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SUMMARY 

The field of tissue engineering has the potential to improve the quality of life of individuals through 

combining the knowledge of engineering and life sciences in creating engineered biological 

substitutes that repair, support and enhance tissue function. 

Inkjet printing is a versatile tool that can be used for a broad range of applications. Ubiquitous in 

households, offices and industry, there has been growing interest in the use of inkjet printing for 

biological applications. Inkjet printing allows the user to deposit nano-picolitre volume of inks of low 

viscosity with high precision and high repeatability. Within this thesis, inkjet printing was used to 

explore its applications in the life sciences, with jetting behaviour and scaffold design optimised.  

The creation of cell-friendly scaffolds was investigated. Gelatin scaffolds, crosslinked with inkjet 

printed glutaraldehyde were fabricated. Fibroblasts were seeded onto these fabricated scaffolds and 

shown to proliferate without hindrance, allowing a method to create sub-millimetre cell-friendly fibres 

for tissue engineering applications. 

The ability for inkjet printing to create scaffolds to control cell alignment was investigated. Cell 

orientation can be controlled through inkjet printing paraffin wax to restrict cell proliferation on a 

substrate. Paraffin wax is not harmful or toxic to cells, and cells were able to grow within the negative 

spaces between the wax patterns, to create aligned cell culture as cells proliferated. An advantage with 

the wax scaffolds was that the wax scaffold was readily removable with a scalpel that allowed further 

analysis of cell behaviour when proliferating into an unrestricted space. A proportion of cells was also 

detached upon wax removal, proportional to cell density within the wax scaffold and wax channel 

width. After wax removal, cell cultures quickly lost their ordered appearance within 3 days as they 

proliferated randomly across the substrate.  

The creation of in vitro vasculature models through the use of a combination of inkjet-printed wax, 

PDMS moulding and wax-loss method to create medical phantoms for the study of rheological 

behaviour was studied. The scalloping behaviour of the printed wax vessel was reduced in the final 
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phantom created, as there would be a thin lining of wax that covers the interior of the PDMS mould 

after wax removal, making the vessel smoother. 

Cell printing of neuronally relevant cells were investigated. NG108-15 and porcine Schwann cells 

(along with fibroblasts to act as a control experiment) were inkjet printed, studying cell viability 

during and after inkjet printing. It was concluded that cells were not significantly damaged during 

inkjet printing over a wide range of voltages (50 V-230 V), and no correlation was seen to show an 

increase in cell death with increasing voltages. Inkjet printed NG108-15 cells showed they produced 

longer neurites compared to control samples after 7 days. Further to results, it was confirmed that cell 

printing is limited to a duration of less than 40 minutes due to cell aggregation within the reservoir of 

the printing system, causing a steady significant decrease in cell numbers during printing.  
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Figure 4.8.3 Micrographs having being processed with OrientationJ to highlight the alignment of cells. (a) 
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Figure 6.2.1 Analysis of mean viability of cells assessed using trypan blue staining immediately after inkjet 
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aggregate more, decreasing the total cells being jetted out of the printer, until a clump of cells form and is 
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1 Literature Review 

1.1 Introduction to Tissue Engineering Strategies 

Tissue engineering is defined as the delivery of living elements into the patient to restore, maintain 

and improve tissue function lost due to injury and disease.1 Simply put, tissue engineering is the 

fabrication, or transplantation, of biological tissue that can be placed into a living organism 

(predominantly human beings) with minimal harmful side effects. An individual could have a 

decreased level of quality of life, through disease and injury that limits their movement and interaction 

with others, or even have a life-threatening condition. Such examples include the debilitating effects 

of burn injuries, nerve damage and genetic diseases. It is possible to utilise the technology and 

knowledge gained from different industries (such as microelectronics fabrication) now more than ever 

to advance the field of tissue engineering. With the miniaturisation of computer chips and easier 

fabrication of materials that are more cost effective, the field of biomedicine is ripe to employ the tools 

of today (e.g. inkjet printing) to maintain the health of the population tomorrow. Tissue engineering 

aims to alleviate such ailments and restore an individual’s quality of life, which may have been 

permanently reduced without intervention. 

Small injuries can be healed effectively by the body without interference; a minor cut that breaks the 

skin quickly scabs over. However some injuries are more serious and require intervention to prevent 

permanent loss of function, scarring or mobility. In these situations, tissue engineering can be employed. 

The earliest example of tissue engineering was the use of skin grafts, whereby healthy tissue was taken 

from another location and transplanted (i.e. grafted) onto the target area. There are three forms of grafts, 

defined by their source, these are:  

 Autografts – where the tissue is taken from a different area of the patient e.g. skin from the 

buttocks being used to heal a facial burn. The drawback of this method is that a healthy area of 

the patient has to be damaged to heal the wound in question. In essence, the patient now has 

two wounds. 
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 Allografts – where tissue is taken from a different member of the same species, e.g. human to 

human skin grafts. Although cadavers were a popular source of allografts, a patient needed to 

take regular medication to inhibit their immune system from rejecting the foreign tissue. 

 Xenografts – where the tissue is taken from a different species, e.g. pigs and monkeys used as 

a source of skin for humans. Along with the disadvantages associated with allografts, 

xenografts also have an ethical dilemma since animals are exploited. Some religions, e.g. 

Judaism and Islam, have prohibitions regarding swine, which result in adherents of these faiths 

refusing xenografts. Additionally, there can be discussions to what makes an individual a 

human being, and the societal responses of a procedure.    

Grafting is an imperfect solution to a serious chronic problem within society, as donor shortages are 

frequent and worsen every year, culminating in the deaths of patients on the waiting list for organ 

transplants. There is no “holy grail” tissue engineering solution that is all-encompassing for disease and 

injury. There can be a variety of approaches to heal an individual, and a balance of advantages and 

limitations must be considered to determine the best route of treatment. There are significant challenges 

within tissue engineering, with 4 main branches that researchers have investigated; biomaterial creation 

and implementation, cell source and their refinement, angiogenesis of engineered tissues and drug 

delivery systems. Figure 1.1.1 shows an overview of these challenges and the choices available to create 

them: 1) Biomaterials are required to repair damaged tissue, which can originate from different sources, 

can be injectable or implanted and all need to be safe upon introduction into the patient. 2) Cell sources 

are a significant issue as they need to be cultured from the patient. Due to immunohistochemical markers 

that are unique to each individual, only cells derived from the patient will be compatible with themselves 

(unless other measures are introduced such as chemotherapy). The acquirement of the cells can be 

problematic, as it would require them to be extracted from the patient, thereby injuring them in the 

process. After which, sorting the cells and selecting the right ones can be very difficult and require 

excessive use of time and resources. 3) Angiogenesis is essential if the implanted tissue is going to be 

viable in the long term of the life of the patient. Without a steady blood supply to the new organ/tissue, 

the cells will die due to insufficient nutrient uptake and accumulation of waste in the local area, causing 
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necrosis of the tissue. 4) Drug delivery systems may not be directly implantable into the patient, but 

they serve to facilitate tissue engineering applications. Notes: ESC, embryonic stem cell; MSC, 

mesenchymal stem cell; EPC, endothelial progenitor cell; HSC, hematopoietic stem cell; VEGF, 

vascular endothelial growth factor; bFGF, basic fibroblast growth factor; PDGF, platelet-derived 

growth factor; and TGF-b, transforming growth factor-b. 

 

Figure 1.1.1 Overview of critical issues in tissue engineering. Taken from Naderi et al. 2011.2  

Although a focus is placed on using tissue engineered scaffolds for the wellbeing of patients, another 

demand for tissue engineered constructs comes from the pharmaceutical and cosmetic industry. Prior 

to releasing new products for consumers to purchase, all drugs/lotions/cosmetics need to be approved 

by governments in their respective countries to guarantee that these substances do not damage public 

health. The US has the Food and Drug Administration (FDA), whilst the UK has Medicines & 

Healthcare products Regulatory Agency (MHRA). Many of these approval procedures require animal 

testing, to allow researchers to understand the effects of such drugs on living organisms, and also to 

investigate disease states, that are considered unethical to inflict on a human. A reduction in animal 

testing is steadily increasing within the scientific community, with the Three Rs tenet as a foundation 

for more use of tissue engineered substitutes to animal testing. The tenet refers to the Replacement, 

Reduction, and Refinement (Fleckneall 2002) of the use of animals in scientific research. Since March 
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2009, European Council Directive 76/768/EEC has been enforced, which prohibits the use of animals 

for irritation, corrosive and phototoxicity tests when alternative means are available, which increased 

interest in creating in vitro models for testing purposes. 

A biological scaffold is a broad term used to describe materials, typically derived from the extra cellular 

matrix that is biocompatible and can be used to seed cells and be used in a clinical and pharmacological 

applications. A viable biological scaffold needs to have an architecture that is compatible and 

comparable with the relevant native tissue and cells. Different tissues (e.g. skin, cartilage, bone, blood 

vessels, skeletal muscle, bladder, liver and kidney) contain different mechanical, chemical and physical 

properties, which define the tissue and direct cell behaviour. These properties can be found in the 

extracellular matrix of tissue, and artificial scaffolds are created that mimic these key chemical and 

physical factors that also provide mechanical strength while the extracellular matrix is being generated. 

The wealth of knowledge generated through understanding and creating tissue engineered constructs 

has been steadily accumulated from scientific research. Yet for commercial and real-life impact, the 

products of such research need to be easy to fabricate, cost-effective, reliable and survive the research 

and development process. 

The exemplar model for an ideal tissue replacement for injury or disease requires a combination of 

relevant seeded cells (to repopulate the tissue), biomaterial scaffold (for the cells to grow on and 

proliferate) and extra-cellular matrix components (ECM) (to direct cell growth into the right lineage) 

for tissue formation (Figure 1.1.2). Figure 1.1.2 outlines the expected approach (Dvir et al, 2011) in 

delivering a tissue engineered construct into a patient. Initially, cells (Fig. 1.1.2a) are isolated from the 

patient and cultivated. Cells from another species and from another person are likely to cause 

immunological rejection of the fabricated tissue. The cell population is (Fig. 1.1.2b) expanded, before 

the cells (Fig. 1.1.2c) are seeded in to porous scaffolds together with growth factors, small molecules, 

and micro- and/or nanoparticles. The cell constructs are further cultivated in bioreactors (Fig. 1.1.2d) 

to provide an environment similar to the native conditions of the host. Finally, implantation of the tissue 

engineered, cell seeded construct (Fig. 1.1.2e) on the defect is carried out to restore function. 
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Figure 1.1.2 Diagram depicting a tissue engineering concept that involves seeding cells within a tissue engineered 

scaffold. Taken from Dvir et al. 2011.4 

The example shown in Figure 1.1.2 shows an ideal methodology. But realistically when the patient has 

been admitted to medical care, there are too many complications, limited by our knowledge of 

engineering tissue, to adopt this method as standard practice; a) isolating cells would cause further 

injury to the patient b) expanding the extracted cells into a sufficient population may require many 

weeks of culturing, costing too much time, labour and resources c) there is not a solid methodology to 

seed cells into a 3D scaffold to have a homogenous deposition of cells (more about cell deposition will 

be discussed in later chapters) d) more research is required to optimise bioreactor conditions to mimic 

native biological environment e) more research is required to understand the interactions between the 

patient and transplanted engineered tissue. 
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There are many types of biomaterials, all of which can be created through different techniques to 

generate physiologically different traits. Outlined below are examples of techniques such as 

electrospinning, photolithography, soft lithography and inkjet printing, that are used to fabricate 

scaffolds; 

There are many types of biomaterials, all of which can be created through different techniques; 

Electrospinning - With electrospinning, an electrical charge directs very fine fibres (typically several 

micrometres down to tens of nanometres) from a liquid reservoir to a charged collector.5 Fibres can be 

made to be aligned, or random (Figure 1.1.3), and can be made from a variety of polymers such as 

polyethylene oxide, polystyrene, polyether urethane, poly-lactic acid, polycaprolactone.5–9 

Electrospinning can be combined with other methods to create a multicomponent scaffold with different 

cell types sandwiched between each layer,10 or have cells electrospun within the fibres.11  

 

Figure 1.1.3 Schematic diagram of the electrospinning process, and an image of fibres created through electrospinning. 

Taken from Bognitzki et al. 2001; Subbiah et al. 2005.5,7 

Photolithography – This technique can be used to pattern proteins and cells through the creation of a 

reusable “stamp” (Figure 1.1.4). The use of ultra-violet (UV) light can be manipulated to photoablate 

or bind proteins on a substrate with photosensitive groups.12 Photolithography has a greater control of 

parameters such as interconnectivity and pore geometry compared to solvent casting and porogen 

leaching, to allow the creation of microstructure scaffolds with high resolution and fidelity, with 

features as small as 1 µm reported.13 A combination of the high costs associated with the equipment 

and the need for the use of clean rooms makes this technique less accessible for smaller research groups.   
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Figure 1.1.4 Schematic diagram of an example of photolithography used to fabricate a PDMS stamp from a master 

having relief structures in photoresist on its surface. Taken from Kane et al. 1999.14 

Soft lithography - Soft lithography uses elastomeric stamps by casting and curing an elastomer on a 

silicon master (Figure 1.1.5), allowing material to be deposited to create patterned environments from 

ECM proteins, cells and compounds.14,15 

 

Figure 1.1.5  Illustration of the procedure used to pattern proteins and cells using microfluidic channels. Taken from 

Kane et al. 1999.14 
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Inkjet Printing - Inkjet printing, with multiple printheads, can create 2D and 3D biologically relevant 

tissues. The material and cells can be compartmentalised and precisely controlled to the desired shape, 

with the goal being the creation of anatomically correct structures to mimic actual tissue structure.16 

Inkjet printing will be discussed later in this chapter. 

Such methodologies work for the creation of biomaterials and tissue engineered scaffolds because they 

are able to mimic several factors of native tissue. Such factors include (and are described in more detail 

in the subsequent paragraphs); physical factors such as the porosity, topography and substrate stiffness 

characteristics of a scaffold, along with the physiochemical and biological characteristics, and the 

ability to seed cells into the scaffold.   

In summary, there are many different means to engineer biologically relevant tissue, and no one 

technique is universally superior. The application of the engineered tissue, size required and length of 

time to be in the patients are important factors to determine which technique is best to create the 

scaffold. When the engineered scaffold is too different from native tissue, the scaffold can fail 

mechanically, not integrate with the host, have insufficient cell infiltration, poor vascularisation and 

have cells differentiate into the wrong cell types if such aspects are not satisfactory.  

1.2 Factors that affect viability of Tissue Engineered scaffolds 

There are a variety of types of tissues within the human body, that differ greatly e.g. soft tissue such as 

skin and hard tissue such as bone. For the fabrication of soft tissue, the fabricated tissue needs to match 

of be compatible with the host tissue. Factors to consider in fabrication include the degree of porosity, 

stiffness, topography, physiochemical/ biodegradability and biological characteristics 1,17  

1.2.1 Porosity in Tissue Engineering 

A solid block of a tissue engineered scaffold would only allow cell attachment on its surface. For a truly 

viable biological scaffold, cells must integrate inside and populate the whole structure; this can be done 

through the use of interconnected-porous materials. Interconnected scaffolds are scaffolds with open 

ended pores within their structure that allows material to freely diffuse through the entire scaffold. The 
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size of the pores and internal architecture have a great effect on cell viability, structural mechanical 

properties, flow resistance and cell remodelling of the scaffold.18 Porosity has been shown to affect cell 

migration, with cell type and pore size affecting movement of the respected cell.19,20 Figure 1.2.1 shows 

an example of a porous scaffold produced by the creation of an alginate scaffold. As can be seen the 

scaffold has a sponge-like interior which allows cells to penetrate into the bulk. Interconnectivity of 

porous scaffolds is essential as it allows the free movement of cells and material. If the pores were not 

connected, they would be termed “closed” pores, and such pore types are not suitable unless used for 

drug delivery to encapsulate drugs. Scaffolds with closed pores could also be toxic to biological tissue, 

if the fabrication process used toxic substances for its creation and were trapped within such pores that 

can break apart /degrade over time.  

 

Figure 1.2.1 micrograph of typical top surface morphology of alginate scaffold made with 3% alginate and 0.03 m 

calcium chloride. Image taken from Lin & Yeh 2004.21 

Gas-foaming techniques that involve the foaming of fluid precursors, or leaching of pore-generating 

particles can create large structures quickly, however a percentage of pores generated are not connected 

together with one another (closed pore), with at most, having 60% open pore structure.22 It would be 

expected that newer research within this field would have better open pore percentage in recent years.23 

Interconnectivity, the degree of open pores is important for the flow and penetration of cells within the 

scaffold, as closed pores (which create dead volume) are isolated and are not engaged with cell seeding 
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of the structure. If a closed pore breaks down, exposing it to the external environment, there is a risk of 

harmful agents being released that were not cleaned out properly during its formation.  

1.2.2 Substrate stiffness in Tissue Engineering 

It wouldn’t be suggested to heal a skin wound with a material like glass. If such an individual, subject 

to this approach, moves and compressive forces are exerted, the glass, being very stiff, would not flex 

and cause further injury, or detach from the patient. The mechanical strength of a scaffold needs to be 

similar to the injured area into which it is to be incorporated, otherwise, like the example above, tissue 

failure can occur to the surrounding environment. Different cell types have preference for adhering to 

different materials, and misalignment of stiffness characteristics can cause sub-optimal adherence and 

interaction. 

On substrates with unfavourable stiffness, cells showed a rebuilding in cytoskeletal composition 

through fewer focal adhesion molecules and interactions and less actin filaments (Figure 1.2.2), 

resulting in a rounded physiology compared to cells on a favourable substrate.24,25 A rounded 

morphology was seen with single cells, but once the cells interacted with one other, actin filament 

growth developed normally as cell-cell interactions guided cell proliferation and substrate stiffness 

became inconsequential.  

 

Figure 1.2.2 Effect of substrate mechanical properties on fibroblast actin cytoskeleton on fibroblasts grown 

polyacrylamide gels with varying stiffness. Fibroblasts on soft materials had no stress fibres compared with fibro-blasts 

on stiffer materials that do have articulated stress fibres with defined orientations. Scale bar = 10 µm. Image taken 

from Yeung et al. 2005.24 
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1.2.3 Substrate surface topography 

Cells behave differently on different topological structures as it affects their signalling pathways, its 

morphology, how strongly they bind onto the substrate, rate of proliferation and rate of migration and 

differentiation. The resolution of the topography can range from micro to nanometres, and can come 

from the general surface of the substrate, or from the individual extracellular matrix molecules 

themselves.26 Figure 1.2.3 shows examples of topographical structures; nanogrates, nanoposts and 

nanopits, and how epithelial cells can be seen growing in the same direction as the nanograte surface 

that they have adhered onto. 

  

Figure 1.2.3 [Left] Schematic depictions (a) and SEM images (b) of representative nanotopography geometries. Three 

basic nanotopography geometries include nanograting (458 tilt, scale bar 5 mm), nanopost array(158 tilt, scale bar 5 

mm), and nanopit arrays (08 tilt, scale bar 1 mm). [Right] Epithelial cells growing in the direction of the orientation of 

a nanograted surface, compared to a smooth surface for control, as shown with light and confocal microscopy. Taken 

from Bettinger et al. 2009 and Company of Biologist.26 

1.2.4 Physiochemical characteristics in Tissue Engineering 

Understanding the physiochemical properties of a tissue is essential to create biocompatible scaffolds, 

otherwise the scaffold would be more likely to be rejected/unsuitable. Such characteristics include the 

scaffold’s wettability, degradation rate, roughness, crystallinity, charge and functionality. These factors 

can affect protein-scaffold and cell-scaffold interactions which include protein adsorption, cellular 

adhesion, proliferation, morphology and selectivity.27 Ideally, when tissue engineered scaffolds are 
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used, they dissolve or degrade at the same rate as the native tissue’s rate to regrow back into the injured 

area, resulting in completely natural tissue replacement. With ideal biodegradable scaffolds, they would 

increase the rate of tissue regeneration and promote the deposition of the correct extracellular matrix, 

reducing scarring and allowing faster recovery. For hard tissue engineering, the ideal scaffold would 

have the same mechanical characteristics as the bulk material, be biocompatible and not cause 

resorption of neighbouring native hard tissue which can cause mechanical failure.  

1.2.5 Biological characteristics in Tissue Engineering 

Wound healing, morphogenesis, immune response, angiogenesis, nerve regeneration, cell migration, 

cell adhesion, differentiation, survival and a vast array of cellular functions are controlled through 

biological stimuli through spatially and temporal patterned endogenous chemical signals. These can 

comprise of, but not limited to, growth factors, proteins, chemicals, neurotransmitters, hormones, 

ligands and cytokines. Such biological signals need to be integrated into tissue engineered scaffolds to 

promote integration into the host body. Collagen, fibronectin, fibrinogen and vitronectin are well 

documented extracellular matrix proteins that are used in tissue engineering to promote cell 

interaction.28  

Bioactive molecules can be fixed onto a substrate so that they are not affected by diffusion or be washed 

away. They can be adsorbed onto the substrate, linked by covalent bonding through interactions with 

carboxylic acid or primary amine moieties on the surface of the substrate natively, or added in a 

sequential step. Hydrogels have been used as a substrate and have been shown to be very useful in being 

coated with bioactive molecules, with a great extent having been researched with 2D scaffolds, and 3D 

experimentation increasing. There has been extensive research with signal biological molecules on 

directed axonal growth through chemotaxis. Through changing the concentration of signal molecules, 

axon growth from nerve cells could be directed and increased,29–32 with an example shown in Figure 

1.2.4 with different biological coatings affecting nerve regeneration. 
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Figure 1.2.4 Histomorphometric analysis of nerves (or graft) that were cultured on different substrate surfaces. Taken 

from Wood et al. 2009.32 

1.3 Cell interactions with tissue engineered scaffolds 

1.3.1 Cell seeding in Tissue Engineering 

For a tissue engineered scaffold to be successful, it must readily accommodate cells within its structure. 

Without this accommodation, the scaffold would not properly integrate into the patient and would be 

termed a prosthetic and not organic. Having a population of cells seeded within the scaffold is essential 

to test compatibility prior to host integration, drug testing and allow long term viability. 

There are several static and dynamic cell seeding methods; passive seeding, rotational seeding, 

vacuum/pressure seeding, magnetic cell seeding, electrostatic cell seeding and immobilisation cell 

seeding.33 Once the scaffold is created, the use of bioreactors to help growth is an option to use  for the 

maturation of cell seeded scaffolds, whereby cells proliferate, and deposit extra-cellular matrix in their 

surrounding environment and to allow the cell cycle to propagate.34 This can be an ideal springboard 

prior to the use of animal models, if they are needed at all. 
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There is an active relation between the cells and the scaffold itself, as when cells proliferate and 

differentiate, they would occupy more of the scaffold. Therefore, the scaffold needs to have a suitable 

internal structure and vasculature depending on the volume of the scaffold, otherwise complications can 

occur. Cell adherence itself can be a problem with tissue engineered constructs, as cells deposited on 

the periphery of a scaffold eventually act as a barrier to further proliferation and diminish the transport 

of nutrients and waste.35 Early research has shown that, without an extensive vasculature network to 

transport nutrients and waste, cells can survive up to 500 microns deep through diffusion alone. 

Cartilage tissue regeneration is the exception to this rule, as cartilage is inherently avascular, and cells 

have been shown to survive deeper in cartilage tissue without vasculature. This is because chondrocytes 

can survive in lower oxygenated environments.36 

1.3.2 Tailored Cell Patterning 

For many tissue engineering applications, a uniform layer of cells is suitable for cell seeding. However 

there are cases where more precision is required for cell deposition. Such examples can be the 

interaction of specialised cells and their supporting cells, such as nerve cells and their supporting glial 

cells.37 Others include co-culture of cells that elicit a response that would not be seen in monocultures.38 

The method of depositing cells must also be finely controlled to mimic the complexity seen in native 

tissue, for example, the skin, kidney and liver have several defined layers each of which have a different 

proportion of cell types in order to create the architecture of healthy skin. Spatial and temporal control 

is required, with the ability to deposit multiple cell types to create a suitable environment.   

Cell patterning also allows the creation of experimental conditions ideal for analysing individual cells 

and molecular interactions of cells with neighbouring cells and their environment, and is helping to 

develop a better understanding of fundamental cellular processes.  

There are several cell patterning techniques, which can be split into two categories; 1) modifying the 

substrate to control cell adherence, and 2) direct cell positioning.  

1) Modifying the substrate so cells preferentially adhere/draw them to the desired space (Figure 1.3.1). 

Within this category, such techniques include photolithography39,40 and micro-contact printing.41 Extra-
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cellular matrix related proteins and synthetic polymers such as cytokines, fibrin, collagen and PLGA 

can be deposited at high resolution on a substrate that is unfavourable for cells to grow on, thereby 

causing selected cells to adhere onto the patterned environments (Figure 1.3.1). Due to the significant 

costs of unique proteins to different cell types for such techniques to work, it can be very costly and 

therefore normally no more than two cell types can be patterned without interference with the other cell 

types.42  

 

Figure 1.3.1 Inkjet printed PLGA on polystyrene substrates, with stem cells preferentially growing on PLGA. Images 

taken 5 days after cell seeding. Scale bar = 500 mm. Taken from Kim et al. 2010.43 

2) An application of a force to actively deposit cells to the desired space. Figure 1.3.2 shows an example 

of laser-guided direct writing of cells. Within this category, such techniques include dielectrophoresis,44 

optical tweezers, laser-directed cell writing (Figure 1.3.2) and an assortment of magnetic and acoustic 

trapping techniques that enable cells to be controlled through the manipulation of light, gradient control 

and magnetism.45 
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Figure 1.3.2 Laser-guided direct writing of living cells. This example shows embryonic chick spinal cord cells moving 

on a glass cover slip. Arrow heads mark the position of cells. Image taken from Odde & Renn 2000.46 

1.3.3 Creation of extracellular matrix by deposited cells 

Once cells have integrated with the tissue engineered scaffold, they deposit extracellular matrix around 

their environment. The extracellular matrix has several purposes, acting as a physical support and 

physical barrier for given tissues and guiding cell development, providing a temporary scaffold to guide 

tissue growth and organisation, which enhances cell signalling to retain tissue-specific gene expression. 

The stiffness, topography and spatio-dimension of the extracellular matrix all significantly govern cell 

fate and are investigated in more detail elsewhere.47–49 Cells and the ECM interact in tandem and cells 

produce tissue-specific ECM proteins that direct the function and structure of the tissue to return to 

optimal functionality.50,51  

In summary, the extracellular matrix is not a permanent feature within tissue. It is dynamic and 

frequently remodelled by all stages of a cell’s life cycle, through the excretion of proteases such as 
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matrix metalloproteases to break down old proteins, and together with the generation of new 

extracellular matrix in their environment.52 The extracellular matrix contains a whole plethora of 

molecules, including integrins, proteoglycans (heparin sulphate, chondroitin sulphate, keratin sulphate), 

hyaluronic acid, collagen, elastin, glycoproteins, laminin, growth factors and cell receptors, all of which 

can have an influence in how cells interact with their surrounding environment. Cell behaviour is 

determined through recognising the specific signals presented to the cell by the extracellular matrix, of 

which can be unique to each region and type of tissue.53,54  

1.4 Phantoms for medical applications 

There are applications within the medial field which do not require the replacement of tissue. Disease 

identification and diagnostic applications to determine the health of a patient by using MRI, CAT scan 

and ultrasound are examples. Within the scope of this thesis, medical phantoms were also studied and 

prepared. The use of phantoms for medical applications is an area where medical professionals use 

models to test their diagnostic imaging techniques, plan for surgery and for general training.  

With regards to the scope of this thesis, a scaffold that can imitate blood vessels and the effects of an 

aneurism is termed a phantom. An aneurism is an area of a vessel that has excessive localised swelling, 

and can rupture to cause life-threatening complications such as strokes and heart attacks. Medical 

professionals can create in vitro models to better understand such abnormalities.  Such phantoms have 

uses with surgeons to better prepare with surgical planning and training to treat aneurisms through 

application of standard, fenestrate and branched stent-grafts. Typically phantoms are created using 

silicone rubber, usually PDMS, or epoxy resin (Figure 1.4.1). Phantoms have been used to study the 

coagulation behaviour within vessels, effectiveness of medical imaging techniques, show the 

effectiveness of non-invasive thermotherapy for the elevation of tumours, understanding ruptured blood 

vessels and fluid behaviour.55–58 What is important with such phantoms is to imitate native tissues 

realistically, and designing and fabricating realistic vessel structures is currently difficult and have very 

basic anatomy with very little variance. Manufacturing techniques, such as moulding, assembling and 

cutting would leave mould lines that can greatly affect the rheological properties of a mould, and such 
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lines would be difficult to remove due to the scale and internal structure of the phantom. There is a 

demand from surgeons to acquire a technique that can reliably mimic a patient’s tissue, and have a 

standard for which to validate new endovascular techniques. The use of animals has been tried, however 

there is no means of repeating and validating results,59 therefore phantoms can be considered to be more 

favourable, if they can be reliably made. The use of wax loss technique has been used, whereby the 

vessel is created in wax, and enveloped by a silicone bath, solidified, and then putting the phantom into 

a hot bath to extract the wax out of the silicone mould.58 Additive manufacturing has played a role with 

creating higher resolution and bespoke phantoms through fused deposition of the sacrificial material. 

To date, there have not been any publications of inkjet printing of the sacrificial material (wax) to 

fabricate phantoms. 

 

Figure 1.4.1 Example of a commercial product that mimics arterial bifurcation vasculature, with features to mimic 

different stenosed vessel geometries. Such tools can help medical professionals to better understand the rheological 

conditions in their patients. Taken from product website; 

http://www.simutec.com/Docs/Carotid%20Bifurcation%20Doppler%20Flow%20Phantoms%20low-res.pdf. 

 

1.5 Additive Manufacturing 

This thesis utilises inkjet printing which is classified by the umbrella term of additive manufacturing. 

Additive manufacturing, or AM, is an automated process that can fabricate solid objects in a layer-by-

layer fashion. These typically use Computer-Aided-Design (CAD) and have been used in industry, 
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especially for small and medium enterprises for rapid prototyping designs in a cost-effective way. 

Originally applied to the development of metals, ceramics and thermoplastic polymers within the 

engineering discipline, the AM set of technologies has now moved to the field of tissue engineering. 

The creation of objects is performed using the generation of a 3D render with software; in the form of 

a CAD, STL (stereolithography) or proprietary file type. This file can then be used within the AM 

machine to translate the digital object into a physical object. 

The automated fabrication techniques of AM can make anatomically-correct bespoke implants for 

medical, preoperative planning, education, surgical simulation and research purposes. Using medical 

images of the patient (MRI and CT scans), additive manufacturing has allowed the creation of medical 

implants that suit each individual’s needs.60 AM can potentially provide an unprecedented level of detail 

that is bespoke to each individual. The conversion of the medical images into a printable file can be 

difficult at times, as optimisation may be required to reduce noise and to create a better print finish. As 

such, software development for medical printing applications is important in ensuring that additive 

manufacturing produces the object defined by medical imaging.61,62 

AM techniques can be grouped into four different kinds of systems, depending on the precursor material 

used (Figure 1.5.1);  

 

Figure 1.5.1 4 types of additive manufacturing systems. 

1. Liquid systems 

During the processing step, a liquid raw material is used, and is turned into a solid material, through 

oxidation, light exposure and/or heat. Stereolithography and phase change inkjet printing are examples. 



42 
  

Stereolithography uses a vat of photosensitive monomer liquid, which when selectively exposed to UV 

light, polymerises and solidifies. The vat is then moved down and another curing process takes place 

until it is completed. Stereolithography techniques use thermosets, such as acrylates, epoxies, blends of 

the two and filled resins. Inkjet printing will be discussed in more detail in Section 1.5*. 

2. Powder bed systems 

Selective laser sintering (SLS) and binder jetting are examples that use a powder form of a material. 

SLS typically use powdered metals and polymers. A powdered bed of the respected material is 

preheated to just below its melting point for crystalline materials, or below its glass transition 

temperature for amorphous materials. A laser beam traces the geometry of the cross-section of the part, 

fusing the powder together, before a new layer of powder is deposited whilst the powder bed descends 

to a height equal to the layer thickness. This process is done in an inert atmosphere (typically nitrogen) 

to reduce oxidation and reduce warping of the object. Powder that is not fused acts as a supporting 

material for future layers, and helps to prevent the fused object from warping and shrinking from the 

stresses experienced through the fusing process. 

3. Solid sheet systems 

Laminated object manufacturing (LOM) was one of the earliest additive manufacturing techniques. 

Metals like aluminium sheets would be used and stacked on top of one another, with the sections being 

drawn by either a cutting knife or selective laser cutting. The underside of each layer has an adhesive, 

which can be thermally activated. Complex geometries and objects to be created with cavities cannot 

be made with this technique, as there would be no way to remove the internal material 

 

4. Extrusion systems 

Much like toothpaste, extrusion systems apply a force in the reservoir, and the material is squeezed out 

and onto the substrate. A nozzle is used to direct the extruded material. Extrusion systems can operate 

at high temperatures to make solid materials at room temperature melt, so they are more easily jetted 
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out from the system. Typically a coil of material is used, which is fed through the nozzle and heated 

until it is able to flow. The material is extruded and solidifies after deposition. Figure 1.5.2 is an example 

of extrusion; here a filament of a slurry loaded with functional material is extruded out of a nozzle, and 

seeded with cells to show biocompatibility.  

 

Figure 1.5.2 Examples of structures created with extrusion technology. a) extrusion printing system, b) biologically 

relevant structures created with extrusion printing, c) scanning electron microscopy of cross-section of scaffold d) 

shows proliferation of cells in biocompatible porous scaffold created with extrusion technology. Taken from Woodfield 

et al. 2004; Gratson et al. 2004.64,65 

Unlike conventional manufacturing techniques, the complexity of an object is not a limiting factor for 

additive manufacturing, which can create new geometric shapes that were not possible with traditional 

methods. Additive manufacturing techniques have additional factors that need to be taken into account 

however; shrinkage through setting/curing of the material, changes in structural integrity, inability to 

create overhangs, post-production finish (may need to remove supporting structures), toxicity and high 

temperature during operation all need to be considered, and reassessed with tissue engineering 

applications.66,67  
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The current leading research interests involve combining cell seeding with additive manufacturing, 

whereby cells can be incorporated within the computer-aided fabrication of the living construct 68. Still 

in its early stages, AM is hoped to become a promising scalable and reproducible technique for the 

production of tissue engineered structures.69,70 

With the creation of scaffolds, significant research in cell behaviour had been done extensively with 2D 

cell cultures. There is greater control over the creation of experimental procedures in 2D cell culture, 

and characterisation is easier. However the implications of such research do not translate to represent 

native behaviour of tissues as relevantly as 3D experiments,71,72 as such models over simplify the cell 

environment. Therefore, there has been more focus in analysing cell behaviour in 3D in vitro 

experiments (Figure 1.5.3). Examples of the striking difference between 2D and 3D cell culture are 

given by Hutchmacher, Benya & Shaffer and Baker & Chen,73–75 involving cancer analysis, chondrocyte 

differentiation and elegant opinions from the authors respectively.   

 

Figure 1.5.3 Schematic elucidating the tissue printing process using an additive manufacturing technique. Taken from 

Pati et al. 2014.76 
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Fabricated structures have been used in drug testing, implanted into patients and been used to study cell 

interactions;77 skin,78 meniscus,79 aortic valves,80 cartilage,81 bone,82 and blood vessels83 are a few 

examples of what has been created through additive manufacturing techniques.  

1.6 Inkjet printing 

Inkjet printing has been of great interest for biomedical research. First published written experiments 

involving the printing of a biological material occurred in 1988 by Klebe,84 through the deposition of 

fibronectin. He termed the process cytoscribing.  

Thomas Boland and his group pioneered the application of inkjet printing techniques for tissue 

engineering, initially using a modified desktop to jet cells and proteins.85  

Inkjet printing offers the following advantages:  

 A three-dimensional structure can be produced with a single procedure 

 Both the scaffold and the cells can be deposited at the same time using multiple printheads 

 Subnanoliter drops can be deposited in a precise and repeatable spatial and temporal manner 

 No requirement of the creation of masks and tooling requirements 

 It is a non-contact printing process which reduces the risk of contamination 

 Easily scalable through the addition of more printheads or through an increase in ejection 

frequency 

The versatility of inkjet printing can be seen in its modern day applications, whereby the technology 

has advanced significantly within the 60 years of its first inception. The technology can be demonstrated 

to have commercial uses in fabricating transistor circuits,86 electroluminescent displays,87 lab-on-a-chip 

designs,88 rapid prototyping,89 organic sensors,90 and tissue engineering.91 This additive manufacturing 

technique is not limited to the constraints of mold or dies, and is able to create unique one-off designs 

as easily as copies, allowing the creation of designs with varying input parameters. The resolution that 

can be produced is an order of magnitude less than similar dispensing techniques; such as 

micropipetting, syringe and valve displacement dispensing. This is a significant advantage as it allows 
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the creation of a large variety of scaffolds with a gradient of design characteristics that can be researched 

to allow optimisation.  

There are two main inkjet printing systems: a) continuous inkjet printing (CIJ) and b) drop-on-demand 

inkjet printing (DOD), with DOD further divided into: 1) thermal and 2) piezoelectric. In this thesis, a 

piezoelectric DOD inkjet printing system was used. The properties of the ink (discussed in more detail 

Section 1.6) are key to inkjet printing, which places limitations due to the specific requirements of 

viscosity and surface tension. Heating of the print head, and the substrate is possible and can be 

independent from one another.  

1.6.1 Continuous Inkjet Printing 

Continuous Inkjet Printing and Drop on Demand both are inkjet techniques, with the difference between 

the two being the state of flow of the ink. 

Continuous inkjet printing dispenses a steady flow of ink and has a higher jetting rate than drop-on-

demand printing. Droplets are dispensed through being exposed to a charged area under pressure. The 

ejected droplets’ flight can be controlled through movement of the substrate and/or the application of a 

charge on deflector plates before reaching the substrate to print a desired pattern. The continuous stream 

cannot be stopped during the printing process and wherever a droplet is not needed on the substrate the 

deflector plates direct the droplets into a gutter/waste collector. Waste ink that has been collected can 

be fed back directly to be used again. Depending on the set up used, the recycling nature of this feeding 

back technique carries a risk of contamination of the ink with the external environment, which can be 

detrimental to the experimental procedure if it is prone to the risk of infection or the solvent has a very 

fast evaporation rate, leading to the inability to recycle the jetted ink.  

1.6.2 Drop-on-Demand Inkjet Printing 

With drop-on-demand, a droplet of ink is only ejected when it is required. As such, there is potentially 

no waste incurred when jetting. The droplet ejection to the desired position on the substrate is achieved 

by positioning the nozzle of the jetting printhead above the desired location. There are two types of 

DOD inkjet printing, thermal and piezo inkjet printing, that will be discussed shortly. 
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Figure 1.6.1 shows the different methods of inkjet printing. The ejection of the droplet from the 

printhead can be caused through the generation of an air bubble through heat (thermal) or through wave 

propagation by a piezoelectric crystal (piezo). Inkjet printing is very versatile, as the size and the 

velocity of the droplet can be controlled through varying the pressure pulse propagation.  

 

Figure 1.6.1 Schematic diagram showing the principles of operation of a) continuous inkjet (CIJ) printer b) thermal 

drop on demand (DOD) c) piezoelectric DOD. Image taken from Derby 2010.93 

 

1.6.2.1 Thermal DOD 

Thermal DOD requires the use of heat to generate the jetting of ink from the printing system. Within 

the printing component, a resistor heats up a thin film that is in contact with the ink, causing a localised 

area to increase in temperature. This rapid rise in temperature causes a bubble of gas to form, which 

generates a pressure difference through the rapid expansion and collapse of the bubble, creating a large 

enough energy difference to eject a droplet out of the printhead.94 The rheology of inks suitable for 

thermal DOD is more limited than piezo DOD inks, due to the principle that suitable inks need to have 

a high vapour pressure under ambient conditions to successfully generate a bubble when heat is applied.  

Biochemical gradients,95 proteins,96 bacteria,97 hydrogels,98 cells with no sizeable differences in 

survivability compared to controls in experiments with neural cells,99 smooth muscle cells,100 Chinese 

hamster ovary cells101 and embryonic motorneurone cells102 have been shown to print successfully using 

thermal DOD.  
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1.7 Understanding factors involved in Inkjet Printing  

Piezo DOD employs a piezo crystal in the printhead (a typical example is shown in Figure 1.7.1) that 

actuates in response to an applied voltage, causing a change in the pressure within the reservoir that 

leads to droplet formation.  

 

Figure 1.7.1 X-ray image of the printhead used within this document. The image illustrates a glass nozzle tube with 

50μm inner diameter which is sleeved with a tube-type piezoelectric element. Taken from Gan et al. 2009.103 

In the following section, a description of inkjet printing parameters is discussed. There are three stages 

within inkjet printing that characterise the technology: the generation and jetting of the droplet, the 

deposition/ interaction between the droplet and the substrate, and post printing behaviours such as 

drying and coffee staining; 

1.7.1 Generation and jetting of the droplet 

Within this section, the creation of an acoustic wave is discussed, which leads to the generation of a 

droplet from the piezoelectric printer. 

A piezo crystal converts electrical energy into kinetic energy and vice versa.  Upon applying a voltage, 

the piezoelectric actuator moves, causing the volume within the printhead to move and the pressure 

changes which can allow the jetting of a droplet.  

Figure 1.7.2 highlights the generation of an acoustic wave in a piezoelectric printhead when a voltage 

is applied to the piezoelectric actuator that surrounds the glass nozzle. Upon actuation, the piezo crystal 

moves radially outwards, causing a negative pressure to form within the nozzle (Figure 1.7.2(B)). The 

negative pressure propagates in opposite directions from the middle towards both ends of the channel 

(with half the amplitude each) (Figure 1.7.2(C)). The nozzle end is considered a “closed end” in acoustic 
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wave theory, due to the small channel opening compared to the cross-sectional area of the channel, 

whilst the channel end leading to the reservoir is considered an “open end” as the reservoir’s cross-

section is larger than the channel.104 The wave that reaches the “open end”, i.e. the reservoir, is reflected 

back with its phase reversed, whilst the wave that returns from the “closed end”, i.e. the nozzle, retains 

its phase (Figure 1.7.2(D)). As the waves return back to where they originally propagated, the 

piezoelectric actuator returns back to its resting position and radially contracts, causing a positive wave 

to propagate (Figure 1.7.2(E)). This new wave coincides with the return of the reflected waves, and they 

interact with one another (Figure 1.7.2(F)); the wave travelling to the reservoir is cancelled out, and the 

wave that travels to the nozzle combines to become a large positive wave (Figure 1.7.2(G)).104   

 

Figure 1.7.2 Diagrams depicting each stage of droplet formation caused by the actuation of the piezoelectric crystal in 

the printhead. A) showing the identification of each section of the diagram. B) upon the application of voltage into the 

piezoelectric actuator, the piezo actuators move radially outward, creating a negative pressure within the chamber. C) 

this negative pressure moves to both ends of the chamber, with half the amplitude. D) The negative pressure reaches 

the nozzle tip (closed end) and returns with the same phase, whilst the negative pressure returning from the open end 

has its phase reversed. In live experiments, steps (B-D) can be seen clearly as the liquid within the nozzle can be seen 

to be sucked into the nozzle; caused by the build-up of negative pressure within the chamber. E) all this occurs and the 

piezoelectric actuator returns back to position and causes a positive pressure to be produced. F) the acoustic waves 

formed by the piezoelectric actuator moving radially outward and inward combine together. G) the two waves moving 

towards the open end cancel each other out (positive+negative wave), and the waves traveling to the nozzle stack 

together (positive+positive wave). The overall product is a large positive acoustic wave being produced that moves to 

the nozzle. 

A B C D 

E F G 
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A droplet is jetted from the inkjet nozzle when the kinetic energy in the droplet is greater than that of 

the surface energy needed to form a droplet. The greater the difference, the larger the velocity of the 

droplet.105 The voltage and viscosity are important factors that determine the success of jetting the ink. 

The rheological nature of the ink needs to be considered for droplet formation. More kinetic energy is 

required to break the surface energy of the droplet if the viscosity is high. If the viscosity of an ink is 

too high, droplets cannot be formed due to the dampening of the pressure wave106 created by the 

piezoelectric crystal. 

The voltage that is applied to the printer is an important factor for the generation of droplets. If the 

voltage is too high, the acoustic waves will not dissipate completely before the next wave is formed. 

These waves cause a chaotic droplet ejection environment as unwanted interactions take place in 

successive droplets. de Gans et al gave four different droplet regimes:107 

1. successful single droplet formation 

2. secondary generation of tail droplets 

3. secondary generation of satellite droplets 

4. failed formation. 

Physical properties of fluids can be expressed with the Ohnesorge number, Reynolds number and Weber 

numbers. These dimensionless numbers relate liquid density, surface tension, droplet diameter and 

liquid viscosity to give a measure of the ability to print the ink, formation of droplets and fluid flow 

situations.  

The viscosity, density and surface tension of printable fluids are the most important physical parameters 

to consider,92 with 1<Z<10 (Ohnesorge Number) being ideal printing values (Equation 1). When Z is 

less than 1, droplets tend to form the second type of droplet regime of de Gans107 and form long 

filaments that breaks to form satellites and takes longer for singlet-droplet generation. This degrades 

the positional accuracy and printing resolution. Fluids with a high Z value have the inability to form a 

single droplet and satellites accompany the main droplet. Other significant parameters to create inkjet 
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behaviour include optimising single-droplet formability, distance from substrate to printhead, positional 

accuracy, and maximum allowable jetting frequency.  
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Equation 1 shows formula for z value, with key on the right 

There are methods to assist the creation of an ink that has a suitable Z number, and that is through the 

addition of solutions such as isopropyl alcohol or acetophenone, which are able to bring down the Z 

number of a solution to the desired values. Although the viscosity of an ink can be modified by the 

addition of co-solvents and viscosity modifiers, such additions may negatively affect the final function 

of the printed feature. In terms of tissue engineered scaffolds, such additives may be toxic or reduce 

mechanical stiffness. 

1.7.2 Drop/substrate interaction 

After contact with the substrate, the behaviour of the deposited droplet strongly determines the final 

print quality. With molten, temperature and chemical sensitive “inks”, phase change can occur with the 

deposited droplet solidifying/drying. The completion of the phase change, which can be time dependent, 

can be the final desired product, or another processing step could be introduced to further develop the 

deposited ink (i.e. sintering a metal ink). This change, from liquid to solid, can be caused by a single or 

combination of several causes: solvent evaporation, temperature dependent changes or a chemical 

reaction causing the solidification/gelling of the substance.  

z Z number 

Re Reynolds number 

We Weber number 

Oh Ohnesorge number 

ρ Liquid density (mg/mm3) 

γ Surface tension (dyne/cm) 

l Drop diameter (mm) 

μ Liquid viscosity (cP) 
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1.7.3 Controlling the final shape  

The width of the deposited droplet on a substrate is influenced by the contact angle formed by the ink 

on the substrate, the volume that is dispensed and the interaction of neighbouring drops.92 The 

overlapping of dispensed droplets may not necessarily lead to spreading of the ink, but can lead to flow 

reversals as the droplets are pulled towards the bulk solute. The combined properties of the rate of 

solvent evaporation and the rate of ink droplet deposition are also factors that can change the shape of 

the final pattern. With respect to the creation of water-based hydrogels, several other factors affect the 

final shape; gelation time, swelling or contraction, stability and the substance’s printability. Overall 

shape can be classified into five categories; individual drops, scalloped line, uniform line, bulging line, 

and stacked coins (Figure 1.7.3).108 In all aspects of inkjet printing, the printed line behaviour is very 

important to the final finish of the scaffold. Ideally, a uniform line should be created, which would allow 

the successful stacking of progressive printing to occur. Such behaviour characteristics are governed by 

the droplet spacing between each droplet and the time allowed for the droplet to dry before the 

proceeding droplet is deposited Figure 1.7.4.  

 

Figure 1.7.3 Examples of principle printed-line behaviours: a) individual drops; b) scalloped; c) uniform; d) bulging; 

e) stacked coins. Morphology is dependent on droplet spacing and inter-droplet drying, Drop spacing decreases from 

left to right. Image taken Soltman 2011.108 
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Figure 1.7.4 Graphical representation of the formation of different line behaviours proportional to inter-droplet 

spacing and inter-droplet drying. Image taken from Soltman & Subramanian 2008.109 

1.7.4 Coffee Staining 

Once the contact line has been pinned onto the substrate, an ink with nanoparticle suspension can form 

the so-called coffee-ring effect. This phenomenon, and more specifically its cause, continues to generate 

discussion. Coffee staining is affected by the disparity of the evaporation rate across the breadth of the 

ink feature: the evaporation rate is higher at the edges of the droplet, which drives a replenishing flow 

from the droplet’s centre towards the pinned contact line, which in turn leads to the accumulation of 

solute at the droplet’s edge forming a ring shape.110 Deegan stated three conditions for coffee staining: 

a pinned contact line, a volatile solvent and a higher evaporation rate at the edge compared to the rate 

at the centre, as shown in Figure 1.7.5. A basic description of coffee staining is as follows. Once a 

droplet of ink has been deposited on a substrate, the leading edge of the droplet becomes fixed and is 

termed as a pinned contact line. Over time, the volatile liquid evaporates, and the volume of liquid 

decreases. On a very smooth surface, this evaporation would cause the contact line to retract from its 

original position. However, because the contact line is pinned (i.e. it cannot move), the height of the 

droplet decreases, as does the contact angle. The loss of solvent at the contact line must be compensated, 

which sets up a replenishing flow from the droplet’s centre, causing nanoparticles to move radially 

outward towards the contact line. This flow causes an accumulation of nanoparticles at the edges of the 

droplet. 
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Figure 1.7.5 Generation of coffee staining. With a volatile liquid with nanoparticles, the rate of evaporation is larger at 

the edges compared to the centre, leading to the nanoparticles being transported to the pinned contact angle.  

Coffee staining has been exploited to create higher resolution individual wells that have the potential to 

be used as miniature well plates,111 as shown in Figure 1.7.6. This was created as the nanoparticles were 

controlled to be positioned at the outer edges of the droplet to form high peaks at the periphery that 

could act as a well. This was possible through the use of a more volatile solvent which caused a 

movement of the nanoparticles very quickly to accumulate at a concentrated region. Less volatile 

solvents would create a more evenly distributed coffee stain effect as the evaporation of a less volatile 

solvent occurs more slowly and therefore reduces the momentum to move nanoparticles in suspension. 
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Figure 1.7.6 Through the use of difference solvents, the deposition of nanoparticles can be controlled to create varying 

steepness of valleys within coffee stained structures. Taken from Lim et al. 2008.112 

1.8 Current state of the art of Inkjet Printing 

Bioprinting describes the use of an inkjet printer to deposit cells, proteins, extracellular matrix 

components (ECM) onto 2D surfaces. There has been a steady interest in 3D bioprinting as more 

evidence shows that the printing process does not affect the efficacy of biological substances90 and does 

not harm cells through the jetting process.113 Ideally, the fabrication of scaffolds needs to be cost 

effective and easy to perform. The fabricated scaffolds should be biologically compatible with the host, 

able to break down into non-toxic substances and able to resorb at the same rate as tissue regenerates 

inside the wound.114 Brian Derby115 reviewed the use of bio-printing, in which an inkjet printer directly 

deposits proteins and living cells and Delaney116 considered several other applications of using inkjet 

printing to print proteins, such as in the preparation of sensors and diagnostic devices. Inkjet printing 

builds structures droplet by droplet, allowing the fabrication of scaffolds with ideal internal structures 

for tissue engineering.117 In this section, the different kinds of inks that can be printed are discussed, 

such as proteins, cells. The fabrication of 3D structures is also considered. 

A broad range of bio-material applications has been studied with piezo inkjet printing; chondrocytes,118 

a combination of stem cells, smooth muscle cells, endothelial cells in a calcium chloride hydrogel,119 

bone constructs,120 differentiation of stem cells,121 silk-based biosensors,122 artificial cells,123 ganglion 

and glial cells,124 proteins (BMP-2),125 cellular tubes126 and 3D tissue constructs127,128 have all been 

printed. With such research under investigation, Figure 1.8.1 depicts examples of bioprinting techniques 

that have been investigated, involving both submerged and non-submerged printing, depending if the 

process has a chance of drying out bioinks with cells inside.  
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Figure 1.8.1 Images depicting different principles of extrusion bioprinting technology: e) extrusion in air; f) extrusion 

dispensing in fluid; g) dispensing spheroids of cells in air; h) dispensing spheroids of cells in fluid; i) a step-by-step 

process of a self-assembled tubular structure through bioprinting of spheroids. Taken from Mironov et al. 2011.70 

In summary, it is possible to create complex 3D scaffolds that mimic the function of native tissue. 

However more research is required to understand the fundamental mechanisms of bioprinting, cell-

substrate interactions and how bioprinted tissues would mature and how to cultivate bioprinted tissue. 

Figure 1.8.2 depicts the steady level of progression which bioprinting scientists wish to achieve as the 

technology matures.  The simplest bioprinted tissue are described in Step 1 (Figure 1.8.2); cells of the 

same type are printed together to form sheets, and multiple layers can be printed to create 3D structures. 

Step 2 involved the creation of 3D scaffolds that require multiple cell types and biomaterials i.e. to 

create vasculature and different layers within tissue. Currently, research has achieved step 2 within this 

diagram, with private companies such as Organovo and Cyfuse making commercial bioprinted tissues 

for drug testing. It is hoped that in the near future, scientists would be able to print whole organs. 
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Figure 1.8.2 Theoretical eveolution of bioprinting. Taken from Mironov et al. 2011.70 

1.8.1 Printing non-cellular materials 

Inkjet printing has been used to enhance the interactions of cells and engineered biological scaffolds. 

By depositing solutions of proteins and ECM components, it is simple to print low concentrations onto 

a wide range of substrates using inkjet printing. The ease of printing is because of the ideal printing 

rheological properties of low concentrations of substances, which lie within the printing parameters of 

the printing system, and printing low concentrations of proteins and ECM components has been widely 

applied in research.117 Due to the non-contact nature of inkjet printing, inks can be deposited on hard 
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and soft surfaces such as on tissue culture plastic, glass and spongy materials without difficulty.129 

Nishioka showed that inkjet printing does not significantly affect enzymatic activity through the process 

of printing and that the addition of sugar molecules can act as carbohydrate chaperones that protect 

proteins/enzymes from excess damage.130 Typically a substrate can be coated in three ways with inkjet 

printing; 1) even coating 2) gradients and 3) selective deposition. 

1) When using inkjet printing to coat a large surface with a uniform thin film, the layer thickness is less 

than dip coating, but thicker than spin coating.131 Dip coating can be performed by immersing the 

substrate into the relevant solution and taking the substrate out again, which leaves a film of the solution 

around the substrate. Spin coating can be performed by spinning the substrate at very high speeds on a 

spin coater and applying a drop of material at the centre which spins off the edges of the substrate due 

to centrifugal forces, leaving a uniform thin film. There is less interest with this method of applying 

inkjet printing, as this doesn’t focus on the key strengths of inkjet printing, which is its ability to print 

at high resolution with picolitre volumes. Several layers of spin coating would offer a simpler and 

quicker method of creating a thin layer.   

2) A gradient can be described as an environment whereby a concentration of a substance is linearly 

increasing from one area to another. Creating a gradient can be done with inkjet printing, as inkjet 

allows highly controlled deposition of materials and the desired gradient scales, with which cells would 

interact with and respond to such gradients. Campbell’s group showed that they had printed a gradient 

of FGF-2 on a fibrin substrate, with which fibroblasts responded differently dependent on the 

concentration of the hormone present.132 The printed patterns lasted up to 10 days in cell culture 

conditions. Such control allows basic studies in developmental biology (i.e. efficacy of ECM 

components) and in-vitro drug testing to test cell behaviour in the presence of different proteins, growth 

factors and drugs, examples include laminin, fibroblast growth factor-2 (FGF2), insulin-like growth 

factor-II (IGF-II) and bone morphogenetic protein-2 (BMP-2).133–136 

3) Selective deposition at discrete areas offers the most versatile application of inkjet printing. Printing 

proteins and other biologically relevant materials at discrete positions allows the selective deposition of 
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cells that will be seeded at a later stage. Figure 1.8.3 shows an example of how cell patterning of smooth 

muscle cells can be achieved through printing collagen at the desired areas, and Figure 1.8.4 with dorsal 

root ganglion cells respectively.  

 

 

Figure 1.8.3 Inkjet printing was used to print collagen onto agarose coated glass slides that allowed directed cell 

positioning. Image taken from E. A. Roth et al. 2004.137 

 

Figure 1.8.4 Neurons growing on inkjet patterned collagen substrates. Taken from E. A. Roth et al. 2004. 
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Additionally, selective deposition of materials like wax (Figure 1.8.5) and silver nanoparticles can be 

used in tissue engineering to create lab-on-a-chip devices and bioelectronics. Traditional methods to 

create biosensors and biodevices consist of high device manufacturing costs and are very efficient at 

creating devices of the same specifications. The advantage of inkjet printing is the flexibility to 

prototype numerous designs without the need to create additional masks and templates; inkjet printing 

patterning is a digital-to-fabrication technique. The electronics field is evolving towards a more flexible 

and planar production of organic and hybrid devices, with the focus on silicon-based semiconductor 

electronics being shifted. The use of inkjet printing allows high resolution production of devices with 

highly complex patterns being fabricated with a reduction of steps and at high yields.16,138 

 

Figure 1.8.5 Hydrophobic inks were printed to create the desired channels in between the spacing of two hydrophobic 

coated glass slides. a) Y-shaped figure printed on the slide. Photographs of the Y-shaped channel, b) near the inlets, c) 

near the outlet when the injection rate was 5 ml/min, and d) near the outlet when the rate was 0.5 ml/min. Taken from 

Watanabe 2010.138 

1.8.2 Printing of cells  

Conventional methods involve manually seeding cells onto scaffolds 1. Cell and organ printing has been 

shown to have great potential for applications in tissue engineering, due to inkjet printing’s ability to 
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combine high-throughput capability with high precision of placement of material that can include 

cells.68 Printing cells allows the ability to position cells on a scaffold, which can be beneficial when 

creating co-culture environments. Such environments can be neuronal (with glial and nerve cells) and 

organs.  

Cells have also been directly deposited using inkjet printing. Saunders et al113 successfully printed 

human fibroblast (HT1080 fibrosarcoma) suspensions using piezoelectric DOD and found that 

survivability reached 98%, compared to controls (Figure 1.8.6). In 2005, Boland et al used thermal 

DOD to print a Chinese Hamster Ovary cells suspension and found that cell viability was 97%.102 These 

data indicate that mammalian cells can be delivered via inkjet printing without significant damage to 

the vast majority of cells. Further, fibrin was printed with neural cells the following year to build a 3D 

structure in a layer-by-layer process.99 Cells have also been printed to promote cartilage repair.139 

 

Figure 1.8.6 Viability of HT1080 cells as determined by a live–dead assay after inkjet printing different printing 

parameters. Taken from Saunders et al. 2008.140 

After printing, cells seem to have a transient increase in the density of nanopores, which is ideal for 

transfection with genetically modified vectors containing genes or markers. This consequence has been 

manipulated to transfect cells with plasmids with potential to lead to a new branch in gene therapy, as 

transfected cells are able to produce the proteins encoded within the plasmid.141 An example that could 

implement this method include the printing of cells for drug testing, with a vector for drug resistance 
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and/or fluorescent markers to better detect changes within a cell caused by drug testing. Further work 

with Chinese hamster ovary cells showed cells having pore sizes generated by inkjet printing to be on 

average 105Å, decreasing to 37Å after 60 minutes, 22Å after 90 minutes and behave normally after 120 

minutes.101 

With respect to cell printing, there are reports which show that when cells experience high frequencies 

in their environment, cell lysis can occur at ranges above 15kHz.142 This has to be taken into 

consideration, and all experimental procedures using piezo DOD to eject cells were undertaken at 

frequencies that were significantly lower than this value. 

With cell printing work, a droplet of ink would contain the respective cells and be suspended in cell 

media. After deposition onto a substrate, the cell media would evaporate over time, leaving the cells to 

dry out. The rate of evaporation depends on the volume of ink deposited and environmental factors such 

as ambient temperature. Typically, cell loaded inks would be printed, and left for half an hour to an 

hour for cell attachment to occur, before more cell culture media was added for incubation. The 

reliability of printing cells can be improved through the use of biocompatible surfactants; it was 

shown143 that stirring and the addition of Pluronic as a surfactant improved the reliability of droplet 

formation.  

It has been shown that an increase in cell concentration in the ink does not necessarily correlate with an 

increase in the number of printed cells.101 With high cell concentrations, it becomes more likely that 

cells aggregate and clump together within the ink, causing blockages and making it difficult for 

aggregates to be ejected from the printhead (Figure 1.8.7)  
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Figure 1.8.7. Quantitative cell printing showed percentage of drops containing cells varied linearly except for the 

highest concentration. Taken from Cui et al. 2010.101 

The period of time that cells in suspension can be printed is also limited due to their preference to adhere 

to their surroundings, and it has been shown that, without additional influence, cells will begin to 

agglomerate and affect printing after 20 minutes.113 To alleviate this restrictive time limit, the cells in 

suspension could be stirred in the printer to keep them stable for longer. 

1.8.3 Three dimensional structures 

Through controlling the dot spacing of the printed material, the final shape can be controlled to form 

lines, arrays and other two-dimensional structures. Placing multiple droplets on top of one another can 

cause a rise in height of the structure and stacking to occur to form three-dimensional structures, 

although, obviously some form of morphological control is needed. Typically, this control is achieved 

by using a phase change approach. Paraffin wax is a good example which is molten at high temperatures 

(>60°C) and quickly solidifies upon contact with a room temperature substrate. There have been 

examples of bioceramics successfully printed for biological applications, such as hydroxyapatite and 

related calcium phosphate substances have been used for bone regeneration applications.144 For 

fabricating 3D soft tissue, there has been research into the creation of hydrogels, with substances like 

fibrin and collagen. A fibrin scaffold has been successfully printed for the fabrication of 

microvasculature.145 Human microvascular endothelial cells (HMVEC) in cell media, supplemented 
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with thrombin (100 unit/ml) was printed into a microvasculature pattern on a fibrinogen (60 mg/ml) 

covered microscope cover slip.  

1.8.4 Reactive printing 

When depositing different inks together at a single location on a substrate, it is possible to create a 

compound directly on the substrate, as opposed to pre-making it prior to printing.  In some experimental 

procedures, certain reactants, once reacted, are not able to be jetted out; as the final product can have 

unfavourable viscosity or oxidises easily, making it unprintable. Reactive printing reactants can be very 

efficient as reactions can take place at a nanolitre scale.146 This method can decrease the total steps in 

creating the final product. However, if a washing step is required to remove unwanted side-products, 

there is a chance of washing away the desired product also from the substrate.  

Reactive printing is mentioned as it will be carried out with experimental procedures with crosslinking 

gelatin through inkjet printing a crosslinking agent (glutaraldehyde), which will be discussed in more 

detail in the relevant experimental chapter.  

1.8.5 Limitations of inkjet printing 

Due to the nature of inkjet printing using a layer-by-layer process to form 3D structures, it is difficult 

to create a new layer of material above an empty cavity. This problem can be alleviated directly through 

the printing of supporting material to fill the voids of the internal structure with sacrificial materials that 

can be easily removed post printing.147 The use of a sacrificial material can be further complicated 

however by the difference in setting characteristics of the sacrificial material and the desired material. 

If printing a single layer was taken as an example, the setting properties of both materials can be 

different and the resultant film will not be uniform, but rather uneven, which will affect the positioning 

of proceeding layers. Printing several layers would require an algorithm that understands the 

expansion/shrinkage of the sacrificial material in relation to the desired material, and adjustments taken 

to counter this variable.  

Another limitation to inkjet printing is that the inkjet printer can only print inks that are low in viscosity; 

typically inks with viscosities of between 1-20 mPa/s. Inks that have a lower viscosity than 1 mPa/s 
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would not be very stable for prolonged printing, as the energy required to form an ink droplet would be 

so small that miniscule fluctuations in the printing system would cause significant disruption of the 

jetting of the ink. Inks with viscosities of more than 20 mPa/s would be difficult to print, as the printing 

system may not provide enough energy to overcome the surface tension of the ink at the nozzle to create 

a jetted droplet. Inks that have a higher viscosity can have their viscosity lowered to more favourable 

units through increasing the printing temperature and decreasing the ink’s concentration by adding more 

solvent. 

1.9 Materials used in thesis 

Many materials have been made as a consequence of the field of tissue engineering, while other 

materials had other purposes when it was conceived, but later proved to be an ideal biological scaffold 

material. Synthetic polymers have proved to be versatile, being used as space filling agents, for drug 

delivery and creation of three-dimensional structures. Such substances could be made with easier 

purification and processing than the more complicated natural methodologies. Some synthetic polymers 

may be bioinert, but can be readily functionalised with the desired traits. There are already products and 

research into more desirable scaffolds that are easier to manage and handle, from injectable, expanding 

and shape-memory materials that can respond to photo, chemical and/or physiological stimulation that 

allow the material to be easily managed and handled.148–150 

Looking at nature as a guide to creating scaffolds is useful, as it gives an informed understanding of 

how tissues naturally interact, and can become a basis to develop materials that mimic such interactions. 

The main materials that were used to create biologically relevant structures within this document were 

gelatin and paraffin wax. 

1.9.1 Gelatin 

It would be ideal to create a scaffold that had controlled degradation rates that could be used for time-

dependent drug delivery, and to be in sync with host wound healing.  Gelatin is one of the most 

commonly used hydrogels for mammalian cell growth151 and biomedical applications. Such biomedical 

applications include drug delivery through hard and soft capsules, wound dressings, cell encapsulation 
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and in vitro tissues (Kuinkjet printingers et al. 2000; Esposito et al. 1996; Wissemann & Jacobson 

1985). Being a hydrogel, gelatin hydrogels can maintain a physiologically moist environment.  Its 

precursor prior to chemical modification – collagen, is an essential a major component of the 

extracellular matrix, and through its similarities to collagen, mammalian cells grow very well in the 

presence of gelatin. Gelatin is a biocompatible denatured protein of collagen that is biodegradable, non-

immunogenic and can be controlled at a desired rate by altering the cross-linking to suit its purpose. 

Cross-linking of the biopolymer is required as virgin gelatin turns into its sol state at biological 

temperatures (37°C), which upon cooling returns to a thermoreversible hydrogel. Proteolytic enzymes 

released by adhered cells help facilitate the virgin gelatin to dissolve and break down the gelatin into 

the cell culture media. There are many ways to cross-link gelatin; through using UV-light 155, a cross-

linking enzyme 156–158 and chemical crosslinkers. Such chemical crosslinkers include carbodiimide, 

diphenylphosphoryl azide, and glutaraldehyde 151. However glutaraldehyde provides the most stable 

crosslinking agent compared to others mentioned. 

Crosslinking allows gelatin to remain as a hydrogel at biological conditions, whilst also improving the 

thermal and its mechanical stability. Glutaraldehyde crosslinking involves the reaction of free amino 

groups of lysine or hydroxylysine (lysine oxidised by lysyl hydroxylase enzymes) amino acid residues 

of gelatin and collagen with the aldehyde groups of glutaraldehyde.159 High concentrations have proved 

to be toxic as residual glutaraldehyde is toxic to cells in cell culture. As a rule of thumb, glutaraldehyde 

concentrations of less than 2.5% are suitable for biomedical applications. 1 wt% glutaraldehyde is 

sufficient to cross-link 100% of exposed gelatin and increase its Young’s modulus by 20 times. Once 

concentrations are above 2.5%, cell toxicity becomes a significant problem as glutaraldehyde can be 

slowly released from the gelatin over time.160 Gelatin has been used in tissue engineering in bone,161 

cartilage,162 wound healing of skin163 and adipose.164 
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Figure 1.9.1 Gelatin scaffolds used for tissue engineering cultured in well plates 

1.9.2 Paraffin wax 

Paraffin wax is not usually associated with tissue engineering applications. The exceptions are using 

wax for histology to preserve embedded samples, creation of moulds, lab-on-a-chip applications (Figure 

1.9.3) and wax-loss manufacturing to make solid and porous structures.165–168 Solid at biological 

temperatures, having a melting point of around 70°C, insoluble in water, they are long chained nonpolar 

lipids. Paraffin wax is a synthetic wax derived from petroleum and refined by vacuum distillation. Being 

biocompatible, biological tissue and its constituents can interact with wax without harm. The 

combination of being a solid at biological temperatures, biocompatible, cost-effective and easy to print 

with an inkjet printer made this material an ideal candidate for tissue engineering applications (Figure 

1.9.2). There is limited literature with the use of paraffin wax apart from the applications mentioned 

above, however it had been postulated that wax would be an ideal material for the creation of cell 

guidance structures and cell patterning. 

 

Figure 1.9.2 Printing setup during the printing paraffin wax scaffolds 
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Figure 1.9.3 Patterning hydrophobic barriers in paper by wax printing. Taken from Carrilho et al. 2009.168 

1.10 Objective of thesis 

With the advantages provided by inkjet printing, several novel uses of this technology were explored; 

 With the ability to print at precise locations at picolitre volumes, cell deposition quality was 

studied by seeding cells onto wax patterned environments to allow the control of orientation 

and patterning of cells in culture.  

 Using reactive printing to create 3D scaffolds of cross-linked gelatin arrays, cell 

biocompatibility was studied to evaluate viability of cells in crosslinked gelatin created by 

inkjet-printing.   

 Cell viability was studied for neuronal cells (Schwann cells and NG108s) inkjet-printed at 

varying experimental conditions.  
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2 Materials and Methodology 

2.1 Inkjet Printing System 

A single nozzle piezoelectric inkjet device (MicroFab, Texas, USA) was used to print each cell type 

(Figure 2.1.1). Specifically, this was a Jetlab 4 xl-A tabletop-printing platform with positional accuracy 

and repeatability of 25 µm and 5 µm, respectively, equipped with drop-on-demand PH-46 printheads 

(MicroFab, Texas, USA). Independent polypropylene fluid reservoirs kept the printing inks isolated 

prior to jetting, and the dispensing devices were connected together through PTFE fittings and tubings. 

A CT-PT4 four channel pressure controller was used (MicroFab, Texas, USA) to maintain a slight 

negative pressure within the system to control a nozzle meniscus level for optimal jetting. A JetDrive 

III was used to control the generation of a waveform and tailor the jetting parameters to the printheads.  

Prior to jetting, all tubing, reservoirs and printheads were flushed with 1% (v/v) Micro-90 cleaning 

solution (10 mL for 10 minutes), distilled de-ionised water (20 mL for 30 minutes) and subsequently 

with cell culture medium (DMEM / 10% foetal calf serum (FCS)). Unless otherwise stated, the inkjet 

printer was calibrated to print at 2 kHz, 80 V, rise time 36 s, dwell time 42 s, fall time 50 s and 

printed within 3 mm from the surface of the substrate. Viability experiments used voltages from 70 V 

with increasing increments of 20 V to a maximum of 230 V. This setup proved most stable for producing 

droplets. All samples were jetted into 12 well flat bottom cell culture plates (Costar) at room 

temperature. Approximately 300 µL was jetted into each well at a concentration of 2x105 cells/mL with 

their respected variables. Inkjet printing was performed within 30 minutes of loading a cell suspension 

into the print reservoir. It was established from initial work by other research groups124 and myself that 

both fibroblasts and neuronal cells could be printed for up to 40 minutes without significant loss of cell 

number. 
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Figure 2.1.1 Photograph showing the Microfab piezoelectric printer used for this study, with magnified images of the CCD 

camera, printhead holding platform, and printhead during jetting.  

2.2 Cell types, culture methods and handling 

2.2.1 Cell types 

Different cell types were used within the context of this thesis; dermal fibroblasts, RN22 Schwann 

cells, NG108-15 cells and Porcine Schwann cells. 

2.2.1.1 Dermal fibroblasts 

Human dermal fibroblasts were obtained from abdominoplasty or breast reduction operations according 

to local ethically approved guidelines (under an HTA Research Tissue Bank license number 12179).   

2.2.1.2 RN22 Schwann cells  

Rat RN22 Schwann cells were purchased from the European Collection of Cell Cultures (ECACC) 

(Health Protection Agency, Porton Down, Wiltshire, UK).  

2.2.1.3 NG108-15 neuronal cells  

NG108-15 neuronal cells were obtained from the European Collection of Cell Cultures (ECACC Health 

Protection Agency Culture Collections, Porton Down, UK).  
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2.2.2 Porcine Schwann Cells  

Primary porcine Schwann cells were isolated from both tibial and fibular nerve tissue under the Animal 

(Scientific Procedures) Act 1986. The term “Schwann cells” mentioned hereafter refers to primary 

porcine Schwann cells, and not to be mistaken for RN22 Schwann cells.  

2.2.3 Cell culture 

Cells were cultured in a humidified 37°C/5% CO2/95% air (v/v) environment in Dulbecco’s modified 

Eagle’s medium (DMEM; Sigma) containing 10% (v/v) FCS (Gibco, UK), 1% (v/v) L-glutamine 

(Gibco, UK), 1% (v/v) penicillin/streptomycin (Gibco, UK), and 0.5% (w/v) amphotericin B (Gibco, 

UK). Porcine Schwann cells had 0.150% (v/v) bovine pituitary extract (BPE) (Sigma, UK) and 0.02% 

(v/v) forskolin (Sigma, UK) added to their cell media. Cells were cultured in a humidified 37°C/5% 

CO2/95% air (v/v) environment. 

2.2.3.1 Induce differentiation to NG108-15 neuronal cells 

With respect to NG108-15 neuronal cells, when the experimental procedure required, FCS was removed 

from the medium on neuronal cells to induce cell differentiation and neurite formation when optimal 

cell density was achieved.  

2.2.3.2 Well plate modification for Schwann cell culture after Inkjet Printing 

Previous experiments showed Poly-L-lysine and fibronectin to support Schwann cell growth,169,170 and 

therefore these coatings were implemented. The 12-well plates were coated with 0.5 mg/mL poly-L-

lysine and 0.5 mg/mL fibronectin respectively for 10 minutes at room temperature on a platform rocker 

(STR6, Bibby Stuart). After discarding the used poly-L-Lysine and fibronectin, the well plates were 

dried at room temperature for 2 hours before being washed with warm PBS twice. TCP 12-well plates 

were used as controls. 

2.2.4 Cell seeding 

Cells were grown to near confluence, and detached with 0.05% trypsin/EDTA (GIBCO, Invitrogen, 

Karlsruhe, Germany). A Neubauer chamber was used to count the cells. Passages 16-19, 20-22, 2-3, 

9-12 were used for dermal fibroblasts, RN22 Schwann cells, porcine Schwann cells and NG108-15 

neuronal cells respectively.  
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When cells were required to be seeded onto a scaffold, unless otherwise stated, cells were seeded at 4 

x 104 cells per sample in 1 mL, and left in the incubator for 60 minutes. After this time, the sample was 

topped off with cell medium to cover the entire substrate. 

When cells were required to be seeded in wax scaffolds (discussed later in the thesis), the sample was 

placed in a petri dish and cells were seeded at 2 x 104 cells per sample in 1 mL, and left in the incubator 

for 60 minutes. After this time, the sample was supplemented with 10 mL. 

2.2.5 Cell analysis 

2.2.5.1 Trypan blue staining for cell viability immediately after inkjet printing  

Cell suspensions were mixed and stained with equal volumes of Trypan blue and analysed by light 

microscopy. Cells staining positive for blue dye uptake indicated loss of membrane integrity and were 

counted as dead (or damaged). In contrast, cells excluding Trypan blue dye appearing bright coloured 

were counted as live. A live/dead percentage was calculated to give population cell viability 

immediately after inkjet printing. Thirty randomly selected microscope fields of view per experimental 

condition were selected. 

2.2.5.2 MTT metabolic activity for assessing cell viability 1, 3 and 7 days post printing 

To investigate the longer term effects of inkjet printing on cells (discussed later in the thesis), samples 

were analysed for metabolic viability by MTT (3, 4, 5-dimethylthiazol-2,5-diphenyl tetrazolium 

bromide) assay at each time point. Fibroblasts and NG108 neuronal cells were cultured on TCP, and 

Schwann cells were cultured on TCP, poly-L-lysine and fibronectin. Non-printed cells were used as a 

reference control.  After deposition, cells were re-suspended at a density of 4x104/mL cells and seeded 

into a 24 well plate in triplicate.  Culture medium was removed and the samples were gently washed 

with PBS x1 and 1 mL of 0.5 mg/mL MTT (in PBS) solution was added. The rate of formazan crystal 

formation through MTT reduction is proportional to the metabolic activity of the cells. After incubation 

for 90 minutes at 37°C, unreacted MTT solution was aspirated and replaced with 200 µL acidified 

isopropanol (0.1% (v/v) HCl in isopropanol), dissolving the purple crystals. 200 µL of solution was 

then transferred into 96-well plates, and read in a BIO-TEK ELx 800 microplate reader at 540 nm and 

referenced at 630 nm.  
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2.2.5.3 Neurite analysis of NG108-15 neuronal cells 1, 3 and 7 days after inkjet printing 

Neuronal cells were prepared as described above, but cultured in DMEM without foetal calf serum, to 

stimulate neuronal differentiation.171 These are reported to be morphologically different to cells cultured 

with serum.172 Figure 2.2.1 shows experimental examples of the physical differences between cells that 

were cultured with and without serum. Those cultured without serum showed more spindle-like 

dendritic protrusions. 

 

 

Figure 2.2.1 Light microscopy images of NG108s cultured with foetal calf serum on day 1 (A) and day 3 (B), and an 

overlay of highlighting the spindle-like dendritic protrusions in white (C). NG108s cultured without foetal calf serum 

on day 1 (D) and day 3 (E) and an overlay of highlighting the spindle-like dendritic protrusions in white (F). Scale bar 

= 200 µm. 

Five images were sampled from randomly selected fields of view. 10 cells were analysed in each image 

from the top left corner.  This approach was followed consistently to prevent bias.  This gave a total of 

fifty cells being analysed for each measured variable.  

Morphological characterisation techniques employed were adapted from previously published work.169  

Cells were only analysed if their cell body was not touching another cell and if the whole of the cell, 

including neurites, was visible in the image and the neurite length was measured. A neuritic process 
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C
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twice as long as the length of the cell body was counted as a neurite. The number of neurites per neuronal 

cell was quantified, together with the percentage of neuronal cells bearing neurites.  

2.2.5.4 S-100β, immunolabelling for identification of Schwann cells 

Immunolabelling of S-100β protein was used to determine the overall purity of the cell culture of 

Schwann cells on different well surfaces. Cells were labelled on days 1, 3 and 7. At each time point, 

Schwann cell growth medium was discarded and cells washed 3 times with PBS (5 min each wash). 

500 L per well of 3.7% (vol/vol) formaldehyde solution was added for 20 min at 4 °C to fix Schwann 

cells and then washed with PBS (3×5 min). Cells were permeabilised with 500 L of 0.1% (vol/vol) 

Triton-X100 for 20 min at room temperature and washed three times with PBS for 5 min. At room 

temperature, 500 L of 7.5% BSA per well was added and incubated at room temperature for 60 min, 

followed by 1% BSA wash once. Primary antibody (rabbit polyclonal anti-S100β antibody (1:250)) 

(Dako, Denmark) was prepared in 1% BSA and incubated with the samples at 4C overnight. Primary 

antibody was removed and followed by 3x PBS washes (10 min each). Samples were then incubated 

with goat anti-rabbit IgG H&L FITC secondary antibody (1:100 in 1% (vol/vol) BSA) (Vector Labs, 

USA) at room temperature in the dark for 1 h. 

2.2.5.5 FITC-Phalloidin and DAPI Immunolabelling for F-actin and nucleus of cells 

For confocal fluorescence imaging, cells were seeded on the scaffolds at 2x104 cells per sample, stained 

with phalloidin-fluorescein isothiocyanate (FITC) for F-actin filaments and 4’,6-diamidino-2-

phenylindole dihydrochloride (DAPI) for nuclear staining. 

Samples were fixed with 3.7% formaldehyde in PBS for 30 minutes at room temperature and 

permeabilised with 0.1% (v/v) Triton X-100 in PBS for 30 minutes. Phalloidin:FITC was added at 

1:1000 in PBS in combination with DAPI at 1:1000 (300 nM) for 30 minutes, washed and stored in 

PBS at 4°C until imaging. Cells were washed with PBS (x3) for 5 minutes between each step. 

2.2.6 Confocal microscopy 

Samples were imaged using an inverted Zeiss LSM 510 META confocal microscope, using an argon 

30 mW ion laser (488 nm) for FITC excitation λex = 495 nm / λem = 521 nm. Nuclei were visualized 

by two photon excitation using a Chameleon Ti-Sapphire tuneable laser λex = 800 nm / λem = 461 nm. 
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5 images were sampled from randomly selected fields of view and Schwann cells were identified if 

DAPI labelled nuclei were co-labelled with an S-100β positively labelled cytoplasm. Cells were counted 

and a percentage of positively labelled Schwann cells were compared to the whole sample population. 

A confocal scanning microscope (Carl Zeiss LSM510-META, Germany) long-range water-dipping 

lenses were used. FITC channel (λex = 485 nm; λem = 520 nm). DAPI (λex 400 nm; λem = 460 nm). Image 

acquisition and analysis were carried out with Carl Zeiss Laser Scanning Systems LSM 510 software. 

2.2.7 Aggregation of cells during inkjet printing 

Experiments were done to determine cell aggregation in the inkjet printer over time (discussed later in 

the thesis). Cells were inkjet printed into a 96 well plate for one minute each well, at a frequency of 100 

Hz, and a total of 96 minutes was examined. The total cell number for each minute was counted for 

each well and tallied to produce a graph determining the cell count over time.  

After inkjet printing, each section of the printing system was uninstalled and flushed with 0.05% (w/v) 

trypsin/EDTA (GIBCO, Invitrogen, Karlsruhe, Germany) to remove cells within the system. A log was 

kept to determine which parts of the printing system had most cells within them, and could be concluded 

why cell count decreases over time.  

2.3 Creating crosslinked gelatin scaffolds 

2.3.1 Gelatin hydrogels 

Gelatin type B (Bovine skin, G-9382, Sigma, UK) was mixed with either warm distilled water or warm 

Dulbecco’s Modified Eagle Medium (DMEM) (depending on experimental setup), and mixed with a 

magnetic bead on a magnetic stirrer until all the gelatin was dissolved. The hydrogel was pipetted into 

the desired wells (e.g. well plates, petri dishes) and allowed to cool. Gelatin was deposited in 6-well 

plates, or petri dishes (depending on experimental setup).  

2.3.2 Glutaraldehyde  

Glutaraldehyde (25% in water, G6257, Sigma, UK). Distilled water was used to dilute the 

glutaraldehyde. 
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2.3.3 Crosslinked gelatin washing 

When the experiment required gelatin to be crosslinked with glutaraldehyde, the crosslinked gelatin 

would be washed with hot de-ionised water (50°C) three times, and left soaking for 1 hour prior to cell 

seeding. This washing would remove uncrosslinked gelatin and remove excess residual glutaraldehyde. 

2.4 Printing patterned wax environments 

Using a combination of Microsoft Paint and MS Windows-based computer aided design software 

environment (Jetlab4, Microfab), varying shapes and designs were created with varying channel widths 

and complexity. All patterned environments created within this thesis related to printing wax; for the 

fabrication of cell-guidance structures, microdevices and phantoms (discussed later in the thesis). The 

Jetlab4 software is able to read bitmap images and translate the image into a printable structure. Using 

a black and white bitmap image, a droplet spacing is set, and each pixel represented the droplet spacing, 

with a white pixel indicating where the printer should jet a droplet, and black pixels being areas to not 

jet.  

The writing of the script is relatively simple, with the addition of the Bitmap description (Figure 2.4.1), 

with Figure 2.4.2 describing how the Bitmap script works.  

moveto 0 0 

set frequency 200 1 

set fly on 20 3 

bitmap 0.040 0.040  0 0 0 C:\jetlab4\Scripts\Chris\2012_06_08a\x5a.BMP 

 

Figure 2.4.1 A typical script that is used for Bitmap applications. 

bitmap <dx> <dy> <angle> <topbottom> <bidir&rt; <filename> 

dx - Spacing of pixels in x direction (i.e, rows, before rotation), floating point number>=0.0, required. 

Note that any size information in the file other than numbers of pixels is not used. 
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dy - Spacing of pixels in y direction (before rotation), floating point number =0.0, required. Note that 

any size information in the file other than numbers of pixels is not used. 

angle - Angle in degrees by which to rotate the bitmap around the starting point. Required. 

topbottom - Flag indicating if the rows are stored top-to-bottom (topbottom=1) or bottom-to-top (0); 

the latter seems to be the default used by Microsoft Paint. Required. 

bidir - Flag to indicate if rows are to be printed forth and back (1) or not (0). Required. 

filename - Name of the bitmap file to be printed. Because the current directory cannot be reliably 

predicted, it is highly recommended to specify the full path. If there are spaces in the path or file name, 

enclose the full name in double quotes. Required. 

 

i.e. bitmap 0.040 0.040  0 0 0 C:\jetlab4\Scripts\Chris\2012_06_08a\x5a.BMP 

drop spacing of 0.04 mm on both x and y axis, 0’ change in angle, bottom to top printing and not printed 

forth and back, with the file in the directory C:\jetlab4\Scripts\Chris\2012_06_08a\x5a.BMP 

Figure 2.4.2 Key to understanding the Bitmap script 

Inkjet printing parameters were optimised to create a single droplet per ejection, with initial experiments 

to determine the ideal droplet spacing to create the ideal geometries. The volume of ink that was ejected 

from the piezoelectric printhead could be manipulated through the fine tuning of its printing parameters, 

such as the voltage, rise and echo time which alters the size and velocity of the droplet to create optimum 

conditions to print on varying surfaces and resolutions. 

When starting a new experiment, the ideal droplet spacing must first be identified through an 

incremental step-by-step process. A script was created that could be repeatedly used with any ink that 

was tested, that would automatically print the ink with various droplet spacings, and then a microscope 

could be used to examine each of them to determine the ideal droplet spacing. Due to environmental 

changes that potentially affects the jetting of the ink, the ideal printing parameters from one day may 
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not result in a successful printing behaviour when repeated on another day of use, and therefore the 

standard practice was developed to accommodate to this variance. 

2.4.1 Wax removal 

Wax scaffolds that were printed onto glass slides, and had cells seeded into these devices, were able to 

be removed. This was done by physical removal with a sharp scalpel to peel it off the surface, with care 

not to damage the adhered cells. 

2.5 Creating phantoms 

2.5.1 Paraffin wax 

Paraffin wax was printed onto a microscope slide to mimic a healthy blood vessel. By printing the 

paraffin wax, a higher resolution scaffold could be created compared to pipetting the wax. Paraffin wax 

was placed inside the printing system’s reservoir and the printing system was heated up to 75°C for 

printing. A simple “C” shape was printed with paraffin wax (Figure 2.5.1A), and a total of 10 layers of 

wax was used to add height to the negative scaffold. Using a 5 mL syringe, molten wax was pipetted 

onto the wax vessel to create a rough form of an aneurism (Figure 2.5.1B). The slide was placed inside 

a petri dish ready for PDMS treatment. 

2.5.2 PDMS 

PDMS mixture; SYLGARD® 184 Silicone Elastomer and curing agent. This is supplied in a matched 

kit consisting of the elastomer and the curing agent in separate containers. The two components were 

thoroughly mixed using a weight ratio of 10:1 elastomer: curing agent.  

After pouring the PDMS mixture into a petri dish with the sample and later put in a vacuum oven for 

15 min to remove any bubbles. The sample was left overnight to cure completely (Figure 2.5.1C).  

2.5.3 Making the phantom samples 

The next day, the phantom was cut out from the petri dish for further processing (Figure 2.5.1D). Two 

holes were pierced into the PDMS/wax mould with blunt ended needles of internal diameter of 0.8 mm 
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(Intertronics, UK) (Figure 2.5.1E), put into an oven at 80°C for 15 minutes to melt the wax. The molten 

wax was removed with 5 mL syringes from the holes created previously (Figure 2.5.1F).  

 

Figure 2.5.1Schematic diagram of how the phantoms were made; A) Molten paraffin wax, heated to 75°C in the 

inkjet printer, is printed onto a glass slide to create a channel. B) A pipette is used to pipette out a droplet of paraffin 

wax on top of the printed wax, which will later become the aneurism. C) Sample is placed in a petri dish, PDMS is 

poured into the petri dish, placed under vacuum to remove bubbles and left overnight. D) Once the PDMS has fully 

cured, a scalpel knife is used to cut out the sample. E) Blunt ended needles were used to pierce through the PDMS 

and make contact with the wax and air at both ends of the phantom. F) The sample is heated to 80°C and a syringe 

pump is used to remove the wax from inside the phantom, creating a hollow cavity within the PDMS scaffold. 

Figure 2.5.2 shows experimental results of the finished wax printed vessels with the addition of a wax 

droplet on top (which will become the aneurism within the phantom). With respect to the schematic 
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diagram shown in Figure 2.5.1, the photographs represent steps E-F. This is a method to creating a 3D 

aneurism as it simulates the resultant shape of a ruptured blood vessel and the movement of fluid 

through this phantom compared to a real aneurism are similar. 

 

 

Figure 2.5.2 Images of fabricated negative phantoms using paraffin wax. A) Wax samples ready for PDMS moulding. 

B) After the PDMS has set, a scalpel was used to cut the sample out of the petri dish. C) Piercing the ends of the channel, 

the sample was placed in an oven at 80°C and the wax was sucked out. D) Microscope image of printed line (channel) 

and pipetted aneurism that combine together to form the phantom. Scale bar = 2 mm 

2.5.4 Analysis of phantoms 

Fluorescent microbeads (15 µm, FluoSpheres Polystyrene Microsphere, Thermofisher Scientific, UK) 

at 1.0 x 106 beads/mL was flushed through the vessel at a steady rate at 600 µL/h with a syringe pump 

(Genie Plus, Kent Scientific, Torrington, CT, USA). Images were captured every 50 ms. 

An Image Express epifluorescent microscope (Axon Instruments/Molecular Devices, Union City, CA, 

USA) was used to record the flow of the microbeads through the phantoms. ImageJ was used to analyse 
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C D 



81 
  

the data; through compiling the video into a stack of images, ImageJ was used to select a substack for 

analysis. Using the software plugin Manual Tracking, individual beads could be tracked within the flow 

of the vessels. Microsoft Paint was used to create flow velocity diagrams and vortex characteristic 

diagrams. 

Note: the term “aneurism” will be used within the results section to describe the cavity created by the 

pipetted wax droplet (which becomes a cavity through wax-loss within the PDMS structure). The term 

“channel” and “vessel” will be used to describe the channel that enters and exits the aneurism, created 

by the inkjet printed wax (which becomes a channel through wax-loss within the PDMS structure). The 

term “phantom” will be used to describe the whole sample; aneurism + vessel (Figure 2.5.3 for clarity).  

 

Figure 2.5.3 Identifying each section of the phantom Left) raw image captured of microbeads flowing through a 

phantom Right) the same image edited to show contract between fluid cavity (white) and surrounding PDMS (black). 

The dimensions of the phantom are more clearly seen when fluorescent beads are passing through. Scale bar = 1000 

µm 
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3 Creating crosslinked gelatin scaffolds for cell seeding  

3.1 Overview 

This chapter discusses the work that was undertaken to investigate how glutaraldehyde could be inkjet 

printed onto a bed of gelatin to create crosslinked-gelatin-patterned-environments suitable for cell 

seeding. Crosslinking was required on gelatin hydrogels as virgin gelatin melts at biological 

temperatures (37°C), and therefore a method was required to increase its melting temperature to be 

more suitable for tissue engineering applications. 

Transglutaminase,173,174 genipin,157,175 formaldehyde,176 carbodiimides,177 and glutaraldehyde178,179 have 

been researched extensively as crosslinking agents for gelatin. Also to note, riboflavin had been 

investigated to successfully crosslink collagen, and collagen is what gelatin is prior to denaturing.180 All 

crosslinking agents offer a degree of toxicity, and although glutaraldehyde has been shown to cause the 

most cell death as a crosslinking agent, glutaraldehyde provided the best mechanical strength and was 

selected for the experiments documented in this chapter. The cause of toxicity for glutaraldehyde is 

caused by residual glutaraldehyde leaching out and causing cell death. To minimise toxicity of 

glutaraldehyde, the research was focused on using lower concentrations to prevent toxicity to cells. 

Glutaraldehyde was inkjet printed at various concentrations onto a bed of gelatin to allow crosslinking 

to occur. The concept of printing glutaraldehyde onto a bed of gelatin was performed, as printing gelatin 

proved to be too unstable for practicality. Due to solvent evaporation, printing gelatin, even at low 

concentrations, led to an accumulation of gelatin at the tip of the printhead, which eventually caused 

the printing system to block. Unblocking the printhead required the printing to reset, and no structures 

could be printed for more than 15 minutes before droplet generation failure due to clogging.  No such 

problems occurred when printing with glutaraldehyde.  

Crosslinking of gelatin by glutaraldehyde occurs through the aldehyde groups reacting to the free amino 

groups of lysine or hydroxylysine amino acid residues on gelatin molecules.181 Primary amines and 

secondary amines react with the aldehyde group in glutaraldehyde through nucleophilic addition to form 
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carbinolamines, which can then dehydrate to give substituted imines and enamines respectively. A 

range of possible resultant products are outlined in Figure 3.1.1. This diagram shows collagen reacting 

with glutaraldehyde. Many of the reactions involve the formation of a Schiff base intermediate 

(Structure III) that is able to form a plethora of products. It is through this reaction that the mechanical 

properties of gelatin and its mechanical properties increase; through the generation of bigger complex 

compounds within the gelatin. 

 

Figure 3.1.1 Gelatin is denatured collagen, and the various reactions pathways shown here can be related to the 

crosslinking of gelatin (i.e. Coll-NH2 = Collagen-amine group). Taken from Damink et al. 1995.182 

A local deposition of glutaraldehyde will, over time, diffuse out and spread through the gelatin 

substrate. This is a time-dependant diffusion process which is caused through the imbalance of the 

distribution of particles.  

3.1.1 Brief of work carried out for Chapter three 

There were several main points that were identified, which were investigated and are discussed in this 

chapter; 

1. Cytotoxicity of glutaraldehyde-crosslinked gelatin 
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2. Optimal printing conditions for glutaraldehyde printing 

3. Optimal parameters to create patterned-crosslinked gelatin with inkjet printed glutaraldehyde 

Cell seeding on gelatin crosslinked by inkjet printed glutaraldehyde scaffolds 

3.2 Seeding fibroblasts onto glutaraldehyde-crosslinked-gelatin. 

3.2.1 Introduction 

Three variables were considered; gelatin concentration, glutaraldehyde concentration, and time for 

crosslinking. Using these variables, the minimum concentration of glutaraldehyde was determined, 

which would crosslink the gelatin, and not be toxic to cells. Previous work on seeding cells on gelatin 

scaffolds of 8% or more showed a decrease in cell viability, indicating an upper limit to gelatin 

concentration. This phenomenon was reported from another research group, that used 5%, 10% and 

15% gelatin crosslinked with methacrylate as a crosslinking agent with 3T3 fibroblasts,183 and showed 

viabilities of 90%, 80% and 75% respectively (estimated) (Date can be found in Appendix One) 

Variables; 

Parameter Value/s 

Volume of 

Glutaraldehyde 

2 ml 

Glutaraldehyde 

Concentration 

0.125%, 0.25%, 0.50%, 1.0%, 5.0%, 10%, 15%, 

20% 

Gelatin 

Concentration 

0.5%, 1%, 2%, 4% 

Time  5 minutes, 30 minutes, 1 hour, 2 hours, 5 hours, 

24 hours 

N 1 

 

Normally in literature, 4% is the typical concentration of gelatin that is used for tissue engineering. 

Previous experiments had shown that higher gelatin concentrations would inhibit cell attachment onto 
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the surface of the gelatin and therefore higher concentrations were not considered. Lower concentrations 

were tested as it was speculated that these may become viable if higher concentrations of the 

crosslinking agent were used, with also 4% and 8% gelatin to cover a broader spectrum of variables. 

A range of glutaraldehyde concentrations were tested, ranging from 0-2% through a serial dilution. 

Through previous experiments, higher concentrations showed toxicity to cells, and therefore lower 

concentrations were investigated. 

The time allowed for the gelatin and glutaraldehyde to react was also controlled, as it was shown 

previously that the reaction rate was also dependent on time.  

Using a petri dish, the respective concentrations of gelatin were warmed up and 10 ml were pipetted 

into each petri dish. A 13 mm bore was used to cut out the scaffolds and they were each placed in 6 

well plate wells. Next, 2 ml of the respective concentrations of glutaraldehyde were pipetted onto the 

gelatin for the respective amount of time. Once the time was complete, the wells were washed with 

distilled water twice, and then soaked overnight. Prior to cell seeding (of 40,000 fibroblasts), the 

samples were soaked in cell media (DMEM) for an hour to remove excess glutaraldehyde and distilled 

water. Cells were seeded with 1 mL of 40,000 cells/ml in DMEM, and an extra 2 mL of DMEM was 

added on top. MTT analysis was used to determine metabolic activity of cells at day 1 and day 3. It was 

concluded that day 7 analysis would not be required as the condition of cells on day 3 would give a 

sufficiently accurate indication to cell viability with the respected glutaraldehyde concentration.  

3.2.2 Results 

Some of the higher concentrations of glutaraldehyde were omitted from further analysis, as they were 

seen to be unsuitable for cell seeding, indicated by the change in DMEM colour from pink to brown. 

The colour change was caused by free glutaraldehyde being released into the cell media and shows that 

the hydrogel was toxic to cells (Figure 3.2.1). 
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Figure 3.2.1 Photograph showing gelatin scaffolds that were soaked in 8% glutaraldehyde in 5 hours. This 

concentration and amount of time for crosslinking was too much, and when cells and cell media was added, the media 

and the scaffold turned brown, indicating that the crosslinked gelatin was toxic and was not a viable scaffold.  

During cell seeding, images were taken to examine the physical characteristics of the cells to give an 

indication of viability. It could be seen that the higher the glutaraldehyde concentration the more toxic 

the crosslinked gelatin hydrogel was. An example can be seen in Figure 3.2.2, whereby cells were viable 

on 2% gelatin crosslinked with 0.125% glutaraldehyde, but cells were unhealthy when grown on gelatin 

crosslinked with 0.50% glutaraldehyde. This can be understood by the ability for cells to adhere onto 

the scaffold if the scaffold is non-toxic.  

 

Figure 3.2.2 Visual analysis of fibroblasts. (Left) fibroblasts grown on 2% gelatin, 30 minutes of 0.125% 

glutaraldehyde, day 1. (Right) fibroblasts grown on 2% gelatin, 30 minutes of 0.50% glutaraldehyde, day 1. Scale bar 

= 200 µm 

The results were put into graph form and separated by gelatin hydrogel concentration, with metabolic 

activity (MTT results measured by optical density) over glutaraldehyde concentration (Figure 3.2.3).  

The readings are proportional to cell density, as it can be correlated that a higher reading is caused by 

higher metabolic activity, and this has to be caused by an increase in cell population in the sample. If 

readings are comparatively low, then it would signify a decrease in cell population. 

Through examining the data, it was shown that the higher the glutaraldehyde concentration, the lower 

the survival rate of cells, with concentrations of glutaraldehyde of 0.50% showing significant 
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detrimental effects to cell metabolic activity. Upon inspection with a microscope of such samples, it 

was clear cells did not attach onto the crosslinked samples as strongly, as cells looked spherical, 

indicating poor attachment. Concentrations of more than 1% glutaraldehyde became toxic to cells, 

which must be due to residual glutaraldehyde molecules present in the gelatin hydrogel that were 

released into the cell media. The best concentration for glutaraldehyde was the lowest concentration 

(0.125%) and the shorter the time it reacted with gelatin the more viable the scaffold was for cell 

attachment. 5 minutes of crosslinking was the best duration, with 0.125% glutaraldehyde on 4% gelatin.  
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Figure 3.2.3 A set of three graphs showing the optical density reading of fibroblasts on gelatin hydrogels crosslinked 

with glutaraldehyde, 1 day after seeding 40,000 cells. Key indicates the experimental parameters i.e. “4% gel 1 hour” 

= on 4% gelatin and crosslinked for 1 hour. Optical density readings are MTT assays that give an indication of 

metabolic activity of cells in culture. Concentrations of 0% glutaraldehyde are controls. n = 1 

A chart was created noting the phenotypic changes of each sample. This was displayed as the % of live 

to dead cells in a random area of the scaffold (100%, <80%, 50%, >20, 0% healthy) and not displayed 

in the main body of text due to the large data set, but which can be found in Appendix One. 

Day 3 MTT analysis was performed on all parameters used for Day 1 analysis. The resultant metabolic 

activities were quite poor on most parameters. Figure 3.2.4 shows the experimental settings that had an 

optical density reading of more than 0.1. It was considered that any readings that were less than 0.1 had 

significant cell death within the sample, and would not be appropriate as a biological scaffold.  The 

parameters are shown in Figure 3.2.4 would be ideal to use for inkjet printing, specifically 2% and 4% 

gelatin with 0.125% glutaraldehyde (lowest concentration tested) for 5 minutes, as they were able to 

crosslink the gelatin and have fibroblasts proliferate after 3 days in culture on crosslinked gelatin. 

 

Figure 3.2.4 Optical density reading of fibroblasts on gelatin hydrogels crosslinked with glutaraldehyde, after 3 days 

after seeding 40,000 cells. Only reading above 0.1 were plotted, as any value below 0.1 were considered not sufficiently 

viable. Key indicates the experimental parameters i.e. “4% gel 1 hour” = on 4% gelatin and crosslinked for 1 hour. 

Optical density readings are MTT assays that give an indication of metabolic activity of cells in culture. Concentrations 

of 0% glutaraldehyde are controls. n=1 

What can also be seen when comparing all the data from day 1 and day 3, is that they all have a decrease 

in viability, except the lowest concentration of glutaraldehyde in the experiment; 0.125%, with which, 
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some had a slight increase. The biggest increase occurred with 4% gelatin with 5 minute crosslinking 

time in the presence of 0.125% glutaraldehyde; increasing from 0.378 to 0.44 in optical density reading 

for MTT analysis.  

The results of viability analysis suggest that cells may not be able to survive very well for longer periods 

of time of more than 3 days. The reason would be caused by the leaching of glutaraldehyde out from 

the scaffold. The protocol of washing the scaffolds with distilled water twice and then soaking the 

samples overnight should be sufficient to remove residual glutaraldehyde, as other groups have washing 

routines that are less thorough, but still create cell-friendly gelatin hydrogels; Yang et al washed their 

glutaraldehyde-crosslinked-gelatin with warm water,184 Zhang et al used a temperature to remove 

residual glutaraldehyde,185 and Ai et al washed their glutaraldehyde-crosslinked scaffolds with cell 

culture medium.186  

Matsuda et al had the most complicated washing steps; their washing routine involved washing with 

distilled water, air drying, submersion with glycine at different concentrations and sodium 

borohydride.187 This method was not considered as it was speculated this process would damage the 

micron-scale scaffolds when they were created with the inkjet printer.  

In summary, when comparing the data for each of the parameters, it could be concluded that the 

concentration of glutaraldehyde (the lower the better for cell viability) was the most significant factor 

in affecting cell viability, followed by time (the lower the better), and then gelatin concentration (ideally 

2-4%). Large droplets have shown to crosslink a large area, however there is an accumulation of residual 

glutaraldehyde which becomes toxic to cells. Inkjet printing has the potential to jet nanolitre volumes 

and in a controlled manner so that no residual glutaraldehyde would remain, and create viable patterned 

tissue scaffolds for cell growth.  
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3.3 Optimal printing conditions of glutaraldehyde printing 

To create inkjet printed scaffolds, the optimal printing conditions were required to be identified for the 

successful creation of biologically relevant cell-friendly scaffolds.  

Viscosity measurements were taken to determine the ideal printing conditions, as stated by the 

manufacturer (Microfab). Ideally, the viscosity of the ink should lie between 1 – 20 centipoise. Table 1 

shows that within the range of temperatures tested, glutaraldehyde would be printable within 0-40°C.  

This is ideal as this means that printing at room temperature would not cause a problem with printing 

glutaraldehyde, as room temperature would be suitable for printing (this range of temperatures would 

lie within 1-20 centipoise for suitable inkjet printing). 

Table 1 viscosity behaviour of 25% glutaraldehyde (w/w in water) at different temperatures. Data taken from 

manufacturer’s website; http://www4.mpbio.com/ecom/docs/proddata.nsf/(webtds2)/198595.  

Glutaraldehyde Conc. (%) Temperature (°C) Viscosity (centipoise)  

25 0 8.4 

25 20 3.4 

25 40 1.7 

 

Knowing that the viscosity of water at 20°C is around 1 centipoise, it was safely assumed that the 

viscosity of glutaraldehyde concentrations between 0-25% would be within the range of 1-3.4 centipoise 

respectively. 

A range of printing parameters were tested and used when printing glutaraldehyde. Table 2 and Figure 

3.3.1 shows an example of one of the printing parameters used. The average droplet diameter was 

calculated as 40 µm, and through using the volume of a sphere equation, the volume of each droplet 

was calculated to equate to 33.51pL  
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Table 2 detailing printing parameters of printing 1% glutaraldehyde. When printing other concentrations of 

glutaraldehyde, the printing parameters were tweaked to compensate for the difference in rheology 

Printing parameters (ms) 

Rise Time 39 

Dwell Time 42 

Fall Time 8 

Echo Time 90 

Rise Time 2 5 

Voltage (V) 55 

Average droplet diameter 40 µm 

Volume of jetted droplet 33.51pL 

Figure 3.3.1 Screen-capture of a successful jetting of a droplet of 1% glutaraldehyde (w/w in water), scale bar = 100 

µm 

𝑉 = 4/3𝜋𝑟3 

Equation 2 volume of a sphere; used to estimate the volume of jetted glutaraldehyde from the printing system 

The stability of printing glutaraldehyde was very good, as changes to the printing parameters did not 

cause significant deviation to successful jetting. When using different concentrations of glutaraldehyde, 

the parameters did not deviate significantly, and successful jetting could be created with deviations of 

+ 5 ms with “rise time” and “dwell time” settings. 
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3.4 Inkjet printing glutaraldehyde to crosslink gelatin 

3.4.1 Introduction 

To determine the best glutaraldehyde concentration to print onto a bed of gelatin, several concentrations 

were tested to evaluate the fidelity of resultant patterns. Initially, glutaraldehyde concentrations 

proposed by the work done previously were used (0.125% - 1%). Glutaraldehyde concentrations of 

0.125% - 1% had been shown to crosslink gelatin and cells were able to grow sufficiently when seeded. 

However when these were created with droplet spacings of 100 µm and washed with 50°C water, it was 

clear that the scaffolds were too weak to handle with tweezers. If the scaffolds were too difficult to 

handle, then they would not be suitable as they would most likely break during the cell seeding and 

handling of the scaffolds during analysis. Decreasing the droplet spacing of 100 µm was considered, 

however this would have changed the resolution of the selected pattern. Instead it was decided that 

higher concentrations of glutaraldehyde were tried out, whilst maintaining the 100 µm droplet spacing, 

which were originally predicted would be too toxic for cell seeding; from 10%, 15% and 25%. 

3 mL of warm (>25°C), 4% gelatin solution (w/v, in water) was pipetted onto glass slides to cover the 

whole surface area. The surface tension of the glass slide prevented the gelatin from flowing off the 

glass slide, and this was put into a fridge to cool prior to printing. Once the gelatin became solid, the 

samples were loaded into the printing system. The glutaraldehyde ink (of the selected concentration) 

was loaded into the printer, and the parameters optimised. A droplet spacing of 100 µm was used, and 

a cross-hatch pattern was printed to emulate a connected network (Figure 3.4.1).  

 

Figure 3.4.1 Image showing the hatch pattern designed for printing onto gelatin. A droplet spacing of 100 µm was used, 

and the distance between each connection within the pattern would be 2.5 mm across.   

 



94 
  

After printing, the samples were left for different periods of time to allow crosslinking to occur, ranging 

from 5 minutes to 24 hours (overnight). 

 

Figure 3.4.2 Photographs of inkjet printed glutaraldehyde onto a bed of 4% gelatin on a glass slide. The samples were 

cut out into segments that would fit into a well in a 6-well plate, using a scalpel. 

After the allocated time, a scalpel was used to cut the scaffold into smaller segments and placed into 

each well of a 6 well plate (Figure 3.4.3). Hot water (around 50°C) was gently pipetted into each well 

to wash off uncrosslinked gelatin, five times. Scaffolds were inspected and assessed to determine the 

most suitable scaffolds for cell seeding. 

 

Figure 3.4.3 Image showing an experimental procedure where the crosslinked samples were put into labelled 6 well 

plates prior to washing away the uncrosslinked gelatin. 
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3.4.2 Results 

Initially concentrations of 0.125% - 1% glutaraldehyde were selected to crosslink 4% gelatin, however 

when the uncrosslinked gelatin was removed, glutaraldehyde concentrations of less than 2% created 

scaffolds that were structurally too weak and were prone to tearing. Most scaffolds that were created 

with the inkjet printer were too delicate to manipulate with tweezers, as the scaffolds would curl up and 

collapse on themselves due to surface tension when being manipulated. The only viable scaffolds that 

were deemed sufficiently strong and were considered for cell seeding (in the following experiment) 

were gelatin scaffolds that were crosslinked with 10%, 15% and 25% glutaraldehyde for 24 hours. 

Figure 3.4.4 shows examples of the successful samples created.  

 

Figure 3.4.4 A collection of images showing crosslinked gelatin scaffolds being washed with hot water in well plates. 

The samples shown here are samples that were crosslinked with 25% glutaraldehyde and left overnight for 24 hours. 

Only samples that were crosslinked with 10-25% glutaraldehyde and allowed to crosslink for 24 hours created 

sufficiently mechanically strong scaffolds. All other samples that were created were too flimsy and collapsed on their 

own structure during the washing and cell seeding stages.  

The other scaffolds that were created were too fragile and this was caused by several reasons; lower 

glutaraldehyde concentrations, shorter time for crosslinking, and the pattern used for created the 
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scaffold. With work shown in previous sections, lower glutaraldehyde concentrations and shorter 

crosslinking times crosslinked gelatin less, and therefore the resultant scaffolds were thinner and less 

structurally strong. The pattern that was selected to be printed out was a cross-hatch pattern with each 

beam being 25 mm long. If a single thin sheet or a cross-hatch pattern with smaller spacing of gelatin 

was printed, it could be expected that more of the printing parameters that were tested would have 

created a viable scaffold for cell seeding; as the mechanical properties of such scaffolds would be 

stronger than patterns that appear “stretched”. 

Another alternative that could have increased the rigidity of the scaffolds would have been to print 

several layers of gelatin, to add more glutaraldehyde onto the gelatin; thereby making the crosslinked 

beams thicker.  Ten layers of 1% glutaraldehyde would equate to the same as one layer of 10% 

glutaraldehyde, and for the sake of experimental efficiency, one layer of 10% glutaraldehyde was 

printed instead of ten layers of 1% glutaraldehyde.  

The experimental results acquired prior to inkjet printing glutaraldehyde had shown that gelatin that 

was crosslinked by glutaraldehyde with concentrations of more than 1% would be detrimental to cell 

viability. However it can be stated that the experimental procedure outlined with this set of experiments 

was different. With the volume of glutaraldehyde that was deposited onto the gelatin (through inkjet 

printing), the volume was so small (picolitres), that there were no diffusion restrictions for the 

glutaraldehyde to diffuse through the z-axis and therefore there would be minimal residual 

glutaraldehyde present in the scaffold. When diffusion of glutaraldehyde is blocked (i.e. limitations 

caused by the thickness of the gelatin), the local area aggregates residual glutaraldehyde which can 

make the hydrogel toxic (Figure 3.4.5). When there are no restrictions to the diffusion of glutaraldehyde 

(i.e. when glutaraldehyde was allowed to crosslink gelatin in a tub), crosslinking occurs uniformly 

throughout the gelatin, without accumulation.  
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Figure 3.4.5 Washed samples of 25% glutaraldehyde-crosslinked gelatin on (Left) a petri dish and (Right) when reacted 

in a tub of gelatin. Because of the restrictions of not being able to diffuse further in the z-axis when pipetted onto a bed 

of gelatin on a petri dish, the residual glutaraldehyde in the crosslinked gelatin is highly concentration in the centre, 

and is highly toxic to cells. When there is no restriction to glutaraldehyde diffusion, there is no concentric accumulated 

of residual glutaraldehyde, and would not pose the same toxicity. 

Having determined that 10%, 15% and 25% glutaraldehyde for 24 hours on 4% gelatin would be 

suitable to create sufficiently robust scaffolds, these were selected for cell seeding.   
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3.5 Cell seeding onto inkjet-printed-glutaraldehyde-crosslinked-gelatin  

3.5.1 Introduction 

The scaffolds used for cell seeding were made by printing 25% glutaraldehyde in a cross hatch pattern 

onto 4% gelatin on glass slides and reacted for 24 hours before the removal of uncrosslinked gelatin. 

The scaffolds were washed five times with 50°C water to remove uncrosslinked gelatin and residual 

glutaraldehyde (Figure 3.5.1). Although gelatin that was crosslinked with 10% and 15% glutaraldehyde 

did create suitable scaffolds, 25% glutaraldehyde was selected as it produced the most structurally stable 

scaffolds. 

 

Figure 3.5.1 Crosslinked gelatin pattern created with an inkjet printer. 25% glutaraldehyde was printed onto a bed of 

4% gelatin with a droplet spacing of 100 µL, left for 24 hours for crosslinking to take place, and then compartmentalised 

in well plates prior to washing with 50°C distilled water 5 times to remove uncrosslinked gelatin and residual 

glutaraldehyde.  

1 mL of fibroblasts were seeded at 40,000 cells/mL into each well, and topped off with 2 mL of cell 

media, before being stored in an incubator. The samples were experimented in triplicate, with light and 

confocal images taken on day 1, 2 and 3. Confocal images were stained with FITC-phalloidin and DAPI, 

with the aim to determine cell viability of these scaffolds.  

[*the term scaffold/hydrogel/gelatin lines will be used interchangeably to describe the crosslinked 

gelatin patterns] 
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3.5.2 Results 

Gelatin scaffolds made with 25% glutaraldehyde were handled successfully and cells were able to grow 

on the patterned environments on all days that they were observed (day 1, 2 and 3 after cell seeding).   

Figure 3.5.2 shows an example of images taken near an intersection where several gelatin beams join 

together. The structure appears “furry” due to the surface of the hydrogel being populated by fibroblasts 

growing on the surface of the crosslinked gelatin scaffolds. The scaffolds did not show any signs of 

toxicity, and cells proliferated at a rate that is typical for healthy cells, as can be seen under the 

microscope. If the scaffolds did release glutaraldehyde, or it was detrimental to cell health, the 

population of cells would have decreased on the scaffold, or more cells would adopt a spherical shape 

to indicate unfavourable culture conditions. These types of physical cues were not seen in all samples 

examined. 

 

Figure 3.5.2 Microscopy images of fibroblasts seeded onto crosslinked gelatin through inkjet printing glutaraldehyde 

onto a bed of gelatin. Images taken 1, 2 and 3 days after cell seeding respectively. Enlarged images can be found in 

Figure 3.5.4. Scale bar = 300 µm 

This showed that cells were able to grow on gelatin that had been crosslinked with up to 25% 

glutaraldehyde. No residual glutaraldehyde was expected to be released into the cell culture because 

there was no aggregation of glutaraldehyde during the crosslinking process; this was because the 

glutaraldehyde was able to diffuse freely in all 3 axis and was added in picolitre amounts. 

 

Day 1 Day 2 Day 3 
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Figure 3.5.3 Microscopy images of fibroblasts seeded onto crosslinked gelatin created with inkjet printing. Images 

taken 1, 2 and 3 days after cell seeding respectively. Scale bar = 300 µm 

The gelatin scaffolds that were created had a range of thicknesses, ranging from 250-100 µm, being 

thickest at the intersections. The beams resembled a more cylindrical shape, which was caused by the 

way in which the glutaraldehyde diffused uniformly from the area of deposition. Through the use of 

inkjet printing, of creating crosslinked gelatin scaffolds, it would not be possible to create sharp edged 

scaffolds, unless the diffusion of the glutaraldehyde were to be inhibited by restricting its movement 

with a physical barrier. If this were to be done, care would need to be considered about excess 

glutaraldehyde within the scaffold which would leak out over time and make the scaffold more toxic. 

Figure 3.5.4 shows enlarged light microscopy images of the cell seeded gelatin scaffolds. On day 1 after 

cell seeding, cells manage to adhere and begin to proliferate on the scaffold. There is a larger population 

of cells proliferating on the side of the scaffold that was facing the cell seeding process, but it is 

interesting to see cells have also managed to grow on the periphery and underside of the scaffold. This 

will be discussed more thoroughly later on.  

Day 1 Day 2 Day 3 
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By day 2 and 3, as shown in Figure 3.5.4, there are no detrimental effects of crosslinking with 

glutaraldehyde, as the gelatin scaffold has not melted under biological temperatures, and cells have 

proliferated along the whole structure. More alignment of the cells can be seen on day 2, that are running 

in the same direction as the beams. The alignment was lost once the population of fibroblasts become 

overconfluent growing on the scaffold. 

 

Figure 3.5.4 Enlarged microscopy images of fibroblasts seeded onto crosslinked gelatin through inkjet printing. Images 

taken 1, 2 and 3 days after cell seeding respectively. Scale bar = 150 µm 

Confocal images were recorded to analyse the cell seeded gelatin scaffolds. Due to the 3D nature of the 

scaffold, the confocal images capturing a plane of the scaffold show a limited amount of data. However, 

the details that can be seen by analysing each pane individually makes it clear that fibroblasts were able 

to infiltrate into the scaffold and proliferate within. Figure 3.5.5 shows a cross-section of a gelatin 

scaffold seeded with fibroblasts after 3 days of cell seeding. The periphery of the image shows a shell 

of cells on the surface of the gelatin scaffold; stained for actin (red; phalloidin-TRITC) and nuclei (blue; 

DAPI), and also note the cells situated in the middle of the image. These cells are proliferating within 

the gelatin scaffold, and it must be assumed that the fibroblasts were able to not just proliferate on the 

surface of the gelatin, but also infiltrate the hydrogel and grow within it. 

Day 1 Day 2 Day 3 
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Figure 3.5.5 Confocal image of a cross-section of the middle of a gelatin scaffold beam stained for actin (red; phalloidin-

TRITC) and nuclei (blue; DAPI) 

Several areas were analysed, and a z-stack was created of each area. By combining the z-stack images 

with the Zeiss LSM Image Browser software, a 3D model of the scaffold was created. Figure 3.5.6 to 

Figure 3.5.7 are such models, and a series of images are shown, with each image being rotated by 30°.  
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Figure 3.5.6 A sequence of 2D images of a 3D projected crosslinked gelatin scaffold with seeded fibroblasts after 1 day, 

stained for actin (red; phalloidin-TRITC) and nuclei (blue; DAPI). Scale bar = 250 µm 

The majority of cells that proliferate on the scaffolds were proliferating on the surface. Only a small 

percentage of the cells are growing within the gelatin hydrogel, and this population increased over time, 

most likely caused by the cells preferentially differentiating to areas with the least resistance. It could 

be seen that there were more cells infiltrating the hydrogel during the second and third day after cell 

seeding, as the surface of the gelatin become more populated, the action of proliferating through the 

gelatin hydrogel became a better alternative than competing for space on the outer surface. 

The morphology of the gelatin scaffolds varied over time; as originally, the branches were typically 

cylindrical in shape. With the addition of cells, they are able to eat away at the gelatin slowly, and when 

the cell population on the gelatin become confluent, the gelatin scaffolds became more elongated and 

flat. Figure 3.5.7 shows the flattening of the gelatin occurring after 3 days after cell seeding. In the 

target area, cells had fully covered the surface facing the cell seeding side, and cells had begun migrating 

into and enveloping the scaffold. The shape of the gelatin scaffold can be determined through the 

outlines given by the population of cells adhering onto and into the scaffold.  More cells can be seen 

proliferating within the hydrogel compared to samples analysed on day 1 after cell seeding.  
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Figure 3.5.7 A sequence of 2D images of a 3D scaffold that shows fibroblasts grown on glutaraldehyde-crosslinked 

gelatin. A 3D image was generated through the stacking of multiple confocal images to create a z-stack. Stained for 

actin (red; phalloidin-TRITC) and nuclei (blue; DAPI), day 3 after cell seeding. Cells proliferated significantly more 

on the surface side where cell seeding took place. Cells can be seen to infiltrate within the gelatin and grow within the 

scaffold. Scale bar = 250 µm. 

3.6 Conclusion 

With the crosslinked gelatin being a hydrogel (being mostly water), cells were able to adhere and 

survive within the gelatin scaffold. The high concentration of glutaraldehyde that was used did not cause 

the gelatin scaffold to become toxic, as it can be assumed that all glutaraldehyde molecules were either 

fully reacted with the gelatin, and/or all residual glutaraldehyde was removed during the washing 

process. Inkjet printing is able to create scaffolds and have cells successfully seeding onto and into it. 
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Thinner scaffolds could be created with a lower concertation of glutaraldehyde, however to prevent 

damage to such scaffolds, the design and handling of the scaffolds needs attention. Thicker scaffolds 

cold be created by the printing of multiple layers of glutaraldehyde onto the bed of gelatin; however 

like all other tissue engineered scaffolds, all scaffolds that do not exceed a few millimetres in thickness 

can have cells proliferate on/in them, as simple diffusion is a sufficient method to transport nutrients 

into cells from the cell media and remove waste. A limit to inkjet printing would be that scaffolds may 

not be more than a few millimetres thick, unless a vasculature network is designed within the scaffold 

to allow directed transport of nutrients and cell waste throughout the scaffold. It could be postulated 

that with the simple cross hatch pattern that was used to create these scaffolds, once cells have been 

seeded, the scaffold could be collapsed and rolled together to form a larger, thicker scaffold of 

significant size, and with the porosity of the design of the scaffold, cells would survive at a better rate 

than a solid block of hydrogel of the same material. 

  



106 
  

4 CELL GUIDANCE STRUCTURES FABRICATED WITH INKJET 

PRINTED WAX 

4.1 Overview 

Organs such as bone, the cornea and skin are relatively simple tissues, as they have well-defined layers 

which can be recreated with tissue engineering techniques.188,189 There are more complex tissues, such 

as the kidneys and liver, which have a complex inner structure of cell positioning and cell types. The 

ability to create tissues with multiple cell types and to control their deposition behaviour is essential 

when wanting to create complex tissues. This chapter describes how inkjet printing wax can help create 

microenvironments to direct cell deposition. The scope of applying this technique would not be suitable 

for in vivo applications, but would be ideal for the creation of complex organoids for drug testing and 

the creation of tissue models for research. 

Research into cell patterning and spatial coordination are growing fields, as new technologies enable 

researchers to accurately position populations of cells and promote the design of better biological 

systems.190,191 When considering the design of cell patterning experiments, geometry and topology are 

important factors that affect anchorage-dependent cells,192–194 as living cells actively investigate their 

surroundings, which can influence function and morphology.195 The wealth of knowledge that can be 

generated through studying cell-to-cell behaviour and cell-to-substrate interactions can allow scientists 

to better understand the dynamic mechanism that affects cell architecture, polarity, morphology, 

survival and division within their surrounding environments.192,196,197  

Much has been learnt recently about cell behaviour in a micro-environment and the creation of 

microstructures, that are essential in the understanding of fabricating micro-devices to control cell-

substrate interactions.198–201 The importance of such research was highlighted in a special themed issue 

of Soft Matter in 2014 on cells in patterned environments.202 Being able to control the deposition and 

location of cells onto a surface allows the creation of scaffolds suitable for tissue engineering, 

biosensors, the formation of neuronal networks, cell-based assays and for the study of cell-cell 

interactions. 
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One popular “gold standard” for preparing patterned environments for cells uses PDMS 

(polydimethylsiloxane) during the construction of lab-on-a-chip devices and micropatterning 203. PDMS 

is a versatile material, with the ability to modify its mechanical, optical and chemical properties and 

typically used on glass204 or silicon.205 An essential requirement when using PDMS is the creation of a 

master mould, into which PDMS can be poured, cured and removed to create the desired construct. 

There has been research in reducing and making the process easier, as the pattern design can be created 

on the master mould through soft-lithography, or through etching into silicon. The photomask can be 

created using high resolution printers204 or photoplotters,206 but a clean-room environment is required 

for fabrication. Solid object printers have been used to create the initial patterns for the master mould,207 

with resolutions of >250 µm. Other techniques have also been investigated by researchers, which 

deposit a cell attractive or repelling agent onto a substrate typically involving depositing a biologically 

active molecule such as fibronectin, collagen and/or polymers to selectively adhere cells at specific 

places on a substrate208,209  (as mentioned in literature review; 1.7.1 Printing non-cellular materials), or 

physically restrained to grow within the confines.210,211 Such approaches, however, do not allow the user 

to remove such a physical confine at a later time. 

The use of PDMS is advantageous if several copies of the master pattern are required. However, when 

prototyping, when the user requires a large range of variances in their design, a typical need exists to 

create tens, or hundreds of master moulds. In contrast, the direct patterning of a design using wax printed 

on a substrate bypasses the conventional process of using PDMS. Potential applications of our proposed 

method are found in the field of simulation studies and optimising microdevice prototypes.195,209 

Additionally, the ability to remove the wax after cell seeding can lead to studies of cell differentiation, 

from a restricted environment to a non-restricted environment. 

Using inkjet printing to produce patterned environments offers fewer limitations compared to 

previously mentioned techniques that have to use UV exposure, photomasks, organic and toxic solvents, 

long processing times, complicated machinery, etching and the requirement of multiple steps. Avoiding 

these drawbacks would aid in the fabrication of microfluidic devices in research and industry settings, 
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as the turnaround times inherent in these techniques can be reduced, from around 24 hrs (with the 

majority of this time being used for mold preparation), to hours. 

The use of wax for the creation of microfluidic devices has been used to create paper and glass-based 

devices as a simple and inexpensive method using commercially available materials.167,168,212 This 

ability to create biosensors has been investigated to an extent with inkjet printing technology.213–216 

4.2 Printing paraffin wax 

4.2.1 Introduction 

Prior to creating wax scaffolds, understanding the behaviour of wax during inkjet printing and the 

topological finish after printing was studied. Outside of optimising the printing behaviour of the wax, 

the droplet spacing between each wax droplet needed to be optimised to create smooth uniform lines 

when printed in one axis.  

Paraffin wax was placed inside the cartridge reservoir and the printing system was heated up to 75°C 

for printing, while the printing platform was heated to 30°C to improve the topography of the printed 

structures. Wax viscosity was measured with a rheometer (AR 2000, TA Instruments) at different 

temperatures (Figure 4.2.1). When the temperature reached above 60°C, the viscosity was less than 10 

mPa.s (10 centipoise) Specification guidelines from Microfab stated that inks should have a viscosity 

below 20 mPa.s (20 centipoise) for successful droplet formation during inkjet printing. At the 

temperature of printing (75°C) the viscosity was 6.02 mPa.s (6 centipoise), which was within optimal 

printing limits. 
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Figure 4.2.1 Viscosity values of paraffin wax over a range of temperatures, which was Newtonian when molten. Printing 

parameters below 20 mPa.s was optimal for printing. 

4.2.2 Results 

Table 3 shows examples of printing parameters that were used within this chapter for the successful 

droplet formation of paraffin wax. Several printing parameters are shown because optimal jetting 

parameters changed during the period of several months during the experimentation within the scope 

of this chapter. These changes were required due to the external environmental fluctuations that would 

occur through each season that affects the jetting behaviour of the inks jetted. The final size of droplets 

varied slightly through the different parameters, and the most significant changes were seen through 

varying the voltage during the jetting, causing the volume jetted to be proportional to voltage strength. 

Figure 4.2.2 shows images of the jetting printhead with different printing parameters, jetting different 

volumes of wax.   

Table 3 main printing parameters used when printing paraffin wax, at 70-80°C 

Paraffin Wax Setting 1 Setting 2 Setting 3 Setting 4 Setting 5  

Rise Time (1) 15 8 15 11 3 µs 

Dwell Time 10 9 10 22 12 µs 

Fall Time 5 5 5 14 4 µs 

Echo Time 10 10 10 10 15 µs 
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Rise Time (2) 2 2 5 5 4 µs 

Voltage 28 15 36 26 68 V 

 

 

Figure 4.2.2 A collection of images showing the jetting molten wax with carrying jetting parameters, noting the variance 

in droplet size, from 45-17 µm. Note that conventional research had pointed out that, as a rule of thumb, the droplet 

size deposited onto the substrate would be roughly twice the diameter of the nozzle used. Droplets of 35 µm were easily 

created with a 50um diameter nozzle, through optimising the jetting parameters and the ease of forming single droplets 

with paraffin wax. Scale bar = 200 µm. 

The diameter of the droplets were calculated through measuring the droplet sizes after micrograph 

images were taken of the samples; as shown in Figure 4.2.3, with average diameters of 32.5 µm.  

 

Figure 4.2.3 Inkjet printing an array of paraffin wax at 70°C, with droplet spacing of 140um between each droplet. 

Left; showing an example of successful droplet jetting with parameters outlined in Table 1. Right; using ImageJ and 

setting the appropriate scale bar, the diameter of the droplets could be measured. Wax diameter = 32.5 µm, SD+ 1.53 

µm. Sample size= 10. Scale bar = 500 µm 
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Single droplets can be deposited easily once the optimal printing parameters were identified. To create 

solid objects that were then used for tissue engineering applications, the single droplets were required 

to merge together to create uniform objects. To perform this, the droplet spacing between each jetted 

droplet was decreased, until the preceding droplet merged with the jetting droplet. As mentioned 

previously, there are different line behaviours as outlined by Soltman,108 and the ideal droplet spacing 

would create uniform lines; Figure 4.2.4 is an example of testing different droplet spacings; the largest 

droplet spacing tested was 120 µm, and with Figure 4.2.4, it is clear that each droplet is isolated from 

neighbouring droplets and are not merged together. As the droplet spacing becomes closer, the droplets 

on the substrate become closer also. When the droplet spacing was set at 70 µm, the droplets are close 

enough together to begin merging with one another to create an unbroken chain of droplets. With a 

droplet spacing of 70 µm, the lines are still considered bumpy, as the droplet spacing is not sufficiently 

close enough to create a smooth topographical feature. At a droplet spacing of 40 µm, a sufficiently 

smooth topography can be seen to be fabricated as there is a consistent volume of wax being deposited 

in the given volume of space. The diameter of the droplet as it was jetted was, on average, 35 µm, and 

the deposited droplet diameter on the substrate was on average 70 µm, indicating that the diameter of 

the droplet in flight doubles once it has landed on a substrate. When the droplet spacing was 30 µm and 

20 µm, bulging and scalloping occurred, whereby the droplets began to land on previously jetted wax 

droplets and created a “staircase” of droplets. This feature can be clearly seen in Figure 4.2.4, and with 

a droplet spacing of 20 µm, the structure is not completely focused in the picture, as the lower section 

of the wax pattern was lifted off the substrate, as the droplets stacked on top of one another. 
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Figure 4.2.4 Decreasing the droplet spacing allows individual droplets to merge together to form a solid single line. Left 

to right; droplet spacing starts at 120 µm, and decreasing 10 µm per image, until a final droplet spacing of 20 µm can 

be seen in the last image. Bulging can be seen with a droplet spacing of 30 µm, and with 20 µm, the droplets begin 

staking on top of one another, creating a sloped wall with height. Scale bar = 1 mm 
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4.3 Creation of microfluidic devices 

4.3.1 Introduction 

Wax has been used to create paper-based microfluidics168 and wax-loss methods with PDMS.217 The 

function of a microfluidic device is to direct fluids at the micro-scale, through channels into different 

segments of the device, with each compartment offering a function to validate the fluid. The 

combination of wax and glass to create the skeleton of a microfluidic device offers a cheap and effective 

way to create microfluidic devices on-the-fly. Such applications can be found when researchers need to 

prototype microdevices quickly, creating many different variations, which would be very labour and 

time intensive with PDMS-related fabrication techniques.  

4.3.2 Results 

Through using the combination of Microsoft Paint and the Jetlab software, different patterns were 

created ranging from simple lines and curves to complex scaffolds and tissue engineered inspired 

patterns, such as an example of a more organic feature that was printed, showing that curves and angled 

shapes are just as easily fabricated (Figure 4.3.1).   

 

Figure 4.3.1 More organic printed scaffolds could be created that were just as easy to print, as shown here with a wax 

patterned tree on a glass slide. 
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By directly printing wax, fabrication costs associated with producing microfluidic devices could be 

reduced. Through using inkjet printing to fabricate wax microfluidic devices (Figure 4.3.2), it can 

eliminate the use of other conventional equipment typically used in their creation, such as mask aligners, 

spinners, photoresist etc. and can be tailored on-the-fly within a remote environment, in academia and 

industrial settings. 

Once the ejection parameters were optimised, creating the microfluidic patterns was straight forward. 

In Figure 4.3.2, an example of a microfluidic device is shown, with magnified images to show the 

resolution of inkjet printing.  

 

Figure 4.3.2 Scaled-up versions of the original printed circuitry pattern, to show scaling is not an issue with the inkjet 

printing technique. The wax was submerged in blue ink to show contrast between the glass and wax. The thickest 

channels measured to be 80 µm, and decreased to 50, 34, 37, 20 and 11.5 µm to the smallest channel respectively. Scale 

bar of unexpanded image = 20 mm, scale bar of expanded images = 200 µm.  

During the creation of microdevices using paraffin wax, it was considered possible that finer resolution 

microfluidics could be made by decreasing the droplet spacing further. The limit of channel width was 

investigated.  
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With samples that were created that resemble a microprocessor (Figure 4.3.3, Figure 4.3.4), these 

samples can be used as a microfluidic tool to isolate, analyse and test developing neurites of nerve 

related cells. The ability to scale up or down a pattern can be done through resizing the image with the 

appropriate software (Microsoft Paint, Photoshop CS3 etc.), an example can be seen with Figure 4.3.3 

with the circuit pattern. 

 

Figure 4.3.3 Glass slide with a variety of inkjet printed patterns 
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Figure 4.3.4 Scaled-up versions of the original printed circuitry pattern, to show scaling is not an issue with the inkjet 

printing technique. The smallest resolution channels that were produced were 3.5 µm, as shown in the top right 

enlarged image, with 10 µm inlets. Scaled-up versions had 14 µm, 31 µm and 31 µm and 71 µm for channel widths and 

inlets respectively. The wax was submerged in blue ink to show contrast between the glass and wax. Scale bar of 

unexpanded image = 10 mm, scale bar of expanded images = 200 µm. 

To complete the microdevice, a heated glass slide (just below the melting point of paraffin wax) was 

placed on top to sandwich the patterned wax design between two glass layers. The high temperature 

melted the top layer of wax, to create a tight seal. To make an orifice for solutes to enter the microfluidic 

device, open channels were created at the edges of the glass substrate, so when the second layer of glass 

was positioned on top, the open channel created an opening. 

As it can be seen in Figure 4.3.4 and Figure 4.3.5, the smallest width channels that were produced were 

3.5 µm for the smallest scaled microprocessor patterns. At such resolutions it can be ideal for 

microfluidics of solutes, as cells are too large to pass through such narrow channels. To the author’s 

knowledge this is the smallest width channel that has been produced with using paraffin wax. Previous 

research groups had generated widths of 25 µm168 and 70 µm with wax-loss casting with PDMS.218  
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Figure 4.3.5 Enlarged image of microprocessor pattern to show 3.5 µm width channels. Scale bar = 200 µm 

There are other techniques such as direct laser writing that can create nanofluidics with channel widths 

of less than 50 nm, which are too small for cell research, but are optimal for DNA analysis.219 However, 

compared to direct laser writing, the inkjet printing is simpler, easier to optimise and less expensive.  

Figure 4.3.6 shows a number of printed patterns on cover slips in a petri dish, with an enlarged version 

of the pattern and the BITMAP file that was used to create the pattern. A single microprocessor pattern 

can be inkjet printed onto a cover slip in less than 10 minutes. 
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Figure 4.3.6 Inkjet printed microdevices using wax. Left: showing samples created with the inkjet printer with the 

circuitry pattern on cover slips placed inside a petri dish. Middle: Enlarged image of the inkjet printed wax circuitry 

pattern on a glass cover slip.  Several imaged were merged with Photoshop CS3 to create a large enough image of the 

whole pattern. Scale bar = 1 mm Right: Black and white bitmap image used to create the circuitry pattern. 

An advantage of inkjet printing is its ability to create complicated patterns just as easily as simple ones. 

The creation of patterns is not limited by its complexity, unlike traditional techniques such as stamps 

and stencils. Inkjet printing offers a technique that builds the pattern through a raster and row-upon-row 

creation as the material is only applied to where it is needed. Compared to standard photolithography 

techniques, the topology of a printed wax microfluidics device does not have as smooth a finish, due to 

the variability of cooling of molten wax after it has been deposited during the creation of the device. 

This means that inkjet printing has a minimum resolution within the scale of 1-10 microns, whilst there 

are commercial stereolithography machines that have a minimum resolution of 10-100 nanometres. This 

makes inkjet printing more suitable to the creation of certain types of microdevices that benefit from its 

ability to create tailored devices without the need of multiple types of machinery and that do not require 

nanometre resolution. Such examples include a variety of diagnostic applications; ideal for prototyping 

and creating devices with frequent layout changes, or devices with low production quantities and 

disposable due to its low cost in manufacture. With the ability to create smaller devices, it would make 

inkjet printed microdevices highly portable; ideal for rapid medical diagnostic applications in remote 

regions of the world. 

In feasibility studies, it can be assessed that printing paraffin wax for the creation of microfluidic 

devices, with channel width resolution of 4-100 µm are most ideal, as at such resolutions, inkjet printing 
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can use its strengths to create such devices; ease of fabricating complex structures, resolution, speed, 

inexpensiveness of materials and inexpensiveness of start-up costs. 

Microdevices can be fabricated through printing patterned paraffin wax onto glass, and adding a heated 

glass substrate on top to enclose the wax like a sandwich. The smallest channels created were 3.5 µm, 

which is, to the author’s knowledge during the time of writing, the smallest that has been created with 

an inkjet printer and paraffin wax. Such high resolution is useful in the application of lab-on-a-chip 

applications as significantly less solutes are required for tests, and also through the technique of additive 

manufacturing, smaller devices take less time to fabricate, and more can be transported given a single 

weight. 

4.4 Creating 2.5D structures 

4.4.1 Introduction 

When creating microdevices, the channel’s width and height of the channel can be varied. As shown in 

Figure 4.4.1, two layers of wax can make a diagnostic device with very shallow channels (with a high 

width-to-height ratio), or if many layers of wax are printed together, deep channels can be created (with 

a low width-to-height ratio). There are no ideal dimensions for creating microdevices, however the final 

width-to-height ratio will affect the fluid movement through each channel.   

 

Figure 4.4.1 A cross section of a design of a microdevice. Wax (grey) is sandwiched between two pieces of glass. The 

need for multiple layers of wax to create appropriate dimensions for fluid flow needs to be balanced by the number of 

layers. (Left) if one layer was printed, the width would be large, and the height too low. (middle) has similar unsuitable 

width/height ratio. (Right) this design would be best, whereby the width and height are similar. 

There are other needs to be able to print consecutive layers on top of one another. Such examples include 

the ability to create tailored isolated culture environments. This saves the use of space (with more cell 

isolates that can be cultured in a set volume) and cell culture media used. Digital BITMAP patterns 

such as the ones shown in Figure 4.4.2 were created, with the example showing multiple honeycomb 
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designs, as inspired by Claeyssens et al which show that honeycomb structures could help with repairing 

nerve damage 220.  

 

 

Figure 4.4.2 Examples of Bitmaps used for printing 2.5D structures. These patterns were printed successively on top 

of each other to create height within the structures that created separate channels for cell isolates 

The patterns that were created could not be considered full 3D structures, but 2.5D. A pattern could be 

printed several times on top of itself on a single microscope glass slide, and the z-axis raised to 

compensate for the gain in height as the structure built up and repeated to create a 2.5D scaffold. 

4.4.2 Results 

With the ability to print accurately with a repeatability of + 5 µm, stacking wax on top of the previous 

layer was possible to create wax scaffolds with height (Figure 4.4.3).  

 

Figure 4.4.3 Images showing the creation of 2.5D structures for the creation of microdevices. Several hundred layers 

was printed on a glass substrate. The sample has a height of 4 mm. 

Figure Figure 4.4.3 and Figure 4.4.4 show the final structures that were created through printing 

multiple layers on top of each other, with varying number of layers to control the height, using the 

BITMAP as shown in Figure 4.4.2. 
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Figure 4.4.4 The resultant 2.5D print on glass substrate. A regular pattern was printed four separate times, and from 

top to bottom, was printed with 10, 30, 60 and 100 repeats respectively. 

This ability to create any shape and size of compartmentalised volume can have a wide range of 

applications in culturing cells and tissue. As it can be seen in Figure 4.4.5, each honeycomb structure 

is an independent compartment that it isolated from each other. An immediate use for such designs and 

creations can help the most recognised bioprinting companies – Organovo (US) and Cyfuse (Japan), as 

material can be printed into such compartments, which would allow greater precision and scalability 

that is not possible with standard pipetting techniques. 

 

D E F 
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Figure 4.4.5 Microscopic images of the honeycomb structured paraffin wax. A-C were repeated 30 times, D-F were 

repeated 60 times. D and F were imaged captured at an angle to show the dimensions of the structures. 

Both these companies have developed scaffold-free bioprinters; NovoGen Bioprinter and Regenova 

respectively that can create soft tissue without the need of an extracellular matrix support or hydrogel. 

Their bioprinters position and utilise spherical aggregates of cells of a controlled shape and size, using 

robots to load the spheres into the bioprinter. To create these aggregates of cells, they need to be cultured 

until maturation, and typically cultured in well-plates, before being selected for use; the smallest being 

96 well-plates (3.6 mm in diameter). As shown in Figure 4.4.6, the standard 96 well plate is 

unnecessarily large for the aggregation of the cells to create a spheroid. Through the use of this design 

and with wax, wells of less than 0.35 mm in diameter could be created, and can accommodate for the 

population of cells required to create the cellular spheroids for bioprinting. This would allow more 

spheroids to be created in a single plate, saving on costs of consumables such as the well plates used 

and cell media, as more is used than required. 

 

Figure 4.4.6  With respect to Cyfuse’s proprietary bioprinting; Regenova, spheroids are acquired through an 

automated process of detecting the suitable size of the cell aggregate and then being manipulated by a robotic syringe. 

Images compiled from acquired from Regenova’s promotional video; https://www.youtube.com/watch?v=6SMiCgli8TQ 

 

https://www.youtube.com/watch?v=6SMiCgli8TQ
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To summarise, printing layer-by-layer of paraffin wax on top of a previous pattern is possible to create 

solid structures with height, and is useful to tailor the creation of microdevices and microwells. The 

droplet volume should be modified to jet larger volumes, to increase the speed of fabricating scaffolds 

with height, as several hundred layers were required to be printed to create samples of over 4 mm in 

height, which can be too time consuming.  

4.5 Wax patterning for neurite analysis 

4.5.1 Introduction 

With respect to the study of dynamic behaviour of dendrites and axons, traditional outgrowth 

experiments typically generate random and overlapping neurite extensions, or use expensive 

microdevices containing wells, channels and a set of microgrooves. Such commercial microfluidic 

devices can be purchased to empower scientists within this field (i.e. Axon Isolation Devices) that have 

rigid specifications with their products. It was postulated that an alternative could be created through 

the use of printing wax to create a device which performs in a similar manner as commercial isolation 

devices, with more tailored fabrication ideal for each experimental setting. Such devices have relatively 

simple components to create an isolation device; defined areas to position cells, channels for neurite 

outgrowth and a transparent substrate for microscopy analysis.  

4.5.2 Results 

Using standard glass slides, wax was inkjet printed with different patterns to create suitable designs for 

neurite analysis. The pattern shown in Figure 4.5.1 required 1 minute to create once the printing 

parameters were optimised and shows individual wax droplets positioned on a glass slide at 40 µm 

intervals. Droplet diameters were on average 17 µm, with high regularity of the positioning of each 

droplet with a standard deviation of + 0.07 µm. Such designs show the ease of fabrication of 

microdevices, and a heated glass slide can be placed on top to sandwich device together to create a 

closed system. 
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Figure 4.5.1 A 20x20 array of wax droplets on glass, with a droplet spacing of 40 µm between the centre of each droplet. 

Droplet diameter averages 17 µm. Scale bar = 400 µm 

Initial experiments identified an appropriate range of dimensions that were biologically relevant to the 

creation of microdevices, which were simple channels and honeycomb-like structures. A range of arrays 

with different droplet spacings were created, with fibroblasts, and later, RN22s seeded into them, 

Once the wax designs were fabricated on a glass slide, cells from culture were grown to confluence, 

seeded at 2 x 104 cells per sample in 1 mL and left in an incubator, with more cell culture media added 

to the petri dish containing the scaffold after 60 minutes (to prevent evaporation of cell media). The 

droplet spacings used, ranged from 100 µm to 40 µm. Figure 4.5.2 shows two examples of the behaviour 

of cells in an array with 100 µm and 60 µm droplet spacings. With these examples, the droplet spacing 

proved to be too large to be an effective method of spatially arranging cells. The wax droplets did not 

provide any cues for cells to arrange in an ordered way.  
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Figure 4.5.2 Microscopy images of fibroblasts seeded onto wax arrays after 3 days in culture. (100 μm and 60 um 

droplet spacings) 

Fibroblasts were used initially, and were later replaced with neuronal RN22 cells to allow the study of 

neurite orientation behaviour in the presence of the wax arrays.  
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A smaller wax droplet spacing of 50 µm was shown to be too large (Figure 4.5.3), and cells were not 

organised effectively within the array. 

 

Figure 4.5.3 Microscopy image of RN22s after 1 day of culture on wax arrays with 50um droplet spacing. There is a 

minimum of 16um channel between each leading edge of a droplet to the adjacent droplet. This channel length was too 

large, and cells were not organised within the arrays as ordered as 40 µm array scaffolds. Scale bar= 200 µm 

The arrays that had droplet spacings of less than 40 µm created a single solid scaffold as adjacent 

droplets merged together. As shown in Figure 4.5.4, paraffin wax droplets of 34 µm in diameter were 

jetted, and were jetted with spacings of 40 µm from the centre of each droplet. This meant that there 

was a 6 µm distance of separation from each leading edge to its neighbouring droplet.  
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Figure 4.5.4 Enlarged image of the array in Figure 4.5.1. Wax droplets with droplet spacing of 40um, and each dot 

being separated by 16 µm at their leading edge to adjacent dots. Average diameter = 34.08 µm, with SD= 0.729, x=10. 

Scale bar = 160 µm. 

Once the optimal droplet spacing was discovered, RN22 Schwannoma cells were seeded into the arrays 

and left to differentiate over several days. Figure 4.5.5 shows a microscopy image of cells that have 

adhered onto the glass and growing around the wax dots after 1 day of culture. 
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Figure 4.5.5 Cell alignment caused by wax guidance. Top) showing wax arrays 40 µm apart, with RN22s seeded onto 

the glass substrate after 1 day of culture. Bottom) showing a control sample with RN22s growing on a plain glass slide 

to show disorder of orientation with respect to the neuritic protrusions. Scale bar = 160 µm and 200 µm  

Note with a droplet spacing of 40 µm, cells were situated between the wax, as shown by the cluster of 

cells in the centre of the image. Due to the presence of the wax dots, the cells extended neuritic 

protrusions that moved up, down, left and right of the respected cell. No protrusions were seen to extend 

over and across diagonally of the wax dots, limiting the direction of the growth of protrusions (more 
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examples can be found in Appendix One). An ideal droplet spacing of 40um was identified that allowed 

neuronal RN22s to be trapped between the droplets, and having enough room to only allow their neurites 

to protrude to adjacent channels. 

Having shown that nerve cells can be seeded and can be grown with aligned neurites with physical cues, 

without the use of additional chemical and biological factors, inkjet printing wax has the potential to be 

used to create ordered neuronal circuits in vivo and be used for the study of synapse generation, cell-

cell interaction and neural cell development. The ability to remove the wax scaffold after cell seeding 

is not available with this technique, due to the non-connected array of wax droplets. 

The specifications of the wax patterns can be tailored to requirement and with the printer having a 

repeatability resolution of 0.8 µm, scaffolds can be finely tailored to have a theoretical channel width 

resolution of a minimum of 0.8 µm. As shown in Figure 4.5.6, a minimum of 6 µm channels were 

produced between each leading edge of a droplet. At this resolution, neurites are able to freely traverse 

the channels, whilst the cell body is too large and will be restricted to larger areas of the chip. With the 

control of fabricating the design of the wax, cells can be deposited at pre-defined distances apart, with 

thin channels that only neurites can grow into so cell behaviour can be studied.  
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Figure 4.5.6 Inkjet printed wax patterns. Top) showing an example of possible microfluidic patterns that can be created, 

which can allow nerve cells to be seeded and different topological features to be tested under the same environment i.e. 

straight lines, no features (control) and dot arrays features. Bottom left) an example of a different version of a custom 

axon isolation device, Bottom right) enlarged image. Neuronal cells would be seeded in areas with the yellow circles, 

and their neurites could traverse through the channels to join with neighbouring cell bodies. 

In summary, cells can be grown in an environment surrounded by paraffin wax. Typically lab-on-a-

chip research is fabricated with PDMS and requires at least 24 hours preparation overnight for the 

PDMS to set, limiting the speed of prototyping research. Alternatively, a cell-attractive substance can 

be applied onto the substrate that cells preferentially adhere onto, however such proteins and extra-

cellular matrix components are magnitudes costlier to purchase. Inkjet printing wax allows quick 
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prototyping, and is very easy to change the printing settings on-the-fly, to tailor the structures 

accordingly with minimal down-time. The handling of the wax and equipment are easy to use, and a 

large number of possibilities are available for creating different array geometries. 
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4.6 Inkjet printing of wax guides/ orientation/ cell study experiments 

4.6.1 Introduction 

This section shows that cells can be seeded into wax patterned environments and allowed to differentiate 

to study their mobility behaviour. The ability to create cell-appropriate wax scaffolds was investigated, 

and later seeded with cells, with the option to remove the wax for free cell differentiation afterwards. 

4.6.2 Results: Formation of wax guides 

Figure 4.6.1 shows an example of creating channels of 80 µm width. Such patterns do not take long to 

create, and inkjet printing offers high variability to tailor the design of the microfluidic channels/ cell 

culture environment.  

  

Figure 4.6.1 Micrographs of simple patterns that were created using the inkjet printer 

A variety of designs were created that were suitable for isolating and connecting islands of cells on 

glass slides [Figure 4.6.2 (a-c)]. The scalloping behaviour was due to the droplets being cooled quicker 

than optimal during jetted flight, after landing on the substrate, merging with the previous deposited 

droplet and partially retained their individual rounded contact lines.221 

Under high magnification, as exemplified in Figure 4.6.2 (a) single wax rows of droplets appeared to 

have a slightly uneven topography due to scalloping behaviour. The final shape and surface texture of 

the resultant printed structure was dependent on conditions that include the wettability of the substrate 

and its temperature, printhead temperature, gap distance from the printhead to the substrate and droplet 
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material.222–224 Printing wax allowed the creation of a range of different complexities and channel widths 

that allowed the creation of thick impermeable blocks.  

  

Figure 4.6.2 Analysis of printed wax patterns. Left) Micrographs of printed wax on glass. Right) same image with 

additional measurements. Magnified light microscopy images are shown in the small frame.  Bar = 200 µm. 
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Initial scalloping behaviour that was present with initial designs, as shown in Figure 4.6.2a, were 

reduced through optimising the printing conditions. The scalloping behaviour was caused because of 

the jetted droplets were larger than optimal, meaning that when they were deposited at a droplet spacing 

of 30 µm, the droplet landed and increased its surface area. Through changing the droplet behaviour 

(by decreasing the rise time and echo time in the printing parameters of the printing system), the droplet 

diameter (and therefore the volume) was decreased and when it was used to fabricate the patterns, a 

smoother finish was created.  Figure 4.6.2 shows the print quality of the printed wax patterns after 

optimisation, which shows features that are smoother and with a higher resolution than previous patterns 

such as Figure 4.6.2a and  Figure 4.6.2b. 

4.6.3 Results: Cell orientation studies 

Cell adherence to the substrate, shape and orientation have been shown to affect cell behaviour.225,226 

Within Schwarz and Gardel’s paper, they describe how cell adherence affects the direction of cell 

adhesion, their interaction with the environment and neighbouring cells. During normal cell culturing, 

cells adhere and proliferate randomly within a cell culture environment (normally in a T75 flask). To 

create cell culture in an orientated environment, additional factors are required to be added to the 

substrate to allow alignment. Such factors can include biological or physical cues that cells detect and 

align respectively.225,227 

Paraffin wax is an inexpensive material that can be used to facilitate cell alignment, which is 

significantly cheaper than biological factors that could be added to a substrate to promote alignment. 

Paraffin wax combined with inkjet printing allows a user to create cell culture environments for the 

study of effects of cell orientation. Initial studies had shown that the width of the area allowed for cell 

culture greatly influenced their ability to generate orientated cell sheets, and therefore inkjet printed 

wax environments were investigated.  

Initially, cells were added to patterned environments such as those seen previously in Figure 4.6.2. It 

was shown that cells orientated themselves when cultured in linear channels. Human dermal fibroblasts 

and RN22 rat Schwann cells were seeded and imaged to show cell compartmentalisation and connection 

within the wax structures.  Figure 4.6.3(a) and Figure 4.6.3(b) show images taken after 24 hours of cell 



135 
  

culture with fibroblasts and Schwann cells, respectively. Cells were too scattered, and with no dominant 

plane of orientation to align and therefore their orientation remained random. No cells were observed 

growing across and over the wax structures, showing how this technique was effective at impeding the 

cell interactions between individual compartments and creating separate environments for collections 

of cells to grow.  

 

Figure 4.6.3 Micrographs of (a) fibroblasts after 24 hours, (b) Schwann cells after 24 hours. Bars = 50m and 40m 

respectively. 

With isolated arrays, cells differentiated in random shapes with no obvious direction (Figure 4.6.3 (a-

b)), but when a linear patterned structure was created, cells aligned in the direction of the structure 

(Figure 4.6.4).  

Figure 4.6.4 shows cells aligning to the same orientation as the channel, and through the use of ImageJ 

software, the orientation of cells could be clearly observed following the direction of the channel. Cell 

alignment could be investigated with this methodology as in research reported by Duclos et al. (2014), 

who described how NIH-3T3 mouse embryo fibroblasts aligned on confined strips from 30 µm to 1.5 

mm. 
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Figure 4.6.4 Microscopy images of cells proliferating in wax patterned environments. Left) a wax pattern where 

fibroblasts are proliferating and orientating along the channel after 2 days in culture. Right) the same picture after 

processing with OrientationJ to highlight the alignment of cells within the channel. Channel widths are 40 µm and 60 

µm and bar = 100 µm. 

Analysis of data had showed cells initially adhered and aligned randomly within the confines of the 

wax channels with little cell-to-cell interaction. After one or two days, cell population increases due to 

proliferation, and cells begin to align, from the edges towards the centre. 

Figure 4.6.5 shows cells in culture after 3 days, whereby the cells have orientated and aligned with the 

shape of the wax pattern. 
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Figure 4.6.5 Microscopy images of cells proliferating in wax patterned environments. Left) fibroblasts grown between 

wax patterns after 3 days of culture. Right) The orientation of fibroblasts cells are better visualised using OrientationJ 

Direction. Top) The widths of the channels were 60um and 36um, Bottom) 145um and 135um, respectively. Scale bar 

= 200um 

Previous work from Duclos had also reported cells growing in a constrained environment showed 

alignment, which became ineffective after a certain width was reached. Figure 4.6.6 gives an example 

of his work, showing the width of the channels affected the alignment of adhered cells, as it could be 

seen that channel widths of more than 800 µm did not align cells as effectively. The dynamics of the 

critical width at which this emergence of order begins to lose itself can be easily studied through the 

generation of a variety of wax scaffolds for which cells can be seeded into. Using inkjet printing to 

create variable channel widths from wax is an ideal technology to use, as the prototyping of each device 

can be done without the creation of a master-mould for each variable, which is a significant 

disadvantage to non-additive manufacturing techniques that saves resources and time. 

 

Figure 4.6.6 Cells confined in a cross-shaped pattern. The width of the horizontal arm is kept constant at 200 mm while 

the width of the vertical arm varies from 100 mm to 600 mm. (Colour codes show the cellular orientation). r is the ratio 

of the width of the vertical arm to that of the horizontal one. The central part of the pattern is perfectly oriented in the 

first three situations. Depending on r, it is either the vertical or the horizontal arm that imposes its orientation. In 

situation B, the orientation is dominated by the horizontal or vertical (as illustrated here) arm with equal probabilities. 

Image taken from Duclos.197 
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After fibroblasts or Schwann cells were seeded, they adhered, spread and thereafter differentiated into 

the desired positions and orientation. Figure 4.6.7 shows light and confocal images of the fabricated 

wax structures, patterned cells. Cells maintained their position and orientation for at least 7 days after 

seeding as shown. Figure 4.6.7a shows an area of the glass substrate where wax was inkjet printed. 

Figure 4.6.7b shows confocal microscopy after 2 days of cell culture. Figure 4.6.7c shows cell culture 

after 7 days in a wax patterned environment and Figure 4.6.7d shows the same sample under a confocal 

microscope. 

 

Figure 4.6.7 Light microscopy and confocal micrograph images that showed Schwann cells differentiated and aligned 

between two compartments through an open channel (bar a-b = 100 µm, c-d = 200 µm); (a) printed paraffin wax on 

glass; (b) confocal image after 2 days of Schwann cells cultured on wax structures, stained for actin (green; phalloidin-

FITC) and nuclei (blue; DAPI) and with the wax removed; (c) Schwann cells differentiated and remained within the 

confines of the wax structures, with the channel width that spanned several cell widths; (d) confocal image of Schwann 

cells after 7 days of culture, cells were seen firmly adhered and aligned with the orientation of the channel. Stained for 

actin (green; phalloidin-FITC) and nuclei (blue; DAPI). Channel widths averaged 30 µm (i.e. the confines of the wax). 

 

a) b) 2 days culture 

c) 7 days culture d) 7 days culture 
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To summarise, initial seeding of low numbers of cells show that they adhere and differentiate in the 

confines between the wax patterns. They align randomly when they have little contact with 

neighbouring cells, with some align to the orientation of the edges of the wax. Over time, cells 

differentiate, increasing the cell density in the sample, and cells begin to align, from the edges towards 

the centre.  

This dynamic reorientation, not seen in control samples with non-confined environments, can be 

postulated to be caused by the restriction of differentiation caused by the wax as a physical constraint. 

When channel widths are wide (>800 µm), alignment degrades and is most evident in the centre of such 

patterns, as the propagation signals for alignment are weakest further away from the leading edge of the 

wax confines. In summary, narrow width channels produce highly ordered and aligned cell patterns, 

whilst broad channels produce a steadily degraded order of alignment which is most apparent at the 

centre of such channels. 

4.7 Removal of Wax Structures  

4.7.1 Introduction 

As shown in the previous section, cells are able to orientate themselves within confined environments. 

The ability to remove the restrictions imposed by the patterned wax allows for the study of cell 

behaviour, from a restricted environment, to a non-restricted environment. Cell motility, behaviour and 

their alignment can be studied. Such experiments can enable better understanding of cells proliferating 

into a new space from their native environment i.e. in wound healing of skin and the relation between 

cell elongation and their effects on developmental studies in tissue morphogenesis.228 The skin has an 

ordered structure, and when the skin is damaged, cells and tissue is lost. The body is able to repair the 

skin through reepithelization whereby cells proliferate into the wound and is able to remodel the 

damaged tissue.229 This is just one example of how the study of cells proliferating from a restricted 

environment and into a non-restricted environment is useful. 

Cells were cultured to varying confluences inside the wax patterned samples, and had the wax removed 

and the cells analysed at different time points, with accompanying light and confocal images for 
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analysis. The percentage of cells that remained after wax removal was calculated by counting the cells 

before and after wax removal. 

4.7.2 Results: Varying channel widths 

A range of wax channels were fabricated, with fibroblasts adhered and grown into the desired density 

prior to wax removal. Channel widths ranged from 50-200 µm, and cell density varied from 0-800 

cells/mm2. Cell density was calculated through counting the total number of cells in a set area, from 

light microscopy images taken during the analysis of samples. Figure 4.7.1 shows how cells behaved 

when the wax was removed. In Figure 4.7.1, a channel width of 115 µm was created, and had cells 

grown to a cell density of 200 cells/mm2. Upon wax removal, 85% of the cells remained attached onto 

the glass substrate. It can be seen that the cells that were closest to the wax were removed.  

 

Figure 4.7.1 Cells proliferating within the confines made with patterned wax. Area = 0.1 mm2, width 115 µm, total cells 

remaining after wax removal = 85%. Showing example of when wax removal displaces very little cells (fibroblasts), 

due to the cell concentration on the surface being around 200 cells/mm2, and having a channel width of 115 µm. Scale 

bar = 100 µm 

In Figure 4.7.2, this idea that cells closest to the wax were removed is amplified, as the majority of cells 

are removed when the channel width is very narrow. The results showed that the majority of wax 

structures with channel widths of less than 90 µm would have <20% of cells remaining adhered on the 

glass surface upon wax removal. Figure 4.7.2 shows an example of wax removal with a wax structure 

with channel widths of 55 µm and having a cell density of 441 cells/mm2.  
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Figure 4.7.2 Light microscopy image showing a 55 µm wax channel with fibroblasts seeded into the substrate. The 

majority of cells detached when the wax was lifted off. Around 441 cells/mm2. Scale bar = 100 µm 

Given that a typical cell (fibroblast) can be 20-30 µm in diameter, around 3 cells could adhere side-by-

side to one another, of which cells at the periphery would adhere to the wax. During wax removal, the 

peripheral cells have the tendency to also be detached along with the wax. When the width of the 

channel is comparatively wider, the proportion of cells adjacent to the wax is fewer and more cells will 

remain after wax removal. Given the variation of cell size, shape and adhesion strength to different 

substrates and to neighbouring cells, only a general trend can be determined; decreasing the channel 

width causes an increases in cell removal during wax removal.  

4.7.3 Results: Varying cell concentration prior to wax removal  

Given the width of the channel which cells proliferate in can affect the number of cells removed when 

the wax is removed, the cell population was also studied. Cell concentration plays a significant role in 

the proportion of cells that are removed during wax removal. When cell concentrations were below 

confluency cells not at the periphery near the wax structures would remain attached on the substrate 

during wax removal, and cells at the periphery would be removed if they adhered onto the wax.  

An interesting finding occurred when cell density reached and went above confluency (>400 

cells/mm2). Under normal light microscopy, it is not possible to view what is underneath the wax, as 

the wax blocks light and therefore the details underneath it. Confocal microscopy was employed, and 

shows that when cell density was high, it could be seen that cells grew underneath the wax patterns 

(Figure 4.7.3). Figure 4.7.3 shows an image, whereby the brightest areas were where wax was not 
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present. There are fibroblasts seen to be in a darker shade than neighbouring cells, which are underneath 

the wax.  

 

Figure 4.7.3 Confocal micrograph image that shows fibroblasts cultured on a glass substrate. Stained for actin (green; 

phalloidin-FITC) and nuclei (blue; DAPI). Channel widths averaged 30 µm (i.e. the confines of the wax), with cell 

density of around 850 cells/mm2. Scale bar = 100 µm 

Further experiments were carried out to determine the ability for cells to grow underneath the wax, and 

the effects of wax removal with respect to the adhered cells. Figure 4.7.4 shows an extreme example of 

culturing cells for 10 days, increasing the cell density to >900 cells/mm2. All cells that were confined 

into the open space made by the wax were removed. This is an example of a very high cell concentration 

with a width of 175 µm, the cells were attached to one another to create a uniform film together and 

when the wax is removed, the whole layer of cells also detach. What remained were cells that had 

infiltrated between the wax and glass substrate. These results show the ability for fibroblasts to be able 

to overcome the strength of the wax-glass interaction and proliferate throughout underneath the glass.  
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Figure 4.7.4 Cells (fibroblasts) growing on a glass substrate being restricted by a wax structure. Upon removal of the 

wax, the layer of visible cells within the 175 µm channel are also lifted off, but what remains are cells that have 

differentiated between the glass and wax. Scale bar 100 µm 

When cells were sufficiently confluent (approx. 800 cells/mm2), upon wax removal, it was possible to 

create an outline of where the cells used to be cultured, with cells remained adhered at the edges of 

where the wax used to be (Figure 4.7.5). This has the potential to be an alternative method to create 

very high resolution micropatterned cell constructs for complex co-culture (when combined with 

another layer of seeded cells) and cell-cell studies.  

 

Figure 4.7.5 Images of remaining cells after removal of wax on samples that had overconfluent cells on the surface. The 

outline of the wax can be clearly seen. Left: curved wax structure from top left leading to bottom right. Right: three 

channels joined at the centre, with channels coming from top right, left and bottom right. Scale bar=100 µm.  

This phenomenon of cells detaching upon wax removal was speculated to happen due to the deposition 

of extracellular matrix (ECM) over time by adhered cells. Adherent cells steadily produce ECM in their 

surroundings, making it more favourable for cells to grow and differentiate. Over time, this ECM can 
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grow and allow neighbouring cells to connect together, and on the wax, forming a cell-friendly layer 

which allows the cells and wax to interact. When samples were overconfluent, cells have a very strong 

interaction between each other, the ECM they had produced, and the wax. Therefore, upon wax 

removal, the whole sheet of cells also detach along with the wax. Due to the confines of the wax and 

the constant steady differentiation of cells on a restricted environment, there comes a point whereby all 

available space gets taken up. Cells are then forced to grow between the glass and wax, and deposit 

ECM in the process. 

Upon wax removal, cells that have grown on the ECM attached to the wax are also removed. This can 

have a cascading effect and cause more cells to be removed that were also interacting with the ECM 

and adhered cells. Cells that have grown underneath the wax do not get removed and remain attached 

to the glass (Figure 4.7.4 and Figure 4.7.5), as the underlying cells are not bound to the wax through 

the ECM.  

Just under 100 samples were recorded and analysed in total, and their data plotted in a form of a chart 

to visualise how cell density and channel width affected the number of cells that were detached during 

wax removal (Table 4). Channel widths of 111-200 mm showed the most number of cells remaining 

after wax removal, when cell concentrations were below 500 cells/mm2. Within these parameters, cells 

could be seen to align with the orientation of the wax, and they were not all connected with neighbouring 

cells; upon wax removal, no “daisy-chain” effect occurred and isolated areas of cells around the 

periphery would be removed and not the whole population of cells. When the channel width was less 

than 90 mm, there were a greater proportion of cells around the periphery, and therefore it was found 

that >60% of cells were removed along with the wax when the wax was removed. Generally, when the 

cell population reached above 500 cells/mm2, there were significant cell-to-cell interactions with all 

neighbouring cells, that upon wax removal, all cells were removed, regardless of channel width. Within 

the table, cell densities of 701-800 cells/mm2 shows a negative imprint of the wax as a means to describe 

how cells are completely removed within the confines of the wax structure, however cells remain where 

they have proliferated underneath the wax (as shown in Figure 4.7.4). 
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Table 4 shows how the percentage of cells remaining after wax removal is different depending on the width of the 

channel and concentration of cells. Note: Negative = all cells in the open space created between the wax pattern were 

removed, and what was left were cells that differentiated underneath the patterned environment (i.e. Figure 4.7.4 and 

Figure 4.7.5). 

 

Density (cells per mm2) 

        
Width 

(mm) <100 

101-

200 

201-

300 

301-

400 

401-

500 

501-

600 

601-

700 

701-

800 

   
51-60 

           
61-70 

         

Cells remaining 

71-80 

          

Negative 

81-90 

          

>0 

91-110 

          

>20 

111-140 

          

>40 

141-170 

          

>60 

171-200 

          

>80 

 

Cells were able to remain attached onto the substrate even after wax removal. An exception to this 

occurred when cell concentration exceeded confluence. From this study, when cell density began to 

reach confluency (typically more than 300 cells/mm2) an increased proportion of cells detached. All 

cells within the scaffold were removed when cell density reached above 700 cells/mm2. It is important 

to note that cells deposited in this way show a high level of alignment to the direction of the channels. 

The width of channels affects the proportion of cells that are in contact with the wax substrate; the 

smaller the width, the more cells are in contact with the wax per unit volume. Cells near the wax start 

to produce extracellular matrix components over time, that can interact with the wax, making the surface 

of the wax adherent to the cells, leading to cells attaching onto the walls of the wax, and becoming 

detached from the glass substrate upon the removal of wax. High cell concentrations through longer 

incubation times with the wax substrate on a glass surface allowed us to measure the effects of varying 

the cell concentration during the removal of wax. At low concentrations, the majority of cells that adhere 
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to the substrate have weak or no cell-cell interactions with one another due to limited cell-to-cell 

interactions with one another (Figure 4.7.1). 

The least amount of cells that are removed is from a concentration of 400 cells/mm2 and with widths of 

more than 90 µm. Cell counts that were more than 700 cells/mm2 showed that over this cell 

concentration, cells began to grow underneath the substrate and when the wax was removed, only these 

cells remained on the sample. These findings show another method of cell patterning is possible, 

whereby the wax can be used to create the positive image of the pattern required, and have the wax 

removed after the cell population has reached >800 cells/mm2. When cells become over confluent, with 

nowhere else to differentiate, they are able to edge their way between the glass and wax to continue to 

differentiate over time. This could be considered a limitation of this study; as the extracellular matrix 

deposited caused the cells to adhere on the wax. 
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4.8 Cell migration after removal of wax 

4.8.1 Introduction 

After wax was removed, the cells were seen to continue to differentiate, and encroach on the newly 

available open space, which gave environmental conditions that allowed the study of how cells behave 

as they transition from a restricted enclosed space, to an open environment. 

Cells were cultured in wax channels to the desired cell density in wax channels until cells grew and 

aligned with the wax patterns. The wax was removed to leave adhered, ordered cells on the glass 

substrate. These cells were then analysed over several days to determine cell differentiation.  

Wax scaffolds with channel widths of 40 µm and 30 µm connected together at one end were created 

and fibroblasts were seeded into the wax structure and cultured (Figure 4.8.1). The wax was removed 

with a scalpel and the same area was captured with a light microscope over a period of 3 days.  

 

Figure 4.8.1 Wax scaffolds that were made for experiments regarding how cells behaved after wax removal.  Scale bar 

= 100 µm. 

4.8.2 Results 

Figure 4.8.2 shows what happens when patterned cells were allowed to differentiate on bare glass, after 

the confines of the patterned wax were removed. Quantitative data was difficult to collect as the field 

of interest could be difficult to relocate after each day of culture. Qualitatively, it is clear that cells grow 

steadily, until a critical cell density is reached, and after which, cell density quickly exponentially 
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increases. This is caused by the gradual improvement of the culture environment as cells interact more 

with neighbouring cells and deposit more ECM, which are key signals that promote cell differentiation. 

With respect to the culture of fibroblasts, the orientation and pattern originally formed by the cells is 

steadily lost over time, as cells differentiate in more and more random directions, with no dominant 

orientation. 

 

Figure 4.8.2 Three sets of microscopy images of fibroblast cell patterns after wax removal. First image shows cell 

patterns immediately after wax removal, and each subsequent image were taken 24hrs after the preceding image. Scale 

bar = 100 µm 

The quantitative data can be better visualised through adding a filter to colour-code the orientation of 

the cells. Figure 4.8.3 shows microscopy images after being processed with OrientationJ.  After the wax 

was removed, there were no more physical restrictions to the growth of cells, and they differentiated 

randomly to their surrounding area. Through analysing the behaviour of individual cells, it can be seen 

that each have a different differentiation rate. This is most obvious in Figure 4.8.3 (c) with cells 

Day 0 Day 1 Day 2 Day 3 

Day 0 Day 1 Day 2 Day 3 

Day 0 

Day 1 
Day 2 
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highlighted in yellow and red projecting distinctly away from the main body of cells. If all cells had the 

same cell cycle and differentiation rate, it would be seen that the migration of cells would be spread 

across the surface of the glass evenly. However it can be seen that there are certain spear-like protrusions 

that develop after each progressive day. This shows that certain clusters of fibroblasts grow at different 

rates, which supports the idea that cells differentiate more readily when there are more cell-to-cell 

interactions available. The increased cell-to-cell interactions allow cells to receive more stimulatory 

extracellular signals from neighbouring cells and thus stimulates cell proliferation.228  

 

Figure 4.8.3 Micrographs having being processed with OrientationJ to highlight the alignment of cells. (a) fibroblasts 

aligning within wax structures, (b) immediately after wax removal, (c) 24 hours and (d) 48 hrs after wax removal taken 

in the same sample regiona of interest. Bar = 50 µm. 

Cells that were patterned to predetermined shapes gradually lost their conformity over time, if there are 

no physical restrictions surrounding them. The removal of the paraffin wax was easy to accomplish 

using a sharp scalpel, although a percentage of cells were lost during this process (as discussed in the 

previous section). Different patterned aligned cells were examined, and showed that the restrictions 

created from the wax were lifted, cells differentiated and spread away. This differentiation is not an 

even distribution, and areas with more cell-to-cell interactions differentiated at a quicker rate than more 
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isolated clusters of cells. Carefully patterned cell shapes were lost within a few days after wax removal, 

as cells differentiate and spread into the available space on the glass substrate. 

4.9 Conclusion 

The use of paraffin wax for biologically relevant applications were studied. Wax behaviour under 

printing conditions was analysed and the optimal parameters were identified that allowed the creation 

of very fine resolution scaffolds. Upon optimisation, channel widths of 3.5 µm could be created with 

the inkjet printing system. This resolution has not been achieved before without the use of additional 

factors such as adding a hydrophobic coating through lithographical techniques combined with inkjet 

printing.230 The flexibility of being able to create different structures through using inkjet printing (an 

additive manufacturing technique) without the use of moulds is beneficial to reduce waste. 

Microfluidic devices have been shown to be successfully created with the use of printed wax, and can 

be made to fabricate different structures “on-the-fly”. Such devices, when combined with biological 

markers, would be ideal for diagnostic applications; they would be readily disposable and an extremely 

small volume of fluid would be required for testing.  

The ability to print progressive layers on top of one another allowed the creation of 2.5D structures. 

The possibility of creating micro-wells was studied, and with the addition of using a biocompatible 

material (wax) cell aggregates can be cultured in such environments. For private companies such as 

Cyfuse and Organovo, this would allow more spheroids to be created in a single well plate substrate, 

saving on costs of consumables such as the well plates used and cell media.  

Paraffin wax was used to act as a physical barrier that guided neurite growth by restricting where the 

neurites could expand to within a given culture environment. When the wax droplets were merged 

together to create a uniform structure, cells could proliferate in the negative spaces between the wax. 

The confluency of the adhered cells and the width of the channels created by the wax determined the 

level of alignment of the cells with respect to the orientation of the wax.  
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When the wax was removed during cell culture, a proportion of cells would detach with the wax. A 

concentration of 400 cells/mm2 and with widths of more than 90 µm showed the least amount of cells 

being detached during wax removal. Cell counts that were more than 700 cells/mm2 showed that over 

this cell concentration, cells began to grow underneath the substrate and when the wax was removed, 

only these cells remained.  

Cells proliferated normally after wax removal, and proliferated from a highly arranged pattern, to a 

disordered culture environment. The original pattern which the cells maintained within the wax pattern 

was quickly lost within 48 hours of cell culture. It was identified that pockets of cells were able to 

proliferate quicker than others, and it was suspected that this was due to more cell-to-cell interactions 

with one another that enhanced proliferation.  



152 
  

5 CREATION OF PHANTOMS 

5.1 Overview 

Understanding blood flow through vessels within the body is an important aspect to understanding 

rheological flow. Through replicating medical conditions with in vitro systems, we can study and 

analyse blood flow behaviour for healthy individuals as well as for medical conditions such as strokes 

and aneurisms. The flow behaviour is different between smooth vessels and expanded vessels caused 

by ruptures and understanding such differences can promote better care. A stroke can occur when there 

is a blockage within a blood vessel in the brain that causes the brain tissue to become oxygen deprived 

further down the vessel as the blockage prevents oxygenated blood to travel to where it is needed. An 

aneurism is a condition termed for the ballooning of a blood vessel, which can lead to the rupture of the 

blood vessel. 

Currently there are a lot of computational simulations to study blood flow, and there have been 

experimental models for the study of ultrasound techniques, stent and haemorrhagic simulations.231,232 

Computational simulations have provided very useful data within the research of medical phantoms.233 

With the biggest advantage of performing a simulation being the reduction in cost. Through the use of 

simulations, the retesting and changing of variables can be done cheaper and faster than real life tests. 

Compared to traditional real life experiments, simulations allow unprecedented ease to simulate an 

infinite amount of versions of aneurisms through manipulating the virtual model on software such as 

SOLIDWORKS. Variables can be changed with ease i.e. flow rate, viscosity of fluid, size of aneurism, 

diameter of vessels, elasticity of vessels.  

The second advantage of simulations is that the data generated can be more detailed than real life 

experiments; as some factors may not be readily measurable in real life (e.g. the probe, or the means to 

measure the result, can skew the data). With respect to medical phantom simulations, such data can 

include the ease of generating data points at all areas within an aneurism (i.e. wall shear stress), the 
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analysis of pressure, the miniscule detail to track each particle through the aneurism is a factor which 

cannot be done with fluid in real life.  

However, simulations are only as good as the knowledge of the experiment the user has. This means 

that simulation errors can be significant if not all factors that can affect the experiment have been 

considered and applied. In order to give simulation results credibility, a control experiment is required 

to confirm that the results generated in the simulations are comparable to real life. The control 

experiment would be required to be real life experiments, which leads to the second disadvantage of 

simulations; that they are simulations. Simulations require real life experiments for validation, but not 

vice versa; therefore some consider simulations as unnecessary. 

A method of studying aneurisms, and other rupturing of bodily vessels can be achieved through the use 

of flow phantoms; a type of medical phantom that is specifically designed for the study of rheology. 

Flow phantoms offer a range of advantages not available with in vitro studies, such as repeatability and 

control.  

However, the cost of flow phantoms can be very expensive, with commercial Doppler flow phantoms 

costing approximately US $6,000 and rheologically similar blood-alternatives costing US $500 per litre 

in 2010.234 There have been many experimental alternatives, which cost a fraction of commercial 

product; investment casting techniques,235 silicone elastomers and stereolithography are popular with 

the fabrication of phantoms.236,237 Within the range of flow phantoms, the more the phantom resembles 

its native counterpart, the more effective the study is in replicating function and reaction. There have 

been more interests with more “organic” aneurisms238 compared to traditional geometrical 

approximations of vessels.239,240  Both stereolithographic and 3D printing techniques are well suited for 

the creation of native vessel geometries. Stereolithography and 3D printing allow the creation of 

scaffolds with the appropriate resolution and size, having been used to create an opaque portal vein 

pattern that could be used with ultrasound to study rheological flow.241 

The method that is proposed within this chapter allows the user to create flow phantoms by printing 

patterned wax resembling vasculature for a wax-loss method (a form of investment casting using wax) 
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combined with polydimethylsiloxane (PDMS). This is a multi-step process, but does not require a 

skilled user and there is minimal use of wax due to the volume of casting wax required. This method is 

most suitable for the study of vessels within the scale of 1,000-100 µm, with any size of aneurism. 

When the vessel size is smaller than 100 µm, the roughness of the interior of the vessels become a 

significant factor, in which case other fabrication techniques such as stereolithography242 would be more 

suitable as they produce a smoother interior finish. The aim of this work is to devise a cost effective 

and efficient framework for developing native-like vasculature flow phantoms with a range of sizes for 

aneurisms anywhere along the vessel.  

In the first step, a negative model of the vessel is fabricated by inkjet printing wax on a glass substrate.  

Polydimethylsiloxane (PDMS) was used to cover the negative model and left overnight to cure. The 

next day, two holes were pierced into the PDMS mould, which would then be placed into an oven at 

80°C and the wax was removed. Afterwards, a solution with fluorescent micro beads was aspirated into 

the phantom with a steady flow provided by a syringe pump and a confocal microscope was used to 

analyse the flow of microbeads.  

5.2 Results 

Figure 5.2.1 shows the placement of the molten droplet of wax on top of the printed line, prior to the 

creation of a phantom. Different shapes were made and were created by how quickly the wax solidified 

and how the wax was pipetted; by gently pipetting the wax on top of the wax line, the amount of merging 

with the wax line and wax droplet can be controlled to create large and small aneurisms.  

The vessels were printed and measured around 250 µm in diameter, whilst the aneurisms had varying 

diameters, ranging from 3-6 mm. To complete the phantom, the samples were submerged in PDMS, 

cured overnight, cut out using a scalpel and the wax removed through heating the sample to 80°C for 

15 minutes and the molten wax was extracted by a syringe.  
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Figure 5.2.1 A 3D representation of how the shapes shown in Figure 5.2.2 were created. A) The molten wax droplet was 

pipetted on top of the wax line, and depending on how fast the molten wax solidified determined the final shape 

investigated. B) Flow of fluorescent micro beads through the phantoms created in part by inkjet printing. Flow is faster 

in the inner curve of the phantom compared to the outer curve, as shown by the speed distortion from the fluorescent 

microbeads travelling at the inner curve of the phantom. Scale bar = 3 mm and 1 mm respectively 

Different sized phantoms were created and analysed, as shown in Figure 5.2.2; ranging from slightly 

inflated, to a more prominent distention of the aneurism. These distensions were caused by how the 

molten wax was pipetted onto the printed wax line (Figure 5.2.2A). If the molten wax was pipetted with 

more pressure, the molten wax would move across the substrate more and interact with more of the wax 

line and the flat surface of the substrate, creating a more distorted final shape (Figure 5.2.2C). It is hard 

to ascertain the size and shape of the phantoms with just still 2D images alone. The shapes determined 

in Figure 5.2.2 were calculated from examining several hundred consecutive images to resolve the paths 

the fluorescent micro beads travelled and plotting the vessel dimensions (Images can be found in the 

Appendix Two). 
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Figure 5.2.2 Phantoms created with inkjet printing and wax-loss method in PDMS. (A-C) showing epifluorescent 

images of phantoms created using inkjet printed wax and pipetted wax. (D-F) Showing the depiction of different 

channel shapes that were tested fabricated with inkjet printed wax-loss with PDMS. The original image was edited 

with Paint to make the contrast between the open area and PDMS clearer. Scale bar = 1000 µm 

The different resulting phantoms that were fabricated created interesting fluid behaviour. Using the 

Manual Tracker Plugin from ImageJ, individual beads could be tracked through the video set that was 

captured for each phantom created to give an indication of flow and behaviour; as shown in Figure 5.2.3 

(original set of images) and Figure 5.2.4 (images + overlay with Manual Tracker). A general trend can 

be seen with the phantoms that were tested; the fluid containing the florescent microbeads travelled 

through the phantom quickest through the shortest distance and travelling from the vessel to aneurism 

decreased the velocity of the beads the most travelling at the outer areas of the phantom. Microbeads 

flowing through the inner diameter of the channel travelled the quickest through the phantom, and 

microbeads traveling through the outer diameter of the phantom showed to travel the longest through 

the phantom. As shown from Figure 5.2.4, the fluorescent microbeads traveling at the inner curve of 

the phantom took on average 200 ms to travel through the area analysed within the phantom, compared 

to 350 ms of the microbeads that travelled along the outer curve of the phantom. If the constant flow 

was changed to a pulsatile flow that would better mimick the flow behaviour of the cardiovascular 

system, the analysis of rheological flow would be more accurate to native behaviour, along with 

matching the viscosity and density to that of blood.  

D E F 
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Figure 5.2.3 A set of consecutive images of microbeads flowing through a phantom, created with wax-loss PDMS 

fabrication. Due to the 3D nature of the phantom, many of the fluorescent beads move out of focus and back into focus 

over time. Each image was taken 50 ms apart. Scale bar = 1000 µm. 
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Figure 5.2.4 shows the images shown in Figure 5.2.3, with an overlay of a set of fluorescent beads that were tracked 

through each frame by using the Manual Tracker plugin in ImageJ. Scale bar = 1000 µm 
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It was not possible to analyse the microbeads and fluid flow within the bubble created by the pipetted 

wax, as the experimental setup could only focus on one z-plane, and therefore it was unable to analyse 

the movement of the microbeads in a 3D environment. The most important finding that flow phantoms 

can be created with inkjet printing can be seen sufficiently with epiflorescent microscopy and florescent 

beads to show proof of concept that inkjet printing can support the creation of phantoms. By using the 

method of fabricating phantoms through using inkjet printing of wax, this method could compete with 

other methods that create high resolution phantoms such as 2-photon polymerisation and traditional 

mould casting. Inkjet printing would allow the creation of more complex vasculature at a higher 

resolution compared to traditional mould casting, and it would not require the use of lasers such as that 

used in 2-photon polymerisation.  

Figure 5.2.5 shows a representation of the flow of fluid within each phantom tested, with red lines 

representing the fastest flows and yellow lines highlighting the slowest flows. These representations 

were derived from analysing epifluorescent images of microbeads in water flowing through the 

phantoms. It was established that the fluid slows down within the larger cavity from the smaller cavity 

as the fluid experiences the change in vessel diameter.  

 

Figure 5.2.5 Fluid flow within different flow phantoms created with wax-loss PDMS fabrication. Analysing the flow of 

fluorescent microbeads through the phantom at a steady flow rate, a general consensus of fluid flow rate can be created; 

red lines indicate flows which were fastest, with yellow lines showing the slowest flows with the phantom. Scale bar = 

1000 µm 

The flow of the last phantom (Figure 5.2.5C) is slightly more chaotic, and was speculated to be caused 

by the steeper angles at which the fluid enters and exits the larger cavity (created by removing the 

bulbous wax that was originally there from pipetting onto the line of printed wax). This notion can be 

better explained with the support of Figure 5.2.6; where it is illustrated how the vessel aligns itself with 
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the aneurism with each phantom created. As shown in Figure 5.2.6C, the angle at which the vessel 

enters and exits the aneurism is steeper compared to the other phantoms, and with a strong enough fluid 

flow generated by the syringe pump, vortices were created.  

 

Figure 5.2.6 Representative images of how the phantoms looked like if the analysed area was zoomed out slightly; 

showing more of the narrow channel created through wax-loss of inkjet printed wax and their angles of entry. Note 

that the fluid flow direction travelled from top to bottom. Also note the angle at which the fluid enters the aneurism is 

steepest with C), which is explained later why vortex behaviours can be seen with this phantom and not seen in the 

other phantoms created. The angles of entry and exit can be compared as around 165°, 150° and 100° respectively to 

each image. Scale bar = 1000 µm. 

Figure 5.2.7 is a representative image of turbulent flow within each of the phantoms tested. Figure 

5.2.7A and Figure 5.2.7B shows most of the turbulence occurred on the outer diameter of the aneurism, 

as the micro beads slowed down upon entering the aneurism. Figure 5.2.7C shows most turbulence near 

the entry point of the aneurism. Turbulence occurred because the flow was significantly large, the fluid 

was not deemed viscous and the fluid entered a larger cavity. With these factors, it can be considered 

that effect generated a high Reynolds number and supports the creation of eddies within the fluid.243 

Compared to the laminar flow seen with the other phantoms, it can be assumed that the Reynolds 

number for phantoms as shown in Figure 5.2.7A and Figure 5.2.7B had a dimensionless value of less 

than 2,300; which would generate laminar flow, whilst Figure 5.2.7C had a Re value of more than 2,300. 

.  
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Figure 5.2.7 Approximation of turbulent flow within the respected phantoms, simulated by examining consecutive 

images of fluorescent micro bead movement in the fluid. Scale bar = 1000 µm.  

The rate of change of diameter was the variable that determined if the flow was laminar or turbulent 

when the fluid passed through the phantom. When the angle of entry and exit of the vessel into the 

aneurism was steep (Figure 5.2.7C), the diameter of the cavity increased at a larger rate compared to 

phantoms with a shallower angle of entry and exit through the aneurism (Figure 5.2.7A). An increased 

rate in the change of diameter was not significant enough to generate turbulence within the vessels, 

according to Reynold’s Number, and therefore the flow behaviour were considered laminar but formed 

eddies within the phantom.  

As with all additive manufacturing techniques, inkjet printing is able to create complex models and 

patterns from a variety of materials. With this example in creating fluid phantoms for the study of fluid 

behaviour, vessels of all relevant sizes can be created. Ideally, the larger the vessel the better (>1 mm), 

as the significance of the surface roughness of the wax is reduced with larger diameter vessels. 

The creation of the aneurism (bulging within a vessel) can be created through inkjet printing also, with 

fine control of its size, however given that the purpose of these experiments were to analyse the 

suitability of using inkjet printing for the creation of phantoms, the aneurisms were created by using a 

pipette to save time and to prove the principle. A typical printing time of a phantom was between 15-

20 minutes. 

The method of using inkjet printing to create negative moulds allows the user to create fluid phantoms 

of suitable sizes (100 µm- several cm). Combined with PDMS, inkjet printed wax can be removed from 

a PDMS mould through wax loss methods to create an easy prototyping technique.  

A B C 
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However, when creating phantoms, the calibration of jetting is essential to creating smooth-inner-lining 

phantoms; if the droplet spacing and/or jetting parameters is sub-optimal, the vessels that are created 

can generate uneven inner surfaces after the removal of the wax. With the experiments carried out 

within this chapter, the surface of the inkjet printed wax was not uniform, as individual molten wax 

droplets merged together and a scalloping effect could be seen under a light microscope. Figure 5.2.8 

shows a light microscopy image of a wax channel created with inkjet printing. Another disadvantage of 

the inkjet printing process is the final finish of the sample. Since inkjet printing allows the user to 

directly print out the object from a digital file, if the sample is at the minimal resolution the printer can 

create, the digitisation can be seen clearly, especially around the curving segments of the scaffold 

(Figure 5.2.8). 

 

Figure 5.2.8 Magnified image of inkjet printed negative mould of a channel. Note the roughness and how curved areas 

are digitised, leaving indentations within the structure to mimic curvature. Scale bar = 500 µm 

Figure 5.2.9 shows an extreme case of how sub-optimal printing parameters can hugely influence the 

flow of the fluid travelling through the phantom. If the wax topology is scalloped due to sub-optimal 

printing, then when the wax is removed, the inner lining of the vessel will also be rough. This roughness 

can be so significant that laminar flow is not possible and chaotic flow is created throughout the 

phantom, which would not be representative of native vessels.  
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Figure 5.2.9 Diagrams of understanding fluid flow. Top) Topology of inkjet printed wax, and the ideal finish which 

would be smooth.  Arrows represent the flow of fluid. Top right) Coloured dots are representations of the turbulence 

(vorticity distribution) of a non-smooth channel, compared to a smooth channel. Bottom) With wider channels, the 

turbulent effects of the surface topography of the wax used would be reduced when fluid flows through the vessel. 

However, during the process of the wax-loss technique, it can be assumed that not all the wax is fully 

removed from the interior of the PDMS. During the removal process, residual wax would coat the 

roughness of the surface of the vessel, making it smoother Figure 5.2.10. Fortunately, paraffin wax is 

biocompatible and non-toxic to cells, therefore this method can be used with biologically relevant fluids 

like blood and diagnostic fluids. This way, vessels created with paraffin wax, and then later removed 

with wax-loss would be coated with a layer of wax that would smooth the interior wall of the vessels.  

 

Figure 5.2.10 Representation of printed wax in PDMS mould (left). When the sample is heated up to 80°C and the wax 

flushed out of the PDMS mould, it was expected that not all the wax would be extracted out (right). A thin layer of wax 

Wax 
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would line the interior of the vessel, smoothening the perceived roughness that was originally caused by the scalloping 

effect of printed lines.  

Other ways of removing the wax such as flushing the sample with xylene could be used to completely 

remove the wax. However, given the understanding of having a thin coating of wax to line the interior 

of the vessel would make the channels smoother, the use of xylene would not be advantageous.  

The ability to analyse the movement of fluid within the fluid phantoms was limited, as the analysis 

techniques used could only detect fluorescent micro beads in a single z-plane. The plane that was 

selected for analysis was along the z-plane where the vessel and aneurism could be seen together. 

Ideally the whole volume of the phantom should be analysed and measured when fluid flowed 

through. Typically, phantoms are created for the application of non-invasive diagnostic methods such 

as ultrasound, and therefore the use of ultrasound techniques would be an ideal means for analysis of 

phantoms created with inkjet printing.244 

5.3 Conclusion 

Phantoms were created, with the use of an inkjet printer to create the negative mould of the vessel. This 

process is easily performed, with flexibility to change the structure in any way due to the additive 

manufacturing technique that allows changes to take place immediately as it converts the digital data 

into a physical scaffold. The use of PDMS is required to create the scaffold, and using the wax-loss 

method, the printed paraffin wax can be removed to create the negative space where the fluid flows 

through to make the fluid phantom. It was theorised that the interior of the phantom would be smoother 

than the perceived printed topology prior to the application of PDMS, as upon the removal of the wax 

in the PDMS, a thin layer of residual wax would remain and fill in the roughness to create a smoother 

channel. 
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6 CELL PRINTING 

6.1 Overview 

Conventional methods of tissue engineering involve manually seeding cells onto scaffolds 245. However, 

cell printing, which is the ability to deposit cells through a printing technique (inkjet, thermal, extrusion 

printing) onto a substrate, has potential for applications in tissue engineering.117,246 The ability of inkjet 

printing to combine a high-throughput deposition capability with high precision placement of 

biomaterials68,85 allows it to be employed for in vitro tissue engineered models, especially if one can 

print eukaryotic cells which are undamaged and able to proliferate and differentiate as required post 

printing.  

Saunders et al(2008) reported on the ability to print human HT1080 fibrosarcoma cell suspensions using 

a drop-on-demand piezoelectric system and found that viability after printing reached 98%, compared 

to controls. Similarly, Boland et al reported on thermal drop-on-demand printing to print Chinese 

Hamster Ovary (CHO) cell suspensions, and found that cell viability was >90% after printing.102 The 

findings of Boland and others indicate that adherent eukaryotic cells can be delivered by inkjet printing 

without substantial damage. Embryonic neuronal cells (including hippocampal, cortical and motor 

neurones), stem cells, muscle cells and chondrocytes have all been inkjet printed with resultant survival 

and growth.101,119,124,139,247,248 This accumulating research brings closer a viable strategy for making in 

vitro 3D lab devices and for treating damage to the nervous system.249,250  

A general limitation had been found by several research groups that cell printing could only be done 

within a limited amount of time (Lorber et al. 2013; Pepper et al. 2011; Saunders et al. 2008). Such 

studies showed a decrease in cell number after 40 minutes and it was speculated that this was caused 

by sedimentation of cells to the bottom of the print reservoir and also through the adherence of cells to 

the tubing and glass capillary of the printhead.  
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The ability to deposit cells at predefined positions over a relatively short period of time allows better 

experimental design for the study of intercellular interactions. Accurate positioning of cells can lead to 

the creation of spatially dependent cell-containing devices to promote the advancement of tissue 

engineered constructs and the creation of fine neuronal networks.199,202 This can also help with the 

understanding of how cells behave in relation to the topography of the substrate.225 Ongoing research 

in the field of bioengineering with inkjet printing aims at creating tissues with multiple cell types within 

a scaffold for mimicking native tissue, which is a progressive step towards organ printing.77,252 The 

ability to create tailored tissues quickly and reproducibly will offer scientists a very powerful tool in 

regenerative medicine and in vitro research. The creation of 3D tissue structures have been shown to 

better mimic natural responses to drug testing conditions.253 With the demand for organ donors being 

very high, the most viable alternative to organ donors is using tissue engineering to create such organs. 

An ideal replacement substitute would be to harvest stem cells at birth, and it is currently not practical 

to grow and keep spare organs for everyone since birth.254 The field of bioprinting has grown steadily 

in the past ten years, with researchers originally printing fibroblasts from a desktop printer,255 to having 

successfully created small sections of tissue through additive manufacturing techniques for drug testing 

and toxicology,256–258 with more complex cell combinations to better mimic native tissue to be created 

in the near future.  

Within this chapter, bioprinting for neuronal applications were investigated. Neuronal cells and their 

supporting cells were printed to determine viability after inkjet printing because the co-interaction 

between them and their surrounding environment are essential for nerve function within the peripheral 

nervous system. A current challenge in peripheral nervous system injury is to find an alternative to 

autologous nerve grafting; a technique mentioned in Chapter 1 that a medical professional extracts a 

patient’s own nerve from an undamaged area and replaces damaged/lost nerve at an injured site.  

This chapter describes a method for inkjet printing NG108-15 neuronal cells and Schwann cells with 

phenotypic analysis over 7 days, with cell viability assessed immediately and 7 days post printing, and 

the extent of neurite outgrowth of printed neuronal cells also being assessed. Printing of fibroblasts was 

included for comparison. In previous studies inkjet printing of neurons and their viability was 
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reported,102,124 but in previous work, a maximum of 80 V was used. The current study expands the 

printing parameters to 230 V, and describes a more detailed phenotypic analysis of Schwann cells. 

To the best of the author’s knowledge, the use of piezoelectric inkjet printing to organize neuronal and 

Schwann cells on a substrate has not been reported previously, nor have cells been printed with voltages 

in excess of 80 V. The outcome of this work provides a broad platform for developing inkjet printed 

nerve constructs e.g. for 3D in vitro devices, nerve regeneration approaches or the study of 

neurodegenerative diseases. Cells were analysed with trypan blue, light microscopy, and for neuronal 

cells (NG108-15); qualitative measurements of their dendritic outgrowths were measured. Previous 

research groups had reported cell printing was only possible for 40-20 minutes before printing 

failure,124,140 and this time limit was investigated to understand this reported behaviour. 

In summary, several investigations were undertaken to understand cell printing when the voltage was 

varied; 

1. Viability of inkjet printed cells immediately after printing 

2. Cell proliferation after inkjet printing (during day 1, 3 and 7) 

3. Quality of neuronal cells (NG108s) after inkjet printing 

4. Purity of supporting cells (glial cells; Schwann cells) after inkjet printing 

5. Limitations of cell printing  
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6.2 Viability of inkjet printed cells immediately after printing 

6.2.1 Introduction 

The procedure of inkjet printing cells can be considered a hazardous experience for cells as a method 

of controlled cell delivery onto a substrate. Compared to the environment cells experience during 

standard cell seeding, inkjet printing has the potential to be more damaging to the cells, as they undergo 

acceleration and potential shear stresses from being jetted out through the printhead. It should be noted 

that piezoelectric printing should be seen as less harmful than thermal inkjet printing, since thermal 

inkjet printing requires a local area within the ink to be heated up to cause an expansion of pressure, 

and this temperature change should be more damaging to cells. Saunders had reported that cell survival 

rates decreased due to piezo inkjet printing; controls had a viability of >98%, cells printed at 40 V had 

cell survival rates of 98% whereas those printed at 80 V had a survival rate of 94%.140 Xu had reported 

97% survival rates when investigating Chinese Hamster Ovary cells with a voltage of 40 V.259 The 

decrease was not significant in Xu’s work; however the average viability was less compared to controls. 

It was previously thought that neuronal cells were more sensitive to stresses, and their viability would 

decrease more through the inkjet printing process. Keith Martin’s group (Lorber et al) had shown that 

glial and retinal cells had an average viability of 69+12.2% and 74.3+2.6%, compared to a control of 

78.4+8.2% and 69+5.3% respectively.124 There is a large difference in experimental results from 

different research groups caused by the use of different cell types, of which each can be more sensitive 

to certain stresses induced by the printing system. Several causes had been postulated for a decrease in 

viability due to the inkjet printing procedure; high shear stress during the jetting process through the 

glass capillary of the printhead, steep acceleration rate being jetting out of the nozzle and onto the 

substrate. It is to be noted that the research groups mentioned within this section all used Microfab 

piezoelectric inkjet devices; such as the same that was used within this thesis (Jetlab printing platform).  

To understand the viability of cells that underwent inkjet printing, the trypan blue staining protocol was 

used to determine cell viability immediately after inkjet printing. The voltage of jetting was examined 

to determine their effects to cell viability on fibroblasts, NG108-15s and Schwann cells.  
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6.2.2 Results  

Figure 6.2.1 shows the effect of inkjet printing voltage on the viability of human dermal fibroblasts, 

NG108-15 neuronal cells and primary porcine Schwann cells assessed by Trypan blue staining. The 

addition of the blue bars are from results extrapolated from Saunder’s work with HT1080 cells, at 40 V 

and 80 V to give a comparison. Fibroblast cells were printed as another form of control, and as a 

reference to previously published work (Saunders et al. 2008). 

 

Figure 6.2.1 Analysis of mean viability of cells assessed using trypan blue staining immediately after inkjet printing, with standard 

deviation error bars at different voltages with each cell type. The blue bars represent 40 V and 80 V respectively, derived from 

Saunder’s work with printing HT1080 cells. N=30. 

Non-printed control samples showed cell viability of >90%. Inkjet printing resulted in a cell viability 

of 82-92% for fibroblasts, 86-96% for neuronal cells and 89-92% for Schwann cells. There was no 

correlation between the range of voltages used (between 70-230 V) and cell viability. It was 

hypothesised that an increase in voltage would increase the shear stress to the cells passing through the 

glass nozzle of the printhead, given that the accelerated velocity would cause greater stress around the 

periphery when travelling through an orifice, and had been previously studied,260 whereby cell death 

was characterised within the cell media through an increase in DNA fragmentation. Figure 6.2.2 shows 

the calculated droplet velocity of each voltage used. The velocity was calculated through measuring the 

distance a jetted droplet travelled within a given amount of time travelling to the substrate. However, 

the use of this range of forces did not show a proportionate amount of damage to the cells.  
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Figure 6.2.2 Velocity of inkjet printed droplets landed on the substrate. An increase in voltage equated to an increase 

in velocity, and therefore energy. This factor was not considered significant to the viability of the printed cells, as they 

were jetted into wells containing cell media, dampening the impact of the cells into the well plate.  

Cell viability was not proportional to the velocity at which the cells were jetted at and it was speculated 

that this was due to the cell culture medium (which contains 10% foetal calf serum) behaving to buffer 

the physical shock between the cell and the interior of the printhead, thus decreasing the shear 

experienced by cells. The viability determined was comparable with that reported previously for 

fibroblasts (Saunders et al. 2008), where an HT1080 fibroblast cell line had 94% viability when printed 

at 80 V. However, fibroblasts used in the present study were human primary cells, in contrast to that of 

Saunders (et al 2008), who used HT1080 fibroblasts, which are a human cell line derived from a 

fibrosarcoma  

The viability of neuronal cells, glial cells and fibroblasts were similar with no significant differences in 

metabolic activity identified between the cell types at any of the voltages studied compared with non-

printed control cells. It is important to note that the applied voltage caused the actuation of the 

piezoelectric crystal and hence, under the optimum parameters, will eject a droplet out of the nozzle. 

The voltage applied to the printhead does not come into direct contact with the cell culture medium and 

is therefore not subject to direct conductive electron transfer. An increase in voltage causes a stronger 
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piezoelectric response and cells in the culture medium are ejected with more force through a narrow 

orifice. The velocity that droplets travelled was calculated between 3.2 – 13.1 ms-1 at 70 – 230 V, and 

corresponded to a shear rate of 5 x 104 – 2 x 105 s-1 respectively.  

6.3 Schwann and NG108 neuronal cell proliferation 1, 3 and 7 days after 

inkjet printing  

6.3.1 Introduction 

The immediate effects to cell viability was determined in the previous section. Although cell viability 

was high, the inkjet printing process could have caused cell damage that may reveal itself at a later 

stage. It was previously studied that thermal inkjet printed cells (porcine aortic endothelial cell line) 

caused temporary microdisruption of their cell membranes, that allowed the researchers to transfect 

such cells with plasmids (with 90% viability).261 The cells were studied in vivo and in vitro, however 

there was no categorical study of cell viability over a period of 7 days as their study focused on the 

biocompatibility with implantation with mice, and their transfection rate of cells with plasmids.  

Cell metabolic activity was measured after inkjet printing, at day 1, 3 and 7 to determine if there were 

long-term damaging effects. The normal voltage of 80 V was used for these experiments. The MTT 

assay was used, as a cell culture’s metabolic activity was proportional to the population of cells present 

within a sample. If inkjet printing caused damage to the cells, not shown immediately after inkjet 

printing, then a metabolic assay over a period of 7 days would reveal any long term damage to cells. 

When compared to a control sample, inkjet printed cell metabolic activity would decrease or be 

significantly lower compared to controls, if there was any permanent long-term damage to the cells.  

There has been debate about the ideal surface coatings to culture Schwann cells. Poly-L-Lysine was the 

standard coating used in research,262,263 but there is suggestion that Schwann cells proliferate slightly 

better on fibronectin-coated tissue culture plastic (TCP).169 Fibronectin is an extracellular glycoprotein 

involved in wound healing and remylination for functional nerve regeneration.264,265 Therefore TCP, 
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poly-L-lysine and fibronectin were tested to determine the ideal surface coating, along with 

investigating the metabolic activity of inkjet printed cells.  

6.3.2 Results 

Schwann cell concentration on different surface coatings was assessed after printing.  As shown in 

Figure 6.3.1 all Schwann cells experiments showed an increase in metabolic activity through MTT 

analysis, with the largest differences arising between days 3 and 7. The studies confirmed fibronectin 

as the best culture surface compared to TCP or poly-L-lysine for Schwann cells. The largest difference 

observed was at day 7, which showed that inkjet printed cells, and cells cultured on fibronectin, had a 

higher viability versus control, and consequently had a higher cell number at this time after printing. 

This research supports previous findings that fibronectin is a better culturing environment than TCP 

and Poly-L-Lysine.169 

 

Figure 6.3.1 MTT assay results of printed and non-printed Schwann cells after 1, 3 and 7 days on different substrate surfaces, printed 

at 80 V, with standard deviation. N=3 

Light microscopy images were taken and compared to MTT results to confirm validity of optical density 

values (Figure 6.3.2, Figure 6.3.3 and Figure 6.3.4). 
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Figure 6.3.2 Light microscopy images of Schwann cells grown on fibronectin surface coatings (A-C) Inkjet printed at 

80 V, Schwann cells on day 1 (A), day 3 (B), day 7 (C). (D-F) Control Schwann cells seeded with a pipette onto 

fibronectin coatings on day 1 (D), day 3 (E), day 7 (F). Scale bar = 200 µm 

 

Figure 6.3.3 Light microscopy images of Schwann cells grown on poly-L-lysine surface coatings (A-C) Inkjet printed 

at 80 V, Schwann cells on day 1 (A), day 3 (B), day 7 (C). (D-F) Control Schwann cells seeded with a pipette onto poly-

L-lysine coatings on day 1 (D), day 3 (E), day 7 (F). Scale bar = 200 µm 
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Figure 6.3.4 Light microscopy images of Schwann cells grown on TCP surface coatings (A-C) Inkjet printed Schwann 

cells on day 1 (A), day 3 (B), day 7 (C). (D-F) Control Schwann cells seeded with a pipette onto TCP coatings on day 1 

(D), day 3 (E), day 7 (F). Scale bar = 200 µm 

NG108-15 neuronal cells were inkjet printed at 80 V and had very similar viabilities to control samples, 

increasing exponentially over time (Figure 6.3.5).  

 

Figure 6.3.5 MTT assay results of NG108-15 neuronal cells when grown with serum in media after inkjet printing (80 V), with 

standard deviation. N=3 
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By day 7, using light microscopy and viability measurements, cells were shown to be confluent and 

growing at an exponential rate, compared to day 1 and day 3 results, and were not significantly different 

to control samples. This increase in proliferation rate indicates that cells were healthy and were 

proliferating at the same rate as control samples.  

If inkjet printing had a significant detrimental effect on cells, a decrease in cell number would be seen 

compared to controls over time from which the cells might not recover. This would have been clear 

through a decrease in MTT values, and would be seen as a decrease in cell number through light 

microscopy. However this was not seen and the cells were comparable to control samples. This finding 

is of interest as it confirms that inkjet printing does not affect cell viability or growth over 7 days post 

printing. This is encouraging as it supports the development of this technique for applications such as 

tissue engineered constructs and 3D models. It was previously assumed neuronally relevant cells 

(NG108-15 and Schwann cells) would have a decreased viability compared to fibroblasts undergoing 

inkjet printing, however with the results seen with experiments documented in this chapter, neuronally 

relevant cells are not negatively affected by inkjet printing. 

When comparing the optical density readings of Schwann cells (Figure 6.3.1) with NG108 neuronal 

cells (Figure 6.3.5), it is clear that neuronal cells have a higher metabolic activity than Schwann cells. 

This is due to the nature of cell lines having a higher metabolic activity than primary cells, which both 

have very different growth rates due to their differences in function and origin.  

6.4 Schwann cell purity after inkjet printing 

6.4.1 Introduction 

Schwann cells can be cultured for several passages and maintain their function. Through excessive 

damage and change, Schwann cells can differentiate and lose their function. S100 immunolabelling 

was assessed to determine Schwann cell purity after inkjet printing at 80 V on different substrates 

(Figure 6.4.1). Schwann cells positively immunolabelled with S100β and DAPI, whilst fibroblasts 
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(arising from differentiated Schwann cells and which can potentially contaminate cultures from the 

isolation procedure) stain only with DAPI. 

6.4.2 Results 

All cells were identified as Schwann cells irrespective of being inkjet printed at 80 V or not on the 

different substrates and this therefore confirm that Schwann cells maintain their purity, and grow at the 

same rate as control samples after inkjet printing. 

 

Figure 6.4.1 Confocal micrograph images showing Schwann cells stained for actin (green; S100β) and nuclei (blue; DAPI). Top 

micrographs show inkjet printed Schwann cells at 80 V after 1, 3 and 7 days respectively. Bottom micrographs show control samples 

without inkjet printing after 1, 3 and 7 days respectively. Bar = 200 µm 

The results confirm that the inkjet printing procedure does not significantly damage Schwann cells 

enough to cause the loss of their function. The cells that survive inkjet printing and are able to proliferate 

up to 7 days can be confirmed to be Schwann cells. 

6.5 NG108-15 neuronal cell phenotype after inkjet printing on days 1, 3 and 

7 

6.5.1 Introduction 

NG108-15 neuronal cells were inkjet printed into well plates at 80 V, and grown without serum to 

trigger neurite extensions from the cells. A control was used side-by-side with the inkjet printed samples 
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to determine if the inkjet printing process would affect the quality of neurites produced by NG108-15 

cells.  

6.5.2 Results 

Figure 6.5.1 shows an example of a set of images that were analysed in accordance to the factors that 

follow the qualitative protocols used in Daud’s paper;169 average neurite length, average number of 

neurites per cell body, average percentage of NG108s bearing neurites. A total of 50 separate images 

were analysed for each day of inspection, for both control and inkjet printed samples. 

 

Figure 6.5.1 Example of greyscale micrographs of NG108-15 cells after inkjet printing at 80 V and cultured without serum, after 1, 

3 and 7 days respectively. Bar = 100 µm 

Inkjet printed neuronal cells were found to have slightly longer neurites on average compared to control 

non-printed cells, and this difference was observed to increase over time until it became significant by 

day 7 (Figure 6.5.2A).  By day 3 neurites were becoming visibly longer compared to control, with an 

average of 65 µm versus 55 µm.  By day 7, on average, inkjet printed cells had 0.25 more neurites, 12% 

more cells displayed neurites compared to controls and the longest neurites of inkjet printed cells were 

20 µm longer. 

It was clear that not all neuronal cells produced neurites after serum starvation, even after 7 days. Over 

85% of control cells expressed neurites versus 95% for ink-jet printed cells by day 7. While this 

difference was not significant, it was established that ink-jet printing, far from damaging neuronal cells, 

actually increased experimental differentiation. Figure 6.5.2B shows that neuronal cells more readily 

expressed neurites within the first day post printing compared to control. It is postulated that this is due 

either to a piezo electric effect, or results from a transient high shear stress during ejection through the 
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small preface, or a combination of both. Figure 6.5.2C shows the average number of neurites was 1.7 

and 1.1 per cell on day 1, to a maximum of 2.5 and 2.2 by day 7, for inkjet printed and control cells 

respectively (Figure 6.5.2C).  

 

Figure 6.5.2 Quantitative measurements of NG108-15 cells that include standard deviation of average longest neurite length (A), 

percentage of cells bearing neurites (B) and number of neurites (C). Cells were cultured in serum-free cell medium to induce 

differentiation and the generation of neurites. (n = 50). 

Thus, piezoelectric printing caused neuronal cells to develop more neurites during the first 3 days after 

printing. By day 7, no other trends were observed that reached statistical significance except for neurite 

length, and the number of neurites were similar to controls. 

It is observed that the inkjet printing process caused nerve cells to generate neurites earlier than normal 

and had longer neurites. This can be explained if it was assumed that the rate of growth of neurites is 

constant, and because more neurites were established by day 1 through the printing process, by day 7, 

the neurites from printed cells would be longer as they had longer to form. The implications of this 
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study, showing inkjet printed cells generating more neurites initially post printing, could be of benefit 

to future research in cell-cell interactions, as inkjet printed nerves form more neurites initially (up to 3 

days post printing, and then no statistical difference in number can be seen by day 7) and they have 

more time to extend and elongate compared to controls.  

This research shows for the first time that NG108-15 neuronal cells and primary Schwann cells can be 

piezoelectrically printed with no adverse effects over a range of experimental voltages that have not 

been used previously. The process of piezoelectrically printing cells was not detrimental, as assessed 

immediately after printing at 80 V and when assessed throughout 7 days following printing. The 

viability data for fibroblasts was comparable to that reported by Saunders (et al. 2008), who found a 

range of 94%-98% for piezoelectric voltages of 40 V to 80 V.  In the present work this was extended to 

230 V - at this voltage fibroblasts had a viability of 89%, neuronal cells 96% and Schwann cells 90%, 

respectively. The higher voltages studied indicate better freedom of use of inkjet printing parameters 

can be used to create successful droplet formation for cell printing than previously investigated. 

Schwann cells maintained their phenotype through the process of inkjet printing as shown by the 

presence of S100β, with data showing a slight increase in viability 7 days after printing compared to 

controls. Initial analysis showed more neurites were formed with inkjet printed cells, however by day 

7, no statistical significance was seen. The initial increase in the number of neurites per cell with printed 

samples had an influence on neurite lengths, as they had more time to grow compared to controls. 

Printed neuronal NG108 cells displayed longer neurites than controls. Future work could focus on 

printing co-cultures that will interact to form biologically relevant in vitro tissue engineered constructs. 

Using inkjet printing to position neuronal cells could produce finer neuronal networks than previously 

produced, as printed cells produced longer neurites, with the implication that fewer cells may be 

required for a continuous neuronal system.  The next stages could include the ability of printed networks 

to propagate action potentials. Action potentials are a change in the electoral membrane potential of a 

cell, and travels through to adjacent neuronal cells through synapses to allow communication of distant 

neuronal cells. Such systems will be of benefit for advancing 3D in vitro lab chip devices and studies 

on neurodegenerative disorders. 



180 
  

6.6 Cell printing behaviour 

6.6.1 Introduction 

Bioinks containing biological cells have different viscosity and surface tension compared to standard 

inks, and little is done to optimise the rheological behaviour of such inks, since additions (e.g. ethylene 

glycol) can be potentially hazardous to cells. Over time, cells begin to aggregate within the printing 

system and eventually clog the printhead, stopping further inkjet printing. The clogging of the printhead 

did not affect the printing experiments reported so far contained within this chapter, as no cell printing 

was required to be carried out for extended periods of time. In commercial applications and more 

complicated sets of experiments, it is possible that long periods of printing would be required, such as 

organ printing and lining tissue engineered scaffolds with cell printed designs.  

Thomas Boland and his group used 3x phosphate-buffered saline (PBS) for cell printing solutions, 

which shrank the cells (caused by osmosis) to reduce printhead clogging, but lead to an increase in cell 

death 259. Parsa (et al. 2010) and Chahal (et al. 2012) used biocompatible surfactants such as Pluronic 

in combination with physical agitation (stirring) and Ficoll PM400 respectively to alleviate restrictions 

in printing time and maintain cell printing consistency, delaying cell sedimentation and overall 

increasing the reliability in the cell printing process. The use of stirring within the reservoir has also 

been considered for bioprinting applications, however for the Microfab system used in this thesis, this 

methodology would be ineffective as the reservoirs and capacity within the printing system has 

insufficient space for such apparatus.243  

This section discusses the printing behaviour of NG108s over time at 80 V. The printing quality was 

assessed through printing NG108-15s at 40,000/mL at 100Hz into 96 well plates for 1 minute per well. 

The cells deposited in each well w counted with a light microscope and tallied, up to 96 minutes to 

determine the cell count per minute.  

6.6.2 Results 

Figure 6.6.1 shows the results of cell number at each time interval, from 1 minute to 96 minutes. Cell 

numbers were initially high; with 150-50 cells being jetted per minute. However the cell numbers 
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decreased steadily over time. By 40 minutes, the cell number through inkjet printing becomes 

significantly low; after an hour, only one or two cells would be seen to be jetted from the system. 

 

Figure 6.6.1 Number of cells deposited through inkjet printing over time 40,000 cells/mL. 

 

This experiment showed cell printing produced viable cells up to a maximum of 40 minutes after 

loading into the inkjet printer without the need for surfactants or stirring. This finding is in line with 

previous studies that report a 20 to 40 minute cell deposition time is possible before cell aggregation 

(Lorber et al. 2013; Pepper et al. 2011; Saunders et al. 2008). Such studies showed a decrease in cell 

number after 40 minutes and it was speculated that this was caused by sedimentation of cells to the 

bottom of the print reservoir and also through adherence to the tubing and glass capillary of the 

printhead.267 
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The cause of the decrease in cell numbers was concluded to be caused by cell aggregation at the bottom 

of the reservoir containing the bioink. Immediately after installing the bioink-filled reservoir into the 

printing system, gravitational and inertial forces cause a change in uniformity within the reservoir and 

aggregation slowly accumulates (Figure 6.6.2). 

 

Figure 6.6.2 A) Schematic of printer design. Over time, cells within the bioink aggregate to the bottom of the reservoir 

and are unable to travel through the inlet and reach the printhead. B) Close-up of reservoir to highlight the occurrence 

of cell aggregation at the bottom of the reservoir over time 

The assumption of cells aggregating at the bottom of the reservoir was confirmed visually by seeing a 

denser material forming at the bottom of the reservoir over time (Figure 6.6.3). In Figure 6.6.3, cells 

can be seen highlights with white, and shows the difference in the amount of cells present in each 

compartment of the printing system, the most seen in the PTFE tubing and the reservoir. This was 

caused by the cells within the bioink sedimenting to the bottom of the reservoir. Clogging did occur 

occasionally and can be explained because aggregation increases the particle size travelling through the 

system, and therefore blockages can occur. 

A B 
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Figure 6.6.3 Microscopy images in sets of two of cell solution contained in; (A) holder, (B) printhead, (C) reservoir, (D) 

PTFE tubing. Adjacent images of each labelled image highlights cells using white. Cell solutions were extracted through 

using flushing with trypsin to detach cells. Cell can be seen in the reservoir and PTFE tubing. Scale bar = 200 µm 

Trypsin was used to flush each section of the system to identify if cells had adhered to any other part of 

the system, and it was found that the PTFE tubings connecting the reservoir to the printhead had cells 

present after experimentation.  

This experiment showed cells adhered and aggregated within the reservoir and PTFE tubings of the 

printing system (Jetlab 4, Microfab). 
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6.7 Aspirating the printer to reset bioprinting printing behaviour 

6.7.1 Introduction 

The number of cells that were printed decreased over time, and on average, up to 40 minutes of printing 

could be done before cell printing became ineffective due to cell aggregation within the printing system.  

Surfactants could be added to the ink to increase the longevity of the cell-laden inks, but what was tested 

with this section was the use of pressure to increase the maximum time of printing.  

Using the pressure generator that is part of the printing system, the pressure was manipulated to “flush” 

and “mix” the bioink. It was hypothesised that this manipulation could alleviate the problems of cell 

clogging and aggregation.  This process has been termed aspirating in this section (and the term 

aspirating will be seen several times).  

Outlined in Figure 6.7.1 is how cells in the ink behave. Initially, cells are homogenously dispersed when 

the ink is first deposited in the reservoir in the printing system (Figure 6.7.1A), and over time, 

gravitational forces causes cells to fall. Over time, a thin layer of cells are deposited at the bottom of 

the reservoir whilst the ink is being sucked up into the PTFE tubing to the printer for jetting (Figure 

6.7.1B). After around 40 minutes, the cell concentration in the ink suspension decreases significantly 

as the majority of cells line the bottom of the reservoir, and there is minimal amount of cells being jetted 

from the printing system (Figure 6.7.1C). It was postulated that using the air pressure generator of the 

printing system, cycling between maximum negative and positive pressure (+300 psi) within the system 

would dislodge the cells at the bottom of the reservoir (Figure 6.7.1D), taking 10-20 seconds, until the 

cell population goes back to its original concentration (Figure 6.7.1E).  The cycling between positive 

and negative pressure would cause the ink to travel back to the reservoir and bubble through with air, 

along with any blockages and would disrupt the aggregation occurring at the bottom of the reservoir. 

The intake of air causes dispersion within the cell media, and dissociates aggregated cells. After 

aspirating the vial, positive pressure is applied to reintroduce the cell media back into the printhead, and 

the pressure re-calibrated to create an optimal jetting setup.  
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Figure 6.7.1 Cell printing over time. A) Initial condition for the cell suspension in the printer. The suspension has a 

uniform cell concentration. B) Over a few minutes, gravitational and inertial forces pull cells downwards, causing a 

slight build-up of cells at the bottom of the vial. C) At longer periods of time, cells aggregate more, decreasing the total 

cells being jetted out of the printer, until a clump of cells form and is sucked into the printer tubing, which will 

eventually cause a clog at the printhead. D) To remove this problem, the cell media can be aspirated with a negative 

purge, causing a disruption in the vial containing the cells. If this is done at too short of a duration, the concentration 

of cells in the cell media would not be uniform, and when the setup is re-optimised, a higher concentration of cells may 

be deposited due to taking up a pool of higher concentration cell solution that hasn’t been mixed uniformly. E) If the 

cell solution is mixed thoroughly, the cell solution would have a uniform cell concentration again, and this can be re-

introduced to the printing setup. 

It was speculated that aspirating the system at regular intervals would be able to prolong the printing 

time of the bioink with cells. NG108s were printed at 80 V, 40,000 cells/mL at 100Hz into 96 well 

plates for 1 minute per well. The printer was aspirated at different time intervals and the cells deposited 

in each well were counted with a light microscope and tallied, up to 96 minutes to determine the cell 

count per minute.  

6.7.2 Results 

Figure 6.7.2 shows the results of aspirating the printing system when printing cells. Aspirating does not 

produce an effective means to restore the cell deposition rate. With this set of experiments, cell 

deposition started very high (just below 900 cells in the first minute), and decreased steadily, and by 20 

minutes, the cell count reached just under 100 cells per minute. When the system was aspirated, there 

was an increase in cells deposited to around 250 cells (x2.5 more than without aspirating), however the 

cell count quickly returned to very low values after a few minutes. The second time the system was 

aspirated showed similar results; an increase in cell number immediately after aspirating, but then the 

cell count returned to control values. 

A B C D E 
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Figure 6.7.2 Cell count over time. The system was aspirated at 30 minutes and 55 minutes (vertical lines) 

 

The number of cells that were printed out after aspirating did not return to initial numbers and it was 

speculated that cells within the reservoir was able to aggregate together and form clumps within the 

reservoir, as opposed to making a homogenous solution. The average cell count fluctuates too 

irregularly, which limits the use of this method of increasing the printing duration of cell-laden inks, as 

cell distribution within a sample would not be regular, which can affect the viability of samples if there 

are too little cells within a given population. If there are too little cells within a population, there is a 

possibility that cells would not grow very well due to the lack of cell-to-cell interactions to encourage 

proliferation.228  

There are several moments during the experiment where the cell number spiked after aspiration. As 

seen in Figure 6.7.2, after the second aspiration at 55 minutes, spikes in cell number can be seen around 

60 minutes, 73 minutes and 80 minutes. These values could be explained as being caused by the jetting 

of aggregated collective of cells being jetted through the printer, that have been separated from the main 

aggregate of cells at the bottom of the reservoir by the aspiration processes. These smaller aggregates 

are jetted out at random times from the printer and there are no hypothesised methods to control the 

deposition of such aggregates within the system, since factors such as aspiration duration and force 
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become significant factors that cannot be calculated in relation to the dissociation of the layer of cells 

at the bottom of the reservoir. 

Aspirating the system could be done at shorter intervals, but this should be kept at a minimum, as 

aspirating the system involved stopping the printing procedure and is labour intensive to reset and 

optimise the jetted droplet.  

In summary, the use of pressure through aspirating the system doesn’t seem to be a sufficient method 

to mix and re-suspend the cells within the bioink. The aggregates that are successfully dissociated from 

the reservoir have non-consistent particle diameters, which can be the cause of further blockages within 

the printing system later in time when such aggregated are able to travel through the PTFE tubing and 

into the printhead. If the printing duration needs to exceed 40 minutes, the use of surfactants that have 

been reported in research papers would be more ideal than rely on the use of aspiration to homogenise 

the cell-laden ink within the printing system.143,266  
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6.8 Conclusions 

This chapter showed that eukaryotic cells, ranging from fibroblasts to neuronal cells such as Schwann 

cells and NG108-15s could be printed within a range of voltages from 50-230 V without significant 

damage. It had been reported that cells could be inkjet printed with minimal damage by research groups 

around the world 81,99,102,140. What has been shown in this set of work is that neuronal cells such as 

NG108-15s and supporting Schwann cells (porcine) can also be printed with a high level of viability. 

At up to 230 V, fibroblasts had a viability of 89%, neuronal cells 96% and Schwann cells 90%, 

respectively, and proliferated in a similar manner as controls after inkjet printing. NG108-15s grew 

slightly longer dendritic processes when inkjet-printed. This was speculated to be caused by the cells 

experiencing stress whilst being jetted through the printer, which caused the cells to differentiate 

quicker than normal, and therefore over a given time, their dendritic processes would be longer because 

they had longer to grow.  

No group had previously inkjet printed Schwann cells, and now there is now a strong basis for the 

combination of inkjet printing of cells, growth factors and extracellular matrix components to create 

neural tissue for research. Inkjet printing shows no significant damage to be done to cells 

It was confirmed that cell-printing could only be done within 40 minutes of installing the cell-laden ink 

into the printer, as previously shown by other groups.124,140,251 The use of aspirating the cell-laden 

solution to homogenise the ink over time was tested and concluded that this was not a viable method to 

re-suspend the cells, as cells aggregated together still remain clumped together, which can be jetted 

through the system at random time points after aspirating, or be the cause of clogging later during the 

printing process. 
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7 Future directions 

Inkjet printing more variety of cell types 

There is more scope in printing different cell types to understand how this technique influences cell 

behaviour, proliferation and differentiation. Neuronal cells were inkjet printed within the thesis and 

showed that they can endure the printing environment with minimal loss and detriment.  

An area of interest to pursue would be the inkjet printing of stem cells. There has been more research 

undertaken with laser printing of stem cells,268 and inkjet printing of polymers to direct stem cell 

patterning,43 however the direct use of inkjet printing of stem cells has yet to be investigated.  

Fabricating crosslinked gelatin scaffolds for neuronal applications 

The main advantage of using inkjet printing techniques to create crosslinked gelatin scaffolds is because 

this allows the creation of ordered scaffolds within a micron scale, and due to the nature of hydrogels 

(consisting of >80% water), cell infiltration into the scaffold is possible. Other techniques such as 

electrospinning are more rapid and would be more suitable should the user need a bulk material for 

space filling i.e. for wound repair, or the creation of mats with nano scale fibres and very high porosity. 

Being able to make long continuous fibres on the micron scale (100-200 µm), it would be interesting to 

investigate the potential of seeding neuronal cells with/without their supporting cells for neuronal tissue 

engineering. Neuronal cells proliferate much more slowly compared to fibroblasts, and it would be 

possible to create a continuous neuronal circuit with seeded neuronal cells, and the researcher can design 

a suitable neuronally relevant shaped scaffold; suitable for biomedical and lab-on-a-chip applications. 

Previously, Li et al269 created electrospun gelatin fibres containing a conductive polymer called 

polyaniline that showed to create a conductive scaffold. A similar approach could be applied with the 

use of inkjet printing, by the addition of polyaniline into the gelatin to create biologically compatible 

and conductive scaffolds of complex design for cardiac and neuronal tissue engineering. For electrospun 

scaffolds, an additional technique such as laser sintering to selectively cut the mat of electrospun fibres 

would be required to create the desired complex shapes. 
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Creating patterned co-culture environments  

The technique to deposit cells into predefined patterns using inkjet printed wax could have great 

potential when used in the co-culture of cells; after wax removal, the deposited cells are positioned at 

predetermined locations, and another cell seeding can take place to organise cells easily. Currently, such 

a process takes time and requires more experimental equipment if done with standard practices (single-

cell automated deposition, printing cell-adhering proteins, laser directed deposition). 

Native tissue anatomy can be very complicated, and to study more than single cell populations, more 

innovative methods are required to mimic such tissues. Through altering the printing parameters, the 

volume of wax ejected can be changed, and the printed line behaviour can be manipulated to create 

isolated wells that are ideal for single cell studies (Figure 6.8.1).  

 

Figure 6.8.1 Through the manipulation of droplet spacing, non-interconnected spaces suitable for deposition of 

individual cells can be created, whereby the spaces are suitable for single cells to occupy. The grid structure was created 

through using the same droplet spacing of 40 µm, but the inkjet printing parameters were altered to create smaller 

droplets. Scale bar = 100 µm. 

Naturally most eukaryotic cells favour to be grown in clusters with neighbouring cells together, as 

neighbouring cells encourage one another to proliferate and survive through the deposition of 

extracellular matrix and release of mitogens (chemicals that encourage proliferation).228 This gives a 

positive feedback that promotes the cells to differentiate as more cells in the surrounding area is a sign 

of favourable conditions for cell growth. The example of single cell deposition mentioned above would 

compliment more complicated experimental designs, including spatially controlled co-culture of cells. 

Having the ability to remove the wax scaffold can benefit the control of the deposition of cells within 

wax printed devices. An example of an application is for neuronal research. Within the endoneurial 

space, Schwann cells comprise 90% of the space, and the rest being composed of axons and nucleated 

cells.37 By printing a volume/space ratio comparable to the endoneurial space, in vitro models can better 
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imitate native nerve tissue. Figure 6.8.2 shows how this could be implemented with inkjet printing; 

whereby the first set of cells which are seeded can be nerve cells, and which, once the wax has been 

removed, the substrate can be covered with supporting Schwann cells to better study the interaction 

between glia and nerve cells.  

 

Figure 6.8.2 Step-by-step depiction of creating spatially patterned co-culture. (A) Plain substrate, (B) inkjet print a 

relevant wax mold, (C) seed cell type A onto the substrate, whereby the cells will adhere to the substrate where there 

is no wax present, (D) physically remove wax to only leave the adhered cells on the substrate, (E) Seed cell type B onto 

the substrate to create a bespoke co-culture with selectively arranged cells. 

Analysis of phantoms 

A better non-invasive method of analysing 3D space within the phantoms is required to better 

understand the rheological characteristics of the fabricated phantoms. The problems found with using 

a confocal microscope with fluorescent microbeads was that only a 2D plane could be analysed, 

which limited the ability to identify rheological behaviour within the phantoms in a non-invasive way. 

In the future, the use of ultrasonic equipment would alleviate such limitations, as it would allow the 

analysis of the 3D space within the model.    
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8 Appendix ONE 

Inkjet printing gelatin 

Initial experiments were created to inkjet print gelatin scaffolds that could be patterned to desired 

biologically relevant patterns. It was shown (Figure 6.81) that gelatin concentration of 2% and lower 

could be printed, as their viscosity lies within printable values (1-10 mPa.s). For gelatin concentrations 

that were above 2%, the printing temperature needed to be increased (through the use of the heated 

polymer jet) to create conditions ideal for printing. 

 

 

Figure 6.81 graph showing viscosity values of varying gelatin concentrations at different temperatures through the use 

of a rheometer. Line drawn at 10 m.Pas to indicate maximum printability level of inkjet printing. 

 

 

 

Figure 6.8.2 (Above) and (Bottom) show inkjet printed gelatin on a glass cover slip. 4% gelatin was put inside the inkjet 

printing system, and the temperature increased to 30°C. Each time a successful droplet formation could be produced, 

printing became clogged and failed within 5 minutes of cleaning the apparatus. This made optimising the droplet 

spacing and printing parameters difficult.  Therefore printing gelatin was not considered in future experiments, but 

instead, glutaraldehyde was printed onto a bed of gelatin. 
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Table 5 showing data gathered through adding different concentrations of glutaraldehyde onto different concentrations 

of gelatin, at 5 µL and left overnight. The samples were then washed in warm water to remove uncrosslinked gelatin, 

and the diameter of crosslinked gelatin was measured. Using this value, and knowing the height of the gelatin, the 

amount of crosslinking could be calculated, with a dimensionless number can be created to give a value to the amount 

of gelatin was crosslinked with glutaraldehyde (n=3). No data shown for 0.50% glutaraldehyde with 2% gelatin as the 

construct was too fragile and washed off during the removal of uncrosslinked gelatin. 

Average diameter (mm) Gelatin  Conc.       

Glutaraldehyde Concentration 20% 10% 8% 4% 2% 

25% 12 13.5 14.5 15 14.5 

10% 9.5 10.5 11 13 11 

5% 8 9 8.66 9.5 9.5 

2% 6 6.2 6.7 7.2 7.8 

1% 5.3 5.3 5.3 5.3 5.3 

0.50% 5 4.2 4.2 4.2 n/a 
      

      

Total Volume crosslinked (µL) Gelatin Conc.     
  

Glutaraldehyde Concentration 20% 10% 8% 4% 2% 

25% 177.79 225.01 259.58 277.8 259.58 

10% 111.43 136.12 149.39 208.66 149.39 

5% 79.02 100.01 92.59 111.43 111.43 

2% 44.45 47.46 55.42 64 75.12 

1% 34.68 34.68 34.68 34.68 34.68 

0.50% 30.87 21.78 21.78 21.78 n/a 

  
     

      

crosslinked gelatin (µL) Gelatin Conc.     
  

Glutaraldehyde Concentration 20% 10% 8% 4% 2% 

25% 35.558 22.501 20.7664 11.112 5.1916 

10% 22.286 13.612 11.9512 8.3464 2.9878 

5% 15.804 10.001 7.4072 4.4572 2.2286 

2% 8.89 4.746 4.4336 2.56 1.5024 

1% 6.936 3.468 2.7744 1.3872 0.6936 

0.50% 6.174 2.178 1.7424 0.8712 n/a 
      

      

Efficacy of glutaraldehyde Gelatin Conc.         

Glutaraldehyde Concentration 20% 10% 8% 4% 2% 

25% 28.4464 18.0008 16.61312 8.8896 4.15328 

10% 44.572 27.224 23.9024 16.6928 5.9756 

5% 63.216 40.004 29.6288 17.8288 8.9144 
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2% 88.9 47.46 44.336 25.6 15.024 

1% 138.72 69.36 55.488 27.744 13.872 

0.50% 246.96 87.12 69.696 34.848 n/a 

 

Total glutaraldehyde volume = Volume of glutaraldehyde solution (5 µL) * 

Glutaraldehyde concentration 

Total crosslinked gelatin volume  =  π × r² × h  

Total crosslinked gelatin    = total volume crosslinked x gelatin concentration  

Efficacy of glutaraldehyde   = total crosslinked gelatin / total glutaraldehyde volume 

  

 

Day1               

      Healthy 80% 50% 20% Dead 

1hr 0.50% 0.25       x   

1hr 0.50% 0.5       x   

1hr 0.50% 0.125     x     

1hr 0.50% 1       x   

1hr 0.50% Control x         

1hr 1.00% 0.25     x     

1hr 1.00% 0.5         x 

1hr 1.00% 0.125   x       

1hr 1.00% 1         x 

1hr 1.00% 2         x 

1hr 1.00% Control x         

1hr 2.00% 0.25   x       

1hr 2.00% 0.5     x     

1hr 2.00% 0.125   x       

1hr 2.00% 1         x 

1hr 2.00% 2         x 

1hr 2.00% Control x         

1hr 4% 0.25   x       

1hr 4% 0.5     x     

1hr 4% 0.125 x         

1hr 4% 1         x 

1hr 4% 2         x 

1hr 4% Control x         

2hrs 0.50% 0.25   x       

2hrs 0.50% 0.5       x   

2hrs 0.50% 0.125     x     

2hrs 0.50% 1         x 

2hrs 0.50% 2         x 

2hrs 0.50% Control x         
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2hrs 1.00% 0.25         x 

2hrs 1.00% 0.5         x 

2hrs 1.00% 0.125   x       

2hrs 1.00% 1         x 

2hrs 1.00% 2         x 

2hrs 1.00% Control x         

2hrs 2.00% 0.25     x     

2hrs 2.00% 0.5         x 

2hrs 2.00% 0.125   x       

2hrs 2.00% 1         x 

2hrs 2.00% 2         x 

2hrs 2.00% Control x         

2hrs 4% 0.25   x       

2hrs 4% 0.5       x   

2hrs 4% 0.125 x         

Day1               

      Healthy 80% 50% 20% Dead 

2hrs 4% 2         x 

2hrs 4% Control   x       

5 minutes 0.50% 0.25   x       

5 minutes 0.50% 0.5     x     

5 minutes 0.50% 0.125 x         

5 minutes 0.50% 1       x   

5 minutes 0.50% 2         x 

5 minutes 0.50% Control   x       

5 minutes 1.00% 0.25           

5 minutes 1.00% 0.5   x       

5 minutes 1.00% 0.125   x       

5 minutes 1.00% 1       x   

5 minutes 1.00% 2         x 

5 minutes 1.00% Control x         

5 minutes 2.00% 0.25 x         

5 minutes 2.00% 0.5   x       

5 minutes 2.00% 0.125 x         

5 minutes 2.00% 1     x     

5 minutes 2.00% 2         x 

5 minutes 2.00% Control x         

5 minutes 4% 0.25 x         

5 minutes 4% 0.5 x         

5 minutes 4% 0.125 x         

5 minutes 4% 1     x     

5 minutes 4% 2       x   

5 minutes 4% Control x         

5 hrs 0.50% 0.25 x         

5 hrs 0.50% 0.5       x   

5 hrs 0.50% 0.125 x         
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5 hrs 0.50% 1         x 

5 hrs 0.50% 2         x 

5 hrs 0.50% Control x         

5 hrs 1.00% 0.25         x 

5 hrs 1.00% 0.5         x 

5 hrs 1.00% 0.125       x   

5 hrs 1.00% 1         x 

5 hrs 1.00% 2         x 

5 hrs 1.00% Control x         

5 hrs 2.00% 0.25         x 

5 hrs 2.00% 0.5         x 

5 hrs 2.00% 0.125     x     

5 hrs 2.00% 1           

5 hrs 2.00% 2           

5 hrs 2.00% Control           

Day1               

      Healthy 80% 50% 20% Dead 

5 hrs 4% 0.5         x 

5 hrs 4% 0.125   x       

5 hrs 4% 1           

5 hrs 4% 2           

5 hrs 4% Control           

24hrs 0.50% 0.25           

24hrs 0.50% 0.5           

24hrs 0.50% 0.125           

24hrs 0.50% 1           

24hrs 0.50% 2           

24hrs 0.50% Control           

24hrs 1.00% 0.25           

24hrs 1.00% 0.5           

24hrs 1.00% 0.125           

24hrs 1.00% 1           

24hrs 1.00% 2           

24hrs 1.00% Control           

24hrs 2.00% 0.25           

24hrs 2.00% 0.5           

24hrs 2.00% 0.125           

24hrs 2.00% 1           

24hrs 2.00% 2           

24hrs 2.00% Control           

24hrs 4% 0.25       x   

24hrs 4% 0.5         x 

24hrs 4% 0.125     x     

24hrs 4% 1         x 

24hrs 4% 2         x 

24hrs 4% Control x         
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30 minutes 0.50% 0.25 x         

30 minutes 0.50% 0.5       x   

30 minutes 0.50% 0.125   x       

30 minutes 0.50% 1         x 

30 minutes 0.50% 2         x 

30 minutes 0.50% Control x         

30 minutes 1.00% 0.25   x       

30 minutes 1.00% 0.5       x   

30 minutes 1.00% 0.125   x       

30 minutes 1.00% 1         x 

30 minutes 1.00% 2         x 

30 minutes 1.00% Control x         

30 minutes 2.00% 0.25   x       

30 minutes 2.00% 0.5       x   

30 minutes 2.00% 0.125   x       

Day1               

      Healthy 80% 50% 20% Dead 

30 minutes 2.00% 2         x 

30 minutes 2.00% Control x         

30 minutes 4% 0.25     x     

30 minutes 4% 0.5       x   

30 minutes 4% 0.125   x       

30 minutes 4% 1         x 

30 minutes 4% 2         x 

30 minutes 4% Control x         

 

 

Day 3               

      Healthy 80% 50% 20% Dead 

1hr 0.50% 0.25           

1hr 0.50% 0.5           

1hr 0.50% 0.125           

1hr 0.50% 1           

1hr 0.50% Control           

1hr 1.00% 0.25       x   

1hr 1.00% 0.5         x 

1hr 1.00% 0.125     x     

1hr 1.00% 1         x 

1hr 1.00% 2           

1hr 1.00% Control x         

1hr 2.00% 0.25     x     

1hr 2.00% 0.5       x   

1hr 2.00% 0.125   x       

1hr 2.00% 1           

1hr 2.00% 2           
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1hr 2.00% Control x         

1hr 4% 0.25     x     

1hr 4% 0.5         x 

1hr 4% 0.125   x       

1hr 4% 1         x 

1hr 4% 2           

1hr 4% Control x         

2hrs 0.50% 0.25           

2hrs 0.50% 0.5           

2hrs 0.50% 0.125           

2hrs 0.50% 1           

2hrs 0.50% 2           

2hrs 0.50% Control           

2hrs 1.00% 0.25         x 

2hrs 1.00% 0.5         x 

Day 3               

      Healthy 80% 50% 20% Dead 

2hrs 1.00% 1         x 

2hrs 1.00% 2           

2hrs 1.00% Control x         

2hrs 2.00% 0.25         x 

2hrs 2.00% 0.5         x 

2hrs 2.00% 0.125     x     

2hrs 2.00% 1         x 

2hrs 2.00% 2           

2hrs 2.00% Control x         

2hrs 4% 0.25       x   

2hrs 4% 0.5         x 

2hrs 4% 0.125     x     

2hrs 4% 1           

2hrs 4% 2           

2hrs 4% Control x         

5 minutes 0.50% 0.25   x       

5 minutes 0.50% 0.5       x   

5 minutes 0.50% 0.125 x         

5 minutes 0.50% 1         x 

5 minutes 0.50% 2         x 

5 minutes 0.50% Control           

5 minutes 1.00% 0.25   x       

5 minutes 1.00% 0.5     x     

5 minutes 1.00% 0.125 x       x 

5 minutes 1.00% 1         x 

5 minutes 1.00% 2           

5 minutes 1.00% Control x         

5 minutes 2.00% 0.25   x       

5 minutes 2.00% 0.5     x     
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5 minutes 2.00% 0.125 x         

5 minutes 2.00% 1       x   

5 minutes 2.00% 2         x 

5 minutes 2.00% Control x         

5 minutes 4% 0.25 x         

5 minutes 4% 0.5   x       

5 minutes 4% 0.125   x       

5 minutes 4% 1         x 

5 minutes 4% 2         x 

5 minutes 4% Control x         

5 hrs 0.50% 0.25         x 

5 hrs 0.50% 0.5         x 

5 hrs 0.50% 0.125       x   

5 hrs 0.50% 1         x 

5 hrs 0.50% 2         x 

Day 3               

      Healthy 80% 50% 20% Dead 

5 hrs 1.00% 0.25           

5 hrs 1.00% 0.5           

5 hrs 1.00% 0.125           

5 hrs 1.00% 1           

5 hrs 1.00% 2           

5 hrs 1.00% Control           

5 hrs 2.00% 0.25           

5 hrs 2.00% 0.5           

5 hrs 2.00% 0.125           

5 hrs 2.00% 1           

5 hrs 2.00% 2           

5 hrs 2.00% Control           

5 hrs 4% 0.25         x 

5 hrs 4% 0.5         x 

5 hrs 4% 0.125         x 

5 hrs 4% 1           

5 hrs 4% 2           

5 hrs 4% Control x         

24hrs 0.50% 0.25           

24hrs 0.50% 0.5           

24hrs 0.50% 0.125           

24hrs 0.50% 1           

24hrs 0.50% 2           

24hrs 0.50% Control           

24hrs 1.00% 0.25           

24hrs 1.00% 0.5           

24hrs 1.00% 0.125           

24hrs 1.00% 1           

24hrs 1.00% 2           
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24hrs 1.00% Control           

24hrs 2.00% 0.25           

24hrs 2.00% 0.5           

24hrs 2.00% 0.125           

24hrs 2.00% 1           

24hrs 2.00% 2           

24hrs 2.00% Control           

24hrs 4% 0.25         x 

24hrs 4% 0.5         x 

24hrs 4% 0.125         x 

24hrs 4% 1           

24hrs 4% 2           

24hrs 4% Control x         

30 minutes 0.50% 0.25 x         

30 minutes 0.50% 0.5         x 

Day 3               

      Healthy 80% 50% 20% Dead 

30 minutes 0.50% 1           

30 minutes 0.50% 2           

30 minutes 0.50% Control x         

30 minutes 1.00% 0.25         x 

30 minutes 1.00% 0.5         x 

30 minutes 1.00% 0.125       x   

30 minutes 1.00% 1           

30 minutes 1.00% 2           

30 minutes 1.00% Control x         

30 minutes 2.00% 0.25       x   

30 minutes 2.00% 0.5         x 

30 minutes 2.00% 0.125   x       

30 minutes 2.00% 1           

30 minutes 2.00% 2           

30 minutes 2.00% Control x         

30 minutes 4% 0.25         x 

30 minutes 4% 0.5         x 

30 minutes 4% 0.125     x     

30 minutes 4% 1           

30 minutes 4% 2           

30 minutes 4% Control x         
Figure 9.3 showing the raw data of phenotypic analysis of each sample studied under the microscope and categorising 

each condition in accordance to cell viability. Health = >80% viability, Dead = <20% viability.   
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9 APPENDIX TWO 
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Figure 16.8.1 Images taken at 50 µs apart, showing the movement of fluorescent micro beads traveling through the 

phantom. Using Manual Tracker (a plugin in ImageJ), individual beads could be tracked through each consecutive 

image. This allowed the tracking of beads travelling through the phantom. Scale bar = 1000 µm 
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Figure 16.8.2 another method of analysing the data set captured with epifluorescent microscopy with the phantoms 

created; knowing the exposure time and the size of the micro beads, the motion blur can be used to extrapolate the 

speed of the beads in the phantom.  
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10 APPENDIX THREE 

10.1 Oral Presentations 

Materials KTN Annual Event, “Anti-theft cable technology”, May 2012, London, UK 

An Afternoon with ADAM, “Overview of Inkjet Printing”, December 2012, Sheffield, UK 

BiTEG 14th Annual White Rose Meeting, “Utilising Inkjet Printing Technology for the Generation of 

Biological Scaffolds”, December 2012, York, UK,  

Careers in Academia, “Life of a PhD Student”, February 2012, Sheffield, UK 

Discovery Night, “3D printing in bioengineering”, March 2012, Sheffield, UK 

Discovery Night, “3D printing in bioengineering”, March 2015, Sheffield, UK 

10.2 Poster Presentations 

BiTEG 13th Annual White Rose Meeting, “Fabricating 3D structures for soft tissue engineering 

applications with inkjet printing”, December 2011, Sheffield, UK 

Materials KTN Annual Event, “Anti-theft cable technology”, May 2012, London, UK 

10.3 Awards 

Sheffield Startup weekend, awarded best presenter during three-day event, November 2011, Sheffield, 

UK 

Enterprise Celebration Dinner, finalist during Awards Ceremony, December 2012, Sheffield, UK 

10.4 Publications 

Review Paper: Y. Zhang, C. Tse, D. Rouholamin and P. J. Smith, Scaffolds for tissue engineering 

produced by inkjet printing, Cent. Eur. J. Eng., 2012, 2, 325–335. 

Research paper: Tse Christopher, Ng Shea Shin, Stringer Jonathan, MacNeil Sheila, Haycock W. John 

and Smith Patrick, Utilising Inkjet Printed Paraffin Wax for Cell Patterning Applications, Internation 

Journal of Bioprinting (Submitted August 18th 2015, minor corrections 7th October 2015, accepted 14th 

October 2015) 

Research paper: Solis-Gonzalez Obed A; Tse Christopher; Fairclough Patrick; Smith Patrick, A new 

methodology for preparation of giant vesicles using an inkjet printing and confined geometry technique. 

Soft Matter (Submitted August 5th 2015) 
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Research paper: Tse Christopher; Whiteley Robert; Yu Tracy; Stringer Jonathan; MacNeil Sheila; 

Haycock John; Smith Patrick, Inkjet printing Schwann cells and neuronal analogue NG108-15 cells, 

Biofabrication (Submitted July 8th 2015) 

Communication Paper: Rider Patrick, Zhang Yu, Tse Christopher, Zhang Yi, Jayawardane Dharana, 

Stringer Jonathan, Callaghan Jill, Brook I. M, Miller Cheryl A., Zhao Xiubo, Smith Patrick, 

Biocompatible Silk Fibroin Scaffold Prepared by Reactive Inkjet Printing, Soft Matter (Submitted 

October 6th 2015) 

Research paper: Tse Christopher; Stringer Jonathan; MacNeil Sheila; Haycock John; Smith Patrick, 

Crosslinking gelatin scaffolds with inkjet printed glutaraldehyde for cell seeding applications (to be 

submitted)  
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