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Summary: 

 

Collagen is the most abundant protein in animals, and as such provides the 

optimal polymer for use in tissue engineering and regenerative medicine applications. 

The electrospinning of collagen presents a simple, scalable method for the production 

of biocompatible scaffolds, however recent findings have shown that collagen is 

irreversibly denatured into gelatin when electrospun using fluorinated alcohols. The 

work contained within this thesis describes the production of an industrially relevant, 

scalable process for the extraction of acid soluble collagen. The characterisation of 

this collagen is carried out, and the optimisation for use in bio-printing is assessed.  

This thesis introduces a novel, collagen derived biomaterial, termed Single 

Alpha-Chain Collagen, and the methods for its production are discussed within. Both 

Acid Soluble and Single Alpha-Chain Collagens are characterised using common 

techniques, including Sodium Dodecyl Sulphate PolyAcrylamide Gel Electrophoresis 

and Fourier Transform InfraRed spectroscopy. The benefits of Single Alpha-Chain 

Collagen include a higher solubility profile than has been previously shown by other 

native collagens, permitting the production of novel prototype medical devices. Single 

Alpha-Chain Collagen extracts can be electrospun from benign solvents and 

physiological buffer systems, while preserving the nativity of the protein. 

Furthermore, it is shown within that Single Alpha-Chain Collagen extracts possess the 

ability to refibrillise into triple helical collagen when exposed to physiological buffers, 

a feature which is retained, even after electrospinning is carried out. The implications 

of these findings are compared to the literature as a solution to the current issues facing 

the electrospinning of collagen. 
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 Introduction 

 

 

1.1 General Introduction 

 

Collagen is a highly conserved protein which can be found right across the animal 

spectrum, from ancient sponges to mammals. The primary structure of collagen is 

defined by Glycine -X-Y repeats, where X can be any amino acid, and Y is often 

proline or hydroxyproline (Shoulders and Raines 2010). The individual alpha-chains 

form a left-handed helix, and the three chains wind around one another in a right 

handed superhelix. (Myllyharju and Kivirikko 2001). 

Throughout this work, the main focus will be on the use of collagens which are 

fully fibril forming, including types I and II, due to their use in creating a biomimetic 

extracellular matrix (ECM) for tissue engineering (Rho et al. 2006; Zhu et al. 2009; 

Heydarkhan-Hagvall et al. 2008). These proteins have been utilised for a potential 

scaffold for use in applications ranging from 3D cell culture (Zhong et al. 2006) and 

wound dressings (Doillon and Silver 1986; Mathangi Ramakrishnan et al. 2013), drug 

delivery (Lee, Singla, and Lee 2001), as well as artificial tissue (Bell et al. 1981) and 

progress towards organ production. 

Collagen is a primary component of many tissues found in the body; it acts as a 

fibre network with the function of supporting cellular growth within the ECM. This 

functionality makes collagen a key biomaterial that can be harnessed for the repair and 

control of tissues. Thus, there is a wealth of research that has studied collagen’s 

bioactive and mechanical properties in order to optimise the delivery of its 

functionality for healthcare. Collagen is now widely used within regenerative 

medicine because of its excellent biocompatibility and versatility in fabrication 

methods where it can be blended to form composites with improved features such as 

mechanical stiffness; an important determinant of cell behaviour.  

Collagen is traditionally isolated from mammalian animals using decellularization 

in sodium hydroxide followed by solubilisation in acetic acid with the use of 

centrifugation to purify the extract. Collagen has been extracted from a range of 

sources, but is commonly obtained from bovine, porcine and equine sources for in vivo 
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use (Silvipriya et al. 2015). However, these sources have potential problems with the 

risk of Bovine Spongiform Encephalopathy (BSE), other Transmittable Spongiform 

Encephalopathies (TSEs) and potential viral vectors that could be transmissible to 

humans (Asher 1999; Lupi 2002). More recently, jellyfish and other marine animals 

have emerged as a source of collagen that is an attractive alternative to existing sources 

due to a plentiful supply (J. Williams 2015) and a safer source through a lack of BSE 

risk and potential viral vectors (Song et al. 2006). 

Membrane processing presents a diverse field which encompasses the separation 

of materials from one another, based on size, charge, shape or other specific qualities. 

Conventionally, membranes act as a barrier which allows liquids and dissolved solids 

to pass as a filtrate while retaining solids which are larger than the pores of the 

membrane. Focusing on protein extractions, tangential flow filtration (TFF) based 

systems for separating proteins have been described previously in regards to whey 

protein (Zydney 1998) among many others (Howard & Chase 2010). However, 

collagen has not been successfully processed in this way, due mainly to the 

unsuitability of starting materials such as bovine hide, with solid material capable of 

blocking fibres and will reduce efficacy. 

Once isolated, collagen can be used in an array of fabrication methods which are 

useful in the production of functional biomaterial-based scaffolds suitable for 

regenerative medicine. Bioprinting is rapidly becoming a new method for the 

fabrication of complex three-dimensional structures, while traditional freeze-drying 

techniques facilitate the formation of open pore structures for cell migration.  

Electrospinning has for many years offered the simplest solution for creating 

nanofibre materials from biological polymers. Many variations on electrospinning 

have been developed, covering scale up, fibre alignment and many other modifications 

to improve the efficacy of the scaffold to a given niche. However the use of collagen 

in electrospinning has raised questions in recent years, surrounding the use of 

fluorinated alcohols to dissolve the polymer in order to permit electrospinning 

(Zeugolis et al. 2008a). 
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1.2 Background 

 

Multicellular animals require a combination of macromolecules to bind together 

cells, provide structural integrity within tissues and facilitate overall stability. This is 

achieved by the ECM, a highly organised network of glycoproteins, proteoglycans and 

glycosaminoglycans. The ECM provides physical stability while also promoting cell 

growth, migration, differentiation and adhesion by acting as a substrate for the cells to 

bind to. The composition of the ECM varies depending on the tissue composition, in 

direct governance with the surrounding cell types, and while certain cell types are 

responsible for the production of the ECM, the interactions with ECM components 

and membrane receptors causes the activation and upregulation of cellular signalling 

pathways associated with controlling gene expression. 

The manufacture of collagen fibres and structures have seen many different 

techniques employed, these include fibre extrusion (Enea et al. 2011), lyophilisation 

(Lowe et al. 2016) and 3D printing (Nocera et al. 2018), though none of these 

processes are suitable to produce the nanofibre structures required to accurately mimic 

the ECM. Electrospinning of collagen materials has now emerged as a key method by 

which the functional properties of collagen can be engineered and efficiently 

incorporated into medical devices with applications within wound healing, tissue 

engineering and drug delivery.  

This chapter introduces the collagen structure and its functional context within the 

body, examining its background as a biomaterial. This will serve to justify the growing 

research interest, and main theme of this thesis, focussing on the fabrication of 

collagen fibres through electrospinning. 

 

1.3 Molecular Structure  

 

Collagen is a highly conserved protein which can be found right across the animal 

spectrum, from ancient sponges to mammals. The primary structure of collagen has 

Glycine -X-Y repeats, where X can be any amino acid, and Y is often proline or 

hydroxyproline (Shoulders and Raines 2010), The individual chains form a left-

handed helix, and the three chains wind around one another in a right handed 
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superhelix. (Myllyharju and Kivirikko 2001). This forms the characteristic tertiary 

structure of a triple helix (Figure 1.1) and makes collagen fibres insoluble with high 

tensile strength (Gelse, Pöschl, and Aigner 2003). Collagen is produced and secreted 

predominantly by fibroblast cells. The process follows the standard pathway for a 

secreted protein, where the precursor collagen chains are synthesised as a longer chain 

termed procollagen. These chains are transported to the lumen of the rough 

endoplasmic reticulum where the procollagen undergoes modifications such as 

glycosylation. Specific proline and lysine residues in the central region of the chains 

undergo hydroxylation before disulphide bonds are formed between N and C terminal 

propeptide sequences to align the three chains and begin the formation of the triple 

helix from C to N terminus (Lodish et al. 2000). The final assembly of collagen within 

the ECM is a discontinuous super twisted right-handed microfibril. 

 

1.4 Overview 

 

The work presented here will explore the use of TFF systems in order to aid the 

scalable extraction of acid soluble collagen (ASC), while also permitting the extraction 

of a novel collagen extract, termed single alpha-chain collagen (SACC). The work will 

then explore how SACC may present a solution to the problems shown with the 

electrospinning of collagen scaffolds, while retaining the nativity required to reform 

triple helical fibres under physiological conditions.   
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Figure 1.1 Triple helix peptide of Gly-Pro-Hyp repeats arranged with a 

hybrid Lui Storey and Conjugate Descent optimisation (LS-CD) using 

Abalone software to build amino acid structure. The repeated banding 

structure of the helix can be observed in a right handed superhelix. (a) 

shows side-on view of the triple helix chains, with a single alpha  chain 

highlighted with ball and stick style. (b) shows view looking down the 

triple helix, showing the right-hand super-helix direction. 

(a) 

(b) 
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1.5  Aims and Objectives  

 

This thesis will explore the extraction, purification and applications of collagen-

based bio-materials derived from jellyfish. Initial explorations will aim to describe an 

improved method for the production of collagen, with particular optimisation for the 

processing and extraction of acid soluble collagen from jellyfish. The development of 

a scalable process will allow the extraction and purification of acid soluble collagen 

at commercial scale without damaging product quality, but greatly reducing overhead 

costs due to the reduced man-hours required and the improved characteristics with low 

batch to batch variation. This will focus on the use of hollow fibre membranes to 

remove the need for the use of cellulose diafiltration bags and centrifugation from the 

extraction process, which are currently both rate limiting stages, with a limit on 

commercial scalability and associated high costs.  

The study will then explore the isolation of purified collagen alpha chains, a 

separation of the triple helical, gamma chains of collagen into single alpha helices, 

which retain their secondary alpha helix structure and are soluble in buffered salt 

solutions; these are able to undergo electrospinning without the use of harsh solvents 

such as 1,1,1,3,3,3-hexafluoro-2-propanol (HFP). The α-chains also retain the ability 

to reform into triple helical collagen molecules in physiological conditions. This 

material is characterised to confirm these unique characteristics and compare their 

attributes to acid soluble collagen.  

The work then follows to examine the ASC and alpha chain extracts for their 

applications in regenerative medicine and tissue engineering, using techniques such as 

electrospinning and 3D-bioprinting to produce biomimetic scaffolds suited to replicate 

the conditions of the extracellular matrix. 

The overall aim of this work is to improve the current landscape of the use of 

collagen in regenerative medicine. Major objectives for the work are the creation of a 

scalable system for the extraction of high-quality ASC, the creation of a new 

biomaterial that is able to retain the native features of triple helical collagen and for 

that material to be suitable for electrospinning as a solution to the issues currently 

faced within the field, as well as the use of other formulations for the creation of 

prototype regenerative medicine and tissue engineering scaffolds. 

 



 
Chapter 1 - Introduction 

 

7 
 

1.6 Thesis Outline 

 

This thesis consists of 7 chapters. 

Chapter 1 outlines the background of collagen, the motivation behind this work, 

the aims and objectives and structure of the thesis. 

Chapter 2 is a literature review which presents the knowledge of collagen, with 

its extraction, characterisation and applications for electrospinning as reported in the 

literature, as well as currently known interactions of collagen with cellular systems. 

Discussion into the nativity of collagen when electrospun is conducted and assessed, 

in order to explain the current landscape for collagen electrospinning, and the issues 

presented within. 

Chapter 3 presents the experimental techniques conducted in this work. These 

consist of methods used to measure the key variables in the extraction of collagen. 

This chapter also describes techniques used to characterise the collagen extracts, 

including sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE), 

scanning electron microscopy (SEM), and fourier transform infrared (FTIR) analysis. 

Finally, commonly used techniques for the production of scaffolds, including 

electrospinning, crosslinking, gelation methods, freeze drying and 3D bio-printing are 

described. 

Chapter 4 Examines the currently used methods for producing collagen and 

describes the sequential scale-up of the developed jellyfish collagen extraction 

technology, based on hollow fibre filtration techniques. This chapter then characterises 

the acid soluble collagen produced to compare with traditional extraction methods. 

Chapter 5 describes and characterises a novel collagen-based bio-material, termed 

single alpha chain collagen, including the adaptation to the process developed in 

Chapter 4, and then examines and compares the unique characteristics of this 

biomaterial with acid soluble collagen. 

Chapter 6 demonstrates the applications for both acid soluble and single alpha-

chain collagens, using techniques such as electrospinning and bio-printing, and then 

characterises these scaffolds. 

Chapter 7 summarises the results obtained within this thesis, their relation to the 

literature discussed in Chapter 2 and presents the critical issues arising from this work, 

as well as the direction for future research based on the findings of this work. 
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 Literature Review 

 

2.1 Introduction 

 

The simplest depiction of multicellular animals requires a combination of 

macromolecules to bind cells together, provide structural integrity in tissues and allow 

the overall stability seen in animals. This is achieved by the ECM a highly organised 

network of glycoproteins, proteoglycans and glycosaminoglycans. The ECM provides 

physical stability while promoting cell growth, including migration, differentiation 

and adhesion by acting as a substrate for the cells. The composition of the ECM varies 

depending on the tissue, in direct governance from the surrounding cell types. While 

cells are responsible for the production of ECM, the interactions with ECM 

components and membrane receptors cause the activation and upregulation of specific 

cellular signalling pathways associated with controlling gene expression. Within the 

ECM, collagens are the main group of structural proteins. They are in fact the most 

abundant protein found in animals, providing between 25-35% of the whole-body 

protein. To date, there are 28 forms of collagen as described in Table 2.1, all of which 

share the characteristic triple helix structure of Gly-X-Y repeats.  

Variance in the amino acid composition in collagen can be observed to have 

distinct influence in the host organism, for example, the amino acid repeat Gly-Gly-Y 

which is found in abundance in the type I collagen of rainbow trout (11% of total triple 

helical region for the α3 (1) chain). This is shown to loosen the helix in the trout’s skin 

sufficiently to lower denaturation temperature by 0.5% compared with muscle 

collagen of the same fish (Saito et al. 2001). Furthermore, a reduction in the overall 

abundance of proline in position II and proline hydroxylation in position III, as can be 

seen in marine animals shows a reduction in denaturation temperature when compared 

with mammals (Nagai et al. 2000; Barzideh et al. 2014a; Nalinanon et al. 2007; Engel 

and Bächinger 2005). It is this reduced temperature which is a hindrance in the use of 

marine collagens for tissue engineering in humans. The current overall consensus 

suggests that the thermal stability of collagen for a given species is correlated with the 

surrounding environmental temperature, and body temperature (Rigby 1968). The 

detailed analysis of the molecular folding and nucleation steps in the formation of 
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collagen triple helix peptides has been examined in detail by (Xu, Bhate, and Brodsky 

2002). 

The origins in the use of collagen are rooted to the use of gelatine in food products. 

Gelatine is a denatured form of collagen which was produced and used in the late 

medieval period by boiling animal products, while the first patent awarded for gelatine 

production occurred in England in 1754 (“Gelatin” 2018). Collagen has been used for 

many decades in different applications within healthcare and cosmetics. The repeating 

pattern structure, while difficult to examine at the time, was first partially examined 

within the tendon of kangaroo and catgut during the 1930s using x-ray diffraction 

(Clark et al. 1935; Wyckoff, Corey, and Biscoe 1935). This first insight into the 

morphology of collagen at a molecular level led to research spanning the last nine 

decades. Notable developments following this research focussed mainly on describing 

the monomers which form collagen; the quaternary packing structure of collagen was 

described by the work of Ramachandran, which elucidated the triple helical packing 

structure of fibrillar collagens with three chains entangled. This was further described 

as one chain in helix form, coiling in the opposing direction to the other two 

(Ramachandran, Doyle, and Bloot 1968). This model was modified by groups around 

the world to gradually understand the complex structures which underpin collagen 

(Venkatraman 2017).  

Other work detailing the packing structure of collagen monomers led to many 

misconceptions regarding how the secondary structure of collagen is described. This 

includes whether collagen forms microfibrils or staggered sheets (Wess et al. 1998). 

The microfibrillar structure of collagen within major structures including cornea and 

tendon have been imaged using electron microscopy (Holmes et al. 2001; Holmes and 

Kadler 2006; Raspanti, Ottani, and Ruggeri 1990). This has led to the accepted 

description of collagen packing structure as a discontinuous super twisted right handed 

microfibril; the subunit for tropocollagen within tissues (Petruska and Hodge 1964).  

Today, collagens are used across the scientific spectrum, from life science research 

as a basic 3D scaffold for cell culture, work in tissue engineering advances, to 

composite biomaterials for structural materials research. There are several medical 

uses for collagen already available, as well as in the cosmetic industry, where variants 

of collagen are advertised for their appearance enhancing and rejuvenating effects. 

There has been a large debate surrounding the need for collagen to become more 



 
Chapter 2 - Literature Review 

 

10 
 

versatile, unfortunately at present harsh solvents are often required for usable 

concentrations above 10% to be achieved (Dong et al. 2009);  these solvents are shown 

to cause denaturation of the collagen into gelatine derivatives (Zeugolis et al. 2008a). 

 

Table 2.1 – Collagen proteins classified by their form with additional 

details on proteins which are poorly classified 

Type Form Additional Details 

I, II, III, V, XI Fibrillar Full Triple Helix Fibril Formation 

IV Non-

Fibrillar 

Basement Membrane Protein 

VI, VII Non-

Fibrillar 

Cell Anchoring Proteins 

VIII, X Non-

Fibrillar 

Short Chain 

IX, XII, XIV, 

XVI, XIX, XX, 

XXI, XXII 

Non-

Fibrillar 

Fibril Associated Collagens with Interrupted Triple 

Helices (FACIT) 

XIII, XVII, 

XXIII 

Non-

Fibrillar 

Membrane Associated Collagens with Interrupted 

Triple Helices (MACIT) 

XV Non-

Fibrillar 

Multiple Triple Helix Domains with Interruptions 

(Multiplexin) 

XVIII Non-

Fibrillar 

Basement Membrane – Cleaved to form Endostatin 

Peptide for Proteolytic Cleavage 

XXIV Fibrillar May Regulate Type I Fibrillogenesis 

XXV Non-

Fibrillar 

Brain-Specific membrane bound collagen. 

Proteolytic processing releases CLAC which 

interacts with senile plaques in Alzheimer’s disease 

XXVI Non-

Fibrillar 

May play an important role in adult reproductive 

organs as well as their development 

XXVII Non-

Fibrillar 

May play a role in calcification of cartilage and the 

transition of cartilage to bone 

XXVIII Non-

Fibrillar 

Present in neuronal cells and their surrounding 

basement membranes 
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2.2 Extraction of Collagen 

 

Collagen is traditionally isolated from mammalian animals using solubilisation in 

acetic acid. The process commonly begins with the desired tissue to be used being 

washed, blended and soaked in sodium hydroxide, to allow cellular matter to be 

disrupted. Following this, centrifugation is carried out to collect the raw acellular 

extract, which is then solubilised in acid to facilitate the breakage of intra-molecular 

bonds and partial digestion of non-helical telomeres. The solution typically then 

undergoes a series of centrifugation and subsequent redissolution in acid, usually with 

the addition of salt at various stages to precipitate out the soluble collagen, 

accompanied with dialysis to then remove the salts (Schmidt et al. 2016). The process 

typically produces a relatively pure extract of acid soluble collagen with low yield 

(Xiong et al. 2009). The use of pepsins to digest collagen which would traditionally 

be insoluble, is a modern addition to increase the yield of extractions. This allowed 

collagen to be extracted from sources such as cartilage. The use of pepsins causes a 

significant increase in the removal of the non-helical telomeric regions of collagen, 

which should not be disruptive to the -helical structure of collagen (Miller 1972). 

The use of a base, usually sodium hydroxide was added to disrupt the cells and strips 

them from the collagen matrix. 

These extraction processes have been adapted and modified in many ways, though 

yield has never been shown to rise above 2% from wet weight or 20% dry weight, and 

some groups have modified the technique used to determine yield, based on 

hydroxyproline content to demonstrate small increases in yield more dramatically 

(Nalinanon et al. 2007). 

While a range of sources have been used for collagen extraction, it is commonly 

obtained from bovine, porcine and equine sources for in vivo use (Silvipriya et al. 

2015). The risks of BSEs, TSEs and potential viral vectors that could be transmissible 

to humans are ever-present within mammalian extracts of collagen (Asher 1999; Lupi 

2002). More recently, the use of jellyfish and other marine animals as a source of 

collagen has become an attractive alternative to existing sources due to a plentiful 

supply (Williams 2015). These present a safer source through the lack of BSE risk and 

potential viral vectors (Song et al. 2006) and market trends expect an increase in the 
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use of non-mammalian collagen in the future. The low denaturation temperatures seen 

with marine collagens is a major drawback for their use for in vitro or in vivo testing 

(Addad et al. 2011; Kittiphattanabawon et al. 2010; Bae et al. 2008; Sadowska, 

Kołodziejska, and Niecikowska 2003). 

 

2.2.1 Jellyfish 

 

Jellyfish are commonly found in coastal regions and can be found in every ocean 

globally. All jellyfish belong to the phylum Cnidaria, and subphylum Medusozoa. The 

use of jellyfish belonging to the class of Scyphozoa, also termed the ‘true jellyfish’ 

are the main interest of this work. Their development, as seen in Figure 2.1 involves a 

surface dwelling stage, usually in the planktonic medusa form and a bottom dwelling 

polyp stage, which gives rise to new medusa when conditions are optimal (Hyman 

1940). The reproduction of these species usually follows that of gonochorists, namely 

with separate male and female sexes. They have gonads located in their stomach 

lining, and when produced, mature gametes are expelled through the mouth opening, 

which often enter their planktonic phase of development. The Scyphozoa class of true 

jellyfish are believed to have existed since the Cambrian Fortunian Stage (Liu et al. 

2017), and many species remain extant today. 
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Figure 2.1 - Typical Life Cycle of the Scyphozoa class of jellyfish 

(Schleiden, 1869).  

 

2.2.2 Extraction of Jellyfish Derived Collagen 

 

The extraction of collagen from jellyfish has been carried out using traditional 

extraction methods, which can yield collagen which is either acid solubilised (ASC) 

or pepsin solubilised (PSC). These methods respectively produce ‘telo’ and ‘atelo’ 

collagens, named due to the amount of the telomeric domains which have been 

removed from the collagen chains to aid solubilisation. The use of telo and atelo 

collagens varies in their need, where ASC is more useful in applications which include 
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or require gel formation, or the reformation of collagen fibres and PSC is more useful 

in applications where increased solubility is desirable. 

By use of Jellyfish in the extraction of collagens, it is possible to avoid overuse of 

animals which have other uses, for example, bovine collagen is commonly extracted 

from the skin of calves and adult male bulls, this skin is however also valuable in the 

production of leather. The avoidance of the use of mammalian species also helps to 

prevent the potential spread of TSEs which include BSEs in cattle, and can be present 

in humans, including Creutzfeldt - Jakob disease (CJD). These diseases are caused by 

misfolded proteins known as prions (Clarke, Jackson, and Collinge 2001), and cause 

neurodegeneration of the brain to give a sponge like appearance. The spread of these 

diseases are of concern worldwide, and in Europe the legislation surrounding TSEs is 

heavily regulated (Regulation (EC) 999/2001), including the testing, control and 

prevention of any suspected animal suspected of carrying any TSE from entering the 

food chain. This regulation however does not apply to any animal product which is 

used in cosmetic, medicinal products or medical devices, including both starting and 

intermediate materials and products. The reduced conditions surrounding the use of 

TSE animals in these fields and research, gives rise to the potential for collagen 

extracted from contaminated samples to be extracted, carrying with it a prion, which 

may be used as an injectable or in a medical device and may transmit the disease. 

Once extracted, collagen can be used to form tissue scaffolds based upon various 

methods. Often a solution of collagen is lyophilised using freeze drying to form an 

open architecture-based scaffold which is ideal for cell migration. This collagen can 

also be integrated into a solution of HFP or 2,2,2-trifluoroethanol (TFE) on its own or 

as a copolymer and electrospun to form nanofibre scaffolds (Chen, Mo, and Qing 

2007). In both instances the resulting scaffold must be crosslinked using various 

chemical (Barnes et al. 2007), enzymatic (Torres-Giner, Gimeno-Alcañiz, et al. 

2009a) or photoreactive methods (Cherfan et al. 2013) due to the extraction processing 

of the collagen which renders the material soluble to physiological and acidic 

conditions. For marine collagens, there has been significant research into crosslinking 

these materials to improve these characteristics (Addad et al. 2011), but studies 

suggest that an achievable native collagen scaffold is unlikely when using marine 

collagens due to their inherent molecular structure (Li et al. 2013) as described above 

in further detail.  
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Regardless of source, the currently available extraction techniques do not prove 

suitable for industrial production, leading to the high cost of collagen to the research 

market at ~£1800 per gram (Sigma Aldrich, UK, 2018). The above processes also 

typically produce fragments of protein, which survive extraction and reduce protein 

purity, which is typically defined in specifications as >90% within , β and  regions. 

Further to this, the above processes do not typically deal with endotoxin content, 

product clarity, and their small batch sizes usually results in high batch-batch 

variation, which leads to an array of problems for end users, including a disparity in 

the gelation characteristics of the collagen. 

 

2.2.3 Membrane Processes 

 

Membrane processing is a diverse field which encompasses the separation of 

materials from one another, based on size, charge, shape or other specific qualities. 

Traditionally, membranes act as a barrier which allows liquid to pass as a filtrate while 

retaining solids. Membrane processing technologies have developed thoroughly since 

the first commercially viable membranes were produced in the 1950s (Loeb 1981). 

The field has experienced several decades of growth, and the methods of membrane 

filtration have expanded drastically to include several techniques and membrane 

modifications. Hollow fibre membrane (HFM) filtration emerged in the 1960s as a 

type of tangential flow filtration. HFM filters use fibres of small diameter while also 

increasing surface area by containing hundreds and more often thousands of individual 

fibres in one housing in order to facilitate the filtration of solutions that would 

ordinarily cake a dead-end filtration membrane. 

HFM’s are usually distinguished by their pore size, with microfiltration (100-5000 

nm), ultrafiltration (5-50 nm), dialysis (2-5 nm) and reverse-osmosis (0.2-0.5 nm) 

membranes being commonly applied in applications due to their accessibility and non-

fouling nature (Sakai 1994). These membranes have applications in medical, 

pharmaceutical, food, and water treatment industries. Medical applications include 

haemodialysis (2-5 nm) and extracorporeal membrane oxygenation (artificial lung, 5-

8 nm) (Reed 2016), as well as supplementary applications such as protein separations 
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(<1,000 - >100,000 NMWCO), bacterial sterilisation (0.2-0.45 µm) and virus removal 

(5–50 nm) (Duek et al. 2012). Focusing on protein extractions, TFF based systems for 

separating proteins has been described previously in regards to whey protein (Zydney 

1998) among others (Li and Chase 2010). Collagen had not been successfully applied 

using these techniques, due mainly to the unsuitability of starting materials such as 

bovine hide to being processed in this way, particularly in regards of hollow fibres, 

where any solid material is capable of blocking fibres and reducing efficacy. Flat sheet 

TFF has been used previously with specially produced membranes to purify and 

concentrate collagen peptides of 30-50kDa (Shen et al. 2009), demonstrating the 

possibility for TFF processes to be applied to full chain collagen extraction procedures. 

Research is slowly emerging in the use of membranes for collagen purification, with 

a proceedings paper on the use of spiral wound membranes for collagen fraction 

separation (Catalina et al. 2009), as well as collagen type I used to test membrane 

retention (Aspelund and Glatz 2010). Patents surrounding the use of ultrafiltration 

technologies in the concentration of collagen are being published, revealing the 

novelty of this technology for the application to collagen extraction (Chang et al. 

2017). 

 

2.3 Collagen Nanofibers and Wound Healing 

 

Following injury of the skin, the natural processes of wound healing begin to repair 

the skin, beginning with the formation of blood clots. These clots become a scab at the 

surface, sealing the wound; fibroblasts migrate into the lower regions of the blood clot 

from the edges of the surrounding tissue. The fibroblasts begin breaking down the clot 

and replacing it with scar tissue formed of collagen fibres (Clark 1996; Clark 2012). 

The deposited collagen differs from healthy tissue by its alignment structure; where 

normal skin typically contains a ‘basket weave’ fibre structure, the scar tissue develops 

single directional aligned fibres of collagen as remodelling occurs by continual 

interaction with fibroblasts (Dallon 1998; Dallon, Sherratt, and Maini- 1999; Dallon 

and Sherratt 2000).  

Collagen fibres are deposited and arranged in linear format during wound closure, 

and this causes a weakening of the tissue once restored, referred to as scarring, the 
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degree of scar severity is dependent on a wide array of factors, including age 

(Ashcroft, Horan, and Ferguson 1998), skin colour (Murray, Pollack, and Pinnell 

1981), and location (Bayat, McGrouther, and Ferguson 2003). This scarring occurs 

due to the repair, or incomplete regeneration of the tissue (Min, Wang, and Orr 2006b), 

rather than the regeneration seen in non-injured skin which acts as an exact copy of 

morphology and functionality (Min, Wang, and Orr 2006a).  

Collagen plays a role in aiding regeneration at all stages of wound healing during 

the repair and regeneration of the tissues (Brett 2008). Thus, the extraction and 

fabrication of collagen fibres through processes such as electrospinning has great 

potential in terms of bioactivity and control. Indeed, the ultimate wound dressing or 

tissue engineering device must be a highly accurate analogue of the natural tissue and 

the ECM. Modern techniques are striving to achieve this through improved fabrication 

of 3D fibrous materials in parallel with stem cell research. The efficient 

electrospinning of collagen, maintaining its integrity and functionality, is arguably the 

optimum technique and choice of polymer for achieving this; other polymers do not 

currently have the innate functionality and biocompatibility. 

Collagen has been shown to be an essential part of wound regeneration, beginning 

when platelets aggregate around exposed collagen as part of the body’s own process 

for physically blocking the wound and ceasing blood flow. During the inflammation 

phase, the peptide fragments of collagen have a chemotactic effect in the recruitment 

of cells essential to wound healing, while the collagen derived peptides stimulate 

fibroblast proliferation during the proliferation phase (Schultz and Mast 1999; Brett 

2008). Collagen has also been shown to aid in vessel reformation with endothelial cells 

(Montesano, Orci, and Vassalli 1983).  

When migrating cells such as keratinocytes encounter type 1 collagen in a wound, 

the cells secrete matrix metalloproteinases (MMPs) which denature the collagen to 

gelatine in order to expose the active RGD site (Arg-Gly-Asp) sequences, which are 

responsible for the creation of granulation tissue (Brett 2008). Previous research has 

also shown that when the collagen triple helix is unwound through partial 

denaturation, elements of the molecule are exposed that up regulate many pathways 

important in wound healing (Banerjee, Suguna, and Shanthi 2015; Castillo-Briceño 

Patricia et al. 2011).
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Figure 2.2  Wound regeneration timeline based on (Häggström 2014) . 
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Despite this, collagen accumulation does not occur until the third day of wound 

healing, during the as termed ‘late phase’ (Clark 1998). Collagen is an essential part 

of the later stages of wound healing, where the collagen matrix is compacted by 

fibroblasts using their actin-rich microfilament structures (Ehrlich & Moyer 2013). 

Collagen in combination with the α1β1 integrin aids the proliferation of fibroblasts 

(Pozzi et al. 1998), which is a vital process to restore the structure of the extra cellular 

matrix in a wound.  

The maturation phase of tissue repair begins when levels of collagen production 

and degradation equalise (Greenhalgh 1998). Throughout maturation, type III 

collagen, produced during proliferation, is replaced by type I collagen (Dealey 1999). 

The timeline for these events are seen in Figure 2.2 

 

2.4 Fabrication methods 

 

There is an array of fabrication methods which can be used to produce functional 

biomaterial-based scaffolds suitable for regenerative medicine. Bioprinting is quickly 

becoming a favoured method for the fabrication of complex 3-dimensional structures, 

while traditional freeze-drying techniques facilitate the formation of open pore 

structures for cell migration.  

Electrospinning has for many years offered the simplest solution for creating 

nanofibre materials from biological polymers. Many variations on electrospinning 

have been developed, covering scale up, fibre alignment and many other modifications 

to improve the efficacy of the scaffold to a given niche. 

 

2.4.1 Bioprinting 

 

The act of bioprinting combines biomaterials, cells and often growth factors to 

produce three-dimensional structures which attempt to mimic natural biological 

structures (Singh and Thomas 2018). In line with polymer 3D printing technologies, 

layer-by-layer deposition is the currently favoured method in scaffold production, 

using bioinks as the printing material. The process typically deposits a layer of bioink 

into a bath or slurry of supporting material which allows complex structures to be 
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created, with the slurry being melted or dissolved away after printing is complete, and 

the term bio-paper is quickly becoming the favoured term (Lee et al. 2012; 

Manappallil 2018). Bioprinting is progressing to produce scaffolds which can be 

implanted and integrate within the body, whether cartilage, ligaments or more 

complex structures. Recent work is progressing to further expand the possibilities of 

the 3D bioprinting of human organs (Liu et al. 2018). 

Post bioprinting process developments surround the use of bioreactors with 

specialised conditions to mimic the natural environment of the printed tissue, 

including compression for cartilage scaffolds (Chua and Yeong 2015). 

The main issues arising from bioprinting are currently the high cost of machinery, 

unreliability of the printing process, ethical restraints and the lack of crucial elements 

within a complex tissue, such as vascularisation, which makes maintenance of the 

large numbers of cells required difficult, often leading to cell death within the central 

depths of the tissue. The other issue currently affecting these methods is resolution, 

where many standard bioprinters, or modified polymer printers are unable to recreate 

the level of detail needed to sufficiently replicate complex tissue structure (Malkoc 

2018). 

 

2.4.2 Freeze Drying 

 

Freeze drying a solution of collagen is one of the simplest formulation methods 

for producing a three-dimensional architecture for cellular scaffolds. The collagen 

lyophilised using freeze drying to form an open architecture-based scaffold which is 

ideal for cell migration (Gaspar et al. 2011). The solution is typically frozen at a 

controlled rate to guide crystal ice dimensions which later dictate pore diameter, while 

the frozen scaffolds are then sublimated to leave behind a sheet like sponge of 

collagen, suitable for seeding with cells. The use of this technology lends itself to the 

creation of moulds in which the collagen can be dried, giving a shape which is 

desirable to a given application, for example cartilage within the ear and nose. The 

problem with such a simple technique is the ineffectiveness of the process to create 

multifactorial scaffolds, which are essential in the creation of complex tissues and 
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organs, while freeze-dried sponges are most commonly the same density with the same 

porosity throughout the entirety of the scaffold. 

 

2.5 Electrospinning of Collagen Nanofiber Membranes 

 

Electrospinning of soluble collagens provides a suitable way of producing 

scaffolds which closely mimic the high porosity and surface area often seen in the 

ECM of tissues, and thus presents great potential in the fabrication of 3D constructs 

for tissue engineering and wound healing.  

Electrospinning was developed in the first half of the 20th century (Formhals 

1934), and further investigated with added detail (Reneker and Chun 1996; Reneker 

et al. 2000); though the origins of the process were initially explored by (Boys 1887), 

and arguably by (Gilbert 1628), where electro-spraying occurred through the addition 

of electrically charged amber near water. Patents related to collagen electrospinning 

were first filed in the late 1990s (Simpson et al. 2003), with journal articles in the early 

2000s describing the use of HFP to electrospin collagen (Matthews et al. 2002). 
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Figure 2.3 - Collagen solution being electrospun with constant droplet 

being replenished and a single Taylor cone producing a jet of collagen 

solution which lands on the grounding target as collagen nano fibres. 

 

 

 

Figure 2.4 - A basic electrospinning set up using a syringe pump and 

high voltage power supply connected with a grounded collector plate.  
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The process of needle electrospinning produces a jet from a Taylor cone as seen 

in Figure 2.3 and involves a simple process detailed in Figure 2.4, which briefly 

consists of a high voltage power supply that supplies positive charge to an 

electrospinning needle and a grounding electrode coupled to the collector plate. The 

electrospinning needle is supplied by a syringe loaded with polymer and solvent which 

is fed at a controlled rate using a syringe pump. Electrospinning setups can be either 

horizontal or vertical depending on solution properties such as low viscosity liquids 

using gravity to prevent spraying of material onto the mat. 

 

 

Figure 2.5 - SEM Micrograph of needle electrospun collagen fibres. 

Magnification of 1500X. Fibre Diameter is shown to be 646nm ± 121nm. 

Scale Bar = 10µm. 

 

The optimised conditions for collagen electrospinning are dependent on the quality 

of collagen, as described later in this chapter as well as being down to individual 

electrospinning setups in different research groups. The most commonly used solvent, 

HFP is generally optimum for dissolving an 8% (w/v) concentration of collagen, 

though this has been as high as 20% (Li et al. 2015). A distance in the range of 8-20cm 

and voltage of 15-25kV is commonly used, while flow rate varies widely between 
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groups, but usually hovers around 1mL/h (Matthews et al. 2002; Rho et al. 2006; Zhou 

et al. 2016). Most groups have carried out electrospinning on bench scale standard 

setups as shown in Figure 2.4, with the replacement of the static grounding target with 

a rotating mandrel collector in some articles (Dong et al. 2009; Zhong et al. 2006) or 

other designs to collect the fibres (Buttafoco et al. 2006). Once produced, the scaffolds 

are examined by SEM as in Figure 2.5 in order to assess fibre diameter, porosity and 

beading density. 

The applications of collagen electrospun mats utilise the native functionality of 

collagen as part of the ECM, namely adherence, migration, proliferation and 

differentiation of cells alongside the establishment of morphological structure that 

allows the supply of nutrients, the diffusion of gases and the removal of metabolites 

to aid cell growth and tissue maintenance. For example, when tissues are damaged, as 

in the case of burn victims, the cellular re-growth cannot effectively occur due to the 

absence of material, which can result in the formation of scar tissue or open wounds. 

The application of a collagen scaffold to the wound has the potential to promote re-

growth of healthy tissue and prevent scar tissue formation. The addition of cells to the 

scaffold can provide a graft of tissue such as skin, or using chondrogenic cell types, 

cartilage can be produced. With the parameters of the scaffold changed to produce 

tightly aligned fibres, osteoblasts can help to promote calcification leading to bone 

growth. Collagen nanofibrous membranes are currently utilised in the areas shown in 

Table 2.2. 
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Table 2.2 – Example fields and uses for collagen electrospun nanofibre 

membranes 

FIELD USE EXAMPLES 

TISSUE 
ENGINEERING 

Artificial Skin, 
Blood Vessels, 

Tendon 

(Law et al. 2017; He et al. 2005; Chainani et 
al. 2013) 

REGENERATIVE 
MEDICINE 

Bio-resorbable 
Grafts 

(Sell et al. 2009) 

WOUND 
DRESSINGS 

Bio-active 
Bandage 

(Zahedi et al. 2010) 

DRUG DELIVERY Controlled 
Release 

(Hall Barrientos et al. 2017) 

3D CELL CULTURE Model Skin  (Nisbet et al. 2009) 

DRUG SCREENING / 
TRIALS 

Model System (Hartman et al. 2009) 

 

The most researched of these areas are the use of collagen nanofibres for wound 

dressings and tissue engineering. These topics have garnered much attention, 

particularly over the past decade, and many reviews have been produced to examine 

them (Ma et al. 2005; Pham, Sharma, and Mikos 2006; Vasita and Katti 2006; Lu and 

Guo 2018; Mortimer, Widdowson, and Wright 2018). Despite the apparent interest in 

collagen as an effective biomaterial, there are large issues which currently surround 

its use in regenerative medicine, focused mainly on the use of current fluoroalcohols 

and their denaturing effects on collagen and other proteins when used for 

electrospinning, but also on the need to crosslink the electrospun scaffolds and the 

effects of the use of some of these agents, particularly glutaraldehyde. 

 

2.5.1 The Nativity of Electrospun Collagen Nanofiber Membranes 

 

There is an ongoing debate on the use of collagen in the field of electrospinning, 

particularly around the potential denaturation of the protein during this process, 

possibly resulting in the denatured form of collagen, known as gelatin. The effect of 

such a finding would result in a reduced similarity to the natural ECM, in which 

collagen is a major constituent. This would make electrospun collagen a less appealing 

prospect to those trying to create an analogous in vitro version of the ECM for cell-

based applications.  
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One major paper on the topic (Zeugolis et al. 2008a), utilises an array of techniques 

to visualise the presence or absence of the native collagen α-helical structure, which 

can be identified by the presence of the 67nm banding pattern, as well as using the 

furrier transforming infa-red spectroscopy (FTIR) footprint of collagen when 

compared to a gelatin standard. The group attempt to answer the question of whether 

the electrospinning process denatures the protein, removing their ability to form the 

triple helical arrangement which results in the quarter staggered banding pattern seen 

in native collagen, also known as the D-banding pattern. To this end, the group uses 

HFP, and TFE as solvents to dissolve the collagen; These were the commonly used 

solvents for the electrospinning of collagen and remain the favoured choice at the time 

of writing. The re-dissolved fibres were analysed using a variety of techniques 

including transmission electron microscopy (TEM) and circular dichroism (CD) to 

detect the presence of the α-chain structures present in native collagen. Their findings 

suggest initially that the electrospun fibres are denatured, where 99.5% of collagen is 

converted to gelatin. It should be noted that denaturation of collagens which have been 

dissolved in fluorinated alcohols (HFP or TFE) without electrospinning taking place 

remains high (93%), suggesting that it is the reaction with these solvents which have 

caused denaturation to occur before electrospinning has taken place, and as such it is 

impossible to tell from the findings whether the electrospinning of these fibres causes 

any significant further denaturation. It would have been useful as a further experiment 

of this study to carry out their self-assembly testing on dissolved samples of 

electrospun collagen to give an indication if renaturation of the collagen fibres is 

possible following fluoroalcohol based electrospinning. 

In 2008, the aforementioned solvents were the only solvents found to be viable for 

electrospinning collagen, due to the lack of quality assurance, with some collagens 

being less soluble in acetic acid than others (Zeugolis et al. 2008b).  In the following 

year, Dong et al published research using a benign solvent mixture of phosphate 

buffered saline (PBS) and ethanol to dissolve and electrospin their collagen. The paper 

suggests the mixture allows for the electrospinning of collagen without denaturation 

prior to electrospinning as seen with HFP and TFE (Dong et al. 2009). This is backed 

up using FTIR data to compare the electrospun scaffolds to native collagen. This group 

however failed to investigate the presence or absence of banding present in the 

collagen fibres produced, and their findings of water-soluble collagen both before and 
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post electrospinning provide little reassurance, as collagen should remain relatively 

insoluble in water, but rather unable to hold form when moistened.  

Other groups have since attempted different solvent systems to replace 

fluoroalcohols in the electrospinning of collagen, such as Liu et al, who use 40% acetic 

acid to electrospin a 25% collagen solution and examine the degree of degradation 

compared to HFP using CD (Liu et al. 2010). The group found a helical fraction of 

28.89% for acetic acid and 12.51% for HFP but failed to further examine other 

qualities such as presence of periodic D-banding or FTIR amide 1-2 peak ratios. 

Barrientos et al produced co-electrospun nanofibres of PEO and collagen blends with 

a 1% collagen in an 8% total polymer concentration in HFP which when examined 

with atomic force microscopy (AFM) clearly displayed the periodic D-banding pattern 

of collagen within the fibres (Hall Barrientos et al. 2017). DSC measurements are not 

sufficiently clear due to PEO being included as a copolymer. No further examination 

of the fibres displayed data to suggest denaturation of the collagen had significantly 

occurred or been prevented, despite acknowledgement from the group that HFP is 

known to denature collagen. 

  

Figure 2.6 – (a) AFM image of a PLA-Collagen electrospun fibre 

displaying periodic D-banding pattern typical of collagen. (b) SEM 

image of PLA-Collagen electrospun fibres. Modified to renumber from 

(Hall Barrientos et al. 2017) Distributed under (“Creative Commons — 

Attribution 4.0 International" 2018) 

 

(a) (b) 



 
Chapter 2 - Literature Review 

 

28 
 

In order to fully assess the true nature of collagen post electrospinning, the 

collagen must be extensively tested using several parameters. There is little literature 

into electrospinning of collagen nanofibers dissolved in a benign solvent which would 

not significantly alter the ability of collagen to form its native triple helical structure 

and this will require thorough experimentation to be carried out. The parameters to 

effectively determine the retention of the collagen’s native structure include those 

tested by (Dong et al. 2009; Zeugolis et al. 2008a); namely to include TEM analysis, 

SEM analysis, CD, FTIR and finally differential scanning calorimetry (DSC) 

experimentation. Together, these techniques can show the definitive presence of 

collagen or gelatin in the product, by examining the α-helix formation and assess any 

changes in denaturation temperature. 

There are, however, disparities in the argument proposed by Zeugolis et al., in 

particular when groups have observed the characteristic 67nm banding pattern (which 

is typically only seen in native collagen fibres) on electrospun collagen fibres. Groups 

such as (Matthews et al. 2002) have shown this to be present in collagen electrospun 

fibres produced using HFP as the solvent system as seen in Figure 2.7.  

 

 

Figure 2.7 – Comparison of TEM images of electrospun collagen fibres 

from: (a) Electrospun calfskin collagen displaying 67nm banding pattern 

within fibre. (Scale bar = 100nm). Reprinted with permission from 

(Matthews et al. 2002). Copyright 2002 American Chemical Society . (b) 

Electrospun collagen produced in house which has no banding present 

(Scale Bar = 100nm). Reprinted with permission from (Zeugolis et al. 

2008a). Copyright 2008 Elsevier.  

 

 

(b) (a) 
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The main issue is the lack of complete transparency present in research findings, 

particularly when techniques that examine only small areas of a sample are used such 

as TEM. This can lead to picking of particular features present in a sample where it 

represents a minority; Zeugolis did after all show a 99.5% denaturation, meaning 0.5% 

of triple helix could be present. Therefore, more research is required to determine the 

exact reasons that collagen may be denatured when being electrospun and exactly how 

much is caused by each influencing factor of the process. 

As well as the use of solvent being of concern, the quality of the extract of collagen 

being used also affects how well the solution can be electrospun (Zeugolis et al. 

2008a). This relates to many factors from extraction conditions with critical points 

which must be addressed. Figure 2.8 shows how a number of extraction conditions 

can influence collagen production.  

 

 

Figure 2.8 - Chart of extraction stages which contain critical poin ts 

necessary to avoid solubility  issues with collagen extracts Adapted with 

permission from (Zeugolis et al., 2008b). Copyright 2008 Taylor & 

Francis. 

 

Animal Selection

Young and healthy animals contain fewer crosslinked collagen 
chains leading to an increase of soluble collagen.

Collagen Extraction

Poor temperature control  renders collagen insoluble or 
converts to gelatin.

Lyophilisation Of Collagen

Poor heat and mass tranfer to  the collagen result in 
denaturation and/or crosslinking.

Storage Of Collagen
Incorrect humidity or lighting could denature and/or crosslink 
the collagen.

Age Of Material
All Biomaterials have a natural expiration, breakdown of the 
molecule, denaturation and/or crosslinkng occur over time.
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It is because of these issues that collagen has remained an undesirable polymer for 

electrospinning and some research has moved onto gelatin electrospinning 

(Sajkiewicz and Kołbuk 2014). This denatured form of collagen is a much more 

affordable alternative to collagen which is much more easily handled using benign 

solvents such as acetic acid and phosphate buffered saline. 

Research on the electrospinning of native collagen has stalled in recent years, due 

to the condemning findings of the Zeugolis group, and papers published in the post 

2008 years have either proceeded in the use of fluoroalcohols, knowing their 

denaturing effects (Torres-Giner, et al. 2009b; Chen et al. 2010), or attempted solvent 

systems which reduce the denaturing aspects of the process (Wakuda et al. 2018; Jiang 

et al. 2013; Dong et al. 2009). This has diverted attention away from applied scaffolds 

produced by electrospinning collagen and stunted progression in the fields of tissue 

engineering and regenerative medicine. 

 

2.5.2 Disparities in the Extraction and Electrospinning of Collagen 

    

The use of marine collagen has seen a significant increase in recent years, with 

fish scales and jellyfish extractions and applications being described by several 

authors. There are several statements in the production of these materials which 

display conflicting factors, affecting the outcomes of claims made by the various 

authors, with confusion and disparity arising mainly due to the originating use of 

collagen-based products in the history of geographically isolated cultures. Western 

cultures have used animal derivatives such as collagen for centuries in the production 

of products such as stock and glue. These processes have historically centred on the 

use of boiled animal parts which are not useful in other applications (meat, hide etc.). 

The use of these techniques meant that gelatin was commonly used in western cultures 

as far back as the 1400s (“Gelatin” 2018). In eastern cultures, particularly West Asia 

and India, where fish, rice and other staple diets, as well as a lower reliance on 

livestock farming for religious and geographical reasons meant that the use of cattle 

was less common. This led to a limited use of meat-based stocks and broths, so the 

distinction between gelatin and native collagen were less separated, leading to 

confusion in the distinguishing features between denatured and native versions of the 
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protein. The terms ‘hydrolysed collagen’ or ‘denatured whole chain collagen’ are 

commonly used in these areas, which further distort the distinguishing characteristics 

of collagen and gelatin.  

This lack of clarity has led to the disparities seen in current literature surrounding 

collagen, with both extraction and electrospinning claims being incorrectly stated, 

either by use of hydrolysed collagen, or a denaturation of native collagen into gelatin 

(Le Corre-Bordes, Hofman, and Hall 2018). This has further led to a confusion within 

the field as to certain results around solvent systems and conditions used in the 

electrospinning of these biomaterials. It is hypothesised that the disparity between 

marine and mammalian extracts of collagen and their ability to electrospin is due to 

poor handling of raw materials and use, supported by matching electrospinning 

conditions for gelatin experiments (Erencia et al. 2014).The work carried out within 

this thesis, will demonstrate the effects of handling techniques that denature the 

collagen, permitting electrospinning under the conditions used for gelatin. 

 

2.5.3 Crosslinking of Electrospun Collagen Nanofiber Membranes 

 

For physiologically soluble polymers it is usually required that the scaffold is 

crosslinked. Glutaraldehyde has for many years been regarded as the standard method 

of crosslinking (Niu et al. 2013), particularly with proteins due to its efficiency and 

high degree of crosslinking across different polymers (Barbosa et al. 2014). This 

chemical has many setbacks with regard to tissue engineering scaffolds, foremost the 

calcification of scaffolds and surrounding tissues which are exposed to residual 

crosslinking agent which may lead to device failure (Golomb et al. 1987). In recent 

years, alternatives to glutaraldehyde have arisen with the desire to increase 

cytocompatibility in vivo, examples of these can be seen in Table 2.3. 
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Table 2.3 - Examples of crosslinking agents used for physiologically  

soluble polymers in electrospinning applications to increase 

cytocompatibility in comparison with glutaraldehyde and their 

corresponding polymers.  

Crosslinking Agent Example 

Polymers for Use 

Type 

1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) 

Any Protein Chemical 

Genipin Any Protein Chemical 

Rose Bengal & 532nm excitation Collagen Photochemical 

Citric Acid Zein, Collagen Chemical 

Thermal cycling induced crystallisation PVA Thermal 

Lysyl Oxidase Collagen Native Enzymatic 

 

Niu et al. compared PCL/Collagen scaffolds which were crosslinked with either 

glutaraldehyde vapour or genipin and examined their efficacy with cell infiltration, 

survival and proliferation (Niu et al., 2013). They found that nanofibre based scaffolds 

increased cell proliferation while microfibre scaffolds showed better infiltration of 

cells. They also showed that genipin showed higher levels of cytocompatibility than 

scaffolds crosslinked with glutaraldehyde. The increased use of less cytotoxic 

crosslinking agents shows a shift in the field away from the use of compounds that 

undo the beneficial effects of electrospun scaffolds.  

EDC has arisen as the favoured crosslinking agent for electrospun collagen 

scaffolds but is not itself without issues. First described in relation to electrospun 

collagen by Barnes et al. in 2007, the technique uses EDC alone or in combination 

with N-hydroxysuccinimide (NHS) (Barnes et al. 2007). The group showed that the 

crosslinker was successfully able to create an insoluble electrospun collagen scaffold 

by linking the carboxylic functional groups of aspartic and glutamic amino acids to 

form O-isoacylurea, which then undergoes nucleophilic attack by the amine functional 
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groups of lysine and hydroxylysine amino acids on adjacent collagen fibrils, creating 

an iso-peptide bond. The group found that when EDC crosslinking is used, the fibrous 

structure of collagen is lost as seen in Figure 2.9. This has been observed by other 

groups (Dong et al. 2009) and techniques such as those seen in Figure 2.10, which 

stretch or compress the scaffold have successfully prevented the loss of fibres in the 

scaffolds. 

Work carried out in house by our research group have utilised a method which 

injects EDC over collagen samples which are being compressed by a frame, reducing 

the potential points which can shrink and lose its fibrous state, as can be observed in 

Figure 2.10, the inserts demonstrate crosslinked collagen fibres produced in house, 

crosslinked with EDC using method b. 

 

Figure 2.9 – SEM images of electrospun collagen fibres (a) before EDC 

crosslinking (b) after EDC crosslinking. Scale Bars = (a) 30µm (b) 

50µm. 

 

 

 

 

a b 
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Figure 2.10 – Different compression methods for preventing the loss of 

fibres seen when electrospun collagen scaffolds are crosslinked with 

EDC. (a) Teflon frame method used by (Dong et al. 2009). (b) 

Compression frame with EDC injection ports used in house.  

 

Liu et al, used rose bengal as a photo-initiator for 532nm excitation with an argon 

laser, showing scaffold integrity after 21 days, with a scaffold weight loss of 47.7% 

on day 7 and 68.9% on day 15 (Liu et al. 2010). The scaffolds retained their nanofibre 

structure, despite the weight loss, with apparent reduction in fibre diameters. The 

group note however, that in order for the crosslinking to occur, the rose bengal treated 

scaffolds need to be immersed in either water or ethanol prior to laser excitation, the 

former of which would immediately degrade the scaffold, the latter of which can 

remain and if not removed may be cytotoxic to cells (Widdowson et al. 2017). 

Enzymatic crosslinking may offer a biologically acceptable method to stabilise 

electrospun collagen chains, and the use of transglutaminase (TG) for this purpose has 

been examined (Torres-Giner, Gimeno-Alcañiz, et al. 2009a). TG acts to catalyse the 

formation of amide crosslinks between glutamine and lysine residues (O Halloran et 

al. 2006). This has been shown to be non-cytotoxic and can be used on scaffolds which 

are seeded with cells. The technique has the downside that the increase in mechanical 

integrity is low, reducing its effectiveness (Halloran et al. 2008; Orban et al. 2004).  

Lysyl oxidase (LO) is an alternative to TG which can be used for the enzymatic 

crosslinking of electrospun collagen (Hapach et al. 2015). LO facilitates the formation 

of intra- and inter-molecular covalent crosslinks between collagen fibres, which are 

essential for collagen fibril formation (Prockop et al. 1979). This is hindered by the 

limited access to isolated LO for use in a crosslinking solution, with many studies 
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using transfection (Lau, Gobin, and West 2006) or hypoxia induction (Makris et al. 

2014) in cells to produce endogenous LO instead. This would not suit the application 

for electrospun collagen sufficiently due to the immediate dissolution of collagen in 

the culture medium. 

Physical methods have also been examined for the crosslinking of electrospun 

collagen scaffolds. Drexler and Powell assessed the well documented process of 

dehydrothermal (DHT) crosslinking for its effectiveness when applied to electrospun 

collagen scaffolds (Drexler and Powell 2011). The group found potential for its 

effectiveness, with degradation by collagenase being significantly lower than the 

uncrosslinked control samples, and almost equal to EDC crosslinked samples. The 

DHT scaffolds were not as resistant as DHT & EDC samples and displayed a lower 

increase in strength than with EDC or DHT & EDC combined. Finally, the group 

found significantly lower fibroblast cell viability than the EDC crosslinked scaffolds 

when assessed by a metabolic activity (MTT) assay. The results suggest that the use 

of DTT may allow for the reduced use of chemical crosslinkers, for applications where 

accelerated cell regeneration is less important, such as dressings and intubations. 

There is a positive move away from the use of glutaraldehyde for crosslinking of 

electrospun collagen scaffolds, and a growing selection of alternative crosslinkers is 

becoming apparent through the literature, which have lower cytotoxic effects than 

glutaraldehyde, benefitting the surrounding tissues upon implantation. The issue still 

remains that collagen requires crosslinking after electrospinning in order to prevent 

solubilisation and this issue needs to be addressed as the currently accepted hypothesis 

is that this is due to the denaturation of the collagen which has been electrospun 

(Torres-Giner, et al. 2009b). 

 

2.6 Modification of Electrospun Collagen Nanofiber Membranes for 

Different Tissues 

 

One of the largest challenges with electrospun scaffolds is not simply the degree 

of porosity, which is usually in the region of 91.6% (Li et al. 2002), but how accessible 

the pores are for cell infiltration. Wang et al. propose the use of the Darcy permeability 

coefficients to determine how cells will respond to surfaces and the architecture of 
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tissue engineering scaffolds through their porosity (Wang et al. 2010). They also 

describe 3 types of pore shown in Figure 2.11; a blind end pore leads to a section of 

scaffold where material cannot infiltrate further. A closed pore is isolated inside the 

scaffold and is therefore inaccessible to cells. The desirable architecture is an open 

pore network where the pores branch between each other and allow cell migration to 

occur. Blind end pores are often found in electrospun scaffolds which can be seen as 

cells becoming confluent on the outside of the scaffold without sufficient inward 

infiltration, as seen in Figure 2.12. 

 

 

Figure 2.11 - Cell migration is influenced by 3 types of pore: A: Blind 

end pore where cells cannot completely infiltrate. B: A closed p ore inside 

the scaffold cannot be accessed by cells. C: Open pore network allowing 

complete cellular infiltration.  Reprinted from (Mortimer, Widdowson, 

and Wright 2018). Distributed from (“Creative Commons — Attribution 

3.0 International” 2018)  

 

Li et al. assessed the state of nanofibrous scaffolds for tissue engineering, with 

great focus on the technology of electrospinning (Li, Shanti, & Tuan, 2006). This 

review looked into the ideal characteristics for a tissue engineered scaffold, and the 

questions which should be answered for a particular niche. These begin with 

architecture; whether the fibres are of aligned or random orientation. The porosity of 

a scaffold must allow for cell migration and nutrient diffusion. If a scaffold is to 

recreate blood vessels, it is essential that the red blood cells are contained. This is one 
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of the potential limitations of an electrospun scaffold, as pore size cannot be easily 

controlled during production. To avoid this, various methods such as salt leaching  

have been employed to increase and control pore size (Lee et al. 2005).  

The mechanical properties of a scaffold must also be assessed to match the niche 

it will be integrated into as these can have drastic effects on cell morphology, cell 

proliferation and differentiation (Hubbell 1995). Chang & Wang reviewed how 

scaffold topography and chemistry influence cell growth on a given scaffold in a given 

niche (Chang and Wang 2011).  

 

 

Figure 2.12 - SEM images of Vascular Wall Mesenchymal Stem Cells 

grown on genipin (5%) crosslinked mats for 7 days. Bars: (a) 50 µm and 

(b) 5 µm. Reprinted with permission from (Panzavolta et al. 2011). 

Copyright 2010 Elsevier Ltd.  

 

2.6.1 Ideal Characteristics in Cell Interactions 

 

The ideal conditions for cellular growth of a particular cell type rely on a very well 

controlled niche, and in order for tissue engineering scaffolds to best suit the growth 

of a specific cell type, it must be optimised to meet the unique requirements of each 

cellular environment. Many of the current market offerings were reviewed by (Zhong, 

Zhang, and Lim 2010) which noted a lack of electrospun collagen dressings being used 

currently in wound healing applications. The following will detail some of the most 

commonly tested cell types on electrospun scaffolds and how control has been exerted 

to meet the unique requirements necessary for cell expansion and infiltration. 
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2.6.2 Mesenchymal Stem Cells  

 

Mesenchymal stem cells (MSCs) have been used extensively to assess the basic 

attributes of electrospun collagen scaffolds. Shih et al demonstrated that culturing of 

MSCs on an electrospun collagen scaffold had no effect on the osteogenic 

differentiation pathway when compared to the standard polystyrene cell culture flasks 

(Shih et al. 2006). Further work was carried out by (Li et al. 2005), which compared 

various ECM proteins. They found that cellular growth was faster on these than the 

standard tissue culture treated polystyrene (TCPS). This showed maintenance of 

typical fibroblastoid morphologies seen in Figure 2.13 that human embryonic palatal 

mesenchymal (HEPM) cells attach, spread and form oriented monolayers on protein 

fibre matrices. 
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Figure 2.13 - Morphology of HEPM cells on protein fibre matrices. 

Staining for nuclei-bisbenzimide (blue), actin cytoskeleton-phalloidin 

(red), fibres-autofluorescence. (a, b) TCPS; (c, d) Gelatin; (e, f) Elastin; 

(a, c, e) HEPM after 48 h in culture (original magnification 400×); (b, d, 

f) HEPM monolayer at confluence after 72 h in culture (original 

magnification 200×). Reprinted with permission from (M. Li et al. 2005). 

Copyright 2005 Elsevier Ltd. 
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2.6.3 Fibroblasts 

 

As a major cell component in the formation and renewal of the dermis, in particular 

the excretion of collagen, fibroblasts are of particular interest in collagen-based tissue 

engineering of skin grafting materials. Due to the interest in collagen as a bio-active 

wound dressing material, it is important that the interactions between electrospun 

collagen scaffolds and fibroblasts is examined in great detail. Zhong et al. produced 

aligned nanofibres of collagen to compare the growth of rabbit conjunctiva fibroblasts 

with randomly orientated scaffolds. They found that despite experiencing lower initial 

cell adhesion in the aligned samples, higher cell proliferation and confluence was seen 

and the shape and directional growth of the cells was seen to follow the alignment of 

the collagen fibres (Zhong et al. 2006). The findings of this study failed to point out 

that linear regeneration of tissue forming a wound closure result in a weakened, 

incomplete repair; described above to form scar tissue, this is an undesirable quality 

in a tissue engineered scaffold. This may have good applications in other tissues 

however, particularly those which naturally require alignment, such as muscle and 

bone. 

 

The use of coaxial electrospinning by (Zhang et al. 2005) allowed the production 

of collagen / poly(ϵ-caprolactone) (PCL) (core / shell) coaxial nanofibres which could 

be compared to PCL nanofibres coated in collagen. The group compared proliferation 

and cell morphology for human dermal fibroblasts (HDF) between the groups of 

coaxial, coated, pure collagen and PCL fibres and found that the 3 groups containing 

collagen experienced significantly higher proliferation than virgin PCL. The coaxial 

collagen/PCL outperformed the coated PCL in all areas, demonstrating cell infiltration 

into the scaffold (Figure 2.14c), while pure collagen scaffolds experienced complete 

confluence across the scaffold (Figure 2.14d). The results of this in vitro study 

demonstrate the importance of collagen in the interaction between tissue engineering 

material and the body, with translational implications in areas such as coatings for 

bone replacements (hip, knee) suggesting that integrating electrospun collagen onto 

the surface of such devices could reduce rejection and quicken recovery periods 

significantly. 
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Figure 2.14 - Cell morphology of HDF at low magnification on different 

fibrous scaffolds: (a) pure PCL; (b) PCL with surface roughly collagen 

coated; (c) individually collagen-coated PCL (Coaxial Collagen/PCL); 

and (d) pure collagen nanofibers. Reprinted with permission from (Y. Z. 

Zhang et al. 2005) . Copyright 2005 American Chemical Society.  

 

2.6.4 Keratinocytes 

 

As the primary cell component of the epidermis, keratinocytes have also been 

studied in detail. Studies on cell attachment and spreading of human oral and 

epidermal keratinocytes (Rho et al. 2006), immortal human keratinocytes (HaCaTs) 

(Zhou et al. 2016) and human dermal keratinocytes (Sadeghi-Avalshahr et al. 2017) 

have shown success in using electrospun collagen to mimic the native environment of 

keratinocytes in vitro and carried forward to in vivo research. 

Rho et al. found that cells seeded onto collagen electrospun fibres formed from 

HFP and crosslinked with glutaraldehyde vapour showed poor adhesion from 

keratinocytes, even when compared with tissue culture polystyrene, suggesting the 
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structure of the collagen had been altered sufficiently to retard cell growth 

significantly (Rho et al. 2006). 

Zhou et al. found significant proliferation of HaCaTs as well as stimulation of 

epidermal differentiation with the upregulation of involucrin, filaggrin and type I 

transglutaminase on their  electrospun nanofibres using collagen extracted from tilapia 

fish (Zhou et al. 2016). The study didn’t demonstrate a sufficiently high denaturation 

temperature from the marine derived collagen, despite evidence from (S. Chen et al. 

2011) who showed a denaturation temperature of 48°C (62°C with EDC crosslinking) 

and furthermore did not take into consideration the damaging and harmful effects 

which are well documented with HFP and glutaraldehyde. 

 

2.6.5 Neuronal 

 

The use of collagen in the assistance of neural regrowth has been studied, 

particularly surrounding recovery from spinal cord injury (SCI). Collagen has been 

electrospun from HFP in combination with PCL to aid the growth of neural stem cells 

(NSC) on scaffolds which have been manipulated to produce tubular structures 

(Hackett et al. 2010). This allowed the group to also assess the controlled release of 

growth factors (fibroblast growth factor 2 and nerve growth factor) to stimulate 

differentiation into oligodendrocyte lineages and large primary neurosphere 

proliferation. The release of growth factors in a controllable manner was observed and 

provides good evidence of the useful application of co-electrospun collagen/PCL in 

the controlled release of bioactive molecules in vitro as seen in Figure 2.15. 

Research surrounding the use of neuronal cells in electrospun scaffolds containing 

collagen have demonstrated the importance of alignment of fibres in the future 

regeneration of nerve tissues. The growth of pheochromocytoma derived cell line 

(PC12) cells on electrospun scaffolds of Poly (3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) alone or in combination with 25% or 50% collagen were 

assessed for cell phenotype and neurite extension on the electrospun scaffolds 

(Prabhakaran, Vatankhah, and Ramakrishna 2013). The results clearly display the 

advantage of the inclusion of collagen within the scaffolds, significantly enhancing 
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cell proliferation, and alignment of the nanofibres led to neurite extension in the 

direction of scaffold alignment. 

 

 

 

Figure 2.15 - Immunofluorescence analysis of NSCs cultured on various 

treatments. Representative images of cells on each substrate were stained 

for Tuj1 (A-E), GFAP (F-J), and Nestin (K-O). Cell nuclei (blue) were 

counterstained using DAPI. All cells were imaged at 20X; scale bar = 

100 μm. Reprinted from (Hackett et al. 2010) Distributed under 

(“Creative Commons — Attribution 3.0 International" 2018) 

 

Finally, by creating a gradient of stromal cell-derived factor-1α (SDF1α) which is 

bound to electrospun collagen scaffolds through a collagen binding domain, it is 

possible to direct cell migration and polarise morphology towards the area of higher 

SDF1α concentration (Li et al. 2015). This experiment displays another useful quality 

of collagen when influencing cell interactions, where collagen’s native presence in the 

ECM has evolutionary and secondary attributes which influence cell behaviours, 

rather than simply acting as structural support, with collagen binding domains serving 

as but one example. 
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2.7 Conclusions. 

 

The preceding decade has presented many limitations in the electrospinning of 

collagen membranes, with many of the traditionally accepted methods for the 

fabrication and stabilisation of these membranes called into question. Their efficacy 

has been shown to be greatly reduced by the use of fluorinated alcohols, and the use 

of glutaraldehyde as the ‘gold standard’ crosslinking agent has caused calcification of 

surrounding tissues, lowering the efficacy of the scaffold in medically relevant 

settings. 

The move away from these aggressive methods in recent years, though slow, has 

further exhibited the need for collagen in medical scaffolds, and the desire to see the 

body’s most abundant protein utilised for its structural and chemical nuances. There 

remains a great deal of interest, and this has led to several research groups exploring 

novel methods to preserve the collagen during electrospinning and to use a crosslinker 

which is much more biocompatible.  

As the techniques for electrospinning continue to improve and the fundamental 

understandings of control parameters advance, the technology will allow for increased 

control and variety of collagen based electrospun scaffolds to be produced, both at 

bench and commercial scale. Even with the ongoing debate over the denaturation of 

collagen when electrospun, the biomaterial has shown itself to be extremely useful 

when interacting with cellular systems, and with slight modification, the increased 

control gained from modern electrospinning setups has shown that collagen has many 

desirable qualities which current synthetic polymers are unable to mimic. As new 

techniques enable a more native collagen to be electrospun, the potential improved 

clinical results may cement electrospun collagen’s place as the polymer of choice for 

clinical applications, including wound, vascular, nervous, bone and dental. 

This work aims to refine the production of collagen from jellyfish, permitting the 

use of this material in tissue engineering without experiencing the denaturing effects 

seen in the literature presented. The work aims to create a scalable system for the 

extraction of high-quality collagen to reduce the cost to market and enable better 

uptake of this material. The aim is for the material to retain the native features of triple 

helical collagen that is essential for tissue engineering, while ensuring the material is 

suitable for electrospinning. 
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The work further aims to remove the need for denaturing solvents in the 

electrospinning of nanofibrous collagen membranes, while ensuring the retention of 

the native properties of collagen that distinguish the material from gelatin. The 

achievement of this would present a novel solution that would permit the 

electrospinning of collagen for regenerative medicine and tissue engineering.  
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 Materials and Methods 

 

3.1 Materials 

 

Unless otherwise stated, all chemicals were purchased from ThermoFisher Scientific, 

United Kingdom).  

 

The crosslinking agent Genipin was supplied by Sigma Aldrich, United Kingdom or 

Challenge Biosciences, Taiwan. 

 

The crosslinking agent EDC was supplied by Sigma Aldrich, United Kingdom. 

 

All water used in extractions was produced using a reverse osmosis membrane with a 

conductivity of 2.0µS or lower. 

 

All water used for characterisation was ultrapure deionised water, with a resistivity of 

18MΩ. 

 

pH was measured using an electronic pH probe, Jencons, United Kingdom. 

 

Insoluble collagen from bovine was purchased from Sigma Aldrich, United Kingdom. 

 

Jellyfish (Rhizostomas pulmo) were supplied by Jellagen PTY LTD. 

 

A 50,000 NMWCO hollow fibre membrane (model number UFP-50-C-8A) of surface 

area 5300cm2 was purchased from GE Healthcare. 

A 0.2 µm hollow fibre membrane (model number CFP-2-E-35A) of surface area 9200 

cm2 was purchased from A/G Technology Corporation. 

10,000 & (50,000) NMWCO hollow fibre membranes (model numbers Romicon 

CTG, 3” HF25-43-PM10(50)) were purchased from Koch Membrane Systems. 
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3.2 Extraction Methods 

 

Collagen was extracted using various techniques, building on previous work on 

the extraction of collagen from the Rhizostomas jellyfish by other groups such as 

(Nagai et al. 2000). Initial experiments utilised the same techniques as those well 

known to the art, using dialysis tubing, centrifugation and bench-scale stirring to aid 

with acid solubilisation.  

The advancement of the acid soluble technique focused on the design and 

implementation of hollow fibre membrane technology integrated into a series of 

circulation loops, which allow for the processing of the raw material into collagen at 

scale; This is explored in detail in chapter 4 of this thesis. 

 

3.3 Characterisation of Extraction Methods 

 

3.3.1 Flow Rate Analysis 

 

In order to assess and obtain the optimum flow rate for the collagen batch 

extraction, several variables were recorded and monitored in respect of permeate flow 

rate. These include measurements at different collagen concentrations, membrane 

areas, pore sizes, solution compositions as well as retentate flow rates. 5 measurements 

were taken at 0, 1, 10, 60- and 120-minute intervals which allowed for the assessment 

and improvement of extractions in subsequent batches. The volume of liquid was 

measured in litres per minute (LPM) using graduated measuring cylinders on the 

permeate side of the membrane. Each measurement was repeated 3 times to ensure 

consistency and the change of each parameter and its effect on permeate flow was 

assessed. 

Retentate cycle flow rate measurements were taken using a flow meter on the 

retentate line of the setup, and speed was controlled by 2 centrifugal pumps controlled 

by 3-phase potentiometer and inverter setups mounted within the control box. 
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3.3.2 Pressure Variables 

 

In order to assess the effects of pressure in both forward (pump driven) and 

restrictive (valve restriction) types, measurements were taken between 0 and 1.0 bar 

for pump pressure and 0 and 1.5 for back-pressure. The effect on permeate flow was 

measured at 0, 1, 10, 60- and 120-minute intervals using graduated measuring 

cylinders measuring for 1 minute.  

 

3.3.3 Collagen Concentration  

 

In order to give an estimate of collagen concentration to signal the end of the batch 

run, visual observations were made by sampling 100mL of solution and comparing 

against standard concentrations of collagen solutions from previous batches. Once 

turbidity was approximately equal to a 6mg/mL stock solution if used for liquid 

experiments or 12mg/mL if solution is to undergo lyophilisation, then the samples 

were tested against known concentrations using the Lowry assay for total protein 

concentration and dry weight measurements as described by (Lowry et al. 1951).  

 

3.3.4 Pore Size 

 

Membrane pore sizes were used to determine the optimum for purity of product. 

Initial tests were carried out on a 5,000 NMWCO membrane, based upon the 3-5 kDa 

regenerated cellulose diafiltration membranes used previously by the research group 

and scaled up iterations were tested with 10,000 NMWCO and 50,000 NMWCO 

hollow fibre membranes. Each membrane extraction was examined using SDS PAGE 

as described in Chapter 3.6 and yield calculations, as well as visual observations of 

the solution and dry sponge material. 
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3.3.5 Source Comparisons 

 

In order to examine any differences in collagen source, as well as to assess the 

universal potential for this extraction process, batches of collagen were extracted from 

various sources including jellyfish and bovine under optimum extraction conditions 

which were previously examined. Any variance in extraction characteristics were 

examined and re-optimised according to need.  

 

3.3.6 Solution Compositions 

 

In order to assess the effectiveness of different concentrations of base and acid 

used in the extraction of collagen, concentrations at 0.1M, 0.25M and 0.5M were 

assessed independently. Initial extractions examined the published techniques of  

(Song et al. 2006; Nagai et al. 2000; Barzideh et al. 2014a), which utilised 0.5M NaOH 

and 0.1M AcOH, these were varied in order to improve the quality of the collagen and 

remove contaminants, as well as ensuring the membranes in use were not damaged 

during processing by strong concentrations of base. The final fill solution was also 

examined to assess effectiveness during long term storage (up to 6 months), which 

included AcOH at concentrations of 0.1-0.5M as well as PBS and RO water for neutral 

solution compositions.  

 

3.4 Reactor Design 

 

Reactor design and process flow diagrams (PFD) were carried out using Microsoft 

Visio 2013 using process engineering shapes. These were then translated into either 

1.5inch or 1inch 304 stainless steel piping with tri-clamp sanitary fittings and silicone 

flanged gaskets. For 20L reactor design, a single 1 phase centrifugal pump was used, 

while larger applications employed two separate 3 phase pumps for greater speed and 

pressure control. Either butterfly valves or PTFE diaphragm valves were used, 

depending on location requirements. 
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E-1

V-1

E-2

E-5

E-3

V-2

V-3

V-5

E-4

P I-3

P

I-4

T I-1

F I-2

V-4

V-6

 

Equipment 
Number

Description

E-1 100L Vessel

E-2 Pump 1

E-3 Heat Exchanger

E-4 Pump 2

E-5 50,000 NMWCO Hollow Fibre Membrane

Equipment List

Instrument 

Number
Description

I-1 Temperature Sensor

I-2 Flow Meter

I-3 Pressure Sensor - Pre-membrane

I-4 Pressure Sensor - Post Membrane

Instrument List

Valve Number Description Valve Type
V-1 Tank Cutoff Butterfly

V-2 Loop 1 - Loop 2 Switching Butterfly

V-3 Loop 2 Isolating - Pre Membrane Butterfly

V-4 Loop 2 Isolating - Post Membrane Butterfly

V-5 Loop 1 Return Line Isolator Butterfly

V-6 Loop 2 Return Line & Backpressure Diaphragm

Valve List

 

Figure 3.1 Example Process Flow Diagram for 100L Collagen Extraction 

Process with equipment, instruments and valves listed and described.  
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3.5 Freeze Drying 

 

Freeze drying is a dehydration process which allows for the removal of liquid from 

a solution through the use of low temperature and low pressure, without harming the 

product through heating or evaporative shear forces (Prosapio, Norton, and De Marco 

2017). This process facilitates the sublimation of ice to gas as shown in Figure 3.1. 

One of the major benefits of freeze drying is the retention of the original shape of 

the product, without sacrificing product quality (Ratti 2001). The process is commonly 

applied to the drying of proteins and other biologics due to its preservative nature (Rey 

and May 2010). 

 

 

Figure 3.2 Chart of conditions relating temperature and pressure to the 

freeze-drying process. 

 

For lyophilisation of collagen samples, an optimisation of drying was first 

performed under different freezing gradients, temperature gradients and chamber 
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pressures to ensure the collagen sponge structure formed was not deformed and to 

ensure the collagen material was not denatured by shear forces. After optimisation, 

freeze drying was carried out by first aliquoting 30mL of collagen solution at between 

3 and 6 mg/mL into flat bottomed centrifuge tubes and allowing the samples to freeze 

at -20oC overnight. The samples were then weighed to allow calculation of 

concentration against chemical assays such as the Lowry assay to aid calculation of 

purity, yield and to ensure residual ice is completely removed at the end of the drying 

cycle. These were then transferred into a -80°C deep freezer and allowed to freeze 

overnight. Once completely frozen, the samples’ lids were removed and replaced with 

paraffin film that was speared to allow liquid vapour to escape during sublimation. 

These samples were then placed back into the -80°C for 30 minutes to ensure all 

samples remained frozen. The freeze-drying pump and condenser were powered up 

and allowed to acclimatise for 20-30 minutes until the desired temperature was 

achieved, ensuring the vacuum pump has sufficient oil which is free of contaminants. 

The samples were then placed upright on trays and placed in the chamber of the freeze 

dryer. The unit was then sealed, and the chamber brought under vacuum to begin 

primary drying.  

The samples were then allowed to dry for a minimum of 60 hours and a maximum 

of 200 hours depending on composition, concentration and number of samples being 

dried. Once lyophilisation was complete, the chamber was brought to atmospheric 

pressure and samples were removed and weighed again using a 4-point scale and the 

values for each sample were recorded, and a sample with an abnormally high weight 

would signify that some residual ice in the centre of the sponge remains and drying 

must continue to prevent the sample from being dissolved upon melting. 

 

3.6 Sodium Dodecyl Sulphate Poly Acrylamide Gel Electrophoresis  

 

Sodium Dodecyl Sulphate Poly Acrylamide Gel Electrophoresis (SDS-PAGE) is 

a well-known technique for the separation and examination of proteins based on their 

molecular weight. First described in 1970 by (Laemmli 1970), the process can assess 

both the purity of a protein extract as well as the bulk presence of protein 

contaminants. When combined with Western Blot analysis the protein of interest can 
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be confirmed using antibody detection to as little as 5µg of protein (Mruk and Cheng 

2011). 

3.6.1 Running of Gel 

 

SDS PAGE analysis was carried out on samples from each batch extraction and 

after each manipulation, including before and after electrospinning to monitor for any 

changes to the presence or absence of particular chains of collagen alpha helix 

molecules. Samples to be run were first centrifuged to remove any large contaminants 

at 4000 rpm. 7.5µL of collagen (3 mg/mL) dissolved in Acetic acid at 4oC was mixed 

with 2.5µL NuPAGE ® LDS Sample Buffer (4X). This mixture was then heated at 

70oC in an incubator to reduce the collagen. 

Running buffer was prepared using 50mL 20X NuPAGE® Tris-Acetate SDS 

Running Buffer added to 950mL deionized water. NuPAGE® Tris Acetate Mini Gels 

were loaded into the holding clamp frame (Jencons, UK) and the running buffer added 

accordingly: 200mL inner chamber, 600mL outer chamber. The samples were then 

loaded alongside repeats of Benchmark™ Unstained Protein Ladder (Novex, UK) and 

the gel ran at 150V using a concord power pack. Observed current ran from starting 

45mA to final 27mA. After running, the gel was removed from the setup and placed 

into a tray for staining. 

 

3.6.2 Staining (Coomassie)  

 

The gel was stained using Colloidal Blue staining kit (Invitrogen) based on work 

described by (Neuhoff et al. 1988). Briefly, the gel was initially stained using a mixture 

of Stainer A, composed of ammonium sulphate in a phosphoric acid solution, and 

Stainer B containing the Coomassie Brilliant Blue (CBB) G-250 Stain, with further 

addition of ultra-pure water and methanol. This mixture forms particles of colloidal 

dye which in combination with the methanol, shifts the equilibrium of the CBB G-250 

stain from the colloidal form to a molecularly dispersed dye, allowing complete 

diffusion into the dye. This solution is left to shake for a minimum of 3 hours and is 

then decanted and replaced with ultra-pure water overnight to remove any dye not 
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bound to the protein bands. The stained gels were then imaged using a UV and white 

light box and examined using ImageJ software. 

 

3.6.3 Staining (Silver Stain) 

 

The gel was stained using the SilverXpress® Silver Staining kit (Invitrogen, UK) 

in the following stages. The gel was initially fixed using 90ml ultra-pure water, 100ml 

Methanol and 20ml Acetic Acid for 10 minutes, followed by two repeated sensitising 

stages for 10 minutes, containing 105ml ultra-pure water, 100ml methanol and 5 ml 

sensitizing solution. The gel was then washed twice for 5 minutes using 200ml ultra-

pure water. 

 The gel was stained using a mixture of Stainer A and Stainer B at 5ml each, with 

90ml of ultra-pure water and left for 15 minutes to allow staining to occur. This was 

then washed twice with 200ml ultra-pure water each for 5 minutes to remove excess 

stain. The developing solution of 5ml developer and 95ml ultra-pure water was added 

and left until sufficient development of bands could be seen. The reaction was then 

stopped by adding 5ml of stopping solution to the developing mixture. The gel was 

finally washed 3 times using 200ml ultra-pure water for 10 minutes each time. 

The gels were imaged using a light box and examined using ImageJ software. Gels 

were stored at 4oC in sealed containers in a 20% ammonium sulphate solution to allow 

future comparison of gel information. 

 

3.7 Fourier Transform Infrared Analysis  

 

Fourier-transform infrared spectroscopy (FTIR) allows for the analysis of the wide 

spectral range of absorption seen with proteins with sufficient resolution to clarify 

differences in secondary and tertiary structure changes. This is of particular interest in 

this project for the differentiation between collagen samples, with a large focus on the 

retention of native secondary structure in the single alpha chain collagen, despite 

separation of the three α-helical chains into individual monomers. This also allows us 

to assess changes to these structures both before and after electrospinning of the 

collagen samples. 



 
Chapter 3 - Materials and Methods 

 

55 
 

Collagen samples were examined using a Perkin Elmer FTIR/ATR device using a 

soft tip. For liquid samples 5µL of solution was placed on the diamond stage and 

allowed to dry. The samples were then tested using a scan range from 4000–400 cm-1. 

Internal background correction was carried out to reduce noise using the Spectrum 10 

software. The data was normalised and was analysed using the Spectrum software and 

compared between samples to give a percentage similarity. This data was then 

exported and analysed for changes to secondary structure elements, as well as triple 

helix abundance, according to previous research (Petibois et al. 2006). For Solid 

samples, such as electrospun samples, the samples were tested dry and by dissolving 

in mild AcOH (0.1M) and tested as above. 

 

3.8 Electrospinning  

 

Electrospinning of soluble collagens provides a suitable way of producing 

scaffolds which closely mimic the ECM, although due to the denaturing effects 

presented in Chapter 2.5.1 it is essential that alternative methods are developed. 

Electrospinning was developed in the first half of the 20th century (Formhals 1934), 

and further investigated with added detail (Reneker and Chun 1996; Reneker et al. 

2000). The process of electrospinning involves a simple process detailed in Figure 2.4, 

which consists of a high voltage power supply that supplies positive charge to an 

electrospinning needle and a grounding electrode coupled to the collector plate. The 

electrospinning needle is supplied by a syringe loaded with polymer and solvent which 

is fed at a controlled rate using a syringe pump. The voltage applied to the solution 

causes the charges within the polymer to oppose surface tension. This leads to an 

elongation of the polymer droplet, termed the Taylor cone (Taylor 1964). Once the 

solution reaches its critical voltage it is then ejected from the cone as a single stream, 

due to the electrostatic attractive force between the solution and grounding plate. This 

jet then undergoes elongation and whipping instability, causing the polymer to dry in 

flight, before depositing upon the collector as fibres in either micrometre or nanometre 

scale (Bhardwaj and Kundu 2010). Electrospinning setups can be either horizontal or 

vertical depending on solution properties, such as low viscosity liquids which may use 

gravity to assist and prevent spraying of material onto the mat. 
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3.8.1 Needle Based Electrospinning  

 

The electrospinning apparatus was set up using aluminium foil wrapped around 

the collector plate to act as the grounding target and was connected to earth. The 

syringe pump was set up to the correct diameter for a BD Plastipak® 10ml needle and 

an 18G blunt tipped needle was used. The solution was then taken into the syringe and 

any air cleared before loading onto the syringe pump. 

The syringe pump was set to use the designated flow rate measured in mL per 

hour. The distance from needle tip to collector was optimised and a voltage of between 

10 and 25kV was used. Voltage was applied when a droplet had formed at the tip of 

the needle and flow was maintained so volume of the droplet did not increase or 

reduce. Taylor cone formation and electrospinning was observed using a camera and 

laser and an AcOH bath was placed in the electrospinning unit to prevent gelation of 

the droplet during periods of prolonged electrospinning.  

After electrospinning, the voltage was stopped, and the equipment made safe, any 

remaining collagen was stored at 4°C for characterisation. The mat produced was then 

sampled and coated in a 5nm layer of chromium before being examined by scanning 

electron microscopy (SEM) using a Hitachi S4800 FEG-SEM at an acceleration 

voltage of 10kV and emission current of 9µA. Micrographs were taken with a 

magnification of 1500X for fibre diameter measurements which were analysed using 

ImageJ software.  

 

3.8.2 Needle-Less Electrospinning 

 

Needle-less electrospinning describes the electrospinning process which has been 

previously described by (Burke et al. 2017).  The setup adapts the standard 

electrospinning approach to allow the formation of several polymer jets 

simultaneously in order to allow for scalable fibre production (Thoppey et al. 2011). 

For these experiments, the Nanospider NS Lab 200 System (Elmarco, Czech 

Republic) was used. 

The process begins as seen in Figure 3.3 by applying a high voltage to a polymer 

bath which is continuously coating a 6-wire mandrel with droplets of polymer 
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solution, which when exposed to the high voltage becomes elongated and Taylor cone 

formation occurs, forming multiple ejection points across the wire. The solution then 

undergoes rapid drying before being deposited on the collector. The material setup 

used a mandrel rotation speed at 10 revolutions per minute, a distance from mandrel 

tip to stationary collector of 30cm and a mandrel to collector voltage of 80kV. Using 

these conditions, the current from mandrel to collector was observed to remain 

between 100 and 120µA, signalling consistent fibre formation to be occurring. The 

process was carried out for 1 hour before being removed and samples taken for SEM 

imaging and characterisation as described above. Any remaining collagen solution 

was removed and stored at 4°C for further solution testing, and the mat was sealed 

with silica packs to prevent excess moisture and kept at 4°C. 

 

 

Figure 3.3 Nanospider (Elmarco, CZ) needle-less electrospinning setup 

using a rotating mandrel with wire electrodes that permit multiple 

initiation sites for electrospinning to occur. Continuous spinning is 

achieved by optimising mandrel rotation to polymer usage rat e while 

voltage is typically significantly higher than with single needle 

electrospinning.  
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3.8.3 Co-axial Electrospinning 

 

Coaxial electrospinning is a technique which allows materials which would not 

traditionally be capable of forming electrospun fibres to be incorporated into a 

scaffold. This technique has been successfully used for various applications, with drug 

delivery and tissue engineering being the key beneficiaries of the technology (Sill and 

von Recum 2008). 

The technique involves the use of a coaxial needle, one which has inner (core) and 

outer (sheath) orifices, allowing two different solutions to be combined in the final 

scaffold as seen in Figure 3.2. The electric current acts primarily on the sheath 

solution, causing a viscous drag upon the core solution which undergoes the same 

fundamental processes such as the whipping region without the shear created by the 

high voltage. This process created fibres which contain a core composed of one 

material and the sheath, which can either be another polymer, or in some cases, a 

buffer solution which does not remain in the final electrospun mesh. The setup remains 

entirely the same in all other regards, besides an extra syringe pump required to supply 

the extra solution, though depending on the parameters required, a dual head syringe 

pump may be used if the flow rates are equal for both solutions. 

 

 

 

 

 

 

 

Figure 3.4 Diagram of Coaxial Needle, with core and sheath 

configuration. 
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3.9 Crosslinking 

 

Collagen nanofiber mats were crosslinked for use in applications where stability 

in water or media was required. This was essential due to the water solubility of 

collagen after electrospinning. For these tests, 1-ethyl-3-(3-dimethyl amino-propyl) 

carbodiimide (EDC) and genipin (GP) were tested for their ability to reduce collagen 

solubility post-electrospinning.  

 

3.9.1  EDC Crosslinking 

 

EDC is a zero length crosslinker which reacts with adjacent collagen molecules 

creating amine bonds between collagen chains as seen in Figure 3.3. 

For crosslinking with EDC, a 1% solution of EDC in ethanol (w/v) was prepared 

and chilled to 4°C. Initially this was used by covering the electrospun collagen until 

submerged, however later work injected the solution onto the electrospun collagen 

while compressed using petri-dishes with the base compressing against the lid as seen 

in Figure 3.4. 

 

 

Figure 3.5 EDC crosslinking mechanism producing either a stable amide  

bond or in the presence of water reverting to uncrosslinked form.  
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Figure 3.6 Setup for the crosslinking of collagen electrospun fibres to 

prevent swelling and merging of fibres, which would otherwise lose  their 

fibrous nature. Compression applied must be >1kg per 50cm2. 

 

Once applied, the electrospun collagen material was left immersed in the EDC 

solution for 4 hours. After this, the EDC was removed, the scaffold washed to remove 

any residual EDC, and left to soak in ultrapure water (18MΩ) overnight. The following 

day the water was replaced with fresh ultrapure water, and either frozen and 

lyophilised or sealed and left moist. 

 

3.9.2  Genipin Crosslinking 

 

Genipin (GP) is a non-zero length crosslinker which forms bonding bridges 

between adjacent collagen molecules, as seen in Figure 3.5. As a result of this 

inclusion, the final crosslinked collagen is dark blue in colour as seen in Figure 3.6. 

For crosslinking with GP, a 1% stock solution of GP in ethanol (w/v) was prepared 

and stored at 4°C. This was applied to the collagen using the same process shown in 

Figure 3.6 for electrospun fibres, or by dissolving the solution at 1% within 10X PBS 

for use in bioprinting. It was required that the injected solution is applied onto the 

electrospun collagen while being compressed as with EDC. This was again achieved 

by compression as in Figure 3.4. Once applied, the collagen material was left 

immersed in the GP solution for 4 hours. After this, the GP was removed, the scaffold 

washed to remove any unreacted GP, and left to soak in ultrapure water (18MΩ) 

overnight. The following day the water was replaced with fresh ultrapure water, and 

either frozen and lyophilised or sealed and left moist. 
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Figure 3.7 Genipin crosslinking reaction 

 

 

Figure 3.8 Genipin crosslinked collagen gels displaying the dark blue 

discolouration caused by the genipin crosslinking reaction.  
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3.10 Scanning Electron Microscopy 

 

In order to examine the nanometre scale features present in samples, scanning 

electron microscopy (SEM) was used. The Hitachi S4800 FEG-SEM used in these 

experiments has a resolution of between 1.0nm and 2.0nm for conditions used between 

1kV and 15kV, at a working distance of 1.5mm and 4mm respectively. Due to the 

insulating properties of collagen and many other biological molecules, it was 

necessary to coat the samples in a conductive material to prevent charging, which 

occurs when high-energy electrons contact insulator samples’ surfaces leading to a 

build-up of charge due to the lack of a grounding path (Sim et al. 2010). This leads to 

image distortion when examining samples and is undesirable. To prevent this, samples 

were coated with a 5nm thick layer of chromium using a sputter coater (Quorum, UK), 

which achieves vacuum prior to chromium target excitation, coating the sample before 

venting and allowing the sample to be removed.  

Once coated, the sample is adhered to the stage using carbon sticky tape and held 

using the stage clamp arms. The sample is then loaded into the sample transfer 

chamber of the Hitachi S4800 FEG-SEM and locked onto the loading arm. The 

transfer chamber is then sealed and vacuumed before the sample stage is loaded into 

the main chamber and locked into position. The stage is electronically homed into its 

correct position before the beam is activated, and voltage is applied. Once the sample 

has been located and voltage applied, it is focused and any errors in the astigmatism 

are corrected before imaging proceeds, as per standard operating practice. High 

magnification images are taken using both upper and lower detectors at an acceleration 

voltage of between 2 and 10kV and emission current of 9µA with working distance 

modified to ensure sufficient resolution. Micrographs were taken with a magnification 

of between 100X and 1500X magnification for representative imaging and at 1500X 

magnification for fibre diameter measurements. Measurements were taken and were 

analysed using ImageJ software. 
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3.11 Collagen Gel Formation 

 

In order to achieve gelling of the collagen, the samples were first diluted to the 

appropriate concentration of collagen using ultrapure water, varying between 3.0 and 

15.0 mg/ml. The stock crosslinking solution was produced by dissolving 10 PBS 

tablets (0.01M phosphate, 0.0027M KCl, and 0.137M NaCl per tablet, pH 7.4 at 25°C) 

in 200mL ultrapure water then dissolving either 1g or 2g of genipin into the 10 X PBS 

solutions. Once dissolved completely, the crosslinking solution was cooled to 4°C 

before use. 1mL of the above crosslinking solution was added per 9mL of collagen 

solution to achieve a final crosslinker concentration of 0.05 or 0.1% in 1X PBS. 

Following this, the pH of the acidic collagen solution was raised to between 6.0 and 

9.5 using 1% (0.25M) and 20% (5M) solutions of NaOH which were prepared by 

dissolving 0.5g and 10g in 50mL of ultrapure water. Once the solution had reached its 

desired pH it was placed at 4°C, room temperature (25°C) or 37°C and gelling time 

was monitored until the gel had set enough that it could be inverted. 

 

3.12 3D Bio-printing 

 

In order to assess the application of ASC and other polymers, the conversion of a 

standard 3D printer costing under £1000 was carried out. This involved the 

replacement of the head module by retrofitting the unit with a series of 3D printed 

parts to enable the use of syringes containing collagen solution to be printed. The 

process began by recreating the work carried out by (Hinton et al. 2015) into freeform 

reversible embedding of suspended hydrogels (FRESH) printing which allows for the 

supporting of a hydrogel in three dimensions using fused filament fabrication (FFF) 

technologies for the application of bio-printing. 
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3.12.1 Design and Build 

 

To begin, the Creator Pro 3D printer (Flashforge, China) was setup in standard 

format and the parts required for conversion were printed based on the work of (Hinton 

et al. 2015). These can be seen in Figure 3.7.  

 

Figure 3.9 Replistruder adapted from the updated version produced as 

published in (Hinton et al. 2015) which allows for the printing of 

solutions on standard 3D fused filament fabrication (FFF) printers.  

 

In order to further enable this setup for use on the Creator Pro 3D printer, a rail 

plate attachment was designed using Solid works to create a CAD model and a stand 

to hold the syringe extruder in place on the rail plate. These can be seen in Figure 3.8. 
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Figure 3.10 Rail plate and stand to adapt the printer to support 

bioprinting setups.  

 

Once assembled, the syringe extrusion was optimised by changing the parameters 

of the printing Flashprint software (Flashforge, China) to match the nozzle diameter 

with the diameter of needle being used. As the existing stepper motor was being used 

in the syringe extruder, filament diameter was set to match the internal diameter of the 

10mL syringe (BD, USA). Once successfully installed, the extrusion rate was 

optimised accordingly to achieve the correct volume throughput. 

Testing with Collagen was carried out by first optimising gelling in the collagen 

in order to achieve gelation after printing was complete, as gelation occurring before 

printing had finished would block the syringe and printing would fail. Once optimum 

conditions were met, the printing was carried out by loading the gelling solution (3-

10mg/mL ASC, pH 6.0-9.5, 0.1% GP, 1X PBS) into a 10mL syringe and loading the 

syringe into the extrusion setup.  

 

3.12.2 Production of gelatin slurry 

 

For the solution to be supported while still undergoing gelling and for the structure 

to be supported in three dimensions as each layer is sequentially printed, a gelatin 

slurry was prepared following the methods of (Hinton et al. 2015). To prepare the 

gelatin slurry, 150mL of 4.5% (w/v) type A porcine gelatin was mixed with 11mM 

CaCl2 and left to gel at 4°C overnight in a 1L glass bottle. Once gelled, a further 350ml 

of 11mM CaCl2, precooled to 4°C was added and the entire solution was blended for 

120 seconds using a domestic blender (Kenwood, UK). The slurry was aliquoted into 
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50ml centrifuge tubes and centrifuged at 2000 RCFfor 2 minutes. This caused the 

separation of slurry particles (pellet) from the CaCl2 and soluble gelatin (supernatant). 

The supernatant was removed and replaced with fresh CaCl2, vortexed back into 

solution and centrifuged again. This was repeated until no bubbles were observed at 

the top of the supernatant, signalling that all soluble gelatin had been removed. The 

resulting slurry pellets were then pooled and stored at 4°C until required for printing. 

 

3.12.3 Statistical Methods 

 

For all experiments where changes to conditions were assessed for significance, 

samples were taken in triplicate and analysed using the students t-test. For changes 

between extract stages, the mean values of each stage were used with batches 6-10 

providing n=5 for each t-test. Where significance was shown, the p-value is indicated. 

Each measurement was taken in triplicate for each batch, with the mean average 

being taken for each measurement, such as permeate flow rate. These mean averages 

for extractions were then taken to compare between stages of extraction. Where error 

bars are displayed on graphs, these are representative of the standard error of the mean. 

Where statistical analysis is carried out, this is indicated on the graph. 

 

3.12.4 Total Error Estimate 

 

In order to compensate for errors in the measurement of variables, an estimate of 

total error was carried out for the extraction of acid soluble collagen. The assumed 

errors in measurement relate to flow rates of permeate and retentate solutions, as well 

as in the aliquoting of solutions for lyophilisation and weight of final extracts for yield 

determination. The error was calculated by taking the difference between expected 

values and the measured values where possible, and dividing this by the measured 

value, multiplied by 100 to give the % difference. Where this could not be carried out, 

a 5% error was assumed. The mean of these values was then calculated to give the 

average error as a representation of the total error within the extraction.  
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  The Extraction, Scale Up & Characterisation of 

Acid Soluble Collagen 

 

4.1 Introduction 

 

The use of dilute acid in the extraction of collagen has changed methodically since 

being first described in the 1920s (Nageotte 1927). This process has introduced the 

use of sodium hydroxide or other base added to disrupt and remove cells and to aid 

the breakdown of non-collagenous materials. The use of pepsin was introduced in 

order to digest collagen that would traditionally be insoluble, allowing sources such 

as cartilage to be digested to produce type II collagen. The use of pepsins, by aiding 

the removal of non-helical ends of the collagen chains, is able to increase yield whilst 

not disrupting the α-helical structure of collagen (Miller 1972). The extraction of 

collagen has been examined in detail, with many minor changes being implemented 

to increase the yield of extractions. Typical maximum yield is consistently below 2% 

of the wet weight of starting material and is often below 5% of the dry weight basis in 

many cases (Nalinanon et al. 2007; Krishnamoorthi et al. 2017).  

The extraction of collagen has been carried out from many sources, but is 

commonly obtained from bovine, porcine and equine sources for in vivo use 

(Silvipriya et al. 2015). Differing animal by-products are utilised in order to obtain 

specific collagen types, for example, bovine hide is often used to extract type I 

collagen, which often contains type III collagen as an impurity. Rat tail collagen is 

popular among research groups for in-house extraction of type I collagen, while bovine 

cartilage is often used to obtain type II collagen for chondrogenic in vitro studies. The 

use of mammalian sources, despite their greater use, have potential problems with the 

risk of BSE and other TSEs. Viral vectors are also of concern for their transmissibility 

to humans (Asher 1999; Lupi 2002) and many suppliers carry out expensive and 

involved viral inactivation studies to ensure their process does not carry an active viral 

load.  

More recently, jellyfish and other marine animals have emerged as a plausible 

alternative source of collagen owing to a plentiful supply (Williams 2015) and offer a 
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safer source through their inherent lack of BSE risk and potential viral vectors (Song 

et al. 2006). The low denaturation temperatures seen with marine collagens (Addad et 

al. 2011; Kittiphattanabawon et al. 2010; Bae et al. 2008; Sadowska, Kołodziejska, 

and Niecikowska 2003) remain the major weakness for these sources, particularly 

surrounding their use for in vitro or in vivo testing. 

The currently available extraction techniques are not well suited to industrial 

production, causing a high cost to the research market at ~£1800 per gram of type I 

collagen (Sigma Aldrich, UK, 2018). The process of acid extracting collagen from 

animal sources typically produces collagen peptide fragments, which survive 

extraction and reduce collagen purity, which is typically defined in specifications as > 

90% of protein within , β and  regions. Endotoxin content, product clarity, and small 

batch sizes are all concerns with current extractions that usually result in high batch-

batch variation, causing reliability problems for end users. 

This chapter will focus on the design and implementation of a scalable process for 

the extraction of type I like collagen from the Rhizostomas pulmo jellyfish. The 

chapter will first examine the traditional processes used by others at bench scale, 

where yield will be examined, and potential issues can be dealt with prior to scale up. 

The application of drying the jellyfish prior to extraction was devised in collaboration 

with the KESS sponsor company Jellagen PTY LTD, in order to aid their aims of 

shipping the raw material from South Wales to Glasgow for processing within a GMP 

accredited facility. The ability to preserve collagen quality while allowing for 

significant financial savings in shipping costs gave rise for a need to explore the 

possibility of this. This chapter will explore a system that uses the qualities of hollow 

fibre filtration in a tangential flow filtration set up to remove constraining stages of 

collagen extraction, which are specifically the addition of salt and high-speed 

centrifugation to purify the extract. Here the successful implementation of the system 

at up to 100L scale is demonstrated, removing the need for low volume centrifugation 

stages that often result in lower than expected yield outcomes.  

The collagen that is extracted using the various scales will be analysed for protein 

purity and yield, while pilot scale extractions will further characterise the resulting 

collagen extracts for their nativity, as well as their conformation to known spectral 

positions with FTIR. Various optimisations will be implemented throughout the 

process in order to increase yield, purity and improve the quality of the extracts for 
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their use in research and medical device applications. The effective removal of 

collagen peptides within the extract, whilst carefully preserving higher molecular 

weight collagens that can produce fibrils will be controlled, an essential part for gel 

formation in vitro that is unreliable with current collagen suppliers. 

 

4.2 Traditional Acid Solubilisation of Freeze-Dried Jellyfish Material 

 

For the extraction of collagen from jellyfish, traditional methods similar to (Nagai 

et al. 2000) were used. For this, freeze dried or vacuum dried material from the 

jellyfish (Rhizostomas pulmo) was thawed at 4°C overnight. This was then cut into 

pieces of 0.5cm2 to increase the surface area: volume ratio of jellyfish to base. This 

was then washed with reverse osmosis (RO) water (1.5-3µS) to remove large 

impurities and rehydrate the specimen. 

The samples were then treated with 0.1M NaOH at a sample/solution ratio of 1:10 

(w/v). This was then stirred using a magnetic stirrer) for 2 days at 4oC. The solution 

was then filtered through cheesecloth, followed by glass wool to collect any insoluble 

material. 

The insoluble materials were then hydrated with RO water at a sample/solution 

ratio of 1:10 (w/v) which was then poured into dialysis tubing and dialyzed against 

0.02M Na2HPO4 (dialysis buffer) with a sample/solution ration of 1:50 (v/v). This 

was stored at 4°C that was changed once every 24 hours for 72 hours. The collagenous 

material remains insoluble and appears as a white solid. 

The collagen containing solution was then centrifuged at 10 000rpm / 16 000g for 

10 minutes at 4oC using a fixed rotor centrifuge. The collagenous pellet material was 

then suspended in 500ml 0.15M acetic acid (Acros Organics, UK) for 48h at 4°C to 

purify and solubilise the collagen. After this period, 25g of solid NaCl (Fisher, UK) 

was then added to give a concentration of 5% and overnight incubation at 4oC 

dissolved the salt, causing the displacement and precipitation of the collagen. This 

solution was then centrifuged as before, and the pellet collected and re-suspended in 

0.15M acetic acid. The process from salting out, centrifugation and resuspension was 

repeated twice more to further purify the collagen, followed by a final salting out and 

centrifugation at 10 000rpm for 10 minutes at 4oC. The final pellet was dissolved in 
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500mL of 0.15 M Acetic Acid at 4oC and dialyzed against Dialysis Buffer as before 

for 5 consecutive days, with changes once every 24 hours for 5 days at 4°C to remove 

all traces of NaCl. The solution was then centrifuged at 10 000rpm / 16 000g for 10 

minutes at 4oC and the pellet suspended in 70% Ethanol (Absolute Stock) to sterilize 

the collagen. This solution was placed on a magnetic stirrer at 4°C for 48 hr and 

collected by centrifugation (10,000 rpm for 10 min at 4oC). The collagen solution was 

then transferred in a laminar flow hood to sterile, pre-weighed 50 ml tubes. This was 

then either frozen at -80oC overnight and lyophilised the following day using a freeze 

drier or stored at 4°C. The tubes were weighed prior to use and compared to their 

weight post lyophilisation using a 4-decimal scale (Sartorius, UK) and the weight of 

the collagen determined. Sterile 0.15 M Acetic Acid was added to give a final 

concentration of collagen of 3 or 6 mg/ml or stored dry at 4oC.  

 

4.3 Traditional Acid Solubilisation of Whole Jellyfish Material 

 

Separated jellyfish bells or tentacles were thawed overnight at 4oC and drained of 

any residual liquid. Weight was recorded for comparison to catch weight and final 

yield calculations. 

The samples were washed with RO water, precooled to 4°C, in order to remove 

any foreign bodies and continued until the bell or tentacles were almost clear. These 

were then blended roughly to produce a slush consistency of material ready for 

processing. 

The samples were then treated with 0.1M NaOH (1M Stock) at a sample/solution 

ratio of 1:10 (w/v). This was then stirred using a magnetic stirrer for 2 days at 4oC. 

The solution was then filtered through cheesecloth, followed by glass wool to collect 

any insoluble material. 

The insoluble materials were then hydrated with RO water at a sample/solution 

ratio of 1:10 (w/v) which was then poured into dialysis tubing and dialyzed against 

Dialysis Buffer with a sample/solution ration of 1:50 (v/v). This was then stored at 

4°C which was changed once every 24 hours for 72 hours. The collagenous material 

remains insoluble and appears as a white solid. 



 
Chapter 4 - The Extraction, Scale Up & Characterisation of Acid Soluble Collagen 

 

71 
 

The collagen containing solution was then centrifuged at 10 000rpm / 16 000g for 

10 minutes at 4oC using a fixed rotor centrifuge. The collagenous pellet material was 

then suspended in 500ml 0.15M acetic acid for 48h at 4°C to purify and solubilise the 

collagen. 25g of solid NaCl was then added to give a concentration of 5% and 

overnight incubation at 4oC dissolved the salt, causing the displacement and 

precipitation of the collagen. This solution was then centrifuged, and the pellet re-

suspended in 0.15M acetic acid. The process from salting out, centrifugation and 

resuspension was repeated twice more to further purify the collagen, followed by a 

final salting out and centrifugation at 10 000rpm for 10 minutes at 4oC. The final pellet 

was dissolved in 500mL of 4oC 0.15 M Acetic Acid and dialyzed against Dialysis 

Buffer for 5 consecutive days at 4°C to remove all traces of NaCl, ensuring the 

Dialysis Buffer was changed daily. The solution was then centrifuged at 10 000rpm / 

16,000g for 10 minutes at 4oC and the pellet suspended in 70% Ethanol (Absolute 

Stock) to sterilize the collagen. This solution was stirred at 4°C for 48 hr and collected 

by centrifugation at 10,000 rpm for 10 min at 4oC. The collagen solution was then 

transferred in a laminar flow hood to sterile, pre-weighed 50 ml tubes. This was then 

frozen at -20°C, then transferred to -80oC overnight and lyophilised the following day 

using a freeze drier. The tubes were weighed prior to use and compared to their weight 

post lyophilisation using a 4 decimal scale and the weight of the collagen determined. 

0.15 M Acetic Acid was added to give a final concentration of collagen of 3 or 6 mg/ml 

or stored dry at 4oC.  

 

4.4 Reactor Design & Scale Up 

 

For initial reactor design, a 1L system was designed and assembled. The extract 

solution is contained within a sealed, jacketed glass vessel with stirring and 

recirculating coolant to maintain temperature at 7°C as seen in Figure 4.1. The jellyfish 

material was defrosted, washed and blended as above, and placed in 0.1M sodium 

hydroxide at a sample: solution ratio of 1:10 (w/v). The extract was stirred for 3 days, 

maintained at 7°C. After 3 days, the solution was then circulated by peristaltic pump 

(E-2), through the hollow fibre membrane (E-3) and pressure was controlled across 

the membrane by restriction of the return line piping. The removed permeate solution 
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was sampled and discarded, and the retentate solution was supplemented with 

deionised water to maintain a total volume of ~750 mL until a pH of < eight was 

achieved. 

Following this, the extract solution was supplemented with acetic acid to lower the 

pH to approximately three with a final concentration of 0.5M. This solution was stirred 

for 3 days, maintaining a temperature of 7°C. After 3 days, the extract solution was 

again circulated as above, until a pH of greater than six was achieved. The extract 

solution was again acidified to 0.5M acetic acid concentration and maintained for 3 

days. The above was repeated once more, giving a total of 3 acid cycles to improve 

purity before being concentrated and collected for drying and characterisation. 

Following the successful proof of concept at one litre scale, the extraction process was 

scaled to 20L. This included the use of stainless steel with hygienic fittings, centrifugal 

pump, as well as the use of a dedicated heat exchanger and bypass line to facilitate the 

change of scale. 

 

 

Figure 4.1 Process Flow Diagram of 1L Collagen Extraction Process, 

containing stirred & jacketed vessel (E-1), peristaltic pump (E-2) and 

hollow fibre membrane (E-3) as well as valves to create a pressure 

differential across the membrane. 

E-3 
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The process flow diagram for the 20L extraction can be seen in Figure 4.2. The 

solution is circulated from the glass 20L vessel and gravity fed into the centrifugal 

pump. This then runs in loop 1 to maintain temperature <10°C. When dialysing as in 

loop 2, solution is pumped through the hollow fibre membrane while leaving the 

bypass line open. In order to increase pressure across the membrane and influence the 

path of least resistance, backpressure is applied on the return line (post membrane), 

which acts across both membrane and bypass lines. This pressure was increased to the 

desirable amount and maintained during dialysis. Once dialysis was completed, the 

backpressure was released in a controlled manner to not shock the membrane and the 

membrane was isolated. This was then removed, washed with RO and replaced. 

Retentate flow rate was measured by collecting the flow into a 5L jug and measuring 

with a measuring cylinder to ascertain the recirculation rate. Permeate flow rate was 

measured by collecting the permeate in a measuring cylinder for 1 minute. 

 

 

Figure 4.2 Process Flow Diagram of 20L Collagen Extraction Process, 

containing glass vessel (E-1), centrifugal pump (E-2), heat exchanger (E-

3) and hollow fibre membrane (E-5). Valves V-3 and V-4 and V-5 are 

closed during loop 1 to maintain temperature and V-2 and V-5 are closed 

during diafiltration in loop 2. V-5 is used to create variable pressure on 

the system.  
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For the 100L system, the design is shown in Figure 4.1. The solution is circulated 

from the stainless 100L vessel and gravity fed with vacuum pulling into the first 

centrifugal pump that mostly delivers the flow for the system. This runs in loop 1 to 

maintain temperature <10°C. When dialysing as in loop 2, solution pumped from 

centrifugal pump 1 is diverted by closing the butterfly valve into the second centrifugal 

pump that mostly delivers the forward pressure to the system. The solution is then 

pumped through the flow meter and the hollow fibre membrane, then across the 

jacketed condenser in the reverse direction to loop 1. This then returns to the vessel. 

The pressure was slowly raised to ~ 1bar pre-membrane pressure with a flow rate of 

~100LPM and backpressure was applied to give a cross-membrane pressure 

differential of ~0.5bar. These figures were varied during optimisation as appropriate. 

Retentate flow rate was measured using the flow meter readout, while permeate flow 

rate was measured for one minute using a measuring cylinder to ascertain the LPM. 

Samples of collagen solution were taken at 0, 1, 4, 7 and 14 days of extraction, which 

relate to JF material pre-treatment, JF in NaOH, JF in Neutral pH, JF Collagen in 

AcOH (1 cycle) and JF Collagen in AcOH (Final Product).  
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E-1

V-1

E-2

E-5

E-3

V-2

V-3

V-5

E-4

P I-3

P

I-4

T I-1

F I-2

V-4

V-6

 

Equipment 
Number

Description

E-1 100L Vessel

E-2 Pump 1

E-3 Heat Exchanger

E-4 Pump 2

E-5 50,000 NMWCO Hollow Fibre Membrane

Equipment List

Instrument 

Number
Description

I-1 Temperature Sensor

I-2 Flow Meter

I-3 Pressure Sensor - Pre-membrane

I-4 Pressure Sensor - Post Membrane

Instrument List

Valve Number Description Valve Type
V-1 Tank Cutoff Butterfly

V-2 Loop 1 - Loop 2 Switching Butterfly

V-3 Loop 2 Isolating - Pre Membrane Butterfly

V-4 Loop 2 Isolating - Post Membrane Butterfly

V-5 Loop 1 Return Line Isolator Butterfly

V-6 Loop 2 Return Line & Backpressure Diaphragm

Valve List

 

Figure 4.3 Process Flow Diagram of 100L Collagen Extraction Process 

with equipment, instruments and valves listed and described. In this 

diagram it is possible to observe both loops 1 and 2 in the extract ion of 

ASC with necessary valves to ensure flow direction is appropriate for 

each loop. 
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4.5 Membrane Extraction of Collagen from Jellyfish 

 

The frozen jellyfish material which was earlier separated into either tentacles or 

bells were thawed at 4°C overnight and thoroughly washed with RO water, until no 

foreign bodies were present, and the material was almost clear. This material was 

blended thoroughly until no chunks of material present were larger than 1mm in 

diameter. This was then pumped into the bioreactor vessel by use of a peristaltic pump 

and autoclaved tubing. The samples were then treated with 0.1M NaOH (1M Stock) 

at a sample/solution ratio of 1:10 (w/v). The solution ran under circulation loop 1 as 

demonstrated in Figure 4.2 for 3 days to allow cellular matter and other non-

collagenous material to be destroyed and the hydrolysis of fats and proteins that can 

allow for their removal through the membrane system. 

The solution was then dialysed using loop 2 as shown in Figure 4.3 to remove 

NaOH from solution using a 50,000 NMWCO hollow fibre membrane that was 

selected to ensure the retention of all collagen components while allowing the removal 

of low molecular weight impurities such as partial digests of collagen, as well as non-

collagenous materials which are produced during cellular disruption with NaOH. The 

reduction in volume is then replaced with RO water to maintain total volume of 20% 

reactor capacity. The solution was filtered until a pH <8.0 were obtained. The 

remaining capacity of the bioreactor was then filled with the appropriate volume of 

acetic acid and RO water (1.5-3µS) to make a final concentration of 0.5M acetic acid. 

This was then cycled under loop 1 as shown in Figure 4.2 for 3 days to allow the 

collagen to solubilise through partial cleavage of the telomere regions. 
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Figure 4.4 Process diagram of circulation loop 1 demonstrating the 

circulation of collagen solution from vessel (E-1) through pump 1 (E-2) 

and through the temperature sensor (I -1) and heat exchanger (E-3), 

before passing back to the vessel.  
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E-1

V-1

E-2

E-4

E-5

V-2

E-3

P I-2

P

I-3

T I-4

F I-1

V-3

V-4

 

Figure 4.5 Process diagram of circulation Loop 2 demonstrating the 

diafiltration of the collagen solution through the 50,000 NMWCO hollow 

fibre membrane to alter pH and remove solution impurities <50kDa. The 

collagen solution passes from the vessel (E-1) through pump 1 (E-2), 

then pump 2 (E-3) which provides enhanced pressure control over a 

single pump setup; the solution passes through an inline flow meter (I -1) 

and pressure sensor (I-2), through the hollow fibre membrane (E-4), past 

the second pressure sensor (I-3), through the heat exchanger (E-5) and 

temperature sensor (I-4) before passing through the diaphragm valve (V-

4) and back into the vessel. The diaphragm valve allows backpressure to 

be applied to the system by restricting flow, with enhanced control over 

membrane flux. 

 

Following this, the solution was again dialysed, instead to remove the acid as in 

loop 2 using a 50,000 NMWCO hollow fibre membrane. The reduction in volume was 

again replaced with RO water to maintain a total volume of 20% of reactor capacity 

and the solution was filtered until a pH >6.5 was obtained and subsequently 

replenished to 0.5M AcOH at 100L capacity to increase yield. This was repeated 3 

times in total before the volume of solution was reduced as much as possible to leave 
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a highly concentrated mixture ready to be dried. Once dialysed and concentrated, 

samples of the solution were either lyophilised to determine dry weight of the collagen 

or dialysed against 0.1M acetic acid for 3 days and diluted to a concentration of either 

3 or 6mg/ml.  

 

4.6 Membrane Extraction – Bovine Insoluble Collagen 

 

400g of bovine insoluble collagen was stored at 4oC until use. This insoluble 

material was then hydrated in RO water and blended thoroughly until no chunks of 

material present were larger than 1mm in diameter. This was then pumped into the 

bioreactor vessel by use of a peristaltic pump and autoclaved tubing. The samples were 

then treated with 0.1M NaOH (1M Stock) at a sample/solution ratio of 1:10 (w/v). The 

solution was run under circulation loop 1 as demonstrated in Figure 4.2 for 3 days to 

break down non-collagenous material which could be removed during membrane 

dialysis in order to increase collagen purity, which was indicated at ~ 60%. 

The solution was then dialysed using loop 2 as shown in Figure 4.3 to remove 

NaOH from solution using a 50,000 NMWCO membrane. The reduction in volume is 

then replaced with DI to maintain total volume of 20% reactor capacity. The remaining 

capacity of the bioreactor was then filled with the appropriate volume of acetic acid 

and RO water to make a final concentration of 0.5M acetic acid. This was then cycled 

under loop 1 for 3 days to allow the collagen to interact and undergo partial cleavage 

of the telomere regions. 

Following this, the solution was again dialysed, instead to remove the acid as in 

loop 2, and subsequently replenished to 0.5M AcOH at 100L capacity to increase 

yield. This was repeated 3 times in total before the volume of solution was reduced as 

much as possible to leave a highly concentrated mixture ready to be dried. Once 

dialysed and concentrated, samples of the solution were either lyophilised to determine 

dry weight of the collagen or dialysed against 0.1M acetic acid for 3 days and diluted 

to a concentration of either 3 or 6mg/ml.  
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4.7 Results - Whole & Freeze-Dried Jellyfish – Traditional Acid Solubilisation 

 

The extracts of collagen obtained using the traditional solubilisation process were 

analysed for yield and protein purity by SDS PAGE and lyophilised weight calculated. 

The collagen obtained through this method was extracted from either frozen whole 

jellyfish or freeze-dried jellyfish which was previously blended and lyophilised. The 

protein extracts observed from these samples can be seen in lanes 7 and 8 of Figure 

4.4. Samples extracted from freeze dried jellyfish yielded very little collagen, and 

visualisation by SDS PAGE and silver staining demonstrated an absence of significant 

quantities of collagen. Collagen obtained through this process using whole frozen 

jellyfish yielded collagen which was higher concentration and is easily visualised by 

silver staining on the tris acetate gel. Lanes 5 and 6 display the collagen extract with 

defined alpha 1 and 2 bands, but also contain banding at ~30kDa and 60kDa, 

suggesting a partial cleavage of the collagen backbone. Lanes 3 and 4 display a control 

sample of collagen extracted from frozen and blended jellyfish provided by Collagen 

Solutions Plc.  

These results are in agreement with the findings of other research groups, in 

relation to collagen protein purity and molecular weight for collagens extracted from 

jellyfish and other marine animals (Zhang et al. 2014; Barzideh et al. 2014a). 
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Figure 4.6 Silver stained SDS-PAGE gel. Lanes 1-2 & 9-10 Standards, 3-

4 CS sample, 5-6 Frozen Extract, 7-8 FD Extract for batch 1 (n=2 per 

sample). Positive collagen banding can be seen in lanes 3-6. 

 

Gel analysis consistently displayed positive banding for collagen from samples 

provided by CS, while these samples contain 30kDa and 60kDa impurities as well as 

heavy staining in the higher regions of the gel, suggesting partial conversion of the 

extract into gelatin. 

The yields gained from either frozen or freeze-dried material can be seen in Table 

4.1. As the freeze-dried material had been dried, removing the approximately 98% 

water content, a correction to yield estimation was applied to this sample to give a 

comparative yield estimation to that of other samples. 
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Table 4.1 Starting weight and collagen yields from extracts of jellyfish 

tentacles and bells which were either frozen or freeze dried. Sample s 2 

and 4 have been corrected to account for the decrease in water/ solid 

ratio compared with hydrated samples (n=3). 

  

  

    

Average Tentacle 

Extract 

Average Bell Extract  

  Frozen FD Frozen FD 

jellyfish (g) 42.2 ±2.1 25.2 ± 1.6 25.9 ±2.5 25.3 ±2.1 

collagen (g) 0.1342 ±0.057 0.1542 

±0.038 

0.0330 ± 0.042 0.0394 ± 0.051 

yield % 0.32 0.61 0.13 0.16 

Freeze Dried 

Weight / 

Yield 

Correction 

N/A 0.012 N/A 0.0031 

 

Due to the relative success of tentacle extracts when compared with freeze dried 

material, and due to the difficulties experienced with bells being used in processing, 

tentacles were selected to be used for future scale up activities.  

 

4.8 Results – 1L Scale Extraction 

 

 Progression to the new method, incorporating membrane filtration to replace 

the continual centrifugation stages required for collagen extraction was carried out. 

Extracts were examined for protein purity and yield by SDS PAGE and lyophilised 

weight calculation. Figure 4.5 displays unconcentrated extracts of collagen using the 

1L hollow fibre membrane process. Lanes 3 and 4 clearly display the characteristic 

pattern obtained by CS extracts, while lanes 8 and 9 have very faint bands observed at 

60kDa, 92kDa and 105kDa. 
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 Figure 4.7 Coomassie stained SDS-PAGE gel. Lanes 1-2 High MW 

Standards, 3-4 CS Control Sample, 5-7 proteins passing through the 

membrane (negative control), 8-9 Collagen retained in extract without 

contamination. The presence of collagen without concentration in lanes 

8-9 signifies collagen extraction was successful (n=2). 

 

The yields from 1L extraction scale can be seen in Table 4.2 where yield of tentacle 

materials, in various levels of hydration were extracted. Batches 11 and 12 were pre-

concentrated by filtering the blended tentacles through the hollow fibre filter prior to 

decellularization in NaOH solution. Yield obtained using the hollow fibre method 

gave rise to yields which were up to four times higher than those achieved using the 

centrifugation intensive methods. 
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Table 4.2 Membrane extract batch yields, from standardised starting 

weights with differing concentrations. For batches where pre-extract 

concentration was carried out, a yield correction factor was used, to 

account for the weight of water removed from the system prior to 

extraction (n=5). 

Batch 9 10 11 12 

Membrane Extract Batches 

 solid liquids Concentrated solid Whole Mix 

Jellyfish (g) 25 ±0.1 25 ±0.1 25 ±0.1 25 ±0.1 

Collagen (g) 0.2259 

±0.06 

0.1691 ±0.07 1.0611 ±0.15 1.4562 ±0.09 

Yield % 0.90 0.67 4.24 5.82 

Concentration 

Corrected Yield % 

N/A N/A 0.85 1.16 

  

The application of hollow fibre filtration allowed for the removal of lengthy 

centrifugation steps, the requirement for salting out stages, while sufficiently 

removing non-collagenous proteins from the extract, while due to the retention of the 

50,000 NMWCO membrane, negligible collagen was lost, giving rise to high yields 

when compared with the traditional process.  

 

4.9 Results – 20L Scale Extraction 

 

In order to extract sufficient quantities of collagen for electrospinning and other 

device formulations to be established, the extraction was scaled from benchtop 1L to 

20L capability. Extracts from 20L were analysed using SDS PAGE, yield analysis and 

were of sufficient quantity for visual assessments, such as colour, clarity and viscosity 

to be assessed. 
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The effects of scale up are seen in Figure 4.6 where 30kDa bands are effectively 

removed from the system, while larger fragments are caused by the use of one phase, 

non-regulated centrifugal pump systems over the peristaltic system used in the 1L 

system. The use of non-speed controlled centrifugal pumps within the 20L system also 

causes the effective removal of the higher chain gamma collagen bands which are seen 

in later extracts. Despite this, banding for alpha 1 and alpha 2 chains at 105kDa and 

92kDa, as well as beta chain at ~200kDa are present confirming the presence of acid 

soluble collagen within the extracts. 

 

 

 

Figure 4.8 SDS PAGE for batch 15 (20L Membrane batch 2) displaying 

characteristic α- chains and β-chain, as well as partial collagen 

backbone digests at 50-60kDa and 175kDa (n=2). 

 

Lanes:  1  2  3  4  
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The yields of collagen extraction for 20L batches are seen in Table 4.3 below, 

where a yield of approximately 1.5% of starting weight is now being consistently 

achieved. At 20L scale, one tub of jellyfish tentacles equates to one batch, which 

prevented the need for material to be re-frozen, possibly raising yield by removing the 

instances where collagen breakdown through protease release or crystal formation 

disrupting cell walls could occur. 

 

Table 4.3 Batch results for the 20L system. Collagen yields demonstrate 

the success of the hollow fibre membrane system, where yields are 

consistently at 1.5% ± 0.1%. 

 20L System Batches  

 Batch 1 2 3 4 5 Average 

Tub Weight (Kg) 22.74 21.93 23.18 19.79 21.54 21.84 ±1.18  

jellyfish (g) 2060 2120 1980 2040 2160 2072 ±62.74 

collagen (g) 30.6 31.4 29.2 30.1 32.64 30.79 ±1.17 

yield % 1.485 1.481 1.475 1.475 1.511 1.49 ±0.01 

 

 

The flow rate and permeate rates for each stage were monitored and recorded. 

Flow rates for each batch showed a gradual increase of recirculating retentate, due to 

the breakdown of non-collagenous materials that were removed through cross-flow 

diafiltration, as well as the subsequent solubilisation of the collagenous solution in 

acetic acid, leading to a reduction in overall solution viscosity. This trend is seen in 

Figure 4.7, where flow rate was significantly increased between stages two (NaOH 

processing) and eight (Final acid solubilisation) (P < .05). Each stage represents a 

crucial point within the extraction procedure, where a solvent change has occurred. 

Average permeate flow rate is significantly increased from stage 2 to 8 (P < .05), as 

the solution appears to becomes less viscous when the collagen solution is purified 

and solubilised as can be seen in Figure 4.8 and Figure 4.9. The reduction in viscosity 

is visualised by eye when pipetting the sample as well as through the increase in flow 

rate at the equivalent pump speed.
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Figure 4.9 (a) Graph displaying average flow rates for batches 2-5 of the 20L scale extractions  (n=4). A gradual trend of 

increased flow rates from stages 2 to 8 indicates a lower viscosity of retentate solution. (b) Graph displaying mean flow rate 

for extracts 2-5 (n=4). Flow rate was significantly increased between stages two and eight ( P < .05). Error bars represent 

standard error of the mean.
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Figure 4.10 (a) Graph displaying average permeate rate changes for batches 2 -5 of the 20L scale extractions (n=4). (b) 

Graph displaying mean permeate rate for extracts 2-5 (n=4). Acid based stages (4-8) showed a significant increase in 

permeate rate (P < .05) as non-collagenous material is removed from the system, leading to less caking of the hollow fibre 

membranes. Error bars represent standard error of the mean 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

2 3 4 5

A
ve

ra
ge

 F
lo

w
 R

at
e

 (
LP

M
)

Batch Number

Permeate Rate Changes Over Batches

Stage 2

Stage 4

Stage 6

Stage 8

0.1

0.105

0.11

0.115

0.12

0.125

0.13

0.135

0.14

0.145

2 4 6 8

A
ve

ra
ge

 F
lo

w
 R

at
e 

(L
P

M
)

Stage

Average Permeate Rate Changes Over Stages

*



 
Chapter 4 - The Extraction, Scale Up & Characterisation of Acid Soluble Collagen 

 

89 
 

 

Figure 4.11 Graph displaying permeate variance for batches 2-5 of the 20L scale extractions (n=4).  Error bars represent 

standard error of the mean.
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4.10 Results - 100L Scale Extraction 

  

The extraction of collagen was scaled from 20L to 100L for pilot scale testing to 

ensure any barriers to large scale production could be overcome. Extracts from the 

100L system were analysed using SDS PAGE, FTIR, yield and visual analysis. Lowry 

assays were optimised for collagen using extracts from 100L batches, due to the 

known affinity issues with the Folin-Ciocalteu reagent (López et al. 1993). To tackle 

this, gelatin standards of known concentration were used alongside BSA standards. 

The 100L process also permitted sufficient volume of collagen to proceed with 

thorough testing of medical device formulations. This included techniques such as 

electrospinning and bio printing that will be covered in chapter 6. 

SDS PAGE analysis of batches 19 – 23 (Scale-up batches 6-10) displayed the 

typical banding for collagen, with alpha and beta present. However due to the 

introduction of two three-phase centrifugal pumps, it was now possible to reduce shear 

to the collagen solution by creating slower ramps at the onset and termination of TFF 

stages. This led to reduced quantities of 30 and 60kDa peptides apparent in the SDS 

PAGE analysis and allowed for the retention of gamma chains within the extract. 

These can be seen in Figure 4.10. 
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Figure 4.12 SDS PAGE displaying scale-up B8 extract (Lanes 7-9) containing alpha, beta and gamma collagen chains, with 

lower residual 30 and 60kDa peptides. Lanes 5 -6 display collagen solutions collagen, which has degraded further into 60 

and 30kDa peptides with relatively little alpha or beta collagen remaining. Lanes 3-4 display concentrated permeate which 

was removed from B8 during TFF processing (n=2 for permeate solution and collagen solutions, n=3 for scale up B8.) 

Lanes:  1  2  3  4  5  6  7  8  9  
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SDS PAGE analysis of the 100L batches was used primarily to refine the process, 

permitting the removal of lower molecular weight, partially digested collagen 

impurities. Impurities in collagen solutions are generally defined by the percentage of 

protein which resides outside of the alpha, beta and gamma regions, and typically a 

protein purity of 90% or higher is expected in research grade materials. 

The SDS PAGE result for batch 9 of the scale up extractions can be seen in Figure 

4.11 below. It is possible to observe here that the 30kDa and 60kDa impurities have 

been further reduced, and undigested fibril content within the solution has been further 

reduced, leading to a more soluble collagen solution which is less opaque and of lower 

viscosity than seen in batch 8. The minimum detection for Coomassie staining is 

quoted at 0.1µg of protein. This would equate to 10µg/mL in the collagen solution. 

The 30kDa impurity was very difficult to image, and is likely close to this quantity, 

the 60kDa impurity is double the content, at around 20µg/mL within the collagen 

solution. Figure 4.12 is the expanded gel which demonstrates the increased level of 

impurities seen in samples obtained from collagen solutions, which have further 

degraded, due to uncontrolled processing parameters and shipping temperature issues. 

Overall success was obtained in the use of hollow fibre filtration in order to 

increase protein purity to equal to or above those possible using the traditional 

extraction processes, with the added benefit of successful demonstration at pilot scale. 

These results appear to offer better preservation of higher molecular weight chains, 

with less fragments produced by over or under-digestion. The use of tris acetate gels 

also offers better separation of these high molecular weight proteins than is commonly 

seen by other groups (Zhang et al. 2014; Barzideh et al. 2014a). 
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Figure 4.13 SDS PAGE displaying scale-up B9 extract (Lanes 2-3) 

containing alpha, beta and gamma collagen chains, with very little 

residual 30 and 60kDa peptides (n=2).

Lanes:  1  2  3  
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Figure 4.14 Expanded SDS PAGE comparing the residual impurities present within scale-up B9 extract and JF collagen 

supplied by Collagen Solutions PLC (n=2).

Lanes:  1  2  3  4  5  6  7  
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The average flow rate for the 100L scale up batches, as seen in Figure 4.13 and 

Figure 4.14 was assessed and found a significant increase in flow rate between initial 

NaOH diafiltration in stage 2 and the final diafiltration of acid solubilised collagen in 

stage 8 by t-test (P < .05) (Excel analysis ToolPak) as seen in Table 4.4. This hints to 

a reduction in membrane caking, and easier pump action due to large quantities of 

impurities within the sample being removed that allows filtration to occur with higher 

flow rates for each progressive stage despite equal or higher pressures being used. 

 

 

Figure 4.15 Graph comparing the flow rates at different active stages for 

scale up batches 6-10. Flow rate was shown to significantly increase (P 

< .05) between NaOH diafiltration (stage 2) and the third acid extract 

diafiltration cycle (stage 8). Error bars represen t standard error of the 

mean (n=3).
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Figure 4.16 Chart comparing the flow rates at different active stages for scale up batches 6 -10. Error bars represent 

standard error of the mean (n=3).
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Table 4.4 t-test comparing change in flow rate for scale up batches 6-10 

between stage 2 and stage 8. 

Stage 2 Flow Rate Stage 8 Flow 

Rate 

 

96 126 
 

98 130 
 

92 128 
 

101 128 
 

106 145 
 

   

t-Test: Two-Sample Assuming Unequal Variances 
   

 
Variable 1 Variable 2 

Mean 98.6 131.4 

Variance 27.8 59.8 

Observations 5 5 

Hypothesized Mean 

Difference 

0 
 

df 7 
 

t Stat -7.836223114 
 

P(T<=t) one-tail 4.97825E-05 
 

t Critical one-tail 1.894578605 
 

P(T<=t) two-tail 0.000103994 
 

t Critical two-tail 2.364624252 
 

 

Permeate rate was examined for changes across active stages for 100L scale up 

batches 6-10, the results are presented in Figure 4.17 where permeate rate was shown 

to significantly increase in both 50kDa (6-7) and 0.2µm (8-10) setups when examined 

by students t-test (P < .05). Finally, yield was assessed across the 10 scale-up 

extractions and was shown to significantly increase when moving from the 20L scale 

to the 100L scale (P < .05, n=5), as seen in Figure 4.16.



 
Chapter 4 - The Extraction, Scale Up & Characterisation of Acid Soluble Collagen 

 

98 
 

Figure 4.17 Graph displaying change of permeate rate between active stages of scale up batches 6 -10. Both 50kDa and 

0.2µm setups showed a significant increase in flow rate between stage 2 and 8 ( P < .05 for batches 6 & 7, P < .05 for 

batches 7-10 and P < .05 for batches 6-10 combined). Error bars represent standard error  of the mean (n=3).
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Figure 4.18 Graph displaying yield % over scale up batches 1-10. Collagen yield is shown to significantly increase between 

20L (1-5) and 100L (6-10) systems (P < .05, n=10). Error Bars represent standard error of the mean.
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4.11 Total Error 

 

For the starting weights of raw jellyfish, each bucket was expected to have a weight 

of 20 kg. The average starting weight was 21.35 kg. This gave an error of 6.3%. For 

the flow rate of 20L batches, an average retentate flow rate of 40 LPM was expected. 

The average across 20L batches was 35 LPM. This gave an error of 14.3 %. For the 

permeate rate of batches 20L batches, a flow rate of 0.12 LPM was expected. The 

average permeate rate was 0.126 LPM, giving an error of 4.6 %.  

For the flow rate of 100L batches, an average flow rate of 100 LPM was expected. 

The average across the batches was 117 LPM. This gave an error of 14.6%. 

For the permeate rate of 50kDa 100L batches, an average permeate rate of 1.5 LPM 

was expected. The average across the batches was 1.7 LPM. This gave an error of 

12.9%.  

For liquid aliquots an estimated 5% error was assumed. 

For weight determination, a 5% error was assumed. 

 

The average error for these variables was 9%, giving a total error estimate for 

100L batches of 9.0%. This value should be considered when examining the statistical 

significance of extraction yields. A 9% error variance in the yield determination would 

support the above data showing statistical significance (p < .05). 

 

4.12 FTIR 

 

Samples from scale up were assessed by FTIR and compared to samples of acid 

soluble collagen from other sources. This included type 1 rat tail collagen purchased 

from Sigma Aldrich, UK, jellyfish collagen provided by Collagen Solutions Plc and 

bovine insoluble collagen which was processed into acid soluble collagen in-house. 

Comparisons between batches were carried out and analysed for their similarity 

values. In FTIR for pharmacopeia, similarity values >95% are generally considered 

identical (PASS) (Gallignani et al. 2015). Values of >90% can be considered the same, 

although there are several differences between these, in this case it is essential to 
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compare peak maxima and shape to elucidate similarities and differences in content 

(Smith 2015).  

Figure 4.17 compares the spectra obtained from jellyfish collagen that was 

produced using the scale-up membrane filtration method, batch 9 with jellyfish 

collagen supplied by Collagen Solutions Plc. The highest level of absorbance was in 

the amide 1 region (1658cm-1) for both samples as expected. Peak picking with values 

at 1638cm-1, which is representative of the presence of triple helix were 2.9231 and 

2.8393 for membrane extracted and tradition extract respectively. Values for 1658cm-

1, representative of α-helices were 2.9415 and 3.5339 respectively. These are 

summarised in Table 4.5. This corresponds well to the SDS PAGE data presented in 

Figure 4.11 and Figure 4.12 for collagen solutions samples, where there was a 

reduction in gamma chain collagen (including alpha and beta strands which have been 

reduced), but a large content of helical peptides at ~30kDa and ~60kDa. Percentage 

homology between CS supplied collagen and B9 was 90.4403%. This figure is below 

95% signifying the two samples are not identical by pharmacopeia standards, but is 

above 90%, showing similarities between the two samples. Interestingly, the pellet of 

batch 7, which was highly impure, and was subsequently centrifuged at 15,000g for 

one hour in an attempt to remove brown discolouration from zooplankton, scored a 

homology of 96.49% against commercially available collagens, further demonstrating 

the purity issues with the traditional extraction, and the graph can be seen in Figure 

4.18. 

Figure 4.19 compares the spectra obtained from scale-up jellyfish derived collagen 

(Batch 9) with collagen supplied by Merck Millipore, UK. The highest level of 

absorbance was again within the amide 1 region for both samples as expected. Peak 

picking values for comparative rat tail (Merck), rat tail (Sigma) or bovine samples can 

be seen in Table 4.5. Percentage homology between B9 jellyfish collagen and rat tail 

(Merck) was 56.2191%. This figure is far below the 90% threshold for similarity and 

is mainly due to a peak shift throughout the spectra for the Merck sample that could 

be caused by tensile bond strength differences, as well as an increased mass of the 

collagen molecule within the sample, which would signal a lower degree of 

solubilisation, while temperature and concentration can also contribute to this shift 

(Ryu, Noda, and Jung 2011). 
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Figure 4.20 compares the spectra obtained from scale-up jellyfish derived collagen 

(Batch 9) with collagen supplied by Sigma Aldrich, UK. The highest level of 

absorbance was within the amide 1 region for both samples as expected. % Homology 

between these samples was 54.4772%, signifying a large degree of variance between 

both rat tail samples and the scale-up batch process jellyfish derived collagens. 

Similarity between Sigma and Merck samples was 74.3433%. These large variances 

show the disparity in the consistency of collagen products that are currently available.  

Figure 4.21 compares the spectra obtained from scale-up jellyfish derived collagen 

(Batch 9) with bovine acid soluble collagen that was processed using the membrane 

filtration system from insoluble collagen purchased from Sigma Aldrich, UK. Both 

samples have their highest peak absorbance within the amide 1 region. Homology 

between these samples was 62.3408%, again signifying the large variance between 

sources, and demonstrating the level of selectivity that FTIR expresses. 

 

Table 4.5 Peak picking of wavenumbers which correspond to specific 

features of interest in collagen comparison. The content of triple helix 

within a sample and α-helix abundance can aid in gauging the abundance 

of impurities within a sample. 

Expected        

Wavenumber 

(±2cm-1) 

B9 

MCOL 

B8 

MCOL 

Bovine 

ASC 

MCOL 

Collagen 

Solutions 

Jellyfish 

Sigma 

Rat 

Tail 

Millipore 

Rat Tail 

Mode & 

Corresponding 

Vibration 

1658 2.9381 2.9415 2.7337 3.5339 2.7074 2.6243 Α-Helix & Amide I 

Absorption 

1647 3.0707 3.0811 2.9455 3.2818 2.8695 2.9331 Unordered 

1638 2.9260 2.9231 2.9599 2.8393 3.0868 3.0256 Triple Helix 

(Wetzel, Post, and 

Lodder 2005) 

1555 2.55 2.7191 2.5772 1.7628 2.5186 2.3338 Amide II 

Absorption 
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There is a noticeable increase in unordered structure from jellyfish derived 

sources, which supports research conducted previously that jellyfish collagen is less 

highly ordered with Gly-Pro-Hyp repeats, leading to a lower denaturation temperature 

for the marine collagen when compared with mammalian sources (Addad et al. 2011). 

For all sources, amide I and triple helix modes represent the bulk of the sample, 

with amide II absorption lower in each collagen sample, representing a retention of 

gamma chain triple helix within the samples.
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Figure 4.19 Spectral comparison of traditional extract of jellyfish derived collagen from Collagen Solutions Plc and 

membrane filtration extracted jellyfish collagen (Scale-up batch 9) (n=2). 
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 Figure 4.20 Spectral comparison of traditional extract of jellyfish derived collagen from Collagen Solutions Plc and impure, 

centrifuged pellet from membrane filtration extracted jellyfish collagen (Scale-up batch 7). Homology was 96.4987% (n=2). 
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Figure 4.21 Spectral comparison of membrane filtration extracted jellyfish collagen (Scale -up batch 9) with Rat-tail collagen 

purchased from Millipore, UK (n=2). 
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Figure 4.22 Spectral comparison of membrane filtration extracted jellyfish collagen (Scale -up batch 9) with Rat-tail collagen 

purchased from Sigma Aldrich, UK (n=2). 
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Figure 4.23 Spectral comparison of membrane filtration extracted acid soluble jellyfish collagen (Scale-up batch 9) with 

membrane filtration extracted acid soluble bovine collagen, processed fro m insoluble collagen (Sigma Aldrich, UK) (n=2).
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4.13 Operational Quality Management Considerations to Improve Collagen 

Purity 

 

In order to remove colour impurities from the final collagen solutions, it was 

necessary to carry out significant alterations to the cleaning protocols for the starting 

jellyfish material. The jellyfish uses its skirt of light sensing nerves as seen in Figure 

4.22 to detect bright rays, signalling a rise to the surface where it consumes 

zooplankton.  

 

 

Figure 4.24 Rhizostomas pulmo jellyfish have a light sensing nervous 

system at the skirt of the bell, as seen in purple, in order to rise to the 

surface to feed on zooplankton.  

 

Due to the nature of capture, the jellyfish used to extract collagen in this thesis 

were in the process of consuming when caught, leading to a yellow tinge in the 

mesoglea of tentacles during processing as seen in Figure 4.23. It was necessary to 

remove this material prior to processing, in order to increase the purity of the extracted 

collagen solutions. As it is unknown as the origin or species of each zooplankton on 
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the surface of the material, a lack of treatment would render the final product 

unsuitable for the intended applications in medical devices, so needed to be removed. 

 

      

Figure 4.25 Jellyfish tentacles were covered in zooplankton prior to 

processing, causing a yellow / brown colour in the final product.  

 

In order to remove the zooplankton contaminant from the starting material, it was 

necessary to wash each set of tentacles extensively in water. The water was required 

to be maintained at 10°C as higher temperatures caused the jellyfish structure to 

disintegrate completely within the washing solution, leaving very little solid material 

for processing. It was often not possible to completely remove the zooplankton from 

the tentacles without also losing all starting material, so a balance between cleanliness 

and yield was established, with final levels similar to those seen in Figure 4.24a. Once 

the tentacles were sufficiently cleaned, it was possible to observe the fibrils of collagen 

within sections of the tentacles as striations when using a digital camera microscope 

as in Figure 4.24b. 
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Figure 4.26 a) Remaining zooplankton on jellyfish tentacles was 

sufficiently low that any remaining impurities would be destroyed and 

removed during sodium hydroxide and acetic acid stages. b) Striations 

within the tentacle can be observed using a digital microscope camera 

once all zooplankton have been removed, signalling bundles of collagen 

fibres within the structure. Scale bar = 4mm. 

 

Other methods for the removal of contaminant solids were attempted during the 

optimisation of scale up, including manual filtering of the NaOH stage collagen 

solution through cheesecloth or muslin, in similar manner to the traditional extraction. 

These methods were unsuccessful due to the rate of clogging that was experienced, 

and the loss of extract solution when the cloth required changing. It was therefore a 

critical point that contaminants were removed prior to blending, to ensure product 

quality and purity was reached. 

4mm 

b. 

a. 
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The outcome of these extensive cleaning procedures was evident from the colour 

and purity of the collagen which was extracted. Figure 4.25a displays the collagen 

resulting from improper removal of zooplankton from the jellyfish tentacles prior to 

extraction, while Figure 4.25b demonstrates the purity obtained once the contaminants 

have been removed. Interestingly, it was not possible to remove the colour from the 

collagen solution after extraction was complete. Centrifugation at 18,000G was carried 

out in multiple passes but the pigment was retained alongside the collagen within the 

supernatant. 

 

     

Figure 4.27 a) Batch 6 jellyfish did not undergo zooplankton removal, 

leading to collagen that was brown in colour, which could not be 

removed through centrifugation. b) Batch 7 jellyfish underwent 

zooplankton removal, leading to collagen which was white in colour.  

 

 

 

a. b. 



 
Chapter 4 - The Extraction, Scale Up & Characterisation of Acid Soluble Collagen 

 

113 
 

4.14 Conclusions  

 

Throughout this chapter, a novel method for the scalable extraction of collagen 

from the Rhizostomas pulmo jellyfish was designed, constructed and tested for its 

ability to produce high purity, native acid soluble collagen. The chapter compared the 

traditional extraction process which has been used by others (Barzideh et al. 2014a; 

Song et al. 2006; Addad et al. 2011), with a process which is based upon the use of 

hollow fibre membrane systems in a tangential flow filtration setup. The collagen 

produced was quantitatively assessed for purity and yield through characterisation 

techniques including SDS PAGE, FTIR and common protein assays such as Lowry. 

Qualitative assessments for colour, clarity and viscosity were used to optimise the 

process, with a particular focus on the use of pre-processing stages to remove 

contaminant zooplankton from the jellyfish tentacles. 

The scale-up membrane system utilised the qualities of the 50,000 NMWCO 

hollow fibre membranes in order to effectively retain the alpha, beta and gamma 

chains of solubilised collagen, while allowing the effective removal of peptide 

fragments which often contaminate jellyfish collagen extracts, which are not easily 

removed by centrifugation at high speed. The use of this membrane allowed for very 

little loss of protein despite thousands of passes per extract, as can be seen in the 

various concentrated permeates throughout the scale up process. It was because of the 

retentive abilities of the membrane system that a yield of around 1.5% was consistently 

obtained, with the removal of the need for cheesecloth or muslin filtration allowing 

for yields above 1.75% to be achieved without the use of pepsin. These yields are 

approaching the theoretical maximum which can be achieved using partially 

dehydrated jellyfish which have a maximum collagen quantity of ~330g / 10kg of 

starting material, equivalent to 330g / 20kg of fresh caught jellyfish, due to natural 

water loss during freeze-thaw.  

The use of pre-processing stages allowed for the contaminant removal which was 

reducing solution clarity and giving a brown discolouration to the material which 

could not be removed by centrifugation.  

SDS PAGE analysis of extracts revealed that the use of speed-controlled pump 

systems allowed for a gentle ramp, which aided in the prevention of peptide formation, 

as well as enabling the retention of high MW collagen gamma chains, and in many 
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instances (Scale-up batches 8-10), the retention of fibrillar collagen within the extract. 

The protein purity of collagen solutions was shown to increase significantly, with the 

levels of protein which was not within alpha, beta or gamma regions being reduced to 

minimum detection levels (~10µg/mL), which equates to less than 0.5% of the extract. 

With a collagen protein purity of > 99%, this would represent a highly pure animal 

derived type I acid soluble collagen, further confirmed with chromogenic Limulus 

amoebocyte lysate tests, where endotoxin levels were at < 0.5 EU / mL when testing 

as described by . 

 FTIR comparisons of commercially available collagens revealed the current 

market problems with the reliability of collagen from different sources, where samples 

are often <75% in similarity, far below the pharmacopeia standard of 95% similarity 

to be deemed chemically acceptable. Internal extracts showed  >95%, signifying the 

repeatability of the membrane process. 

 Peak picking of FTIR results demonstrated elevated levels of unordered 

structure within jellyfish derived collagen samples, in consensus with previous 

research into the amino acid structure of marine collagens, and its relation to 

temperature stability as demonstrated by (Addad et al. 2011).  

 The membrane extraction process has proven to be a viable system for the 

scalable extraction of collagen from jellyfish, with yield, purity and repeatability 

showing great promise, especially when applied to medical device environments, 

where standards conformity to ISO-13485 for repeatability and standardisation of 

processing are essential. The results of this chapter are supported by similar findings 

for the traditional extract (Barzideh et al. 2014a; Zhang et al. 2014), as well as those 

using membrane processed to purify collagen as in (Chang et al. 2017; Catalina et al. 

2009). This work demonstrates that the extraction of intact, native collagen chains can 

be achieved using a membrane-based system. This system allows for the extraction of 

kilogram levels of collagen, with a single operator required, while ensuring the 

produced material meets the purity and repeatability levels required for application in 

medical device use. Collagen materials are typically categorised as class III devices 

under ISO 13485, and as such it is essential that the material be sufficiently pure and 

consistent for applications in this area. The work conducted in this chapter serves as a 

pilot scale demonstration for the technology to be utilised in industry for the large-

scale production of acid soluble collagen. 
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 Single Alpha Chain Collagen – Extraction & 

Characterisation 

 

5.1 Introduction 

 

In the previous chapter a new method for the scalable production of acid soluble 

collagen was discussed. The previous chapter demonstrated the improved quality 

control placed upon the material. This material showed consistent purity while 

demonstrating the scalability of the process. The process created in chapter 4 produced 

an acid soluble collagen with intact native gamma chains. With the retention of these 

chains, a robust extract is obtained, improving the function of collagen for structural 

applications. It is hypothesised that the retention of the gamma chains in the extract 

causes a rigidity of the chains in solution, preventing chain entanglement from 

occurring. The entanglement of chains is considered crucial for processes such as 

electrospinning to occur. Traditionally, the use of solvents such as HFP have been 

used to solubilise the acid soluble collagen to permit electrospinning to occur. This 

has been shown to denature the collagen and is presented as a fundamental problem 

within the literature (Zeugolis et al. 2008a).  

The material contained within this chapter introduces a new collagen-based 

material, termed single alpha chain collagen (SACC) and examines its isolation, 

purification and subsequent characterisation. This material displays enhanced 

solubility characteristics, without undergoing conversion to random coil as seen with 

gelatin extracts. It further embodies the unique ability to self-assemble, or refibrillise 

into the full chain extract (γ-chains) in physiological conditions.  

In order to address the characteristics of this novel protein, this chapter describes 

the isolation of this material, followed by SDS PAGE analysis and FTIR examination 

to observe the unique ‘fingerprints’ of this material. This will be followed by the 

examination of solubility and examples of potential applications. The variance 

between this material and precursor acid soluble collagen from both jellyfish and 

bovine sources is compared. 
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5.2 Single Alpha Chain Isolation 

 

The collagens produced using the extraction protocols detailed in chapter 4 were 

diluted accordingly to maximum reactor volume at an AcOH concentration of 0.5M 

in preparation for α-chain isolation. These materials were allowed to fully disperse 

overnight at 4°C while run under circulation loop 1 as shown in Figure 4.2 then 

subjected to loop 3 as shown in Figure 5.1 that comprised the inclusion of a 0.2µm 

hollow fibre membrane as the first filtration step. The retentate was recycled and kept 

at 100L with input of fresh 0.5M AcOH using a peristaltic pump and autoclaved 

tubing. The permeate of the system was collected aseptically into a secondary vessel 

that acted as a feed tank for loop 4 also shown in Figure 5.1. This permeate solution 

was then pumped across a 50,000 NMWCO hollow fibre membrane to concentrate the 

solution and allow the removal of the ~40kDa protein present in jellyfish collagen 

extracts.  

The single α-chain collagen solution was concentrated to < 1L in all scales and 

collected aseptically by pumping from the sealed container using a peristaltic pump 

and autoclaved tubing, ready for bottling in a class II biological cabinet which was 

sterilised under standard cell culture practice. Namely, the use of UV irradiation and 

70% ethanol spraying which was wiped down and reapplied before being left to air-

dry. The subsequent material containing either pure α-chains (α1 & α2 collagen fibres) 

or a mixture of α-chains and β-collagen chains was then stored at 4°C for use in further 

characterisation or frozen at -80°C overnight and lyophilised, then stored as a dry 

sponge or blended into powder. The retentate from the 0.2µm filtration was 

concentrated to the minimum system volume (10L for 100L system) and stored at 4°C 

for further characterisation. 

This process was followed for all extracts of SACC, which included scale up 

batches 7-10 and bovine insoluble collagen conversion batch 1. The use of the 0.2µm 

filtration system simultaneously creates a sterilised product, which acts as a further 

benefit to the SACC product, while many collagen products are non-sterile due to the 

caking effect experienced in membrane systems (Blatt et al. 1970). 

The production of the novel single alpha chain collagen material, as well as its 

characteristics, as discussed within this chapter are subject to patent filing at the time 

of writing, with patent cooperation treaty (PCT) stage currently underway to protect 
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the information disclosed within this thesis (Filing No. GB1717134.9). Through this 

filing, the identification of similar but fundamentally different materials was 

discovered, namely the work of  (Chandrakasan, Torchia, and Piez 1976) which 

discusses the extraction of monomeric collagen, where purified extracts of ASC were 

produced with up to 60% alpha chains through the process of salt precipitation to 

fractionate the removal of ‘polymeric materials’ which refer to the γ-chain content. 

This work, while creating an enriched alpha chain product, does not succeed in the 

effective removal of gamma chains or beta chains, with a further disadvantage in its 

lack of scalability, requiring a minimum of 3% NaCl addition in order to achieve 

sufficient fractionation, followed by high speed centrifugation and exhaustive dialysis. 

This method, while describing enriched alpha chain streams of collagen, does not 

significantly differ from that of other researchers such as (Senaratne, Park, and Kim 

2006; Song et al. 2006; Barzideh et al. 2014b; Mocan, Tagadiuc, and Nacu 2011). 

Confirmation of novelty and significant difference between the SACC characteristics 

and methods to those of (Chandrakasan, Torchia, and Piez 1976) and other prior art 

has been confirmed with the filing of a patent application in relation to the material 

described within this chapter.
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Equipment 
Number

Description

E-1 100L Stainless Steel Tank

E-2 Centrifugal Pump

E-3 Tubular Cooler

E-4 Centrifugal Pump

E-5 0.2μm Hollow Fibre Membrane

E-6 50L SACC Collection Tank

E-7 Centrifugal Pump

E-8 50,000 NMWCO Hollow Fibre Membrane

E-9 SACC Concentrate Collection Vessel

Equipment List
Instrument 

Number
Description

I-1 Pressure Sensor - Pre-membrane

I-2 Pressure Sensor - Post Membrane

I-3 Temperature Sensor

I-4 Flow Meter
I-5 Pressure Guage

Instrument List

Valve Number Description Valve Type
V-1 100L Tank Isolator Butterfly

V-2 Loop 1 / 2 Switching Point Butterfly

V-3 Loop 2 Isolation Pre-Membrane Butterfly

V-4 Loop 2 Isolation Post-Membrane Butterfly

V-5 Loop 1 Return Line Isolation Butterfly

V-6 Loop 2 Return Line Backpressure Diaphragm

V-7 Drain Isolation / Collection / Cleaning Butterfly

V-8 100L Drain Isolation Butterfly

V-9 SACC Drain Isolation / Backwashing Butterfly

V-10 SACC Collection Line Isolator Butterfly

V-11 Backpressure Regulation Butterfly

Valve List

E-1

V-1

E-2

E-5

E-3

V-2

V-3

V-5

E-4

P I-1

P

I-2

T I-3

F I-4

V-4

V-6

E-6

E-7

E-8

V-10

P

I-5
V-11

V-9

V-8

E-9

V-7

 

Figure 5.1 Setup for the separation of single alpha chain collagen from acid soluble collagen.  
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5.3 SDS PAGE Analysis 

 

The isolated solution of alpha chain collagen was examined against both protein 

ladder and collagen extracts to act as standards. Figure 5.2 reveals the initial results of 

batch 8, where low molecular weight contaminants were present in significant 

quantities and partial digests were not fully removed from the solution. 

 

 

 

Figure 5.2 SDS PAGE of Single Alpha Chain Collagen extract from scale 

up batch 8. Lanes 1-2, High Molecular Weight Standard. Lanes 3-4, 1 in 

10 dilution of B8 SACC solution. Lanes 5-6, Single Alpha Chain Collagen 

extract with impurities <20kDa which have not been removed, further 

partial digests at ~50kDa and 75kDa (n=2). 
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In order to remove the impurities from the system more effectively, further 

flushing of the solution with fresh 0.5M AcOH was used at ten times the volume in 

batch 9 and 10 extracts. For example, where final extract was collected and maintained 

at 5L then 50L of AcOH was used to remove impurities from the system. This led to 

a higher purity acid soluble collagen extract from the retentate of the 0.2µm system as 

can be seen in Figure 5.3. 

 

 

Figure 5.3 SDS PAGE displaying highly purified scale up batch 10 acid 

soluble collagen containing α-chains and high MW β & γ chains. α-chain 

quantity >60% while low molecular weight impurities have been removed  

(n=2).  

 

It is clear that the use of further flushing with fresh AcOH, when combined with 

the operational quality management protocols described in 4.11 is able to remove the 

low molecular weight impurities (<90kDa) which are consistently present in jellyfish 

extracts seen in Figure 4.6. This led to a reduction in low molecular weight 

contaminants within the extract, however it was clear that the lack of regulation within 

LAN 1 2 3 4 
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the pump system used in loop 3 as well as difficulty in controlling the temperature led 

to an increased quantity of low molecular weight fragments (<20kDa) within the 

extract during subsequent passes as also shown in 20L batch 2 (Figure 4.8), when the 

same pump setup was used. This can be seen in Figure 5.4 and Figure 5.5. 

Overall, SACC extraction showed marked improvement in purity, where the 

removal of contaminant bands was possible with careful control of temperature, flow 

rate as well as the removal of zooplankton as with the ASC products. In order to further 

increase the protein purity of these extracts, it is important that higher quality pump 

control be implemented, to prevent the shear and cleavage of collagen chains into low 

molecular weight fragments. When control of the stages are optimised, a purity >95% 

of single α-chain collagens within the SACC extract is obtained and can be assessed 

against the background using ImageJ software. 

 

Figure 5.4  Purified SACC extract which has almost complete removal of 

beta chains and a distinct absence of gamma chains. The intensity of 

purification without specialist pumps leads to the smear of peptides <20 

kDa to be produced. Lanes 1-2 High molecular weight standard. Lanes 3 -

4 Scale up B9 SACC extract which has been further puri fied to remove 

beta and gamma chains, but which has produced collagen peptides in the 

processing (n=2).
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Figure 5.5 SDS PAGE of B9 Single Alpha Chain Collagen extracts, monitored during different stages of processing. Lanes 1-

2, High molecular weight standard. Lanes 3-4, SACC extracts collected from permeate line during first pass through. Lane 3 

is contaminated with lane 2 standard. Lanes 5-6, permeate from the 50,000 NMWCO membrane at the final concentrati on 

stage, displaying low level leaching of the protein extract at higher concentration. Lanes 7 -8, concentrate from first 

collection pass of SACC with 50L of AcOH washing. Lanes 9-10, concentrate from second collection pass of SACC with a 

further 50L of AcOH washing (n-2). 

LANES          1 2 3 4 5 6 7 8 9 10 
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5.4 FTIR 

 

To characterise the differences between SACC extracts and ASC extracts it was 

necessary to carry out FTIR investigations into the structural differences. Samples 

were tested, background corrected and normalised as described in chapter 3.7. The 

association of triple helix content and absorbance at 1638 has been previously 

established (Petibois et al. 2006) and gives a good marker for the differentiation 

between ASC and SACC samples. The extracts of SACC showed a marked decrease 

in the amide I region at 1638 as seen in Figure 5.6. This demonstrates the lack of triple 

helical collagen (γ-chains) within the SACC extract, in support of the SDS PAGE 

findings above. By peak picking the specific values associated with each absorbance, 

it is possible to confirm a reduction in the quantity of triple helix within the sample, 

while also confirming that there was not an increase in unordered structure, suggesting 

the protein has not been converted to gelatin. These values can be seen in Table 5.1 

and Figure 5.7 for both B10 SACC and Bovine SACC samples.  

The SACC samples gave a distinct absorbance pattern which was easily 

differentiated from that of ASC samples, as well as gelatin samples. This shows a 

distinct difference between SACC and ASC, which was somewhat unexpected during 

the extraction of the material. Within the literature there is limited insight into this 

occurrence, with the work of (Chandrakasan, Torchia, and Piez 1976) describing the 

closest known comparison, however due to the age of the paper, techniques such as 

FTIR were not possible.  This paper does however cite a reduction and removal of 

high molecular weight chains of collagen, with up to 60% monomer obtained using a 

salt fractionation method which as discussed above, lacks repeatability and scalability. 

Attempts to recreate this method were unsuccessful in yielding high levels of collagen 

monomers but instead yielded acid soluble collagen extracts as expected. 
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 Figure 5.6 FTIR displaying a comparison between ASC and SACC extracted during scale-up batch 10. SACC has a marked 

reduction in amide 1 signifying a reduction in the abundance of triple helix (γ -chains).
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Table 5.1 Comparative absorbance values from acid soluble or single 

alpha chain collagen samples for their relative triple helix content . 

Defined values established in (Petibois et al. 2006). 

Figure 5.7 Graph displaying the reduction in triple helix content of 

single alpha chain collagen samples (n=3) in comparison to acid soluble 

collagen samples (n=3) following normalisation and background 

correction. 

Expected        Mode & 

Wavenumber 

(±2cm-1) 

B9 

ASC 

B9 

SACC 

B10 

SACC 

B10 

ASC 

Bovin

e ASC 

Bovin

e 

SACC 

Sigma 

Rat Tail 

Correspondi

ng Vibration 

1690 1.658 1.803 1.056 0.981 0.998 1.253 0.820 Parallel β-

Sheets 

1680 2.037 2.096 1.557 1.493 1.418 1.584 1.268 Anti-Parallel 

β-Sheets 

1668 2.569 2.520 2.125 2.447 2.158 1.959 2.170 Β-Turns 

1658 2.938 2.823 2.446 3.163 2.734 2.176 2.707 Α-Helix 

1647 3.071 3.000 2.521 3.356 2.946 2.300 2.870 Unordered 

1638 2.926 2.963 2.413 3.322 2.960 2.073 3.087 Triple Helix 

1625 2.580 2.799 2.074 3.007 2.558 1.846 

 

3.108 Parallel β-

Sheets 
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3
.1

6
3

3
.3

5
6

3
.3

2
2

2
.7

3
4

2
.9

4
6

2
.9

6
0

2
.7

0
7

2
.8

7
0

3
.0

8
7

2
.4

4
6

2
.5

2
1

2
.4

1
3

2
.1

7
6

2
.3

0
0

2
.0

7
3

A - H E L I X U N O R D E R E D T R I P L E  H E L I X

COMPARISON OF TRIPLE HELIX, 
UNORDERED & ALPHA-HELIX BETWEEN 

ASC AND SACC

B10 ASC Bovine ASC Sigma Rat Tail ASC B10 SACC Bovine SACC



 
Chapter 5 - Single Alpha Chain Collagen – Extraction & Characterisation 

 

126 
 

When characterising the qualities of SACC extracted from jellyfish sources, it was 

necessary to examine whether this same isolation procedure was possible with the 

bovine acid soluble extract created previously. The FTIR spectra seen in Figure 5.8 

shows a large disparity in the amide 1 absorbance peak between bovine derived ASC 

and SACC samples, with the triple helix absorption greatly reduced. The remainder of 

the absorbance patterns remain relatively unchanged, in particular there was not a 

significant conversion to random coil at 1647 cm-1 for the bovine SACC sample, as 

seen in Table 5.1. 

The findings of this work showed that by producing single alpha chain collagen it 

was possible to obtain pure α1 & α2 chains without the dimerised and trimerized forms 

that form the basis for collagens fibrillar structure. These chains are distinctive due to 

their processed nature, with the partial cleavage of non-helical ends due to acid 

solubilisation, enabling the maintenance of their single helix form. Their enhanced 

solubility raised questions as to whether the proteins had been partially denatured, 

however FTIR examination of vibrations relating to secondary structure has 

demonstrated that the only significant change is a reduction in the amide 1 region due 

to the absence of triple helix (γ-chain collagens). This in turn causes a change in the 

ratio of amide 1 and amide 2, with amide 2 becoming the more pronounced peak as 

seen in Figure 5.6 and Figure 5.8. 

Alongside the FTIR analysis, the SDS PAGE analysis demonstrated that single 

alpha chain collagen possesses only α1 & α2 collagen chains, with limited β collagen 

chains and the absence of γ collagen chains as seen in Figure 5.4. 
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Figure 5.8 Graph displaying the FTIR Spectra comparing membrane bovine collagen extract with SACC bovine collagen. Red 

spectra represents bovine SACC batch 1, blue spectra represents bovine ASC batch 1. Homology is 21.8% with a large 

reduction in the amide I band. 
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5.5 X-Ray Diffraction Analysis 

  

In order to further characterise the differentiation of SACC from ASC samples, x-

ray diffraction (XRD) analysis was carried out to examine the presence or absence of 

a peak at 11Å, which has been shown to represent the presence of triple helix within 

a sample (Tronci, Russell, and Wood 2013; Fiorani et al. 2014; Okuyama 2008). 

Diffraction patterns were recorded on a Bruker D8 diffractometer in coupled θ/2θ 

mode using Cu k alpha (λ = 1.504 Å) radiation. kβ lines were stripped using a göbel 

mirror and intensity was recorded with a Linxeye 1D detector for 2θ values between 

4 ° and 28 ° with a 0.02° step size. 

The findings of XRD analysis show the characteristic 1.1nm peak (11Å) 

representing the triple helix present within ASC samples, as well as the ~0.5nm (5Å) 

peak which represents the isotropic amorphous region. These can be seen in Figure 

5.9, while the SACC data in Figure 5.10 shows a distinct absence of the characteristic 

1.1nm triple helix (Price, Lees, and Kirschner 1997), reaffirming the absence of triple 

helix within the SACC samples, in agreement with the SDS PAGE and FTIR findings 

of chapters 5.3 and 5.4 respectively. 
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Figure 5.9 X-ray diffraction pattern for acid soluble collagen extract, showing 11Å peak, shown within the literature to 

represent the presence of triple helix within the sample  (n=1).
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Figure 5.10 X-ray diffraction pattern for single alpha chain collagen extract, showing a distinct absence of the 11Å peak, 

indicating the absence of triple helix within the sample  (n=1). 
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5.6 Refibrillisation 

 

During the course of the experiments, SACC was dissolved in a 1X PBS solution 

at a concentration of 3mg/mL and stored at 4°C. After approximately 3 months, the 

solution appeared to have sedimented to the bottom of the container. Upon 

examination by SDS PAGE it was noted that the solution, both supernatant and 

sediment had refibrillised to form γ-chains once more, as seen in Figure 5.11. This 

solution was then tested by FTIR and again, a marked increase in the amide 1 region 

was observed as can be seen in Figure 5.12. 

The ability for SACC samples to refibrillise within physiological based conditions 

opens new applications for the use of SACC within medical devices, where the ability 

for a collagen-based material to be used in less harsh solvent systems, while retaining 

the ability to reform into fibrillar structures is highly desirable. The controlled use of 

these unique properties could open up new formulation methods such as a high-density 

spray which reforms when present in the wound, sealing it and providing a scaffold 

for the cellular processes to remodel while helping to prevent deep wound infection. 
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Figure 5.11 SDS PAGE of refibrillised collagen solution (liquid) where 

gamma chains have reformed within the extract. Extract is SACC derived 

from scale up batch 10. Lanes 1-2 High molecular weight ladder. Lanes 

3-4 refibrillised SACC extract containing α, β and γ ch ains (n=2). 
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Figure 5.12 FTIR graph displaying an increase in amide 1 for refibrillised SACC samples, with amide 2 and 3 peaks 

remaining consistent. Extracts are SACC derived from scale up batch 10 and ASC batch 10 for direct comparison.
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5.7 Solubility 

 

To assess the solubility of SACC samples, dry material was dissolved in 0.5M 

acetic acid, 1X PBS or deionised water. In all cases it was possible to dissolve the 

collagen to >60% (w/v). SACC samples showed a marked increase in their solubility 

profile, with solutions of >95% (w/v) achieved in a solution of mild acetic acid, as 

well as a 1X PBS solution.  

This large increase in solubility permits new fabrication methods to be explored 

as discussed here, where one particularly interesting application is the casting of thin 

films. Using SACC at concentrations > 90% (w/v) it is possible to create clear films 

which have medical device applications within the wound closure and dressing 

categories. The application of such a material would not only provide a source of 

collagen to the wound bed with SACC’s refibrillisation profile but would also permit 

the sealing of the wound, whilst allowing daily observation by medical staff as is 

common practice (NICE 2005). It is this practice that often leads to infection within a 

healing wound and the ability to prevent infection whilst allowing observation would 

be beneficial to patient outcomes. 

 

 

 

 

 

 

 

 

Figure 5.13 Clear film cast using SACC at a concentration of 92% (w/v) 

in a 1X PBS solution.  
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5.8 Film Casting of High Concentration SACC 

 

The SACC solubility profile described above permitted concentrations >90% 

(w/v) to be obtained, which allowed the casting of clear films to be carried out. To 

achieve this, initial solutions were made up at 95% SACC concentration (w/v) in 50% 

acetic acid. 200 µL of the solution was then pipetted onto a glass slide which had been 

edged with Kapton polyimide tape (DuPont) of defined thickness at 0.07 mm as seen 

in Figure 5.14. The droplet was then spread across the surface using a utility blade to 

give an even layer of controlled thickness. This was then allowed to air dry within the 

fume hood opening for 1 hour. Thicker coatings were produced using the same process 

with thicker taped edges to raise the thickness of the film. Once dry, the films were 

either crosslinked in a 1% EDC solution in ethanol, or sealed and stored at either 4°C 

or 20°C. 

 

 

Figure 5.14 Coating of glass slide with thin film of SACC at a controlled 

height. Blade causes SACC solution to spread uniformly across the 

surface of the slide. 

The casting of thin films of high concentration (>90% SACC) created scaffolds 

such as those seen in Figure 5.15, which could be crosslinked using EDC to produce 

clear, non-soluble scaffolds as seen in Figure 5.16. The scaffolds were not further 
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characterised and acted to demonstrate the ability of SACC to dissolve at very high 

concentration with applications in dressings, particularly surrounding the premise of 

a medical device which is able to seal a wound, maintaining sterility while allowing 

observation by medical staff as to the ongoing condition of the wound. The process 

can be easily scaled using a doctor blade setup on a conveyor with a reservoir of SACC 

solution using a flexible casting material. 

  

 

Figure 5.15 High concentration SACC clear film cast on a glass slide.  

 

Figure 5.16 High Concentration SACC clear film crosslinked with EDC 

using the in-house compression method. 
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5.9 Molecular modelling 

 

To investigate the reasons behind solubility increases for the single alpha chain 

collagen extracts in comparison to acid soluble collagen, and to give a better 

representation for graphical representation of the respective molecules, simple 

molecular modelling was carried out using Abalone (Agile Molecule 2015). As the 

genome of the Rhizostomas pulmo jellyfish has not been sequenced, the collagen 

structure for Homo sapiens was used. The chain building and folding was carried out 

with an assisted model building with energy refinement (AMBER03) force field that 

is optimised for protein simulations and defines the potential energy of the system as 

shown in equation 1.1. Optimisation was carried out using a hybrid Liu Storey and 

Conjugate Descent method provided by the software. The software was allowed to 

optimise until 100 iterations with a gradient of less than 0.000001 was achieved. 

 

 

Figure 5.17 Molecular modelling of Acid Soluble Collagen (A) and Single 

Alpha Chain Collagen (B), displaying the α -helix formation within the 

Gly-X-Y repeat regions. A. The triple helix formation which creates 

repeating striations throughout the structure, aiding with fibril stacking 

order. B. The open architecture and exposed groups within the SACC 

molecule. Images produced using Abalone software (Agile Molecule 

2015). 

A 

B 
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H-bond analysis was carried out using the Zeus molecular visualisation software 

(Alnasir 2017) which allowed for backbone hydrogen bonding to be elucidated and 

compared between SACC and ASC molecules. ASC model molecular structure for 

human, acid solubilised collagen was estimated to contain 708 occupied hydrogen 

bonds contained between the three α-helical chains with 270 total free hydrogen bonds 

available to external bonding. This equates to 90 free hydrogen-bonding locations per 

α-chain. SACC model molecular structure for human, acid solubilised collagen was 

shown to contain 177 occupied hydrogen bonds between the α-helix structure, with 

531 unoccupied bonds per chain being available for bonding. The structures depicted 

from these calculations can be seen in Figure 5.18, where inter-chain bonding is highly 

repetitive within the structure, particularly between glycine and proline groups. 

When comparing this with the literature, it became clear that collagen α-chains, 

while stabilised by interchain hydrogen bonds, do not undergo intrachain hydrogen 

bonding due to the tight packing of the Gly-X-Y formation. Instead, one hydrogen 

bond is formed between the amide hydrogen of glycine and the carbonyl oxygen of 

residue X (usually proline) in an adjacent chain (Horton et al. 2006). This difference, 

while not affecting the model for ASC, as this did not contain intrachain bonding, 

means that the SACC model must be considered, and whether it is possible that this 

may explain the tendency of α-chains to dimerise within the solution, making them 

very difficult to purify and maintain in single alpha chain configuration. While  the 

model suggests that the relative number of interchain hydrogen bonds are as observed 

in Figure 5.18 a & b, it may be that the intrachain bonds seen in Figure 5.18 c & d are 

not present in reality, and that further hydrogen bonding is occupied with the solvent, 

and where possible, through partial renaturation of the chains into β-chains. This may 

help to explain the very high solubility levels seen with SACC samples and why 

further purification to remove β-chains usually lowers the overall yield significantly 

as seen in Figure 5.19.
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Figure 5.18 Inter and intra-chain hydrogen bonding of ASC and SACC molecules. A & B, ASC chains display higher levels of 

inter and intra-chain hydrogen bonding than in SACC, with many bonds internalised, leading to a lower availability to other 

molecules and reduced solubility in aqueous solutions. C & D, SACC chains contain far fewer inter -chain bonds, while all 

bonds are externalised to the surrounding aqueous solution, increasing protein solubility.  Images produced and formatted 

using Zeus PDB viewer (Alnasir 2017). 

A 

B 

C 
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Figure 5.19 SDS PAGE displaying further attempts at purification of SACC extracts to remove β-chains, resulting in a 

reduction in alpha chain content in conjunction with β-chain removal and increase in low MW fragments. Lanes 1-2 high 

molecular weight standard. Lanes 3-4 Scale up batch 8 SACC. Lanes 5-6 Scale up batch 9 SACC. Lanes 7-8 Scale up B10 

SACC (n=2).
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5.10 Conclusions 

 

The isolation of single alpha chain collagen from acid soluble collagen retains the 

scalable processing demonstrated in chapter 4, while producing a new material with 

unique qualities that are needed within biomaterial tissue engineering. The material 

was examined for unique and differentiating qualities from ASC through SDS PAGE, 

XRD and FTIR analysis, all of which show a distinct lack of high molecular weight 

gamma chains, which are representative of the triple helix of collagen. By separating 

these strands, the structure gains an increased availability for hydrogen bonding, as 

confirmed by molecular simulations and supporting the increased solubility seen when 

the extract is subjected to concentrations of >95% (w/v). This increased solubility 

permits a range of applications which were not previously possible with acid soluble 

collagen, in particular the casting of clear films and electrospinning in benign / 

physiological solvent systems. The differentiating factor between SACC and gelatin 

(type A) was established with the unique ability of SACC extracts to refibrillise to 

produce a non-crosslinked acid soluble collagen which contains triple helical γ-chains 

when placed in physiological buffers such as PBS and HBSS. 

SDS PAGE used in these experiments showed that SACC composed of α1 & α2 

chains can be separated from the acid solubilised collagen mixture successfully; giving 

rise to new opportunities for the use of this physiologically soluble collagen in 

applications such as wound aerosol sprays, which were not previously possible 

because of the insoluble nature of collagen in a suitable solvent system. The method 

of extraction of these collagens also suits the sterility required for its applications, 

allowing better acceptance in immune-compromised hosts. 

The applications for this new material, as well as the material produced in chapter 

4, will be further examined in the next chapter, where electrospinning, bioprinting and 

freeze drying will be explored as methods to produce viable acellular tissue 

engineering scaffolds. 
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 Applications of ASC and SACC in the Fabrication 

of Medical Devices 

 

6.1 Introduction 

 

The previous chapter introduced single alpha chain collagen (SACC) as a novel 

material with unique properties, owing to its separation of the three α-helices within 

the collagen structure. The separation of these strands led to a marked increase in the 

solubility profile of the extracts, permitting solutions >95% (w/v) of SACC in either 

0.5M acetic acid or 1X PBS to be produced. It is the applications of this material that 

will be explored within this chapter. 

This chapter will begin by exploring the electrospinning of jellyfish derived ASC 

from various sources in different solvents, before exploring the disparities between 

observed conditions for the material provided from an external source and ASC 

produced using the scalable manufacturing process described in chapter 4. Following 

this, the exploration of methods to permit the electrospinning of collagen while 

preventing denaturation is explored, before the discovery of SACC, which is able to 

undergo electrospinning while preserving the nativity and refibrillisation capabilities 

of the material in physiological conditions.  

Electrospinning of collagen has been a controversial topic in recent years, many 

research findings have shown that the electrospinning of collagen solutions has led to 

the denaturation to gelatin (Zeugolis et al. 2008a). These findings have suggested that 

the main cause of this has been the use of HFP in solubilising the collagen for 

electrospinning. Throughout this chapter, it is shown that by using the single alpha 

chain collagen, it is possible to use benign solvents to solubilise the collagen for 

electrospinning, which do not cause further damage to the secondary helical structure 

present in SACC. 

Following this, other applications for medical device fabrication using both ASC 

and SACC are explored, including 3D printing and thin film casting. 
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6.2 Needle Based Electrospinning Methods 

 

Acid soluble and single alpha-chain collagens were prepared for electrospinning 

by freeze drying sufficient material for use. To achieve this, samples were first 

aliquoted and frozen at -20°C for 24 hours, and then transferred to -80°C as Lyostat 

analysis of the collagen solutions showed an onset of collapse at -32.5°C (Carried out 

by Biopharma Technologies). The samples were transferred to the Scanvac CoolSafe 

freeze drier for drying. Once pressure was at 100µbar, shelf temperature was measured 

at -30°C and the primary drying stage of the process was carried out for 100 hours. 

Following this, shelf temperature was raised to +20°C for 15 hrs for the secondary 

drying stage. Samples were then removed from the drier and weighed before being 

stored in sealed containers with silica pouches at 4°C until use. 

A solution of 90% AcOH in DI (v/v) was produced and chilled to 4°C. Following 

this, the dried collagen samples were weighed and added to an appropriate amount of 

AcOH to produce a either a 10% solution of acid soluble collagen or gelatin (w/w), or 

a 25% solution of SACC (w/w). This was vortexed thoroughly until the collagen was 

fully dissolved and a consistent liquid was produced and was stored at 4°C to prevent 

the collagen from denaturing. For HFP experiments, acid soluble collagen was 

dissolved for 24 hours at 10% (w/v) in HFP (50mg/ml) and vortexed in order to fully 

dissolve the collagen. For PBS electrospinning experiments, PBS tablets (0.01M 

phosphate, 0.0027M KCl, and 0.137M NaCl, pH 7.4 at 25°C) were dissolved in 

ultrapure water (18MΩ) at 1 tablet per 200mL water to produce 1X PBS. The SACC 

was then dissolved in the solution using a vortex to completely dissolve the SACC, 

achieving a 25% solution of α-chains in 1X PBS.  

The electrospinning apparatus was set up using aluminium foil as the grounding 

target and was connected to ground as seen in Figure 6.1. The syringe pump was set 

up to the correct diameter for a BD Plastipak® 10ml needle and an 18G blunt tipped 

needle was used. These were rinsed with DI, followed by a blank 90% AcOH solution 

prior to the solution being taken into the syringe and any air was cleared before loading 

onto the syringe pump. 

The syringe pump was set to use a flow rate of 0.75mL per hour. The distance 

from needle tip to collector was 25cm and a voltage of 20kV was used. Voltage was 

applied when a droplet had formed at the tip of the needle and flow was maintained so 
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volume of the droplet did not increase or reduce. Taylor cone formation and 

electrospinning was observed using a camera and laser as shown in Figure 6.2 and an 

AcOH bath was placed in the electrospinning unit to prevent gelation of the droplet 

during periods of prolonged electrospinning.  

After electrospinning, the voltage was stopped, and the equipment made safe, with 

any remaining collagen stored at 4°C for characterisation. The mat produced was then 

sampled and coated in a 5nm layer of chromium before being examined by SEM using 

a Hitachi S4800 FEG-SEM at an acceleration voltage of 10kV and emission current 

of 9µA. Micrographs were taken with a magnification of 1500X for fibre diameter 

measurements which were analysed using ImageJ software. 

For SACC samples, SDS PAGE and FTIR analysis was carried out to examine any 

degradation which may have occurred during the electrospinning process.
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Figure 6.1 Basic electrospinning setup where a polymer solution is placed within a syringe pump at the desired flow rate. A 

connected high voltage power supply us connected to the needle, producing an electric field  of repulsion, which in 

conjunction with compatible parameters such as concentration and polymer choice, leads to the ejection of solution from the 

positive source to ground, which collects dried fibres on a conductive surface such as aluminium foil. Alter natively, a cloth 

can be placed in front of the ground to aid col lection. Jet dispersion adapted from diagram by Joanna Gatford at The New 

Zealand Institute for Plant and Food Research Ltd . 
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Figure 6.2 Jellyfish derived SACC collagen solution being electrospun with constant droplet being replenished and a single 

Taylor cone producing a jet of collagen solution which lands on the grounding target as collagen nanofibres.  Current flow 

moves from ohmic to convective as charge migration to the fibre surface occurs, leading to fibre elongation through 

electrostatic repulsion before reaching the collector at drastically reduced fibre diameter.  

Ohmic Flow 

Convective Flow 

Taylor Cone 
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6.3 Needle-Less Electrospinning Methods 

 

For needle-less electrospinning, the roller electrospinning method was used. 

Samples were freeze dried using the process described in chapter 3.5 and dissolved at 

either 10% in AcOH (ASC) or at 25% concentration in a solution of 90% AcOH or 

1X PBS in DI water (SACC). The solution was then placed in a bath and a mandrel 

with wires was submerged in the solution. The bath was inserted into the Nanospider 

NS Lab 200 System (Elmarco, Czech Republic) and a collection material placed over 

the grounding target. 

The Needle-less electrospinning schematic shown in Figure 6.3 describes the roller 

electrospinning process which has been previously described by (Burke et al. 2017). 

Briefly, the setup adapts the standard electrospinning approach to allow the formation 

of several polymer jets simultaneously in order to allow for scalable fibre production 

(Thoppey et al. 2011). The process begins by applying a high voltage to a polymer 

bath which is continuously coating a 6 wire mandrel with droplets of polymer solution, 

which when exposed to the high voltage becomes elongated and Taylor cone 

formation occurs, forming multiple ejection points across the wire as seen in  

Figure 6.4. The solution then undergoes rapid drying before being deposited on 

the collector. The material setup used a mandrel rotation speed at 10 revolutions per 

minute, a distance from mandrel tip to collector of 30cm and a mandrel to collector 

voltage of 80kV. Using these conditions, the current from mandrel to collector was 

observed to remain between 100 and 120µA, signalling consistent fibre formation to 

be occurring.  

The process was carried out for 1 hour before samples were removed, taken for 

SEM imaging and characterisation as described above. Any remaining collagen 

solution was removed and stored at 4°C for further solution testing, and the mat was 

sealed with silica packs to prevent excess moisture and kept at 4°C.
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Figure 6.3 Nanospider (Elmarco, CZ) needle-less electrospinning setup using a rotating mandrel with wire electro des which 

permit multiple initiation sites for electrospinning to occur. Continuous spinning is achieved by optimising mandrel rotation 

to polymer usage rate while voltage is typically significantly higher than with single needle electrospinning.  



 
Chapter 6 - Applications of ASC and SACC in the Fabrication of Medical Devices 

 

149 
 

 

Figure 6.4 Free surface electrospinning jets of SACC being produced using the Nanospider roller electrospinning setup. Jets  

are produced from the wire at multiple initiation sites on a rotating electrode which refr eshes the droplets through 

submersion within the SACC solution.  
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Figure 6.5 Showing external operation of Nanospider NS LAB 200 .
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6.4 Co-Electrospinning of Collagen & Polyethylene Oxide Methods 

 

The combined electrospinning of collagen and polyethylene oxide (PEO) was 

carried out by first preparing a solution of 90% AcOH (v/v).  ASC was dissolved at 

the desired concentration in the 90% AcOH (w/v) while a second solution of PEO at 

the desired concentration in 90% AcOH was also prepared. The two solutions were 

then blended together in a beaker and stirred using a magnetic stirrer until a 

homogenous solution was reached. The blended solution was loaded into a plastic 

syringe and the syringe added to the needle electrospinning setup as described above. 

The desired voltage was applied at the tip of the needle (18G). The distance 

between the tip and collector was optimised and the flow rate was set. The sample was 

then allowed to electrospin for 10 minutes and a collection of blended fibres were 

created on the foil collector. Different voltages, distances, solution concentrations and 

flow rates were trialled in order to give the optimum results. For co-electrospun, 

coaxial and single needle electrospun samples, SDS PAGE and FTIR analysis was 

carried out to examine any degradation which may have occurred during the 

electrospinning process. 

 

6.5 Single Needle Electrospinning PEO Methods 

 

In order to compare the variance in average fibre diameter of PEO, ASC and blend, 

a solution of 5wt% PEO was prepared in 28.5 ml of DI water as has previously been 

optimised in the research group. The PEO solution was then placed into a 10 ml 

syringe and connected to the electrospinning apparatus. The voltage was applied at 

18kV, the flowrate was set to 0.5ml/hr and the distance between the tip and the 

collector was 22 cm as previously optimised. The PEO solution was left to spin for 10 

min until a mat was visible. 
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6.6 Co-Axial Electrospinning of PEO as Sheath and Collagen as Core Methods 

 

Due to issues with the improved ASC electrospinning in benign solvents, co-axial 

electrospinning of ASC using PEO as the sheath polymer was trialled. This was 

investigated to reduce denaturation of the collagen when undergoing high voltage 

electrospinning as has been shown previously (Zeugolis et al. 2008a). 

As the optimized parameters for co-axial electrospinning of the in-house produced 

ASC and PEO were unknown, optimisation experiments were carried out, adjusting 

parameters including flowrate of the inner and outer needle, concentration of each 

solution, voltage and distance from needle to collector. This allowed the optimized 

conditions for the electrospinning of fibres with uniform fibre diameter, lack of 

beading and uniform core/shell ratio. 

The two solutions were seeded into two different 10 mL syringes and placed into 

two separate syringe pumps in the setup seen in Figure 6.6. The voltage was applied, 

and the apparatus was left to spin for approximately 10 minutes for each experiment. 

Optimised solutions were electrospun for extended periods of approximately 1 hour. 

Only the outer needle solution was in contact with the applied voltage; the inner 

solution was uncharged and was carried from needle to collector by the shell solution. 

Once electrospinning was completed, the samples were cut and examined by SEM as 

described in 3.10. 

 

6.6.1 Freeze Fracture Method for SEM 

 

The samples were submerged in liquid nitrogen for 30 seconds each and then 

immediately removed and cracked before being coated and examined by SEM to better 

expose the core / shell fibres. 
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Figure 6.6 Coaxial electrospinning setup displaying coaxial needle being 

fed by separate syringe pumps for variable flow control of core / sheath 

polymer solutions. The needle is charged, causing the electrospinning of 

shell solution, which in turn causes viscous drag upon the core solution, 

creating coaxial electrospun fibres upon the grounding target.  
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6.7 Gelatin Electrospinning Method 

 

To act as a comparison with collagen based electrospun fibres, a 10% gelatin 

solution was prepared by dissolving gelatin from porcine skin (Sigma Aldrich, USA) 

in 90% AcOH. The solution was placed into a 10 ml syringe and connected to the 

electrospinning apparatus. The voltage was set at 18kV, the flowrate was 0.3 ml/hr 

and the distance from the tip of the needle to the collector was 23 cm. The solution 

was left to spin under room temperature condition for two and a half hours until a 

uniform mat sufficient for experimentation was obtained. 

 

6.8 EDC Crosslinking of Electrospun Collagen Scaffolds 

 

For physiologically soluble polymers it is usually required that the scaffold is 

crosslinked. Glutaraldehyde has for many years been regarded as the standard method 

of crosslinking (Niu et al. 2013), particularly with proteins due to its efficiency and 

high degree of crosslinking across different polymers (Barbosa et al. 2014). This 

chemical has many limitations with regard to tissue engineering scaffolds, foremost 

the calcification of scaffolds and surrounding tissues which are exposed to residual 

crosslinking agent which may lead to device failure (Golomb et al. 1987). EDC has 

emerged as the favoured chemical crosslinking method for electrospun collagen 

scaffolds due to its efficacy and reduced residual damage to tissues. Previously, 

internal experimentation has been carried out through in vivo implantation of ASC 

freeze dried scaffolds to examine the efficacy of the ASC, while simultaneously 

assessing the method of EDC/ethanol use prior to implantation (Widdowson et al. 

2017). While it was shown that residual ethanol can cause significant damage to the 

implanted area, the use of EDC to crosslink the scaffold, and the use of jellyfish as the 

source of the collagen resulted in significantly reduced histopathology scores in both 

crosslinked and un-crosslinked samples, whereas the bovine scaffolds’ scores were 

not significantly reduced.  

Despite this, it is necessary to crosslink electrospun collagen samples, as they are 

highly hygroscopic, collapsing and dissolving when subjected to water. Furthermore, 

the use of an Ethanol / EDC mixture causes the fibres to swell and lose their porosity, 
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as seen in Figure 6.7. To avoid this, when crosslinking was requires, samples were 

compressed using the method shown in Figure 6.8 (b) as developed in house. Others 

have used differing methods to avoid this problem. (Dong et al. 2009) used the method 

shown in Figure 6.8 (a) to prevent the collapse of the scaffold during crosslinking. 

 

 

 

Figure 6.7 SEM micrograph of needle-less electrospun ASC crosslinked 

with a 1% EDC solution in ethanol. Scale bar = 50µm. Acceleration  

voltage = 15kV. 

 

 

50µm 
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Figure 6.8 Different compression methods that have been used to prevent 

the swelling and loss of porosity of electrospun scaffolds crosslinked with 

EDC / ethanol. 

6.9 FRESH Printing of ASC Hydrogel Methods 

 

To print ASC hydrogels using the FRESH technique, the gelatin slurry prepared 

in 3.12.2 was added to the dish being used for printing, which was initially a petri dish, 

followed by the lid of cell culture plates to increase print area. The excess liquid of the 

slurry was removed by tamponade action using absorbent wipes, which ensures the 

slurry behaved similar to a Bingham plastic as described in (Hinton et al. 2015).  

Following this and the loading of the syringe, the .X3G program file was selected 

using the inbuilt menu which contains settings previously configured on a PC using 

the modified Flashprint program. Printing of various shapes was carried out, with 

optimisation of line width and consistency using cross-hatched grids as seen in Figure 

6.9. 
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Figure 6.9 Initial FRESH printing setup used to optimise the 3D printing 

of ASC collagen hydrogels based on the work of (Hinton et al. 2015) . 

Scaffolds in a hatch formation were used to optimise the line width 

accuracy of the printing process.  

 

6.10 Testing With polycaprolactone in Acetone 

 

To optimise the nozzle print width and height, polycaprolactone (PCL) as a 

commonly used polymer in research on the fabrication of artificial cartilage and bone 

constructs (J. M. Williams et al. 2005) was selected. PCL was dissolved at 

concentrations from 20% to 55% in acetone (w/v) by incubation at 40°C for between 

2 and 12 hours. The dissolved solution was loaded into the syringe and printed directly 

onto the heated bed, without using the FRESH gelatin slurry. Optimisation of line 

thickness, as well as extrusion volume was deemed complete when sufficient liquid 

was ejected to give steady lines without dragging the printed material but without large 

overflows of liquid causing beads to be produced. 
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6.11 Coaxial FRESH Printing Methods 

 

In order to better utilise the optimised gelation time of the improved ASC material, 

a modification to the printing setup was carried out, wherein genipin was not added to 

the printing solution but was instead kept separately by dissolving into the 10X PBS 

solution and loading into a syringe. The ASC was diluted to between 3.0 mg/mL and 

6mg/mL and neutralised using NaOH before being loaded into the syringe. The setup 

was modified to use external syringe pumps which fed into a common pipeline prior 

to the needle, causing controlled mixing of the genipin and ASC solutions. The syringe 

pumps were set up to extrude where the genipin solution was set at 1/10 that of the 

ASC solution to give the appropriate final concentrations. This setup can be seen in 

Figure 6.10. 
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Figure 6.10 Dual pump setup for optimised FRESH printing of mixed ASC / Genipin solution. 
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6.12 Single Needle Electrospinning Results 

 

6.12.1 Collagen Solutions ASC in AcOH 

 

The 10% ASC samples, dissolved in 90% AcOH (w/v) were electrospun and 

examined by SEM, showing a mean fibre diameter of 111 nm with a standard deviation 

of 36 nm based on 90 fibre measurements. Micrographs of the needle electrospun 

fibres can be seen in Figure 6.11 (A) with frequency of range seen in Figure 6.11 (B). 

The fibres contained no beading suggesting electrospinning conditions were optimal 

at 10% CS ASC, 20 kV, 20 cm and 0.4 mL / hour.  

 

6.12.2 Scale Up Batch ASC Solutions in AcOH 

 

Electrospinning of the 10% Scale up ASC samples which were dissolved in 90% 

AcOH (w/v) was attempted and were examined by SEM. The scale up batches of 

jellyfish derived collagen did not electrospin but instead electrosprayed to produce 

microspheres of diameter 794 nm with a standard deviation of 399nm based on 90 

sphere measurements. These can be seen in Figure 6.12. Despite multiple attempts it 

was not possible to electrospin the improved ASC. This led to a search of the literature 

that revealed the papers detailing both the solubility characteristics of mammalian 

derived collagens and the findings that the requirement for solubilisation in HFP led 

to denaturation of the protein (Zeugolis et al. 2008a; Zeugolis et al. 2008b). This 

intriguing research led me to question the nativity of the collagen that was received 

from collagen solutions, leading to the following sections. 
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Figure 6.11 (A) SEM micrograph of Collagen Solutions ASC electrospun from a solution of 10% ASC in 90% AcOH. Scale 

bar = 1 µm. Acceleration voltage = 5 kV. (B) Frequency of range of collagen fibres electrospun from 10% CS ASC in 90% 

AcOH (n=90).
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Figure 6.12 (A) SEM micrograph of scale up batch ASC electrosprayed from a solution of 10% ASC in 90% AcOH producing 

spheres instead of fibres. Scale bar 1µm. Acceleration voltage 2kV. (B) Frequency of range of sphere diameter for the 

solution composed of 10% SU ASC in 90% AcOH (n=90).
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6.12.3 Scale Up Batch ASC Solutions in HFP 

 

To assess whether nativity of the ASC between collagen solutions and the in house 

scale up batches was the cause affecting the electrospinning of collagen, it was 

necessary to carry out electrospinning experiments using HFP. The scale up ASC was 

electrospun and examined by SEM. The results showed the ASC electrospun when 

dissolved in HFP, in line with mammalian collagen papers. The fibres had a mean 

fibre diameter of 107 nm with a standard deviation of 34 nm based on 90 fibre 

measurements. Micrographs of the electrospun fibres can be seen in Figure 6.13 (A) 

with frequency of range seen in Figure 6.13 (B). The fibres contained little beading, 

suggesting conditions were near optimal, however these were not further optimised as 

the use of HFP would not be continued. 

The ongoing debate remains unclear as to whether collagen electrospun from HFP 

remains native or is denatured, with findings from (Jha et al. 2011) finding the 

characteristic 67nm banding pattern for collagen fibres within their electrospun 

scaffold, in contrast to (Zeugolis et al. 2008a) where 98% denaturation was shown. 

Most recently (Sizeland et al. 2018) found no content of fibrils within their electrospun 

scaffolds. Intermediaries such as (Wakuda et al. 2018) found around 30% helical 

structures remaining within their HFP scaffolds, suggesting HFP electrospinning may 

not be the only influence on denaturation of the collagen structure, further supporting 

the suggestions by (Zeugolis et al. 2008b) that there is a large variation in the quality 

of extracted collagens from different sources.  

Through this work it is shown that the use of the same species, extracted and 

processed with different methods can lead to the denaturation of the collagen to the 

extent it is able to electrospin under the conditions used for gelatin as below.  
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6.12.4 Gelatin Solutions in AcOH 

 

To act as a comparison to ASC samples from CS, a 10% gelatin in 90% AcOH 

(w/v) solution was electrospun and examined by SEM, showing a mean fibre diameter 

of 103 nm with a standard deviation of 33 nm based on 90 fibre measurements as in 

Figure 6.14 (A) with frequency of range seen in Figure 6.14 (B). The fibres contained 

some beading throughout, suggesting minor optimisation to the solution concentration 

was necessary however this was not repeated as the use of gelatin would not be 

continued.  
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Figure 6.13 (A) SEM micrograph of scale up batch ASC electrospun from a solution of 10% ASC in 100% HFP. Scale Bar = 

1 µm Acceleration voltage 5 kV. (B) Frequency of range of fibres electrospun from a solution of 10% SU ASC in 100% HFP  

(n=90). 
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Figure 6.14 (A) SEM micrograph of gelatin electrospun fibres from a 

solution of 10% gelatin in 90% AcOH. Scale bar 10 µm. Acceleration 

voltage 10 kV. (B) Frequency of range for gelatin electrospun fibres fro m 

a solution of 10% gelatin in 90% AcOH (n=90). 
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6.12.5 SACC in AcOH 

 

The 25% SACC samples dissolved in a 90% AcOH (w/v) solution were 

electrospun and examined by SEM, showing a mean fibre diameter of 646nm with a 

standard deviation of 121nm based on 90 fibre measurements. Micrographs of the 

fibres can be seen in Figure 6.15 with frequency of range seen in Figure 6.16. The 

fibres contained no beading suggesting electrospinning conditions were optimal at 

25% SACC, 18 kV, 20 cm and 0.35 mL/hour. These conditions were then carried 

forward for experiments using 1X PBS. 

The finding that it was possible to separate and electrospin the α-chain rich SACC 

solution occurred prior to in depth analysis of the extract by FTIR and H-bond analysis 

examined in 5.4 and 5.9. It was necessary to compare these findings with that of 

gelatin, where partial renaturations to form α-helices, as described in (Kozlov and 

Burdygina 1983) had been carried out to produce a SACC-like products as in (Ki et 

al. 2005). The possibility of these proteins being capable of electrospinning implies 

not only that the increased hydrogen bonding is possible, but also that greater chain 

entanglement is possible by reducing the rigidity of the protein. There have been 

several cases demonstrating that gelatin has a reduced mechanical strength when 

compared with fibrillar collagens due to the increased order and crosslinking in the 

collagen’s structure (Z. Zhang, Li, and Shi 2005), further supporting this hypothesis.  
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Figure 6.15 SEM Micrograph of needle electrospun jellyfish SACC fibres 

using a Hitachi S4800 FEG-SEM at an acceleration voltage of 10kV, 

emission current of 9µA and magnification of 1500X. Solution 

composition was 25% SACC (w/v) in a 90% AcOH solution (v/v). Fibre 

Diameter is shown to be 646nm ±121nm. Scale Bar = 10µm.  

Figure 6.16 Graph representing frequency of range of single alpha chain 

collagen nanofibres from jellyfish sources (n=90). 
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6.12.6 SACC in 1X PBS 

 

The 25% SACC samples derived from either jellyfish or bovine were dissolved in 

a 1X PBS (w/v) solution were electrospun and examined by SEM, showing a mean 

fibre diameter of 105 nm with a standard deviation of 28 nm for jellyfish derived 

SACC and a fibre diameter of 84 nm with a standard deviation of 27 nm for bovine 

derived SACC, based on 90 fibre measurements. Micrographs of the needle 

electrospun fibres can be seen alongside frequency of range in Figure 6.17 and Figure 

6.18 respectively. The fibres contained little to no beading suggesting electrospinning 

conditions were optimal at 25% SACC, 18 kV, 20 cm and 0.35 mL/hour. These 

samples exhibited some spitting of solution onto the grounding target, due mainly to 

the high salt content within the solution raising the conductivity of the solution 

drastically. The use of PBS solution in replacement of 90% AcOH not only aids in 

reducing potential damage to the nativity of the SACC polymeric chain, but also 

produces significantly smaller diameter fibres, at 105nm for 1X PBS fibres compared 

with 646nm for AcOH and 107nm for HFP, meaning research findings into cell 

interactions with nanofibres will be more closely associated with those of HFP derived 

samples, of which there is an abundance of publications and reviews (Torres-Giner, 

Gimeno-Alcañ Iz, et al. 2009; Lu and Guo 2018; Mortimer, Widdowson, and Wright 

2018). 

 

6.13 Needle-Less Electrospinning Results 

 

The 10% ASC samples, dissolved in 90% AcOH (w/v) were electrospun on the 

Nanospider system and examined by SEM, showing a mean fibre diameter of 512 nm 

with a standard deviation of 152 nm based on 90 fibre measurements. Micrographs of 

the needle-less electrospun fibres can be seen in Figure 6.19 (A) with frequency of 

range seen in Figure 6.19 (B). The fibres contained no beading suggesting 

electrospinning conditions were optimal at 10% CS ASC, 20 kV, 20 cm and 0.4 mL / 

hour. 
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Figure 6.17 (A) SEM micrograph of JF derived SACC electrospun from a solution of 25% JF SACC in 1X PBS. Scale bar = 

10µm. Acceleration voltage = 10kV. (B) Frequency of range of electrospun fibres from a solution of 25% JF SACC in 90% 

AcOH (n=90). 
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Figure 6.18 (A) SEM micrograph of bovine derived SACC electrospun from a solution of 25% bovine SACC in 1X PBS. Scale 

bar = 10µm. Acceleration voltage = 10kV. (B) Frequency of range of electrospu n fibres from a solution of 25% bovine SACC 

in 90% AcOH (n=90). 
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Figure 6.19 (A) SEM micrograph of needle-less electrospun CS ASC from a solution of 10% ASC in 90% AcOH. Scale bar =  

2.5 µm. Acceleration voltage = 10 kV. (B) Frequency of range of needle-less electrospun fibres from a solution of 10% CS 

ASC in 90% AcOH (n=90).
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It is evident from the difference in fibre diameter and standard deviation that the 

needle-less system, though significantly quicker in generating a dense nanofibre mat, 

allows for less control in fibre diameter, with a larger range of fibre diameters and 

larger overall fibres. This is supported by previous findings (Yener and Jirsak 2012; 

Burke et al. 2017) while it has been shown that the addition of salts such as 

tetraethylammonium bromide can control the fibre diameter to rectify this (Cengiz and 

Jirsak 2009). 

 

6.14 Co-Electrospinning of Collagen & Polyethylene Oxide Methods 

 

The solution of ASC / PEO blend was optimised at 3.214% PEO and 2.5% ASC 

in 90% AcOH. Electrospinning at 18kV, 20cm and 0.35mL/h were found to be optimal 

for an average fibre diameter of 301nm ± 51 nm, while 1.5% ASC / 1.5% PEO 

collagen produced dual fibre diameters where fibres of average diameter 318 nm ± 57 

nm for the large fibres and 81 nm ± 26 nm were observed for the small fibres. 

Micrographs of the co-spun solutions and their ranges can be seen in figures Figure 

6.20 and Figure 6.21. 

 

6.15 Single Needle Electrospinning PEO Results 

 

The 5% PEO solution produced optimal conditions, with an average fibre diameter 

of 134 nm, and a standard deviation of 33 nm. Micrographs for the PEO solution can 

be seen in Figure 6.22. The fibres were smaller than the co-spun collagen / PEO which 

were either 301nm or 318nm (large fibres) depending on solution concentrations. 
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Figure 6.20 (A) Micrograph of PEO / ASC co-spun fibres at higher concentrations. Scale bar = 10µm. Acceleration voltage 

= 10kV. (B) Frequency of Range for Co-Spun higher concentration PEO/ ASC mix (n=90).
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Figure 6.21 (A) SEM micrograph of electrospun blend of 1.5% PEO / 1.5% ASC in 90% AcOH. Scale bar =  5µm. 

Acceleration voltage = 10kV. (B) Frequency of Range of large  fibres from PEO / ASC blend (n=90). (C) Frequency of range 

of small fibres from PEO / ASC blend (n=90). 
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Figure 6.22 (A) SEM micrograph of electrospun PEO at 5% concentration in DI (w/v). Scale bar = 5µm. Acceleration 

voltage = 2kV. (B) Frequency of range histogram for electrospun fibres of 5% PEO solution  (n=90). 
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6.16 Co-Axial Electrospinning of PEO as Sheath and Collagen as Core Methods 

 

Coaxial fibres of PEO and ASC were electrospun with optimal conditions 

influencing the choice of concentrations used in the final optimisation, however 3.2% 

PEO and 2.5% ASC in 90% AcOH was unsuitable and led to beaded fibres with 

mixing of the polymer solutions at the coaxial needle tip. Instead the 5% PEO in DI 

was used in conjunction with the 10% ASC solution which led to optimum electrospun 

fibres using the conditions of 19kV, 18cm with syringe pumps at 0.35mL/h (PEO) and 

0.2mL/h (ASC). This led to coaxial fibres of average diameter 286 nm ± 53 nm. SEM 

micrographs can be seen in  

Figure 6.23, fibre distribution in Figure 6.24 with false colour SEM micrographs 

of the exposed inner ASC core obtained by freeze fracture observed in Figure 6.25. 

 

 

Figure 6.23 SEM micrograph of co-axial electrospun fibres of PEO / 

Collagen. Scale bar = 5µm. Acceleration voltage = 5kV. 
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Figure 6.24 Frequency of range for co-axial electrospun PEO / collagen 

fibres (n=90). 

Figure 6.25 SEM micrographs of co-axial electrospun PEO / collagen 

fibres, freeze fractured in liquid nitrogen prior to imaging. Scale bar (A -

C) = 500nm, (D) = 2µm. Acceleration voltage 5kV for all micrographs.  
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6.17 EDC Crosslinking of Electrospun Collagen Samples 

 

Using the setup seen in Figure 6.8, scaffolds were crosslinked to produce insoluble 

fibres which retained their porous state. The use of this method was refined, where 

early compression was not uniform and produced poor quality scaffolds as seen in 

Figure 6.26, while later optimisation, using uniform compression and injection led to 

scaffolds which retained their original structure as seen in Figure 6.27.  

 

 

 

 

 

 

Figure 6.26 SEM micrograph of electrospun CS derived ASC crosslinked 

with EDC using compression method. Pores are restricted due to poor 

compression of the scaffold. Scale bar = 5µm. Acceleration voltage = 

1kV. 
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Figure 6.27 SEM micrograph of needle-less electrospun scale-up B10 

SACC crosslinked with EDC using compression method. Pore access is 

improved due to increased compression and slower injection of EDC / 

ethanol solution. Scale bar = 10µm. Acceleration voltage  = 5kV. 

 

6.18 SDS PAGE of Electrospun Collagen Samples 

 

For SACC electrospun samples, it was important to ensure that degradation had 

not occurred during the electrospinning process, and samples were run to test whether 

any chain breaks had occurred when undergoing electrospinning.  

Figure 6.28 displays jellyfish derived B9 SACC prior to electrospinning in lanes 9 

and 10 with lanes 3 and 4 showing the same B9 SACC solution post electrospinning 

when the scaffold was dissolved in DI and tested. 

From this it is possible to see that some degradation has occurred from 

electrospinning, with a gelatin-like smear below 30kDa appearing at the bottom of the 

gel for lanes 3 and 4. It is noted however that lanes 9 and 10 contain a series of proteins 

between 10 and 25kDa due to poor purification, and it may be that the smearing of 

these bands as seen in lanes 3 and 4 is simply an artefact of pure stain binding. With 

consideration of the 1:10 dilutions in lanes 5-8, it is clearer that there is an increase in 

these lower molecular weight bands for electrospun SACC as can be examined using 

ImageJ software. This is supported by the findings of (Zeugolis et al., 2008a) where 

further degradation is seen from the electrospinning process than simply dissolving in 

HFP alone.  

10µm 



 
Chapter 6 - Applications of ASC and SACC in the Fabrication of Medical Devices 

 

181 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.28 SDS PAGE of B9 SACC pre and post electrospinning to observe protein changes caused by the high shear of 

electrospinning (n=2). 
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For coaxial electrospun samples, the purpose of the PEO sheath, as well as to 

permit the electrospinning of ASC collagen solutions, was to ensure the ASC did not 

undergo degradation during the electrospinning process, due to the potential 

interactions between the PEO and ASC which stabilise the solution as has been shown 

to be the case with (Li & Xia, 2004) despite the increased shear on the core solution 

shown by (Pakravan, Heuzey, and Ajji 2012). To test whether the ASC was adequately 

protected, samples were examined as to whether the ASC had survived electrospinning 

or fragmented. The results can be seen in Figure 6.29 with lanes 7 and 8 showing the 

residual ASC within the dissolved PEO/ASC co-axial sample, without significant 

change to lane content of α1 & α2 of the B8 solution used in Figure 4.12 (lanes 7-9). 

 

 

Figure 6.29 SDS PAGE analysis of co-axial electrospun ASC / PEO 

solutions which were dissolved post electrospinning to observe 

degradation of the collagen strands.
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Following this result, it was important to test whether the electrospun material 

could survive treatment with pepsin as described in (Zeugolis et al., 2008a), where 

damaged triple helices would become susceptible to degradation. Figure 6.30 shows 

the dissolved solutions where lane 3 shows the pepsin treated sample, with lane 4 being 

untreated. It is clear from this that the triple helical structure of the ASC has been 

damaged sufficiently by the electrospinning process to permit chain cleavage by 

pepsin, confirming the findings of (Zeugolis et al., 2008a) that electrospinning itself, 

regardless of solvent, causes a degree of damage to the protein structure.  

 

 

Figure 6.30 SDS PAGE analysis of coaxial electrospun ASC / PEO with 

treatment of pepsin for 24h to detect whether the triple h elix remains 

resistant to pepsin activity post -electrospinning (n=1). 
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6.19 FTIR of Electrospun Collagen Samples 

 

To assess the degree of change through the electrospinning of SACC, FTIR was 

again utilised to compare the samples examined in 5.4 with those which have been 

electrospun for any changes to the structure of the SACC, or its ability to refibrillise. 

Figure 6.31 shows the spectra of electrospun SACC from scale up B10 with the pre-

spun extract and shows no significant change between the samples, once baseline 

correction and normalisation had been carried out. Homology between the samples 

was 95.71% as calculated by the Perkin Elmer Spectrum software. This finding in 

accompaniment to the SDS PAGE data above shows that there is a degree of strand 

breakage occurring within the sample, but that the overall secondary structure remains 

unchanged.  

 

Figure 6.31 FTIR spectra displaying a comparison between electrospun 

B10 SACC and SACC extracted during scale-up batch 10. SACC has a 

marked reduction in amide 1 in both samples signifying a reduction in 

the abundance of triple helix (γ-chains). No significant reduction in 

amide 1, 2 or 3 are present, with a homology value of 95.71% between 

the samples when normalised and baseline corrected.  
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To ensure the degradation effects of electrospinning were not detrimental to the 

refibrillation properties of SACC, a section of electrospun scaffold was dissolved in a 

solution of 1X PBS and stored at 4°C for one month. This sample was then lyophilised 

and tested against the electrospun sample.  

Figure 6.32 displays the FTIR spectra of electrospun SACC and refibrillised 

electrospun SACC displaying a return of the amide 1 peak dominance over amide 2 

and confirming that the electrospinning of SACC is not detrimental to its ability to 

refibrillise into triple helical ASC-like collagen in vitro. 

 

Figure 6.32 FTIR spectra displaying a comparison between electrospun 

B10 SACC and refibrillised electrospun B10 SACC. The refibrillised 

electrospun SACC has regained a greater amide 1: amide 2 ratio 

signifying an increased abundance of tr iple helix (γ-chains) within the 

sample. 
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6.20 FRESH Printing Results 

 

In order to use the Flashforge Creator Pro 3D printer, it was necessary to modify 

the setup using opensource prints by (Hinton et al. 2015) which were since modified. 

The version 2.5 was selected for use within these experiments and was printed and 

assembled as seen in Figure 6.33. 

 

 

Figure 6.33 Printed Replistruder V2.5 designed by (Hinton et al. 2015) 

and modified for opensource release. Assembly of the printer’s stock 

motor allowed for online control of solution deposition and retraction.  
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The use of the Replistruder system, designed for the MakerBot replicator was not 

entirely compatible with the Flashforge Creator Pro (a MakerBot replicator clone), so 

modifications to the mounting were required, with a custom rail-plate (Figure 6.34(A)) 

and mounting stand (Figure 6.34 (B)) being produced to give a final setup shown in 

Figure 6.35. These were designed and implemented after several modifications to 

successfully give a functioning bioprinter setup. 

 

Figure 6.34 (A) Custom rail plate to fit the Flashforge Creator Pro. (B) 

Custom frame to support and position the Replistruder, with air vents to 

provide better cooling to the stepper motor.  

 

Figure 6.35 Replistruder mounted to Flashforge Creator Pro and setup to 

print the solution.  
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Gelation trials were carried out on several ASC and PSC samples of scale up B9 

and B10 to test which conditions would be optimal for printing. Table 6.1 shows the 

initial results of these trials, in which the sample and conditions from trial 10 were 

carried forward for FRESH printing. 

 

Table 6.1 Gelation trials of ASC and PSC samples to optimise and select 

for the most appropriate conditions to carry forward for 3D bioprinting 

in the FRESH setup. 

Trial no. Collagen Gel Trials 

Collagen Solution PBS Genipin 

% 

Gelled? 

1 Pepsin solubilised 10x 0.05 No 

2 Acid solubilised 10x 0.05 No 

3 Pepsin solubilised 10x 0.1 No 

4 Acid solubilised 10x 0.1 No 

5 Pepsin solubilised 10x 0.1 Partial 

6 Acid solubilised 10x 0.1 Partial 

7 Pepsin solubilised 10x 1.0 Yes, at 4℃ 

8 Acid solubilised 10x 1.0 Yes, at 4℃ 

9 Pepsin solubilised 10x 1.0 Yes, at 20℃ 

10 Acid solubilised 10x 1.0 Yes, at 20℃ 

 

The printing of scaffolds within the gelatin slurry as seen in Figure 6.36 produced 

samples which were of lower definition than described by (Hinton et al. 2015), as can 

be seen in the simple face PCL print in Figure 6.37, which printed well but due to a 

low polymer print concentration led to collapse of the sample and rough edges. The 

scaffold printed in Figure 6.38 (A) also showed rough edges and an overall poor print 

quality, due mainly to the use of gelatin as the slurry which is also susceptible to 
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crosslinking by genipin alongside collagen, leading to scaffolds which were externally 

fuzzy with a gelatin coating. The move to the coaxial method and the improved ASC 

gelation time of scale up batch 10 compared with previous batches led to clearer 

scaffold edges. An example print can be seen in Figure 6.38 (B) where the cross-hatch 

formation is much clearer.  

 

Figure 6.36 Printing of ASC hydrogel into gelatin slurry according to the 

FRESH setup described by (Hinton et al. 2015) . 

Figure 6.37 Simple print of a low-poly face to optimise the printing of 

PCL using the Replistruder setup before progressing onto FRESH 

printing setup. Left displays the print upon completion while right shows 

the same sample 1 hour after drying, where the sample has become 

uneven, with holes and rough edges appearing.  
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Figure 6.38 (A) Cross-hatch print design in optimisation of ASC 

bioprinting, where lines are not defined due to the crosslinking of 

surrounding gelatin slurry with the collagen, leading to an undefined 

structure. (B) The same cross-hatch print design produced using the 

improved coaxial printing method, where lines are more defined and 

gelatin slurry has not been crosslinked, giving clear holes and defined 

holes within the structure.  

Another issue which arose from the FRESH bioprinting setup was the spreading 

of lower layers which was observed when prints in excess of 10mm height were 

produced. As seen in Figure 6.39 the scaffold has widened at its base, causing a sloping 

structure where this should be vertical. 

 

 

 

20mm 20mm 

20mm 20mm 
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Figure 6.39 The sloping effect observed in FRESH printed ASC samples 

when height was >10mm. Left shows top down view, right represents side 

profile. 

Overall, the bioprinting of scale up ASC, particularly that of higher quality with 

faster gelation times, proved successful. The FRESH printing methods produced by 

(Hinton et al. 2015) were not entirely compatible with the use of collagen as the 

printing material, due to the crossover in crosslinker effectiveness with methods such 

as genipin. The use of a more controlled system, such as rose bengal and laser light 

should permit more accurate control over scaffold crosslinking as used by (Cherfan et 

al. 2013). Another aspect which would further improve results is to further lower the 

moisture content of the gelatin slurry, which would provide a firmer support for the 

printed scaffold. The effectiveness of the improved ASC, from both jellyfish and 

bovine sources show great potential for use in bioprinting, and the translation from 

bench prototype to a specialised device such as the 3D-Bioplotter (EnvisionTEC, 

USA) would be the next logical step. 

 

6.21 Conclusions 

 

Throughout this chapter the progression of electrospinning applications of acid 

soluble collagen solutions are explored. This has progressed from currently adopted 

practices that rely on the use of fluorinated alcohols, through the use of coaxial 

electrospinning to protect the collagenous material from denaturation during 

electrospinning, to the final application of the single alpha chain collagen material. 

The use of SACC allowed for the utilisation of benign solvent mixtures which protect 

the re-fibrillation properties of this novel protein mixture. 

This has demonstrated the breadth of applications that have direct relevance to medical 

device manufacture and tissue engineering for the protein, using needle-less 

electrospinning to demonstrate the scalability of this process for research 

commercialisation, making the work of this chapter industrially relevant. The use of 

FTIR and SDS PAGE confirmed that the protein underwent minor protein degradation 

observed by SDS PAGE, with chemically identical FTIR spectra shown. Furthermore, 

the minor degradation seen within Figure 6.28 was not sufficient to prevent the 
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refibrillation of SACC into an ASC-like protein with triple helical structure. This has 

significant advantages over the use of HFP, where irreversible degradation in many 

cases results in ‘an expensive way to make gelatin’. The use of SACC opens new 

avenues in the manufacture of medical devices through electrospinning, without the 

harmful denaturation seen when using fluorinated alcohols. The resorb-ability of 

electrospun SACC in a wound dressing setting, providing a fresh collagen source to 

the wound which can be remodelled to suit the body’s needs while refibrillising into 

acid soluble collagen to aid with wound closure will be an interesting application to 

be explored further in future. 

The application of ASC to bioprinting offers an opportunity to a growing field, 

being simple in composition and use, and acting as the ideal protein for cell adhesion 

in vitro for the creation of biomimetic scaffolds. Though much further work is required 

to realise the potential of this novel field, the pace is moving quickly, and ASC has 

been shown to be particularly suitable to application in bioprinting with reliable and 

repeatable gel formation. The improved process provided a better-quality solution than 

in previous iterations, which had a reliable and repeatable gelation profile, with scale 

up B10 samples gelling in under 30 seconds which was well suited to the coaxial 

printing method. 
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 Summary Conclusions & Further Work. 

 

7.1 Summary Conclusions 

 

The aims of this work were to examine the extraction and characterisation of 

collagen derived from jellyfish, as well as to assess the applications in tissue 

engineering and regenerative medicine for this material and scaffolds produced from 

it. Throughout this thesis, the work carried out has presented several novel discoveries. 

The scalable manufacturing process developed within chapter 4 permits the production 

of high-quality acid soluble collagen from both mammalian and non-mammalian 

animals, with particular focus on increasing both the yield and qualitative quality of 

extracts. This process acts as an industrially relevant research finding, which has 

permitted kilogram levels of collagen to be produced using a process that facilitates 

compliance with key manufacturing objectives such as ISO 13485.  

The isolation of single alpha chain collagen described in chapter 5, presents a novel 

collagen formulation which separates the alpha chains present within acid soluble 

collagen to give rise to a formulation which benefits from an enhanced solubility 

profile. This permits a new avenue of medical device development for collagen to be 

explored. The unique qualities of this protein formulation permit electrospinning in 

benign solvents such as acetic acid, and more importantly, the use of water-based salt 

solutions such as PBS as discussed in chapter 6. This produces scaffolds which do not 

contain harmful residuals as is often the case when fluorinated alcohols such as HFP 

and TFE are used (Zeugolis et al., 2008a). The application of SACC in this manner 

results in a major progression for the field of collagen electrospinning, where ongoing 

debate into the denaturing effects of HFP has prevented progress in electrospun 

collagen development for medical device and tissue engineering applications. 

Finally, the ability of SACC to refibrillise in vitro to recreate the triple helical 

gamma chains presents a key differentiating factor to the use of gelatin, giving the best 

of both worlds, a high solubility with reformation to acid soluble collagen, the current 

gold standard, in physiological conditions. This benefit allows SACC to be used in a 

multitude of applications, such as high-density sprays or films, which may then be 

used within the body to remodel the damaged area, reducing wound closure times. If 
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the further work described supports such applications, SACC may be cemented as a 

vital protein for use in tissue engineering and regenerative medicine. 

The use of collagen in the manufacture of medical devices for tissue repair 

facilitate the move towards personalised medicine. The use of the process developed 

in chapter 4 allows for the scalable manufacture of ASC, increasing the economic 

viability of the material for use in medicine. The scalable manufacture of SACC 

described in chapter 5 also permits the use of this material in medical device contexts. 

Both processes enhance online quality control over benchtop methods, which may be 

further enhanced with the use of automation. The removal of the need for 

centrifugation in this process allows the system to be managed in a closed manner, 

reducing contamination risks while removing the need for cleanrooms. 

Due to the issues which have been seen with electrospinning of collagen, many of 

the traditionally accepted methods for the fabrication and stabilisation of these 

membranes has been called into question by the work of (Zeugolis et al. 2008a). The 

use of fluorocarbon solvents, as well as the use of glutaraldehyde as the ‘gold standard’ 

crosslinking agent has caused damage to the collagen nativity, and calcification of 

surrounding tissues, lowering the efficacy of the scaffold in medically relevant 

settings. 

Aggressive methods such as these are now regarded as incompatible, and the need 

for a solution to the use of collagen in medical scaffolds is a key target for researchers 

globally. There remains a great deal of interest, with several research groups 

attempting to preserve the collagen during electrospinning and to use crosslinkers 

which show increased biocompatibility.  

As the techniques for electrospinning continue to improve, the technology will 

allow for increased control and a variety of collagen based electrospun scaffolds to be 

produced, both at bench and commercial scale. Despite the ongoing debate as to the 

future of electrospun collagen, the biomaterial has shown itself to be extremely useful 

when interacting with cellular systems. As new techniques enable a more native 

collagen to be electrospun, the potential improved clinical results may cement 

collagen’s place as the top polymer of choice for clinical applications, including 

wound, vascular, nervous, bone and dental. 

The extraction and purification of SACC creates a novel solution to the 

electrospinning of collagen nanofibrous membranes that has not been previously 
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achieved. This material allows the collagen to be electrospun from water-based 

solutions, and the use of PBS demonstrates clinical integration potential for these 

nanofibrous membranes. The flexibility of this material in regard to its applications 

present novel solutions to healthcare, through methods such as the clear dressing 

casting and electrospinning. 

This work, as highlighted in the critical assessment and future work sections, lacks 

the in-depth cellular analysis for SACC which will confirm whether the exposed α-

helices are of benefit or detriment to the immune system either in vitro or in vivo. 

Future work to explore the effects of SACC within a cellular environment, in 

electrospun, film, sponge and spray formats will only then reveal the direct benefits 

SACC-based devices can provide over existing technologies. The limitations 

surrounding the use of the membrane extraction system, in relation to the lack of 

effective removal of contaminants which share the size exclusion range of collagen 

such as LPS make the removal of these contaminants, should they be present in higher 

quantities in future harder to remove without the need for additional stages.  

In summary, the creation of a scalable manufacturing process for the extraction of 

acid soluble collagen, and the discovery of a novel collagen formulation in SACC 

offer promising new avenues for the use of animal derived, and more specifically non-

mammalian collagens within tissue engineering and regenerative medicine, as well as 

to the wider application of collagen. 
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7.2 Critical Assessment 

 

The aims of this work were the exploration of the use of jellyfish derived collagen, 

from extraction and characterisation through to its uses in tissue engineering and 

regenerative medicine. The literature has demonstrated that marine collagens are often 

shown to be vastly inferior, due not only to their lower denaturation temperature, but 

to the mismatch of results which have been seen from developing nations, promising 

vastly different properties than those known to acid soluble collagen extracts. 

Throughout chapters 5-7, this work found that when handled properly, the use of 

jellyfish provides an acid soluble collagen solution which matches the characteristics 

of those from mammalian sources, particularly surrounding the electrospinning 

characteristics requiring the use of fluorinated alcohols. The implementation of this 

process required several step-changes in the way jellyfish are commonly handled and 

does not address the use of salting as a preservation method, commonly employed in 

Asia, to examine whether this would affect the efficacy of extraction.  

The bioprinting of ASC within this body of work remains in its infancy stage, 

while much greater work is required in order to utilise this material in a quickly 

developing field. 

The creation of SACC as a new material is described within this work as a collagen 

protein which has the ability to refibrillise into acid soluble – like collagen that 

contains triple helical gamma chains. The use of this terminology seeks to distinguish 

the protein from denatured gelatin alternatives, which in certain cases have been 

shown to exhibit partial renaturation. In order for SACC to be fundamentally 

distinguished from these materials, it would be necessary to conduct extensive 

examination of differences, using techniques such as transmission electron 

microscopy, differential scanning calorimetry, atomic force microscopy (AFM), as 

well as those already used within this work. Due to time constraints and a lack of 

access to equipment capable of conducting this work, these further assessments were 

not carried out, although they should be examined as part of the body of further work 

described below. 

The use of SACC in electrospinning permitted the use of benign solvents, and in 

particular PBS to be used, however experimentation with other solvent systems, such 

as buffered media, and even cell electrospinning were not explored. Again, these 
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should be examined in future, while further testing on the extent of denaturation 

caused by the electrospinning process to the SACC should be carried out. As is 

common with new materials, it is not possible to conduct complete characterisation of 

the material, in particular when the discovery was not made until part-way through the 

studentship.  

The lack of cellular interaction with the SACC materials, in different forms was 

not conducted during the course of this work, however given the literature on cellular 

interactions with damaged collagen within a wound (Brett 2008) it is important that 

this is conducted to better understand how the use of SACC within a wound-based 

setting would result. 

Finally, due to time constraints, the testing and further development of SACC 

based prototype medical devices, such as the cast film were not fully characterised and 

again should be included within the body of further work. 
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7.3 Future Work 

 

The work covered within this thesis lays the groundwork on two novel processes. 

The first process, described in chapter 4 creates a scalable system for the production 

of acid soluble collagen, with a particular optimisation for use with jellyfish. This work 

has since been adapted and scaled for use in the company sponsor’s manufacturing 

facility (Newable 2017). Further work to this should involve adaptations to better suit 

extraction from mammalian animals, whose sources such as bovine hide, are 

traditionally more robust than jellyfish, requiring a series of pre-processing stages to 

improve the extractability of collagen. Furthermore, the process should be further 

adapted with the addition of several NMWCO membranes between 100 and 300kDa 

in order to better refine the quantities of alpha, beta and gamma chains within the 

extract and give a more consistent end product. The implementation of this would also 

increase solution clarity, due to the complete removal of insoluble fibrils which may 

remain in the extract. 

The second process, covered in chapter 5 describes the extraction of single alpha 

chain collagens, which are a new addition to the collagen family of industrial proteins, 

and there are many different areas which require further work in order to fully realise 

the potential benefits of this material. Primarily, it is important that work relating to 

the cellular interaction and immunology characteristics are addressed, in order to 

better understand how the exposed epitopes, present within the collagen alpha chains 

could cause an immunological response. In this regard, particular focus in vivo of the 

secretion of matrix metalloproteinases (MMPs) should be conducted, as these denature 

the collagen to gelatine in order to expose the active RGD site (Arg-Gly-Asp) 

sequences, which are responsible for the creation of granulation tissue within a wound 

(Brett 2008). 

There are other major areas of refinement for SACC which will be further explored 

in future, surrounding the control of refibrillisation into ASC-like collagen and 

whether this can be controlled to occur at a specific range, particularly in short 

timeframes. The knowledge of this control would allow SACC to be used in a variety 

of medical device applications that cover wound closure. The major experimental 

technique which has not been covered within this work is the use of transmission 

electron microscopy, due to the difficulty in accessing this service. Future work into 
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SACC must include experimentation covering the refibrillisation and whether this also 

produced fibrils with the defined axial repeat of 67nm. 

The development of medical devices as described in chapter 6, is based on the 

unique properties of SACC and future work would surround its properties for 

solubility and refibrillisation, and of particular interest is the development of a spray 

which can contain high quantities of SACC but upon activation at the wound site 

creates a sealed barrier. The applications of this work would be of particular interest 

to military and medical response applications, with regenerative medicine at the front 

line surrounding wound care being a key funding allocation in 2018 (Defence Science 

and Technology Laboratory 2018). Further developmental optimisations on the film 

casting of SACC should also be carried forward, while the use of SACC in bioprinting 

applications is also of future interest, offering solutions to many of the problems 

experienced within this work.  

The electrospinning of SACC has offered a solution to the problems described 

with the electrospinning of collagens, and their requirement for the use of fluorinated 

alcohols. SACC now offers a solution to these problems, and its use as a replacement 

for ASC in electrospinning will be explored in various collaborative avenues in future. 

The future applications that are of immediate interest within the group surround the 

addition of other components, co-spun with SACC to produce better biomimetic 

scaffolds. These include the addition of hydroxyapatite for bone tissue engineering 

and scaffold coatings with cell migration for use in blood vessel replication, to tackle 

effective in vitro simulation of blood flow.
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