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With the advent of additive manufacturing and its recent use in 

regenerative medicine, bioprinting has become a promising technology for 

tissue engineering applications. PhycoTrix™, a sulphated marine-derived 

polysaccharide, taken from the cell wall of a DNA barcoded green algal spp., 

(Chlorophyta), has a chemical structure similar to mammalian 

glycosaminoglycans found within the dermal skin layer extracellular matrix. 

This sustainable, under-utilised source of biomaterial was developed into a bio-

ink for use in bioprinting. Specifically, a dual-network hydrogel was engineered 

through ionic and chemical means. This hydrogel was characterised following 

methacrylation through 1H NMR, FT-IR, and circular dichroism. The physical 

properties, printability, and crosslinking kinetics were all assessed through 

rheology and mechanical properties through micro-indentation. Preliminary 

cytocompatibility studies were evaluated using fibroblasts and adipose-derived 

stem cells. The results indicated relatively high cell binding affinity and 

proliferation compared to other alginate studies, suggesting this novel 

biomaterial could be useful for wound healing applications, such as wound 

dressings and matrices for tissue repair and regeneration. 

Figure 1 | Graphical abstract showing the bioink development from algal origin. 
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 Outline  

To address the multidisciplinary nature of biofabrication, this work has been 

introduced in three main sections. Firstly the problem at hand of wound healing 

and skin tissue regeneration is outlined, from an anatomical and physiological 

perspective, with emphasis on current treatments. Secondly, the study focuses on 

various additive manufacturing approaches, in the context of bioprinting. The use 

of biomaterial-based hydrogels in bioprinting will be described, concentrating on 

their mechnical and chemical characteristics. The latter section proposes the aims 

and hypotheses of this work. 

 Overview 

Additive manufacturing (AM) or 3D printing, coupled with recent advances 

in tissue engineering (TE) has led to bioprinting and biofabrication. These fields 

offer great potential in regenerative medicine applications, from printing tissue 

constructs to the development of complete vascularised organs (Murphy and Atala, 

2014). One major advantage of biofabrication includes the precise placement of 

biomaterials to ensure optimal spatial distribution and mechanical stability. 

Biofabrication can be used in wound healing, skin tissue repair and developing de 

novo organs (Bartolo et al., 2013, Murphy and Atala, 2014). The creation of 

biomaterial or hydrogel-based wound healing scaffolds can enhance cell to cell 

interactions, facilitating an appropriate natural response to trauma (Gao et al., 

2006). Biomaterial-based hydrogels can be engineered from natural polymers 

including those derived from marine polysaccharides such as alginate from brown 

seaweed, carrageenan from red seaweed and PT from green seaweed (Khalil and 

Sun, 2009, Dash et al., 2014, Morelli and Chiellini, 2010). These sustainable 

polysaccharides offer desirable biological and physiochemical qualities suitable for 

biofabrication (Morelli and Chiellini, 2010, Hachet et al., 2012, Draget et al., 1997). 
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 The skin 

To understand wound healing and skin bioprinting, we must first look at 

the structural components of the skin. The skin is the largest organ of the body in 

invertebrates and is a vital external defence against collisions, chemicals, UV-

radiation, temperature, and pathogens, among other biological stresses (Clark et 

al., 2007, Tobin, 2006). Human skin consists of three principal layers: the 

epidermis, dermis, and hypodermis (Figure 2). The latter is composed of 

connective tissue and fats, specifically collagen and adipose tissue. These play a 

fundamental role in the maintenance of homoeostasis and thermoregulation 

(Metcalfe and Ferguson, 2007a). The dermal layer houses several extracellular 

matrix (ECM) components including collagen (type I and III) with elastin, various 

glycosaminoglycans (GAGs) and fibroblasts, all vital in the wound healing response 

(Böttcher-Haberzeth et al., 2010). Connecting the dermis to the superficial 

epidermal layer is the basement membrane (BM). The BM acts as an antigen 

template, enabling the remodelling of damaged skin in vitro (Ralston, 1999). Lastly, 

the epidermal layer serves to protect the dermal layer, which houses nerves and 

blood vessels along with other vital ECM components, preventing moisture loss 

and pathogen entry (Singh et al., 2012).   

Figure 2 | A basic illustration of the structure of human skin. 
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 Wounds 

The burden of chronic wounds on the Australian Health Care System has 

been estimated to cost up to $2.85 billion annually (Graves and Zheng, 2014). The 

annual global encumbrance of burns is impacting over 11 million people (Peck, 

2011). Attached to this are the indirect costs associated with further wound 

management with accountability dwelling on the broader healthcare system. This 

burden ranges from impacts on clinicians, nurses, hospitals, aged care and the 

individuals, among others.  

There are several circumstances under which the protection of the skin can 

be compromised. These include trauma, chronic ulcers, tumours, burns along with 

various other dermatological conditions (Dai et al., 2004). Once compromised, the 

body’s wound healing cascade is triggered, generally involving inflammation, 

proliferation, angiogenesis and remodelling (Park and Barbul, 2004). 

Inflammation is initiated by cytokines along with inflammatory mediators 

such as histamine which cause vasodilation, activate complement and attract 

macrophages through fibrin (Hunt, 1988, Sinno and Prakash, 2013, Cazander et al., 

2012). Thrombin and collagen activate platelets, stimulating the proliferation of 

growth factors, namely, fibroblast growth factor (FGF) and vascular endothelial 

cells (Park and Barbul, 2004). Angiogenesis promotes the restoration of blood 

supply to the regenerating tissues through angiogenic mediators including 

vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF-2) 

(Crowther et al., 2001, Swift et al., 1999). Lastly, apoptosis destroys redundant cells 

and collagen fibres, glycosaminoglycans (GAGs). This is followed by the 

remodelling of fibronectin, partially reconstructing the wound site (Cazander et 

al., 2012). 

 Wound Dressings and Skin Grafts 

A substantial development in wound care was established in a study by 

Winter (1962), who found that wound re-epithelization was twice as fast when 

moisture was kept beneath an occlusive dressing. Following initial trauma, when 

exposed to air, a wound will develop a dry scab, hindering the migration of 
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epidermal cells and keratinocytes (KCs) to the area, prolonging the healing process 

(Paul and Sharma, 2004).  Moist healing provides a workaround, facilitating cell 

migration, and reducing overall scar formation through exudate absorption and 

wound insulation (Paul and Sharma, 2004, Atiyeh et al., 2002, Eming et al., 2007). 

Furthermore, through mimicking the epidermis, a moist environment can reduce 

pain, increase oxygen delivery, and improve overall cell-to-cell electrochemical 

interactions (Field and Kerstein, 1994).  

Modern wound dressings can be divided into two general groups; inert or 

passive and interactive or bioactive (Weller and Sussman, 2006). In recent years, 

with greater insights into wound management, there has been a shift from passive 

to active wound management (Field and Kerstein, 1994). Inert gauzes are now 

predominantly used as secondary dressings, that is, they are used as support for 

interactive dressings. Bioactive dressings interact with the wound site to optimise 

healing, which includes, but is not limited to, hydrogels, hydrocolloids, iodine 

dressings along with highly absorbant, hemostatic dressings such as alginate and 

chitosan-based dressings. 

Integrating established wound management strategies with modern 

technology such as biofabrication can assist in creating new types of dressings and 

synthetic skin substitutes. Kirker et al. (2004) demonstrated that the introduction 

of crosslinked GAG hydrogel films beneath an occlusive dressing resulted in 

accelerated wound healing. This has led to an increased interest in developing new 

occlusive, hydrocolloid, and hydrogel based wound management strategies by 

clinicians and researchers alike. Additionally, recent advances in skin tissue 

engineering have brought forward the possibility of artificial skin substitutes.  

It is well understood that in the event of skin trauma, particularly burns, 

immediate protection is essential to prevent infection (Breasted, 1930). Skin grafts 

such as autografts are still the most common treatment for severe burns. In 

general, an autograft requires the surgical removal of skin from another part of an 

individual’s body, which is then stretched and applied to the burn site. This 

method is limited by the availability of sites and leads, of course, to further trauma, 

potentially resulting in additional complications. Alternative measures with 
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xenografts, allografts and even artificial skin have been explored to transcend 

autograft limitations (Chardack et al., 1962, Bondoc and Burke, 1971, Yannas and 

Burke, 1980). 

Xenografts are skin grafts from separate species, of which porcine skin is 

most commonly used, whereas allografts are decellularised cadaveric skin. A study 

comparing human fibroblast migration and penetration in porcine xenografts 

against human allografts showed the latter to be more efficient (Armour et al., 

2006). The decellularised allograft resulted in an over eighty percent fibroblast 

infiltration when compared to the approximately thirty percent in the xenograft. 

Additionally, since xenografts are derived from animals, they pose greater ethical 

and immunological concerns (Robson et al., 1999, Platt et al., 1991, Miyagawa et al., 

1988, Adler et al., 2011). 

 Skin Tissue Engineering 

Engineered skin offers an alternative approach to skin grafts for severe burns 

and chronic wounds (MacNeil, 2007). The ultimate goal of tissue engineering is to 

restore the natural structures and functions of tissue constructs by recapitulating 

key features in the native cellular and tissue microenvironments. The majority of 

studies into skin tissue engineering concentrate on recreating the dermal and 

epidermal layers through the use of fibroblasts and keratinocytes (Metcalfe and 

Ferguson, 2007b).  

A fundamental association often overlooked in skin tissue engineering is the 

influence of hair follicles in skin regeneration (Paus and Cotsarelis, 1999). To 

develop biofabricated skin, the role of each component in the native construct 

must be examined with a fine-tooth comb. The skin is mainly composed of adipose 

tissue, keratinocytes and fibroblasts. Rheinwatd and Green (1975), were the first to 

culture keratinocytes, shortly after which in (1977), they developed cultured 

epithelial autografts (CEAs) to treat partial thickness burns victims, with indefinite 

self-renewal (O'Connor et al., 1981, Gallico III et al., 1984).   

To culture skin, in vitro, scientists have constructed an air-liquid-interface 

(ALI) (Pruniéras et al., 1983).  ALI overcomes incomplete differentiation associated 
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with traditional culturing through the construction of a physiologically-

appropriate setting. This is where the epidermal layer is exposed, superficially, to 

air and the dermal layer is allowed to interact with nutrients and liquid. The vital 

role of oxygen in skin tissue regeneration has been long known (Tammi et al., 1979) 

and without which, ECM deposition will not occur (Kolesky et al., 2014). This ALI 

has been used in conjunction with bioprinting to recreate bilayered skin constructs 

(Michael et al., 2013, Lee et al., 2009).  

 Bioprinting 

The dynamic nature of medical research has shifted to embrace 3D printing. 

3D printing or AM was developed in the early 1980’s by Charles “Chuck” Hull, who 

out of intolerance, invented a fast-tracked design and production process 

(Kietzmann et al., 2015). Chuck established a software interface capable of 

connecting a computer-aided design (CAD) with a 3D printer, STereoLithography 

(SLA), from which the Standard Tessellation Language (STL) file format arose 

(Grimm, 2004). The hardware process of SLA involves dispensing a thin layer of 

UV - curable liquid resin onto a platform. A concentrated beam of ultraviolet light 

“draws” a precise pattern which instantly solidifies. This process continues as the 

platform descends, adding layer upon layer of material, thus creating a 3D 

structure (Hull, 1986). 

AM differs from traditional manufacturing techniques in that, as the name 

suggests, adds material instead of removing it. Previously, manufacturing has 

involved a top-down approach, where an excess of material is ‘subtracted’ or 

‘formed’ into a final product (Mattox, 2013). Excessive amounts of waste are 

inevitable; nonetheless, the speed and scalability of this well-established method 

justify it’s continued commercial use (Diegel et al., 2010). AM, on the other hand, 

employs a bottom-up design approach. This process allows for a higher degree of 

customization and speed, appropriately coined rapid prototyping (RP). RP is 

significantly more sustainable; arguably one of the reasons it has become a 

favoured prototyping method by many companies such as DysonTM (Gibson et al., 
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2010). The ambition of AM is to have the technology available to everyone, to have 

the hardware in all households as if it were another inkjet or laser printer. 

The scientific community, in particular, has come to incorporate AM into 

tissue engineering (TE) and regenerative medicine. In the early nineties, Langer 

and Vacanti (1993) pioneered TE as seeding isolated cells onto scaffolds. This 

results in non-specific scaffold geometry, porosity and cell placement. Many of the 

complexities involved in TE, or more specifically tissue regeneration, may be 

overcome through the utilisation of AM. Conventional AM techniques start with 

the generation of intricate 3D models through CAD. These are then translated into 

the STL file type mediating the computer and printer interaction (Mondy et al., 

2009). In bioprinting, the 3D models can also be generated from medical scans 

such as computed tomography (CT), magnetic resonance imaging (MRI) or X-rays, 

facilitating the onset of personalised medicine (Arai et al., 2011, Keriquel et al., 

2010).  

As previously outlined, wound healing is an intricate process involving 

diverse cellular interactions. Bioprinting has given researchers a reliable means of 

Figure 3 | A basic representation of an in situ skin bioprinting process. (A) 
Shows an image of a wound,  (B) basic schematic of pneumatic print head and 
(C) shows in-situ/in-vivo extrusion bioprinting of a bioink scaffold.  

A 
B 

C 
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replicating ECM and ECM components (Bártolo et al., 2011), which could be used 

in developing wound healing models (Wigger-Alberti et al., 2009). Patient-specific 

wound dressings or skin grafts could be fabricated with embedded ECM 

components, growth factors and cell types, precisely tailored to each region and 

wound depth, facilitating the body’s natural response to trauma while protecting 

the site (Figure 3). The techniques available for such treatments are discussed in 

the next section. 

1.4.1.1 Inkjet Printing 

Inkjet printing technology can be split into continuous inkjet (CIJ) and 

drop-on-demand (DOD) printing. In the context of biofabrication, both CIJ and 

DOD inkjet bioprinting have, more suitably, been placed under the superficial 

umbrella of droplet-based bioprinting (DBB). Of which, DBB can be broken down 

again into three general branches, micro-valve, acoustic and inkjet bioprinting. For 

simplicity, only the thermal and acoustic or piezoelectric approaches will be 

discussed further if the reader wants intricate details regarding bioprinting 

mechanisms and techniques they are directed to reviews by Malda et al. (2013) and 

Murphy and Atala (2014). 

Figure 4 | A basic schematic of inkjet bioprinting. For simplicity, only the piezo-
electric mechanism has been shown, generating high resolution droplet-based 
printing without the use of heating.  Adapted from (Derby, 2010). 
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Thermal DOD bioprinting involves a micro-heater that vapourises the 

bioink shaping droplets through a pressure pulse (Derby, 2008). Piezoelectric DOD 

bioprinting forms droplets through mechanical actuation, without heating (Figure 

4). Droplets are generated when a voltage is applied to a piezoelectric material, 

producing a pressure gradient, extruding the material (Tekin et al., 2008).  

As with all the bioprinting approaches, inkjet printing has its advantages 

and shortcomings. Regarding thermal approaches, inks are exposed to 

temperatures over 200 °C for short bursts. This is heavily reliant on the capacity of 

inks to recovery from abrupt temperature change, vapourising solvents. 

Interestingly, the impact on encapsulated cells seems to be negligible (Cui et al., 

2012, Xu et al., 2006). Another significant shortcoming of these methods relates to 

the mechanical stresses imposed upon encapsulated cells, with a considerably 

narrow viscosity tolerance range (Figure 5)(Calvert, 2001). Moreover, frequent 

nozzle clogging and inconsistent droplet formation impart further difficulties. 

Typically, inkjet cartridges can fail once 400 000 cells have been printed (Parzel et 

al., 2009).  

Despite these limitations, however, printing resolution can be high, 

enabling precise control over bioink placement and consequently, the positioning 

of cells, below 100 picolitres (Calvert, 2007). Additionally, as mentioned, the 

availability and accessibility of such printers are vast, generally resulting in low 

maintenance and service costs. 

Figure 5 | Fluid properties where drop-on-demand inkject printing is feasible. 
Where the low energy area hinders dispensation and splash area results in 
uncontrolled ink placement.  Adapted from (Derby, 2010). 
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1.4.1.2 Laser-Assisted Printing 

Laser-assisted bioprinting (LAB) is based on laser direct writing and laser-

induced forward transfer (LIFT) (Bohandy et al., 1986, Koch et al., 2010). Unlike 

inkjet printing, LAB does not require a printing nozzle, subjugating particular 

limitations. Figure 6 illustrates a simple representation of the technology, where a 

donor layer, containing an energy absorbing layer commonly made of gold or 

titanium but also polymers such as gelatin or triazine, are excited through laser 

pulses (Schiele et al., 2010b, Schiele et al., 2010a). These pulses penetrate and 

vapourise the donor layer, creating a bioink bubble. The formed hydrogel jet 

cascades onto the collector slide as a fine resolution droplet with high spatial 

control (Unger et al., 2011). Droplet size can be regulated by laser energy, hydrogel 

depth and viscosity (Gruene et al., 2011). The ink viscosity ranges for LAB methods 

are not as narrow as inkjet methods, 1 – 300 mPa.s-1 compared to 3.5 – 12 mPa.s-1 

(Koch et al., 2010). Correspondingly, as mentioned, nozzle, needle or tip clogging 

is not an issue.   

LAB has been previously used in skin bioprinting (Koch et al., 2010). With in 

vivo mice tests showing printed skin integrating with native host tissues (Michael 

et al., 2013). 

 

Figure 6 | Basic schematic of a laser bioprinter where a laser penetrates the absorbing layer 
vaporising the donor-slide creating a bubble dispensing a bio-ink droplet onto the 
substrate. 



Introduction 

11 

 

1.4.1.3 Extrusion Printing 

Arguably the most extensively explored bioprinting approach in tissue 

engineering, used throughout this work, involves extrusion or micro-extrusion 

(Melchels et al., 2014, Derby, 2012, Ferris et al., 2013). Instead of droplets, extrusion-

based techniques dispense continuous cylindrical strands of hydrogel through the 

air (Khalil and Sun, 2007) or mechanical force (Figure 7) (Jakab et al., 2006). The 

former system employs pneumatics to drive the filament through the tip, restricted 

only by pressure and the delay of its volume. Mechanical or robotic extrusion 

printers use either piston or screw mechanisms to project hydrogels, with modest 

spatial control and resolution.  

 Due to simplicity, ink properties are not as restricted in this approach, 

supporting a vast viscosity range of 30 mPa/s to at least 6 × 107 

mPa/s (Murphy and Atala, 2014). Moreover, extrusion techniques don’t rely on 

focused heating. Recently, these systems have been developed to support multi-

material printing, for further versatility (Kolesky et al., 2014, Cathal et al., 2016, 

Davoodi et al., 2015). 

Figure 7 | General illustration of the pneumatic extrusion bioprinting technique.. 
For simplicity only pneumatic (air pressure) was drawn, two alternative 
mechanical methods exist, one utilising a piston and the other using a screw-
based method. 
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The printer primarily used in this work was the 3D-BioplotterTM 

(EnvisionTec, Gladbeck, Germany). The Bioplotter utilises pneumatic extrusion to 

dispense viscous hydrogels. The temperature controlled reservoir moves 

independently through X, Y and Z dimensions, placing materials onto a stationary 

temperature controlled substrate. Introducing the possibility of the use of 

thermosensitive inks for excellent control over material flow, attractive for cell 

encapsulation (Billiet et al., 2012a).  

A significant shortcoming of extrusion-based bioprinting, apart from the 

relatively average resolution, involves the shear stresses experienced by 

encapsulated cells during printing. Several approaches have sort to overcome this 

limitation. Hockaday et al. (2012) discussed the use of ultraviolet (UV) bioextrusion 

printing of PEG hydrogels. They found that the extrusion of cell encapsulated, low 

viscosity inks, capable of in situ crosslinking once extruded, would significantly 

reduce shear stresses on cells. Additionally, due to the post-printing chemical 

crosslinking by UV light, the resulting hydrogel had increased mechanical 

properties suitable for the regeneration of human heart valves. Further, Skardal et 

al. (2012), showed that the use of amniotic fluid-derived stem (AFS) cells in 

bioprinting could be a useful treatment for wounds and burns. They explored the 

use of AFS cells as they have high proliferation rates, favourable 

immunomodulating activities and tend not to form teratomas in mice (De Coppi 

et al., 2007, Moorefield et al., 2011). Thus, through the development of a suitable 

hydrogel, they were able to show AFS cells secreting growth factors at higher 

concentrations than mesenchymal stem cells (MSCs). Consequently, revealing the 

potential in exploring the use of new biomaterial-based hydrogels for bioprinting 

applications. 
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 Hydrogels in Bioprinting 

 Structure 

Hydrogels are three-dimensional hydrophilic polymer networks swollen in 

water. They are favourable materials for regenerative medicine due to their 

hydrophilicity, permeability, biocompatibility and dynamic compositional and 

structural similarities to native human tissues (Lee and Mooney, 2001, Gong et al., 

2003, Sun et al., 2012, Gehrke et al., 1997). These macromolecular networks can be 

composed of synthetic polymers such as poly(ethylene oxide) and Lutrol F127, or 

natural polymers such as gelatin, alginate, collagen, fibrin, and hyaluronic acid. 

The development of such hydrogel systems makes them valuable vessels for 

biofabrication (Nakamura et al., 2010, Malda et al., 2013, Billiet et al., 2012b, 

Zorlutuna et al., 2013).  

The capacity of hydrogels to swell in water has been simplified into two 

mechanisms, ‘bound water’ and ‘free water’ (Hoffman, 2012). The former involves 

the interaction of polar-hydrophilic groups with water, followed by the binding of 

hydrophobic groups. Once swollen, the ‘free water’ occupies space between 

polymer chains. Crosslinking and shear stress significantly influences this water 

absorbent capacity of hydrogels, pertinent to bioprinting (Figure 8) (Brannon-

Peppas and Peppas, 1991, Pasqui et al., 2012).  

Figure 8 | Schematic representation of a swollen polysaccharide-based hydrogel on a 
macro-molecular scale. The left shows the native state with more bound water in the 
network with the right demonstrating a reduction in bound water due shear stresses 
imposed by bioprinting. Adapted from (Pasqui et al., 2012). 
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Hydrogel properties can be engineered toward their final goal through the 

manipulation of polymer concentration and composition, along with crosslinking 

density and mechanisms. The crosslinking of polymer networks is undertaken by 

physical and/or chemical means, where appropriate physical gels can be formed 

via complexation, chain aggregation, hydrophobic association, hydrogen bonding, 

etc. (Hoffman, 2012, Ratner et al., 2004, Berger et al., 2004). Chemical crosslinking 

can be initiated via various mechanisms, including but not limited to enzymatic, 

redox-mediated, functional group reactions and free-radical photopolymerisation 

(Morelli et al., 2015, Yang et al., 2012, Shantha and Harding, 2002, Bertassoni et al., 

2014).  

A recent emergence in composite and hybrid gels has seen significant 

improvements in physicochemical and mechanical properties. In particular,  

hydrogel mechanical properties can be engineered for specific applications; from 

cartilage regeneration and controlled release of biomolecules (Lin and Anseth, 

2009) to bioengineering skin (Metcalfe and Ferguson, 2007a). One particularly 

interesting hybrid hydrogel recently came from the Massachusetts Institute of 

Technology (MIT), where researchers coated hydrogels with elastomers, 

preventing moisture loss while significantly enhancing hydrogel strength and 

flexibility (Yuk et al., 2016). The researchers were then able to incorporate channels 

into the hybrid to mimic blood vessels which, when developed into a smart 

bandage, could be capable of monitoring skin physiology or in drug delivery.  

Another noteworthy advancement in hydrogel development has come 

through the generation of interpenetrating polymer network (IPN) hydrogels, 

which are formed by interlacing two or more polymer networks on a molecular 

level. Additionally, robust gels have been made through double networks (DN) and 

ionic-covalent entanglement (ICE) gels (Sun et al., 2012, Bakarich et al., 2012). 

These hybrid and composite hydrogels have enabled researchers the means to 

overcome the innately weak mechanical properties most commonly seen in 

hydrogels (Sun et al., 2012). However, some of these crosslinking mechanisms or 

agents produce cytotoxic by-products, impeding cytocompatibility and may not be 

suitable in bioprinting (Liang et al., 2004). 
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 Bioink and Printability  

Biofabrication is a multidisciplinary research field which incorporates 

several aspects of science including physics, chemistry and biology with 

engineering. One particular component relevant to the field is rheology, which is 

found within the branch of physics and physical chemistry. Rheology characterises 

the flow and deformation of materials (Mezger, 2006). This characterisation 

technique is often overlooked in the context of bioprinting and can be broadly 

translated into the impact of printing constraints on bioinks (Malda et al., 2013, 

Oyen, 2014). 

‘Printability’ refers to an inks behaviour during and following extrusion. For 

instance, for ink to flow through a fine gauge needle, it should demonstrate shear-

thinning behaviour and rapid recovery, or cessation, once placed onto the 

substrate (Jungst et al., 2016). Ink viscosity determines printability,  influenced by 

polymer concentration and crosslinking. Coupled with these material properties 

are the hardware restrictions bestowed upon inks, ranging from but not restricted 

to pressure, flow rate, temperature and substrate interactions (Murphy and Atala, 

2014, Nikkhah et al., 2012). 

The printability of hydrogels is affected by crosslinking. Free-radical photo-

polymerisation or crosslinking is a commonly used technique in biofabrication due 

to speed, simplicity and ability to be used in-situ (Malda et al., 2013). The 

mechanism involves the generation of free radicals upon UV irradiation in the 

presence of a photoinitiator, producing covalent bond pairs (Petersen, 2012, Lü et 

al., 2010). In doing so, particularly in hydrogels, this induces an increase in 

modulus, creating a stable, insoluble chemical network. Hydrogels are versatile 

materials that have the capacity to be chemically modified or functionalised with 

photo-polymerisable or crosslinkable groups (Geckil et al., 2010, Kloxin et al., 

2009).  For instance, carrageenan (Mihaila et al., 2013), hyaluronic acid (Bencherif 

et al., 2008) and gellan gum (Coutinho et al., 2010) have all been functionalised to 

varying degrees with methacrylol moieties, to produce more physiologically stable 

hydrogels by light.   
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High viscosity results in high shear stress. A study recently published by 

Blaeser et al. (2015), discovered that high shear stress could result in damage to 

bioink encapsulated cells. Cells can thrive in appropriate culture conditions; thus 

a biofabrication window exists where there’s a balance between hydrogel shape 

fidelity and favourable cellular conditions (Khalil and Sun, 2009, Malda et al., 2013). 

Hydrogels as bioinks or as biopaper allow for the spatial separation of these 

encapsulated or seeded cells (Shariati and Moeinzadeh, 2015).  

The hydrogels used have to be applicable to both the printing technique and 

the final application, from softer tissues such as cartilage (Markstedt et al., 2015) 

and skin (Ringeisen et al., 2004), to bone (Dash et al., 2014, Hutmacher, 2000, 

Keriquel et al., 2010). A potential source of these biomaterials is outlined in the 

next section. 
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 Marine Polymers 

It has been estimated that algae and phytoplankton contribute up to 50 % 

of the oxygen in the earth’s atmosphere (Falkowski et al., 1998, Qin et al., 2012). 

The naturally derived polysaccharides from within these algae are abundant, 

sustainable, relatively cheap, resilient, and adaptable to suit a variety of medical 

applications (Andreakis and Schaffelke, 2012, Manivasagan and Oh, 2016). When 

compared to mammalian-derived polysaccharides (such as hyaluronic acid), algae 

tend to be natively biocompatible (Stevens, 2008). Thus these biomaterials are 

suitable ECM mimics, with the potential to be chemically modified for specific 

applications (Reys et al., 2016, Rowley et al., 1999).  

One of the most studied polysaccharides from the algal origin is alginate, 

found in the cell wall of brown algae, primarily used as a thickening agent and in 

modern wound dressings (Straccia et al., 2015). Over the years alginate has been 

shown to be useful in a variety of biomedical applications. In particular, an 

alginate-based hydrogel with an integrated unicellular green 

algae, Chlamydomonas reinhardtii, showed continual cell growth, proving that 

oxygen can be supplied or diffused into bioprinted constructs (Lode et al., 2015). 

Alginate itself tends to lack cell adhesion molecules; thus collagen has been shown 

to increase cell adhesion and overall mechanical properties when added into a 

hydrogel system (Baniasadi and Minary-Jolandan, 2015). Huebsch et al. (2015) used 

an in situ injectable alginate-based hydrogels to regulate tissue repair, specifically, 

bone formation.  

Agar and carrageenan, both extracts from red algae have vast biomedical 

uses. Interestingly, a three-year clinical cosmetic study showed that agarose, one 

fraction of agar, was a reliable filler used in lip augmentation, indicating greater 

biocompatibility than that of hyaluronic acid (Scarano et al., 2009). Additionally, 

carrageenan has been combined with polyvinyl alcohol (a synthetic polymer) and 

agar in clinically tested hydrogels, for the treatment of wounds, burns and ulcers 

(Varshney, 2007).  

A new type of algal polysaccharide, used in this work, is discussed in the 

next section. 
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1.5.3.1 Ulvan 

Ulvan is a type of underutilised, anionic, sulphated polysaccharide with 

unique chemical and structural characteristics valuable for biofabrication 

(Chandika et al., 2015). These characteristics, generally associated with attached 

sulphated rhamnose sugar include vast biological activity (Table 1). With such 

qualities, ulvan has great potential for a broad range of biomedical applications, 

including wound healing and the development of tissue-engineered skin grafts 

(Straccia et al., 2015, Morelli and Chiellini, 2010). 

 

Figure 9 | Image of different types of algae similar to  that of which the ulvan 
polysaccharide is derived. Captured with a Leica d-lux typ 109 compact camera with 24 – 
75 mm lens. 
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Table 1 | Biological actions of Chlorophytes (green macroalgae) and their polysaccharides, which ulvan can be extracted from. 

Biological Activity Reference(s) 

Antiviral (Damonte et al., 2004, Cooper et al., 2002) 

Anti-inflammatory (Toida et al., 2003) 

Antibacterial (Straccia et al., 2015, Kandhasamy and Arunachalam, 2008) 

Anti-fungal (de Freitas et al., 2015) 

Anticoagulant (Costa et al., 2010, Kanno, 2012) 

Antioxidant (Huang et al., 2015, Costa et al., 2010, Qi et al., 2005) 

Antitumour (Kaeffer et al., 1999) 

Anti-proliferative (Farias et al., 2008) 

Anti-thrombotic (Lee et al., 2004) 

Anti-cholesterol (Abe et al., 2013) 

Hypolipidemic (Matloub et al., 2015, Pengzhan et al., 2003) 

Immunomodulating (Toida et al., 2003).  
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The chemical composition of ulvan, comparable to other marine-derived 

polysaccharides, is complex and subject to seasonal variability (Johnson et al., 1997, 

Abdel-Fattah and Edrees, 1973, Robic et al., 2009c, Brading et al., 1954). The two 

major disaccharide repeating units of ulvan (Figure 10) contain sulphate, xylose, 

rhamnose, glucuronic and iduronic acids resembling mammalian GAGs, namely, 

hyaluronic acid (HA), heparin, heparin sulfate (HS), iduronic acid in chondroitin 

sulphate (CS) and related GAG dermatan sulfate (DS) (Manivasagan and Oh, 2016). 

Unlike mammalian GAGs, plant-derived polysaccharides are inexpensive, 

sustainable and biocompatible.  

The heparin-like structure of ulvan is thought to be a favourable 

characteristic for biomedical applications. Both heparin and HS are known to have 

considerable protein interactions, from influences on cell growth and 

differentiation, to interactions with morphogens, ECM components, and 

pathogens (Rapraeger, 1993, Bernfield et al., 1999). One such protein interaction is 

utilised clinically; heparin is used as an anticoagulant due to its antithrombin-

binding affinity, suggesting ulvan could have beneficial attributes if developed into 

a wound dressing  (Esko and Linhardt, 2009). Additionally, effective artificial skin 

was designed by Burke et al. (1981) with a chondroitin sulphate based dermal 

matrix, yet another structurally similar GAG to ulvan. 

Recent in vitro analysis of ulvan has shown an ability to scavenge reactive 

oxygen species or free radicals along with protecting human skin fibroblasts from 

injury by hydrogen peroxide (Cai et al., 2016). The degeneration of human skin 

involves the weakening of fibroblast attachment to the surrounding ECM from 

Figure 10 | The two main repeating units of ulvan. Note the presence of 
hydroxyl functional groups, the carboxyl group and the sulphate groups. 
Left Type A [→4)-β-d-Glcp-(1→4)-α-l-Rhap3S-(1→]n; right Type B [→4)-α-l-
Idop-(1→4)-α-l-Rhap3S-(1→]n, created in Chemdraw®, adapted from (Jiao et 
al., 2011). 
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enzyme catalysis, among other physiological phenomena. One such process 

accelerates ageing through the production of reactive oxygen species and hydrogen 

peroxide (H2O2) generation by mitochondria (Sohal and Sohal, 1991). A new study 

by Bhadja et al. (2016), exploring the benefits of Ulva prolifera, showed H2O2 

inhibition, revealing potential anti-aging capacity.  Moreover, sulphated 

polysaccharides have demonstrated efficacy against kidney stone formation 

(Bhadja et al., 2016).  
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 Aims and objectives 

The ultimate goal of this study was to establish the groundwork for the 3D 

printing of ulvan-based hydrogels for wound healing applications. Specifically, 

PhycoTrix™ (denoted as PT), a sulphated marine-derived polysaccharide, taken 

from the cell wall of a DNA barcoded green algal spp., was utilised through the 

course of this study. 

The outline, aims and objectives of this work were to: 

o Chemically functionalise and characterise PT methacrylate (PTMA), to 

varying degrees, to produce a light curable-physiologically stable 

hydrogel.  

o Develop a printable PTMA ink, through the introduction of a physical 

network to amend the viscoelastic bioink properties. 

o Investigate the flow properties of the bioink in the context of 

extrusion-based bioprinting, through dynamic oscillations, flow and 

recovery analysis, to quantify its overall viscoelastic behaviour.  

o Assess the crosslinking kinetics through in-situ rheology. 

o Quantify, through micro-indentation, the necessary photoinitiator 

concentration and light energy required to produce a suitable skin 

tissue mimic. 

o Understand the water uptake capacity of PTMA hydrogels under the 

same conditions as the mentioned indentation mechanical tests. 

o Characterise the strut diameter, pore size and distribution of 3D 

Bioplotted scaffolds at various pressures, speeds and temperatures 

through imaging analysis. 

o Explore the cytocompatibility through the use of human adipose-

derived stem cells and mouse L929 fibroblast cells as a proof-of-

concept wound healing model.  
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 Materials 

The crude PhycoTrix™ extract, a sulphated marine-derived polysaccharide 

(denoted as PT here) was kindly supplied by Venus Shell Systems (VSS). All 

chemicals used were analytical grade supplied by Sigma-Aldrich (Australia) Pty Ltd 

unless stated otherwise and were used as received.  

 PT Functionalisation 

 Methacrylation of PT 

PT extract obtained from VSS contained at least 40 % salt. Prior to 

experimentation, the extract was purified via dialysis against deionised (DI) water 

to eliminate salts and other small molecular weight impurities. Two different 

molecular weight cut-off membranes (MWCO) were used, 12 – 14 kDa and 3.5 kDa, 

along with both 4 and 24-hour purification times. DI dialysis water was changed 

once during the 4-hour purification and three times during the 24-hour dialysis. 

Samples were frozen at - 20 °C for at least 6 hours and collected by lyophilisation 

over 48 hours. 

PTMA was synthesised according to (Morelli and Chiellini, 2010, Wang et 

al., 2003, Rouillard et al., 2011), where an excess of methacrylic anhydride (MA) – 

with a range of 20, 10, 5 and 2.5 molar excess with respect to the repeating units of 

the polysaccharide (containing three reactive hydroxyl groups) – was added to a 5 

% PT solution (DMF/water (v/v, 1/1)). 5M NaOH was used to facilitate the 

substitution of hydroxyl groups with methacrylate groups (Figure 11).  
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The reaction was tightly controlled under slightly basic conditions, with the 

pH being maintained between 7.5 and 8.5 to prevent basic ester hydrolysis, over 2 

hours with vigorous stirring (Figure 12).  The reaction was then left stirring at room 

temperature (~ 22 °C) for a further 22 hours. The reaction was then stopped with 

precipitation in 95 % ethanol (at least 5:1 v/v). The crude product was collected by 

centrifugation at 4400 rpm for 10 minutes, washed, then re-dissolved in DI water 

(made up to 5% solution of wet weight to reduce viscosity for dialysis). The solution 

Figure 11 | General reaction scheme of PT functionalisation with methacrylic anhydride.  
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was then dialysed (12- 14 kDa MWCO membrane) against DI water for 48 hours to 

remove remaining soluble unreacted anhydride and methacrylic acid by-products 

which could be cytotoxic. Samples were frozen overnight at - 20 °C and lyophilised 

for 72 hours. Dried samples were protected from light and stored at – 20 °C when 

not in use. The product was denoted as PTMAn, where n is 2.5, 5, 10, and 20 

respectively.  

 

 

 

 Fourier Transform - Infrared Spectroscopy 

All infrared spectroscopic measurements were conducted on the IRPrestige-

21 spectrometer (Shimadzu, Japan). To confirm esterification of PT, the freeze 

dried, functionalised extract was vacuum dried for 12 hours at 40°C to remove any 

residual moisture. Samples were analyssed in their solid state with a diamond 

attenuated total reflection (ATR) accessory, in the range 4 000 – 600 cm-1 at a 

Figure 12 | Demonstration of PT functionalisation reaction with pH behaviour 
trend line in response to the addition of methacrylic anhydride (red) and sodium 
hydroxide (blue) over 2 hours. pH of the solution prior to the reaction ranged 
from 6.4 – 7 (of 5% sugar extract in water and organic co-solvent) then dropped to 
5.3 – 5.6 with the addition of MA and once complete ranged from 7.2 – 7.7. 
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resolution of 5 cm-1 after 32 scans. Atmospheric corrections were made when 

processing spectra in Shimadzu IRsolution software to eliminate moisture and 

carbon dioxide from the spectra along with Happ-Genzel apodisation, ATR 

correction, smoothing and baseline correction algorithms.  

 1H NMR Spectroscopy 

To confirm purification and modification, proton NMR was completed 

comparing the crude, purified and modified samples. The system used was the 

Bruker AVANCE III 400, with the Bruker UltrashieldTM 400 PLUS magnet. Sample 

preparation included the use of 20 mg of freeze-dried sample dissolved in 0.6 ml 

of in deuterated water (D2O). The analysis involved 1000 scans at 40 °C under water 

suppression to remove solvent peaks. Conditions: 6400 Hz spectral width, 2.6 s 

acquisition time.  

 Circular Dichroism 

The Jasco J-810 spectropolarimeter was used for circular dichroism (CD) 

spectra analysis (180 – 210 nm). A 1 cm pathlength quartz cell was used with a 

scanning speed of 100 nm/min, response of 4 s, temperature 25 °C, with a three 

scan accumulation and bandwidth of 1 nm. Both samples purified PT and PTMA 

were prepared with 0.1 % freeze-dried polymer in DI water. 

 Ink Formulation and Characterisation 

 Ink Formulation 

PT hydrogels were prepared as follows: 10 w/v% of PTMA10 was dissolved in 

DI water at 60 °C for at least 2 hours. Once dissolved, polymer solutions were then 

transferred directly into tinted printer cartridges. To this, 0.12 % (w/v) lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator was added along 

with 1 % of Penicillin-Streptomycin (P/S) and thoroughly mixed using a laboratory 

vortex mixer (JWA - Jencons Julabo Miximatic) at the highest speed for at least 1 

minute at room temperature. Both 0.8 mM of boric acid and 0.25 mM calcium 

chloride, adjusted to a pH of ~ 7.5, were added and again vortexed for at least 2 
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minutes at room temperature. To remove air bubbles, cartridges were then 

centrifuged for 1 minute at 2200 rpm. 

 Rheological behaviour of PTMA ink 

PTMA ink samples were prepared as above, without the P/S and LAP. The 

instrument used for the in-situ rheology was the Anton Paar - Physica MCR 301 

controlled-stress rheometer (Anton Paar GmbH, Germany) outfitted with a 15 mm 

stainless steel parallel plate. All other measurements were conducted on the TA 

Instruments AR-G2 controlled-stress rheometer (New Castle, DE) using a 12 mm 

stainless steel parallel plate geometry, fitted with a Peltier temperature controlled 

stage. All samples were loaded in a liquid state. The geometry gap between plates 

was set to 500 µm for all tests with sample volumes of ~ 120 µL and ~ 80 µL for the 

MCR 301 and the AR-G2 respectively. Correct sample loading and trimming was 

crucial in ensuring reproducibility of results. All tests were completed in triplicate 

and subject to a constant 5-minute pre-shear of 5 s-1 to homogenise and retain shear 

history at required starting temperature (22 °C with the except of the temperature 

sweep which was set to 40 °C and ramped to 5 °C). A solvent trap was used with 

each run to reduce sample dehydration. Inks were all tested only once and 

discarded once investigated. The Lumen Dynamics Omnicure lx 400+ (400 nm 

light source) was mounted beneath the quartz plate on the MCR 301. Data analysis 

was initially conducted within the Rheology Advantage software by TA 

Instruments (TRIOS), finalised and presented with GraphPad Prism 6 (GraphPad 

Software, San Diego, USA). Parameters for each test are outlined in  

Table 2. 

Shear rate and Yield stress. A flow curve was determined by a continual 

ramp of shear rate from 0.01 to 10000 (s-1) with time. To quantify the hydrogel’s 

yield stress, an oscillatory stress ramp was conducted, where shear stress was 

increased from 0.1 to 1000 (Pa). Both tests were measured at 22 °C, 1 Hz frequency 

and 0.1 % strain.  

Step-strain. Recovery of polymer network after an increase in strain from 

0.1 % to 1000 % was assessed with a time sweep. The network was maintained at 
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0.1 % strain for 3 minutes then an abrupt increase in strain to 1000 % for 30 seconds, 

this was repeated 3 times investigate hydrogel recovery and imitate the extrusion-

based bioprinting process. Measured at 22 °C for 21 minutes and 30 seconds, 

maintained at 1 Hz. 

Table 2 | Dynamic oscillation rheology sweeps parameter summary. 

Parameter 
Temp-

erature  

Time  Strain  Frequency  

Temperature (°C) 
5 – 40 

1.5/min 

22 22 22 

Equilibrium (min) 
5 - 5 5 

Gap size (µm) 
500 500 500 500 

Strain (%) 

 

0.1 0.1 0.01 - 

1000 

0.1 

Frequency (Hz) 
1 1 1 0.1 - 20 
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  Crosslinking kinetics by in-situ rheology 

The photo-induced crosslinking kinetics of the PTMA ink was investigated by 

monitoring the real-time storage modulus upon exposure to UV irradiation (400 nm), 

through an in-situ rheology time sweep. This method was used to gauge the differences 

in polymer concentration along with photoinitiator and light energy needed to 

chemically crosslink PTMA hydrogels. The frequency was fixed to 10 Hz and strain to 0.1 

%.  All samples were exposed to light for 60 seconds while modulus was measured, 

measurements were taken for 60 seconds prior, during and following exposure.   

 Hydrogel Mechanics 

PTMA inks were prepared as above (2.3.1) with the exception of photoinitiator 

concentration. Once the polymer solution was dissolved, LAP was added at final 

concentrations of 0.12 % and 0.06 %. Ionic gelation was achieved by the addition of 0.8 

mM boric acid and 0.25 mM calcium chloride. To ensure homogenous gel formation 

samples were again vortexed for at least two minutes at the highest rate under ambient 

conditions.  

Circular acrylic wells (10 mm diameter) were laser-cut and clipped on top of glass 

slides. Gels were heated to at least 40 °C or until they became liquid-like (for pipetting). 

80 µL of each sample was then pipetted into each well and a glass coverslip clipped on 

top. All samples were exposed to 400 nm light for 60 seconds with varying light energies 

at room temperature (Figure 13). Immediately after curing, hydrogel constructs were 

removed and inundated with sterile deionised water to prevent dehydration. 
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Indentation. A micro-indentation test was used to determine the Young’s 

modulus of photo-crosslinked hydrogels. A 10 N load cell was mounted onto the EZ-S 

mechanical tester (Shimadzu, Japan), an acrylate head with a flat tip of 0.990 mm 

diameter was used as the indenter to apply force to the surface of each hydrated 

hydrogel. Residual water used to prevent hydrogel dehydration was removed with a 

KimTech before testing. Trapezium X (Shimadzu, Japan) software compiled indentation 

data, which was then exported and presented with GraphPad Prism (GraphPad Software, 

San Diego, USA). To translate indentation depth, reduced modulus and applied force 

into Young’s modulus we looked to Johnson (1985) and Naficy et al. (2013). Equation 1 

was used to calculate the Young’s modulus from the slope of the curve generated (stress 

as a function of strain) from the indentation readings. The reduced modulus (E*) was 

first calculated: 

Equation 1 | Determination of Young’s modulus through micro-indentation.  

 

𝑭 = 𝟐𝒂𝑬∗𝒅     (1) 

 

(𝑬∗)−𝟏 = (𝟏 − 𝒗𝟏
𝟐)𝑬𝟏

−𝟏 + (𝟏 −  𝒗𝟐
𝟐)𝑬𝟐

−𝟏   (2) 

Figure 13 | Schematic of hydrogel well preparation, 80 µl of hydrogel was added 
into each well on a glass slide and a coverslip placed on top; each well was 
exposed to 400 nm light (Lumen Dynamics Omnicure lx 400+) at with varying 
energies for 60 seconds under ambient conditions. 
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Where F is applied force, and d is indentation depth, collected through the 

indentation test and a was the indenter tip radius (0.495 mm). E1 and E2 are indenter 

and substrate moduli, and V1 and V2 are Poisson’s ratios of both the indenter and 

substrate, respectively. It is assumed that the indenter is infinitely rigid thus reduced 

modulus (E*) can be removed and the equations can be simplified into (3), by 

substituting Poisson’s ratio, where  v2 equals 0.5 (McKee et al., 2011): 

 

𝑭 = ( 
𝟖

𝟑
 )𝒂𝑬𝟐𝒅    (3) 

 

All experiments were performed in triplicate. 

 

Water uptake. PTMA scaffolds were prepared the same way as indentation. Each 

construct was washed for 24 hours with DI water to remove any free polymer not 

covalently crosslinked. After being freeze-dried overnight ( – 80 °C) each sample was 

weighed (Wi) and placed in DI water. Water was replaced regularly while samples were 

dabbed dry with a KimWipe to remove residual fluid and weighed at intervals of 3 hours, 

6 hours, 9 hours and 24 hours (Ws). The WU was then calculated using equation 2. 

Where Ws and Wi are weights of the hydrogels in their swollen and initial dry 

states, respectively. All experiments were performed in triplicate.   

𝑾𝑼 ሾ%ሿ =
𝑾𝒔− 𝑾𝒊

𝑾𝒊
 ×𝟏𝟎𝟎   (1) 

 

 Error! Not a valid bookmark self-reference. 
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 Printing and Characterisation 

Hydrogel bioprinting was performed on the 3D-BioplotterTM (EnvisionTEC, 

Gladbeck, Germany) (FIG). The printer is stored within a biosafety cabinet to ensure 

sterility. All printing was conducted at room temperature ~ 22 °C with the substrate set 

to 16 °C, with the exception of strut diameter analysis (± 5 °C) (Appendix).  

 

Scaffold Construction and Characterisation. 3D CAD through SolidWorksTM 

was employed to create the scaffold architecture. Initial cuboid scaffolds 10 x 10 mm were 

designed, exported as STL files and sliced within the Bioplotter RP® software. The infill 

of scaffolds set to angles of 0 ° and 90 °, with a print height of 0.112 mm in the Virtual 

Machines software (EnvisionTEC, Gladbeck, Germany). Once printed, the scaffolds were 

directly crosslinked with 400 nm light at 408 mJ for 120 seconds to ensure stability. Strut 

and pore architecture of printed constructs were assessed via optical microscopy (Leica 

M205A + Leica IC80 HD) along with the distance between pores (Figure 14).   

EnvisionTEC 3D Bioplotter used for all printing throughout this work (A) and 3D 

Solidworks™ CAD model of 6-layer printed PTMA scaffold (B). 

 

Pore 
size 
  

Strut 
size (H) 
  

Strut 
size (V) 
  

Figure 14 | Schematic showing scaffold architecture measurements of dual 
crosslinked PTMA hydrogel, of the strut (horizontal + vertical) and pore geometry, 
as well as max pore distance. ImageJ was used to enumerate distances, where n=5. 
Scale bar is 1000 µm. Printed at 2.5 bar and 9 mm/s. 
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 Cytocompatibility 

Initial cellular interactions and viability were assessed using L929 mouse 

fibroblasts (L929) and human adipose-derived stem cells (hASCs).  3D Bioplotted PTMA 

scaffolds were prepared using the same approach as outlined in 2.6, with the exception 

of 1 % penicillin-streptomycin (P/S) antibiotic. The printed scaffolds were washed with 

deionised water and freeze dried. The scaffolds were then UV sterilised for at least 30 

minutes on each side.  

L929 cells were cultured according to the standard procedures in high glucose 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum in a humid incubator at 37 °C and 5% CO2.  hASCs were cultured in low glucose 

DMEM supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, 1% 

NEAA (non-essential amino acids) and 1 ng/mL β-FGF, at 37 °C/5% CO2. 

Cell seeding was conducted at a density of ~ 0.5 x 106 per scaffold. The viabilities 

of L929 and hASCs cultivated in the 3D printed scaffolds were monitored by fluorescence 

live/dead staining. The scaffolds were incubated with 5 µM calcein AM (for 30 min)  and 

10 µg.mL-1 of propidium iodide (for 10 min) respectively in culture medium. Images of 

live (green) and dead (red) cells were then acquired by laser confocal fluorescence 

microscopy using a Leica confocal microscope (Leica TSC SP5 II).   
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 PT Purification 

The crude salty PT extract, supplied by Venus Shell Systems Pty Ltd (VSS), was 

first purified by dialysis to remove excess small molecular weight impurities and 

potential contaminants from crude PT extract prior to functionalisation. Cellulose 

dialysis membranes with different molecular weight cut-off (MWCO), 3.5 kDa and 12 – 

14 kDa, were employed respectively. Table 3 suggests no considerable difference between 

the two dialysis membranes during four-hour dialysis and longer dialysis time results in 

a greater removal of relatively low molecular weight PT fractions. In this work, a 24h-

dialysis procedure was selected for purification of the crude PT extract obtained from 

VSS.  

 

Table 3 | Purification yields of crude PT solutions by exhaustive dialysis against water with 
different MWCO membranes over 4 hours and 24 hours respectively at room temperature.  

 

 

Dialysis membrane ( MWCO ) Time (Hours) Yield (%) 

12-14 kDa 

3.5 kDa 

12-14 kDa 

3.5 kDa 

4 44 

4 44 

24 28 

24 30 
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 1H NMR 

From the comparison of the 1H NMR spectra from the crude and purified PT 

extracts we see the removal of sharp peaks at approximately 2 ppm, 3 ppm and 3.3 ppm 

(Figure 15), which were thought to be associated with low molecular weight impurities 

and fractions.  

 PT functionalisation and Characterisation 

To be able to process PT for bioprinting it must be chemically modified due to its 

inherent aqueous solubility (Quemener et al., 1997). To do this methacrylate 

functionalisation was employed. The two major repeating disaccharide units of PT 

contain three hydroxyl groups and one carboxyl group, all of which are sensitive to 

chemical substitution or functionalisation. Both methacrylic anhydride (MA) and 

butanediol diglycidyl ether (BDDE) have been shown to be successful in the chemical 

functionalisation of PT (Morelli and Chiellini, 2010, Alves et al., 2013).  A recent study of 

hyaluronic acid (HA) methacrylation suggested that the use of an organic co-solvent, 

DMF, could increase the degree of functionalisation (DoF) (Hachet et al., 2012). Polymer 

methacrylation to varying degrees has previously been completed with gelatin (Hoch et 

al., 2013), gellan gum (Coutinho et al., 2010), fucoidan (Reys et al., 2016) and carrageenan 

(Mihaila et al., 2013).  

Figure 15 | 1H NMR water suppression spectra of crude PT (A) and 12 – 14 kDa purified 
PT (B).  

[ppm] 

A 

 

B 
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 Fourier Transform - Infrared Spectroscopy 

The chemical characterisation of PT by Attenuated Total Reflectance Fourier 

Transform Infrared (ATR-FTIR) spectroscopy confirmed the presence of substituted 

methacryloyl groups onto the polymer backbone. Broad peaks between 3500 - 3200 cm-

1 are characteristic of polymeric hydroxyl groups (Figure 16) (Alves et al., 2013). The sharp 

peaks at 1640 cm-1 and 1050 cm-1 are associated with C-O stretches, consistent with 

previous studies (Morelli and Chiellini, 2010, Pengzhan et al., 2003). Regular peaks 

between 700 - 1200 cm-1 are linked to the sulphate and rhamnose groups present in the 

polymer  (Pengzhan et al., 2003). The peak at ~ 1720 cm-1 in PTMA20 and PTMA10 to a 

less extent in PTMA5, not present in the native PT, correspond to the introduced 

carbonyl methacrylate group, consistent with previous work (Morelli and Chiellini, 

2010). Interestingly, the peak was barely visible in the 2.5 molar excess reaction. Thus 

further analysis was undertaken with 1H NMR spectroscopy.   

Figure 16 | ATR-FTIR spectra of native PT (top) and modified PTMA samples, from 
2.5 to 20 molar excess reactions, showing a gradual increase of the peak at 1720 
cm-1 indicating a higher degree of functionalisation with increasing anhydride. 
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 1H NMR Spectroscopy 

The degree of functionalisation (DoF) was determined by comparative analysis of 

the 1H NMR spectra of purified PT with PT methacrylate (PTMA). The maximum DoF 

was three as native PT contains three hydroxyl groups per repeating unit. The successful 

substitution of MA groups was confirmed (Figure 17) where peaks at approximately 5.9 

ppm and 6.3 ppm were present, typical of two protons linked to a vinyl group (-C=CH2) 

(Chiellini and Morelli, 2011). Methyl protons of the native rhamnose are assigned in the 

region of 0.9 to 1.1 ppm. The peaks observed between 1.9 and 2.2 ppm represent the 

methyl protons next to the double bond from MA (CH3-C=CH2), not present in the 

unmodified PT sample.  

Figure 17 | 1H NMR water suppression spectra of unmodified-purified PT (A),  
PTMA2.5 (B), PTMA5 (C), PTMA10 (D) and PTMA20 (E).  

[ppm] 

A 
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Broad peaks in the spectra could be due to retarded polymer chain mobility as a 

result of high molecular weight, characteristic of polymers and/or formation of 

microaggregates in aqueous solution, reported by related studies in ulvan (Lahaye and 

Robic, 2007, Robic et al., 2009b, Ray and Lahaye, 1995).  

Table 4 summarises the 1H NMR findings. Relative DoF increased with the 

amount of methacrylic anhydride put into the reaction, consistent with previous studies 

including kappa-carrageenan, chondroitin sulphate and gellan gum modification (Reys 

et al., 2016, Bryant et al., 2004, Coutinho et al., 2010, Mihaila et al., 2013). Further, through 

the use of the organic co-solvent, the  functionalisation efficiency appeared to increase 

when compared to previous PT functionalisation (Morelli and Chiellini, 2010). 

Table 4 | The degree of functionalisation (DoF) from 1H NMR analysis. Percentage yield was 
determined once collected by lyophilisation over 48 hours. Relative DoF was determined by 
comparing the integrated intensity of the double bond peak to that of the rhamnose methyl 
protons.  

 

 

  

Reaction DoF Yield (%) 

PTMA20 1.8 62 

PTMA10 1.0 63 

PTMA5 0.5 56 

PTMA2.5 0.2 60 
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 Ink Characterisation 

 Ink formulation – preparation of physically crosslinked PTMA 

The introduction of methacrylate groups onto the PT polysaccharide backbone 

enables photo-triggered chemical crosslinking in the presence of a photoinitiator (LAP 

at 0.06 % and 0.12 % w/v). As ionic networks have been shown to be weak under 

physiological conditions due to the exchange of divalent cations by monovalent cations, 

a covalent network was introduced to ensure the stability of 3D printed structures 

(Coutinho et al., 2010).  

Required polymer concentration was first evaluated through in situ rheology 

(Figure 18). The crosslinking kinetics, to quantify light energy and photoinitiator 

concentration, were assessed independently by the same method in a subsequent 

section. An increase in storage modulus (G’) was observed with increased polymer 

concentration, independent of photoinitiator concentration. 5 % of PTMA10 saw a slow 

increase in G’, with an elongated ‘lag phase’, suggesting minor chemical network 

formation within the timeframe tested (60 seconds). Both 7 % and 9 % exhibited a more 

substantial G’ increase, with the latter increasing approximately one order of magnitude 

compared to the ionic network. This is simply due to the presence of more methacrylate 

moieties available for photopolymerisation. Increasing the polymer concentration 

further (beyond ~ 10%) results in slight hydrophobicity and aggregation thought to be 

associated with the multitude of methyl groups attached to the rhamnose sugars (Cunha 

Figure 18 | In-situ rheology of 5 %, 7%, and 9 % PTMA10 demonstrating storage 
modulus (Pa) as a function of time (s) over a 60 second with 400 nm light 
exposure at 408 mJ. All samples contained the same photoinitiator concentration 
(0.12 % w/v). 
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and Grenha, 2016). Thus, all further testing was completed at 9 % to ensure sufficient 

chemical crosslinking with 60-second irradiation in the presence of a sufficient 

concentration of LAP. 

PT has been shown to form an ionic network with boric acid and calcium chloride 

at a pH of ~ 7.5 (Haug, 1976, Lahaye and Axelos, 1993, Lahaye and Ray, 1996). In order to 

develop a suitable hydrogel for bioprinting, a qualitative tilt method was employed to 

assess the physical gelation at the set polymer concentration.  

The highly substituted PTMA20 solution did not form a gel at the tested boric 

acid and calcium chloride concentrations (0.8 mM and 0.25 mM respectively)  when 

compared to the native PT. Steric hindrance associated with the introduced functional 

groups required an increase in ion concentration to form a stable ionically crosslinked 

gel. Additionally, through the PTMA functionalisation, the number of free hydroxyls are 

reduced, obstructing the formation of borate ester-calcium stabilised “junction zones”, 

a proposed mechanism for physical gel formation (Robic et al., 2009a). Further, as 

outlined through CD analysis, the native PT’s disordered molecular configuration could 

expose itself to a denser physical network formation; as the PTMA macromers most 

likely align with the introduced methacrylate groups (Appendix). A basic schematic of 

dual-network PT bioink development is outlined in Figure 19. 

r 
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Figure 28 | Possible schematic representation of bioink development including the 
production of ionic and chemical polymer networks. Where A represents the modified PTMA 

solution, B is the ionically crosslinked PTMA with introduced boric acid-calcium ion stabilised ester 
linkages and C the production of chemical network through photo-crosslinking  in the presence of 

LAP photoinitiator.Beads 

 

Figure 29 | Possible schematic representation of bioink development including the 
production of ionic and chemical polymer networks. Where A represents the modified PTMA 
solution, B is the ionically crosslinked PTMA with introduced boric acid-calcium ion 
stabilised ester linkages and C the production of chemical network through photo-
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Once concentrations were justified, printability was evaluated through a syringe. 

The hydrogels had to have a viscosity that would allow flow through a 27 gauge needle 

(~ 150 µm) with adequate structure retention and enough resistance to deforming and 

flowing from the tip once extruded. A 9 % PTMA10 polymer concentration allowed for 

sufficient photopolymerisation as well as a reduction in boric acid concentration, shown 

to be toxic at high concentrations (McNally and Rust, 1928, Schillinger et al., 1982). That 

said, boronic acid an alkyl substituted boric acid has previously been employed in 

hydrogel development (Konno and Ishihara, 2007). Specifically, a PVA/boronic acid 

hydrogel was used in fibroblast L929 cell encapsulation. Proliferation rates were 

consistent with that of the control, suggesting it was not detrimental to cells at low 

concentrations.  

  

  

Figure 19 | Possible schematic representation of bioink development including 
the production of ionic and chemical polymer networks. Where A represents the 
modified PTMA solution, B is the ionically crosslinked PTMA with introduced 
boric acid-calcium ion stabilised ester linkages and C the production of chemical 
network through photo-crosslinking  in the presence of LAP photoinitiator.  
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 Rheological behaviour of the PTMA ink 

A rheological evaluation was undertaken to assess, quantitatively, the printability 

of the physically crosslinked PTMA hydrogel ink. Small amplitude oscillatory shears 

(SAOS) were established to investigate the viscoelastic properties of hydrogels, within 

the linear region (sinusoidal). Rheology is paramount to understanding the fluidic 

behaviour of polymer-based hydrogels for bioprinting (Li et al., 2016). For optimal 

printability, a hydrogel should demonstrate viscoelastic solid-like behaviour at low shear 

rates but yield and start to flow above a particular yield stress (Stokes, 2011). 

3.3.2.1 Temperature and Time 

For a hydrogel to be a viable bioink, it must be stable and printable within a 

cytocompatible temperature range, particularly if cells are encapsulated. To understand 

gelation temperature of the ionically crosslinked PTMA hydrogel, G’ and G” were 

analysed while the temperature was ramped on a Peltier plate. Figure 20A, shows the 

temperature sweeps of PTMA with and without ionic crosslinking. The PTMA solution 

without ionic crosslinking exhibits liquid-like behaviour with much weaker moduli, 

rendering itself inadequate for use alone in extrusion printing. The ionically crosslinked 

gel behaves as a viscoelastic solid within the temperature range tested (5 – 40 °C), where 

the G’ starts one order of magnitude higher than G”, signifying the presence of a resilient 

elastic network up to approximately room temperature (22 °C). The physically 

crosslinked PTMA hydrogel seems to have a broad temperature window in which it 

behaves as a viscoelastic solid, suitable for extrusion-based bioprinting techniques. This 

may also provide a facile approach using temperature to control and regulate the 3D 

printed structures based on PTMA. 

In this project, due to time constraints, room temperature was selected for all the 

3D printing studies undertaken. As such, all further rheological tests were conducted at 

22 °C. That said, this highlights the advantage of the PTMA ink in practical applications, 

making it more applicable to a variety of printing hardware that do not have temperature 

controls.  

A time sweep was conducted to establish the stability of the ionically crosslinked 

PTMA hydrogel at room temperature at a constant frequency and strain (Figure 20B). 
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Over the 20 minutes tested the gel showed no dramatic change in G’ and G” suggesting 

consistency and stability under ambient conditions.  

 

 

3.3.2.2 Amplitude and Frequency  

A strain amplitude sweep (Figure 21A) between 0.1 % and 1000 % showed a 

relatively broad linear response in G’ (the linear viscoelastic region or LVR) to increased 

strain up to ~ 90 %. Following this, a tightening effect on the polymer network, as 

indicated by an increase in G’, was noted when increasing the strain from ~ 90 % to ~ 

150 %. The tightening could be associated with the reorganisation of the polymer 

network in PT (Robic et al., 2009a). The hydrogel’s network then undergoes 

deformation, or even collapse beyond ~ 150 % strain. This could be due to disruption of 

some intermolecular interactions including the ionic network interactions, as reported 

in alginate hydrogels (Webber and Shull, 2004). 

Based on the strain amplitude sweep, a strain of 1 %, within the LVR range, was 

selected for the frequency sweep. A frequency range of 0.1 to 20 Hz was chosen as it 

covers some of the most common forms of regular human activities that impact the 

bodies external environment (Figure 21B) (Farley and Gonzalez, 1996, Gutmann et al., 

2006, Kokshenev, 2004, Danion et al., 2003). The storage modulus of the ink was steady 

with only a slight linear increase up to 8 Hz, implying a solid-like structure. This is also 

Figure 20 | (A) Temperature sweep from 5 – 40 °C showing storage (G’) and loss 
(G”) modulus as a function of temperature (°C) of ionically crosslinked 
hydrogel (black) and PTMA solution(green). (B) time sweep over 20 minutes 
showing storage (G’) and loss (G”) modulus as a function of time (s), at room 
temperature (~ 22 °C). 

       A      B 
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supported by the phase angle (δ) data primarily existing beneath ~ 10 °. These frequency 

sweep results are consistent with ulvan/PVA solutions (Toskas et al., 2011). Above 8 Hz 

however, phase angle begins to increase, indicating the onset of destabilisation of the 

polymer networks. 

 

3.3.2.3 Flow and Yield Stress 

For extrusion-based bioprinting, whether it be pneumatic or mechanical, high 

viscosity, shear thinning bio-ink is ideal, as it allows for the material to flow under 

pressure or with increased shear. Once pressure stops, ink viscosity should provide 

cessation. This not only enables the ink to retain its shape once extruded, but also allows 

it to be entrenched within the extrusion tip instead of dribbling out. Hydrogels with 

these attributes are ideal for bioprinting, reducing tip obstruction thus preserving 

consistency (Skardal et al., 2010).  

The viscosity of PTMA hydrogels is impacted greatly by polymer and ion 

concentration. Shao et al. (2014) showed a different species of ulvan to have a shear 

thickening behaviour in solutions with concentrations below 1 %. The thickening is 

attributed to the deformation ulvan ultrastructure and ultimately the disintegration of 

bead agglomeration, formerly recapitulated. This thickening behaviour was not 

observed at the high concentrations of PTMA hydrogels tested throughout this work.  

          A                 B 

Figure 21 | (A) Strain sweep showing storage modulus (G’) as a function of strain. (B) 
Frequency sweep showing storage modulus (G’) and phase angle (°) as a function of 
frequency at room temperature (22 °C). 
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Figure 22 shows both shear rate and yield stress rheological measurements. The 

ink’s apparent viscosity exhibits a non-Newtonian fluidic and shear-thinning behaviour 

as the polymer networks align in response to applied shear stress (Figure 22A) (Hanson 

Shepherd et al., 2011). This trend is consistent with studies from former Ulvaceae related 

rheology (Qiao et al., 2016).  

Once it was established that the hydrogel behaved as a shear-thinning, non-

Newtonian viscoelastic fluid, formerly coined pseudoplastic, a yield point measurement 

was then conducted. The yield point is, in engineering terms, the stress at which 

deformations force the network from an elastic to a plastic state. Under this point, the 

material can return to its original state, beyond it, however, the material will undergo 

some irreversible deformation. The yield point was determined to be ~ 500 Pa where 

n=3. Upon a pneumatic pressure increase, the ionic polymer network progressively 

undergoes restructuring and realignment with long polymer units unravelling, flowing 

in the direction of least resistance and reaching a breakdown point of the polymer 

networks. 

  

3.3.2.4 Step-strain  

From the above amplitude sweep, yield stress and flow behaviour we can assess 

potential injectability or, more appropriately, the printability of formulated hydrogels. 

Furthermore, we have also examined the self-recovery capacity of the PTMA ink in the 

context of bioprinting, the key to achieving high fidelity printed structures. 

Figure 22 | (A) Flow profile showing viscosity (Pa.s) as a fucntion of shear rate. (B) 
Yield stress measurement showing complex viscosity (Pa.s), not static, as a 
function of shear stress. Both measurements were analysed at room temperature. 

       A                B 
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To imitate the printing process a step strain measurement was conducted, where 

amplitude was maintained at 0.1 % for 3 minutes and abruptly increased to 1000 % for 

30 seconds to deform the ionically crosslinked PTMA gel. 1000 % was used due to 

deformation of the polymer network observed in the strain amplitude sweep. This was 

repeated three times and the modulus response assessed (Figure 23A, B). 

Upon pneumatic extrusion through a small gauge printing needle, shear stresses 

are dramatically increased, dependent on material viscosity and pressures used. As 

shown in Figure 23A, the ionically crosslinked polymer network seemed to recover and 

maintain a storage modulus following the first strain increase, between 460 and 350 Pa. 

This demonstrates a rapid recovery of hydrogel mechanical properties, allowing for 

retention of structural integrity for consistent curing, post printing. In the mean time, 

as with the viscosity viscosity study, a thixotropic behaviour was also demonstrated with 

a reduction in storage modulus during the increased strain (Michael et al., 2015).  

The PTMA ink demonstrated favourable printing behaviour including shear-

thinning and rapid self-healing properties. This enables extrusion of filaments at low 

nozzle pressure, to protect cells from physical stress while then achieving high fidelity 

printed constructs. 

Figure 23 | (A) Step strain measurement at 22 °C. (B) Storage modulus recovery 
against normalised time in seconds, representing the general response average ± 
SD, where n=3. 

       A      B 
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 Crosslinking kinetics by in-situ rheology 

The crosslinking kinetics of PTMA inks were assessed by in-situ rheology. Samples 

containing either o.06 % (w/v) and 0.12 % (w/v) LAP were tested over 180 seconds. The 

first 60 seconds were used for equilibrium, monitoring the storage modulus (G’) of the 

physically crosslinked networks. Irradiation with 400 nm light at three different light 

energies was initiated at the 60-second mark, exposed for a total of 60 seconds then 

turned off. G’ was detected for a further 60 seconds following exposure to observe any 

changes. 

The onset of photo-crosslinking was less efficient with reduced LAP (Figure 24A). 

A distinct lag period of approximately 15 seconds was observed in the sample containing 

0.06 % (w/v) LAP and irradiated at 144 mJ. For the rest of samples, the lag phase was 

shorter, less than 10 seconds, which is attributable to increased LAP concentration 

and/or increased irradiation energy. Billiet et al. (2014) compared irradiation kinetics of 

the two photoinitiators, Irgacure 2959 and VA-086. Both of these initiators 

demonstrated a longer lag period compared to the LAP photoinitiator used throughout 

this work, with VA-086 being least efficient.  

Figure 24 shows a marked increased in G' for all the samples upon photo-

crosslinking. For instance, an increase of approximately one order of magnitude in G' 

was noted in the samples with 0.12% (w/v) LAP and exposed at a 408 mJ irradiation 

energy (Figure 24B). In addition, all samples appeared to reach a G' plateau following 

Figure 24 | In-situ rheology demonstrating the crosslinking kinetics of 9% PTMA 
hydrogels over time.  (A) Shows low photoinitiator concentration (0.06 %) and (B) 
shows the high photoinitiator concentration (0.12 %). Where 1 and 2 indicate the 
start and stop of irradiation, respectively. All tests were completed at 22 °C. 

UV on [1] 

UV off [2] 

UV on [1] 

UV off [2] 

    A               B 
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60s irradiation, after which a slight increase in G' was noted for the following 60s. This 

suggests a near completion of photo-crosslinking at the end of the 60s irradiation, which 

is in direct contrast to the aforementioned study, showing G’ continuing to increase 

significantly once curing was stopped. 

The difference in photo-crosslinking kinetics could be due to several factors, for 

instance, the efficiency of free radical production by the different types of 

photoinitiators, irradiation energies, types of free radicals produced, polymer 

concentration and the amount of reactive groups available. To be suitable for biomedical 

applications, particularly bioprinting, minimal photo-initiator concentration, light 

exposure time and energy are ideal for minimising any adverse effects on cell viability 

and function. 
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 Hydrogel Mechanics 

Functionalisation of PT introduces photo-polymerisable groups onto the 

polysaccharide backbone. Once these reactive double bonds have been introduced an 

ionic network was introduced to increase viscosity for printability. Previously, 

Schuurman et al. (2013) outlined that parameters such as DoF, solvent, photoinitiator 

concentration, UV intensity and crosslinking temperature should remain constant as 

they can impact crosslinking kinetics within each system.  

 Indentation 

Micro-indentation was performed on disc-like samples (10 mm diameter, 1.5 mm 

thick) to determine the Young’s modulus of PTMA hydrogels (Figure 25– A, B). Two 

different LAP photoinitiator concentrations, along with three different irradiation 

energies at 400 nm were used. A gradual increase from 20 kPa to 40 kPa was observed 

in the samples crosslinked at the lower concentration of LAP (0.06 % (w/v)). 

Interestingly in both systems, there was no significant difference between the 288 mJ 

and 408 mJ light intensities, suggesting a threshold may have been reached in free 

radical generation. The samples prepared at a higher concentration of LAP (0.12 %(w/v)) 

showed a Young’s modulus approaching that of the dermal human skin layer, 

approximately 75 kPa (Liang and Boppart, 2010).  

Figure 25 | Indentation data as Young’s modulus. Two different concentrations of 
photoinitiator were used, 0.06 % (left) and 0.12 % (w/v) (right) of LAP, along with 
three different light energies 144 mJ, 288 mJ and 408 mJ. Data represents mean ± 
SD (*p ≤ 0.05), where n=3. 

      A                 B 
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This, however, depends on age, hydration and particular area of the body in which 

measurements are taken, but nonetheless an interesting insight. Holt et al. (2008) 

showed differences in the viscoelastic nature of the dermal and epidermal layers of skin. 

They concluded that, due to observed strain hardening, the epidermis has more rigid-

elastic properties, while the dermis offers a viscous base for ECM support. Thus PTMA 

hydrogels, with their tailorable physical and mechanical qualities have the potential to 

be used as a dermal skin layer mimic. 

 Water uptake 

Hydrogels have the capacity to retain large amounts of water or physiological 

fluids (Ganji et al., 2010). It has previously been indicated that with increased Young’s 

modulus, gelatin hydrogels have a reduction in fluid uptake ability (Zhao et al., 2016). 

Put simply; fluid retention is inversely proportional to high mechanical properties in 

some natural hydrogels. This is generally due to the density of crosslinking and 

polymeric arrangements on a molecular level, which hinder solute penetration (Ganji et 

al., 2010, Bencherif et al., 2008). The introduction of methacryloyl groups onto polymer 

backbones tends to reduce the capacity of a hydrogel to swell, for instance, with a high 

degree of methacrylation, gelMA hydrogels exhibited a reduced degree of swelling 

(Hoch et al., 2012). In addition to increased steric hindrance as a result of increased level 

of chemical crosslinking, this could also be ascribed to increased hydrophobicity as a 

result of substitution with more hydrophobic methacrylate side chains (Chou and Morr, 

1979).  

The freeze-dried PTMA hydrogels were shown to uptake and retain water over 

20–fold of their dry weight at room temperature. This is consistent with previous results 

(Figure 26) (Morelli and Chiellini, 2010). In other words, this means that the fully 

hydrated PTMA hydrogels contained > 95% water. A saturation point was reached in 

both samples prepared at the low and high LAP % in no more than the first 4 hours of 

hydration.  

For the 0.06 % (w/v) sample the equilibrium water uptake was higher than that 

of the 0.12 % (w/v) LAP. This corresponds directly to the micro-indentation findings, 

where the former demonstrated weaker mechanical properties.  
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 Printing and Characterisation 

3D printing with a single hydrogel material can be challenging.  In this study, the 

printability of the PTMA ink was manipulated by both physical (discussed in 3.3) and 

mechanical means.  

The determination of strut diameter is a quantitative way to gauge hydrogel print 

resolution. Strut diameter of printed constructs can be influenced by several factors, 

including ink and substrate temperature, needle diameter and type (conical vs. 

cylindrical), print speed and pressure as well as ink viscosity (Chang et al., 2008, Nair et 

al., 2009). The strut diameter was calculated via image analysis (Figure 27A, B), with 

varying pressures and print speeds at room temperature. Significant variations in strut 

size were observed at high pressures with low speed. At a low pressure (2 bar) and speed 

above 8 mm/s printed fibres gradually became beads, hence strut size was not reported 

(Appendix). 

Printability was significantly impacted by sample temperature, as demonstrated 

in the rheological temperature sweep. The ink began adhering to the tip at 17 °C at 3 bar 

and below, resulting in discete droplets rather than strand/filaments (Appendix). At 27 

°C dispensed inks began spreading and wilting on the substrate, resulting in strut 

diameters greater than 1000 µm compromising shape retention (Appendix). Thus, for 

optimal resolution and processability all scaffold printing was completed at 22 °C. 

Figure 26 | The water uptake capacity of the photo-crosslinked hydrogels at 288mJ 
400nm light. Data represents means ± SD, where n=3. 



Results and Discussion 

52 

 

The strut diameter is fundamental in maintaining the mechanical properties of 

PTMA hydrogels. Coupled with this is the pore size associated with the scaffold 

constructs. The pore size of 3D Bioplotted PTMA hydrogels ranged from 506 ± 9.5 µm 

to 685 ± 31 µm (Figure 27) (Appendix). Pore sizes within the broad range of 100 µm – 600 

µm have been shown to be sufficient for cell growth (Rouwkema et al., 2008, Sicchieri et 

al., 2012). Further, a pore size greater than 300 µm is thought to be suitable for 

vascularisation (Fedorovich et al., 2011). Interestingly, pore size gradually increased with 

each layer deposition; this was thought to be associated with amalgamation between 

each extruded filament. A possible way to overcome this issue would be to cure each 

layer during the printing process, to ensure shape retention. Alternatively, a reduced 

substrate and/or reservoir temperature may assist in providing fine resolution, at the 

expense of increasing the shear forces bestowed upon inks that might be unfavourable 

for cell bioprinting.   

Figure 27 | Average strut diameter of 3D-Bioplotted 9% PTMA hydrogels with a 27-
gauge needle (internal diameter of 200 µm) at 22 °C, three different printing 
pressures were used, 3, 2.5 and 2 bar, along with five different printing speeds, 3, 
6, 9, 12 and 15 mm/s. A shows strut diameter as a function of plotting speed and B 
strut diameter as a function of pressure. Data represents means ± SD, where n=3. 
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The pore shape can also have a considerable impact on cell growth and 

differentiation. Laura et al. (2016) showed that an increase in porosity resulted in 

improved seeded cell proliferation of up to 110 %, along with enhancing waste removal 

and nutrient transport by decreasing diffusion distances (Lewis et al., 2005). This, in 

turn, leads to more homogeneous cell differentiation (Schuurman et al., 2013) and 

extracellular matrix deposition (Carrier et al., 2002). Di Luca et al. (2016) demonstrated 

that pore confirmations could dictate cellular differentiation in vitro. The found that a 

decrease in rhomboidal pore geometry from 0 – 15 ° to 0 – 90 ° resulted in an increase in 

human mesenchymal stem cell chondrogenesis. Scaffold geometry can also influence 

the mechanical properties of printed constructs (Chien et al., 2013).  

  

Figure 28 | 6 Layers of PTMA hydrogels printed with the Bioplotter, pressure 2.5 
bar, speed 6 mm/s, 22 degrees, cured every second layer for 15 seconds at 408 mJ, 
then for a further 60 seconds once complete. Images captured with the inbuilt 
Bioplotter camera at each layer. Layers 1 – 6 are abelled A – F respectively. Scale 
bar = 1000 µm. 

A 

 

A 

C 

 

C 

D E F 

B 



Results and Discussion 

54 

 

 Cytocompatibility 

Preliminary cytocompatibility tests were conducted via in-vitro culture of mouse 

(L929) fibroblast and human adipose-derived stem cells (hASCs) in 3D printed PTMA 

hydrogels (Figure 29). Both L929 fibroblasts and hASCs showed high cell viability after 

one day of culture, with negligible cell death detected by live/dead fluorescent staining. 

Interestingly, both L929 fibroblasts and hASCs demonstrated good attachment and 

spreading on the 3D printing PTMA hydrogels, with cell morphologies similar to those 

cultured on tissue culture flasks. This is not seen in plant or bacterially derived hydrogels 

such as alginate and gellan gum (Lansdown and Payne, 1994).  

Cell seeding in pre-fabricated 3D scaffolds can result in poor distribution of cells 

throughout scaffolds. When cultured in bio-inert hydrogels, cells tend to form 

Figure 29 | Laser confocal fluorescence microscopy of hASCs (A) and L929 
fibroblasts (C) cultivated in 3D printed PTMA hydrogels for 24 hours, 
respectively. Cells were stained with calcein AM (for viable cells, green) and 
propidium iodide (for dead cells, red). (B) and (D) are 3D projections of hASCs 
and L929 fibroblasts after one day of culture in PTMA scaffolds, respectively 
showing homogenous dispesions of cells throughout printed scaffolds. Scale bar 
is 200 µm. 
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aggregates with rounded morphology (Zhao et al., 2014), typically seen in alginate-based 

hydrogels (Chayosumrit et al., 2010, Hunt et al., 2010). This is due to lack of adequate 

cell-matrix interactions. Potential solutions to this are, for example, to modify the 

alginate-based hydrogels with gelatin (Sarker et al., 2014) or with other cell adhesion 

moieties or molecules such as RGD or collagen (Prang et al., 2006).  

In this study, both hASCs and L929 fibroblast cells demonstrated decent 

attachment to 3D printed PTMA hydrogels. This warrants an in-depth characterisation, 

including cell-laden PTMA bioink printing. A number of factors to be examined in the 

future will be briefly discussed as follows. 

For cell printing, appropriately designed bioinks can be used to protect cells from 

shear stress during extrusion printing through a fine gauge needle (Aguado et al., 2011). 

This approach will result in improved spatial control of cell distribution, but may have 

the potential to damage embedded cells (Aguado et al., 2011, Derby, 2012, Pati et al., 

2014). Previous work has shown increased cell morphology and hepatocyte formation in 

soft heparin hydrogels when compared to tough hydrogels, confirming that substrate 

and ink viscosity and consequent shear stresses are a critical component for tissue 

development (You et al., 2013). An increase in shear forces has been attributed to 

reduced cell viability (Nair et al., 2009). Additionally, dense polymeric networks can 

impact cell migration, as highly viscous bioinks mechanically obstruct cell and nutrient 

diffusion (Malda et al., 2013, DeForest and Anseth, 2012, Lai et al., 2013, Rutz et al., 2015).  

Another important factor to consider is the use of photopolymerisation on cell-

laden hydrogels. Both the generation of free radicals and UV light exposure have 

potentially adverse effects on the encapsulated cells. Literature comparing two 

cytocompatible photoinitiators, Irgacure 2959 against VA068, shows the latter to be less 

cytotoxic (Chandler et al., 2011, Rouillard et al., 2011). The LAP photoinitiator used 

throughout this work has only recently been developed, it exhibits high aqueous 

solubility and extinction coefficients compared to the aforementioned (Fairbanks et al., 

2009). Additionally, LAP can initiate polymerisation under mild visible light 

illumination with high cell viability (Fairbanks et al., 2009, Lee and Tae, 2007, Bryant et 

al., 2000).  Despite these promising results, further studies focusing on the long-term 

effects of photo-crosslinking by LAP on cell functions and differentiation are required.  
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A PT-based bioink was successfully designed through chemical and physical 

manipulation. Various amounts of unsaturated esters, susceptible to free radical photo-

polymerisation, were introduced onto the PT backbone through methacrylation. In 

doing so, improving the physiological stability of the bioink while maintaining 

favourable biological functions.  

The flow properties of the functionalised physically crosslinked PTMA bioink 

were found to be suitable for extrusion-based bioprinting. In particular, the inks 

exhibited both a shear thinning and rapid self-recovery behaviour,  which facilitates 3D 

printing at low extrusion pressures with excellent spatial resolution.  

Through manipulating the crosslinking kinetics, the Young’s modulus of the 

PTMA hydrogels began approaching that of the dermal layer of human skin. 

Additionally, a significant water uptake capacity was observed, suggesting potential use 

in wound management or as an ECM tissue mimic.  

The 3D printed scaffolds were characterised through optical microscopy at 

differing speeds, pressures and temperatures. This demonstrated the advantages of 

bioprinting, where strut and pore architecture can be manipulated to suit the 

application. 

Finally, the printed scaffolds were used in a preliminary cytocompatibility study. 

In culturing human adipose-derived stem cells and mouse L929 fibroblast cells, the 

PTMA scaffolds showed high cell viability and cell binding affinity. 

Through this work, it was uncovered that PT is a prime candidate for use in 

biofabrication. The exploration of new materials may open up new possibilities in the 

fabrication of tissues or even organs through bioprinting.  
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The potential use of PT in broader biomedical applications is encouraging. Here, for the 

first time, we fast-tracked PT-based bioink development. Further fundamental studies 

connecting crosslinking chemistry and molecular associations through the use various 

photoinitiators, DoF and polymer concentrations to modify the mechanical properties of 

generated hydrogels or bioinks should be undertaken. Additionally, alternative crosslinking 

mechanisms could also be explored, including exploitation of carboxyl groups or acrylate 

functionalisation, to broaden potential applicability of the material. Also, due to the distinct 

gelling properties of PT, it could be used in drug release and/or the release of specific molecules 

under certain physicochemical conditions.  

Introducing viscosity enhancing polymers such as polyethylene glycol, already used in 

wound management, glycine,s hyaluronic acid, or gelatin may improve printability and 

applicability to skin tissue engineering. The introduction of glycerol or glycerin, Newtonian 

materials, into the PT hydrogel system could advance potential wound healing applications; 

Elasto-Gel™ a 65% glycerol wound dressing, has been proven to be bacteriostatic and fungistatic 

(Stout and McKessor, 2012). Glycerol, coupled with hyaluronic acid, has been shown to enhance 

the printability of bioinks and prevent nozzle clogging (Kang et al., 2016).  Additionally, the 

determination of shear stress bestowed upon the inks during extrusion can be determined. Nair 

et al. (2009) derived a formula to assess the cell viability through a bioprinting system as a 

function of shear stress.  

Future work could explore peptide conjugation and assess the cellular interactions, for 

targeted applications. Along with the use of different cell types incorporating keratinocytes and 

dermal fibroblasts, coupled with tailored printing architecture including varying pore size, strut 

distribution or creating gradients to diversify the tissue mimicking ability of this biomaterial.  
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Figure 30 | Circular dichroism of native PT (black) and PTMA10 (green), both 0.1 
% solutions in water. 
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Table 5 | Raw in-situ rheology crosslinking kinetics of both low and high photoinitiator concentrations with significant difference summary. 

Tukey's multiple 
comparisons test 

Mean Diff. 95% CI of diff. Significance Summary 

0.06%:15 vs. 0.06%:30 -14.16 -28.88 to 
0.5603 

No ns 

0.06%:15 vs. 0.06%:45 -17.8 -32.53 to -3.082 Yes * 
0.06%:15 vs. 0.12%:15 -29.74 -44.46 to -

15.02 
Yes *** 

0.06%:15 vs. 0.12%:30 -37.04 -51.76 to -22.31 Yes **** 
0.06%:15 vs. 0.12%:45 -40.14 -54.86 to -25.41 Yes **** 
0.06%:30 vs. 0.06%:45 -3.642 -18.36 to 11.08 No ns 
0.06%:30 vs. 0.12%:15 -15.58 -30.30 to -

0.8557 
Yes * 

0.06%:30 vs. 0.12%:30 -22.88 -37.60 to -8.153 Yes ** 
0.06%:30 vs. 0.12%:45 -25.98 -40.70 to -11.25 Yes *** 
0.06%:45 vs. 0.12%:15 -11.94 -26.66 to 2.786 No ns 
0.06%:45 vs. 0.12%:30 -19.23 -33.96 to -4.511 Yes ** 
0.06%:45 vs. 0.12%:45 -22.33 -37.06 to -7.611 Yes ** 
0.12%:15 vs. 0.12%:30 -7.297 -22.02 to 7.425 No ns 
0.12%:15 vs. 0.12%:45 -10.4 -25.12 to 4.325 No ns 
0.12%:30 vs. 0.12%:45 -3.1 -17.82 to 11.62 No ns 

Table 6 | Strut diameter raw data from imaging analysis. The average values are given ± the standard deviation, where n = 3. NB ‘*’ indicates failed 
extrusion and consequent droplet formation (instead of continual lines) and ‘–‘ indicates failed strut structural retention. 

Print 
spee
d 

Strut diameter (µm) 

 
17 °C 22 °C 27 °C  

2 bar 2.5 bar 3 bar 2 bar 2.5 bar 3 bar 2 bar 2.5 bar 3 bar 
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3 mm/s 378 ± 
0.0
3 

484 ± 
0.0
2  

581 ± 
0.0
2 

639 ± 21 952 ± 
28 

1182 ± 
89 

1360 ± 
0.0
6 

- - 

6 mm/s * 332 ± 
0.0
1 

333 ± 
0.0
2 

352 ± 16 488 ± 
18 

650 ± 31 1158 ± 
0.0
4 

- - 

9 mm/s * * 300 ± 
0.0
2 

317 ± 11 390 ± 
7.1 

522 ± 35 1012 ± 
0.0
7 

- - 

12 mm/s * * * * 344 ± 
3.
7 

433 ± 19 959 ± 
0.0
6 

- - 

15 mm/s * * * * 287 ± 10 393 ± 19 921 ± 
0.0
6 

- - 

 

Table 7 | Raw scaffold architecture data quantified with ImageJ. Where n=5. Refer to 2.6 to gauge how measurements were taken. 

Layer Horizontal strut Vertical strut Pore width Max pore distance 
 Average SD Average SD Average SD Average SD 
2 302 17.56132113 483.6 29.35029812 506.248 9.52334059 719.4 14.58218 
3 328.6 10.26839812 440.4 12.81561547 619.6 21.32228881 670.2 18.42173 
4 292.4 16.11955334 373.8 12.63962025 637 14.12798641 678.8 17.53169 
5 293.8 13.21211565 362.8 10.38075142 672.6 22.59734498 638.2 18.11519  

258.8 21.90342439 326.6 18.62900964 684.8 31.30111819 661 14.05703 
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