
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a High Resolution Sputter Coater (Emitech K757X, UK). Coated samples were ready for imaging 

using a FEI Quanta 200 FEG–SEM. 
2.1.7.1 Serial Block Face Scanning Electron Microscopy 
3D bioprinted samples of Podocytes in the alginate–F127 bioink without fibrin were prepared for 

SBF-SEM by Dr. Chris Neal. The samples were fixed in 2.5% glutaraldehyde in 0.1M cacodylate 

buffer (pH 7.3) for 2-3 hours on ice (4˚C) with gentle rocking to ensure diffusion of the fixative. 

Samples were then stored in fresh fixative at 4˚C. The samples were trimmed to < 1 mm in 

diameter using a razor blade and washed in cold cacodylate buffer 5 times for 5 minutes each 

at 4˚C. Next they were fixed and stained with fresh 1.5% potassium ferrocyanide with 2% 

aqueous osmium tetroxide in 0.1 M cacodylate buffer for 1 hour at 4˚C. The samples were 

washed 5 times with room temperature deionized water for 5 minutes each. A sterile (0.22 µm 

filtered) aqueous solution of 0.01 g/mL thiocarbohydrazide was prepared by incubating the 

mixture at 60˚C and agitating every 10 minutes to dissolve the compound. Samples were then 

incubated with thiocarbohydrazide for 20 minutes at room temperature. After another 5 × 5 

minute wash with diH2O, fixing and staining continued with 2% aqueous osmium tetroxide for 

45 minutes at room temperature. After washing 5 × 5 minutes with diH2O samples’ membranes 

and organelles were stained with 1% aqueous uranyl acetate overnight at 4˚C. Samples were 

washed 5 × 5 minutes with diH2O and again in 0.03M aspartic acid solution (pH 5.5) twice for 

10 minutes each. A solution of lead aspartate was prepared by dissolving 0.066 g of lead nitrate 

in 10 mL of aspartic acid (pH adjusted to 5.5 with 1 M KOH) and placing at 60˚C for 30 minutes, 

no precipitate should form. Next, samples were stained en bloc with lead aspartate (pH 5.5) for 

30 minutes. A 2 × 10 minute wash of 0.03 aspartic acid solution (pH 5.5) and a 5 × 5 minute 

wash with diH2O was performed before dehydrating the samples for resin embedding. Samples 

were progressively dehydrated in 30, 50, 70 and 90% ethanol for 10 minutes each before fully 

dehydrating in 100% ethanol 4 × 15 minutes and finally 2 × 15 minutes in propylene oxide. The 

resin, Hard Durcupan Mix (HDM) was made up by weight in propylene oxide (11.4 g A, 10 g B, 
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0.3 g C, 0.05-0.1 g D). The tissues were placed in the HDM overnight, the next day freshly made 

HDM was added for 3 hours. Samples were fully polymerized after 48 hours at 60˚C. Sections 

of the samples could now be viewed in a conventional Tecnai T12 transmission electron 

microscope (TEM) to ascertain features of interest. Samples were then sent to ThermoFisher 

Scientific and Zeiss for imaging on their SBF-SEM systems, although only the data from 

ThermoFisher is presented in this work.  

2 . 1 . 8  C y t o x i c i t y  o f  C r o s s l i n k e r  
Podocytes and GEnCs were plated out into 96 well plates at 1 × 104 cells per well. A standard 

curve of cells, decreasing by a factor of 2, starting at 2 × 104 cells and ending at 313 was always 

present on the plates. Several blanks with no cells were also present. After 24 hours, the cells 

to be treated were treated with 1, 5, 25, 50, and 100 mM solutions of crosslinker candidates in 

the appropriate cell media for 24 hours. After 24 hours, the cells were assayed for viability by 

live/dead or Alamar Blue® metabolic assay. 

2.1.8.1 Alamar Blue Assay 
Alamar Blue™ is a metabolic assay whereby the non-fluorescent component of Alamar Blue™ 

(resazurin) is metabolically converted to fluorescent resorphorin. Comparison between a control 

well and a treated well of the same cell number can be quantified using the measured 

fluorescence of the metabolically converted Alamar Blue™. Each plate contained the following 

controls: an untreated control, a media blank, and a negative control. Once the cells had be 

treated with the compound of interest for the length of time defined in the text, the cell media 

was washed twice with prewarmed PBS. Next a 10% solution of Alamar Blue™ (Invitrogen, 

USA) in the appropriate cell media was added to each well for a minimum of 3 hours. At which 

time the plates were taken to a plate reader (Biotek Synergy Neo2) and read for fluorescence 

and absorbance, although only the fluorescence data was used for analysis. The values for 
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treated cells were compared to the control and either as a percentage of that value or as relative 

fluorescence units (RFU).  

2 . 2  F i b r i n  a n d  T h r o m b i n  G e l s  
Thrombin from bovine plasma (T 7326, Sigma-Aldrich, UK) and fibrinogen from human plasma 

(Sigma-Aldrich, UK) were used in all studies. Where stated, Alexa Fluor® 488, 594 and 660 

fibrinogen (ThermoFisher, UK) was supplemented at 1% wt. to give a fluorescent fibrin matrix.  

2 . 2 . 1  S i m p l e  F i b r i n  G e l  
Podocytes were passaged and resuspended in 10 mg/mL fibrinogen in SFM and 100 uL of the 

cell suspension was added to the wells of a 96 well plate. 10 uL of 1 TIU/mL thrombin was 

added to each well and thoroughly mixed. The samples were left to gelate for 1 hour at 33˚C 

and 5% CO2. Once gelled, 100 uL of complete media was added to each well.  

2 . 2 . 2  T h r o m b i n  P u r i f i c a t i o n  
Thrombin from bovine plasma was purified using a size exclusion column (SEC, HiLoad 26/600 

Superdex™ 200 ug, GE Healthcare) in 60mM HEPES buffer adjusted to pH 7 was selected as 

the running buffer and used to equilibrate the SEC (minimum 2 column volumes). A solution of 

20 mg/mL thrombin in 60mM HEPES (pH 7) was carefully loaded on to the SEC, run at 2 mL/min 

using an Äkta Purifier (GE Healthcare) and collected into 1.5 mL Eppendorfs during 

fractionation.  

2.2.2.1 Protein Gel Electrophoresis 
Aliquots of the fractionation samples were loaded on a 4-12% Tris-Glycine Gel (Novex 

Wedgwell™, Invitrogen) against a 100 kDa ladder (Invitrogen) in 1× Tris-Buffered Saline (TBS) 

and run on at 170V for 45 minutes. Activated thrombin is 37400 Da, therefore fractions closest 

to this sample were collected and spun in a 4˚C swing-bucket centrifuge (ThermoFisher, UK) in 

10 K MWCO spin concentrators (Merck Millipore, Ireland) at 400G for 20 minutes. Protein 
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concentration was determined by measuring the extinction coefficient at 280 nm using a UV-Vis 

(Cary 60, Agilent Technologies) and stored at 4˚C until further use.  

2.2.2.2 Gelation Test 
10 uL aliquots of purified thrombin from two fractionation samples were tested for activity by 

mixing with 100 uL 10 mg/mL fibrinogen (Sigma-Aldrich) and incubating at 37˚C for 1 hour. 

Thrombin activity was confirmed by the presence of a turbid gel presumed to be fibrin. 

2 . 2 . 3  T h r o m b i n  C a t i o n i z a t i o n  a n d  C o m p l e x a t i o n  
For protein cationization, a 2 mg/mL solution of thrombin from bovine plasma was dissolved in 

60mM HEPES (pH 7). If using purified thrombin, the concentration would already be known and 

adjusted. A solution of DMPA (adjusted to pH 7; Sigma-Aldrich, UK) equivalent to approximately 

150 times the number of cationizable sites was added along with solid N-(3-

dimethylaminopropyl)-N′ethylcarbodiimide hydrochloride (EDC; Sigma-Aldrich, UK) equivalent 

to approximately 34 times the number of cationizable sites, yielding a final thrombin 

concentration of 1 mg/mL. The complete mixture was adjusted to pH 6.5 and stirred for 1 hour 

at room temperature. Afterwards, to limit further cationization and remove excess DMPA and 

EDC, the mixture was diluted 4 times with ice–cold 20mM HEPES (pH 7) and spun using 10 K 

MWCO spin concentrators (Merck Millipore, Ireland) a minimum of 5 times to give a solution of 

cationized thrombin (cat.Thr) which was stored at 4˚C until further use.   

Oxidized IGEPAL Co890 was provided by Dr. Rosalia Cuahtecontzi Delint. The solid surfactant 

was directly added to the cationized protein, at a concentration equivalent to 1.4 times the total 

number of glutamic acid, aspartic acid, lysine and arginine residues and stirred for 1 hour at 

room temperature. The surfactant–complexed thrombin (surf.Thr.) was stored at 4˚C until further 

use.  
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2.2.3.1 Dynamic Light Scattering 
Solutions of 1 mg/mL native thrombin (nat.Thr), cat.Thr and surf.Thr were prepared in 20 mM 

HEPES, filtered through a 0.22 µm filter to remove any large contaminants and loaded into a 

dynamic light scattering (DLS) machine (Zetasizer Nano ZSP, Malvern Instruments UK). Three 

runs were taken for each sample at 25˚C and averaged to give the final size distribution.  

2.2.3.2 Zeta Potentiometry 
Zeta potentiometry was also performed on the Zetasizer Nano ZSP. A minimum of three runs 

were taken for each sample at 25˚C.  

2.2.3.3 Rhodamine Dye Labelling of Thrombin   
Preparations of 1 uM nat.Thr, cat.Thr and surf.Thr labelled with NHS-Rhodamine were produced 

by adding a 15 times molar excess of NHS–Rhodamine (Sigma-Aldrich, UK) to the protein 

solution and stirred at 4˚C for 2 hours. Excess NHS–Rhodamine was removed using a 

10 K MWCO spin concentrator with 20 mM HEPES buffer. Conjugation efficiency was then 

determined using UV–visible spectroscopy by measuring relative intensities at 280 nm (protein) 

and 555 nm (rhodamine).  

2 . 2 . 4  P l a s m a  M e m b r a n e  L o c a l i z a t i o n  E x p e r i m e n t s  
In order to determine the location of the dye labelled thrombin, cells were stained with a 

membrane–specific live cell imaging dye, CellMask™ Deep Red (Invitrogen, USA). Cells were 

first dyed with the CellMask™ according to the manufacturer’s instructions, by diluting the 

CellMask™ 1:1000 in the appropriate cell media and applying to the cells for 10 minutes before 

washing twice with PBS. Next, the cells were coated in the protein of interest at 1 µM while 

plated out, for 20 mins at 33˚C or 37˚C (cell type dependent). The coated cells were carefully 

washed with prewarmed PBS once and immediately imaged.  
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2 . 2 . 5  C y t o t o x i c i t y  A s s a y  o f  T h r o m b i n  P r e p a r a t i o n s  
A sterile solution (0.22 µm filtered) of purified surf.Thr at 22 µM in 60 mM HEPES (pH 7) was 

prepared and diluted to the appropriate protein concentration using 60 mM HEPES (pH 7). The 

cell media was aspirated from the podocytes in a 96 well plate (1 × 104 cells per well) and the 

cells were washed with 150 µL prewarmed PBS. 3 replicates each of a 2–fold serial dilution of 

cells starting at 2 × 104 cells per well ending at 313 cells per well, as well a cell-free blank, were 

not exposed to any protein and used as a control. 100 µL of the appropriate protein solution was 

then added to 6 replicates and incubated for a period of 20 minutes. After incubation, all the 

cells were washed twice with prewarmed PBS and incubated with 10% Alamar Blue™ (Life 

Technologies, USA) solution in the appropriate cell media for a minimum of 3 hours. The plate 

was then analysed by UV–visible spectroscopy for fluorescence with excitation at 535/5 nm and 

emission at 596/5 nm.  

2 . 2 . 6  T i m e  C o u r s e  o f  T h r o m b i n  P r e p a r a t i o n s  a t  t h e  
C e l l s ’  S u r f a c e .  
1 mL of low passage (p<5) HMSCs where seeded at 1 × 104 cells per mL and grown on a 35 

mm confocal dish for 24 hours. Then, the media was removed and the cells were washed with 

prewarmed PBS before the cells were coated in 1 µM solutions of rhodamine–labelled cat.Thr 

on one dish and surf.Thr on the other for 20 minutes at 37˚C. With as little delay as possible, 

but within 10 minutes, the two dishes were placed in a 37˚C, 5% CO2 chamber connected to a 

widefield epifluorescence microscope. Images were taken every 10 minutes over a period of 6 

hours.  

2 . 2 . 7  F i b r i n  F o r m a t i o n  o n  a  C o n f l u e n t  L a y e r  o f  C e l l s  
hMSCs were passaged according to Chapter 2, Section 2.1.2.1.1 and grown on a 35 mm dish 

until 100% confluent as determined by microscopy. The growth media was aspirated and the 

cells were washed twice with prewarmed PBS to remove any FBS. Rhodamine–dyed purified 
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surf.Thr was added at 1 µM in PBS and left to coat the cells for 20 minutes at 37˚C. After washing 

twice with PBS, the dish to be imaged was placed in a temperature-controlled Leica SP8 AOBS 

confocal laser scanning microscope attached to a Leica DMI6000 inverted epifluorescence 

microscope (Leica Microsystems, UK). A 10 mg/mL fibrinogen solution plus 1% Alexa Fluor® 

488-fibrinogen was added and the formation of the fibrin was observed by taking z-stacks every 

150 seconds for 20 minutes.  

2 . 2 . 8  S c a n n i n g  E l e c t r o n  M i c r o s c o p y  o f  3 D  B i o p r i n t e d  
C o n s t r u c t s  
Fibrin gels were generated by mixing 10 mg/mL fibrinogen with thrombin so that the final 

concentration of thrombin was 1 µM. The mixture was left to gelate for 1 hour at 37˚C. Next, the 

samples were progressively dehydrated by immersing them in 70%, 80%, 90% and 100% 

ethanol for 5 minutes each. The samples in 100% ethanol were placed into the chamber of the 

critical point drier (CPD). Dry samples were mounted onto SEM stubs and a layer of silver was 

applied with a high-resolution sputter coater (Emitech K757X, UK). Coated samples were ready 

for imaging using a FEI Quanta 200 FEG–SEM. 

2 . 2 . 9  3 D  B i o p r i n t i n g  o f  T h r o m b i n - C o a t e d  C e l l s  
It is important to note the FBS present in the cell media as an additive will gelate in the presence 

of thrombin. Therefore, it is crucial to use media without FBS until the constructs are fully formed.  

Cells were passaged according to Chapter 2, Section 2.1.2.1.1. Cells to be coated in nat.Thr, 

cat.Thr or surf.Thr were resuspended (after centrifugation) in media without FBS. The thrombin 

was added to the cell suspension regardless of cell number, so that the final concentration was 

1 µM thrombin. Cells were left to be coated by the thrombin in suspension at 33˚C or 37˚C (cell 

type dependent) for 10 minutes, before centrifuging. The thrombin containing supernatant was 

discarded and the cell pellet was resuspended in media without FBS, with varying 

concentrations of fibrinogen where stated.  
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When 3D bioprinting, the thrombin coated cells were resuspended in 150 uL sterile-filtered 

10 mg/mL fibrinogen in serum-free media, and added to the bioink to be mixed and printed 

according to section 2.1.5. Aprotinin (Sigma-Aldrich, UK) was added to the media after printing 

at a final concentration of 0.1 TIU/mL to prevent degradation of the fibrin. Media was changed 

three times a week and continually supplemented with aprotinin. 

2 . 2 . 1 0  S e l f - A s s e m b l e d  3 D  F i b r i n  S c a f f o l d s  
After coating the cells in thrombin, the resulting suspension was added 50:50 to various 

concentrations of sterile-filtered fibrinogen (usually with an Alexa Fluor® at 1% wt.) in media 

without FBS, most commonly in a 24 well plate but also in 35 mm confocal dishes and 6 well 

plates. A 200 µL pipette tip was used to mix the two solutions together and assess the 

progression of the reaction. As the thrombin polymerizes the fibrinogen into fibrin fibers, very 

thin threads of fibrin appear to form as the pipette tip is lifted out of the solution. To the eye, the 

effect of the polymerization appears like a change in the surface tension of the solution. After 

close to 5 minutes, the reaction had progressed enough so that a second pipette tip could be 

manipulated with the other hand in order to draw out ‘threads’ of cell laden fibrin fibers 

(henceforth referred to as 3D fibrin scaffolds). Several scaffolds could be drawn from the same 

solution within an approximately 1-minute window, before such time the reaction had 

progressed too far and the whole well was gelled.  

2.2.10.1 Tissue Engineering of 3D Fibrin Scaffolds 
The 3D fibrin scaffolds were individually placed in 35 mm dishes with media containing FBS and 

0.1 TIU/mL aprotinin. Glomerular cells were cultured at 33˚C for 4 or 7 days before being placed 

in a 37˚C incubator for a minimum of 4 days but up to 10 days to differentiate.  
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2.2.10.2 Confocal Imaging of 3D Fibrin Scaffolds 
Cell laden 3D fibrin scaffolds were live imaged on a Leica SP8 AOBS confocal laser scanning 

microscope attached to a Leica DMI6000 inverted epifluorescence microscope (Leica 

Microsystems, UK) in a temperature controlled 37˚C environment.  

2.2.10.3 Dispersion Measurements   
Confocal images of the cells in the 3D fibrin scaffold were analyzed for their Directionality using 

Fiji. Each image contained 3 fluorescent channels, one of the podocytes, one of the GEnCs and 

one of the fibrin. The Directionality plugin analyzes each of the channels and plots a histogram 

of all the angle values in degrees from the normal (i.e. the Directionality) of structures in the 

image. 

 

Figure 2.2: Representative data from the Directionality plugin for a given image, showing the histogram and statistics 
generated. Reproduced from the ImageJ Wiki, (imagej.net, NIH).  
 
If the histogram is flat, no preferred directionality is present in the image, if there are peaks then 

some of the elements in the image follow a certain direction. In the same way, if the peaks are 

sharper, then more of the elements in the image are aligned. The plugin also calculates statistics 

from the tallest peak of the histogram to which it applies a Gaussian distribution. In this study, 

the relative orientation of the cells and fibrin i.e. the position of the peak in the histrogram is not 

important, however the degree to which the elements in the image are aligned i.e. the broadness 

of the peaks is important. Therefore, the Dispersion value was selected to represent the degree 

to which cells are polarized in different samples.   
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2.2.10.4 Histology of 3D Fibrin Scaffolds for Collagen IV Expression 
3D constructs of fibrin and cells were histologically stained for collagen IV (Col IV) expression. 

Constructs were first fixed in 4% paraformaldehyde (PFA) overnight at 4˚C. After washing with 

PBS, constructs were blocked with 1% Bovine Serum Albumin (BSA) and 0.3 M glycine 

(Biobasic, USA) in PBS plus 0.1% Tween 20 (PBST; Sigma-Aldrich, UK) for 30 minutes. Then, 

the constructs were immersed in a 1:200 Col IV anti-rabbit antibody (ab6586 Abcam, UK) 

solution (1% BSA in PBST) for 3 hours. The Col IV anti-rabbit antibody was removed and 

washed with PBS 3 times for 5 minutes each to remove any unbound antibody. Next, a solution 

of 1:400 Alexa Fluor®  405 nm rabbit antibody (ab175652 Abcam, UK; 1% BSA in PBST) was 

applied for 1 hour. Finally, stained samples were washed 3 times with PBS for 5 minutes each 

and stored in PBS at 4˚C for imaging.  

2 . 2 . 1 1  T o w a r d s  a  P e r f u s a b l e  3 D  F i b r i n  C o n s t r u c t  
2.2.11.1.1 Polyimide Tube Fabrication 

Polyimide tube samples were donated by MicroLumen Co. (USA). Tubes with an inner diameter 

of 1.1 mm and an outer diameter of 1.5 mm were selected for this study. Using a laser etcher 

(Trotec, USA), holes approximately 0.4 mm in diameter were ablated at 2 mm intervals along 

the length of the tube.  

2.2.11.1.2 Coating the Tube 

Following the protocol in Chapter 4, Section 2.2.10, a 20 mm section of polyimide tubing was 

immersed in the well plate and removed as the fibrin matrix formed to result in a stable 3D fibrin 

gel covering the entire tube. The tube was held in a 3D printed silicone frame which was filled 

with the appropriate media and changed every 2 days.  

2.2.11.1.3 LightSheet Imaging 

A lightsheet microscope (Zeiss Z.1 lightsheet, Germany) was also used to image the perfusable 

3D fibrin constructs. In brief, samples were fixed and stained for collagen IV according to Section 
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2.2.10.4. Next, the tube was held in place by a glass capillary and placed in the imaging chamber 

of the Lightsheet which was filled with PBS. Images were taken around several sides of the tube 

and presented as flattened z-stacks of one side at once. In future, compositing could be done 

around the entire tube.  

2 . 3  M e t h o d o l o g y  

2 . 3 . 1  B a s i s  f o r  t h e  N e w  E x t r u d e r  D e s i g n  
A single-extrusion bioprinting system based on an open-source design was used by Armstrong 

et al. to generate cartilage and other tissues from hMSCs.107 In brief, a stepper motor turns 

several gears of known ratios in order to pull a toothed belt through an idler system and depress 

the plunger of a syringe to extrude a known amount of bioink. However, this design (Figure 2.3) 

had several usability and reliability issues that often resulted in failed prints. Failed prints can 

be defined as prints where the 3D geometry of the final print does not closely resemble the 3D 

model. First, the belt was prone to slipping with increasing backpressure. This meant that 

smaller gauge syringe tips could not be used reliably. Therefore, an element of the new design 

would have to be an extrusion system that could cope with backpressure. Furthermore, the 

bulky design of this extrusion system did not allow for two or more to be mounted on the selected 

3D printer. Allowing for multiple extruders was a key criterion for future designs to enable printing 

of multiple materials and/or cell types. 

Another open-source design, the Reprap paste extruder by VasterLabs215 was designed to 

extrude pastes such as pancake batter and melted chocolate to make edible 3D designs. Due 

to the similarities between extruding paste and hydrogels, this design was considered a viable 

basis for the new extruder system. It features a direct-drive design whereby the motion of the 

stepper motor was coupled to the depression of the syringe plunger via a simple leadscrew. The 

drive shaft of the stepper motor was connected to the leadscrew using a flexible coupler. 

Backpressure should not be a problem in this design because most stepper motors have good 
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holding torque (model 1704HS168A, holding torque was 54 N.cm). Although less compact in 

the z-dimension, (Figure 2.4), it is more compact on the x-axis rail, theoretically allowing for two 

to be mounted side-by-side on the 3D printer. However, this design is not entirely fit for purpose. 

  

The syringes used in previous 3D bioprinting studies were 5 mL not 20 mL as designed by 

VasterLabs. Smaller syringes are necessary because only small constructs are going to be 

printed, and it can be very resource and time-intensive to generate several milliliters of cell-

laden bioink at appropriate cell densities of 0.5 to 20 M cells/mL. Furthermore, the mounting 

bracket would need to be redesigned or adapted to secure the extrusion system to the 3D printer 

to be used: the MendelMax 3 (Makers Tool Works, USA).   

 

Figure 2.3: Single-extrusion 
system used by Armstrong et al. 
based on the design by Richard 
Horne. Irrelevant parts of the 
mechanism have been digitally 
deleted or blurred. 

Figure 2.4: Reprap Paste Extruder 
by VasterLabs. Designed for use 
with a 20  mL syringe and for 
extruding foods such as batter and 
melted chocolate.  
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2 . 3 . 2  I n i t i a l  I t e r a t i o n s  o f  T h e  E x t r u s i o n  S y s t e m  
2.3.2.1 Single Extrusion 
Initial attempts to adapt the VasterLabs paste extruder focused on assessing the basic design 

for reliability and adaptability, before elements such as a second extruder were to be added. 

Figure 2.5 a shows the nearly unaltered design by VasterLabs attached to our MendelMax 3 3D 

printer. The parts were printed using a RostockMax v2 (See Me CNC, USA) out of PLA at 0.4 

mm layer heights and 60% infill to ensure adequate mechanical strength. Figure 2.5 below 

shows the finished parts and the bolts and nuts needed to assemble the extrusion system. One 

of the first issues encountered when using this system was a flaw in the design of the mounting 

bracket (Figure 2.5 b,i). Specifically, the design exploits the flexibility of the PLA plastic to allow 

a tight grip on the two lateral guide rods, smooth round steel bars 8 mm in diameter. When 

printing, the backpressure of the syringe filled with bioink was occasionally enough to overcome 

the grip and result in the displacement of the entire upper assembly. Future designs will need a 

more robust method to attach the guide rods to the extrusion system. The Vasterlabs design 

 

Figure 2.5: a) Initial design of a single extrusion system based on the Reprap Paste Extruder. b i) Mounting bracket 
for the extruder to the 3D printer and hold the syringe (iv). ii) Pusher which depresses the syringe piston. iii) Bracket 
for the stepper motor which drives the extrusion system.  
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also requires that all the parts are precisely aligned from top to bottom to ensure the smooth 

travel of the depressor and therefore reliable printing. 3D printing using PLA filament is not 

precision manufacturing; this design would need to be adapted so that alignment can be less 

than perfect and still ensure smooth travel with no resistance along the length of the extrusion 

system. Another flaw of the design is that the stepper motor, weighing approximately 350 grams, 

creates a large moment at the top of the assembly, causing it to sway under acceleration. The 

printhead acceleration was reduced and future assemblies had height minimized.  

2.3.2.1.1 Line Width Tests 

Single lines were printed to test the practical resolution limit and accuracy of the single extrusion 

system and the alginate-F127 bioink and their diameter was measured from brightfield images 

at their widest point (Materials and Methods, Section 2.1.4.1). Design choices like the pitch of 

the leadscrew, step size of the stepper motor and diameter of the syringe will all impact 

resolution. Accuracy is primarily limited by operator set up and the overall build quality of the 

extrusion system. With the 21 gauge lines as the exception, all others were wider than the nozzle 

inner diameters and decreased in diameter as gauge increased (Figure 2.6). Other factors such 

nozzle proximity to the printbed and print speed will influence line width, and nozzle proximity 

was not precisely controlled. Therefore, while these results can be considered a reasonable 

indication, the theoretical resolution limit could be smaller than the measured values. Nozzles 

smaller than 30G are manufactured, however initial tests indicated that backpressure was too 

high for these to be used on this system. Armstrong et al. achieved line widths of 190 ± 0.01 um 

using a 30 gauge needle, so the resolution of the extrusion system shown in Figure 2.3 was 

better than this system.107 3D models for bioprinting should be designed so as to not test the 

resolution limits of this extrusion system, by incorporating features greater than 300 µm. 
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2.3.2.2 Dual Extrusion 
With a more compact design, a dual-extrusion system was now possible (Figure 2.7). This would 

allow for the extrusion of two bioink formulations or two cell types. The dual extrusion system 

design began with the single-extrusion design mirrored along the y-axis. Following the issues 

with the single-extrusion system, a few changes to the overall design were made. The two lateral 

guide rods were now held in place with two steel lock collars on either side of the mounting 

bracket surface to prevent the shifting of the entire assembly upwards at high backpressure. A 

third optional guide rod can be mounted centrally using the same technique. The motor bracket 

tightening system was the same as the single extruder as they are subject only to the force of 

gravity due to the mass of the stepper motors. The holes in the depressors that actuate the 

syringe plungers were made oblong in order to mitigate any misalignment of the assembly. 

While the pusher plates ran smoothly, overall structural rigidity was compromised. The overall  

assembly was lowered (Figure 2.7 b) to reduce the moment from the two stepper motors so that 

no more sway was observed. Single-motor geared systems were not pursued to keep the design 

mechanically simple and independent. An issue arose whereby it was impractical to quickly 

change out syringes after a print; a new design was needed to address this.   

Figure 2.6 3D printed line diameter at the 
widest point as a function of needle gauge. 
The error bars represent standard deviation 
from the mean. The red lines represent the 
manufacturer’s values for the inner 
diameter of the needles. Except for the 21 
gauge needle, all other printed lines were 
larger than the needle diameter, indicating 
over extrusion.   
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Figure 2.7: First iteration of the Dual-extrusion system, a) render of the parts to be 3D printed to form the assembly, 
Three 3D printed parts make up the design, from top to bottom, a dual motor holder, two pushing plates which couple 
to the leadscrews and apply downward pressure to the syringes, a mounting bracket which holds the syringes and 
couples the whole assembly to the x-axis of the 3D printer. b) fully-assembled, as used system on the MendelMax 3. 
The assembly is formed of two stepper motors coupled to two leadscrews of identical pitch, and two or more steel 
guide rods which hold the assembly together.  

2 . 3 . 3  F i n a l  I t e r a t i o n  
Keeping the dual-extrusion design, several improvements were made to ensure greater 

structural rigidity, reliability and ease of use. The mounting bracket was redesigned so that the 

lock collars were integrated into the print itself. This was done by pausing the 3D print before 

the top shell was printed and inserting the lock collars. The print was designed so that the grub 

screws used to tighten the lock collars could still be accessed. The amount of lateral guide rods 

was also increased from 3 to 5, three in line with the leadscrews in the x-axis and one in line 

with each of the separate leadscrews in the y-axis. This improved the overall structural rigidity 

and provided greater support for the dual stepper motors in the assembly. Another improvement 

was the redesign of the pusher plates: two linear bearings were integrated into these to ensure 

smooth and reliable travel along the guide rods. Finally, the method for attaching the syringes 

to the extrusion system was completely redesigned. Syringes could now be easily and quickly 
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changed, and were more supported due the addition of bracing to the mounting bracket (Figure 

2.8 b. iii). Though this was the final iteration of this design used, it could still be improved. The 

dual-extrusion system, though compact, does not have individually actuated printheads in the 

z-axis. If one were to try and print with both syringes in place at the same time, the overall 

footprint of the construct to be 3D printed will need to be equal to or smaller than the distance 

between the two nozzles. In the current design, this is 46 mm. The build quality and rigidity could 

be improved by using machined parts, although this would be much more expensive. The 

stepper motors could have been mounted ‘off-line’ and coupled to the leadscrews via flexible 

shafts, although how this system would cope with the x and z-axis translation of the extrusion 

system is unclear. Finally, calibration of the nozzle tip to printbed is not automated on this 

system. Overall however, this dual extrusion system proved reliable, robust and easy to use and  

formed the basis of several projects within the Perriman Lab, including components of this study. 

It was however superseded by the CELLINK Bio X.  

 

Figure 2.8: (a) Final iteration of the dual-extrusion system as mounted on the MendelMax3. (b) a more detailed view 
of the dual extrusion system showing i) the motor bracket, ii) the individually actuated plunger pushers, iii) the custom 
mounting bracket. Improvements over the previous iteration include more guide rods, linear bearings in the pushers, 
added stabilizing parts in the mounting bracket 



 97 

Two representative images of 3D printed constructs using the dual-extrusion system and the 

alginate–F127 bioink can be seen in Figure 2.9 below. The first photograph is typical of a set of 

3D bioprinted constructs used in a viability experiment. The majority of the prints were 

successful, resulting in 0.6 × 0.6 mm × 0.4 mm (w × l × h) squares in 18 of the 24 wells. The 

main reason for the failed prints was due to the print bed not being level to the printheads. This 

was due to a flaw in the MendelMax 3’s print bed design, in brief it was unstable and prone to 

shifting out of level calibration, and this was difficult to remedy. Despite this, larger prints with 

precise geometry such as the nose in Figure 2.9 b were still printable.  

 

Figure 2.9: Photographs of a) a typical set of 3D bioprinted constructs in a 24 well plate, roughly 0.6 cm by 0.6 cm. 
Scale bar is 3 cm. b) a more complex shape, a human nose, showcasing the precision of the dual extrusion system 
and the self-supporting properties of the alginate–F127 bioink.  

2 . 3 . 4  T h e  C E L L I N K  B i o  X  
A Bio X (CELLINK, Sweden) commercial bioprinting system was purchased to address the 

calibration and reliability issues surrounding the dual-extrusion system. The Bio X allows for 

simpler multi-head printing as all the printheads are individually actuated. It also features a self-

calibration system for the z-axis, resulting in fewer failed prints. Finally, the extrusion is 

pneumatic allowing for finer control on the forces applied to cells during printing.  

In order to validate the alginate–F127 bioink on the Bio X, several studies were completed over 

a two-week period at CELLINK headquarters in Gothenburg, Sweden. 

3 cm 
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Figure 2.10: The CELLINK Bio X 3D bioprinter used in this study with (i) 3 heated pneumatic print heads, (ii) a heated 
print bed, and (iii) a touch-screen user interface 

2.3.4.1 Optimization of Print Parameters 
Before cell-laden bioink could be printed using the Bio X, the optimal print parameters must first 

be found. Lines of the same width (0.6 mm) were printed using alginate–F127 bioink in Hank’s 

Balanced Salt Solution (HBSS) at increasing print speeds (Figure 2.11 a) from 6 to 20 mm/s at 

a constant pressure of 10 kPa. Print speeds that were too slow resulted in lines thicker than 0.6 

mm along their whole length, too fast and the lines were too thin or not visible at all. A range 

from 8–10 mm/s was selected as the optimum following this experiment. The Bio X differs from 

the Dual-Extrusion system due to its pneumatic actuation, therefore pressure must be optimized 

(Figure 2.11 b). Pressure was increased from 6 to 20 kPa while print speed was kept at 8 mm/s. 

Following this experiment, 14–20 kPa was selected as the optimum range for printing using the 

alginate–F127 bioink with the printbed at 37˚C. 

 

Figure 2.11: Calibration of the print parameters on the Bio X (a) Single-line prints at various print speeds, the printer 
can print much faster or slower than this but these values were selected based on values used by CELLINK for other 
alginate bioinks. (b) single-line prints at various print pressures, the BIO X can apply up to 200 kPa.  
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2 . 3 . 5  F l u o r e s c e n c e  A c t i v a t e d  C e l l  S o r t i n g  o f  
P o d o c y t e s  a n d  E n d o t h e l i a l  C e l l s  
In order to maximize fluorescence during imaging, a population of podocytes and GEnCs were 

sorted for fluorescence by Dr. Andrew Herman and Dr. Lorena Suerio Ballesteros. Cells were 

dissociated from their culture flasks and suspended in sorting media as outlined in Section 

2.1.2.4.4. The podocytes showed a discrete population positive for GFP both before the pre-

sort (Figure 2.12 a) and before the sort (Figure 2.12 b). After sorting, a discrete population of 

podocytes that were 85% GFP fluorescent was established and cultured further for future 

experiments. 

  

Figure 2.12: FACS data gating and graphs from the a) pre sort, b) cells at the start of the sort and c) post-sort of 
GFP-expressing podocytes. In a) two populations can be seen, this graph allowed us to define the GFP +ve cells as 
those within the red box, and accounted for 11.7% of the population. The cells that were actually sorted b), also show 
two populations, one GFP+ve as defined in a). In c) the final population of sorted cells is visible, with 85% of the 
sorted cells expressing GFP.   

The FACS of the mCherry expressing GEnCs (mislabeled as ‘podocytes’ in Figure 2.13 below) 

was not successful. Only a very small population of mCherry positive cells were found in the 

pre-sort (green box, Figure 2.13 a). The excitation value of 552 nm was chosen to minimize 

interference by the emission of mCherry which is higher at mCherry’s peak excitation 

wavelength of 587 nm. However, the cells are demonstrably fluorescent (Figure 2.14 below), 

and remained so throughout the rest of this work. As a result, this FACS data was deemed to 
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be unreliable. Due to time constraints, FACS of the GEnCs was abandoned and the cells were 

used unsorted. 

  

Figure 2.13: FACS data and gating of the GEnCs. In the pre-sort a), very few cells appeared to be expressing mCherry 
and those that did, did so weakly. A sort was pursued but only resulted in 4 mCherry positive cells, or less than 0.1% 
of the original population. Therefore it was determined the GEnCs were either not expressing mCherry or some other 
error and the population of GEnCs was used unsorted.  

Following lentiviral transfection of the podocytes and GEnCs and FACS sorting of the 

podocytes, the cells were imaged on culture plastic using a confocal microscope. In Figure 2.14 

below, podocytes (a) can be seen to fluoresce when exited with 488 nm light, indicating they 

are expressing GFP. The GEnCs (b) fluoresce when excited by 561 nm light, indicating they are 

expressing mCherry. Finally, in co-culture of podocytes and GEnCs, differences in fluorescence 

can be observed, as well as their different morphologies in 2D, consistent with previous 

studies.190  

 

Figure 2.14: Confocal images confirming that the podocytes (a) have been transfected with the GFP plasmid and are 
expressing the protein, (b) the GEnCs have been transfected with the mCherry plasmid and are expressing the 
protein and (c) the same cells in co-culture.  
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2 . 3 . 6  T h r o m b i n  M o d i f i c a t i o n  a n d  P u r i f i c a t i o n  
2.3.6.1 Purification 
A size exclusion column (SEC) was selected as the best and easiest method to purify the 

thrombin from the impure sample purchased from Sigma-Aldrich. Specialized beads in the SEC 

mean that larger proteins pass through the column at a predictably faster rate, separating the 

proteins and any impurities or aggregates based on their size. The catalytically active a–

thrombin is approximately 37.4 kDa in size, and in the body is released from the inactive 

prothrombin which is approximately 72 kDa. The lyophilized thrombin as supplied by Sigma-

Aldrich is only ≥50% protein, therefore purification and selection for the fractions close to 37.4 

kDa in size was deemed necessary to maximize activity.   

 

Figure 2.15: a) Tris-glycine SDS-Page gel of thrombin fractions after SEC purification, black arrow indicates 37 kDa 
on the ladder, the size of activated thrombin. b) gelation test of protein collected in the fractions indicated by the red 
arrows and c) gelation test of protein collected in the fractions indicated by the green arrows.  
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In Figure 2.15 a above, fractionation samples from the SEC were run on a tris-glycine gel with 

a 250 kDa ladder in the leftmost lane. Overall the bands in the region of 37 kDa (black arrow) 

were brightest in the fractions indicated by the green arrows. To confirm activity, solutions from 

the fractionation samples indicated by the red and the green arrows were added to solutions of 

10 mg/mL fibrinogen in PBS and left to gelate for 20 minutes at 37˚C. The sample from the 

fractions indicated by the red arrows (Figure 2.15 b) did not gelate, whereas the sample from 

the green arrows clearly formed an opaque gel, typical of fibrin (Figure 2.15 c).  

2.3.6.2 DLS, Zeta Potential 
In order to determine if the cationization and conjugation of surfactant to the thrombin were 

successful, the native, cationized and conjugated protein were analysed using DLS. Our best 

understanding of a successful cationization is that it only alters the negatively charged amino 

acid resides of the protein, without conferring any morphological change or denaturing the 

protein.216 The surfactant conjugation will form a corona around the protein without blocking the 

active site and rendering it inactive, though some activity may be lost.216 The surfactant addition 

should therefore increase the hydrodynamic radius of the protein and as can be seen in Figure 

2.16 below, surf.Thr had a larger hydrodynamic diameter as measured by DLS, whereas the 

nat.Thr and the cat.Thr remained the exact same size.  

 

Figure 2.16: a) hydrodynamic radius of nat.Thr, cat.Thr and surf.Thr preparations in 20 mM HEPES b) Zeta 
Potentiometry distribution of cat.Thr (+1.7 mV) and surf.Thr (- 1.6 mV) at pH7 in 20 mM HEPES. Data shown as 
normalized Gaussian distributions of raw data. 
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In experiments carried out by Dr. Robert Deller, the zeta potential of the protein in solution was 

measured.27 In work not shown in this thesis, samples of nat.Thr were measured as a function 

of cationization time, i.e., reaction time with EDC and DMPA (see Introduction 4.2.3). Nat.Thr 

began the reaction at around -13.9 ± 0.9 mV and after 2 hours of cationization was +5.8 ± 0.8 

mV. Next, the zeta potential of a sample of cat.Thr was compared to that of surf.Thr (Figure 

2.16, b). As the surfactant electrostatically conjugates to the cat.Thr, the zeta potential dropped 

from +1.7 mV to -1.6 mV, indicating that the surfactant was screening the charge of the cat.Thr 

through complexation. Dr. Robert Deller also performed matrix assisted laser desorption time of 

flight mass spectrometry on cat.Thr and surf.Thr samples which demonstrated a in a mass 

increase of 3.25 kDa, which was determined to represent a charge reversal of 39 sites on the 

thrombin, assuming 100% conjugation by the surfactant.  

2 . 4  A c k n o w l e d g e m e n t  o f  C o l l a b o r a t i o n  
Fluorescence Activated Cell Sorting (FACS) was performed by Dr. Andrew Herman and Dr. 

Lorena Sueiro Ballesteros (Life Sciences, University of Bristol), with participation of the author. 

Lentiviral transfection was conducted in collaboration with Dr. Ruth Rollason (Bristol Renal, 

University of Bristol) and populations of GFP-podocytes and mCherry-Actin GEnCs were 

supplied by Dr. Rollason and Dr. Jack Tuffin respectively. DLS Zeta Potentiometry was 

conducted by Dr. Robert Deller.  
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Chapter 3: Optimisation of a 
Bioink for Bioprinting Renal 
Glomerular Cells 
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3 . 1  I n t r o d u c t i o n  

3 . 1 . 1  A  H y b r i d  A l g i n a t e - P l u r o n i c  B i o i n k   
Armstrong et al. developed a hybrid alginate–Pluronic F127 bioink for extrusion bioprinting of 

bone and cartilage tissue in 2016.107 Pluronic F127, a block copolymer consisting of a 

hydrophobic core of polypropylene glycol and two flanking hydrophilic polyethylene glycol 

blocks, is used as a thermal gelation agent as well as a pore generator (porogen).107 The thermal 

gelation occurs as the temperature increases, thereby reducing the critical micelle concentration 

(CMC) of the F127 and allowing the micelle volume fraction to rise until the micelles crystallize 

and form a self-supporting gel phase.217 This sol-gel transition is dependent on both the 

concentration of F127 and the temperature meaning Pluronic gels will degrade upon cooling or 

immersion.107 This property has led to Pluronics being used as ‘fugitive inks’ in perfusable 

scaffold formation, whereby the Pluronic is 3D printed, encased in a stable hydrogel and washed 

away.106 As discussed in Chapter 1 Section 1.2.3.1, alginate can be used for bioprinting and 

when ionically crosslinked it can remain stable when immersed. However it does not exhibit the 

mechanical properties needed for reliable extrusion bioprinting, except in low molecular weight 

formulations that exhibit poor mechanical strength and therefore are not self-supporting.107 By 

mixing the alginate and F127 into a hybrid system and careful formulation and procedure 

optimization, Armstrong et al. were able to utilize the most desirable properties from both 

materials. In brief, 6 wt.% alginate and 13 wt.% F127 were mixed into a fluid in which hMSCs 

were dispersed. A custom extrusion bioprinter was used to print 10 mm × 10 mm × 2.4 mm 

constructs from six 400 µm layers onto a 37˚C printbed, which were then crosslinked with room 

temperature 100 mM CaCl2. Temperature was a key variable in this process, the bioink in the 

syringe was below 37˚C and therefore the F127 was below its CMC. When it was deposited on 

the printbed at 37˚C, the F127 reached its CMC and the micelles gave additional mechanical 

support and excellent print fidelity.107 By crosslinking the alginate with room temperature CaCl2, 



 106 

the F127 fell below its CMC and was washed from the constructs leaving being a microporous 

structure, not observed in alginate without F127 added.107 Printed constructs were immersed in 

cell-appropriate media plus 5 mM CaCl2.107 The alginate in these experiments was not purified, 

nor modified to present additional cell-binding motifs, and the stem cells were still over 75% 

viable for over 7 days.107 The development of this bioink underpins the work presented in this 

chapter and part of the next. 

3.1.1.1 Bioink Preparation 
Armstrong et al.107 used the alginate–F127 bioink to 3D bioprint hMSCs and differentiate them 

into cartilage and bone. Though successful in its aims, personal communication with the authors 

revealed challenges in print reliability, in part addressed previously by the new Dual Extrusion 

System (Chapter 2, Section 2.3.3), as well as bioink batch-to-batch consistency, and especially 

bubble formation during the mixing step. For the duration of the Armstrong et al. study, the bioink 

was prepared according to Chapter 2, Section 2.1.3.1. Central to this method is the mixing by 

hand of 10% alginate gel and 40% F127 gel to form the final bioink formulation. This method 

inevitably results in large bubbles in the bioink, which Armstrong et al. attempted to remove by 

outgassing in a centrifuge. If the bioink could be prepared using a machine which mixes without 

introducing any bubbles, such as the Dual Asymmetric Centrifuge (DAC), this could improve the 

optical properties of the bioink. Determining when the alginate and F127 are fully mixed using 

the hand mixing method is also entirely subjective, potentially impacting reproducibility.  

3 . 2  A i m s  
In this chapter, the aims are to optimize the manufacture of the alginate–Pluronic bioink using 

the DAC to automate the mixing of both components and test for cell viability using hMSCs as 

a model cell line. Next, conditionally immortalized renal glomerular cells will be 3D bioprinted to 

attempt to fabricate highly viable tissue constructs using the optimized methods developed 
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previously. As the viability of the podocytes and endothelial cells during bioprinting was too low, 

a subsequent aim was to determine the cause of this and point to a potential solution. 
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3 . 3  R e s u l t s  a n d  D i s c u s s i o n  

3 . 3 . 1  3 D  B i o p r i n t i n g  P o d o c y t e s  a n d  G E n C s  
As the podocytes and GEnCs had never been bioprinted in the alginate–F127 bioink before, the 

first set of experiments sought to determine the viability of these cells in the bioink. In an initial 

study using the bioink as formulated by Armstrong et al.107, a 6% alginate and 13% F127 gel, 

hMSCs were over 75% viable (live versus dead) for up to 7 days. The aim was to replicate or 

better these results when using the same bioink applied to different cell types, therefore 75% 

viability over up to 7 days was set as the minimum viable threshold in all subsequent 

experiments using the alginate/F127 bioink. As can be seen in Figure 3.1 below, both the 

podocytes (green bars) and GEnCs (red bars) were markedly below the 75% viability threshold 

at day 1 and day 4. In order to screen several conditions rather than fully understand the exact 

mechanism of cell mortality, experiments used low n numbers to more efficiently use resources.  

 

Figure 3.1: Live/Dead assay of the podocyte (green) and GEnCs (red) in the bioink at day 1 and day 4, printed using 
the MendelMax 3 and the Dual-extrusion system. A decrease in cell viability is observed over that time frame for both 
cell types when compared to 2D controls under the same culture conditions. n=1 

Cells from the same populations were cultured in 2D under the same incubator conditions and 

showed viability in excess of 95% for both cell types for both time points. Crucially, neither the 
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podocytes nor the GEnCs recovered from their low viability at day 1, the viability declined even 

further to 18% and 35% for the podocytes and GEnCs respectively by day 4. Clearly then, the 

3D bioprinted renal cells were experiencing some stress or otherwise triggered to undergo 

apoptosis. Although the results below only represent n=1, the same trend was repeated in 

several other experiments conducted by the author, presented in comparison to other variables 

and methods later in this work. Further experimentation was needed to determine the cause for 

this low viability, starting with the components of the bioink, the preparation method, the print 

settings, and the concentration and composition of the crosslinker.  

3.3.1.1 Components of the Bioink 
The bioink is composed of alginate and F127. Podocytes were selected as the model cell type 

as they appear to have the lowest viability in the bioink (Figure 3.1 above). Using an Alamar 

Blue™ assay, podocytes grown in 2D were coated in a 3% and 6% alginate gel for 24 hours, 

and another group were exposed to 6 wt.% and 13 wt.% F127 in media for 24 hours. The control 

sample was left as is. In Figure 3.2 below, neither the alginate nor the F127 appeared to have 

a detrimental effect on the cell’s viability. As this was a screening procedure, only one biological 

repeat was used. 

  

Figure 3.2: Alginate  and F127 cytoxicity on podocyte cells in 2D. Viability values reported as a percentage of the 
control, fluorescence measured by Alamar Blue™ assay. n=1 
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3 . 3 . 2  T h e  E f f e c t  o f  t h e  C h e m i c a l  C r o s s l i n k e r  
I d e n t i t y  o n  C e l l  V i a b i l i t y  
A crucial element of the bioprinting process is crosslinking the 3D printed construct. Alginate 

can be crosslinked with many divalent cations, most commonly CaCl2.149 In Figure 3.8 below, 

equally sized samples of alginate–F127 bioink were immersed in solutions of water and 

phosphate buffered saline (PBS) as controls as well as 100 mM solutions of MgSO4, CaCl2, 

BaCl2, and ZnCl2. The photos in Figure 3.8 below were taken after 10 minutes to visually check 

for crosslinking thanks to the change in opacity of the bioink through crosslinking. Alginate does 

not necessarily become opaque when crosslinking, however the porous structure left behind by 

the F127 will make the crosslinked bioink appear opaque. The samples in water and MgSO4 did 

not appear crosslinked, repeating previously reported results that Mg2+, though a divalent cation, 

does not crosslink alginate effectivlely.148 The PBS sample did appear to turn somewhat opaque, 

but this could be due to the colorless PBS ingressing into the sample and washing out the phenol 

red colored cell media in which the alginate is dissolved. The undefined edges of the bioink in 

PBS supports the notion that it is not crosslinked. The CaCl2 and BaCl2 samples appeared to 

turn similarly opaque, whereas the ZnCl2 sample became fully opaque in the same time frame 

and felt firmer. Following this experiment, CaCl2 and BaCl2 were selected as potential 

crosslinking agents, and MgSO2 was used as a control whereby divalent cations would be 

present in solution but would not interact with the sodium alginate.  

 

Figure 3.3:  Photographs of similarly sized 
samples of alginate–F127 bioink after 10 minutes 
immersion in various solutions. a-c) are known 
not to crosslink alginate, d-f) are known 
crosslinkers. Visual assessment of the opacity of 
the samples determined if they were 
‘crosslinked’.  
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3.3.2.1 The Effect of Calcium Chloride on Cell Viability 
In Figure 3.4 below, podocytes (a) and GEnCs (b) were cultured in 2D and incubated for 24 

hours with increasing concentrations of CaCl2 in media. After 24 hours, the cells were assayed 

with Alamar Blue™ and measured for viability. The GEnCs (Figure 3.4 b; below) were generally 

similarly viable across their means for all concentrations.  

The podocytes displayed a very particular behavior (Figure 3.4 a; below). Samples at 100 mM 

and 50 mM were higher than 75% viable on average but slightly lower than the 91% average 

viability of the control. At 1 mM, the podocytes were significantly more viable than the control at 

95%. At 25 mM CaCl2, the podocytes had an average viability of only 4%. The viability rose to 

58% on average at 5 mM CaCl2 however the standard deviation was nearly 21%. Physiological 

concentrations of extracellular Ca2+ are usually in the range of 2 mM.218  

As was the case of Armstrong et al., 100 mM CaCl2 was used to crosslink the 3D printed 

constructs and 5 mM CaCl2 was added to the culture medium to ensure the 3D bioprinted 

constructs did not dissolve over time.107 As seen in Figure 3.1, following this protocol resulted 

in poor podocyte viability. Other studies have found that the Ca2+ concentration used in alginate 

gelation will adversely affect chondrocytes.135,219 Calcium acts as a messenger in a variety of 

cells.220 Studies examining intracellular Ca2+ in both in vivo and in vitro podocytes report 

increases in intracellular calcium during injury.221,222 In an experiment, Jiao et al. found that 0.5-

20 mM Ca2+ in solution lead to Calcium-sensing receptor (CaSR) stimulation and a dose-

responsive increase intracellular calcium in podocytes.223 Larger concentrations of free calcium 

may be beyond what is regulated by the CaSRs at the cell membrane, whereas 5-25 mM is 

activating the CaSRs at the cell membrane and leading to significant increases of intracellular 

Ca2+. Intracellular Ca2+ in podocytes plays a role in both health and disease, with the activation 

of Transient Receptor Potential Channels (TRPCs) acting as a mediator of Ca2+ induced 

cytoskeletal remodeling in podocytes.218,224 In particular, increases in TRPC5 and 6 function 
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triggered by Ca2+ can lead to focal segmental glomerular sclerosis (FSGS, see Chapter 1, 

Section 1.3.5 for more information) or glomerular filtration barrier damage.223,224  

It was difficult to determine what the effective concentration of CaCl2 the podocytes were 

exposed to during the crosslinking and culturing process. Calcium ions will bind to the alginate, 

therefore the amount of free CaCl2 in solution could effectively be lower than the free 

concentration in solution. Commercially available calcium probes were found to be too large to 

measure Ca2+ concentration in the 3D printed constructs. Fluorescent Ca2+ indicators, either 

loaded as a dye or by transfection could be used to probe the cells’ intracellular calcium levels 

in more detail.220  

 

Figure 3.4: Live/dead assay showing cell viability (a) podocytes and (b) GEnCs as a function of CaCl2 concentration 
in media, after incubation for 24 hours, when compared to an untreated control. Error bars represent the mean and 
standard deviation, replicates are plotted as grey dots. Only the and for the GEnCs 5mM and 50mM were not 
significant as determined by an unequal variance two-tailed t-test where * P=<0.05, **** P=<0.00005. n=4 for the 
podocytes and n=1 for the GEnCs. 

3.3.2.2 The Effect of Barium Chloride on Cell Viability 
The next crosslinker to be tested for viability using live/dead was BaCl2. Figure 3.5 a below 

shows the viability of podocytes versus BaCl2 concentration. There appears to be a large 

decrease in cell viability when compared to the control only in the sample exposed to 100 mM 

BaCl2, the control was 87% ± 2 whereas the 100 mM sample was only 31% ± 3. The 5 mM 

sample appeared to be just under the 75% threshold with a mean viability of 74% ± 2. In the 
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absence of more replicates this data is only preliminary. In Figure 3.5 b, the GEnCs generally 

appeared to be affected by the BaCl2, even at the lowest concentration of 1 mM. Conversely. 

the sample that was least affected was 100 mM.  

Regardless of this data, the BaCl2 forms a large amount of precipitate with the phosphates in 

the podocytes’ or the GEnCs’ media, which made it impractical to sterilize by filtration, and 

therefore it was not considered a viable crosslinker option.  

 

Figure 3.5: Live/dead assay showing cell viability (a) Podocytes and (b) GEnCs as a function of BaCl2 concentration 
in media, after incubation for 24 hours, when compared to an untreated control. n=1 

3.3.2.3 The Effect of Magnesium Chloride on Cell Viability 
Though not suitable as a crosslinker, MgCl2 was tested for viability using Alamar Blue™ 

metabolic assay following the surprising results with CaCl2 and podocytes. In Figure 3.6

 

Figure 3.6: Alamar Blue™ assay showing relative fluorescence (a) podocytes and (b) GEnCs as a function of MgCl2 
concentration in media, after incubation for 24 hours, when compared to an untreated control. Most of the samples’ 
RFU exceeded 75% of the untreated control except 100 mM MgCl2 on the podocytes. n=1 
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3.3.2.3.1 Effect of  Crosslinker on Cell Viability  

The deleterious effect of CaCl2 at 5-25 mM appears to be specific to the podocytes and is not 

replicated with other divalent cations Barium and Magnesium. For the podocytes, only high (100 

mM) concentrations of BaCl2 and MgCl2 appeared to negatively impact viability whereas the 

GEnCs appear to be little affected by crosslinker identity or concentration.  a below, it can be 

seen that only 100 mM MgCl2 had an adverse effect on podocyte viability, with the RFU dropping 

to far below the control value.  

The GEnCs however appeared unaffected by the addition of MgCl2 when compared to the 

control. The reliability of the control sample is in question as it is lower than the majority of the 

treated samples. It could be that a pipetting error meant the control wells contained either fewer 

cells or less Alamar Blue™ than the treated ones, which would therefore give a lower metabolic 

activity readout, highlighting one of the potential issues with using Alamar Blue™ as a viability 

assay.  

 

Figure 3.6: Alamar Blue™ assay showing relative fluorescence (a) podocytes and (b) GEnCs as a function of MgCl2 
concentration in media, after incubation for 24 hours, when compared to an untreated control. Most of the samples’ 
RFU exceeded 75% of the untreated control except 100 mM MgCl2 on the podocytes. n=1 

3.3.2.3.2 Effect of  Crosslinker on Cell Viability  

The deleterious effect of CaCl2 at 5-25 mM appears to be specific to the podocytes and is not 

replicated with other divalent cations Barium and Magnesium. For the podocytes, only high (100 

mM) concentrations of BaCl2 and MgCl2 appeared to negatively impact viability whereas the 
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GEnCs appear to be little affected by crosslinker identity or concentration. The differences 

between these solutions, and in particular that 5–25 mM CaCl2 demonstrated the largest effect 

on cell viability in podocytes, point to a cell-specific biochemical cause. A possible mechanism 

is CaSR stimulation by extracellular Ca2+ leading to increases in intracellular Ca2+ which leads 

to cell injury. Through the TRPCs, this may lead to cytoskeletal remodeling and injury to the 

podocytes. The GEnCs also possess CaSRs, however these are not liked to injury due to 

increased intracellular Ca2+, although Ca2+ activated  K+ channels are.225,226 Testing the effect of 

K+ on GEnCs may have provided greater clarity to these results by showing the same triggering 

of CaSRs in a different cell type. However this was not conducted at the time because K+ will 

not crosslink alginate. A different crosslinking procedure such as the three-step method 

developed by W. Shu et al. could be used to mitigate the negative effects of the CaCl2 on the 

podocytes.126 In this method, the alginate was pre-crosslinked before printing with 80 mM CaCl2, 

printed in an immersion bath of 100 mM CaCl2 and finally crosslinked with 60 mM BaCl2 for 2 

minutes. By following this method, CaCl2 concentration would be kept above the cytotoxic 

threshold of approximately 25 mM, however it is more complex and printing into an immersion 

tank would have required modification of the bioprinter and possibly the bioink to ensure 

printability. For future studies with alginate and podocytes, elements of the Shu et al. method 

could be used. In particular, pre-crosslinking the bioink with CaCl2 before printing and 

crosslinking with BaCl2  post-print appears to be the method with the best chance of success. 

3 . 3 . 3  O p t i m i s i n g  t h e  3 D  B i o p r i n t i n g  M e t h o d   
3.3.3.1 First Bio X Tests at CELLINK 
In order to validate the alginate–F127 bioink using the Bio X bioprinter for cell viability, several 

cell lines were tested. The first were A459 cells, a human adenocarcinoma cell line, selected for 

their robustness and regular use at CELLINK. A459 cells were passaged, dispersed at 10 M 

cells/mL into the bioink prepared according to Section 2.1.3.2.3. After culture for 1 day and 6 
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days, samples were stained for viability according to Section 2.1.4.2. In Figure 3.7 below, 

representative images of bioprinted A459 cells at day 1 (a) and day 6 (b) stained for live/dead 

can be seen. These images were analysed using an automated cell counter, and the viability 

data was calculated, showing viability of 63% for day 1 and 69% for day 6. For initial experiments 

on an unfamiliar system in an unfamiliar setting, these results were encouraging. Though below 

the threshold of 75%, it is the author’s belief that these values could have been improved. Most 

encouraging, by day 9 (Figure 3.7, d), spheroid-like shapes could be observed in the bioink, 

following what is typically expected of 3D culture of A549 cells.227  

 

Figure 3.7: Data acquired during placement at CELLINK using A459 adenocarcinoma cells. a) Representative 
live/dead image at day 1, b) Representative live/dead image at day 6, c) Viability data at day 1 and day 6, error bars 
represent 3 technical repeats, d) Brightfield image at day 9 showing spheroid-like aggregates. 

The next cell line printed for viability in the alginate–F127 bioink were LX-2 liver hepatocyte 

cells. LX-2 cells were printed at 10M cells/mL of bioink on the Bio X. Viability after 1 day was 

42%  (Figure 3.8, a and b). After 7 days, too few cells were visible in the bioink in order to make 

a viability measurement (Figure 3.8, c). 3D bioprints in this experiment displayed an interesting 

behavior, which had not been seen before by collaborators at CELLINK. In Figure 3.8 (a) the 

live cells in particular appear to be focused into lines, lines that follow the center of the path of 

the printhead. The exact mechanism for this is unclear, but it may be that the nozzle was too 
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close to the print surface, causing the cells near the edges to be in thinner sections of bioink. It 

was not expected that the LX-2 cells be particularly sensitive to shear, from previous 

experiments conducted by collaborators at CELLINK.  

 

Figure 3.8: Data acquired during placement at CELLINK using LX-2 cells. a) Representative live/dead image at day 
1, b) Representative live/dead image at day 1, 20X magnification, c) cells visible in the print (brightfield) at day 7, 
d) Brightfield image at day 1 showing anisotropy in the bioink. Scale bars could not be included due to an error while 
imaging.  

3.3.3.2 Bioink Mixing Method 
In order to parameterize and part automate the manufacture of bioink, a dual extrusion 

centrifuge (DAC) was used for the mixing steps (Chapter 2, Section 2.1.3.2.1). The DAC’s 

design means it can disperse solid alginate and solid F127 into the cell media in the same step, 

resulting in a 6% alginate and 13% F127 bioink that is visually the same as a bioink mixed by 

hand. To ascertain if the mixing method had an effect on cell viability, hMSCs were selected as 

the model cell line for live/dead assay due to their previous use and characterization by 

Armstrong et al.107 Their minimum acceptable viability was defined as 75%, so this was our 

minimum value as we were either reproducing their work with hMSCs or using different cell 

types. The graph below (Figure 3.9) features data from two patients (PNs 135 and 350) and 

there was a large disparity between the two, with one dataset showing higher viability for all time 

points in the hand mixed samples. As hMSCs are patient-derived, this could be due to patient 
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variability of the stem cells. Ideally, a third biological repeat would have been undertaken. As 

can be seen in Figure 3.9 below, mixing the alginate and F127 powders using the DAC appeared 

to have a negative impact on hMSC viability at all time points: days 1, 4 and 7 when compared 

to a sample where the alginate and F127 were mixed by hand. At day 1, the mean viability of 

the hMSCs in bioink mixed using the DAC was 34% ± 17 whereas the viability for the hMSCs in 

the hand mixed bioink had a much higher viability of 76% ± 20. This signifies that the effect of 

the bioink preparation method began to negatively affect the hMSCs within the first 24 hours, 

so there must be an inherent difference between the two from when the constructs were printed. 

For both bioink preparation methods viability appeared to decrease over the 7 days, from 76% 

± 20 at day 1, to 65% ± 31 at day 4, to 54% ± 19 at day 7 for the hand mixed samples. For the 

DAC mixed samples, the decrease was less pronounced, going from 34% ± 17 at day 1, to 27% 

± 9 at day 4, to 22% ± 4 at day 7. The reasons for this decrease in the hand mixed samples are 

unclear as the bioink manufacture procedure followed the Armstrong et al. method and they did 

not observe any significant decrease in viability over 10 days of culture, and no values below 

75%.107  

 

Figure 3.9: hMSC viability as measured by live/dead assay in bioink that has been mixed by hand or mixed using the 
DAC. Images taken at days 1, 4 and 7 after printing. Error bars represent standard deviation of the mean of the 
averages of 3 technical repeats of 2 biological repeats (PNs 135 and 350, both passage number 3), statistical 
significance determined by 2-way ANOVA test, no results were statistically significant. 
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As mentioned previously, determining when to stop mixing using the hand mixing method is 

inherently subjective, so it is possible these samples were mixed too much or too little, resulting 

in a different bioink structure. Another key difference was the extrusion system that was used, 

these studies were all completed using the Dual Extrusion System designed by the author 

(Figure 2.8). However, viability at day 1 is very similar in this experiment to that observed by 

Armstrong et al., implying that the printing procedure did not play the most important role, rather 

that the difference maker occurred during the next 7 days of culture and was therefore 

characteristic of the bioink or the culture method. It may be that the author’s relative lack of 

experience culturing hMSCs (at the time these experiments were conducted) could explain this 

progressive drop in viability. This would have an effect regardless of bioink preparation method, 

which is reflected in the experimental data. The procedure by which these cells are incorporated 

into the bioink and 3D bioprinted means the cells spend some time outside of ideal culture 

conditions which could also negatively affect viability.  

A follow-up experiment sought to examine if the DAC could still be used to prepare the bioink 

using a different method. In Figure 3.10 below, the day 1 and day 7 data from Figure 3.9 above 

was plotted versus a sample prepared according to Section 2.1.3.2, by mixing a 10% alginate 

gel with a 40% F127 gel for a short time at a low RPM, using the DAC to replace the hand 

mixing. The cells were also mixed into the bioink using the DAC at 1500 RPM for 10 seconds.  

The cells in the gel mixed in the DAC were more viable than the cells in DAC mixed powder 

precursors with a mean viability of 53%, but therefore less viable than the samples mixed by 

hand. This would indicate that there is a difference between mixing the powder precursors and 

the gels in the DAC, as well as hand mixing the gels versus mixing the gels in the DAC. By day 

7, the mean viability of the cells in the DAC mixed gels exceeded both the hand mixed and DAC 

powder methods at 58%, so any negative effect caused by mixing the gels in the DAC appears 

to have abated. All three samples were prepared in compositionally identical bioink; 6% alginate 

mixed with 13% F127. They were also printed and cultured under the same conditions. 
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Therefore there must be a difference in the bioink caused by the preparation method. The cells 

in both bioinks prepared using the DAC were in the subjected to the same mechanical stress by 

using the DAC to disperse the cells in the bioink, whereas the cells in the hand mixed sample 

were dispersed more gently by hand. This difference could explain the lower viability at day 1 in 

both the DAC samples. However, the sample prepared by DAC from powder precursors was 

lower than both the other samples at day 1, meaning an additional mechanism must be affecting 

the cells. The structure of the bioink could change as a result of mixing, as it is understood from 

SEM of the bioink that F127 leaves behind pores in the constructs after crosslinking the 

alginate.107 More thorough mixing by using the DAC could more homogenously mix the alginate 

and F127, resulting in smaller domains of F127 and therefore smaller pores. These smaller 

pores could limit nutrient diffusion and therefore lead to lower viability. It could be expected that 

smaller pores and a consequent lower diffusion of nutrients would lead to a greater proportion 

of dead cells in the core of the 3D printed construct, but this was not observed experimentally.  

 

Figure 3.10: hMSC viability as measured by live/dead assay in bioink that has been mixed by hand or mixed using 
the DAC using either gel or powder precursors. Images taken at days 1 and 7 after printing. Error bars represent 
standard deviation of the mean of the averages of 3 technical repeats of 2 biological repeats (PNs 135 and 350) for 
the DAC powder and hand mixed samples, the DAC gel samples consist of an average of 6 technical repeats and 
one biological repeat  so error bars were not added to allow for comparison between data sets (PN 385), statistical 
significance determined by 2-way ANOVA test, no results were statistically significant. 

Day 1 Day 7 Day 1 Day 7 Day 1 Day 7
0

20

40

60

80

100

%
 V

ia
bi

lity

Hand Mixed
Mixed using DAC

DAC Gels



 121 

Further study by SEM of the different bioink preparation methods will be necessary to determine 

the mechanism affecting cell viability. Although more repeats should be undertaken for a more 

thorough comparison, the viability data above appears to indicate that the DAC can be used to 

prepare the bioink, using gel precursors. As a result of this experiment, the method of mixing 

the bioink with the DAC was changed to follow the part automated method whereby the two gel 

precursors of F127 and alginate are mixed briefly using the DAC (see Section 2.1.3.2.1) for the 

remainder of this study. 

3 . 3 . 4  D e t e r m i n i n g  t h e  S t r u c t u r e  o f  t h e  B i o i n k   
3.3.4.1 Spectrophotometric Assay of Pluronic F127 porogen Diffusion  
As discussed above (Section 3.3.3.2), the hybrid bioink employs Pluronic F127 as a porogen, 

which is upon calcium crosslinking of the alginate, leaches out. While Armstrong et al. observed 

leaching of the F127 component via endpoint FT-IR, they did not investigate temporal release . 

To do this, DPH a molecule that has a characteristic absorbance at 358 nm when in a 

hydrophobic environment can be used to measure the presence of F127 micelles as the DPH 

will sequester into the hydrophobic core of a micelle and lead to an observable boost in 

absorbance at 358 nm.  

In Figure 3.11 a below, the specificity of the DPH to detecting F127 micelles was demonstrated. 

5% F127 in media with DPH provided the largest absorbance at 358 nm as measured using a 

UV-Vis (Section 2.1.6). In Figure 3.11 b, it can be seen that absorbance at 358 nm has a 

positive, linear dependence (R2=0.918) on F127 concentration in media, and even small 

concentrations such as 0.5 wt.%. F127 were detectable above the baseline absorbance (media 

+ DPH, or 0% F127). In Figure 3.11 c, a 3D printed and crosslinked construct of alginate–F127 

was immersed in media and aliquots were taken at 1, 2, 5, 10, 20, 30, 60 and 180 minutes 

(Section 2.1.6). F127 micelle concentration as measured by absorbance at 358 nm appears to 

increase over time (R2=0.75). Even after 1 minute, F127 was detectable above the baseline. 
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Using the equation for the line in Figure 3.11 b, the estimated concentration of F127 over time 

can be evaluated.  

From Figure 3.11, the assumed concentration of F127 by wt. can be established in the media 

after crosslinking. Not shown is the concentration of F127 in the crosslinking fluid which was 

2.14 wt.% after 5 minutes. Crucially, this assay does not give a signal for F127 monomers which 

may be present in solution, therefore the concentration of F127 may be even larger. The critical 

micelle concentration (CMC) of F127 is between 0.26-0.8 wt%.228 By the end of the experiment, 

5.02 wt.% was detected using the DPH assay, meaning total measured F127 would be 7.16 

wt.% plus 0.26-0.8 wt.%. This trend does not increase to an asymptote, meaning F127 is 

continually leaching into the media by the end of the experiment.   

 

Figure 3.11: Results and controls of the DPH assay. (a) absorbance of the components of the bioink with and without 
DPH, only samples with both F127 and the DPH should give a signal. (b) absorbance as a function of F127 
concentration showing a linear relationship (c) absorbance as a function of time also showing a quasi linear positive 
relationship. All samples measured at 25˚C, at 358 nm and in a 1 cm pathlength quartz cuvette.  

These results contradict experimental results observed by Fourier-transform infrared 

spectroscopy (FTIR) obtained by Armstrong et al. which demonstrated that the trace after 

crosslinking was identical to sodium alginate and devoid of an F127 features. This indicated that 

all the F127 had been removed in the crosslinking step, unlike what was observed in this 

experiment. Controls in Figure 3.11 a demonstrated that the DPH is specific to F127 and not 
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the other components of the bioink, media and alginate, so that alone cannot explain the 

discrepancy. Armstrong et al. were using smaller constructs than in this experiment so it may 

be that the constructs in this experiment were not fully crosslinked in the 10 minutes and 

therefore some F127 remained. It could also be possible that the  

  

3.3.4.2 SEM of Constructs prepared By Hand Mixing and Using the Dual 
Asymmetric Centrifuge  
In Armstrong et al.’s work, the authors demonstrated the ability to 3D bioprint large biological 

structures of cartilage. They theorized this was in part thanks to the micro-and macro-porous 

structure of the crosslinked bioink due to the F127 porogen, which allows for the diffusion of 

nutrients and oxygen throughout the entire 3D printed construct. In order to ascertain how the 

bioink preparation method affects the inner structure and porosity of the bioink, samples were 

prepared for SEM according to Section 2.1.7 and imaged using a scanning electron microscope 

(SEM). It was hypothesized that low cell viability was due to lack of pores leading to poor nutrient 

diffusion (Figure 3.10). In addition, our best understanding of how the F127 causes porosity in 

the bioink suggested that mixing the two powder precursors together simultaneously would not 

result in macro-porosity. As detailed in Section 3.1.1, the F127 forms micelles at 37˚C, and these 

micelles pack together to give rise to temperature-based gelation. When the F127 and alginate 

are coarsely mixed together, the regions of F127 are washed out during the crosslinking step, 
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leaving a porous structure behind. Should the F127 and alginate be dispersed homogenously 

by mixing their dry solids with the DAC, the regions of F127 gelating at 37˚C will be on the scale 

of single micelles, while the overall gelation behavior might appear unchanged, the inner 

porosity will be much smaller. In Figure 3.13 below, the inner structure of 3D bioprinted 

constructs can be observed using SEM. At a 1000× zoom, the DAC mixed gels (Figure 3.13 a) 

and hand mixed samples (Figure 3.13 b) look similar with pores apparent and in the same size 

range. Conversely, at this magnification the structures produced by DAC mixing of the powders 

(Figure 3.13 c) appears much flatter, with evidence of porosity. Further zoomed in (4000×), 

pores in the hand mixed sample (Figure 3.13 e) appear slightly larger than the DAC gel sample 

(Figure 3.13 d) and the DAC-mixed powder sample still shows little to no porosity. The following 

SEM images confirm that there is a structural difference between samples, dependent on the 

bioink preparation method.  

 

Figure 3.13: SEM images showing the structural differences of cross-sections of the interior of a 3D bioprinted 
construct where the bioink was (a, d) mixed using the DAC from gel precursors, (b, e) mixed by hand from gel 
precursors and (c, f) mixed using the DAC from powdered precursors.  
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The DAC-mixed powder sample was mixed much more homogenously, as both the solid 

alginate and F127 were dispersed into the media in the same step using the DAC. This would 

lead to much less microphase separation between the two components of the bioink and as the 

F127 acts as a porogen, smaller pores. Mixing by hand would therefore produce the largest 

pores as it is the most ‘imperfect’ mixing technique and the F127 phases would be larger. Using 

the DPH assay on these three bioink preparation methods could provide further insight into the 

mechanism of F127 release, it can be reasonably hypothesized that more a homogenously 

mixed bioink would release F127 more slowly. Further SEM of samples of DAC mixed gels, 

mixed for different lengths of time could also confirm the relationship between pore size and 

homogeneity of mixing. From these few images, other valuable information such as pore size 

distribution and interconnectedness of pores cannot be determined. Further study by micro-

computed tomography or nitrogen gas absorption could be used to extract this information.  

3.3.4.3 Optimizing the Bioink Production 
Using the protocol developed in Chapter 2, Section Error! Reference source not found. p

odocytes were bioprinted using bioink which had been prepared by mixing powder precursors 

of alginate and F127 or pre–gels of alginate and F127 mixed by hand. When assayed for viability 

using a live/dead stain at day 1, 4 and 7, all samples had very low viability regardless of bioink 

preparation method. These values were lower than expected when compared to Figure 3.1 

above. Only at day 1 was there a difference between the bioink preparation methods with the 

hand mixed sample showing slightly higher viability. As with the experiments examining alginate 

and crosslinker composition cytotoxicity, no definitive reasoning for the poor viability of the 

podocytes could be established from this experiment. Other parameters of the printing process 

must be assayed for viability.   
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Figure 3.14: Viability of podocytes in the bioink prepared by hand mixing the gel components (blue) and the powder 
precursors mixed in the DAC (pink), as measured by live/dead assay n=1 

3.3.4.4 The Effect of Print Pressure on Cell Viability 
The CELLINK Bio X features a pneumatic extrusion system, which can be controlled within 1 

kPa, the pressure can be increased up to 200 kPa with the internal compressor. Generally, as 

a material becomes more viscous, the pneumatic pressure must be increased to extrude the 

same volume of material at the same rate. Conversely, as print pressure is increased, print 

speed should be increased to keep line widths the same. In Figure 3.15 below, podocytes were 

printed in alginate–F127 bioink and extruded at 25, 35, 45, and 55 kPa. When assayed for 

live/dead viability at day 1, 55 kPa was the lowest with 22% and 45 kPa was the highest with 

70%. Further replicates could have been undertaken to establish a clearer trend. Following this 

experiment, the maximum pressure to be used was defined as 45 kPa, although pressures equal 

to or less than 25 kPa were the most commonly used. Pressure and therefore shear do not 

appear to therefore explain the cytotoxicity, despite literature examples that have observed 

otherwise.127,230  
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Figure 3.15: Podocyte viability as a function of print pressure on the CELLINK Bio X. Viability was measured by 
live/dead assay at day 1 and day 7 after printing. n=1 

3 . 3 . 5  P r o b i n g  C e l l - A l g i n a t e  I n t e r a c t i o n s  U s i n g  
S e r i a l  B l o c k  F a c e  S c a n n i n g  E l e c t r o n i c  M i c r o s c o p y   
To study the cell-alginate interface in high resolution, podocytes were bioprinted and cultured 

for 72 hours. 3 samples were given to Dr. Chris Neal who prepared them for SBF-SEM. In brief, 

the samples were fixed, stained for contrast in the SEM and embedded in resin. The prepared 

samples were sent to both ThermoFisher Scientific and Zeiss for imaging. In Figure 3.16 and 

Figure 3.17 below, the images obtained by Lisbeth Hekking at ThermoFisher Scientific can be 

seen. In Figure 3.16 a, the inner structure of the 3D printed construct is revealed, as are three 

individual podocyte cells. The structure of the bioink should have been preserved during the 

fixing and staining process, therefore the lighter grey areas are alginate and the darker areas 

are the resin in which the constructs were embedded. The porous nature of the bioink is clearly 

visible, and some interconnectedness within this layer is visible. In Figure 3.16 b,c samples were 

imaged by Scanning Transmission Electron Microscopy (STEM), where the alginate now 

appears as the darker grey and the pores filled with resin to be lighter grey. The focus of this 

image is a single podocyte cell, and its cell membrane, cytoplasm, nucleus and organelles are 
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clearly evident. The cell’s morphology appears rounded at this plane, similar to the cells in 

Figure 3.16 a. This is usually an indication that the cell is alive but not interacting with the matrix 

around it and could serve to explain the podocytes’ low viability  

 

Figure 3.16: a) SBF-SEM and b,c) STEM images of podocytes in the bioink. Rounded cells are clearly visible, as is 
the bioink around them. c) is a higher magnification image of the area delineated by the red square in b). Samples 
prepared for SBF-SEM by Dr. Chris Neal and imaged by Lisbeth Hekking. 

in the bioink as due to anoikis, a form of programmed cell death that occurs when anchorage 

dependent cells become detached from their extracellular matrix. Figure 3.16 c shows a higher 

magnification image of the same area delineated by a red rectangle in Figure 3.16 b. In it, there 

appears to be a small projection emerging from the cell membrane, whether it is interacting with 

the alginate is unclear from this image.  

The 3D reconstruction images in Figure 3.17, which are stills taken from a video, the 

interconnected and porous structure of the alginate is clearly revealed. In both of the orthogonal 

views, Figure 3.17 c,d the alginate is the lighter gray areas with brighter edges. The cell 
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membrane is the darker structure embedded within. The cell membrane does not appear to be 

perfectly smooth, as in Figure 3.17 (c) small projections can be seen, although these have not 

interacted with the alginate as it is not composed of any signaling molecules.  

 

Figure 3.17: a) SBF-SEM of one slice of another cell in the bioink. b-d) is a 3D reconstruction using the stack of 
images that a) is issued from. The planes shown in b-d) are indicated on the images. Samples prepared for SBF-
SEM by Dr. Chris Neal and imaged by Lisbeth Hekking.  

These SBF-SEM images may in part explain the low viability of the podocytes in the alginate–

F127 bioink. Anoikis is a form of apoptosis induced by a lack of correct cell to extracellular matrix 

(ECM) attachment.231 In anoikis, the cell death is not caused by a proapoptotic insult such as a 

cytotoxic chemical (for an example of this, see Figure 3.4 a), rather it originates from an initiation 

of signals resulting from loss of cellular adhesion.232 How these signals activate the cell death 

machinery downstream is diverse and usually cell type specific.231 Glomerular diseases such as 

focal segmental glomerular sclerosis (FSGS, see Chapter 1, Section 1.3.5) are a result of 

disruptions to the cytoskeletal–integrin system in podocytes, and lead to cell detachment from 
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the glomerular filtration barrier (GFB). It is not clear whether these detached cells die as a result 

of this detachment (anoikis) or some other independent mechanism which results in their 

detachment.233 Interestingly, studies have found that podocytes collected in the urine of both 

healthy and diseased patients are viable and can be immortalized.234,235 This indicates that 

podocytes are resistant to anoikis, as they would have needed to survive leaving the glomerular 

filtration barrier (GFB) and passing through the harsh urinary environment to be cultured from 

collected urine. However, differences in growth behavior between the podocytes collected from 

healthy and diseased patients suggested that podocytes from healthy patients detached due to 

becoming senescent whereas podocytes from diseased patients detached due to their disease 

state.233 Although the literature suggests that podocytes in vivo are resistant to anoikis, cells 

bioprinted in this study were cultured in an environment with no binding ligands at all for long 

periods, probably far longer than the podocytes gathered in patients’ urine. Therefore, it is 

probable that anoikis could be part of the mechanism behind the podocytes’ death in the bioink.  

3 . 4  C o n c l u s i o n s  
The impetus for this project was a successful study in which a low–cost 3D bioprinter, a novel 

alginate–F127 bioink and hMSCs were combined to biofabricate highly viable and functional 

tissues. Applying this method to conditionally immortalized glomerular cells was more 

challenging than expected. To attempt to determine the underlying cause or causes, all aspects 

of the 3D bioprinting procedure were questioned. First hMSCs were assumed to be more robust 

than Podocytes and GEnCs, therefore improvements to the 3D bioprinter and automating the 

bioink manufacture could lead to shorter print times and more reproducible results. To that end, 

further optimization and calibration of the system was performed by automating the bioink 

manufacture using the DAC. The initial method mixed the two dry powder forms of F127 and 

alginate together, leading to a very homogenous bioink. To decouple the changes to 3D printer 

and the bioink manufacture from cell viability, hMSCs were used to compare and contrast with 
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previously successful results. The viability of hMSCs was lower than previous results in these 

samples, and further study showed it was lower than both mixing the alginate and F127 gels by 

hand, as well as a short mix of the gels with the DAC. Samples mixed in the DAC from powder 

precursors showed both a lower viability and a less porous structure than the samples that were 

mixed from the alginate and F127 gels, either by hand or using the DAC. Porosity was assessed 

by SEM, where comparison of images of the three preparation methods revealed the inner 

structure of the bioink changed as a result. Porosity in the alginate–F127 bioink allows for 

nutrient-rich media to easily diffuse through the constructs, therefore a sample preparation 

which leads to less porosity could lead to lower viability.  

 In another effort to improve viability through automation, a commercial 3D bioprinting system 

in the CELLINK Bio X was acquired and optimized for use with the alginate–F127 bioink using 

model cell lines A549 and LX-2 at CELLINK headquarters. The A549 cells in particular showed 

good viability, but more importantly formed spheroids, a hallmark of 3D in vitro cancer models. 

Further testing would need to be done to confirm, but the Bio X and the alginate–F127 bioink 

appears to be appropriate for in vitro cancer modelling. However using the Bio X did not improve 

Podocyte and GEnC viability alone. 

Initial experiments for viability in the bioink showed low viability. Both the podocytes and 

endothelial cells showed less than ideal viability as soon as 24 hours after printing and even 

lower after 4 days of culture. Attempts to resolve this by examining the viability of cells when 

exposed to the components of the bioink did not reveal why the viabilities were so low. Next, 

the composition of the crosslinker was tested for viability on podocytes and GEnCs in 2D. The 

response of the podocytes to CaCl2 in particular was surprising. The precise mechanism of this 

response is unclear, it becomes even more complex to elucidate in alginate as the alginate will 

chelate the Ca2+ and reduce the effective Ca2+ concentration below the 100 mM used in 

crosslinking, which did not show any adverse effect. By examining several studies in the 

literature, an increase in intracellular Ca2+ mediated by CaSPs resulting in activation of TRPC 5 
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and 6 was discussed as a possible mechanism of podocyte injury for concentrations ranging 

from 0.5 mM to 20 mM.218,223,224 No suitable alternative crosslinker was found. Further viability 

experiments changing the parameters of the bioink preparation as in Chapter 2, and the Bio X 

print pressure did not provide any more reliable insight or trends which could lead to increased 

viability during the bioprinting process.  

Another indication as to the mechanism behind the low viability of the podocyte cells in particular 

came as a result of the SBF-SEM of the cells in the bioink. The cells were rounded and did not 

appear to interact with the porous bioink around them, which would have led to a more polar 

morphology. This led to the idea that the podocytes, which are an adherent cell type, necessitate 

moieties in their microenvironment to interact with their integrins, otherwise they undergo 

anoikis. The same was assumed to be true for the GEnCs as they are also adherent.  
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4 . 1  P u b l i c a t i o n  
Artificial cell membrane binding thrombin constructs drive in situ fibrin hydrogel 

formation 

Robert C. Deller, Thomas Richardson, Rebecca Richardson, Laura Bevan, Ioannis Zampetakis, 

Fabrizio Scarpa & Adam W. Perriman  

Nature Comms. Volume 10, Article number: 1887 (2019). doi: 10.1038/s41467-019-09763-0 

4 . 2  I n t r o d u c t i o n  

4 . 2 . 1  F i b r i n  a n d  T h r o m b i n  
As discussed in Chapter 1, Section 1.1.2, there are a number of natural polymers available to 

tissue engineers to generate hydrogel scaffolds including gelatin, collagen, chitosan, hyaluronic 

acid and fibrin.26 Fibrin gels have the advantageous properties of being readily producible at 

room temperature by enzymatic cleavage of fibrinogen monomers by thrombin.236 Fibrinogen is 

an abundant, soluble plasma protein.237 Biologically, fibrinogen helps regulate hemostasis, 

inflammation, angiogenesis and wound healing by transitioning from a soluble protein into an 

insoluble clot or gel called fibrin.238 Fibrinogen monomers are made up of 6 paired polypeptide 

chains, Aα, Bβ and γ ().239  

 

Figure 4.1: Fibrinogen structure, showing the different regions which are cleaved during fibrin formation by thrombin 
(FpA and FpB) and the regions which interact to form fibrin oligomers (E and D regions). With permission from Journal 
of Thrombosis and Hemostasis, 10.1111/j.1538-7836.2008.03242.x (2009) 



 136 

Fibrinopeptide A and B (FpA and FpB) are both cleaved by the serine protease thrombin, 

releasing the αC regions and revealing an α chain motif in the E region that is complimentary to 

pockets in the γ nodules (D region), allowing the fibrin monomer to form stable bonds with other 

cleaved monomers and arrange into oligomers.240 The exact mechanism of how these oligomers 

assemble into larger protofibrils by lateral aggregation is not totally understood.240 It is 

hypothesized that the B chain and β nodules interact, that two β nodules and one adjacent γ 

nodule can bond, and the αC regions are not essential for lateral aggregation but enhance it 

and can be crosslinked by plasma transglutaminase (Factor XIIIa).240 These protofibrils 

assemble into larger fibrin fibers which can branch into networks leading to an insoluble gel.238 

The gel point occurs relatively early in the polymerization, only 15 to 20% of the fibrinogen needs 

to be gelated.241 The structure and mechanical properties of the gel depend on a number of 

variables, pH, ionic strength, concentrations of fibrinogen, thrombin and Ca2+ during gelation.236  

 

Figure 4.2: Schematic representation of a fibrinogen monomer aggregating into fibrin fibers. Each Aα chain is 
connected to the E region by fibrinopeptide A (FpA) which is cleaved in the first step by thrombin, forming protofibrils. 
In the next step, thrombin cleaves fibrinopeptide B (FpB) and the protofibrils assemble into aggregates. Figure 
adapted from Lee et al.242 Reproduced with permission from The Scientific World Journal (2015) 
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Briefly, decreases in fibrinogen concentration lead to a more open pore structure and more 

structural homogeneity (5 mg/mL versus 17 mg/mL)243, and decreases in thrombin 

concentration resulted in larger, more bundled fibers (1 TIU/mL versus 0.001 TIU/mL)244. Careful 

control of these variables will be needed to generate appropriate 3D fibrin matrices for tissue 

engineering. 

4 . 2 . 2  F i b r i n  a s  a  S c a f f o l d  i n  T i s s u e  E n g i n e e r i n g  
As discussed in Chapter 1, Section 1.1.2, a scaffold for tissue engineering should be porous to 

allow for nutrient diffusion and provide a cell-friendly niche for tissue maturation before 

degrading.245 Fibrin gels present all of those characteristics as well as the added advantage of 

being able to be autologously isolated from the patient’s own blood, and have therefore been 

researched and used as scaffolds for tissue engineering for nearly two decades.245–251 The use 

of fibrin as a hydrogel scaffold however presents two significant disadvantages in the context of 

this work, the gel will be quickly proteolytically degraded by the cells unless stopped, and fibrin 

gels have characteristically low mechanical stiffness.249 Studies have addressed the 

degradation problem by crosslinking the fibrin using Ca2+ 252 and clotting factor XIIIa251, as well 

as the addition of protease or plasmin inhibitors such as aprotinin253. This crosslinking can also 

enhance the mechanical properties of fibrin, increasing the overall modulus.254,255 Landmark 

work by J.A. Hubbell and colleagues incorporated a wide variety of bioactive peptide sequences 

in fibrin gels by conjugating them to Factor XIIIa, thereby enhancing the bioactivity of the gels 

and broadening their applications.256,257 More often than not, fibrin scaffolds have been used in 

combination with other synthetic or natural polymers and these hybrid systems have been used 

to generate cartilage252, neuronal guides246, aorta245,247 injectable scaffolds242, urethra258 and 

glomerular models55. The poor mechanical properties of fibrin, and the fact that is does not shear 

thin have limited its use in 3D bioprinting, with additives such as biodegradable polymers258 or 

support baths138 needed to produce self-supporting 3D structures. 
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4 . 2 . 3  C e l l  M e m b r a n e  E n g i n e e r i n g  
The surfaces of cells are highly complex and heterogenous environments, a lipid bilayer serves 

as a barrier and sensing platform whereby cell surface receptors, proteins (transmembrane and 

membrane bound) and carbohydrates can react with the cells’ microenvironment to induce a 

number of critical cellular functions.259 Intracellular signaling pathways, cell-cell and cell-scaffold 

interactions are all initiated at the cell membrane and lead to changes in morphology, phenotype 

and protein expression.259 Recently, cell membrane engineering has emerged as a method of 

providing additional cell functionality such as homing,260 adhesion,261 oxygenation,262 and 

immunoevasion.259 Methods of modifying the cell membrane utilize the functional groups 

present at its surface, proteins, glycans and phospholipid head groups.216 The three most 

common approaches are chemical modification of the cell membrane, one example would be 

biotinylating free amine groups on the cell and adding streptavidin.216 Electrostatic approaches 

are also used, whereby the surface charge of the exogenous species is increased so that it will 

interact with the negatively charged moieties of the cells’ glycocalyx.216 Thirdly, a lipid is 

complexed to the exogenous species so that the hydrophobic interactions between the complex 

and the bilayer anchor the exogenous species to the surface of the cell.216 It is essential that 

any of these reactions be permissible in non-cytotoxic conditions: physiological pH and ionic 

strength, ambient temperature and pressure, and aqueous conditions.216 Even if these criteria 

are met, cell functionalization can lead to cytotoxicity through membrane thinning or hole 

formation.263  

Several of the advances in this field have come from the Perriman research group, where a 

facile two-step chemical modification of the exogenous species allows it to be complexed to the 

surface of the cell.262 Initial studies focused on modifying enhanced GFP (eGFP) and myoglobin 

first by covalently coupling N,N′-dimethyl-1,3-propanediamine (DMPA) to the acidic amino acid 

residues of the protein, followed by electrostatically complexating an anionic surfactant to the 
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now positively charged protein.262 Both proteins without the surfactant and with it adhered 

persistently on the cell membrane either by electrostatic or hydrophobic interactions 

respectively.262 

Work presented in this chapter is issued from a collaborative effort between the author and Dr. 

Robert Deller to utilize this electrostatic surfactant-protein complexation method to generate an 

ECM mimic from fibrinogen and thrombin. In brief, thrombin was cationized via N-(3-

dimethylaminopropyl)-N′ethylcarbodiimide hydrochloride (EDC) mediated covalent attachment 

of DMPA to the carboxylic acid groups of the protein. Next, a polymer surfactant was 

electrostatically complexed to the protein which resulted in surfactant coated thrombin. Despite 

the interdependent relationship between the cells’ surface and their ECM, few studies have so 

far focused on modifying the cell membrane to drive scaffold formation, thereby creating a matrix 

at the surface of the cells themselves.264,265 

 

 

Figure 4.3: a) Schematic 
representing the changes to 
thrombin throughout the 
cationization and surfactant 
coating process, beginning with 
native thrombin (nat.Thr), 
following cationization with 
EDC and DMPA shown by a 
change in color of the anionic 
groups to red : cationized 
thrombin (cat.Thr) and finally 
following complexation with 
oxidized IGEPAL (oxIGEPAL): 
surfactant coated  thrombin 
(surf.Thr). b) Schematic of the 
surf.Thr (surfactant in yellow 
and protein in red and white), 
embedded on the cell 
membrane (phospholipid 
headgroups in green) and the 
generated fibrin scaffold (blue 
fibers). Images adapted from 
Deller et al. (2019)  
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Using this method, Dr. Deller was able to direct human mesenchymal stem cells (hMSCs) down 

osteogenic and adipogenic lineages, resulting in 3D tissues which displayed tissue-specific 

markers when assessed both by quantitative polymerase chain reaction (qPCR) and fluorescent 

staining.27 

4 . 3  A i m s  
In this chapter, the cell membrane reengineering platform is developed to provide a soft gel-cell 

interface for the development of robust self-supporting structures. Specifically, the aims are: 

To purify and conjugate a surfactant to chemically cationized thrombin while retaining enzymatic 

activity. To validate the use of surfactant coated thrombin versus native and cationized 

preparations. To apply the thrombin/fibrin system to 3D bioprinting a renal glomerulus model. 

To investigate the potential of fibrin-only scaffolds for glomerular modelling in vitro. To use that 

novel system to work towards a perfusable model of the glomerulus. 
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4 . 4  R e s u l t s  a n d  D i s c u s s i o n  

4 . 4 . 1  3 D  C u l t u r e  i n  F i b r i n   
Previous studies by Tuffin et al. have found that fibrin gels and hybrid systems using fibrin and 

electrospun polyglycolic acid (PGA) scaffolds can be used to produce 3D glomerular models 

expressing mature markers.55 In order to validate and replicate these results, podocytes were 

cultured following three methods. In the first, the cells were plated onto culture plastic and grown 

in 2D. In the second, podocytes in suspension were grown in a 10 mg/mL fibrin gel and cast in 

a 96 well plate. In the third, the cells were bioprinted in an alginate–F127 bioink prepared using 

a DAC to mix the gel precursors and 100 mM CaCl2 as a crosslinker. The viability data at days 

0, 1, 3 and 6 from two repeats is presented in Figure 4.4 below. The podocytes grown in 2D 

display excellent viability over the entire experiment, validating their use as a control. The 

podocytes grown in the 3D fibrin matrix also display viabilities over 75% for the duration of the 

experiment, with no significant difference from the control at any time point. On average, the 3D 

printed podocytes were 73% ± 6 viable at day 0, much lower than the control which was 99% ± 

0.1, however due to less than optimal number of repeats (n=2), this was not determined to be 

statistically significant by 2-way ANOVA. Day 3 and 6 however showed significantly lower 

viabilities in the 3D printed constructs when compared to the 2D control and the podocytes in 

fibrin. Therefore, fibrin was determined to be a more appropriate matrix for the long-term 3D 

culture of podocyte cells than the alginate–F127 bioink. The following chapters focus on 

methods and results of using fibrin as a 3D matrix for glomerular cell culture.  

These results were not attempted with GEnCs as the podocytes appeared to the most sensitive 

to bioprinting (see Figure 3.1) and were therefore selected as the test cell line.  
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Figure 4.4: Live/dead assay of podocyte cells over a period of 6 days using three different culture methods. Podocytes 
were grown in 2D as a control, and podocytes were grown in 3D in fibrin and in the bioink. Statistical significance 
determined by 2-way ANOVA where  * P≤0.0332, ** P≤0.0021, *** P≤0.0002 n=2 

4 . 4 . 2  L o c a l i z a t i o n  o f  M o d i f i e d  T h r o m b i n  a t  t h e  h M S C  
M e m b r a n e  
Once the cationization and conjugation of the thrombin had been verified, and the thrombin 

showed no cytotoxicity at a working concentration, the next step was to attempt to visualize the 

protein at the cell membrane using confocal microscopy. The nat.Thr, cat.Thr and surf.Thr were 

all dyed using rhodamine according to Chapter 2, Section 2.2.3.3. The cell membrane of the 

hMSCs could be visualized using CellMask™ Deep Red (Sigma-Aldrich, UK). It was expected 

that the cat.Thr would be co-localized to the cell membrane due to charge interactions between 

the positively charged protein and the anionic sulfonated proteoglycans of the glycocalyx. The 

amphiphilic nature of the surfactant would cause the surf.Thr to embed itself in the cell 

membrane. The nat.Thr would not be visualized at the cell membrane as it has no strong 

electrostatic or structural moieties which would cause it to interact with the plasma membrane. 
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In order to acquire the best possible image of the protein at the cells’ surface, it became apparent 

that several factors had to be carefully controlled. Early trials showed promise, however there 

was a large amount of background fluorescence from the protein adhering to the cell culture 

plastic. In order to mitigate this, cells were coated with the different preparations of thrombin in 

suspension, and then plated out for imaging 4 hours later. This gave rise to images like Figure 

4.5 below, where some of the cat.Thr (b) and surf.Thr (c) protein was visible (magenta) on the 

cell membrane (green), whereas no protein was visible at all when nat.Thr was used (a). 

However, the hMSCs were still in the process of adhering to the plate and therefore exhibited a 

rounded morphology that is not an accurate representation of their nominal state in 2D culture. 

If left longer before imaging after coating in suspension, the protein would most likely have been 

endocytosed, and co-localization would not be observed. Therefore, timing was also crucial. 

 

Figure 4.5: Preparations of rhodamine labelled nat.Thr (a), cat.Thr (b) and surf.Thr (c) on HMSCs which were stained 
with CellMask™, coated by protein in suspension, and replated.  

In the following experiment, hMSCs were plated onto 35 mm dishes and left to adhere and 

proliferate for 24 hours before first being stained with CellMask™, and 1 µM dye-labelled protein 

afterwards. In Figure 4.6 below, it can be seen that the cells exposed to 1 µM nat.Thr (a) have 

no visible protein on their surfaces whereas both the cat.Thr and surf.Thr (b) and (c) respectively 

have visible protein on the cell surface. This appears to confirm the hypothesis that both cat.Thr 

and surf.Thr will interact with the cell membrane, albeit our best understanding is that this is 
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through different mechanisms. The cat.Thr is positively charged, and will therefore 

electrostatically interact with the negatively charged cell membrane. The hydrophobic poly-

ethylene glycol (PEG) domains of the amphiphilic polymer-surfactant coating the surf.Thr will 

interact with the hydrophobic tails of the phospholipid bilayer, anchoring the protein in the cell 

membrane. There was no appreciable difference between the cat.Thr and the surf.Thr in these 

colocalization experiments.  

 

Figure 4.6: Preparations of rhodamine labelled nat.Thr (a), cat.Thr (b) and surf.Thr (c) on hMSCs which were stained 
with CellMask™, labelled thrombin is clearly visible on the cells’ surface in (b) and (c) but not in the nat.Thr (a). 10× 
magnification.  
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Figure 4.7: Preparations of rhodamine labelled nat.Thr (a), cat.Thr (b) and surf.Thr (c) on hMSCs which were stained 
with CellMask™, labelled thrombin is clearly visible on the cells’ surface in (b) and (c) but not in the nat.Thr (a). 40× 
magnification. 
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4.4.2.1 Time Course  
hMSCs were coated with rhodamine dyed surf.Thr and cat.Thr and observed over 6 hours in a 

CO2 controlled chamber on a widefield microscope. In Figure 4.8 below, representative images 

at 0, 180 and 360 minutes of the surf.Thr or the cat.Thr on the hMSCs. 0 minutes was a reflection 

of the time from when imaging started, in reality it was around 30 minutes after the protein was 

added to the cell solution, 20 minutes of labelling and an additional 10 minutes to wash the cells 

and transport to the microscope.  

The surf.Thr appears to be localized to the cell membrane immediately, with the majority of the 

dye-labelled protein following the contours of the cell membrane and no in bright aggregates 

inside the cytoplasm which was more typical of endocytosed protein. After 3 hours, there are 

bright aggregates inside the cytoplasm, as well as some outlines along the same edges at the 

first timepoint. By the 6th hour, the majority of the protein appears to be inside the cytoplasm. 

This allowed the nucleus of the cells to be visualized as the protein accumulated on the nuclear 

envelope.  

 

Figure 4.8: Time course experiment conducted over 6 hours to determine the internalization of surf.Thr and cat.Thr. 
Images are presented at T=0 min, 180 min and 360 min (though images were taken every 10 minutes) for both protein 
preparations and show the more rapid internalization of cat.Thr when compared to surf.Thr 
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The cat.Thr did not appear to outline the cells’ membrane at the first timepoint (0 minutes), in 

fact the nuclei for several cells could be observed, meaning that the protein had already been 

endocytosed. As time continued, the endocytosed protein appeared to form into larger and 

therefore brighter aggregates. It has been previously shown that GFP with a high positive charge 

had a high membrane binding affinity, but these strong electrostatic interactions with the 

negatively charged glycocalyx resulted in rapid endocytosis.266  

Therefore, the surf.Thr was selected as the preparation method for future fibrin formation 

experiments due to its ability to colocalize to the cell membrane and its increased persistence 

there when compared to cat.Thr.  

4.4.2.2 Fibrin Formation at the hMSC Membrane 
In order to observe fibrin formation at the cell membrane, Alexa 647 fibrinogen was mixed at 

1% with non-fluorescent fibrinogen. This gives rise to a visible and bright network of fibrin fibers 

in the presence of active thrombin. As in Figure 4.6 and Figure 4.7, the cells were coated in 

surf.Thr which had been dyed with rhodamine. In this case however, the cells were allowed to 

proliferate to form a monolayer on the culture dish, to ensure no thrombin absorbed to the culture 

dish surface and all the thrombin present to polymerize the fibrinogen was solely embedded in 

the cell membrane. Figure 4.9 below shows a series of images from a time course experiment 

in both the xy-axis field of view (which is not a single plane but a z-stack of all the planes) and 

the z-axis field of view.  

A t=0 seconds, the magenta (false color) of the rhodamine-labelled surf.Thr is brightly visible on 

the cells’ surface in both fields of view. As time progresses to 1050 seconds, ‘green’ fibrin fibers 

can clearly be seen to be forming a progressively denser and more interconnected network. 

From the z-axis data, the green of the fibrin can be seen to increase in intensity from bottom to 

top over time, indicating that these fibers are not forming in the bulk of the solution, but rather 

from the surface of the surf.Thr coated cells, as this is where the enzyme is localized. A control 
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whereby the cells were ‘coated’ in rhodamine labelled nat.Thr, washed and fibrinogen added 

showed no gel formation.  

From these results in the model cell type, hMSCs, the surf.Thr was determined to offer the most 

desirable qualities of no cytotoxicity, membrane co-localization, persistence at the cell 

membrane and enzymatic activity for fibrin formation.  

 

Figure 4.9: Confocal microscopy images of a confluent layer of hMSCs, coated in surf.Thr (magenta) and a time 
lapse of rapid fibrin gel (green) formation. Fibrin fibers become visible within 150 seconds and continue to grow and 
aggregate until reaching a maximum at 1050 seconds. The XY and Z axis are presented to demonstrate that the 
fibrin is not growing freely in solution but from the confluent layer of surf.Thr labelled hMSCs.  
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4 . 4 . 3  S t u d i e s  U s i n g  P o d o c y t e s  a n d  G E N C s  
Following the experiments using hMSCs, the same preparations of nat.Thr, cat.Thr and surf.Thr 

were tested on the conditionally immortalized glomerular podocytes and endothelial cells.  

4.4.3.1 Alamar Blue  
In order to determine if the surf.Thr was cytotoxic, Podocytes were used as a model cell type 

and exposed to increasing concentrations of surf.Thr. After exposure for 10 minutes in SFM, the 

Podocytes were washed and cultured in media containing 10% Alamar Blue® for 4 hours before 

being measured for fluorescence at 596/5. In Figure 4.10 below, the surf.Thr did not appear to 

have any large negative effect on cell metabolic activity as measured by Alamar Blue® assay, 

with most samples at least 80% as metabolically active as the control, only the cells exposed to 

1.75 µM fell to 79.75%. Therefore the working concentration of 1 µM was determined to be 

acceptable for future studies. 

 

Figure 4.10: Alamar Blue® metabolic activity assay of Podocytes after labelling with surf.Thr. Values presented as a 
percentage of the measured fluorescence of the control well (no surf.Thr) at 595/5 as an average of 8 biological 
repeats, but one technical repeat.  

4.4.3.2 Membrane Co-Localization on Glomerular Cells 
Preparations of rhodamine-dyed surf.Thr were applied to GEnCs and podocytes on tissue 

culture plastic in 2D. In Figure 4.11 below, several slices of a z–stack of a brightfield and 

fluorescent composite image are presented to show the cells’ surfaces in 3D. In Figure 4.11a 
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z=1, the cells have not formed a monolayer over the tissue culture surface, therefore a large 

amount of background fluorescence is visible due to the protein adsorbing to the plastic surface. 

Some protein can be seen to have specifically bound to the cells, however a large amount 

appears endocytosed.  

In Figure 4.11 b, z=1 bright regions of protein can be seen on the edges of the Podocytes’ 

bodies, as images move through the z-plane, the regions of protein follow the curved shape of 

the cell bodies indicating the protein is on the cell membrane.  

Why the surf.Thr interacted differently with the GEnCs and Podocytes differently is unclear. It 

could be because the Podocytes’ bodies are larger, or that the surf.Thr is more quickly 

endocytosed by the GEnCs. This could be due to their thicker and more negatively charged 

glycocalyx, or their greater abundance of caveolae as they are endothelial cells.267 

 

Figure 4.11: Series of widefield microscopy images moving up in the z-axis from the bottom of the culture plate to the 
top, of (a) GEnCs and rhodamine labelled surf.Thr (magenta) and (b) Podocytes and rhodamine labelled surf.Thr 
(magenta).  

4.4.3.3 Podocytes in 3D Fibrin Gels 
Conjugating surfactant to thrombin would not be a valid method if it did not retain its enzymatic 

ability to form fibrin gels from fibrinogen. In the following experiment, Podocytes expressing GFP 

were coated in surf.Thr, washed and mixed with Alexa 647 fibrinogen at 10 mg/mL (in SFM) 

while in suspension. Quickly, before the fibrinogen became a gel, the solution of cells at 10 M 
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cells/mL was pipetted onto a confocal dish and allowed to gel for 20 minutes. Once a stable gel 

had formed, media with FBS and 0.1 TIU aprotinin was added to the dishes and samples were 

imaged immediately and 24 hours later. In Figure 4.12 below, Podocytes expressing GFP are 

clearly visible by confocal microscopy. The cells additionally appear to be embedded in a fibrous 

fluorescent matrix, which was fluorescent at the same wavelength as the Alexa 647® fibrinogen 

added. The images in Figure 4.12 below are z-stacks of 3D images, in the stacks it is clear that 

the fluorescent matrix is 3D, and the cells are totally surrounded by it. This matrix is certainly 

the Alexa® 647 fibrin, formed from the surface of the cells themselves. In Figure 4.12 a.iii in 

particular, fibers visibly surround the cell body. Voids in the matrix seen in Figure 4.12 a, b.ii,iii 

can be explained as Podocytes that are not expressing GFP as the viral transfection efficiency 

was not 100%, and these cells had not been FACS sorted for GFP expression. Some ‘blebbing’ 

 

Figure 4.12: Confocal images of Podocytes expressing GFP (green) in an Alexa® 647 nm labelled fibrin matrix (red), 
catalytically generated by surf.Thr embedded in the surface of the Podocytes. In both samples, (i) 20×, (ii) 63×, (iii) 
100× magnification. Images in (a) were taken immediately after gel formation and samples in (b) where taken 24 
hours after.   
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indicative of cells dying is also observed which would also explain the visible voids. The matrix 

was still present after 24 hours, although it was less bright (Figure 4.12 b). This could indicate 

the fibrin is degrading or that it has lost some fluorescence over that time.  

4.4.3.4 Scanning Electron Microscopy of Fibrin Gels 
In order to further investigate the fibrin structure, samples of 10 mg/mL fibrinogen polymerized 

by thrombin were prepared for SEM according to Section 2.2.8. In Figure 4.13 below, two 

different magnifications of the same sample can be observed. Branched fibers are clearly 

visible, similar to those observed in the literature at similar concentrations of fibrinogen and 

thrombin.268,269 The density and diameter of fibers appears similar to that observed in the 

confocal images (Figure 4.12, above) however the samples contained no cells so they were not 

visible. Preparing samples for SEM so cells can be visualized requires heavy metals as contrast 

agents and as visualizing the structure of the fibers of fibrin was the primary objective, this was 

determined to be unnecessary. 

 

Figure 4.13: SEM images of a 10 mg/mL fibrin gel, prepared by dehydration and CPD, (a) at 4000× magnification 
and (b) 16000× magnification 
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4.4.3.5 3D Bioprinting With Fibrin 
The mechanism of fibrin gelation is enzymatic, and once gelled it does not exhibit shear-thinning 

properties.270 Fibrinogen solution is not viscous, unlike alginate for example, therefore it cannot 

be used as a bioink for extrusion bioprinting. Fibrinogen must be incorporated into a material 

which has the necessary properties for 3D bioprinting (see Chapter 1, Section 1.2.3). 

Incorporating the surf.Thr into the existing bioprinting procedure was a logical way to achieve 

this. In brief, cells would be coated in surf.Thr while in suspension, centrifuged and pelleted to 

remove excess surf.Thr, resuspended in fibrinogen solution and quickly added to the existing 

6% alginate–13% F127 bioink before spinning in the DAC. The hypothesis was that the 

fibrinogen would begin to polymerize at the cells’ surface forming fibrin and provide integrin 

signaling so they did not undergo anoikis. This would be verified using viability assays, 

fluorescent markers and SEM imaging. 

4.4.3.5.1 Viability as Measured by L ive/Dead Assay 

Both podocytes and GEnCs were tested for viability over 7 days after bioprinting with a surf.Thr 

coating and the addition of 10 mg/mL fibrinogen. Aprotinin, a serine protease inhibitor which 

prevents the degradation of the fibrin, was not added to some samples to determine if it is 

necessary. The hypothesis was that cells in 3D bioprinted samples where fibrin was present but 

where there was no aprotinin would degrade the fibrin over several days and then proceed to 

undergo apoptosis as before. A third method consisted of coating the cells in surf.Thr and 

bioprinting the cells in the bioink as usual, without any addition of fibrinogen.  

In Figure 4.14 a below, podocytes were assayed for viability at day 1, day 3 and day 7. Certain 

samples (Fibrin day 7 and no Fibrin day 7) were only repeated once whereas all other bars 

represent the averages of at least 2 repeats but as much as 4. With this lack of multiple repeats, 

no statistical significance could be established at day 7 so these results were taken as 

preliminary. For days 1 and 3, large variability between individual repeats meant none of the 

results were statistically significant between the three methods, as determined by t-test. 



 154 

However, broader trends can be observed. In all 3 methods, the mean cell viability never 

exceeded the minimum acceptable level of 75%. Some individual repeats did, but these were 

not replicated. The addition of fibrin according to this method is not enough to raise the viability 

above 75%. Additionally, the viability in all 3 methods decreased over time, with the largest 

percentage decrease in the samples with no fibrinogen added (Fibrin and Aprotinin: 56.6% day 

1 to 23.6% day 7 – 58.3% decrease; Fibrin: 56.2% day 1 to 46.5% day 7 – 17.2% decrease; No 

Fibrin: 38.9% day 1 to 13.8% day 7 – 64.6% decrease). Coating the podocyte cells in surf.Thr 

and adding fibrin does not appear to significantly solve their low viability during the bioprinting 

process. Other methods of generating a bioprintable fibrin/alginate/F127 gel were not explored 

as these results were not showing promise. It is however possible that by mixing the fibrinogen 

into the alginate gel, this could also result in higher viability. This would increase the availability 

of fibrinogen to be polymerized at the cells’ surfaces.  

The GEnCs were also bioprinted after being coated with surf.Thr, one set of samples had no 

fibrinogen added and therefore no fibrin gel was formed (No Fibrin), the two other samples had 

fibrinogen added as in Section 2.2.9, though one did not have its media supplemented with 

Aprotinin. In Figure 4.14 below, the only significant result as calculated by t-test was Day 1 Fibrin 

when compared to Day 1 No Fibrin. There was a large variation between the two repeats of the 

 

Figure 4.14: Viability of podocytes (a) and GEnCs (b) as measured by cell counting of live/dead assay at days 1,3 
and 7. Number of repeats corresponds to the number of data points for each bar. Data reported as means ± standard 
deviation. Statistical significance determined by t test; *p ≤ 0.0332 
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Fibrin and Aprotinin method, which meant it was not significant when compared to the other 

methods at any time point. One of the data sets showed viabilities over 80% for day 1 and day 

3, before falling to 62% by day 7. A third repeat may have brought more clarity to this data set 

in particular. However, the samples with no fibrin (n=3) had similar viability over the duration of 

the experiment (Day 1, 38.7 ± 14.2; Day 3, 38.3 ± 16.3; Day 7, 38.6 ± 4.7). The Fibrin samples 

had a mean viability of 74.7% ± 6.7 at day 1, nearly reaching the 75% threshold set at the 

beginning of this work. However, the viability of the GEnCs in fibrin repeated the trend seen in 

the podocyte cells, steadily decreasing over time to 52.6% ± 12.6 by day 7. Adding fibrin does 

appear to increase the viability of the GEnCs when bioprinting, but only significantly at day 1 

and without the addition of aprotinin. Once again, it is possible that another method of 

incorporating the fibrin to the alginate–F127 bioink could lead to larger improvements, however 

this was not explored.  

Aprotinin was added to prevent proteolytic degradation of the fibrin by cells. Therefore, it was 

unexpected that for both cell types, the cells cultured in media with aprotinin would have a lower 

viability when compared to those cultured without any aprotinin as it was anticipated that 

preserving the fibrin would result in the best viability. As well as a possibility of cytoxicity, a 

possible mechanism is that coating the cells in thrombin and fibrin with the aprotinin added 

inhibits the natural ECM formation around the cells. For the samples without aprotinin, the 

coating the cells in thrombin and fibrin would protect the cells during printing as intended, and 

as time continued and the fibrin was degraded by the cells, they could replace it with their own 

ECM. This would follow the principles of some of the literature examples of biodegradable 

scaffolds discussed in Chapter 1, Section 1.1.2.3.3.  

4.4.3.5.2 Representative Images of  3D Bioprinted constructs With Fibrin  

Figure 4.15 below shows representative images of GEnCs in 3D bioprinted constructs, imaged 

1 hour after bioprinting. The GEnCs are expressing mCherry and the fibrinogen, where added, 

has an Alexa® 488 tag. In Figure 4.15 a, the GEnCs were coated in surf.Thr and bioprinted but 
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no Alexa® 488 fibrinogen was added. Two GEnCs can be seen however no fibrin is visible. The 

cells appear very rounded, indicating their membranes are not interacting with any components 

of the bioink. This could however be because the samples were imaged quite quickly after 

bioprinting. In Figure 4.15 b, two GEnCs are also visible, but green Alexa® 488 fibrin is also 

visible in small aggregates distributed throughout the bioprint. The cells displayed a very 

different morphology to those in Figure 4.15 a, appearing more polarized and one displaying 

what could be projections from the main cell body. In addition, one of the GEnCs appears to be 

coated entirely in Alexa® 488 fibrin. It is however much less fluorescent, which could be an 

indication it is less viable, though it may also exhibit lower mCherry expression.  

 

Figure 4.15: 3D Bioprinted samples containing GEnCs (red channel – (ii)) which have been coated in surf.Thr. (a) is 
a sample in which no Alexa Fluor® 488 fibrinogen has been added, (b) the Alexa Fluor® 488 fibrinogen has been 
added (green channel – (i)). In both samples (iii) is the composite showing both the red and green channels.   
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In Figure 4.16 below, podocytes expressing GFP were coated in surf.Thr, bioprinted and imaged 

after 1 hour. Samples in Figure 4.16 a were not resuspended in Alexa® 647 fibrinogen before 

being mixed into the bioink, in Figure 4.16 b, they were. In both samples, the podocytes appear 

rounded, indicating the cells are not interacting with their 3D microenvironment. This could also 

be due to the short amount of time between bioprinting and imaging. However, from the viability 

data in Figure 4.14 a, this could be reinforcing the indication that the podocytes are not getting 

enough of the benefits from the fibrin addition using this method. When imaged using the same 

contrast and illumination settings, sample b had a much brighter Alexa® 647 fibrinogen signal, 

similar to Figure 4.15 b where small fragments or agglomerates of fibrin are distributed 

throughout the bioink. Therefore, the fibrin does appear to be present in the samples to which it 

was added, although it does not form an interconnected network through the alginate gel. Again, 

this could point to this method of fibrin addition to be ineffective to see the same benefits in 

viability observed in 3D fibrin gels (Chapter 3, Section 4.4.1). 

 

Figure 4.16: 3D Bioprinted samples containing Podocytes (green channel – ii) which have been coated in surf.Thr. 
(a) is a sample in which no Alexa Fluor® 647 fibrinogen has been added, (b) the Alexa Fluor® 647 fibrinogen has been 
added (red channel – i). In both samples iii is the composite showing both the red and green channels.  
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4.4.3.5.3 Scanning Electronic Microscopy of bioprinted samples with and 
without fibrin 

Two samples of bioink, one without fibrin added and one with thrombin and fibrin added were 

bioprinted. Both were prepared for SEM by CPD, according to Chapter 4, Section 2.2.8. In 

Figure 4.17 below, two cross-sections of bioprinted constructs, similar structures can be 

observed. From previous experiments and SEM imaging of the alginate–F127 bioink, it is 

assumed the porous matrix is the alginate. In Figure 4.17 b additional fragments can be seen 

on the surface of the alginate network. These resemble the fluorescent fragments seen in Figure 

4.15 and Figure 4.16, but do not resemble the interconnected and branched fibrin network seen 

when fibrin is formed from fibrinogen in solution (see Figure 4.13). Therefore, it is probable that 

the alginate is spatially inhibiting the formation of an interconnected network of fibrin fibers. The 

protofibrils and monomers of fibrin are impeded from forming the network they would form in 

solution by the alginate. 

 

Figure 4.17: SEM images of bioprinted alginate–F127 constructs without (a) and with fibrinogen (b). The alginate’s 
typical structure can be seen in (a), whereas some addition fibrils appear in (b) which could be attributed to the fibrin. 
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4.4.3.5.4 Viability of Podocytes and GEnCs in  Co-Culture 

Previous work by Tuffin, Burke et al. found that culturing podocytes and GEnCs in co-culture 

resulted in higher proliferation when compared to monoculture.55 Using the same method of 

surf.Thr coating in Section 4.4.3.5.1 above, as well as adding fibrin, a 50:50 mix of podocyte 

cells and GEnCs were bioprinted and assayed for viability at day 1, 3 and 7 using live/dead 

stain. Though only repeated once, the viability of the cells was above the 75% threshold at day 

1, at 80.3%. However, as seen in with the single-cell type experiments, Figure 4.14, the mean 

viability proceeded to drop over day 3 and day 7 to 59.7% and 55.7% respectively. It is not 

possible to determine using this assay if growing the cells in co-culture conferred a boost to 

viability to either cell type specifically, as the live/dead stain is non-specific.  

 

Figure 4.18: Viability of podocytes and GEnCs in co-culture after bioprinting and addition of surf.Thr and fibrinogen 
at day 1, 3 and 7, as measured by live/dead assay. n=1 

Representative images of the surf.Thr coated, 3D bioprinted podocytes and GEnCs below 

(Figure 4.19) show that the cells are still rounded, with only one of the GEnCs appearing to 

polarize by Day 3. Therefore, these cells are still not being presented with enough integrin 

binding motifs or integrin binding motifs in the right conformation to change their morphology. 

Used in this way, the fibrin does not appear to form a supramolecular gel within the alginate–

F127 bioink, therefore there is no fibrin scaffold in these 3D printed constructs. These images 
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give credence to the theory that this method of fibrin addition for bioprinting may not be enough 

to result in the desired increases in viability.  

 

Figure 4.19: Confocal microscopy images of 2 representative samples of podocytes (green) and GEnCs (red) at day 
0 and day 3 after bioprinting with the addition of surf.Thr and fibrin.  

4.4.3.5.5 Histology of Undifferentiated and Differentiated Co-Cultured 3d 
Bioprinted samples with Fibrin 

Following the improvements in long term viability shown by 3D bioprinting the glomerular cells 

in coculture, some samples were grown for a further 7 days at permissive (33˚C) and non-

permissive temperatures (37˚C). These samples were then stained for collagen IV (Col IV) 

expression via secondary antibody immunofluorescence (Chapter 4, Section 2.2.10.4).  
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There is a positive signal for Col IV stain (blue) in both the differentiated (Figure 4.20 a) and 

undifferentiated (Figure 4.20 b) samples, and both podocytes expressing GFP (green) and 

GEnCs expressing mCherry (red) are visible. Col IV is a marker for the GBM, so these cells 

appear to be secreting their own ECM after bioprinting. This is significant, as the GBM is the 

third component of the glomerular filtration barrier after the two cells, and both cells contribute 

to its formation in vivo. Unfortunately, during part of the staining procedure, the 3D bioprinted 

constructs partially disintegrated, so the cells and GBM moved relative to each other and so the 

spatial information in Figure 4.20 below is not accurate. Additional work on these constructs 

such as a Western Blot for markers of cell maturity and quantitatively tracking cell proliferation 

could lead to more information about the differentiation state of the cells.  

 

Figure 4.20: Widefield microscopy images of 3D bioprinted samples of podocytes (green) and GEnCs (red) with 
fibrinogen added to the bioink. Both samples were cultured for 7 days at 33˚C, Samples A was transferred to a 37˚C 
incubator for 7 days to differentiate, Samples B remained at 33˚C. Both samples were fixed and stained for Collagen 
IV expression by Jack Tuffin.  
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4 . 4 . 4  F i n a l  O b s e r v a t i o n s  o n  3 D  B i o p r i n t i n g  
G l o m e r u l a r  c e l l s  
In both this chapter and Chapter 3, efforts were made to generate a glomerular model by 3D 

bioprinting using an alginate–F127 bioink. Initial experiments found that both the podocytes and 

endothelial cells were insufficiently viable in the alginate–F127 bioink as formulated by 

Armstrong et al.107 Chapter 3 sought to explain this low viability by examining parameters of the 

bioprinting procedure and the most compelling evidence for the low viability was that the CaCl2 

crosslinker could be causing low viability in the podocytes but this was not confirmed nor could 

a suitable alternative crosslinker be found (Chapter 3, Section 3.3.1). Serial block face SEM of 

podocytes in the 3D printed matrix indicated that anoikis may be also causing the low viability.  

Following promising viability results with fibrin as the matrix (Chapter 3, Figure 4.4), a method 

of autologously generating fibrin gels from cell membrane embedded thrombin, previously 

shown to work with hMSCs27, was applied to the glomerular cells and the bioprinting workflow 

(Chapter 4, Section 4.4.3.5). Again, this method did not result in the desired viability increase in 

either cell type, or during co-culture which had been previously demonstrated to increase cell 

proliferation in 3D fibrin matrices.55 Crucially, the alginate was still devoid of any cell-signaling 

moieties and the fibrin formed at the surface of the cells did not appear to form a network within 

the alginate–F127 bioink and cells mostly retained their detached rounded appearance. In order 

to prevent anoikis and survive, the cells must be forced or allowed to adopt a spread 

conformation.36 Coating the cells in an integrin signaling molecule like fibrin is not enough, a 3D 

network must be present to allow the cells to adopt their proper conformation. In fact, coating 

the cells in fibrin using this method may be competitively inhibiting the cell-surface integrins and 

accelerating anoikis. 
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4 . 4 . 5  3 D  F i b r i n  S c a f f o l d s  
A new method of generating 3D fibrin structures was developed to try and address the 

challenges faced during bioprinting. As described in Chapter 4, Section 2.2.10, and visible in  

Figure 4.22 below, the resulting structures were macro-scale fibers of fibrin, nucleating from the 

surf.Thr embedded in the cells’ membrane. In brief, cells were coated in surf.Thr in suspension, 

pelleted and the excess surf.Thr was discarded, resuspended in SFM and added to a fibrinogen 

solution. As the mixture began to gelate, two 200 uL pipette tips were used to draw out cell-rich 

fibers which were transferred to 35 mm dishes for further culture in media with FBS. The 

drawing-out process appeared to concentrate the fibrin fibers into a denser matrix, as well as 

increase the local effective concentration of cells. Subsequent studies will assess the 

proliferation and maturation of podocytes and GEnCs in these 3D fibrin scaffolds both in co-

culture and as single-cell preparations. 

 

Figure 4.21: Images of the sequence of 3D fibrin scaffold formation from solution. Formed 3D scaffolds were 
transferred to 35 mm culture dishes for further culture.  

Fibrin gel structure is directly related to the initial concentration of fibrinogen, with lower 

concentrations resulting in denser and thicker fibers.243 Therefore, several solutions of 

fibrinogen with Alexa 660 were prepared, at 2.5, 5 and 10 mg/mL. In Figure 4.22 below, 

representative images of the growth of podocytes and GEnCs in coculture in both 3D fibrin 

scaffolds (a, b, c) and fibrin monolith (d) can be observed over a week at non-permissive 

temperature and after 4 days at permissive temperature. Careful effort was made to image the 

same area of the samples throughout the duration of the experiment for the 3D fibrin scaffolds, 

this however was not practical for the monoliths. In sample (a), the region of interest was rotated 
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180 degrees from day 7 onwards. Imaging settings were kept consistent between samples on 

given days.  

For all three concentrations of fibrin and the cells in the monolith, the cells appear mostly 

rounded immediately after seeding (day 0) before becoming increasingly polarized as a function 

of time. The cells in the 3D fibrin scaffolds appeared to polarize with the direction of the fibrin 

fibers, possibly due to the adhesion molecules present in fibrin. The cells in 2.5 mg/mL sample 

appeared to polarize the soonest, possibly because this was the least mechanically stiff 

scaffold270 allowing the cells to reorganize sooner. Interestingly, the center of the scaffold 

appeared to lose predominantly podocytes over time, either by migration or cell death. In concert 

 

Figure 4.22: Confocal images of several preparations of 3D fibrin scaffolds (blue) containing Podocytes (green) and 
GEnCs (red), (a) 2.5 mg/mL fibrin fiber, (b) 5 mg/mL fibrin fiber, (c) 10 mg/mL fibrin fiber and (d) 10 mg/mL fibrin 
monolith. All imaged with the same settings over the duration of the experiment, images at day 8+4 were differentiated 
for 4 days at 37˚C. 
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podocytes accumulated at the edges of the fiber, either by migration or proliferation. The cells 

in this 2.5 mg/mL scaffold also appeared to expand beyond the edges of the fiber starting on 

day 1, with a sizeable population of predominantly podocytes but also some GEnCs growing on 

the 35 mm dish’s surface by day 7. A non-adhesive coating such as agar was not used on the 

dishes in order to maximize the transmitted light and therefore image quality.  

Cells in the 5 and 10 mg/mL samples were retained within the scaffolds and did not appear to 

be reorganizing as in the 2.5 mg/mL sample. They also polarized more gradually over time, still 

following the direction of the fibrin fibers within the scaffold. The diameter of the fiber in the 5 

mg/mL sample decreased steadily over the imaging period, from approximately 1130 µm to 650 

µm, with the largest decrease between days 0 and 1. The mechanism for this is unclear, the 

fibrin scaffold could be crosslinking further and therefore contracting255, although no Ca2+ or 

transglutaminase (Factor XIIIa) two known crosslinkers for fibrin, were added. Mechanical 

measurements of the fibers over time could provide evidence to this. The cells themselves could 

be causing the contraction through their morphological changes, this would mean that specific 

points of the fibrin matrix are attached to specific cells’ surface. Evidence for the fibers being 

anchored to the cells’ surface can be seen in Figure 4.12 or in the results section of Deller, 

Richardson et al. in an experiment conducted by Dr. Deller.27 The fiber does not appear to be 

degrading, specific regions of the fibrin can be repeatably seen throughout the experiment and 

these appear to be shifting rather than disappearing.  

The cells in the monolith became polarized in random directions, reflecting the random structure 

of the monolith. However, the cells did not self-reorganize into a glomerular like structure as 

observed by Tuffin, Burke et al.55 In that study, the podocytes and GEnCs self-organized into 

glomerular like structures after only 3 days. The experiment was conducted in 5 mg/mL fibrin 

monolith and the cells self-sorted from a random distribution of cells very similar to the day 0 

image in Figure 4.22 d to a core-shell structure of podocytes surrounding GEnCs. Though 

similar experiments, the method by which this fibrin monolith was generated is very different to 
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the method used by Tuffin, Burke et al. Here, thrombin is not free in solution, it is localized to 

the cells’ membrane, so that when it cleaves the A and B fibrinopeptides on fibrinogen, the fibrin 

dimers and protofibrils appear to begin to form in close proximity to or at the cells’ surface (Figure 

4.9). This might serve to encase the cells in the fibrin matrix, hindering their ability to move 

through the gel. This encasement was seen in Figure 4.12 with the podocytes expressing GFP, 

was well as by Deller when using the same method with surf.Thr only with hMSCs.27 By using 

this method which hindered self-organization, one of the advantages of Tuffin, Burke et al.’s 

system was lost. However, none of the glomerular like spheroids in that work were able 

individually addressable, or able to form a larger whole organ like construct. No work was 

completed either to assess the functionality of the spheroids by testing urinary filtration for 

example.  

4.4.5.1 Higher Magnification Image 
A tile scan of higher magnification images of sample (a) from Figure 4.22 at day 8+4 shows the 

cells in the matrix in more detail.  

 

Figure 4.23: Higher magnification (63×) tile scan of confocal images showing the cells and 3D fibrin scaffold, sample 
was 2.5 mg/mL fibrin at day 8+4, a.i) podocytes, a.ii) podocyte cells and fibrin, b.i) GEnCs, b.ii) GEnCs and fibrin, c) 
composite of all three channels. Legend: podocytes (green), GEnCs (red), fibrin (blue). 

Again, the cells appear polarized in the direction of the fibrin fibers. The podocytes do not 

however appear to be showing the projections, called foot processes, typical of differentiated 
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podocyte cells in vivo. The GEnCs are more fragmented in their fluorescence, making it difficult 

to analyze their morphology. The GEnCs seem mostly confined to the center of the fiber (Figure 

4.23 b.ii), whereas there is a clear accumulation of podocytes on the edges of the scaffold 

(Figure 4.23, a.ii). 

4.4.5.2 Directionality of Cells In ‘Thread’ Samples 
Next, the Directionality tool in imaging processing software FIJI (NIH, USA) was used to 

determine the orientation of the cells versus the normal in the samples seen in Figure 4.22 a 

and b, and Figure 4.25 b. When using this tool, the software determines the longest axis of each 

cell (podocytes, GEnCs and Fibrin were on separate channels) and computes a histogram for 

each image indicating the amount of structures for a given direction. A flat histogram would 

mean none of the structures in the image have a preferred orientation, however if peaks are 

present then the elements of the image are orientated at that angle or angles. The Directionality 

tool also produces statistics based off fitting a Gaussian to the highest peak of the histogram, 

the center of this peak is called the Direction and in measured in degrees but most relevant to 

this study is the Dispersion value which represents the standard deviation of the Gaussian and 

is also measured in degrees. In images with well-ordered orientations, this value is smaller, if 

less order is present then the Dispersion value is larger. In Figure 4.24 below, the Dispersion 

values for all the cells in 2.5, 5 and 10 mg/mL fibrinogen ‘thread’ samples and the cells in 10 

mg/mL monolithic fibrin over 7 days can be seen. These broadly reflect the observations of the 

cells from the images in Figure 4.22, whereby the cells appear to polarize after 24 hours, shown 

by a decrease in the Dispersion value at Day 1 in all three ‘thread’ samples. The least disperse 

sample was the 10 mg/mL fibrinogen, supporting the observation that the cells in these samples 

appear to be most aligned along the axis of the fibrin gels. Conversely, the Dispersion value in 

the Monolithic samples remained high over the same time period, meaning cells did not appear 

to preferentially polarize in a specific direction. These results are significant because they 

demonstrate that the concentration of fibrinogen used can affect the degree to which the cells 
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polarize over time and that drawing ‘threads’ of fibrin results in more polarized cells when 

compared to monolithic fibrin. Polarization has been previously considered an important feature 

of cells in 3D cell culture as it indicates the cells are associating to their microenvironment and 

therefore less likely to undergo anoikis. As discussed in Section 1.1.2, the biochemical and 

mechanical cues present in a scaffold can modulate cell behavior, and in this case it appears 

that the concentration of fibrinogen and the orientation of the fibrin fibers can affect the degree 

of polarization of the cells. Though polarization of cells is important for podocytes and GEnCs 

as it can influence cell behavior, however it is much more important for cell types such as 

neurons and smooth muscle cells, meaning that this ‘thread’ technique could be more relevant 

to engineering other tissues. The mechanism for the observed difference is unclear. It is known 

that fibrin gels made from lower concentrations of fibrinogen are mechanically weaker than gels 

with higher fibrinogen concentrations237. Therefore, it is possible that the lower concentration 

fibrin gels are less stiff, and therefore exert less mechanotransductive force to the cells, thereby 

driving polarization to a lesser extent. However, this can only form part of the explanation as the 

Monolith samples were 10 mg/mL fibrinogen, but their cell polarization as measured by 

dispersion was much lower than in the drawn ‘threads’ of the same concentration. It is possible 

that the differences in gel formation result in different mechanical properties, however these 

were not measured. The density and order of the fibrin fibers could also be important in 

determining the polarization of the cells in the matrix.  

 

Figure 4.24: Dispersion of cells in fibrin ‘threads’ of different concentrations and in monolithic fibrin over time. Images 
used for data extraction Figure 4.22 a and b, and Figure 4.25 b.  
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4.4.5.3 Fabrication Using the Membrane Modification Approach 
3D structures formed from this technique could be drawn as thin threads, usually with ‘looped’ 

or knotted structures and the end, which connected to the pipette tip. The threads themselves 

were often several centimeters long, so only sections were imaged at a time. The structures 

were dependent on initial fibrinogen structure to an extent, time since the reaction started was 

also a factor. In Figure 4.25 below, examples of a thread and a knot can be observed. Both the 

podocytes and GEnCs once again appeared to polarize in the direction of the fibrin fibers, most 

obviously in the thread sample Figure 4.25 b. In fact, cells in this sample appeared to already 

be following the direction of the fibers as early as day 0. As in Figure 4.22 b, the straight fiber 

decreased in diameter over the length of the experiment, it may be that this shrinking behavior 

is dependent on the morphology of the scaffold. It was hoped that the podocytes and the GEnCs 

would reorganize, as observed in Tuffin, Burke et al.55 and form glomerular like structures, 

however the cells appeared to only change morphologically.  

 

Figure 4.25: Confocal images of the types of structures that can be generated using this method, and their 
progression over time, a) knot structure and b) thread structure. Here the decrease in the thread diameter between 
day 0 and day 8+4 is clearly visible. Fibrin in this case was 10 mg/mL. Legend: podocytes (green), GEnCs (red), 
fibrin (blue) 

4 . 4 . 6  S i n g l e  P o p u l a t i o n s  i n  3 D  F i b r i n  S c a f f o l d s  
In order to further separate the behaviors of the individual cell types in the 3D fibrin scaffolds, 

the podocytes and the GEnCs were grown separately in 5 mg/mL fibrin fibers and seeded at the 

same density. In Figure 4.26 below, the same area of the same 3D fibrin scaffold was imaged 
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over 8 days at 33˚C and once after 4 days at 37˚C to ascertain how differentiation affected the 

cells. In a similar manner to the cells in co-culture, the cells began at Day 0 with a more rounded 

morphology, before showing increasing polarization in the direction of the fibrin fibers over time.  

The Day 0 GEnCs appeared more numerous than in the co-culture experiments. This suggests 

that the GEnCs lower numbers in the co-culture scaffolds when compared to the podocytes 

(Error! Reference source not found.) could be a result of preferential surf.Thr coating of the 

podocytes. For both cells, they grew within the fiber as well as outside it on the tissue culture 

plate, where proliferation was quite significant by day 8 as well as day 8+4. Despite both 

populations growing in the same concentration fibrin as the 5 mg/mL co-culture sample in Figure 

4.22, the construct did not appear to contract along its width as it did in that experiment. It could 

be that contraction was a random event, or due to an uncontrolled external factor.  

 

Figure 4.26: Confocal images of single-cell preparations in 3D fibrin scaffolds (10 mg/mL) over 12 days, with 
differentiation at day 8. Top set is podocytes, bottom is mCherry GEnCs. Legend: podocytes (green), GEnCs (red), 
fibrin (blue). 

4 . 4 . 7  C o l l a g e n  I V  S t a i n i n g  
As well as analyzing the growth of podocytes and GEnCs in the 3D fibrin scaffolds, samples 

were fixed and stained for collagen IV expression via immunofluorescence according to Section 

2.2.10.4. The significance of the Col IV in the context of these experiments is that is being used 
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a specific marker for the glomerular basement membrane (GBM), an essential but poorly 

understood component of the glomerular filtration mechanism. Few studies so far have been 

able to produce a mature GBM in vitro.55,193  

In Figure 4.27 below, two samples of podocytes and GEnCs cultured at 33˚C for 8 days and 

37˚C for 4 days in 10 mg/mL fibrin were fixed in 4% PFA and imaged for GFP, mCherry, Alexa® 

647 fibrinogen and 405 nm anti-rabbit secondary antibody. The sample in Figure 4.27 a) is the 

same as Figure 4.22 c. In Figure 4.27 a, the primary Col IV antibody was applied for 3 hours 

before staining for 1 hour with the 405 nm secondary whereas in Figure 4.27 b, only the 405 nm 

fluorescent secondary antibody was applied. However, it must be noted that the primary 

antibody used in this study (ab6586, Abcam) is specific to collagen IV, but not any specific 

isoforms of collagen IV of which 3 exist: α1α2α1(IV), α3α4α5(IV), or α5α6α5(1V).173 In brief, 

collagen IV α1 is produced by both the GEnCs and the podocytes and is a marker of immature 

GBM.1 Whereas collagen IV α3 is produced by the podocytes only, and replaces the 

collagen IV α1 in an as yet unknown mechanism.172 Chapter 1, Section 1.3.4.2 discusses the 

morphogenesis of the GBM in more detail. Therefore, the collagen stain in this experiment and 

those following cannot indicate the maturity of the deposited collagen IV, further experimentation 

using Western Blots or PCR could be used to determine the specific isoforms of collagen 

present with more precision. 

The blue signal was much brighter in the with the primary Col IV antibody, with hardly any blue 

signal in Figure 4.27 b. Therefore, the secondary antibody was determined to be specific to the 
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Figure 4.27: Confocal images of 10 mg/mL cell-laden fibrin scaffolds stained for collagen IV after 12 days in culture, 
4 of which at 37˚C. The image order is cells + Col IV, Col IV, fibrin + Col IV, composite. Sample a) was stained with 
the primary Col IV antibody (ab6586) for 3 hours and the 405 nm fluorescent secondary antibody was applied for 1 
hour, b) received the secondary only, also for 1 hour. Legend: podocytes (green), GEnCs (red), Col IV (blue), fibrin 
(yellow).  

Col IV primary antibody, and no false positives were assumed to arise from the secondary 

antibody. Further confirmation of Col IV expression could have been achieved by either Western 

Blotting or PCR analysis of the samples. PCR could have also provided expression data for 

other markers of mature tissue such as PECAM and WT-1 in the case of the GEnCs and 

podocytes cells respectively.55 As discussed in Chapter 1, Section 1.3.4.2 collagen IV is one of 

the primary components of the GBM. These cells are therefore excreting their cell lineage 

specific ECM, a hallmark of successful 3D cell culture.55  

4.4.7.1 Collagen IV Deposition as a Function of Fibrinogen Concentration 
In Figure 4.28, the same samples and regions as Figure 4.22 a, b, c were stained for Col IV 

expression by immunofluorescence. The fibrin scaffolds from this experiment were of the 

concentrations 2.5 mg/mL, 5 mg/mL and 10 mg/mL. All samples were stained according to 

Section 2.2.10.4 and all imaging settings were kept constant between samples in order to gain 

a qualitative readout of Col IV expression as a function of fibrin concentration. Sample (a) which 

was 1 mg/mL fibrin had the lowest Col IV expression, followed by (c) 10 mg/mL and the brightest 
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sample was (b). This may be dependent on the thickness of the samples, as b) was the thinnest, 

thereby allowing the most antibody to permeate the dense fibrin structure in the 3 hour staining 

time. However, this could also indicate that 5 mg/mL gives rise to the most ideal gel structure, 

striking the balance between giving the cells the ECM mimic they need, while also allowing them 

to reorganize and excrete their own ECM.   

 

Figure 4.28: Confocal images of a) 2.5 mg/mL, b) 5 mg/mL and c) 10 mg/mL cell-laden fibrin scaffolds stained for 
collagen IV after 12 days in culture, 4 of which at 37˚C. The image order is cells + Col IV, Col IV, composite. All 
samples were stained with the primary Col IV antibody (ab6586) for 3 hours and the 405 nm fluorescent secondary 
antibody was applied for 1 hour. Legend: podocytes (green), GEnCs (red), Col IV (blue), fibrin (yellow). 
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The deposition of collagen IV was studied in more detail by looking at the samples stained for 3 

hours at 40× magnification. The following images are from the 10 mg/mL sample that was 

differentiated for 4 days at 37˚C. 

In Figure 4.29 a below, the podocytes, mCherry GEnCs, fibrin and collagen IV can clearly be 

seen. The podocytes appear bright throughout their cytoplasm, exhibit varying degrees of 

polarization and formation of projections, and follow the direction of the fibrin scaffold. The 

GEnCs are more fragmented, possibly because the mCherry is expressed tagged to actin and 

not cytosolically as with the GFP podocytes. The collagen IV deposition Figure 4.29 b, appears 

reasonably bright, with varying density throughout the imaged region. It appears to be brightest 

in the gaps between the cells and fibrin, although this is difficult to ascertain from this image as 

it is a z-stack of the 3D structure. Future studies would focus more on studying the deposition 

of collagen IV over time in the 3D fibrin scaffolds, by staining samples at different time points. 

SBF-SEM could also be used to investigate the 3D deposition of fibrin using electron 

microscopy. 

 

Figure 4.29: 40× magnification confocal images of the Podocytes (green), GEnCs (red) in the fibrin gel (yellow) after 
fixing and staining for collagen IV (blue). a) is a composite of all channels, b) is the Col IV only.  
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4.4.7.2 Collagen IV Deposition as a Function of Differentiation 
Next, another sample was compared to the same region as Figure 4.27. This sample was also 

formed in 10 mg/mL fibrinogen but was not differentiated for 4 days at 37˚C so that the SV40 

large T antigen was not activated and the cells remained in their undifferentiated state.  

Levels of col IV expression appear to be the same between the differentiated (a) sample and 

the undifferentiated (b), reflecting the results in the bio printed co-culture samples in Figure 4.20. 

This means that this collagen IV antibody may not be an appropriate marker for cell maturity 

and differentiation. As discussed in Chapter 1, Section 1.3.4.2, collagen in the GBM matures 

from a α1α2α1(IV) form to a α3α4α5(IV) form, and this antibody is not specific to either isoform. 

Therefore, it is impossible to determine if mature or immature collagen IV is being deposited by 

the cells using this antibody.  

 

Figure 4.30: Confocal images of 10 mg/mL cell-laden fibrin scaffolds stained for collagen IV after 12 days in culture, 
a) 4 of which at 37˚C and b) all 12 days at 33˚C. The image order is cells + Col IV, Col IV, fibrin + Col IV, composite. 
Both samples were stained with the primary Col IV antibody (ab6586) for 3 hours and the 405 nm fluorescent 
secondary antibody was applied for 1 hour. Legend: podocytes (green), GEnCs (red), Col IV (blue). 
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4.4.7.3 Single Cells 
As in Figure 4.26, 3D fibrin scaffolds containing single cell populations of Podocytes and GEnCs 

were made, and cultured for a period of 14 days, 10 of which were at 37˚C. Unfortunately, a 

mistake by the author during the fixing and Col IV staining step meant the podocyte construct 

could not be used. The GEnC sample however could, and in Figure 4.31 below, the final fixed 

and stained construct can be seen. There clearly is a positive stain for collagen IV in the sample 

containing only GEnCs. This demonstrates that the deposition of ECM by these cells is not 

exclusively a co-culture process, as GEnCs will deposit it alone. In vivo the GEnCs only deposit 

collagen α1α2α1(IV), the immature form of GBM collagen, whereas the podocytes secrete 

α1α2α1(IV) as well as the mature form α3α4α5(IV).173 Therefore it can be reasonably assumed 

that the collagen IV present in these images is the immature form, α1α2α1. The mechanism by 

which collagen α1α2α1(IV) is replaced by α3α4α5(IV) is not well understood, however a model 

such as this 3D fibrin scaffold could be useful in studying this mechanism in more detail. More 

precise study by Western Blot or PCR would be greatly beneficial to determine which isoforms 

of collagen are present, as well as other markers for cell maturity.  

 

Figure 4.31: Confocal microscopy images of a GEnC seeded 3D fibrin fiber after culture for 14 days, with a) a 
composite of the GEnCs (red), collagen IV stain (blue) and Alexa® 647 fibrin (yellow), b) the collagen IV stain alone 
in monochrome was added for clarity.  
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4 . 4 . 8  D i f f e r e n t i a t i o n  i n  3 D  F i b r i n  S c a f f o l d s  
One of the advantages of this technique is it results in cell-dense 3D, meaning the cells may not 

need as much time to proliferate compared to other methods like 3D bioprinting. In order to 

determine how soon differentiation could be undertaken, and how this could accelerate 3D 

model generation, two 3D fibrin scaffolds with podocytes and mCherry GEnCs were drawn out 

from 2.5 mg/mL fibrinogen and one sample was differentiated at day 4 for 10 days while the 

other was differentiated at day 7 for 7 days. Both samples were stained for collagen IV 

expression after 14 days according to Section 2.2.10.4.  

In Figure 4.32 below, the top set of images is from the sample which was differentiated earlier 

at day 4 (Sample 4+10), and the bottom set is from a sample were cells were differentiated later 

at day 7 (Sample 7+7). The behavior of the cells observed in previous experiments was 

repeated, with cells appearing more rounded at day 0 before being polarized in the direction of 

the fibrin scaffold over time. Similar to Figure 4.22, the podocytes appeared to accumulate on 

the edges of the thinner fiber (Figure 4.32, Day 4+3) but not in the larger diameter fiber (Figure 

4.32, Day 7). This spatial reorganization could therefore be dependent on the structure of the 

3D fibrin scaffold, and future studies should attempt to keep this consistent. This reorganization 

 

Figure 4.32: Confocal images of cell-laden 3D fibrin scaffolds, the day of culture and their culture conditions are 
indicated on the figure, by Day x or Day x+y where x = number of days at 33˚C and y = number of days at 37˚C.  
Legend: podocytes (green), GEnCs (red), Col IV (blue). Collagen IV staining was performed on these samples and 
is shown last in monochrome for clarity.  
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of the podocytes  appeared to change after 10 days at 37˚C (Figure 4.32, Day 4+10) with more 

podocytes appearing in the center of the fiber, and these cells appearing more rounded. This 

set of images highlights the difficulty of determining cell differentiation or behavior based on 

morphology alone and should therefore be complemented with protein or gene expression.  

The number of mCherry expressing GEnCs appeared to drop after differentiation markedly in 

Sample 7+7, indicating these cells may prefer to have their differentiation triggered sooner 

rather than later.  

Collagen IV expression appeared broadly comparable between the two samples, the sample 

which was differentiated earlier may have slightly higher Col IV expression, although this could 

be because the fiber is thinner and therefore denser. Again, a more quantitative study of these 

types of constructs would provide more insight into the cells’ behavior. 

4 . 4 . 9  T o w a r d s  a  P e r f u s a b l e  3 D  F i b r i n  S c a f f o l d  
Polyimide tubing, also used in vascular catheters, was selected due to its mechanical properties, 

chemical stability, and burst pressure resistance. A laser etching machine was used to ablate 

holes 2 mm across and approximately 0.4 mm in diameter along the length of the tube, which 

was then cut to size.  

The sections were coated with fibrin and cells according to Section 2.2.11.1.2, and grown at 

33˚C for 7 days in complete media, before being transferred to a 37˚C incubator for a further 4 

 

Figure 4.33: Photographs of a) Section of polyimide tubing showing the laser ablated 0.4 mm holes with 2 mm 
spacing, b.i) one face of the tube after being coated with the 3D fibrin scaffold containing cells, b.ii) the opposite face.  
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days. The tubing and the fibrin covering of it, after staining and fixing can be seen in Figure 4.33. 

The fibrin does not cover the tube evenly, with some areas coated in a thicker layer of fibrin gel, 

however all the holes were covered (Figure 4.33 b. i, ii). This sample was not perfused due to 

the added complexity of doing so, however a good example of what the method of doing so 

would involve was demonstrated by Jennifer Lewis and colleagues.79 

The whole system, including the tubing, was then stained for Col IV expression according to 

Section 2.2.10.4. In order to image the 3D structure in real space, a specialized fluorescence 

microscope, a lightsheet fluorescence microscope (LSFM) was used. In brief, the sample was 

excited with a laser beam, focused into a sheet with a cylindrical lens. Light from the sample 

excited by the lightsheet is detected by an objective placed at 90˚ to the sample, giving good 

optical sectioning with minimal sacrifice to resolution when compared to confocal microscopy. 

In Figure 4.34 below, an area of the tube was imaged at different magnifications, with the green 

representing the GFP-tagged podocytes, the red the mCherry GEnCs, the yellow the Alexa® 

647 fibrin and the blue the 405 nm secondary antibody tagged to collagen IV. The first column 

of images is a composite of the cells and the Col IV, the second column is just the Col IV and 

the third is a composite of all the fluorophores including the fibrin.  

The first set of images, Figure 4.34 a, is a z-stack of approximately a quarter rotation around 

the tube, so that the cells on the edge would be visible at the bottom of the z-stack and those in 

the middle at the top of the z-stack. podocytes, GEnCs, fibrin and Collagen IV are all clearly 

present in this sample, although no negative control was used as the same protocol had already 

been used with success and no false positives. In Figure 4.34 a, the collagen IV appears to be 

brightest in the thicker areas of the fibrin. Higher magnification images (Figure 4.34 b, c) show 

that the collagen IV appears to be formed in the space between cells, with gaps in the Col IV 

stain corresponding to the position of the cells. This lends credibility to the hypothesis that the 

Col IV is a part of the basement membrane that these cells are known to form in 3D.55 The 

podocytes, however do not appear to be forming their typical mature foot processes, although 
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PCR would provide a more quantitative readout for their maturity by showing protein expression 

of WT-1. In addition, the full potential of this experimental setup has not been fully realized, as 

no flow was applied to the tube, which has been demonstrated to modify GEnCs behavior and 

morphology in vitro before.79 Future studies should exploit this method and may result in 

functional tubes of GEnCs and podocytes.  

 

Figure 4.34: Z-stacks of images from the LSFM, all of the same sample but at different relative magnifications, a) 1×, 
b) 2×, c) 4×. All samples with i) are the cells and collagen IV, ii) is just the collagen IV and iii) is a composite of the 
cells (green, red), collagen IV (blue) and fibrin (yellow) 



 181 

4 . 5  C o n c l u s i o n s  
First, podocytes were grown in 3D fibrin gels, in a repeat of work conducted by Tuffin et al.55 

and compared to a 2D control and 3D bioprinted cells. Viability in the fibrin gels was much higher 

than the 3D bioprinted constructs. Therefore, fibrin hydrogels were selected to form part of the 

3D microenvironment for the glomerular cells, initially as an additive to the alginate–F127 bioink 

and then on its own. It was found that fibrin and its precursor fibrinogen alone are not suitable 

for 3D bioprinting due to their viscoelastic properties. Therefore an new method needed to be 

established to ensure that 3D constructs of cells and fibrin could be formed into controlled 

shapes with the ultimate aim of subjecting the constructs to flow.  

A novel, enzymatically generated, cell agnostic and membrane bound ECM mimic has been 

described this chapter. Using purified thrombin, chemically modified with a surfactant corona, 

fibrin gels were generated from the surface of hMSCs, as well as podocytes and GEnCs, both 

as single suspensions and in co-culture. The mechanism of this matrix generation was assessed 

with several experiments, confirming membrane localization of the surf.Thr, its greater 

persistence at the cell membrane than cat.Thr, and activity by visualizing the fibrin’s formation 

in real time.  

By bioprinting surf.Thr coated podocytes and GEnCs in a bioink with fibrinogen and th alginate–

F127, viability was improved but the addition of fibrinogen did not result in the 75%+ viabilities 

desired for this study. However, printability was preserved and a stain for collagen IV did yield 

positive results. Therefore, there is potential for this technique to have a greater impact, and 

allow for the use of fibrin in a 3D bioprinting context. It is possible that increasing the 

concentration and therefore the availability of fibrinogen to be gelated by the surf.Thr could lead 

to a more complete fibrin gel and therefore higher viability.  

A novel behavior of the fibrin was discovered as well. By mixing cells coated in surf.Thr with 

fibrinogen, 3D scaffolds of fibrin could be ‘drawn’ from solution in the form of threads or knots. 
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The cells in these scaffolds appeared to polarize along the direction of the fibrin, though they 

did not reorganize over time as observed in previous studies by Tuffin et al.55 When stained for 

collagen IV expression using immunofluorescence, samples at various fibrin concentration, 

states of differentiation and single cell or culture all returned positive results. This could indicate 

the cells are producing a key component of the GFB, the GBM. However, experiments indicated 

that this is the immature form of collagen IV (α1α2α1). Further analysis would be needed to 

confirm this and could measure phenotypic protein expression using Western Blotting, or gene 

expression using PCR.  



 183 

4 . 6  A c k n o w l e d g e m e n t  o f  C o l l a b o r a t i o n  
All work was conducted by the author unless specifically stated in the text. Oxidized IGEPAL 

CO-890 was synthesized and graciously donated to the author by Dr. Rosalia Cuahtecontzi 

Delint (Perriman Group, School of Cellular and Molecular Medicine, University of Bristol). 

Histological staining on the 3D bioprinted scaffolds was performed in collaboration with Dr. Jack 

Tuffin (Renal Unit, University of Bristol). Fiji, CellProfiler and Excel macros written by Peter 

Johnson were used to count cells for viability.  

  



 184 

Chapter 5: Conclusions 
The overall aim of this work was to biofabricate a 3D in vitro model of the glomerular filtration 

barrier. The objective was to begin with three components: the two cell types in the podocytes 

and endothelial cells, and the scaffold material. As the cells differentiated in a favorable 

environment, they would be allowed to produce their natural extracellular matrix, the glomerular 

basement membrane, which would complete the glomerular filtration barrier (GFB). Due to its 

significant role in health and disease, several studies have sought to model the GFB in vitro 

using a variety of approaches including microfluidics, organoids and 3D printing. None of these 

systems allowed for the de novo generation of all three components of the GFB in an 

addressable system which could be challenged with physiological flow rates. Significant initial 

challenges growing glomerular cells in a novel 3D bioink were assessed and addressed, before 

a more successful method using a novel enzymatically crosslinked hydrogel resulted in the 

generation of a GFB.  

The original technique to be used was 3D bioprinting, based on successful work by Armstrong 

et al. using human mesenchymal stem cells (hMSCs), a single extrusion print head and an 

alginate–Pluronic bioink. In Chapter 3, this procedure was further optimized and automated to 

try to understand the mechanisms of gelation in the bioink and give rise to a more reproducible 

workflow. First, a new dual-extrusion system was iteratively designed and rapidly prototyped 

using 3D printing. Once this had been developed to the point where it addressed some of the 

issues with the single-extrusion design, the method of producing the bioink could be optimized. 

Using the dual asymmetric centrifuge actually created a new problem and resulted in poor 

viability in the model cells used, the hMSCs. The dual asymmetric centrifuge was mixing the 

two components of the bioink too thoroughly if starting with the solid powder precursors of both 

hydrogels, and this was elucidated by spectrophotometric assay and scanning electron 

microscopy. The Pluronic F127 in the bioink acts as a porogen, and changes in the mixing 

technique would result in changes in the porosity, with more thorough mixing giving rise to less 
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porosity. The porosity of any 3D scaffold is crucial for nutrient diffusion and oxygen transport.42 

Therefore, it was hypothesized that the smaller pores (due to more thorough mixing) were 

resulting in higher cell death. By changing the procedure to mix the two components as gels, 

viability of the hMSCs was comparable to the baseline unautomated method of mixing the two 

components by hand. Once these best practices for bioprinting with the alginate–F127 bioink 

were established using the model hMSCs, studies could commence with the glomerular cells. 

In Chapter 3, it was described that the best known method for 3D bioprinting cells in an alginate-

F127 bioink resulted in poor viability in both the podocytes and the glomerular endothelial cells. 

Not all cells will immediately show excellent viability in the alginate–F127 bioink. Through a 

series of exploratory experiments, several key parameters of the bioprinting process were 

examined to determine the cause for this low viability. The only result which showed a large 

significant effect was subjecting the podocytes to 5-25 mM CaCl2 in solution. Crucially, 

concentrations both above and below this range did not have significant effect on the podocytes, 

leading to the conclusion that a specific membrane transport mechanism was taking place. 

Examination of the literature found that in an experiment, Ca2+ concentration in solution in the 

same range lead to Calcium-sensing receptor (CaSR) stimulation and a dose-responsive 

increase intracellular calcium in podocytes. Intracellular Ca2+ in podocytes plays a role in both 

health and disease, with the activation of Transient Receptor Potential Channels (TRPCs) acting 

as a mediator of Ca2+ induced cytoskeletal remodeling in podocytes.218,224 The correlation 

between of cytoskeletal remodeling a apoptosis was further investigated through a cutting-edge 

technique: serial block face scanning electron microscopy. Images and 3D reconstructions from 

this technique demonstrated the podocytes displayed a rounded morphology in the bioink after 

bioprinting and did not appear to form any adhesions to the alginate matrix around them. This 

lead to the hypothesis the podocytes could also be undergoing apoptosis by anoikis, a 

preprogrammed form of cell death due to lack of integrin signaling and cell spreading.231 By 

placing the same cells in a 3D fibrin network with which they would get integrin signaling, 

acceptable viabilities were observed. This final experiment reflected results achieved with the 
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same cells in co-culture on a hybrid fibrin/polyglycolic acid scaffold and paved the way for 

subsequent experiments using fibrin.   

In the final results chapter, Chapter 4, fibrin was used as the primary natural ECM-like 

component for tissue engineering. First, purified thrombin was modified to selectively bind to a 

cell’s lipid bilayer, where it retained activity and was localized for several hours. Next, this cell 

membrane embedded thrombin was used to generate 3D fibrin scaffolds, which were 

observable by both fluorescent and electron microscopy. By embedding thrombin on the 

podocytes and endothelial cells’ membrane and adding fibrinogen to the bioink, viability was 

increased though not always significantly. Fluorescence microscopy revealed that the cells still 

displayed a rounded morphology, which would point to anoikis being the cause for the continued 

poor viability of the cells. Despite this, podocytes and endothelial cells bioprinted with thrombin 

and fibrin did stain positively for the primary component of the GBM, collagen IV as measured 

by immunofluorescence. In a way, this achieved the original aim of this work, to biofabricate the 

glomerular filtration barrier, although the 3D structure was not conserved.  

Finally, a novel method of generating 3D fibrin scaffolds was demonstrated and thoroughly 

tested. A number of experimental variables such as fibrinogen concentration, co-culture, and 

culture conditions were changed and their effect on the cells’ morphology, proliferation, and 

production of collagen IV were assessed. Compared to 3D bioprinting, this method resulted in 

constructs which had much higher cell densities, more physiological cell morphologies and 

collagen IV expression. This method for generating a 3D model of the glomerular filtration barrier 

warrants further exploration, especially with the possible introduction of flow as suggested by 

the end of the chapter. Also of note is the potential applicability of this technique to fabricating 

other tissues such as muscle due to the apparent alignment of cells along the axis of the fibrin 

fibers.  

In this thesis, two different avenues for the generation of an in vitro model of the glomerular 

filtration barrier have been established. The first method, using 3D bioprinting, was arrived at by 

thorough and systematic optimization of the many variables found in the bioprinting process. 



 187 

The second was arrived at almost by chance, but also by leveraging the years of previous work 

done in the Perriman group on protein modification. Both resulted in 3D constructs of podocytes, 

endothelial cells and glomerular basement membrane. Though fundamentally different in 

appearance, the two methods follow the fundamental properties of the ideal scaffold of non-

cytotoxicity, porosity, and bioactivity. Tissue engineering could be called tissue reverse 

engineering as it relies so heavily on understanding the morphogenesis of the target organ. 

Accordingly, the simple constructs demonstrated in this thesis are a step towards building a 

model of the glomerular filtration barrier in vitro. 
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Chapter 6: Future Work 
Tissue engineering has immense potential to change the way we model disease and test drugs, 

amongst other applications. However, many crucial challenges must be met before the in vitro 

modelling of even simple processes can match the complexities of in vivo models. The future 

potential and current challenges for each of the significant developments are addressed here.  

6 . 1  T h e  F a b r i c a t i o n  o f  a  D u a l - E x t r u s i o n  
B i o p r i n t e r  a n d  O p t i m i z a t i o n  o f  a  B i o i n k  
P r o d u c t i o n  M e t h o d o l o g y  
Despite its rational design, the dual extrusion system is limited, especially when compared to 

commercial systems such as the CELLINK Bio X. Although reliable, one major flaw in the design 

was the lack of individually actuated printheads, so that two syringes could not be used at the 

same time. The engineering and design challenge of rectifying this flaw was probably beyond 

the scope of this work. Using the Bio X is a continuous learning process, especially as the bioink 

changes and as software updates are released. It has however proven a reliable and flexible 

system and will certainly form the basis of several more studies. More repeats could have been 

undertaken for the viability experiments in this chapter.   

6 . 2  3 D  B i o p r i n t i n g  w i t h  R e n a l  
G l o m e r u l a r  C e l l s  
A more thorough analysis using SEM of the constructs could have provided more information 

about the pore size dependence on mixing technique, ideally this would have been combined 

with a purely quantitative technique such as nitrogen adsorption. In addition, using SEM to 

examine bioinks that had been mixed for different times (i.e. 10 seconds, 30 seconds, 1 minute, 
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2 minutes etc.) could have reinforced the hypothesis that the homogeneity of alginate and F127 

mixing was affecting pore size and therefore viability. Many aspects of the 3D bioprinting 

process were assessed but not all. In particular, the GEnCs were not examined to simplify the 

process but as an integral part of the GFB, they merit further study. Though a range of 

concentrations of CaCl2 were found to be extremely cytotoxic to the podocytes, no alternative 

crosslinking mechanism was proposed. A method such as that elaborated by Shu et al.126 could 

be used as the Barium chloride did not appear to negatively affect the cells at 50 mM. By placing 

the cells in fibrin, this viability was improved, although the 3D scaffold conditions are so different 

between the fibrin and the bioink that this could be due to a number of variables. Using SBF-

SEM to examine the cells in the fibrin matrix would have been very useful and interesting to 

visualize the cell to matrix interactions in more detail. A key difference between the two systems 

is the mechanical properties of the hydrogels and these could have been interesting to probe 

using compression testing.  

6 . 3  F i b r i n  f o r  B i o f a b r i c a t i o n  o f  a  
G l o m e r u l a r  F i l t r a t i o n  B a r r i e r  
The work in this chapter uses a well researched method of protein modification to complex a 

surfactant and thrombin together. The membrane colocalization data followed what was 

expected of this method, based off existing examples in the literature. By applying this method 

to tissue engineering a glomerular filtration barrier, two important innovations were made. First, 

a new method for incorporating fibrin into a bioink for extrusion bioprinting was demonstrated. 

However, these fibrin fibers appear very localized to each cell and do not appear to form a large 

network. By increasing the weight fraction of fibrin in the bioink or changing the alginate for 

another viscous component such as hyaluronic acid, it is possible a larger network of fibrin and 

therefore better viabilities could have been achieved. This bioink formulation remains a work in 

progress and must be continually optimized. The next technique was also novel and resulted in 
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3D pure fibrin matrices in which the components of the glomerular filtration barrier could be 

seen. These matrices are difficult to controllably generate, and more work is needed to reliably 

from structures. Possible addition of Factor XIIIa could increase the elastic modulus and make 

the 3D fibrin scaffolds easier to handle. Factor XIIIa could also be used in incorporate growth 

factors such as VEGF to drive endothelization and ECM components such as Laminin-521 

which is present in the mature glomerulus. The glomerular basement membrane was 

determined to be present due to the positive signal from collagen IV by fluorescent 

immunostaining although another technique such as a Western Blot could have further 

confirmed this. A more precise examination of the forms of collagen IV present, possible 

presence of excreted laminin, as well as Western Blots and qPCR of the constructs for the 

genetic markers of maturity these cells are known to produce will be necessary to confirm the 

maturity of the engineered tissue. In order to help with maturity, a flow should be applied to the 

GEnCs in particular as this helps them form the fenestrae which define their morphology in vivo. 

This could be done over a more porous tubular scaffold such as a vascular stent for example. 

For the podocytes, it may be that their embedding in the fibrin matrix in this way inhibits their 

natural desire to reorganize as they mature and future studies should take this into account by 

no embedding the thrombin in the podocytes’ membrane. The integrity and functionality of the 

GFB could be tested by flow of a fluorescently labelled protein, as done in vivo. If confirmed, 

this system could be used for disease modelling using knock-out cells and possibly even ex vivo 

hemodialysis if scaled up correctly.  
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Appendix 
Table A: Gcode used to print single lines using 21, 25 and 30 gauge needles. The first paragraph 

heats the printbed to 37˚C and homes the extruder. The second paragraph moves the printhead 

to the home position. The next paragraph extrudes 10 lines 1 mm apart. The final paragraph 

rehomes the printhead and ends the process.30 gauge was selected as the smallest needle 

diameter used as smaller gauges resulted in backpressure. After printing, lines were imaged 

using a on a Widefield Epifluorescence Microscope (DMI3000 Leica, UK) owned and maintained 

by the Wolfson Bioimaging Facility. A line’s width was measured once at its widest point using 

the measuring tool in Fiji software (NIH, USA).   

21 gauge 25 gauge 30 gauge 

M190 S37 

G21 

G90 

M92 

G92 E0 

 

G1 Z0.25 F2400.000 

G1 F250 

 

 

 G1 F250 

G1 X10 Y0 

E0.13127927672040063 

G92 E0 

G1 X10 Y1 Z1 

G1 X10 Y1 Z0.25 

G1 X0 Y1 

E0.13127927672040063 

G92 E0 

G1 X0 Y2 Z1 

M190 S37 

G21 

G90 

M92 

G92 E0 

 

G1 Z0.13 F2400.000 

G1 F250 

 

 

 G1 F250 

G1 X10 Y0 

E0.035497916425196334 

G92 E0 

G1 X10 Y1 Z1 

G1 X10 Y1 Z0.13 

G1 X0 Y1 

E0.035497916425196334 

G92 E0 

G1 X0 Y2 Z1 

M190 S37 

G21 

G90 

M92 

G92 E0 

 

G1 Z0.0795 F2400.000 

G1 F250 

 

 

 G1 F250 

G1 X10 Y0 

E0.01327548557907379 

G92 E0 

G1 X10 Y1 Z1 

G1 X10 Y1 Z0.0795 

G1 X0 Y1 

E0.01327548557907379 

G92 E0 

G1 X0 Y2 Z1 
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G1 X0 Y2 Z0.25 

G1 X10 Y2 

E0.13127927672040063 

G92 E0 

G1 X10 Y3 Z1 

G1 X10 Y3 Z0.25 

G1 X0 Y3 

E0.13127927672040063 

G92 E0 

G1 X0 Y4 Z1 

G1 X0 Y4 Z0.25 

G1 X10 Y4 

E0.13127927672040063 

G92 E0 

G1 X10 Y5 Z1 

G1 X10 Y5 Z0.25 

G1 X0 Y5 

E0.13127927672040063 

G92 E0 

G1 X0 Y6 Z1 

G1 X0 Y6 Z0.25 

G1 X10 Y6 

E0.13127927672040063 

G92 E0 

G1 X10 Y7 Z1 

G1 X10 Y7 Z0.25 

G1 X0 Y7 

E0.13127927672040063 

G92 E0 

G1 X0 Y8 Z1 

G1 X0 Y8 Z0.25 

G1 X10 Y8 

E0.13127927672040063 

G1 X0 Y2 Z0.13 

G1 X10 Y2 

E0.035497916425196334 

G92 E0 

G1 X10 Y3 Z1 

G1 X10 Y3 Z0.13 

G1 X0 Y3 

E0.035497916425196334 

G92 E0 

G1 X0 Y4 Z1 

G1 X0 Y4 Z0.13 

G1 X10 Y4 

E0.035497916425196334 

G92 E0 

G1 X10 Y5 Z1 

G1 X10 Y5 Z0.13 

G1 X0 Y5 

E0.035497916425196334 

G92 E0 

G1 X0 Y6 Z1 

G1 X0 Y6 Z0.13 

G1 X10 Y6 

E0.035497916425196334 

G92 E0 

G1 X10 Y7 Z1 

G1 X10 Y7 Z0.13 

G1 X0 Y7 

E0.035497916425196334 

G92 E0 

G1 X0 Y8 Z1 

G1 X0 Y8 Z0.13 

G1 X10 Y8 

E0.035497916425196334 

G1 X0 Y2 Z0.0795 

G1 X10 Y2 

E0.01327548557907379 

G92 E0 

G1 X10 Y3 Z1 

G1 X10 Y3 Z0.0795 

G1 X0 Y3 

E0.01327548557907379 

G92 E0 

G1 X0 Y4 Z1 

G1 X0 Y4 Z0.0795 

G1 X10 Y4 

E0.01327548557907379 

G92 E0 

G1 X10 Y5 Z1 

G1 X10 Y5 Z0.0795 

G1 X0 Y5 

E0.01327548557907379 

G92 E0 

G1 X0 Y6 Z1 

G1 X0 Y6 Z0.0795 

G1 X10 Y6 

E0.01327548557907379 

G92 E0 

G1 X10 Y7 Z1 

G1 X10 Y7 Z0.0795 

G1 X0 Y7 

E0.01327548557907379 

G92 E0 

G1 X0 Y8 Z1 

G1 X0 Y8 Z0.0795 

G1 X10 Y8 

E0.01327548557907379 
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G92 E0 

G1 X10 Y9 Z1 

G1 X10 Y9 Z0.25 

G1 X0 Y9 

E0.13127927672040063 

G92 E0 

G1 X0 Y10 Z1 

G1 X0 Y10 Z0.25 

 

 

G1 Z1 F2400.00 

G28 X0 Y0 

G92 EO 

M104 S0 

M106 S0 

M84 

G92 E0 

G1 X10 Y9 Z1 

G1 X10 Y9 Z0.13 

G1 X0 Y9 

E0.035497916425196334 

G92 E0 

G1 X0 Y10 Z1 

G1 X0 Y10 Z0.13 

 

 

G1 Z1 F2400.00 

G28 X0 Y0 

G92 EO 

M104 S0 

M106 S0 

M84 

G92 E0 

G1 X10 Y9 Z1 

G1 X10 Y9 Z0.0795 

G1 X0 Y9 

E0.01327548557907379 

G92 E0 

G1 X0 Y10 Z1 

G1 X0 Y10 Z0.0795 

 

 

G1 Z1 F2400.00 

G28 X0 Y0 

G92 EO 

M104 S0 

M106 S0 

M84 
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Fiji Counting Macro by Peter Johnson.  

// Macro 23/10/18 
// opens a lif file. For each series in the file, makes z 
stack w/ zfocuser 
// Author: Peter Johnson, Perriman Group 
 
// code for user to select .lif file  
// filepath=File.openDialog("Select a .lif File"); 
 
// Choose settings 
OutArr = InputUserform(); 
projectionTypeLive = OutArr[0]; 
projectionTypeDead = OutArr[1]; 
BackgroundSubtrationLive = OutArr[2]; 
BackgroundSubtrationDead = OutArr[3]; 
NoiseRemovalLive = OutArr[4]; 
NoiseRemovalDead = OutArr[5]; 
LiveChannel = OutArr[6]; 
DeadChannel = OutArr[7]; 
LiveChannel = parseInt(LiveChannel); 
DeadChannel = parseInt(DeadChannel);   
imageDir = 
"/Users/thomasrichardson1/Documents/BCFN/Project/CountingMac
roV1_0"; 
inputpath = imageDir + "/FIJIimages" 
 
// fileList is an array where each element is a file name 
fileList = getFileList(inputpath);  
// check for forbidden characters 
FileCheck(fileList); 
numberSlice=fileList.length; 
 
i = 0; 
for (i = 0; i<fileList.length; i++) { 
 ivalue = i; 
 
 // enable bio-formats macro commands 
 // open .lif file defined earlier 
 path = inputpath + "/" + fileList[i]; 
 len1 = lengthOf(fileList[i]); 
 dirstrng = substring(fileList[i],0,(len1-4)); 
 outputpath = imageDir + "/Raw_Images"; 
 //imageoutputpath = outputpath + "/" + dirstrng; 
 //File.makeDirectory(imageoutputpath); 
  
 run("Bio-Formats Macro Extensions"); 
 Ext.setId(path); 
 Ext.getCurrentFile(file); 
 Ext.getSeriesCount(seriesCount); 
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 // open series 
 for (s=1; s<=seriesCount; s++) { 
 svalue = s; 
 // Bio-Formats Importer uses an argument that can be built 
by concatenating a set of strings 
 run("Bio-Formats Importer", "open=&path autoscale 
color_mode=Default view=Hyperstack stack_order=XYCZT 
series_"+s); 
 run("Split Channels"); 
 
 id = getImageList(false); 
 name = getImageList(true); 
 
 // LIVE CHANNEL 
 selectImage(LiveChannel); 
 Im1Name = getTitle(); 
 //Im1namearr = name[0]; 
 strLive = replace(Im1Name,".lif",""); 
 //strLive = replace(strLive,".lif",""); 
 // z project 
 run("Z Project...", 
"projection=["+projectionTypeLive+"]"); 
 // Remove background glow / reduce halos 
 if (BackgroundSubtrationLive=="Rolling Ball"){ 
  run("Subtract Background...", "rolling=50"); 
 } 
 //Despeckle 
 if (NoiseRemovalLive=="Despeckle"){ 
  run("Despeckle"); 
 } 
 if (s<10){ 
  saveAs("tiff", 
replace("/Users/thomasrichardson1/Documents/BCFN/Project/Cou
ntingMacroV1_0/Raw_Images" + "/Live" + "_" + "Series" + "_00" 
+ svalue + "_" + strLive + ".tiff"," ","")); 
 } 
 if (s>9 && s<100 ){ 
  saveAs("tiff", 
replace("/Users/thomasrichardson1/Documents/BCFN/Project/Cou
ntingMacroV1_0/Raw_Images" + "/Live" + "_" + "Series" + "_0" 
+ svalue + "_" + strLive + ".tiff"," ","")); 
 } 
 if (s>99){ 
  saveAs("tiff", 
replace("/Users/thomasrichardson1/Documents/BCFN/Project/Cou
ntingMacroV1_0/Raw_Images" + "/Live" + "_" + "Series" + "_" + 
svalue + "_" + strLive +  ".tiff"," ","")); 
 } 
 // ch2 - Dead Channel 
 selectImage(DeadChannel); 
 //Im2namearr = name[1]; 
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 Im2Name = getTitle(); 
 strDead = replace(Im2Name,".lif",""); 
 strDead = replace(strDead,".lif",""); 
 // z project 
 run("Z Project...", 
"projection=["+projectionTypeDead+"]"); 
 // Remove background glow / reduce halos 
 if (BackgroundSubtrationDead=="Rolling Ball"){ 
  run("Subtract Background...", "rolling=50"); 
 } 
 //Despeckle 
 if (NoiseRemovalDead=="Despeckle"){ 
  run("Despeckle"); 
 } 
 Im2Name = getTitle(); 
 
 // Open Dead Stain Control for comparison 
 //open(imageDir + 
"/DeadStainControl_295_100percent_1G.tif"); 
 //imageCalculator("Subtract create", 
Im2Name,"DeadStainControl_295_100percent_1G.tif"); 
 
 if (s<10){ 
  saveAs("Tiff", 
replace("/Users/thomasrichardson1/Documents/BCFN/Project/Cou
ntingMacroV1_0/Raw_Images" + "/Dead" + "_" + "Series" + "_00" 
+ svalue + "_" + strDead +  ".tiff"," ","")); 
 } 
 if (s>9 && s<100 ){ 
  saveAs("Tiff", 
replace("/Users/thomasrichardson1/Documents/BCFN/Project/Cou
ntingMacroV1_0/Raw_Images" + "/Dead" + "_" + "Series" + "_0" 
+ svalue + "_" + strDead +  ".tiff"," ","")); 
 } 
 if (s>99){ 
  saveAs("Tiff", 
replace("/Users/thomasrichardson1/Documents/BCFN/Project/Cou
ntingMacroV1_0/Raw_Images" + "/Dead" + "_" + "Series" + "_" + 
svalue + "_" + strDead +  ".tiff"," ","")); 
 } 
 close("*"); 
 
 } 
} 
 
//Image List function 
function getImageList( bReturnNames ){  
 
     count = nImages();  
     if (count == 0) then return -1;  
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     setBatchMode(true);  
     currentID = getImageID();  
 
     id = newArray(count);  
     if (bReturnNames == true) {  
         names = newArray(count);  
     }  
 
     for (i=0;i<count;i++){  
         selectImage(i+1);  
         id[i] = getImageID();  
         if (bReturnNames == true) {  
             names[i] = getTitle();  
         }  
     }  
 
     selectImage(currentID);  
     setBatchMode(false);  
     if (bReturnNames == true) {  
         return names;  
     } else {  
         return id;  
     }  
}  
 
//Userform 
function InputUserform(){ 
 OutArr = 
newArray("N/A","N/A","N/A","N/A","N/A","N/A","N/A","N/A","N/
A","N/A","N/A","N/A","N/A","N/A","N/A","N/A","N/A") 
 DefaultParticleAnalysis = "size=100-10000 show=Outlines 
display"; 
 Dialog.create("Input Preferences :)"); 
 Dialog.addChoice("Projection Type Live", newArray("Max 
Intensity", "Standard Deviation", "Sum Slices", "Median"), 
"Max Intensity"); 
 Dialog.addChoice("Projection Type Dead", newArray("Max 
Intensity", "Standard Deviation", "Sum Slices", "Median"), 
"Max Intensity"); 
 Dialog.addChoice("Background Subtraction Live", 
newArray("None", "Rolling Ball"), "Rolling Ball"); 
 Dialog.addChoice("Background Subtraction Dead", 
newArray("None", "Rolling Ball"), "None"); 
 Dialog.addChoice("Remove S&P Noise Live", 
newArray("None", "Despeckle"),"None"); 
 Dialog.addChoice("Remove S&P Noise Dead", 
newArray("None", "Despeckle"),"None"); 
 Dialog.addChoice("Live Channel", newArray("1", 
"2","3","4","5","6","7"),"1"); 
 Dialog.addChoice("Dead Channel", newArray("1", 
"2","3","4","5","6","7"),"2"); 
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 Dialog.show(); 
 typeLive = Dialog.getChoice(); 
 typeDead = Dialog.getChoice(); 
 backSubl = Dialog.getChoice(); 
 backSubd = Dialog.getChoice(); 
 noiseReml = Dialog.getChoice(); 
 noiseRemd = Dialog.getChoice(); 
 LiveCh = Dialog.getChoice(); 
 DeadCh = Dialog.getChoice(); 
 OutArr[0] = typeLive; 
 OutArr[1] = typeDead; 
 OutArr[2] = backSubl; 
 OutArr[3] = backSubd; 
 OutArr[4] = noiseReml; 
 OutArr[5] = noiseRemd; 
 OutArr[6] = LiveCh; 
 OutArr[7] = DeadCh; 
 return OutArr; 
} 
 
//Filename Checker 
function FileCheck(fileList){ 
// check that all images are .lif 
 for (i=0; i<fileList.length; i++){ 
  fileName = fileList[i]; 
  write("filename is: " + fileName); 
  len1 = lengthOf(fileList[i]); 
  // check that all files are .lif 
  if (endsWith(fileName, ".lif") == 0) { 
   exit("" + fileName + " is not a .lif file") 
  } 
  else { 
   // check for stupid characters 
   dirstrng = substring(fileList[i],0,(len1-4)); 
   var1 = 0; 
   var2 = 0; 
   var3 = 0; 
   var4 = 0; 
   var5 = 0; 
   var6 = 0; 
   var7 = 0; 
   var8 = 0; 
   var9 = 0; 
   var10 = 0; 
   var11 = 0; 
   var12 = 0; 
   var13 = 0; 
   if (indexOf(dirstrng,"@") > 0){ 
    var1 = 1; 
   } 
   if (indexOf(dirstrng,"#") > 0){ 
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    var2 = 1; 
   } 
   if (indexOf(dirstrng,"$") > 0){ 
    var3 = 1; 
   } 
   if (indexOf(dirstrng,"%") > 0){ 
    var4 = 1; 
   } 
   if (indexOf(dirstrng,"^") > 0){ 
    var5 = 1; 
   } 
   if (indexOf(dirstrng,"&") > 0){ 
    var6 = 1; 
   } 
   if (indexOf(dirstrng,"*") > 0){ 
    var7 = 1; 
   } 
   if (indexOf(dirstrng,"<") > 0){ 
    var8 = 1; 
   } 
   if (indexOf(dirstrng,">") > 0){ 
    var9 = 1; 
   } 
   if (indexOf(dirstrng,",") > 0){ 
    var10 = 1; 
   } 
   if (indexOf(dirstrng,".") > 0){ 
    var11 = 1; 
   } 
   if (indexOf(dirstrng,"?") > 0){ 
    var12 = 1; 
   } 
   if (indexOf(dirstrng,"/") > 0){ 
    var13 = 1; 
   } 
   if 
(var1+var2+var3+var4+var5+var6+var7+var8+var9+var10+var11+va
r12+var13 > 0){ 
    exit("" + fileName + " contains a forbidden 
character") 
   } 
  } 
 } 
} 
 




