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Abstract  

Fish collagen has a potential for high-value applications in the biomedical industry due to its 

excellent biocompatibility, biodegradability and low antigenicity properties. It is also a viable 

alternative for mammalian collagen due to its high availability, having no risk of disease 

transmission or religious barriers and the low cost of raw material. However, its utilisation is 

limited due to the non-availability of industrial-scale processing methods. Maintaining the 

native triple-helical structure in collagen molecules and the native D-banding pattern in the 

collagen fibrils are the requisites for biomedical collagen, therefore the existing industrial fish 

collagen extraction methods for food or cosmetic applications cannot be used. Unlike 

mammalian-origin collagen, fish-origin collagen differs due to fish species differences, and it 

is not practical to develop by trial and error, collagen extraction methods for every individual 

fish species of interest. Therefore, this study was carried out to interpret how the fish skin 

structure and composition relate to the physico-chemical processes that occur during collagen 

extraction, to develop a biomedical collagen extraction method based on this understanding, 

and to present guidelines to use this method for other fish species at industrial-scale. 

This collagen extraction process was developed through three main steps: 

pretreatment, extraction, and fibrillogenesis, and important determinants at each step, in 

relation to the fish skin structure and composition were identified. The focus of the 

pretreatment step is to remove non-collagenous proteins and fats, and the swelling of the skin 

in the pretreatment medium was also found to be a critical aspect in this tissue due to the 

structure of fish skin. The focus of the extraction step is to solubilise collagen molecules into 

the extraction medium in its native triple-helical conformation. Using a hydrochloric acid 

medium at an initial pH of 2 was found to be important in preserving the native triple-helical 

structure of collagen molecules. In addition, four processing objectives were presented based 

on the underpinning knowledge, to apply this method to any fish species of interest: (i) an 

upper limit of pH 4 for the extraction solution; (ii) maximum swelling; (iii) a manageable 

viscosity of the extraction solution; and (iv) as few undissolved pieces of skin as possible. A 

second extraction was introduced as a pigment removal step to improve the purity and colour 

of collagen while still preserving the collagen native structure.  

The ultimate focus of the whole collagen extraction process is the formation of 

collagen fibrils with the native D-banding pattern, which is achieved in the fibrillogenesis 

step. An initial collagen concentration of 0.30% in 0.01 M hydrochloric acid solution, adding 

0.1 M Sodium hydroxide until pH 9.3 with gentle mixing, and keeping undisturbed for 24 h 

at 4°C are recommended as processing conditions to obtain collagen fibrils with native D-

banding pattern. The initial collagen concentration is critical for molecular availability and the 

mixing speed is critical for molecular mobility during fibrillogenesis.  

With this understanding of the behaviour of fish skin during the extraction process, 

and the knowledge on how it can be applied to any fish species of interest, the future 

processing of biomedical collagen from fish skin at the industrial level will be possible.  
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Chapter 1. Introduction and thesis outline 

1.1 Research background 

Marine collagen which can be extracted from fish skins has the potential for high-value 

applications in the biomedical field. Uses include wound dressings, drug delivery systems, 

gene delivery systems, and tissue engineering systems. Key to its use are its excellent 

biocompatibility, biodegradability and low antigenicity properties (Riaz et al., 2018, Sun et 

al., 2017; Zhu et al., 2018). It is made up of predominantly type I collagen, like currently 

sourced mammalian-derived collagen. Mammalian sources such as bovine and porcine have 

been widely utilised to extract collagen, however there is a need of alternative sources due to 

some concerns associated with mammalian sources. The rising costs of mammalian sources, 

and the challenges in the geography of supply due to the risk of transmission of zoonotic 

diseases such as bovine spongiform encephalopathy (BSE), foot and mouth disease (FMD) 

and transmissible spongiform encephalopathy (TSE) are associated problems (Liu et al., 2014, 

2015; Pal & Suresh, 2017). Additionally, mammalian-derived collagen is associated with 

religious concerns. Muslim and Hebrew faiths do not accept pig related products and Hindus 

do not accept cow related products in general (Nurilmala et al., 2019).  

On the other hand, industrial processing of fish recovers only 20-50% of the original 

raw material as edible portions and discards 50-80% as waste (Wasswa et al., 2007). Fish skin 

constitutes the major component of fish by-products with type I collagen accounting for the 

highest component of protein within it (Xu et al., 2017). Therefore, fish skin-origin collagen 

is a viable alternative due to its high availability, no risk of disease transmission, no religious 

barriers and low cost of raw material. However, this valuable resource has not been utilised 

by the biomedical industry to its optimum potential mostly due to the non-availability of 

industrial-scale processing methods that can extract collagen in native form with the tipl-

helical structure and D-banding pattern preserved in it. This D-banding pattern is required for 

cellular responses such as cell proliferation, cell migration, cell differentiation, and cell 

adhesion (Zhu et al., 2018), and mineralisation of the collagen matrix (Li et al., 2009).  

Industrial methods are available for collagen extraction from mammalian sources; 

however, they cannot be directly applied to fish due to structural and compositional 

differences between fish and mammalian sources. For example, the isoelectric pH of collagen 

extracted from bovine hide wastes is slightly acidic (pH 5.38) (Li et al., 2008) compared to 

pH 9.3 (Pati et al., 2012), and pH 6-9 (Li et al., 2013) reported for fish skin collagen. Lower 

thermal stability of fish collagen is a major barrier due to less cross-links compared to 

mammalian collagens, however cross-linking methods could be applied to attain the required 

stability in making biomedical materials.  

Kerecis, a company in Iceland has developed a skin substitute from intact cod fish 

skin without isolating the collagen from the skin. This device has applications in surgeries and 

wound healing. Jellagen, a company in United Kingdom has developed biomedical materials 

such as liquid collagen, hydrogels, flowable matrix, scaffolds and dressings from jellyfish 

which is a marine invertebrate. There are also industrial methods available to extract collagen 

from fish skin for food and cosmetics applications. Collagen is extracted in the form of gelatin 

for food applications and in the form of peptides for cosmetic applications. Both the gelatin 



2 

 

and peptides are hydrolysed forms of collagen which are not suitable for biomedical 

applications due to the loss of D-banding pattern. There are no industrial extracted microfibril 

biomedical collagen products that are derived from fish skin. 

Many studies have been done on the extraction and characterisation of fish skin 

collagen, however, they have not been progressed beyond the laboratory level. Unlike 

mammalian-origin collagen, the properties of fish-origin collagen differ due to the inter and 

intra-fish species differences. This important factor has not been considered in laboratory 

methods. Therefore, the adoption of the same method on all fish species is not appropriate for 

valorising applications in the biomedical field. In addition, these methods are complex, time-

consuming and not cost-effective to use by the industry. Therefore, modifying industrially 

relevant methods by considering fish species differences is of high importance. It is not 

practical to develop methods experimentally for all fish species of interest, therefore a strong 

mechanistic knowledge is required on how the biology of fish and biochemistry of fish skin 

structure relate to the physico-chemical processes of collagen extraction, to optimise 

processing parameters for any fish species with minimal experimentation.   

Therefore, this study is built on the hypothesis ‘optimum parameters that preserve the 

collagen native structure for biomedical applications will depend on the fish skin properties’. 

To test this hypothesis, different analytical and characterisation techniques were used to 

understand the behaviour of fish skin during different stages of the collagen extraction process.  

1.2 Aims and objectives 

The overall aim of this work was to develop an industrially relevant method for biomedical 

collagen extraction from fish skin. This aim was achieved through the following objectives: 

 Interpret how the fish skin structure and composition relate to the physico-chemical 

processes that occur during collagen extraction. 

 Present guidelines for collagen extraction from variable fish species at industrial level. 

The overall aim of the thesis can be seen in Figure 1.1. The knowledge developed 

from the research would be used to take the characteristics of the raw material fish skin and 

the desired structural properties of the product and identify the processing conditions required 

to deliver these outcomes. 

 
Figure 1.1 Graphical representation of the overall aim of the thesis. 
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1.3 Research approach 

This research was conducted through preliminary experiments followed by major 

experiments and finally proposing an industrially relevant method for biomedical collagen 

extraction from fish skin. The structural characteristics required for biomedical collagen are 

considered, but the biological tests to assess biocompatibility are not considered in this study.  

Preliminary experiments were conducted to become familiar with collagen extraction 

processes both from fish and mammalian sources, and to set up key equipment. A commercial 

bovine collagen extraction method was modified in preliminary experiments which formed 

the basis for the collagen extraction method proposed in this thesis. In addition, the 

experiments under three major experimental chapters; pretreatment, extraction, and 

fibrillogenesis were designed based on the overall knowledge gained from preliminary 

experiments. The analysis and characterisation techniques were employed to determine the 

structural integrity that should be preserved in biomedical collagen. Finally, a method was 

proposed and how it should be adopted to varying fish species was discussed.  

A summary of the work done under each chapter is listed below. 

 Chapter one describes the research background, aims and objectives, and the 

research approach. 

 Chapter two contains a comprehensive review covering all the aspects of research 

including biomedical applications of collagen, differences between fish and 

mammalian collagen, collagen extraction methods from fish skin, and the 

characterisation of collagen for biomedical applications.  

 Chapter three demonstrates a laboratory scale implementation of a commercial 

bovine collagen extraction process, and the application of this process to fish skin, 

and identifies key areas where modifications are required. 

 Chapter four includes preliminary experiments that developed a fish collagen 

extraction method for biomedical applications based on the understanding of the 

Chapter three results and available literature on fish collagen extraction. 

 Chapter five introduces the degree of swelling as a quantitative measure of the 

behaviour of fish skin during collagen processing in relation to different processing 

conditions. 

 Chapter six develops a pretreatment process based on experiments which determined 

the effect of different treatment conditions on the removal of non-collagenous proteins 

and fats, and the understanding of how fish skin behaved in the pretreatment medium.  

 Chapter seven develops an extraction process on the understanding of the collagen 

solubilisation process from the fish skin into an acidic solution, the factors affecting 

that process and the characteristics to determine the native triple-helical conformation 

of collagen. 

 Chapter eight develops a fibrillogenesis process based on the experiments which 

assessed the conditions affecting the isoelectric precipitation method used in this 

study. 

 Chapter nine concludes this thesis by presenting and discussing an industrially 

applicable biomedical collagen extraction method from fish skin and suggesting 

possible directions for future research. 
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Chapter 2. Literature review 

2.1 Introduction  

To develop an industrial process for preparation of marine collagen for biomedical 

applications, the research literature on the following aspects was reviewed; collagen as a 

biomaterial including molecular structure and biomedical applications, fish as a source of type 

I collagen for biomedical applications, the chemistry behind collagen extraction processes and 

how it relates to the biochemistry of fish skin structure, and the characterisation techniques to 

determine the applicability of collagen in biomedical applications. The structural 

characteristics required for biomedical collagen were considered, but the biological tests such 

as biocompatibility, biodegradability, and cell viability and the toxicity tests were not 

considered in this study. Further, the hygienic practices required for the safety aspects were 

not considered. 

2.2 Collagen as a biomaterial 

2.2.1 Molecular structure of collagen 

Collagen is the most abundant protein in vertebrates (Li et al., 2013; Xu et al., 2017) 

accounting to 25-30% of total body proteins (Arumugam et al., 2018; Li et al., 2013; 

Muralidharan et al., 2013; Singh et al., 2011) and 20-30% of total body proteins in mammals 

(Li & Douglas, 2013; Ricard-Blum, 2011; Woo et al., 2008). About half of the total body 

collagen is in the skin (Lee et al., 2001).  

Collagen is an extracellular matrix protein (Ikoma et al., 2003; Jiang et al., 2004; 

Maroušek et al., 2015; Shoulders & Raines, 2009; Zhu et al., 2018;) and it is the major 

constituent protein of tissues primarily responsible for the mechanical functions (Lee et al., 

2001) such as skin, tendons, cartilage, bones (Schmidt et al., 2016), and other types of tissues 

like blood vessels and cornea (Silvipriya et al., 2015). Collagen plays structural roles (Chen 

et al., 2016; Li et al., 2013; Maroušek et al., 2015) and contributes to mechanical properties 

(Ricard-Blum, 2011; Zhu et al., 2018), organisation, and shape of tissues (Ricard-Blum, 

2011). Collagen is involved in the formation of tissues and organs (Lee et al., 2001), cell 

attachment (Jiang et al., 2004) and functional expressions of cells (Lee et al., 2001). About 

70% of the composition other than water in the dermis of skin and tendons of mammals is 

collagen (Lee et al., 2001).  

At least 28 known genetically different types of collagen have been identified in 

vertebrates (Gómez-Guillén et al., 2011; Green et al., 2016), numbered with Roman numerals 

such as type I, type II, type XII (Ricard-Blum, 2011). Each type differs in its amino acid 

composition and sequence, molecular structure, and function (Gómez-Guillén et al., 2011; Liu 

et al., 2012; Pal et al., 2015). Some scientists say there are 29 types under the collagen family 

(Chen et al., 2016; Gómez-Guillén et al., 2011; Pal et al., 2015; Riaz et al., 2018; Silvipriya et 

al., 2015). An epidermal collagen type has been proposed as type XXIX (Rodhouse et al., 

1998), but its acceptance is under debate because the coding gene COL29A1 of type XXIX is 

identical to the coding gene COL6A5 of type VI (Gara et al., 2008; Hinderer et al., 2016), 

therefore the α1(XXIX) chain corresponds to the α5(VI) chain (Gara et al., 2008).  
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These 28 types of collagen are categorised as fibril-forming collagens, fibril-

associated collagens, network-forming collagens, membrane collagens, and multiplexins 

(Ricard-Blum, 2011). Fibril-forming or fibrillar collagens contain one major triple-helical 

domain. In contrast, fibril-associated collagens contain interrupted triple-helices. Membrane 

collagen subfamilies and multiplexins contain several triple-helical domains. Fibril-associated 

collagens or (fibril-associated collagens with interrupted triple-helices) do not form fibrils by 

themselves but are found covalently linked to the surface of fibril-forming collagens. For 

example, type XII and type XIV collagens are linked to the surface of type I collagen, whereas 

type IX is linked to type II collagen (Ricard-Blum, 2011).  

Molecular structure is common to all collagen types, i.e., the key feature or the 

structural unit is characterised by the presence of a triple-helix, composed of three polypeptide 

chains called α-chains, having a repeating amino acid sequence (Gelse et al., 2003; Riaz et al., 

2018; Ricard-Blum, 2011) in at least one region of the molecule (Gelse et al., 2003). The 

fraction of the molecule in the triple-helix structure varies from 96% in type I to less than 10% 

in type XII (Ricard-Blum, 2011). These α-chains are numbered with Arabic numerals such as 

α1, α2 (Ricard-Blum, 2011). In this repeated sequence of amino acids (Gly-X-Y)n, Gly is 

glycine, X is mostly proline and Y is mostly hydroxyproline (Addad et al., 2011; Gelse et al., 

2003; Gómez-Guillén et al., 2011; Pal et al., 2015; Ramı´rez-Rodrı´guez et al., 2014; Ricard-

Blum, 2011; Yang et al., 2014). 

The presence of glycine in every third position of the amino acid sequence is 

important for the assembly of a right-handed super helix (Gelse et al., 2003). The presence of 

proline and hydroxyproline residues is important for the conformation and stability of the 

triple-helix. It is caused by the steric hindrances originating from the pyrrolidine rings of these 

two imino acids (Jenkins & Raines, 2002; Nagai et al., 2008) and hydrogen bonding effects 

due to the hydroxyl group of hydroxyproline (Gelse et al., 2003). In addition, interchain 

hydrogen bonds, and electrostatic interactions, involving lysine and aspartate are important to 

stabilise the triple-helix (Ricard-Blum, 2011).  

In the first step of fibril-formation in vivo, collagens are synthesised as procollagen 

molecules (Figure 2.1) comprised of an amino-terminal propeptide (N-propeptide) followed 

by a short, non-helical, N-telopeptide, a central triple-helix, a C-telopeptide and a carboxy-

terminal propeptide (C-propeptide) (Ricard-Blum, 2011).  

 

Figure 2.1 Molecular structure of the procollagen molecule with various subdomains and cleavage 

sites (source: Gelse et al., 2003). 
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During the first step of fibril-formation in vivo, pro-α-chains undergo various 

modifications such as hydroxylation of proline and lysine residues, glycosylation of lysine and 

hydroxylysine residues, sulfation of tyrosine residues (Myllyharju & Kivirikko, 2004) to form 

the triple-helix procollagen molecule, and this process stops once heat shock proteins 47-

HSP47 are bound to this procollagen molecule (Makareeva & Leikin, 2007). C-propeptides 

are important in the initiation of triple-helix formation, while N-propeptides are important in 

the regulation of primary fibril diameters (Bateman et al., 1996). These propeptides are 

cleaved during the maturation process to form tropocollagen molecules, the structural unit of 

collagen with dimensions of 300 nm in length and 1.5 nm in diameter (Kadler et al., 1996) 

corresponding to about 1,000 amino acids (Bateman et al., 1996) (Figure 2.1).  

During the second step of fibril-formation in vivo, five of these tropocollagen 

molecules combine to form one microfibril (Hulmes, 2002; Orgel et al., 2001) of tens to 

hundreds of nm in diameter (Zhu et al., 2018) (Figure 2.2). In the first 14 amino acid residues 

from the N-terminus and in the first 10 amino acids from the C-terminus of the tropocollagen 

molecule, which are termed telopeptides, the repetitive occurrence of glycine amino acids does 

not occur (Wong, 1989), therefore these two ends are non-helical. These telopeptide regions 

are important in a collagen molecule to form covalent cross-links between collagen molecules 

(Nalinanon et al., 2011; Ricard-Blum, 2011) and form cross-links with other molecular 

structures of the surrounding matrix (Gelse et al., 2003). The mechanical properties of fibril-

forming collagens depend on this covalent cross-linking that occurs due to lysine and 

hydroxylysine amino acids (Ricard-Blum, 2011). These cross-links are formed by different 

pathways (Hofman et al., 2012). These cross-links cause a decrease in collagen solubility 

(Nalinanon et al., 2011). Cross-linking is tissue-specific rather than collagen-specific (Ricard-

Blum, 2011). The form of cross-linking and its chemical properties depend on the animal 

species and tissue type (Hofman et al., 2012). Meanwhile, these fibrils are covalently bound 

to each other in a staggered manner (Zhu et al., 2018) with a distinctive periodicity of about 

67 nm (the D-period) (Gelse et al., 2003; Lee et al., 2001; Li & Douglas, 2013). One D-period 

refers to 234 amino acid residues (Zhu et al., 2018). 

During the last step of fibril-formation in vivo, these collagens assemble into well-

packed, highly-orientated supramolecular aggregates or fibrils, which present a suprastructure 

with the same D-banding pattern (Gelse et al., 2003; Lee et al., 2001; Li & Douglas, 2013), 

and a typical quarter-staggered fibril-array with diameters between 25 and 400 nm (Gelse et 

al., 2003), and length less than 1 cm (Shoulders & Raines, 2009). A typical collagen fibril 

consists of 4.4D periods (Li & Douglas, 2013). These collagens are called fibril-forming 

collagens due to their ability to assemble into D-periodic cross-striated fibrils (Zhu et al., 

2018) (Figure 2.2).  

Fibril-forming collagens are the most abundant collagens in vertebrates (Gelse et al., 

2003; Pawelec et al., 2016; Ricard-Blum et al., 2000), accounting for about 90% of all 

collagens (Zhu et al., 2018). They have a structural importance as they contribute to the 

molecular architecture and shape, and a mechanical importance as they maintain tensile 

strength in skin and resistance to traction in ligaments (Ricard-Blum et al., 2000). In addition, 

fibril-forming collagens regulate cell growth, differentiation and migration by interacting with 

cells through several receptors (Ricard-Blum et al., 2000). D-periodicities provide the 

structure template for calcification where minerals are primarily deposited in these gap zones 
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of fibrils (Li et al., 2009; Li & Douglas, 2013). This D-periodicity or D-banding pattern is the 

key requisite for biomedical-grade collagen because cellular responses such as cell 

proliferation, cell migration, cell differentiation, and cell adhesion depend on this D-banding 

pattern (Zhu et al., 2018).  

 

2.2.2 Type I collagen 

Collagen type I is a fibril-forming collagen, (with types II, III, V, XI, XXIV, XXVII) (Ricard-

Blum, 2011). Type I collagen is the most abundant collagen type (Gelse et al., 2003; Pal & 

Suresh, 2017; Pawelec et al., 2016). 

Type I collagen similar to all other collagen types, in that it has a triple-helix structure 

containing three α-chains. Type I collagen is usually formed as a heterotrimer by two identical 

α1(I) chains and one α2(I) chain: α1(I)2α2(I) (Gelse et al., 2003; Nalinanon et al., 2011; 

Ramı´rez-Rodrı´guez et al., 2014; Yang et al., 2014). The structural differences between α1(I) 

chain and α2(I) chain are shown in Figure 2.3. Collagen type I forms super-twisted microfibrils 

Figure 2.2 Schematic representation of fibril-forming in vivo showing the characteristic D-banding 

pattern (source: Zhu et al., 2018). 
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of five molecules that interdigitate with neighbouring microfibrils, leading to the quasi-

hexagonal packing of collagen molecules (Ricard-Blum, 2011).  

  

 

 

Type I collagen is found in connective tissues such as skin, bones, dermis, tendon, 

ligaments, cartilage, and cornea (Gelse et al., 2003; Krishnamoorthi et al., 2017; Li et al., 

2009; Li et al., 2013). Insoluble networks of fibrous bundles of type I collagen provide shape 

(Li et al., 2009), mechanical support (Gobeaux et al., 2008; Li et al., 2009) and stability in 

tissues (Gobeaux et al., 2008), and strain energy storage in bone by being mineralised in 

vertebrate tissues (Li et al., 2009). Type I collagen is also found as a major structural protein 

in invertebrates (Gobeaux et al., 2008). Type I collagen extracted from mammalian, fish or 

any other source can be used for biomedical applications in humans or animals as the 

molecular structure is not source dependant.  

2.2.3 Biomedical applications of type I collagen 

Collagen has a wide variety of applications in food, pharmaceutical, nutraceutical, medical, 

biodegradable packaging, cosmetic and biomedical industries (Arumugam et al., 2018; Liu et 

al., 2015; Muralidharan et al., 2013; O'Sullivan et al., 2006; Pal & Suresh, 2016, 2017; 

Shoulders & Raines, 2009; Xu et al., 2017; Zeng et al., 2009) due to properties such as 

biocompatibility, biodegradability and low immunity response (Riaz et al., 2018; Sun et al., 

2017; Zhu et al., 2018). In addition, properties related to surface behavior, such as 

emulsification, foam formation, stabilisation and adhesion are advantageous in biomedical 

applications (Coppola et al., 2020).  

Low immunogenicity or weak antigenicity is a characteristic for use of type I collagen 

for biomedical applications (Lee et al., 2001; Stamov & Pompe, 2012). Antigenicity of 

collagen is due to the non-helical telopeptides attached to both ends of the collagen molecule 

(Lee et al., 2001; Stamov & Pompe, 2012). Weak antigenicity is achieved by producing 

atelocollagen by cleaving the telopeptides of collagen molecules while retaining the triple-

helical structure of collagen, using a proteolytic enzyme like pepsin (Lee at al., 2001; Stamov 

& Pompe, 2012).  

Collagen has several applications in the biomedical field as;  

 a drug delivery system (Cheng et al., 2008; Gómez-Guillén et al., 2011; Kim 

& Mendis, 2006; Lee et al., 2001; Pal & Suresh, 2016; Zhu et al., 2018), 

 a protein and gene delivery system (Cheng et al., 2008; Gómez-Guillén et al., 

2011; Kim & Mendis, 2006; Pal & Suresh, 2016),  

 a substitute for human skin, blood vessels and ligaments (Gómez-Guillén et 

al., 2011; Kim & Mendis, 2006),  

Figure 2.3 Domain composition of α-chains in type I collagen (source: Ricard-Blum, 2011). 
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 tissue engineering devices (Bak et al., 2018; Cheng et al., 2008; Jiang et al., 

2004; Lee et al., 2001; Muralidharan et al., 2013; Zhu et al., 2018),  

 inhibitors of angiogenic diseases (Muralidharan et al., 2013), and 

 wound healing devices (Pal & Suresh, 2016). 

2.2.3.1 Collagen-based wound dressings 

Collagen-based dressings have been used in wound healing (Zhu et al., 2018) and burn 

coverage applications (Geesin et al., 1996; Riaz et al., 2018;). Physical properties, such as 

high surface area, efficient exudate absorption, regulation of the wound’s humidity, ability to 

produce scaffolds with optimum porosity suitable for effective cell respiration via air 

permeability and to protect from bacterial infections (Zhu et al., 2018), and biological 

properties like promotion of fibroblast production (Cheng et al., 2008), acceleration of wound 

and burn healing efficiency (Lee et al., 2001), make collagen a suitable candidate in wound 

healing applications.  

2.2.3.2 Collagen-based drug delivery systems 

Natural drug carriers are recently being used over synthetic carriers due to their safety profiles 

and degradability in vivo (Zhu et al., 2018). The most important feature of an efficient drug 

delivery system is the release kinetics, which is the controlled release of the drug at the target 

site. It is controlled by the collagen matrix characteristics such as cross-linking density and 

composition, and properties of the drug molecule such as size and composition (Zhu et al., 

2018). Other important characteristics of type I collagen in this application include 

withstanding sterilisation, flexibility upon hydrolysis, good strength to resist manipulation and 

biocompatibility (Lee et al., 2001). 

Collagen is used in various forms such as films, discs, sheets, sponges, membranes, 

fibres, hydrogels and nanoparticles in drug delivery systems. Collagen films, discs or sheets 

as drug delivery systems to treat tissue infections are capable of maintaining drug 

concentrations, particularly antibiotics or anti-cancer agents at target sites for a relatively long 

period (Lee et al., 2001). Telopeptide-free reconstituted collagen films can deliver drugs with 

slow-release profiles (Rubin et al., 1973). Bloomfield et al. (1978) used collagen films as 

alternatives to liquid and ointment vehicles in eye treatment. The compatibility of collagen 

with polymers such as chitosan is advantageous to make films by cross-linking, enabling 

design for the controlled release of incorporated drugs (Lee et al., 2001).  

Collagen sponges have been used as short-term antibiotic and steroid delivery 

systems. The advantages of collagen sponges as drug carriers include the controlled release of 

drugs and reducing the tissue-irritation activity. Disadvantages of collagen sponges include 

poor mechanical strength (Lee et al., 2001). 

Collagen’s ability to be cross-linked with natural and synthetic polymers is 

advantageous in making hydrogels as drug carriers. The combination with a synthetic polymer 

improves mechanical stability and biological acceptability. Controlled release of drugs such 

as anti-cancer drugs, contraceptive steroids, and growth hormones has been successful in 

hydrogels made of collagen and synthetic polymers. Hydrogels have the advantages of ease 

of manufacturing and self-application (Lee et al., 2001). Minipellets of collagen were used 
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successfully as drug delivery carriers due to their ability to be injected into subcutaneous space 

through a syringe needle (Lee et al., 2001). 

2.2.3.3 Collagen-based gene delivery systems (proteins, genes) 

Collagen is used as a gene delivery system in promoting bone formation. Collagen film or 

matrix serves as the carrier of bone cells and provides anchorage to bone cells during cell 

differentiation (Lee et al., 2001). Films made of collagen cross-linked with chitosan have been 

successfully used in the long-term survivability of cells in gene delivery systems (Park et al., 

2000). Collagen implants in the form of sponge have been used as vehicles to transport skin 

cells to replace skin (Lee et al., 2001). Minipellets of collagen were successful as gene carriers 

and in carrying plasmid DNA due to biocompatibility and controlled release rates. Carrying 

large molecular weight proteins can also be achieved with minipellets of collagen (Lee et al., 

2001). Collagen hydrogels are used as gene carriers in clinical applications due to low 

antigenicity. One example is carrying human tracheal epithelial cells and chondrocytes to 

repair cartilage defects (Lee et al., 2001). Collagen hydrogels have raised great interest as 

protein delivery systems due to porosity, high water content and high resemblance to the extra 

cellular matrix (ECM) (Zhu et al., 2018). 

Collagen’s ability to cross-link with liposomes provides the advantages of formulation 

stability and controlled release of entrapped materials. Liposome-collagen combined systems 

can be used to carry insulin and growth hormone into the circulatory system (Lee et al., 2001). 

Collagen provides the substrate for cell attachment and proliferation while antimicrobials or 

cell growth factors entrapped within liposomes provides enhanced cell growth and prevention 

of infection (Weiner et al., 1985). Collagen-based matrices are also used as a lattice for tissue 

culture systems to study the mechanisms behind human tumour progress (Lee et al., 2001). 

2.2.3.4 Collagen-based tissue engineering systems 

Mechanical and biological properties of type I collagen make them useful candidates in tissue 

engineering applications to make scaffolds, artificial tendons, and skin under in vitro 

conditions (Pal & Suresh, 2017). Type I collagen is superior to any natural biological polymer 

for tissue engineering applications, as it is the major structural component of the native ECM 

in living tissues (Pawelec et al., 2016) and due to its ability to resemble ECM by self-

aggregation into a three-dimensional (3D) network in vitro (Zhu et al., 2018). Self-aggregation 

and cross-linking abilities are mostly useful as a biomaterial to form fibres with high strength 

and stability (Lee et al., 2001) which is useful in tissue engineering applications. Characteristic 

features of type I collagen for tissue engineering applications include excellent 

biocompatibility (Lee et al., 2001; Zhu et al., 2018), safety (Lee et al., 2001), osteoconductive 

activity (Lee et al., 2001), biodegradability in vivo, large surface area for cell attachment, 

support of vascularisation processes (Lee et al., 2001), and low immunity response (Zhu et al., 

2018). It can be combined with other polymers like chitosan and elastin to improve chemical 

and mechanical properties (Pawelec et al., 2016). 

Disadvantages of collagen in tissue engineering include poor mechanical strength, 

ineffectiveness in the management of infected sites, and the inability of adequate supplies. 

These drawbacks can be overcome by improving the chemical, physical and biological 
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properties of collagen, for example, by adjusting the collagen matrix structure or the addition 

of other proteins, or polymers (Lee et al., 2001). 

Applications of collagen as bioengineered tissues include the use of 3D collagen 

scaffolds as artificial blood vessels, heart valves or cell transplant devices (Lee et al., 2001), 

connective tissues, adipose tissue, mammary glands and in osteochondral defects (Pawelec et 

al., 2016). Type I collagen provides the collagen component in making biomimetic scaffolds 

due to its ability to mimic real tissue (Li et al., 2009). 

2.3 Sources of type I collagen for biomedical applications 

Collagen has been extracted from a range of sources for use as biomaterials. Bones, tendons 

and skin of bovine and porcine sources have been mainly utilised for collagen extraction and 

further applications (Zeng et al., 2009). However, due to outbreaks of bovine spongiform 

encephalopathy (BSE), foot and mouth disease (FMD) and transmissible spongiform 

encephalopathy (TSE), people have concerns about using mammalian-origin collagen and 

collagen-based products (Liu et al., 2014, 2015; Pal & Suresh, 2017) as there is a risk of getting 

these diseases transmitted to human beings (Arumugam et al., 2018; Gauza-Włodarczyk et al., 

2017; Muralidharan et al., 2013; Pal & Suresh, 2016; Woo et al., 2008; Zeng et al., 2009). Use 

of poultry sources for collagen extraction has concerns due to avian influensa (Chen et al., 

2016; Schmidt et al., 2016). In addition, Muslims and Hebrew faiths do not accept pig-based 

products (Arumugam et al., 2018; Chen et al., 2016; Kittiphattanabawon et al., 2005; Li et al., 

2013; Muralidharan et al., 2013; Pal & Suresh, 2016; Schmidt et al., 2016; Zeng et al., 2009) 

while Hindus do not accept cow-based products (Muralidharan et al., 2013; Pal & Suresh, 

2016).  

2.3.1 Fish as a source of type I collagen 

During the past few years, increasing attention on alternative sources for the replacement of 

mammalian collagen has been paid, fish collagen, and invertebrate collagen such as jellyfish, 

sponges, squids, and molluscs being better alternatives (Pal & Suresh, 2016; Zhang et al., 

2009).  

Fish collagen has become a viable and an attractive source due to its high availability 

(Li et al., 2013; Pawelec et al., 2016), no risk of disease transmission (Li et al., 2013), no 

religious barriers (Li et al., 2013), high yield (Li et al., 2013) and low cost of raw material 

(Pawelec et al., 2016). Fish is the most genetically distant animal from mammals, therefore 

the possibility of disease transmission from fish to mammals or humans is not found. This 

makes fish a safer source for collagen extraction (Yamamoto et al., 2015). 

Industrial processing of seafood recovers only 20-50% of the original raw material as 

edible portions while 50-80% is generated as non-edible by-products or leftover raw materials 

(Chi et al., 2014; Kittiphattanabawon et al., 2005; Li et al., 2013; Pal & Suresh, 2016; Woo et 

al., 2008; Xu et al., 2017). Fish processing by-products include skin, head, viscera, bones, and 

scales (Li et al., 2013; Xu et al., 2017). These by-products are either underutilised for cheap 

applications such as manufacturing of fertiliser, feed and fuel (Li et al., 2013; Nagai & Suzuki, 

2000; Pal & Suresh, 2016; Schmidt et al., 2016; Xu et al., 2017) or wasted causing 

environmental problems (Kittiphattanabawon et al., 2005; Li et al., 2013; Pal & Suresh, 2016) 

and increasing the cost of disposal. 
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Either through wastage or underutilisation, a potential source of income is lost 

(Schmidt et al., 2016). If these low-value by-products are utilised properly, they can be 

converted to a product with a highly added value that can increase the economic return to the 

seafood processing industry by covering the costs of processing and disposal (Arumugam et 

al., 2018; Chi et al., 2014; Schmidt et al., 2016; Xu et al., 2017). In addition, it supports the 

sustainable utilisation of natural aquatic resources and reduces environmental problems 

(Arumugam et al., 2018; Schmidt et al., 2016; Xu et al., 2017). 

There is a growing market to extract collagen and gelatin-like proteins, peptides, oils, 

fatty acids, chitin, vitamins, minerals, enzymes, pigments, flavours, and minerals from these 

seafood by-products (Pal & Suresh, 2016; Schmidt et al., 2016). Recently, there has been great 

interest in fish by-products such as bones, scales, fins, and skin as potential alternative sources 

of collagen (Liu et al., 2014, 2015; Pal & Suresh, 2016; Schmidt et al., 2016; Skierka & 

Sadowska, 2007; Xu et al., 2017). 

Excellent bioactive properties such as biocompatibility (Addad et al., 2011; Cho et 

al., 2014, Pal & Suresh, 2016; Subhan et al., 2015; Yamamoto et al., 2015), high 

biodegradability (Pal & Suresh, 2016; Subhan et al., 2015; Yamamoto et al., 2015), weak 

antigenicity (Pal & Suresh, 2016; Subhan et al., 2015; Yamamoto et al., 2015), high cell 

growth potential (Subhan et al., 2015), high cell adhesion properties (Pal & Suresh, 2016; 

Yamamoto et al., 2015) and high cell proliferation potential (Yamamoto et al., 2015) are the 

favourable characteristics of fish-origin collagen for biomedical applications (Subhan et al., 

2015). The main differences between fish and mammalian collagen include high biological 

value, high essential amino acid content and low hydroxyproline content (Muralidharan et al., 

2013). However, source dependant composition variation and low denaturation temperature 

are associated with fish collagen as drawbacks.  

2.3.2 Fish skin as a source of type I collagen  

Fish skin constitutes the major component of fish by-products from fish processing industry 

(Xu et al., 2017) and it contains 50-95% of protein (Xu et al., 2017), collagen being the highest 

component (Nalinanon et al., 2011; Xu et al., 2017). Fish skin collagen has been extracted and 

characterised from several fish species (Table 2.1). However, only a few researchers have 

analysed the potential of fish skin collagen for use in biomedical applications (Table 2.2). Fish 

skin has not been rationally utilised up to now by the collagen manufacturing industry and 

many research studies have ended up without progressing to industrial-level processing.  

 
Table 2.1 Fish and other seafood sources used for extraction and characterisation studies. 

Fish species used Reference 

Sole fish (Aseraggodes umbratilis) Arumugam et al., 2018 

Tilapia (Oreochromis niloticus) Chen et al., 2016 

Hammerhead shark (Sphyrna lewini) Chi et al., 2014 

Common carp (Cyprinus carpio) Duan et al., 2009 

Skate (Raja kenojei) Hwang et al., 2007 

Brownstripe red snapper (Lutjanus vitta) Jongjareonrak et al., 2005 
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Fish species used Reference 

Jellyfish (Acromitus hardenbergi) Khong et al., 2018 

 
Bigeye snapper (Priacanthus tayenus) Kittiphattanabawon et al., 2005 

 
Blacktip shark (Carcharhinus limbatus) Kittiphattanabawon et al., 2010a 

 
Brownbanded bamboo shark (Chiloscyllium 

punctatum), Blacktip shark (Carcharhinus limbatus) 

 

 

Kittiphattanabawon et al., 2010b 

Splendid squid (Loligo formosana) Kittiphattanabawon et al., 2015 

 
Squid (Illex argentinus) Kolodziejska et al., 1999 

 
Spanish mackerel (Scomberomorous niphonius) 

 

Li et al., 2013 

 

 Grass carp (Ctenopharyngodon idella) Liu et al., 2015 

 
Leather jacket (Odonus niger) Muralidharan et al., 2013 

 
Skipjack tuna (Katsuwonus pelamis),  

Japanese seabass (Lateolabrax japonicus),  

Ayu (Plecoglossus altivelis),  

Yellow sea bream (Dentex tumifrons),  

Chub mackerel (Scomber japonicus),  

Bullhead shark (Heterodontus japonicus),  

Horse mackerel (Trachurus japonicus) 

Nagai and Suzuki, 2000 

 

 

 

 

 

 

 
Jellyfish (Stomolophus Meleagris) Nagai et al., 1999 

 
Ocellate puffer fish (Takifugu rubripes) Nagai et al., 2002 

 

 Ornate threadfin bream (Nemipterus hexodon) Nalinanon et al., 2011 

 
Black drum (Pogonia cromis), 

Sheepshead seabream (Archosargus 

probatocephalus) 

Ogawa et al., 2004 

 

 

 
Nile Tilapia (Oreochromis niloticus) Potaros et al., 2009 

 
Baltic cod (Gadus morhua) Sadowska et al., 2003 

 
Striped catfish (Pangasianodon hypophthalmus) Singh et al., 2011 

 
Baltic cod (Gadus morhua) Skierka & Sadowska, 2007 

 
African Catfish (Clarias gariepinus),  

Salmon (Salmo salar), Baltic Cod (Gadus morhua) 

Tylingo et al., 2016 

 

 

 
Marine eel-fish (Evenchelys macrura) Veeruraj et al., 2013 

 
Deep-sea redfish (Sebastes mentella) Wang et al., 2008 

 
Yellowfin tuna (Thunnus albacares) Woo et al., 2008 

 
Southern catfish (Silurus meridionalis Chen) Xu et al., 2017 

 
Nile tilapia (Oreochromis niloticus) Zeng et al., 2009 

 
Largefin longbarbel catfish (Mystus macropterus) Zhang et al., 2009 
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Table 2.2 Fish and other marine sources investigated for use in biomedical applications. 

Fish species used Biomedical application Reference 

Antarctic squid (Kondakovia 

longimana), Sub-Antarctic squid 

(Illex argentines)  

hybrid scaffolds for 

tissue engineering 

Coelho et al., 2017 

 

 

 
Jellyfish (Rhopilema esculentum) cartilage tissue 

engineering 

Hoyer et al., 2014 

   Irish cod (Gadus morhua),  

Irish ling (Molva molva),  

New Zealand hoki (Macruronus 

novaezelaniae), New Zealand ling 

(Genypterus blacodes) 

biopolymer films O'Sullivan et al., 2006 

 

 

 

 

 

 Pacific cod (Gadus macrocephalus) sponge as a biomedical 

material 

Sun et al., 2017 

 

 Tilapia (Oreochromis sp.) sponge as a biomedical 

material 

Yamamoto et al., 

2015 

2.3.3 Characteristics governing the species differences in fish-origin collagen  

2.3.3.1 Denaturation temperature (Td) 

Denaturation temperature depends on the collagen origin and generally it is higher in 

mammalian-origin collagen (Gauza-Włodarczyk et al., 2017). There are a few perspectives 

for this difference, for example, according to Liu et al. (2014) and Pal & Suresh (2016), a 

higher frequency of interactions by the higher content of proline and hydroxyproline amino 

acids in bovine skin collagen contributes to a comparatively higher Td than fish skin collagen, 

but according to Gauza-Włodarczyk et al. (2017) it is due to higher content of hydroxyproline.  

In the case of fish collagen, denaturation temperature depends on the fish species it 

originates from (Gauza-Włodarczyk et al., 2017; Muralidharan et al., 2013; Pal & Suresh, 

2016) and is a result of many factors such as; 

 temperature of feeding ground of the fish (Gauza-Włodarczyk et al., 2017),  

 water content in fish tissue (Gauza-Włodarczyk et al., 2017),  

 degree of cross-linking (Gauza-Włodarczyk et al., 2017),  

 hydroxyproline content (Gauza-Włodarczyk et al., 2017; Yamamoto et al., 

2015),  

 content of both proline and hydroxyproline (Li et al., 2013; Liu et al., 2014; 

Nalinanon et al., 2011; Xu et al., 2017; Zeng et al., 2009),  

 degree of hydroxylation of proline residues (Coelho et al., 2017; Li et al., 

2013; Xu et al., 2017;),  

 body temperature of fish and environmental temperature of their habitat 

(Gauza-Włodarczyk et al., 2017; Li et al., 2013; Nalinanon et al., 2011; Xu et 

al., 2017). 

Some scientists argue that the thermal stability of fish collagen is a function of proline 

and hydroxyproline content rather than hydroxyproline content alone (Muralidharan et al., 

2013; Muyonga et al., 2004). According to this argument, thermal stability is associated with 

its superhelical structure which is maintained by the conformational restrictions by pyrrolidine 
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rings of proline and hydroxyproline (Woo et al., 2008), and the involvement of hydrogen 

bonding through the hydroxyl group of hydroxyproline is only a partial attribution (Liu et al., 

2015; Nalinanon et al., 2011; Pal & Suresh, 2016, 2017). However, some researchers describe 

the denaturation temperature as a function of hydrogen-bonded networks mediated by water 

molecules which connect the hydroxyl group of hydroxyproline in one strand to the main chain 

amide carboxyl of another chain (Li et al., 2013). According to Pal & Suresh (2016, 2017), it 

is directly correlated with the body temperatures of fish species and their habitat temperatures. 

Generally, the Td of collagen from warm-water fish species is higher than that of cold-water 

species (Liu et al., 2015; Nagai & Suzuki, 2000). Studies reported similar Td values in fish 

collagen extracted from fish living in similar environmental temperatures.  

 Td of skin collagen from subtropical and tropical fish showed similar values: 

Unicorn leatherjacket (29.33-31.98°C) (Ahmad & Benjakul, 2010); Striped 

catfish (39.3-39.6°C) (Singh et al., 2011); Ornate threadfin bream (33.35°C) 

(Nalinanon et al., 2011); Eagle ray (34.1°C) (Bae et al., 2008); Bigeye 

snapper (28.68-31°C) (Kittiphattanabawon et al., 2005); Bigeye snapper 

(32.5°C) (Nalinanon et al., 2007); Channel catfish (32.5°C) (Liu et al., 2007); 

Black drum (34.2°C) (Ogawa et al., 2003); Sheepshead seabream (34°C) 

(Ogawa et al., 2003).  

 Td values of skin collagen from cold-water fish from temperate regions 

reported lower values: Cod (15°C) (Duan et al., 2009); Arabesque greenling 

(15.7°C) (Nalinanon et al., 2010); Deep-sea redfish (16.1°C) (Wang et al., 

2008); Pacific whiting (21.7°C) (Kim & Park, 2004).  

 Nagai & Suzuki (2000) reported similar Td values for skin collagen from 

Japanese seabass (26.5°C), Chub mackerel (25.6°C), and Bullhead shark 

(25°C) living in habitats with relatively similar temperatures.  

Akita et al., (2020) showed a correlation between the denaturation temperature of type 

I collagen with habitat temperature of fish. Six warm-water fish species where their habitat 

temperatures ranged from 16.6°C to 28.0°C recorded Td values ranging from 23.5°C to 34.9°C. 

Five cold-water fish species where their habitat temperatures ranged from 0.4°C to 12.8°C 

recorded Td values ranging from 18.0°C to 20.2°C. 

Denaturation temperature of collagen also depends on the state of the sample. In solid 

state it depends mainly on the method of measurement, the presence of admixtures and water 

among many other factors (Gauza-Włodarczyk et al., 2017). Effect of hydration level is related 

to the loss of structural water (Gauza-Włodarczyk et al., 2017). Chemical composition of the 

sample plays only a limited role (Gauza-Włodarczyk et al., 2017). According to the study of 

Gauza-Włodarczyk et al. (2017) using Salmo salar skin collagen, different Td values were 

obtained depending on the state of the sample. When collagen was used in the form of gel, 

lower Td values (23-35°C) and when it was used in solid freeze-dried form higher Td values 

(150°C) were obtained. Zeugolis & Raghunath (2010) reported higher Td values for dry-state 

mammalian collagen (102-116°C) than that for wet-state mammalian collagen (49-53°C).  

Low denaturation temperature is a drawback associated with fish collagen in tissue 

engineering applications and reported poor stability in mammals in vivo (Yamamoto et al., 

2015). But this drawback can be overcome by the use of various methods. According to the 

study of Liu et al. (2014) using the skin of Snakehead (Channa argus) Td became much higher 



16 

 

when the heating rate increased. This indicates that the denaturation process can be kinetically 

controlled in part (Liu et al., 2014). Introduction of covalent bonds or cross-links between 

individual fibrils is another method to improve the thermal stability of fish collagen (Pawelec 

et al., 2016; Subhan et al., 2015). Examples of cross-linking agents that have been successful 

with fish collagen include neutral buffers such as 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC), 1-ethyl-(3-3-dimethylaminopropyl) carbodiimide hydrochloride/N-

hydroxysuccinimide (EDC/NHS), and genipin under high pressure of carbon dioxide (Subhan 

et al., 2015). Composite of marine collagen with biomaterials such as chitosan and calcium 

hydroxyapatite is another method of increasing the thermal stability (Subhan et al., 2015). Fish 

skin collagen can be used instead of mammalian collagen on the condition that the process 

will not require a temperature higher than Td depending on the state of collagen (Gauza-

Włodarczyk et al., 2017). 

2.3.3.2 Amino acid composition 

Collagen contains 19 amino acids irrespective of its origin (Gauza-Włodarczyk et al., 2017). 

The combination of amino acids in collagen is different from other proteins. Proline, 

hydroxyproline and hydroxylysine are unique amino acids available in collagen (Gauza-

Włodarczyk et al., 2017; Li et al., 2013). Type I collagen is rich in glycine, alanine and proline 

(Nalinanon et al., 2011), glycine being the most dominant amino acid (Muyonga et al., 2004). 

When the content of amino acids is expressed as residues per 1,000 total amino acid residues, 

the highest amount accounted for is glycine as recorded by researchers using various fish 

species, for example, Leather jacket (352.0-356.8 residues/1,000 residues) (Muralidharan et 

al., 2013), Spanish mackerel (341.6-352.6 residues/1000 residues) (Li et al., 2013). Type I 

collagen contains no cysteine and tryptophan, and relatively low contents of tyrosine and 

histidine. This is under the findings using various fish species, such as Ornate threadfin bream, 

Common horse mackerel, Yellow sea bream, Tiger puffer fish, Black drum, Sheepshead 

seabream, Brownstripe red snapper and Arabesque greenling (Nalinanon et al., 2011). The 

property of absence or presence of only negligible amounts of tryptophan and tyrosine is used 

in analysing the purity of collagen using the ultra-violet (UV) absorption spectrum. 

The content of hydroxyproline in collagen depends on its origin, but when the origin 

is fish it varies depending on their environment. Generally, cold-water fish have a lower 

content of hydroxyproline compared to warm-water species (Gauza-Włodarczyk et al., 2017). 

Similarly, differences in imino acid content in different fish species are associated with their 

habitat (Muralidharan et al., 2013; Muyonga et al. 2004; Xu et al., 2017; Zeng et al., 2009).  

 Imino acid content of fish skin collagen is lower than that of mammalian 

collagen. Studies reported higher imino acid contents in mammalian-origin 

collagen, for example, calf skin collagen (215 residues/1000 residues) 

(Ogawa et al., 2003; Xu et al., 2017); calf skin collagen (216 residues/1000 

residues) (Li et al., 2013) and pig skin collagen (220 residues/1000 residues). 

 Imino acid content of skin collagen from warm-water species is higher than 

that of cold-water species, for example, Bigeye snapper (193-200 

residues/1000 residues) (Nalinanon et al., 2011); Shark (204-207 

residues/1000 residues); Nile perch (192-200 residues/1,000 residues 

(Muralidharan et al., 2013); Southern catfish (197 residues/1000 residues) 
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(Xu et al., 2017); Bighead carp (181 residues/1000 residues) (Xu et al., 2017); 

Grass carp (186 residues/1000 residues) (Xu et al., 2017).  

 Conversely, imino acid content is lower in fish skin collagen obtained from 

cold-water species, for example, imino acid content of Arabesque greenling 

(Nalinanon et al., 2011), Cod (Duan et al., 2009), Deep-sea red fish 

(Nalinanon et al., 2011) and Pacific whiting (Nalinanon et al., 2011) ranged 

between 154 and 165 residues/1000 residues; Spanish mackerel (177-180 

residues/1000 residues) (Li et al., 2013), Leather jacket (161.4 residues/1000 

residues) (Muralidharan et al., 2013); Toad fish (170 residues/1,000 residues) 

(Muralidharan et al., 2013). The higher content of imino acids is important to 

have higher thermal stability (Pal & Suresh, 2016) by strengthening the triple-

helix structure of collagen (Pal & Suresh, 2017; Nalinanon et al., 2011; Xu et 

al., 2017).  

The degree of hydroxylation of proline is important for better functional properties by 

also stabilising the triple-helical structure of collagen (Muralidharan et al., 2013; Xu et al., 

2017; Woo et al., 2008). Proline content is generally higher than hydroxyproline content in 

fish collagen (Muralidharan et al., 2013). This can also be interpreted as the degree of 

hydroxylation of proline. It is lower than mammalian collagen, for example, Japanese flounder 

(40.0%); Bigeye snapper (39.9%); Ocellate puffer fish (39.4%) and Nile perch (40.1%) 

compared to calf skin collagen (43.91%) (Li et al., 2013). Lysine hydroxylation is important 

to improve the cross-links in collagen (Li et al., 2013). 

The content of hydroxyproline in collagen is used for quantitative estimation of 

collagen properties (Gauza-Włodarczyk et al., 2017). After determining the conversion factor 

of hydroxyproline content to collagen, it can be used to estimate the collagen in raw fish skin, 

the yield of collagen and the purity of extracted collagen (Nalinanon et al., 2011). This 

conversion factor depends on the fish species and body part, for example, Ornate threadfin 

bream (12.7), Baltic cod backbone (15.7) and skin (14.7) (Nalinanon et al., 2011). Nalinanon 

et al. (2011) in their study using the skin of Ornate threadfin bream found a 1.46-fold increase 

in hydroxyproline content in the extracted collagen (72.3±0.5 mg/g dry weight) compared to 

that of raw skin (49.5±0.4 mg/g dry weight) suggesting effective removal of non-collagenous 

materials from fish skin before collagen extraction. 

2.4 Collagen extraction and isolation process from fish skin 

2.4.1 Structure and composition of fish skin  

The structure and composition of fish skin are important determinants of collagen pretreatment 

and extraction steps. Thickness and cell composition of fish skin depend on the species, sex, 

life stage, reproductive status, body region, nutritional status, water quality, the season of the 

year and health (Paterson, 2008). The generalised structure of fish skin is shown in Figure 2.4. 

A fatty tissue layer (hypodermis) connects the skin to underlying muscles or bones 

(Paterson, 2008). Fat content varies from species to species (see Table 2.3), for example, 

Tarakihi (18.4%); Ling (1.3%); Trevally (5.8%); Hake (6.1%); White warehou (44.0%) in fish 

species from New Zealand (www.fao.org). In the same fish it varies in different body parts, 

for example, head (13.5%); viscera (24.8%); bones (12.8%); skin (18.4%); fillet (2.9%) in 
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Tarakihi fish (www.fao.org). Fat content also varies within the skin. Fish use their tail end for 

swimming and therefore contains more connective tissues, and hence more collagen and less 

fat compared to the head region. 

Chromatophores or pigment cells give colour to fish skin for camouflage and 

communication. They are found mainly at boundaries between the epidermis, dermis and 

hypodermis. There are five types of chromatophores responsible for colours in fish skin; black 

or brown colour by melanin in melanophores, yellow colour by xanthophylls in xanthophores, 

orange or red colour by carotenoids in erythrophores, white colour by guanine or purine in 

leucophores, reflective or iridescent appearance by guanine in iridophores. Sometimes colour 

is determined by more than one pigment type (Paterson, 2008). The colour of a particular fish 

species is affected by water quality, temperature, salinity, mechanical pressure, and UV 

radiation (Paterson, 2008). 

 

 

 

 

 

 

 

 

 

Figure 2.4 Generalised structure of fish skin showing the distribution of collagen fibres, fat (subcutis), 

and pigments (source: www.slideshare.net). 
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Table 2.3 Protein, fat and ash composition in the skin of three selected fish species used for the study 

(picture source: wikipedia.com). 

Proportion of 

the total body 

composition  

Tarakihi  

(Nemadactylus 

macropterus) 

(from New Zealand) 

Ling  

(Genypterus 

blacodes) 

(from New Zealand) 

Yellowfin tuna 

(Thunnus albacares) 

 

(from Sri Lanka)  

Pictures are not in proportion 

 
 

 

Protein (%) 20.8 22.2  27.1 

Fat (%) 18.4 1.3 8.9 

Ash (%) 4.2 1.6 1.0 

Reference  www.fao.org www.fao.org Karunarathna and 

Attygalle (2010) 

2.4.2 Skin pretreatment for collagen extraction 

The effectiveness of the whole collagen extraction process is determined by the proper 

selection of pretreatment methods of the raw material (Skierka & Sadowska, 2007). 

Pretreatment involves the removal of non-collagenous components such as non-collagenous 

proteins, fats, and pigments, before collagen extraction to increase the collagen yield and 

purity of the final extracted collagen (Pal & Suresh, 2016; Xu et al., 2017). Pure, colourless 

and odourless collagen is required for practical applications (Sadowska et al., 2003). 

Generally, pretreatment of fish skin involves the removal of non-collagenous proteins, 

fats and pigments in a series as practised by Xu et al., (2017). This depends on the fish species 

and the chemicals used. Some researchers, such as Liu et al., (2014); Zhang et al., (2007) have 

done the pigment removal step before fat removal. Kittiphattanabawon et al., (2010c), have 

used only a non-collagenous protein removal step in the absence of fat and pigment removal 

steps (Table 2.4). 

 

Table 2.4 Examples of procedures used in collagen extraction from fish skin reported in the literature. 

Fish species  Pretreatment method Extraction method Reference 

Sole fish 

(Aseraggodes 

umbratilis) 

 

 

Non-collagenous protein 

removal: 

0.3 M NaOH at 1:10 (w/v) for 

4 h with solution change every 

1 h, at 10°C 

Fat removal: 

20% butanol at 1:10 (w/v) 

ratio for 30 h with solution 

change 

every 10 h, at 10°C 

Pigment removal: not used 

 

acetic acid (0.4 M, 0.6 

M, 0.8 M) for time (24 

h, 36 h, 48 h), at 10°C 

Arumugam 

et al., 2018 

Tilapia 

(Oreochromis 

niloticus) 

 

Non-collagenous protein 

removal: 

0.1 M NaHCO3 1:10 (w/v) 

ratio for 6 h, 4°C 

0.5 M acetic acid for 

24 h 

 

Chen et al., 

2016 
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Fish species  Pretreatment method Extraction method Reference 

 Fat removal: not used 

Pigment removal: not used 

 

Hammerhead 

shark 

(Sphyrna 

lewini) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH in 1:15 (w/v) 

ratio for 24 h at 4°C, changing 

the solution every 6 h 

Fat removal:  

15% (v/v) butyl alcohol with 

in 1:20 (w/v) ratio for 48 h 

with change of solution every 

12 h 

Pigment removal: not used 

0.5 M acetic acid with 

in 1:15 (w/v) for 24 h 

 

Chi et al., 

2014 

Common carp 

(Cyprinus 

carpio) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 1:8 (w/v) for 6 

h with solution change every 3 

h 

0.5 M acetic 

acid for 3 days 

 

Duan et al., 

2009 

Fat removal: 

1.0% detergent (dish drops, 

Amway Inc., Guangzhou, 

China) at sample/detergent 

solution ratio 

of 1:10 (w/v) overnight 

Pigment removal: not used 

 

 

Skate (Raja 

kenojei) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 1:10 (w/v) 

ratio for 24 h 

Fat removal: not used 

Pigment removal: not used 

 

0.5 M acetic acid at 

1:10 (w/v) ratio for 24 

h 

Hwang et al., 

2007 

Brownstripe 

red snapper 

(Lutjanus 

vitta) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 1:30 (w/v) for 

24 h with solution change 

every 8 h, at 4°C 

Fat removal:  

10% (v/v) butyl alcohol at 1:30 

(w/v) for 24 h with change of 

solution every 8 h 

Pigment removal: not used 

 

0.5 M acetic acid at 

1:30 (w/v) for 24 h 

Jongjareonra

k et al., 2005 

Jellyfish 

(Acromitus 

hardenbergi) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH 

Fat removal: not used 

Pigment removal: not used 

 

0.5 M acetic acid at 

1:1 (w/v) for 3 days, 

extraction was 

repeated twice at 4°C 

Khong et al., 

2018 
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Fish species  Pretreatment method Extraction method Reference 

Bigeye 

snapper 

(Priacanthus 

tayenus) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 1:10 (w/v) for 

6 h with solution change every 

2 h, at 4°C 

Fat removal: 

10% butyl alcohol at 1:10 

(w/v) for 18 h with solution 

change every 6 h, at 4°C 

Pigment removal: not used 

 

0.5 M acetic acid at 

1:30 (w/v) for 

24 h, at 4°C 

Kittiphattana

bawon et al., 

2005 

Blacktip shark 

(Carcharhinus 

limbatus) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 1:10 (w/v) for 

6 h with solution change every 

2 h, at 4°C  

Fat removal: not used 

Pigment removal: not used 

 

0.5 M acetic acid at 

1:15 (w/v) ratio  

for 48 h, at 4°C 

Kittiphattana

bawon et al., 

2010a 

Splendid squid 

(Loligo 

formosana) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 1:10 (w/v) 

ratio for 

6 h with solution change every 

2 h, at 4°C 

Fat removal: 

10% (v/v) butyl alcohol at 

1:10 (w/v) for 18 h with 

solution change every 6h, at 

4°C 

Pigment removal: not used 

 

0.5 M acetic acid at 

1:250 (w/v) in the 

presence of porcine 

pepsin (10 g/100 g 

freeze-dried skin) for 

72h, at 4°C 

Kittiphattana

bawon et al., 

2015 

Spanish 

mackerel 

(Scomberomor

ous 

niphonius) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at a 1:10 (w/v)  

for 2 days with solution 

change every 6 h at 4°C  

Fat removal: 

10% butyl at 1:20 (w/v) 

for 2 days with solution 

change every 6 h 

Pigment removal: not used 

 

0.5 M acetic acid 

at 1:15 (w/v) for 24 h 

Li et al., 

2013 

Grass carp 

(Ctenopharyng

odon idella) 

 

 

Non-collagenous protein 

removal: 

NaOH concentration (0.05, 

0.1, 0.2 or 0.5 M) at 

temperature (4, 10, 15 or 

20°C) and time (1, 2, 

4, 8 or 12 h) 

Fat removal: 

0.5 M acetic acid at 

1:40 (w/v) ratio for 72 

h 

Liu et al., 

2015 
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Fish species  Pretreatment method Extraction method Reference 

10% (v/v) butyl alcohol at 1:10 

(w/v) ratio for 24 h with 

change of 

solution every 12 h, at 4°C 

Pigment removal: not used 

 

Leather jacket 

(Odonus 

niger) 

 

 

Non-collagenous protein 

removal: 

0.8 M NaCl at 1:6 (w/v) ratio 

for 10 min, repeated 3 times, 

to remove impurities  

0.1 M NaOH at 1:10 (w/v) for 

3 days 

Fat removal: not used 

Pigment removal: not used 

 

0.5 M acetic acid for 3 

days 

 

Muralidharan 

et al., 2013 

Skipjack tuna 

(Katsuwonus 

pelamis), 

Japanese 

seabass 

(Lateolabrax 

japonicus), 

Ayu 

(Plecoglossus 

altivelis),  

Yellow sea 

bream (Dentex 

tumifrons),  

Chub mackerel 

(Scomber 

Japonicus),  

Bullhead shark 

(Heterodontus 

japonicus), 

Horse 

mackerel 

(Trachurus 

japonicus) 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 4°C 

Fat removal: 

10% butyl alcohol for 1 day 

Pigment removal: not used 

0.5 M acetic acid for 3 

days 

Nagai and 

Suzuki, 2000 

Ocellate puffer 

fish 

(Takifugu 

rubripes) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 4°C 

Fat removal: 

10% butyl alcohol for 2 days 

with solution change every 1 

day at 4°C 

Pigment removal: not used 

 

0.5 M acetic acid for 3 

days at 4°C 

 

Nagai et al., 

2002 

Ornate 

threadfin 

bream 

Non-collagenous protein 

removal: 

0.5 M 

acetic acid at 1:100 

(w/v) for 48 h, at 4°C 

 

Nalinanon et 

al., 2011 
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Fish species  Pretreatment method Extraction method Reference 

(Nemipterus 

hexodon) 

 

 

0.1 M NaOH at 1:10 (w/v) for 

6 h with solution change every 

2 h at 4°C 

Fat removal: 

10% (v/v) butyl alcohol at 1:10 

(w/v) 

v) for 18 h with solution 

change every 6 h, at 4°C 

Pigment removal: not used 

Nile Tilapia 

(Oreochromis 

niloticus) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 1:10 (w/v) 

ratio for 4 h, at 4 - 6°C 

Fat removal: not used 

Pigment removal: not used 

 

0.5 M acetic acid at 

1:70 (w/v) ratio for 24 

h, at 4-6°C 

 

Potaros et al., 

2009 

Baltic cod 

(Gadus 

morhua) 

 

 

Non-collagenous protein 

removal: 

0.45 M NaCl or 0.01 M NaOH 

at 1:6 (w/v) for 3 min, 

mixtures homogenised in the 

same solutions for 4 min at 

6000 rpm, repeating the whole 

process twice  

Fat removal: 

0.5 % detergents  

Pigment removal: 

10% NaCl solution at room 

temperature for 24 h and then 

bleaching with 1% H2O2 

solution in 0.01 M NaOH (not 

successful) 

or 

repeated homogenisation of 

skins with 0.4 M NaCl (not 

successful) 

or  

leaching with 0.5 M acetic 

acid at 4°C for 24 h, followed 

by homogenisation and 

centrifugation (successful) 

 

0.1-0.5 M acetic 

acid solution at 0°C; 

homogenised after 2 h, 

stirred for 24 h, 

homogenised again, 

then centrifugation  

Sadowska et 

al., 2003 

striped 

catfish 

(Pangasianod

on 

hypophthalmu

s) 

 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at 1:10 (w/v) 

ratio for 6 h at 4°C with 

change of solution every 2 h 

Fat removal: 

10% butyl alcohol at 1:10 

(w/v) ratio for 48 h with 

solution change every 8 h, at 

4°C 

Pigment removal: not used 

0.5 M acetic acid at 

1:15 (w/v) for 24 h 

Singh et al., 

2011 
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Fish species  Pretreatment method Extraction method Reference 

 

African catfish 

(Clarias 

gariepinus),  

Salmon 

(Salmo salar), 

Baltic Cod 

(Gadus 

morhua) 

 

Non-collagenous protein 

removal: 

0.1 M NaOH at (1:6, w/v) for 

48 h, at 4°C  

Fat removal: not used 

Pigment removal: 

3% H2O2 for 24 h, at 4°C 

0.5 M acetic acid for 

72 h, at 4°C 

Tylingo et 

al., 2016 

Yellowfin tuna 

(Thunnus 

albacares) 

 

 

Non-collagenous protein 

removal: 

0.5–1.3 M NaOH at 1:5 (v/w) 

at 9°C 

Fat removal: not used 

Pigment removal: not used 

pepsin digestion with 

0.6–1.4% at 1:20 (v/w)  

HCl solution (pH 2.0) 

Woo et al., 

2008 

2.4.2.1 Pretreatment to remove non-collagenous proteins 

Alkali treatment is the most widely applied method of removing non-collagenous proteins 

from fish skin, NaOH being the mostly used alkali agent. Sodium hydroxide swells the skin 

to facilitate the removal of non-collagenous proteins from fish skin (Liu et al., 2015; Woo et 

al., 2008), in addition this swelling is useful to remove fats (Woo et al., 2008) and pigments 

(Liu et al., 2015; Pal & Suresh, 2016) and to eliminate the effects of endogenous proteases on 

collagen during manufacturing (Liu et al., 2015). 

Calcium hydroxide (Ca(OH)2) is also used as an alkali pretreatment agent, and it has 

shown similar effectiveness in removing non-collagenous proteins from fish skins (Liu et al., 

2015). However, NaOH causes significant swelling of fish skin during pretreatment, thus 

facilitating the following acid extraction of collagen by increasing the mass transfer rates in 

the tissue matrix, whereas Ca(OH)2 does not swell the skin (Liu et al., 2015). 

The effectiveness of removing non-collagenous proteins depends on the concentration 

of NaOH and the temperature used. A study by Liu et al., (2015) evaluated the effect of 

alkaline pretreatment on the extraction of acid-soluble collagen from the skin of grass carp 

(Ctenopharyngodon idella). The NaOH concentrations ranging from 0.05 to 0.1 M were 

effective in removing non-collagenous proteins without causing a significant loss of collagen. 

Higher concentrations like 0.2 M and 0.5 M NaOH caused a significant loss of collagen and 

structural modifications at 15 and 20°C. However, some researchers have used 0.3 M NaOH 

effectively, such as Arumugam et al. (2018) treating Sole (Aseraggodes umbratilis) fish skin 

in the ratio of 1:10 (w/v) for 4 h with solution changes every hour.  

Pretreatment with NaOH at 0.1 M has been used in several studies to treat fish skin:  

 Pal et al., (2015) using Catla (Catla catla) and Rohu (Labeo rohita); 

 Kittiphattanabawon et al. (2010b) using Brownbanded bamboo shark 

(Chiloscyllium punctatum);  

 Zeng et al. (2009) using Nile tilapia (Oreochromis niloticus);  

 Nagai & Suzuki (2000) using Japanese seabass (Lateolabrax japonicus), 

Chub mackerel (Scomber japonicus), Bullhead shark (Heterodontus 

japonicus);  
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 O'Sullivan et al. (2006) using Irish cod (Gadus morhua) and Ling (Molva 

molva); and  

 Nalinanon et al. (2011) using Threadfin bream (Nemipterus hexodon). 

However, the weight to volume ratio between the skin and NaOH solution, 

and soaking time were different in these examples. 

 Zeng et al. (2009) in their experiment with Nile tilapia (Oreochromis 

niloticus) skin used 0.1 M NaOH solution at 1:30 (w/v) for 48 h at 4°C with 

a gentle stirring to remove non-collagenous proteins and pigments, with 

solution changes every 8 h.  

 O'Sullivan et al., (2006) used 0.1 M NaOH solution at 1:7 (w/v) at 9°C for 

Irish cod (Gadus morhua) and Ling (Molva molva).  

 Nalinanon et al. (2011) used 0.1 M NaOH in 1:10 (w/v) ratio for 6 h with 

continuous stirring and solution changes every 2 h in treating Ornate 

Threadfin bream (Nemipterus hexodon). 

In some studies, neutral salt solutions were used to remove non-collagenous proteins, 

for example, Chen et al. (2016) used Sodium bicarbonate (NaHCO3), and Ciarlo et al. (1997); 

Muyonga et al. (2004); Wang et al. (2007) used Sodium chloride (NaCl). According to some 

researchers, uneven swelling can occur when using NaOH treatment which is not effective in 

subsequent degreasing, decolouring and extraction steps. Therefore, an alkaline solution is 

replaced by a weak alkaline salt to facilitate even swelling of collagen fibres (Xu et al., 2017). 

However, newly synthesised uncross-linked collagens can be removed by neutral salt 

solutions, leading to a low yield of collagen (Liu et al., 2015).  

2.4.2.2 Pretreatment to remove fats 

The need of a fat-removing agent depends on the fat content in fish skin, therefore fish with 

low-fat content in the skin may not require an additional pretreatment agent other than NaOH 

to remove fats. For skins with high-fat content, a degreasing agent is required to further 

facilitate the loosening of collagen fibres to remove more fat, and to increase the yield and 

purity of the extracted collagen (Xu et al., 2017).  

The most widely used degreasing agent to treat fish skin in laboratory methods is butyl 

alcohol at different concentrations, different ratios and different time durations depending on 

fish species.  

 Nalinanon et al. (2011) used 10% (v/v) butyl alcohol at 1:10 (w/v) for 18 h 

with solvent changes every 6 h for Ornate threadfin bream (Nemipterus 

hexodon).  

 Zeng et al. (2009) in their experiment with Nile tilapia (Oreochromis 

niloticus) skin used 10% (v/v) butyl alcohol solution at 1:30 (w/v) for 24 h at 

4°C with solution changes every 8 h to remove fats.  

 Arumugam et al., (2018) used 10% (v/v) butyl alcohol solution at 1:10 (w/v) 

ratio for 30 h with solution changes every 10 h for Sole fish (Aseraggodes 

umbratilis).  

 O'Sullivan et al. (2006) used 10% (v/v) butyl alcohol solution at a 1:7 (w/v) 

ratio for 1 h for Irish cod (Gadus morhua) and Ling (Molva molva). 
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Some researchers have used a non-ionic detergent instead of butyl alcohol to remove 

fats while some others have used both depending on the fat content of fish skin. For example, 

Zhang et al. (2007) used a 0.5% non-ionic detergent for 18 h with solution changes every 6 h 

for Grass carp (Ctenopharyngodon idella). 

Xu et al. (2017) in their experiment with Southern catfish (Silurus meridionalis Chen) 

skin, analysed the effectiveness of degreasing agents to remove fats in 2 steps. Treating the 

skin with 10% Sodium carbonate (Na2CO3) as an agent to remove non-collagenous proteins 

was effective to remove fats by 69.37%. Use of a 15% (v/v) isopropyl alcohol treatment after 

Na2CO3 treatment as the first degreasing agent was effective to remove fat up to 80.95% 

(further removal of 11.58%), and 6% (v/v) non-ionic degreasing agent as the second 

degreasing agent was effective to remove fats up to 90.24% (further removal of 9.29%). 

Kittiphattanabawon et al. (2010b) used only the non-collagenous protein removal step in the 

absence of a fat removal step for Brown-banded bamboo shark (Chiloscyllium punctatum).  

2.4.2.3 Pretreatment to remove pigments 

Presence of pigments in extracted collagen affects the colour (O'Sullivan et al., 2006; Xu et 

al., 2017) and purity (Xu et al., 2017), therefore a decolouring process is needed to remove 

pigments. Melanin is the pigment found in many species of fish. 

Several studies focused on hydrogen peroxide (H2O2) treatment to remove pigments 

from fish skin (Xu et al., 2017), using different concentrations, different ratios and different 

time durations. Hydrogen peroxide especially under alkaline conditions oxidises pigments to 

achieve decolourisation (Xu et al., 2017). Xu et al. (2017) experimented to find an effective 

H2O2 treatment to remove pigments from Southern catfish (Silurus meridionalis Chen) skin 

by using different alkaline conditions: 0.5%, 1%, 2% and 4%; different pH levels: 8, 9, 10, 11 

at a sample: solution ratio of 1:20 at 4°C for 24 h by changing the solution after 12 h. Using 

0.5% H2O2 at pH 10 was found as the most effective treatment. Zhang et al. (2007) used 3% 

H2O2 for Grass carp (Ctenopharyngodon idella). However, H2O2 treatment was not successful 

in some studies. The experiment of O'Sullivan et al. (2006) using 0.2%-5% (v/v) H2O2 for 4 h 

at 4°C-20°C for Irish cod (Gadus morhua) and Irish ling (Molva molva), failed to decolourise 

fish skin.    

Some studies have focused on combining H2O2 treatment with NaCl to improve the 

efficiency of pigment removal. Sadowska et al. (2003) experimented this combining treatment 

with Baltic cod (Gadus morhua) skin by treating with 10% NaCl solution at room temperature 

for 24 h and then bleaching with 1% H2O2 solution in 0.01 M NaOH. In addition, Sadowska 

et al. (2003) used repeated homogenisation of skins with 0.4 M NaCl. However, both methods 

did not provide successful results. According to Sadowska et al. (2003) the most effective 

method to remove pigments from Baltic cod skin was leaching with 0.5 M acetic acid at 4°C 

for 24 h, followed by homogenisation and centrifugation. In the experiment of Nagai et al. 

(2001) using cuttlefish (Sepia lycidas) in the absence of a decolouring step, produced collagen 

with a pink colour (Xu et al., 2017). 

2.4.3 Extraction of collagen  

After the pretreatment, the next step is the extraction of collagen into a soluble form. The 

method should be able to extract collagen at a high yield with the required purity. Further, the 
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method should be capable of preserving the native form of collagen for biomedical 

applications.  

Collagen can be extracted by using different methods. Collagen is categorised based 

on the extraction method such as salt-soluble collagen (SSC), acid-soluble collagen (ASC), 

pepsin-soluble collagen (PSC) and ultrasound-assisted collagen (UAC) (Pal & Suresh, 2016). 

In addition, deep eutectic solvent and supercritical fluid (SF) extractions are used (Jafari et al., 

2020). These methods are used alone or in combination at laboratory and industrial-scales 

(Bak et al., 2018).  

To prepare a collagen extract, it is necessary to remove numerous covalent intra and 

intermolecular cross-links, primarily involving residues of lysine and hydroxylysine, ester 

bonds and other bonds with saccharides, to solubilise the collagen. This makes the process of 

collagen extraction quite complex (Schmidt et al., 2016; Skierka & Sadowska, 2007). 

Collagen is insoluble due to covalent crosslinks, therefore chemical hydrolysis or 

proteolytic cleavage is needed to solubilise them (Skehel, 2004). Collagen should only be 

subjected to partial hydrolysis by this treatment to achieve the cleavage of cross-links, 

maintaining the polypeptide chains of collagen molecules intact in the triple-helix 

conformation (Schmidt et al., 2016). Partial hydrolysis can be achieved by a mild chemical 

treatment using diluted acids and bases (Schmidt et al., 2016) or enzymatic treatment.  

The method of extraction influences the collagen yield, length of the polypeptide 

chains and functional properties such as viscosity, solubility, water retention and 

emulsification capacity (Pal & Suresh, 2016; Schmidt et al., 2016). In addition, extraction 

conditions of a particular method are important determinants of yield and the resulting 

properties of the extracted collagen (Skierka & Sadowska, 2007). Extraction parameters 

include weight to volume ratio of raw material and acid solution, temperature (Pal & Suresh, 

2016; Schmidt et al., 2016), time (Pal & Suresh, 2016; Schmidt et al., 2016), pH (Schmidt et 

al., 2016).  

As described previously, pretreatment conditions affect collagen yield and properties 

to a greater extent. The yield and properties of extracted collagen are impacted by fish species 

(Pal & Suresh, 2016), age (Pal & Suresh, 2016; Skierka & Sadowska, 2007), and biological 

and chemical properties of the raw material (Pal & Suresh, 2017; Schmidt et al., 2016). The 

storage conditions of raw material should also be considered (Schmidt et al., 2016).  

2.4.3.1 Acid-soluble collagen  

In the acid-soluble collagen extraction method, raw material is immersed in an acidic solution 

until the solution penetrates throughout the material. As the solution penetrates the structure 

of the skin at a controlled temperature it swells to two or three times its initial volume due to 

hydration and the cleavage of non-covalent inter and intramolecular bonds (Schmidt et al., 

2016). The dominance of positive charges in collagen molecules under acidic conditions 

causes enhanced repulsion among collagen molecules which lead to increased solubilisation 

(Pal & Suresh, 2016). The process of solubilisation determines the structural organisation and 

mechanical features of the collagen matrix (Achilli & Mantovani, 2010).  

Several factors affect the solubility of collagen in acid solutions. The concentration or 

pH of the acid is one factor (Sadowska et al., 2003). This effect can be explained by 

considering different aspects. According to Qi et al. (2015), the effect of pH has a relationship 
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with the chosen acid as well. They have found that the ionisation behaviour of the acid is 

important. They have studied the solubility of collagen in two types of acids: an acid with 

complete ionisation; perchloric acid (HClO4) and an acid with incomplete ionisation; acetic 

acid (CH3COOH). The complete ionisation of HClO4 acid provides H+ ions to the solution. 

The collagen molecule is amphoteric which means it has both acidic-side chain radicals (-

COOH) and (-NH2). The H+ ions available in the medium adsorb to the -NH2 and form NH3
+. 

Other H+ ions are available in the solution in free form. The adsorption of H+ to collagen 

molecules can be represented as; 

R-NH2 + H+ → R- NH3
+ where R- represents the main part of collagen molecules. 

There should be an equilibrium between the adsorption and desorption of H+ which is 

dependent on temperature. The adsorption of H+ to collagen molecules depends on the 

concentration of free H+ ions in the solution, which means if more H+ ions are present more 

H+ adsorbed to collagen molecules. Then the zeta potential increases which means the 

electrostatic repulsion between collagen molecules increase. This leads to the 

depolymerisation of collagen colloidal particles into smaller ones. This is the reason for having 

higher solubility in higher HClO4 concentration or lower pH. When the amount of dissolved 

collagen increases in the solution more H+ ions are adsorbed onto the collagen molecules. This 

results in a decrease of free H+ in the solution. If the HClO4 concentration is high, it can 

provide enough H+ ions and continue the collagen solubilisation process. However, if the 

concentration of free H+ ions is not enough as in the case of lower HClO4 concentrations, 

adsorption of H+ to collagen decreases to keep the equilibrium. Then the electrostatic repulsion 

decreases and repolymerise the smaller collagen colloidal particles into larger ones. This is 

the reason for higher solubility in higher HClO4 concentration (or lower pH) and vice versa 

(Qi et al., 2015). 

This solubility behaviour is different for acetic acid. It is only incompletely ionised in 

solutions. The concentration of H+ produced by incomplete ionisation and the remaining acetic 

acid molecules in the acid solution at different pH levels depends on the ionisation constant 

(Ka). A ratio of the concentration of acetic acid to the concentration of H+ can be calculated. 

The ratio is 5.7, 57 and 570 for pH 4, 3 and 2 respectively. At a lower ratio such as 5.7 (at pH 

4), the adsorption of H+ is the main process and it acts like dissolving collagen in HClO4. 

However, at a higher ratio such as 570 (at pH 2), the adsorption of acetic acid molecules to 

the collagen molecules occurs reducing the sites for H+. Hence, it decreases the zeta potential, 

increases the collagen colloidal particle sizes and ultimately reduces the solubility. This has 

been shown in the results of Qi et al. (2015), where the solubility is highest for pH 3, and it 

decreased from pH 3 to 2, and also from pH 3 to 4.5.  

Swelling of the skin is important for collagen solubility. The pH of the chosen acid 

affects the swelling of collagen. If the pH is very low, positively charged amine groups of 

protein bind with anions, for example, Cl- from hydrochloric acid (HCl), which reduces the 

electrostatic repulsive forces. As a consequence, the tightening or shrinking of collagen fibres 

occur, making less space for water molecules and decreasing the binding ability of water to 

collagen (hydration). In this way swelling of collagen decreases and reduces collagen 

solubility (Skierka & Sadowska, 2007).  

Duration of the acid extraction step is also important. If duration is shorter than the 

optimum time, poor yield is obtained due to incomplete solubility of collagen in the acid. This 
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happens due to the incomplete removal of intermolecular cross-links between collagen fibres 

(Skierka & Sadowska, 2007). If extraction duration is longer in a strong acid, chemical 

hydrolysis or complete breakage of bonds between three polypeptide chains of collagen 

molecules occurs. This leads to the denaturation of collagen (Skierka & Sadowska, 2007).   

Organic acids such as acetic acid, chloroacetic acid, citric acid, and lactic acid and 

inorganic acids such as HCl have been used to extract collagen (Pal & Suresh, 2016; Skierka 

& Sadowska, 2007). Among them acetic acid has been widely utilised to extract collagen from 

marine sources. However, the literature on the extraction of collagen by different acids is 

limited (Skierka & Sadowska, 2007) (Table 2.4). 

Acetic acid at 0.5 M concentration causes only partial hydrolysis of collagen which is 

desirable (Bak et al., 2018). Some studies reported alterations in the structural and thermal 

properties of type I collagen by acetic acid (Bak et al., 2018). If complete hydrolysis occurs, 

it results in the decomposition of collagen fibres and fibrils into small aggregates of collagen 

monomers dispersed in the acid solution (Achilli & Mantovani, 2010). 

The use of HCl acid to extract collagen from fish skin is not widely found in literature, 

however, Sankar et al. (2008) used 2.81 N HCl in 1:1 (w/v) ratio for 24 h at room temperature 

(34±2°C) to produce a collagen sheet from Barramundi (Lates calcarifer) scales.   

2.4.3.2 Enzyme-soluble collagen 

Enzymes such as pepsin, trypsin, and collagenases have been used to extract collagen. Of 

these, pepsin has been widely utilised to extract collagen from marine sources (Pal & Suresh, 

2016). Generally, pepsin treatment is used either alone or in combination with acetic acid (Pal 

& Suresh, 2016) (Table 2.4).  

The use of pepsin treatment in collagen extraction has main three advantages; 

increased purity, increased yield, and reduced antigenicity (Pal & Suresh, 2016). Pepsin 

hydrolyses non-collagenous proteins which can later be removed by salt precipitation and 

dialysis to improve collagen purity (Pal & Suresh, 2016; Skierka & Sadowska, 2007). 

Enzymatic extraction processes yield a higher amount of collagen than acid extraction 

processes (Pal & Suresh, 2016). The lower solubility of acid-soluble collagen due to the 

interchain aldehyde crosslinks with lysine and hydroxylysine amino acids at the telopeptide 

region of collagen molecules results in lower yield (Pal & Suresh, 2017). A higher yield is 

achieved by cleaving telopeptide regions of collagen molecules by enzyme treatment, mostly 

by pepsin in fish collagen extraction, which is not achievable with acetic acid, thereby 

increasing solubility without altering the triple-helical structure of collagen molecules (Bak et 

al., 2018; Coelho et al., 2017; Li et al., 2013; Pal & Suresh, 2017; Skierka & Sadowska, 2007). 

These cross-links at telopeptide regions of collagen molecules occur in β and γ chains and 

cleavage by pepsin converts these chains to α1-chains (Bak et al., 2018; Nalinanon et al., 

2011). This has been reported in several studies of collagen extraction from fish; the skin of 

Deep-sea redfish (Wang et al., 2007), Black drum, and Sheepshead seabream (Ogawa et al., 

2003). This conversion is evident by the increase of α1/α2 proportion in Sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Nalinanon et al., 2011). 

The antigenicity of collagen is due to the telopeptide region, so cleavage of this region by 

pepsin can reduce antigenicity (Pal & Suresh, 2016).  
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Despite these advantages, the alteration of collagen structure due to pepsin treatment 

affects the physico-chemical properties of collagen (Skierka & Sadowska, 2007), particularly 

by reducing the thermal stability of collagen (Li et al., 2013) and negatively affects 

fibrillogenesis. 

2.4.4 Fibrillogenesis or recovery of collagen after extraction  

According to the published literature, isolation or recovery of fish collagen after extraction 

involves salt precipitation or salting-out, centrifugation, dialysis, and freeze-drying (Pal & 

Suresh, 2016). Collagen extracted into the acetic acid solution is precipitated using NaCl, 

usually involving a concentration of 2.6 M, but different concentrations have been used to 

maximise collagen recovery. In some studies, salting-out is performed in the presence of 

tris(hydroxymethyl)aminomethane at pH 7.5. Precipitated collagen is separated using 

centrifugation at 4°C to avoid denaturation, but different rpm values and time durations have 

been reported. Centrifugation at 10,000-20,000 rpm, for 60 min has been used by many 

studies. After that dialysis is done by dissolving precipitated collagen in a minimum volume 

of acetic acid and then dialysing against distilled water. Dialysis is used to obtain purified 

collagen by removing impurities or residues of acids. Finally, the resultant dialysate is freeze-

dried and milled to obtain collagen powder (Pal & Suresh, 2016). 

This is the process used in all laboratory-based protocols available in the literature. 

However, this process is associated with drawbacks, especially, if the extracted collagen is to 

be used in biomedical applications. Bak et al. (2018) reported structural and conformational 

changes in type I collagen occurred due to the presence of acetic acid residues after dialysis 

with acetic acid. This was confirmed in their study by the Fourier transform infrared (FTIR) 

spectrum: a peak at 1647 cm-1 and a low 1240 cm-1/1445 cm-1 ratio suggesting denaturation of 

collagen by acetic acid dialysis. A band appeared at the higher wavelength in measured X-

Ray diffraction (XRD) spectra, indicating the weakening of hydrogen bonds between triple-

helix molecules and suggesting the denaturation of collagen. Therefore, the removal of acetic 

acid residues from the final product is essential to have a highly ordered structure with strong 

hydrogen bonding (Bak et al., 2018). This study further indicated lower thermal stability of 

collagen influenced by acetic acid residues. According to differential scanning calorimetry 

(DSC) thermograms, weak denaturation enthalpy in acetic acid dialysed collagen indicates 

strong thermal disruption of collagen and the formation of random chains of gelatin (Bak et 

al., 2018). Bak et al. (2018) used acetic acid dialysed collagen to make collagen scaffolds by 

freezing, freeze-drying and cross-linking. These scaffolds were associated with larger pore 

sizes than required due to induced repulsion between collagen molecules by acetic acid 

residues. In addition, increases in ice crystal size by acetic acid during the freezing process 

causes large pore sizes and weak pore walls in scaffolds. Collagen scaffolds free of acetic acid 

residues are needed to support the long-term culture of cells and to provide a stable 

environment for cells and cell-therapy-related applications (Bak et al., 2018). 

2.4.4.1 In vitro fibrillogenesis mechanism 

There are two models which describe fibrillogenesis; the nucleation and propagation model, 

and the liquid crystalline model. The nucleation and propagation model refers to the formation 

of a nucleus of a triple-helix which grows in length and diameter into a mature fibril. The 
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liquid crystalline model refers to precipitation from a solution of bulk collagen with a liquid-

like structure when collagen concentration is high. However, these two assembly mechanisms 

coexist in the same system (Zhu et al., 2018).  

Fibrillogenesis in vitro is a time-dependent multi-step process and occurs in three 

phases; lag phase, growth phase, and plateau phase (Li et al., 2009). During the lag phase, 

collagen fibrils in solution associate together to form the nucleus of a triple-helix structure. 

This nucleation is a stepwise process, starting with the formation of dimers and trimers of 

collagen fibrils, and then leading to triple-helices. However, this process is quite different at 

high collagen concentrations, in which collagen fibrils or monomers first aggregate leading to 

a high local concentration of monomers, thus forming the initial nuclei. Once a critical number 

of nuclei are reached collagen fibrils begin to grow laterally. This process yields fibres with 

the characteristic D-banding similar to native collagen by a self-assembly process (Pawelec et 

al., 2016) while linear growth occurs through a fusion of individual fibres themselves in order 

along the fibre length (Li et al., 2009; Pawelec et al., 2016). This characteristic D-banding is 

a key feature as it marks a key difference between collagen and gelatin networks (Pawelec et 

al., 2016). 

When this collagen is used in biomedical applications, particularly for tissue 

engineering applications, cellular responses to the scaffold material, in this case collagen, is 

important. Cellular responses such as cell proliferation, cell migration, cell differentiation, and 

cell adhesion depend on the architecture and strength of collagen, which are closely related to 

the self-assembly process of fibrillogenesis (Zhu et al., 2018). Thus, regulation of the factors 

affecting fibrillogenesis is of particular importance (Pawelec et al., 2016).  

2.4.4.2 Factors affecting fibrillogenesis 

Fibrillogenesis depends on the collagen source, method and conditions of fibrillogenesis. 

Maintenance of optimal conditions during in vitro fibrillogenesis similar to in vivo conditions 

is important, otherwise, it results in a variety of polymorphic aggregates in addition to the 

native fibrils (Li & Douglas, 2013). 

Fibrillogenesis is an entropy-driven self-assembly process which is favoured by a 

large positive entropy contribution due to the release of structured water around collagen 

molecules (Li et al., 2009; Li & Douglas, 2013; Pawelec et al., 2016). Collagen fibrillogenesis 

is regulated by hydrophobic interactions between non-polar residues of adjacent collagen 

molecules (Li et al., 2009; Li & Douglas, 2013; Ramı´rez-Rodrı´guez et al., 2014), 

electrostatic interactions (Li et al., 2009; Li & Douglas, 2013; Pawelec et al., 2016) and 

hydrogen bonding between polar residues between collagen monomers (Ramı´rez-Rodrı´guez 

et al. 2014; Zhu et al., 2018), however energy assignable to electrostatic interactions is lower 

than that of hydrophobic interactions (Zhu et al., 2018).  

Aggregation of collagen molecules due to hydrophobic attractions between non-polar 

regions of adjacent collagen molecules are determined by the negative temperature coefficient 

of collagen solubility (Li & Douglas, 2013; Zhu et al., 2018) and the endothermic nature of in 

vitro fibrillogenesis (Li et al., 2009; Li & Douglas, 2013). Electrostatic interactions are 

determined by the formation of net charges between collagen molecules of neighbouring 

fibrils (Li & Douglas, 2013). Some studies indicate that optimised electrostatic interactions 

between adjacent triple-helices facilitate the maximum contact between hydrophobic regions 
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(Li & Douglas, 2013). Electrostatic attractions affect the stability of the collagen matrix (Li & 

Douglas, 2013) while its effect on fibril size and morphology is weak (Li et al., 2009). Water-

mediated hydrogen bonds between polar residues are important determinants of the lateral 

alignment of collagen fibrils during fibrillogenesis (Li et al., 2009; Li & Douglas, 2013). 

Factors governing the fibrillogenesis of collagen include; pH (Li et al., 2009; Pal & 

Suresh, 2017; Pawelec et al., 2016; Zhu et al., 2018), temperature  (Li et al., 2009; Pal & 

Suresh, 2017; Zhu et al., 2018), ionic strength (Li et al., 2009; Pal & Suresh, 2017; Pawelec 

et al., 2016; Zhu et al., 2018), ion species (Li et al., 2009), concentration of collagen (Zhu et 

al., 2018), non-collagenous components (Zhu et al., 2018) like saccharides (Li et al., 2009), 

ionic species (Li & Douglas, 2013; Zhu et al., 2018), extraction method (Li et al., 2009; Li & 

Douglas, 2013; Pawelec et al., 2016); surfactants (Li et al., 2009);  inhibitors (Zhu et al., 2018), 

and interactions (Zhu et al., 2018). 

2.4.4.2.1 pH  

When the pH of the fibrillogenesis medium reaches the isoelectric pH (pI), the surface charge 

of collagen monomers is reduced, thus minimising the electrostatic repulsion and favouring 

collagen fibril aggregation (Li et al., 2009). Electrostatic interactions are sensitive to the pH 

of the medium (Li & Douglas, 2013; Pawelec et al., 2016). Fibrillogenesis is slow or 

incomplete resulting in a loss of the D-banding pattern at pH values far away from the 

isoelectric point (Pawelec et al., 2016). At these pH values, fibrils tend to gather to form sub-

fibrils without a D-banding pattern in highly concentrated collagen solutions (Zhu et al., 

2018). 

In fibrillogenesis methods, the rate of pH change in addition to the final steady pH, 

affects fibril morphology, particularly the size and kinetics of fibril formation (Pawelec et al., 

2016; Zhu et al., 2018). A high rate of pH change in the system reduces the lateral growth of 

fibres, thus forming thinner fibres as it provides only a shorter period for molecules to spend 

around the isoelectric point, so electrostatic interactions become weak. On the other hand, a 

gradual increase of pH in the system promotes lateral growth but inhibits the formation of 

collagen fibres in length thus causing the loss of some D-banding resulting in a more 

heterogenous collagen fibrils compared to native ones (Pawelec et al., 2016; Zhu et al., 2018).  

This effect of pH on collagen morphology; diameter and the D-periodicity of fibrils 

has been reported by Li et al. (2009) in their study with commercial purified type I pepsin-

treated adult bovine dermal collagen. At low pH values, fibrils of variable sizes were formed 

without the D-banding pattern. More uniform fibres interwoven into a network were formed 

with increasing pH. In the pH range from 6.0 to 6.9, no fibrillogenesis occurred, instead a gel 

of non-fibrillar collagen was formed. It was reported that it took three days to form fibrils of 

85 nm diameter at pH 6.6, while fibrils of 200 nm diameter were formed within one day when 

the pH increased from 6.9 to 8.0.  

2.4.4.2.2 Ionic conditions: species and strength 

The ionic strength of the buffer solution in combination with pH has a profound effect on 

fibrillogenesis (Pawelec et al., 2016) by regulating electrostatic interactions between amino 

acid residues (Li & Douglas, 2013). In systems with pH values far away from the isoelectric 

point, additional ions or charge-altering molecules can shift collagen’s isoelectric point to 

initiate fibril formation (Pawelec et al., 2016). Lower ionic strength induces faster collagen 
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fibrillogenesis by inhibiting the salting-in effect and enhancing electrostatic interactions 

between charged amino acid side chains (Zhu et al., 2018). 

The presence of an environment similar to in vivo conditions is important for better 

fibrillogenesis. Ions and molecules other than collagen present in the environment for in vivo 

fibrillogenesis help to stabilise the collagen fibres and act as molecular crowders to affect 

many biological processes. Similarly, crowders under in vitro conditions reduce the time to 

initiate nucleation and increase the fibrillogenesis rate (Pawelec et al., 2016). 

Ion preferential binding accelerates the fibrillogenesis rate and fibril growth due to 

screening of the surface charge of soluble collagen (Zhu et al., 2018). Different types of ions 

or salts are capable of binding to collagen thus affecting electrostatic interactions (Li et al., 

2009). Divalent phosphate ions bind with collagen molecules and form salt bridges in the 

regions of high excess positive charge, thus affecting electrostatic interactions (Li et al., 2009; 

Zhu et al., 2018). Sulphate ions have also reported the same effect (Zhu et al., 2018). The 

effect of phosphate ions highly depends on temperature, telopeptides and additives in the 

system (Zhu et al., 2018). Phosphate ions play a critical role in forming native fibrils with 

characteristic D-banding pattern, increasing the fibrillogenesis rate and increasing the critical 

concentration for fibrillogenesis (Li & Douglas, 2013). However, chloride ions are superior 

to phosphate and sulphate in the formation of native fibres with the characteristic D-banding 

pattern (Zhu et al., 2018). Harris et al. (2013) reported better fibrillogenesis of acetic acid 

soluble collagen with chloride ions in phosphate buffers than water alone. Different ion 

species in buffer solutions behave differently in the same fibrillogenesis conditions (Pawelec 

et al., 2016). Freudenberg et al. (2007) reported shifting of the isoelectric point of pepsin-

soluble type I collagen from pH 7.5 to 5.3 when the ionic strength of KCl was increased from 

0.1 mM to 10 mM, however with the same concentration of CaCl2, the isolectric point 

increased above pH 9. Calcium and magnesium ions inhibit fibril formation due to salt 

bridging with carboxylic groups (Zhu et al., 2018). 

2.4.4.2.3 Temperature 

Temperature affects the hydrophobic interactions between collagen molecules and therefore 

the kinetics of fibrillogenesis (Li & Douglas, 2013). Collagen is denatured when heated above 

its denaturation temperature (Zhu et al., 2018). Collagen fibrillogenesis is a thermally driven 

process governed by a large positive entropy contribution due to the displacement of structured 

water around collagen molecules. Therefore, increasing the temperature of the fibrillogenesis 

system within the respective denaturation temperature increases the fibrillogenesis rate, thus 

forming more compact and thinner fibres compared to those that can be produced at lower 

temperatures (Zhu et al., 2018). This justifies the possibility of protocols with different 

fibrillogenesis temperatures to produce collagen with varying fibril strength and morphology; 

thickness, porosity and length (Zhu et al., 2018).   

2.4.4.2.4 Concentration 

The concentration of collagen solutions affects fibrillogenesis through the mechanism of 

hydrogen bonding. Collagen fibril size has a strong, but non-linear relationship with the 

concentration of the collagen solution (Zhu et al., 2018). This non-linear relationship is a result 

of competition between the availability of collagen molecules and the viscoelasticity of dense 

solutions. For example, according to the study by Gobeaux et al. (2008), fibril diameter and 
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concentration were linear in the 10 to 80 mg mL-1 concentration range, but lower than the 

dilute concentration of 5 mg mL-1. Again, in the intermediate range from 90-150 mg mL-1, 

fibril diameter significantly increased with the increasing concentration, and the diameter 

dropped when concentration increased above 200 mg mL-1. Therefore, collagen with different 

architectures can be obtained by varying the concentration (Zhu et al., 2018). 

2.4.4.2.5 Extraction method 

Acid-soluble or enzyme-soluble extraction methods or combinations of them are used to 

extract collagen before the fibrillogenesis step. N- and C-termini telopeptide regions of 

tropocollagen molecules are important to form cross-links between collagen fibrils (Li & 

Douglas, 2013), thereby stabilising the collagen network during the self-assembly process of 

fibrillogenesis. During the extraction step, enzymes cleave these telopeptide regions thus 

increasing the solubility, however it is not favourable for the self-assembly of fibrils with the 

characteristic D-banding pattern (Li & Douglas, 2013; Pawelec et al., 2016). The presence of 

more cross-links remaining after the extraction step shortens the time for fibrillogenesis 

(Pawelec et al., 2016). 

2.4.4.2.6 Other molecules 

Large molecules, such as glycosaminoglycans (GAGs) and small leucine-rich proteins 

regulate the fibril size during fibrillogenesis in vivo (Pawelec et al., 2016). Incorporation of 

these types of molecules into the in vitro system can have effects on the final collagen structure 

(Pawelec et al., 2016) due to effects on electrostatic interactions. Different types of 

proteoglycans act in different ways (Zhu et al., 2018). Decorin reduces the fibril diameter, 

whereas biglycan has a modest effect. GAG (glycosaminoglycan)-containing decorin strongly 

inhibits fibrillogenesis compared to non-glycosylated decorin (Zhu et al., 2018). 

2.4.4.2.7 Cross-linking agents  

Physical, chemical or biological cross-linking agents can be employed to stabilise collagen 

networks during fibrillogenesis, through covalent interactions with collagen molecules (Zhu 

et al., 2018). Chemical cross-linking agents such as organic aldehydes, carbodiimides, 

polyepoxy compounds and inorganic polyvalent cations bind to specific groups such as the, 

lysine, hydroxylysine or carboxyl residues of collagen molecules. This may affect fibril 

formation to some extent, however, aldehydes promote faster fibril formation (Zhu et al., 

2018). Hexamethylene diisocyanate (HMDC), sorbitol, glycerol, glutaraldehyde (GTA), k-

carageenan (kCGN), transglutaminase (TG) (Riaz et al., 2018), 1-Ethyl-3-diaminopropyl-

carbodiimide (EDC), N-hydroxysuccinimide (NHS), Genipin (Englert et al., 2007) are a few 

examples of chemical cross-linking agents that can be used to promote collagen 

fibrillogenesis.  

2.4.5 Method scalability 

Collagen extraction for biomedical applications does not require mass-scale production as the 

quantities required are low compared to applications in food or cosmetic industries. Therefore, 

scalability from laboratory scale to small or medium scale production should be considered.  

Collagen extraction for biomedical applications involve initial sample preparation, 

pretreatment, extraction, fibrillogenesis and freeze-drying as main steps. Preservation of the 
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native triple-helical structure and the d-banding pattern are the important aspects that should 

be considered in scale-up.  

2.5 Characterisation of type I collagen for biomedical applications 

2.5.1 UV absorption spectroscopy 

UV absorption spectroscopy is a qualitative technique to analyse the purity of extracted 

collagen with respect to the absence of non-collagenous proteins. Pure type I collagen gives 

the maximum absorption peak in the 220 nm to 240 nm range (Pal & Suresh, 2017), mostly at 

230 nm (Nalinanon et al., 2011; Pal et al., 2015; Pal & Suresh, 2017). This peak is associated 

with the C=O, -COOH, and CONH2 groups in polypeptide chains of the collagen molecule 

(Pal & Suresh, 2017; Zeng et al., 2009). If amino acids are present as impurities, it provides 

an additional small peak at 280 nm corresponding to tryptophan and tyrosine (Pal & Suresh, 

2017; Xu et al., 2017; Zeng et al., 2009). The UV absorption spectrum of most seafood by-

product-derived collagens reported a maximum absorption peak at 230-240 nm and a little 

absorption peak at 280 nm (Pal & Suresh, 2016). The presence of amino acids as impurities 

can further be confirmed by the amino acid content analysis (Table 2.5). 

 

Table 2.5 UV absorption data and amino acid analysis data (tyrosine) from studies on fish skin collagen 

extraction. 

2.5.2 Attenuated total reflectance-fourier transform infrared (ATR-FTIR) spectroscopy 

ATR-FTIR spectroscopy is a vibrational spectroscopic technique which provides molecular-

level information allowing investigation of functional groups, bonding types, and molecular 

conformations (Riaz et al., 2018; Talari et al., 2017). Spectral bands in this spectrum are 

molecule specific and provide direct information about the biochemical composition (Riaz et 

al., 2018; Talari et al., 2017). These spectral bands are relatively narrow, easy to resolve and 

sensitive to molecular structure, conformation, and environment (Talari et al., 2017). All 

vibrational spectroscopic techniques including FTIR spectroscopy techniques are relatively 

simple, reproducible, non-destructive to the tissue, only small amounts of material (usually 

micrograms to nanograms) with minimal sample preparation are required, fast, affordable and 

provide reliable results (Riaz et al., 2018; Talari et al., 2017). 

FTIR spectroscopy is a measurement of the wavelength and intensity of the absorption 

of IR radiation by a sample (Kong & Yu, 2007). There are nine characteristic IR absorption 

Collagen 

source 

Maximum 

absorption 

peak (nm) 

Peak at 

280 nm 

Tyrosine 

(residues 

per 1,000 

total amino 

acid 

residues) 

Justification 

on purity 

Reference 

Southern 

catfish (Silurus 

meridionalis 

Chen) 

220 Absent 4 Pure Xu et al., 

2017 

Nile tilapia 

(Oreochromis 

niloticus) skin 

210 Absent 3 Pure Zeng et al., 

2009 
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bands, namely, amide A, B, and I−VII corresponding to different vibrational types of protein 

are available (Tables 2.6 and 2.7).  

The FTIR spectroscopy is used in collagen analysis to confirm its type, hence in fish 

skin collagen to confirm type I. Type I collagen is confirmed by the presence of amide A, 

amide B, amide I, amide II and amide III bands in the FTIR spectrum. Amide I and II bands 

are correlated to the protein secondary structure. The amide I band has a higher protein 

conformational sensitivity than its counterpart amide II because the amide I band is due almost 

entirely to the C=O stretching vibrations (approximately 80%). In contrast, the amide II band 

is due partly to the in-plane NH bending (40-60% of the potential energy) and CN stretching 

vibration (18-40% of the potential energy) (Kong & Yu, 2007). The absorption ratio close to 

1, between the amide III band and the 1450 cm-1 band, indicates the maintenance of the 

integrity of the triple-helical structure of collagen. The position of bands can shift to lower 

frequencies indicating the involvement of hydrogen bonding (Xu et al., 2017).  

 

Table 2.6 FTIR peak locations and assignment of fish skin collagen (data are from studies available in 

the literature). 

Designation Approximate 

frequency 

(cm−1) based 

on literature 

Source of collagen and reference 

Sole fish 

(Aseraggodes 

umbratilis) 

 

 

Arumugam et al., 

2018 

Spanish mackerel 

(Scomberomorous 

niphonius) 

 

 

Li et al., 2013 

Southern 

catfish (Silurus 

meridionalis 

Chen) 

 

Xu et al., 2017 

 

Amide A 3440 – 3400 

 

3310 3433 3420 

Amide B  App. 2920 

 

2362 2926 2926 

Amide I  1700 – 1600  

 

1651 1641 1655 

Amide II 1600 – 1550 

 

1542 1549 1550 

Amide III  1300 – 1230  

 

1238 1240 1240 

Absorption ratio for peak near 1450 cm−1  1 0.903 
 

Table 2.7 Characteristic infrared bands of peptide linkages not belonging to type I collagen (source: 

Kong & Yu, 2007). 

Designation Approximate frequency (cm−1) Description 

Amide IV  

 

625−767 OCN bending 

Amide V  640−800 Out-of-plane NH bending 

 

Amide VI  537−606 Out-of-plane C=O bending 

Amide VII  200 Skeletal torsion 

 

More detailed information about protein secondary structure is obtained through X-

ray crystallography analysis concerning the position of individual atoms in the protein, 
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however all proteins cannot form quality crystals and also crystallographic data of a protein 

cannot be easily extrapolated to the dynamic properties of the proteins in solutions, hence 

FTIR spectroscopy is commonly used to analyse the secondary structure of proteins (Kong & 

Yu, 2007). Peptide linkages have another four spectral bands which do not belong to type I 

collagen (Table 2.7). Their presence in a spectrum would indicate contamination or low purity 

of collagen. 

2.5.3 Differential scanning calorimetry (DSC) 

DSC is superior to other methods of thermal denaturation measurements due to the appreciable 

heat absorption when denaturation occurs (Liu et al., 2014). The process of denaturation is a 

phase transition. During this phase transition, the native form of collagen is transformed to 

denatured form and simultaneously structured water is released. This phase transition is 

mainly determined by the state or phase of particular components of the sample, and indirectly 

inform about the chemical composition of the sample. However, DSC curves do not provide 

information about the type of reaction that has taken place in the sample. The physical 

properties of collagen depend on its water content. Water molecules participate in different 

ways in collagen structure, therefore the release of water at phase transition is a complex 

process. The amount of free and bound water depends on relative humidity (Gauza-

Włodarczyk et al., 2017). 

Free water moves in and out of the fibre structure with changes in relative humidity, 

whereas bound water is attached to the protein molecules. The amount of free water varies 

with the physical state of the skin, such as porosity and the presence of chemicals. Structural 

water is present in the form of an integral part of the collagen structure and affects its physical 

and chemical properties. Heating of collagen also leads to the release of free and bound water, 

whose content affects both the thermal and electrical conductivity of collagen (Gauza-

Włodarczyk et al., 2017). 

DSC permits the investigation of thermal effects accompanying different processes 

taking place on heating or cooling of a given substance and thermal effects taking place under 

isothermal conditions at a certain time (Gauza-Włodarczyk et al., 2017). This process can be 

explained using DSC thermograms. For example, DSC thermograms recorded by Gauza-

Włodarczyk et al. (2017) in their study with fish skin collagen in a form of hydrogel made of 

Salmo salar skin, loss of free water and bound water occurred in 25-87°C temperature region, 

the process of denaturation occurred in 107-147°C region and thermal decomposition occurred 

above 147°C.    

Generally, the enthalpy of denaturation: the energy needed for the phase transition of 

fish collagen is lower than that of bovine collagen, hence the denaturation temperature of fish 

collagen is low (Liu et al., 2014). The processing temperature of collagen should be below the 

denaturation temperature (Gauza-Włodarczyk et al., 2017). Therefore, measurement of Td is 

important in this study to know which processing temperatures should be regulated to avoid 

the denaturation of collagen during extraction and further applications.  

2.5.4 Circular dichroism (CD) spectroscopy 

Circular dichroism spectroscopy is used for the structure determination of peptide bonds, 

aromatic amino acid side chains, and disulphide bonds in the wavelength ranges of less than 
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240 nm, 260-320 nm, and around 260 nm respectively (Kelly et al., 2005). Circular dichroism 

spectroscopy is considered the gold standard for estimating the secondary structure of proteins 

among other techniques like FTIR and DSC due to the easy identification of the native and 

denatured conformations (Gopinath et al., 2017). The secondary structure determination by 

this technique is based on the measurement of differential absorption of left and right-handed 

polarised light by peptide bond chromophores in a protein (Drzewiecki et al., 2016; Qi et al. 

2015; Zhou et al. 2018), in the far UV range, generally from 250 to 190 nm (Rodger & 

Marshall, 2021). The spectrum is recorded as dichroism measured as a function of wavelength 

(Kelly et al., 2005). The native triple-helical structure of collagen in a solution is characterised 

by the presence of a negative peak at around 198 nm related to the content of the α-helix 

structure, a cross-over at 214 nm and a weak positive peak at around 220 nm due to the π-π* 

transition of peptide bonds (Liu et al., 2016; Zhou et al., 2018). The easy identification of the 

native structure from the denatured structure is based on the presence or absence of the positive 

peak as it disappears upon denaturation (Drzewiecki et al. 2016). The calculated value of the 

‘positive/negative ratio’ (Rpn) from the CD spectra is used as a measure to estimate the degree 

of denaturation or the triple-helical content (Akita et al. 2020; Perez-Puyana et al. 2019). A 

higher Rpn ratio implies a more denatured protein and shows a positive value above zero, and 

a lower Rpn ratio below zero implies a native protein (Perez-Puyana et al., 2019). Sun et al. 

(2020) reported a Rpn ratio of -0.123 for native collagen and 0.120 for thermally denatured 

collagen.  

The solvent and the pH of the medium should be selected appropriately for dissolving 

collagen. The use of HCl as a solvent is not a good choice as Cl- is an achiral molecule which 

absorbs light and reduce the photons available for the analyte to absorb (Rodger & Marshall, 

2021). Therefore, the most suitable solvent for collagen secondary structure analysis is acetic 

acid. However, the pH of the medium should not be below 3.0, due to the irreversible 

unwinding of triple-helices into random polypeptide chains by the higher amount of H+ (Zhou 

et al., 2018). Therefore, an acetic acid concentration of 0.05 M is used (Zhou et al., 2018). The 

dynode voltage of the samples should also be checked. It is an instrument parameter that 

increases with the increasing optical density of the samples (Drzewiecki et al., 2016). For 

highly absorbing samples only a few photons are reaching the detector causing weak signals 

in the spectrum (Rodger & Marshall, 2021). Therefore, the dynode voltage of the samples 

should be confirmed to be below 600 V (Drzewiecki et al., 2016). 

2.5.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy images are used to describe the morphology of freeze-dried 

collagen. These collagens appear as sponges and typically consist of interwoven fibril network 

found as sheets, and pores between the spaces (Arumugam et al., 2018; Liao et al., 2018;). 

Features of these sponges, such as specific surface area, pore size, pore volume and fibril 

distribution are important for biomedical applications (Arumugam et al., 2018; Pal et al., 2016; 

Wu et al., 2010;). This porous structure is a result of freeze-drying, and the pore size depends 

on the water content during preparation (Ikoma et al., 2003). 
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2.5.6 Zeta potential 

The zeta potential or surface charge of collagen is used to measure the isoelectric pH (pI). The 

pI can be used to study the electrostatic interactions of collagen during fibrillogenesis (Li et 

al., 2009). Collagen precipitation or fibrillogenesis occurs at isoelectric pH (pI) attributing to 

the aggregation of collagen molecules due to hydrophobic interactions among collagen 

molecules, which increases at pI, where the total net charge of protein molecules becomes 

zero (Pal & Suresh, 2016). 

When the pH of the collagen solution is higher or lower than the pI, the repulsive 

forces between charged residues of collagen molecules increases, thereby increasing the 

solubility of collagen. At pI, the total charge of collagen is almost zero, thereby increasing the 

interactions between hydrophobic sites of collagen molecules leading to aggregation and 

precipitation (Li et al., 2013; Pal & Suresh, 2016; Woo et al., 2008). 

The pI depends on the source of collagen, hence the species of fish (Pal & Suresh, 

2017), method of collagen extraction and fibrillogenesis. Pepsin treatment in the collagen 

extraction step can alter the pI by reducing the content of high molecular weight cross-links 

due to the cleaving of the telopeptide region (Li et al., 2013).  The presence of ions or added 

salts in collagen solution during fibrillogenesis alter pI of fish collagen (Li et al., 2009). 

Studies have reported different pI values for different fish species: pH 9.3 (Pati et al., 2012); 

pH 6-9 (Li et al., 2013); pH 6.6 (Woo et al., 2008); pH 5.5-9.5 (Pati et al., 2012). 

2.5.7 Turbidity measurement 

Turbidity measurement is widely used to study the self-assembly process of collagen 

fibrillogenesis due to its simplicity of operation and providing multiple kinetic parameters 

(Zhu et al., 2018). Fibrillogenesis occurs in three phases and changes are sigmoidal, 

measurement of optical density at 313 nm during lag, growth and plateau phases are assessed. 

During the lag phase, the assembly of collagen monomers into fibril intermediates are 

initiated, therefore no detectable change in turbidity is observed. During the growth phase, the 

formation of mature collagen fibrils from the fibril intermediates occurs, and therefore a 

significant increase in turbidity is observed. During the plateau phase a constant level of 

turbidity is observed (Li et al., 2009; Zhu et al., 2018). The turbidity method has some 

drawbacks including failure to reveal details of the fibre number and size at the microscale 

(Zhu et al., 2018). In some studies, atomic force microscopy (AFM) or transmission electron 

microscopy (TEM) images are used together with turbidity measurements to describe the 

results.  

2.5.8 Atomic force microscopy (AFM)  

AFM is an imaging technique to visualise the surface topography of a sample (Zhu et al., 

2018). Compared to electron microscopy, AFM can be used in aqueous solutions thereby 

preserving their physiological conformations, and functions. A high signal-to-noise ratio 

permits the resolution of surface structural details down to less than 1 nm (Jiang et al., 2004). 

AFM can be used to investigate the self-assembly process and network formation of collagen 

in biological systems (Jiang et al., 2004) as it enables the study of both individual molecules 

and the interaction between molecules (Zhu et al., 2018). Therefore, AFM is an effective tool 

to analyse the morphology of collagen fibrils, such as typical D-periodicity and dynamics of 
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collagen fibrillogenesis under different conditions. D-periodicity can also be obtained using 

complementary electron microscopy methods and XRD spectra (Zhu et al., 2018). 

2.5.9 Transmission electron microscopy (TEM) 

TEM is another imaging technique used in collagen fibrillogenesis studies to visualise the 

surface topography of a sample. TEM has advantages including a very high spatial resolution 

capability providing details of the characteristic D-banding of fibrils, fibril diameter, fibril 

volume fraction, mean fibril length and fibril cross-sectional features (Zhu et al., 2018). 

Drawbacks associated with TEM include high sample preparation costs, extensive sample 

preparation time, and failure to achieve real-time observation of collagen fibrillogenesis (Zhu 

et al., 2018). Figure 2.5 shows examples of imaging type I collagen using some of these 

techniques. 
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(A) (B) 

Figure 2.5 Self-assembly process of collagen type I showing the collagen fibril morphology and 

arrangement at different pH values during self-assembly process. 

(A) Collagen fibrils per unit length of 1 µm. The pI value of collagen type I (9.3) is pointed out. (Jiang 

et al., 2004) 

(B) AFM images (Jiang et al., 2004) 

(C) TEM images (Li et al., 2009) 

(D) SEM images (Li et al., 2009) 
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2.6 Conclusions 

Characteristics of fish skin collagen are different from mammalian collagen. The required 

functionality of collagen depending on the biomedical application is possible with further 

treatment methods after extraction, such as physical or chemical cross-linking. In addition, 

fish skin collagen possesses favourable characteristics for biomedical applications such as 

high biodegradability, weak antigenicity, high cell adhesion, cell growth and cell proliferation 

potential than mammalian collagen. However, several gaps were evident in the existing 

knowledge on the use of fish as a source of collagen for biomedical applications.  

Marine collagen processing for biomedical applications is only evident at the 

laboratory scale. Research has been done to extract and characterise collagen from different 

body parts of fish including the fish skin, however, it has not progressed beyond laboratory-

level processing. These methods cannot be applied for industrial-level processing of collagen 

from fish skin due to their complexity and long processing times. Therefore, methods need to 

be modified and scaled-up for industrial level processing of fish skin collagen for biomedical 

applications. 

Fish skin structure and composition vary due to different factors. Conditions in the 

collagen extraction process need to vary according to these factors. However, existing 

laboratory methods have not been focused on this important aspect. Therefore, the behaviour 

of fish skin structure and composition during the collagen extraction process from variable 

fish species need to be studied and the processing parameters need to be optimised. 

The review of literature has demonstrated numerous detailed studies of how 

processing conditions and extraction protocols can be applied to fish skins to produce 

collagens. To facilitate commercial processing, this knowledge must be applied to adapt well 

established mammal-derived collagen processing methods to marine sources. 
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Chapter 3. Direct application of bovine collagen processing to fish 

skin 

3.1 Introduction 

While there are no industrially relevant fish collagen processes for biomedical applications 

reported in the literature, methods to produce biomedical collagen from bovine sources exist 

and these materials are commercially available. Several patents such as those by Li & Oakland 

(1997); Li et al. (1994, 1996); Nichols & Princeton (1991) form the basis of commercial 

processing systems. Collagen is generally derived from tendons which have a uniform 

structure and low fat content. Processing steps include the removal of fats using Sodium 

dodecyl sulphate (SDS), mechanical slicing, removal of non-collagenous proteins using 

Sodium sulphate (Na2SO4), extraction using mineral acids and fibrillogenesis using Sodium 

hydroxide (NaOH) (Figure 3.1). Conditions have been adapted to achieve high yield, high 

purity and good functionality that preserves the native triple-helix structure and native D-

banding pattern while minimising the number of processing steps, the time required for each 

step and the amount of each solution used.  

As shown in the literature review, fish skin processing methods at lab scale are long 

and complex with significant solvent use. As such, this work took the approach of taking a 

commercial bovine process and using this as the basis for the development of fish skin 

collagen processing. By demonstrating the problems that arise, adaptations could be proposed 

to overcome them. The literature review identified that key challenges in processing fish skins 

are likely to be due to greater structural heterogeneity, higher levels of non-collagenous 

components and reduced thermal stability of fish skins.  

This chapter is focused on;  

 Laboratory-scale implementation of a commercial process used for bovine collagen 

extraction from tendons and demonstrating the experimental techniques to 

characterise the composition and structure of the derived collagen. 

 Direct application of this process to fish skins to identify the key areas where 

modifications of the process would be required to achieve high quality fish skin-

derived collagen products. 

 

This would form the basis for the adaptation of the process to improve performance. 

3.2 Demonstrating a laboratory scale implementation of commercial bovine collagen 

processing 

In this step, the laboratory scale application was demonstrated to become familiar with it, to 

set up key equipment and to demonstrate analysis methods. Figure 3.1 shows a process flow 

chart of the commercial process used which was based on the patents by Li & Oakland (1997); 

Li et al. (1994, 1996); Nichols & Princeton (1991). 
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Figure 3.1 Process flow chart showing the key steps of the commercial bovine collagen process. 

3.2.1 Materials and methods 

3.2.1.1 Sample preparation 

Bovine tendons were supplied in frozen condition from the Silver Fern Farms, New Zealand. 

These tendons were from animals between 24-30 months old. Whole samples were then 

thawed by soaking in distilled water at 1:5 (m/v) ratio for 6 h, and then drained for 2 min. 

Sample preparation and all the experiments were conducted at normal laboratory temperatures 

(19-20°C). 

3.2.1.2 Pretreatment by SDS washing 

Pretreatment with SDS was done to remove fats and other unwanted materials available on 

the surface of tendons. Tendons were added to a 2% SDS solution at 1:1 (m/v) ratio, stirred 

for 1 min, left undisturbed for 60 min and the solution was drained for 2 min. Then tendons 

were rinsed by adding distilled water at 1:1 (m/v) ratio, stirred for 1 min, left undisturbed for 

30 min and drained for 2 min. This rinsing step was repeated 5 times.  

3.2.1.3 Pretreatment with Sodium sulphate 

Pretreatment with Na2SO4 was done to remove non-collagenous proteins from tendons. 

Tendons, after pretreatment with SDS were cut transversely into 1 mm thick pieces using a 

bacon slicer. The slices were then soaked in 0.25 M Na2SO4/ 0.1 M HCl at 1: 10 (m/v) ratio 

for 4 h with periodic gentle stirring every hour for 1-2 min during soaking, then were drained 

for 5 min. The samples were then soaked in 0.5 M Na2SO4 at 1: 5 (m/v) ratio for 30 min and 

drained for 5 min. After that, the samples were soaked in 0.75 M NaOH/ 1.0 M Na2SO4 at 1: 

10 (m/v) ratio for 24 h with periodic gentle stirring every hour for 1-2 min during soaking. 

They were then neutralised with 1 M HCl and drained. The samples were then repeatedly 

washed with distilled water until the separated wash water pH became equal to the incoming 

wash water pH. A Barium chloride test was done to qualitatively confirm the absence of 

sulphate. A white colour precipitate (Barium sulphate) is formed if sulphate is present.  

3.2.1.4 Extraction with hydrochloric acid 

The pretreated samples were dispersed in 0.01 M HCl at 1: 30 (m/v) ratio for 1 h. By this time, 

the tendon pieces were swollen completely. The swollen pieces and the solution were 
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homogenised together for 3 bursts each for 15 s using a food processor (Nutrifusion 700 

Series, Model XJ-15409). Samples were rested for 60 s in between bursts to avoid foaming 

and heating.  

3.2.1.5 Fibrillogenesis with Sodium hydroxide 

The homogenised solution was then precipitated with 0.01 M NaOH until pH 6.6, which is the 

isoelectric pH of bovine collagen. The precipitated collagen was separated from the rest of the 

solution by filtering through a stainless steel colander and packed in polythene bags. They 

were kept in the freezer for 24 h at -20°C and then freeze-dried at 0.5 mbar, 50°C for three 

days (BUCHI LyovaporTM L-300, BUCHI Labortechnik AG; Flawil, Switzerland). 

3.2.1.6 Characterisation methods for extracted collagen 

Freeze-dried bovine collagen was characterised by scanning electron microscopy (SEM), UV 

absorption spectroscopy, attenuated total reflectance-fourier transform infrared (ATR-FTIR) 

spectroscopy, differential scanning calorimetry (DSC) and circular dichroism (CD) 

spectroscopy.  

3.2.1.6.1 Morphology and microstructure  

Optical photographs were taken using a Samsung Galaxy Note9 phone to show the collagen 

morphology under the naked eye. The microstructure of collagens was analysed by the SEM. 

For the SEM, freeze-dried samples were mounted on aluminium stubs using double-sided tape 

to ensure high electrical conductivity between the specimen and the stub. Then, it was sputter-

coated with approximately 100 nm of gold (Baltec SCD 050 sputter coater) and viewed in a 

FEI Quanta 200 Environmental Scanning Electron Microscope (Hillsboro, USA) at an 

accelerating voltage of 20 kV.    

3.2.1.6.2 UV absorption spectroscopy 

UV absorption spectroscopy was used to assess the effectiveness of pretreatment step to 

remove the non-collagenous proteins, and infer the purity of collagen. UV absorption spectra 

were obtained using the method of Zeng et al. (2009), which involved dissolving 0.04 mg of 

collagen in 100 mL of 0.02 M Sodium acetate buffer at pH 4.8 containing 2 M urea. The 

solution was then placed into a quartz cell with a path length of 1 mm. The UV spectrum was 

measured at wavelength 190-350 nm at a scan speed of 2 nm/s with an interval of 1 nm using 

a UV-visible spectrophotometer (Genesys 10S spectrophotometer, GENESYS 10S UV-VIS, 

Thermo Fisher Scientific; Madison, Wisconsin, USA).  Pure type I collagen should give only 

one peak in the 220 nm to 240 nm wavelength range. If non-collagenous proteins are present 

as impurities, the spectrum provides an additional small peak at 280 nm corresponding to 

tryptophan and tyrosine amino acids which should be absent in pure collagen.  

3.2.1.6.3 ATR-FTIR spectroscopy 

The ATR-FTIR spectroscopy was used to assess the type of collagen and the native triple-

helical conformation. The ATR-FTIR spectra were obtained using a Nicolet iS5FTIR 

spectrometer (Wisconsin, USA) equipped with a iD7 ATR diamond sampler accessory. A 

small piece of freeze-dried collagen was placed on the single reflection crystal cell. The signals 

were automatically collected for 32 scans over the 4000-400 cm-1 range using 2 cm-1 
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resolution. Background spectra were collected from the clean empty crystal cell. The peak 

positions of the spectrum were analysed for collagen type, and triple-helical conformation as 

described in the §2.5.2. 

3.2.2 Results and discussion 

3.2.2.1 Morphology and microstructure 

Collagen appeared as a white sponge with pores on its surface under the naked eye (Figure 

3.2). SEM images were taken to analyse the morphology of extracted freeze-dried collagen. 

SEM images (Figure 3.3), at lower magnifications, showed the pore structure, and at higher 

magnifications the coil-like fibrils were seen as sheets interconnected to each other. Pores 

were found in the spaces between the interconnected sheets. This porous structure is an 

important characteristic in biomedical applications (Arumugam et al., 2018). 

 

 

 

 

 

 

 

 
 

Figure 3.2 Optical photograph of the freeze-dried bovine tendon collagen as viewed by the naked 

eye. 

 

Figure 3.3 SEM images of freeze-dried collagen extracted from bovine tendons. A: (x50); B: (x250); 

C: (x1,000); D: (x2,500). 
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3.2.2.2 UV absorption spectroscopy 

The UV absorption spectroscopy is a qualitative technique to analyse the purity of extracted 

collagen with respect to the absence of non-collagenous proteins. Pure type I collagen gives 

the maximum absorption peak in the 220 to 240 nm range (Nalinanon et al., 2011; Pal et al., 

2015; Pal & Suresh 2017). This peak is associated with the -C=O, -COOH, -CONH2 groups 

in polypeptide chains of collagen molecules (Pal & Suresh 2017; Zeng et al., 2009). If non-

collagenous proteins are present as impurities, it provides a small peak in the 250-280 nm 

range corresponding to tryptophan and tyrosine which are absent in collagen (Pal & Suresh 

2017; Sionkowska 2000; Xu et al. 2017; Zeng et al. 2009). The spectra measured for bovine 

collagen showed a maximum absorption peak around 220 nm corresponding to collagen, 

without peaks for non-collagenous proteins in the 250-280 nm range (Figure 3.4). This is an 

indication of the effective removal of all non-collagenous proteins during the pretreatment. 

 
Figure 3.4 Measured UV absorption spectrum of bovine tendon collagen. 

3.2.2.3 ATR-FTIR spectroscopy 

The ATR-FTIR spectrum of bovine tendon collagen exhibited characteristic peaks of amide 

A, amide B, amide I, amide II, and amide III, typical of type I collagen (Figure 3.5). The peak 

analysis and interpretation of this spectrum are given in Table 3.1. These results confirm that 

extracted collagen from bovine tendons is type I collagen. The ratio of the absorbance of amide 

III and the peak near 1450 cm-1, which is called the absorption ratio, is a critical parameter 

used to indicate the intactness of the triple-helical structure, comparing that obtained after 

collagen preparation to the native structure (Li et al., 2013; Sun et al. 2017; Wang et al. 2008). 

The absorption ratio calculated for bovine collagen was 0.89(±0.02) (close to 1) which 

indicates the triple-helical structure was intact and without any structural damage during the 

pretreatment, extraction or fibrillogenesis process steps. 

 

Overall, these results demonstrate that the commercial process was successfully scaled down 

to the lab scale and could be used to produce collagen in the native structure with high purity. 
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Figure 3.5 ATR-FTIR spectrum of collagen extracted from bovine tendons. The general peak areas 

relevant to amide A, B, I, II, III and the peak near 1450 cm-1 are shown as bands to compare with the 

peaks obtained for bovine collagen. Graph represents the mean of three replicates.  

 

Table 3.1 FTIR peak locations, assignment and peak analysis for freeze-dried collagen extracted from 

bovine tendons. The mean (±SD) of three replicates are given.  

Region Reference 

peak 

wavenumber 

(cm-1)* 

Sample 

peak 

wavenumber 

(cm-1) 

Assignment Peak analysis 

Amide A 3400-3440 3300(±13) N-H stretching Shift to lower frequency 

due to N-H group 

involvement in H bonding. 

Amide B 2920 2940(±19) CH2 

asymmetrical 

stretching  

 

Amide I 1600-1700 1633(±3) C=O 

stretching 

Peptide secondary structure 

(Triple helical structure) is 

preserved. 

Amide II 1550-1600 1546(±4) N-H bending 

coupled with  

C-N stretching  

Peptide secondary structure 

(Triple helical structure) is 

preserved. 

Shift to lower frequency 

due to more H bonds, 

indicating good activity of 

collagen and triple helical 

structure. 

Amide 

III 

1230-1300 1236(±2) N-H bending 

coupled with 

C-N stretching  

Peptide secondary structure 

(Triple helical structure) is 

preserved. 

*Data sources for reference peak wavenumbers and assignment: Li et al., 2013; Wang et al., 2008; Riaz 

et al., 2018. 
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3.3 Testing the direct application of the bovine collagen extraction process to fish skin 

Almost all the collagen extraction methods used for fish skin available in the literature are 

laboratory-based protocols. Use of acetic acid to extract collagen is unsuitable when extracted 

collagen is used for biomedical applications because the presence of acetic acid residues in 

the end product can cause problems in desired applications. Further, these laboratory-based 

protocols involve centrifugation and dialysis steps which make the process more complicated 

and expensive at an industrial level. Therefore, this experiment aimed to see the applicability 

of the industrial method of collagen extraction from bovine tendons (outlined in §3.2), to fish 

skin. Knowledge gained by understanding the behaviour of fish skin during collagen 

extraction by this method will be useful for the development of a modified method suitable 

for fish skin. 

3.3.1 Materials and methods 

3.3.1.1 Materials 

Skin samples of Tarakihi fish (Nemadactylus macropterus) were sourced from a local fish 

processor and retailer in Palmerston North, New Zealand. Tarakihi (Figure 3.6) belongs to the 

family Cheilodactylidae. Their average length is 30-40 cm and their average weight is 0.9-2.5 

kg (www.seafood.co.nz). Their identification features include a darker collar behind the head. 

The lower pectoral fin extends approximately half-way the length of the fish 

(www.fishspecies.nz). They are commonly found on the South Island coasts and the lower 

part of the north island’s east coast (www.fishspecies.nz). Adult fish inhabit over the open 

bottom at depths of 50-100 m in winter and 100-250 m in the rest of the year 

(www.seafood.co.nz). The commercial annual catch of this species was 4,034,946 kg in 2022 

(fs. fish.govt.nz). Fishing season is from February to June, but they are caught throughout the 

year. Tarakihi is the New Zealand's second most important commercial catch 

(www.seafood.co.nz). 

 
Figure 3.6 Tarakihi (Nemadactylus macropterus) (source: www.talleys.co.nz). 

3.3.1.2 Sample preparation and processing 

Scales and residual flesh on the skins were removed manually using a stainless steel knife. 

The skins were then washed thoroughly with distilled water to remove any extraneous matter. 

Thereafter, the cleaned skins were packed in polyethylene bags and kept frozen at -20 °C until 

use. Before the pretreatment step frozen skins were thawed overnight by keeping them in a 

cold room, and cut into small slices of 10 x 10 mm with a pair of scissors. Water was not used 

for thawing. 

http://www.seafood.co.nz/
http://www.talleys.co.nz/
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All the procedures of pretreatment by SDS and Na2SO4, HCl extraction and NaOH 

fibrillogenesis steps used for bovine tendons (described in §3.2.1.2-5) were directly adopted 

for the fish skin samples. The slicing of the skin was not done after pretreatment with SDS as 

they were already cut into pieces. Characterisation of the freeze-dried collagen samples was 

done using optical photographs, SEM, UV spectroscopy and ATR-FTIR as discussed in 

§3.2.1.6. Sample preparation and all the experiments were conducted at normal laboratory 

temperatures (19-20°C). 

3.3.2 Results and discussion 

3.3.2.1 Observations made during the collagen extraction process 

The SDS pretreatment is used in the bovine collagen extraction method to remove fats from 

the bovine tendons. By applying the same method on fish skin complete removal of fats was 

expected. However, fat globules were observed even after the Na2SO4 pretreatment step. This 

result suggests that changes to the pretreatment steps are required to adequately separate fats 

due to the heterogenous structure of the fish skin and the higher lipid concentrations.   

The solution after homogenisation for fish skins was not as thick as obtained for 

bovine tendons suggesting that solubilisation of the skin samples was not as complete as 

achieved with the bovine tendons. Modifications to the acidic conditions, the time requirement 

and or the initial particle size distribution are required to improve this behaviour. 

Foam formation was also evident during the homogenisation step and remained 

during the precipitation step. The foam wasn’t observed for the bovine collagen process, 

suggesting that either fats or non-collagenous proteins not removed in pre-processing steps 

may be causing and stabilising the foam. A sample of this foam was freeze-dried to see 

whether collagen was present in the foam.  

During precipitation with 0.01 M NaOH, collagen was not precipitated from the 

homogenised solution. This is a key difference in the process where no fibrillogenesis was 

evident. This could have been due to reduced quantities of solubilised collagen or lower 

concentrations of solubilised collagen in the solution which affected aggregation and 

precipitation. A sample from the solution was freeze-dried to see whether the collagen was 

present in the acid extract. After freeze-drying, a thin and fragile layer of collagen was formed.  

3.3.2.2 Characterisation of extracted fish skin collagen 

3.3.2.2.1 Morphology and microstructure  

Collagen freeze-dried from the solution appeared as a white, very thin fragile sheet under the 

naked eye (Figure 3.7). The SEM images were used to analyse the morphology of extracted 

freeze-dried collagen. SEM images (Figure 3.8), at lower magnifications, showed the pore 

structure, and at higher magnifications the coil-like fibrils were seen. However, both the 

porosity and fibrillar-like nature are low compared to that of bovine collagen (see Figure 3.3). 

The SEM images of collagen obtained by freeze-drying the foam showed a less uniform and 

highly fragile-like pore structure (Figure 3.9).  
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Although collagen was not precipitated from fish skin as obtained from the bovine 

tendons, SEM images confirmed the presence of collagen extracted into the acid solution. The 

extractability of collagen into the acid solution and fibrillogenesis thereafter depends on the 

effectiveness of sample preparation, pretreatment, extraction conditions and fibrillogenesis 

conditions. Hence, the failure in collagen extraction could be due to any of these factors or a 

combination of them. Therefore, further experiments are needed to understand these factors 

in relation to the behaviour of fish skin during collagen extraction. The presence of collagen 

in the foam which was formed during the homogenisation step confirms the need of avoiding 

its formation, which would otherwise reduce the process yield.   

 

 

 

 

Figure 3.7 Optical photograph of the freeze-dried Tarakihi fish skin collagen from the solution phase. 

 

Figure 3.8 SEM images of Tarakihi fish skin collagen: freeze-dried from the solution. A: (x50); 

B: (x200); C: (x1,300); D: (x2,500) 
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3.3.2.2.2 UV absorption spectroscopy 

The UV absorption spectrum obtained for Tarakihi skin collagen extracted by the commercial 

bovine collagen extraction method is shown in Figure 3.10. The spectrum reported a maximum 

absorption peak around 220 nm corresponding to collagen, and a small peak around 280 nm 

corresponding to the tryptophan and tyrosine amino acids which are generally absent in pure 

collagen (Pal & Suresh 2017; Sionkowska 2000; Xu et al. 2017; Zeng et al. 2009). This result 

indicates the inefficiency of the pretreatment method to remove all non-collagenous proteins 

from fish skin. Therefore, it highlights the need to study the pretreatment process in relation 

to the behaviour of fish skin. 

Figure 3.10 UV absorption spectrum of Tarakihi skin collagen extracted by the bovine collagen 

extraction method. 

Figure 3.9 SEM images of fish skin collagen: freeze-dried from the foam. A: (x50); B: (x200);  

C: (x1,300); D: (x2,500) 
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3.3.2.2.3 ATR-FTIR spectroscopy 

The FTIR spectrum of collagen (Figure 3.11) confirmed the presence of type I collagen. The 

peak analysis and interpretation of this spectrum are given in Table 3.2. There is an indication 

of not preserving the triple-helical conformation in the collagen as the absorption ratio of 0.78 

is not close to 1. This can be an effect of the pretreatment, extraction or fibrillogenesis 

conditions which need further study. Further, there is a peak present at 1744 cm-1 which 

corresponds to the presence of fats (Talari et al., 2017). This result indicates that the SDS 

treatment has not been effective in removing fats from the fish skin.  

Figure 3.11 ATR-FTIR spectrum of collagen extracted from Tarakihi fish skin using the bovine 

collagen process. The general peak areas relevant to amide A, B, I, II, III and the peak near 1450 cm-1 

are shown as bands to compare with the peaks obtained for Tarakihi fish collagen.  

 
Table 3.2 FTIR peak locations, assignment and peak analysis for freeze-dried collagen extracted from 

Tarakihi fish skin. 

Region Reference 

peak 

wavenumber 

(cm-1)* 

Sample 

peak 

wavenumber 

(cm-1) 

Peak analysis 

Amide A 3400-3440 3305 Shift to lower frequency due to N-H group 

involvement in H bonding. 

Amide B 2920 2924  

Amide I 1600-1700 1652 Peptide secondary structure (Triple helical 

structure) is preserved. 

Amide II 1550-1600 1549 Peptide secondary structure (Triple helical 

structure) is preserved. 

Shift to lower frequency due to more H 

bonds, indicating good activity of collagen 

and triple helical structure. 

Amide III 1230-1300 1240 Peptide secondary structure (Triple helical 

structure) is preserved. 

*Data sources for reference peak wavenumbers and assignment: Li et al., 2013; Wang et al., 2008; Riaz 

et al., 2018. 
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3.4 Conclusions 

A lab-scale implementation of a commercial collagen extraction process for bovine tendons 

was achieved. Using this method extracted collagen with expected properties was produced 

and UV and FTIR analysis demonstrated the absence of fats and other non-collagenous 

components and that the native triple-helix structure was preserved. 

Direct application of the process to Tarakihi fish skin was not as successful. A key 

problem was the incomplete pretreatment of the skin samples to remove non-collagen 

materials. This is likely to have compounded other problems that occurred in later processing 

steps. Acid hydrolysis to solubilise the skin structure was incomplete and foams were formed 

during homogenisation. On treating with NaOH, the solution did not exhibit fibrillogenesis 

and precipitation.  

Overall, these results demonstrate the need for further research to overcome these 

issues. 
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Chapter 4. Testing potential process modifications to improve fish 

skin collagen recovery 

4.1 Introduction 

This chapter aimed to propose modifications to the bovine collagen extraction method and 

make it suitable to use for fish skin. Three fish species were used: Tarakihi fish (Nemadactylus 

macropterus) and Ling fish (Genypterus blacodes) from New Zealand, and Yellowfin tuna 

(Thunnus albacares) from Sri Lanka. The selection of fish species was based on the 

availability in the seafood industry, and to represent the different proximate compositions and 

different habitats. 

Potential modifications were identified and evaluated by testing hypotheses which 

had been developed based on the available literature and the results of the preliminary 

experiments outlined in Chapter 3. Six hypotheses were formulated. 

 Hypothesis 1: Swelling of fish skin by NaOH as a pretreatment agent facilitates the 

removal of non-collagenous materials 

 Hypothesis 2: Collagen fibril formation and its size depend on the concentration of 

the collagen solution 

 Hypothesis 3: Rapid increase of pH induces the formation of collagen fibres 

 Hypothesis 4: Isoelectric pH of type I collagen from fish is different from mammalian 

collagen 

 Hypothesis 5: Fibril aggregation in fish collagen is time-dependent  

 Hypothesis 6: Collagen extractability depends on the temperature of the system which 

may have to be lower for fish skins than for bovine sources. 

 

The proposed modifications to the reference method (bovine collagen extraction 

method) and the related hypothesis are shown in the flow chart (Figure 4.1). Modifications 

done to the industrial method of collagen extraction from bovine tendons when it was used for 

fish skin are marked by using dark-coloured boxes in the flow diagramme. These 

modifications are described in more detail in the methodology section. Alterations to some 

steps were required depending on the fish species as described in the methodology where 

relevant.  
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Figure 4.1 Flow diagramme showing the reference method of collagen extraction, proposed 

modifications and related hypothesis. 
1Reference method is the industrial method of collagen extraction from bovine tendons carried out in 

Chapter 3.2; 
2Proposed modifications to the reference method are highlighted using dark-coloured boxes; 
3Hypothesis which the proposed modification is based on is shown next to the modification. 

 

Hypothesis 6 was tested by experimenting with different temperatures for the Ling 

fish skin (4°C and 19°C). Ling skin was preferred for this temperature comparison because it 

has naturally low contents of fats and pigments, which are desirable to avoid interferences 

during extraction and fibrillogenesis. 
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4.2 Materials and methods 

4.2.1 Materials 

In this study, three fish species were selected, Tarakihi (Nemadactylus macropterus) (cold-

water, 100-250 m deep), Ling (Genypterus blacodes) (cold-water, 300-500 m deep) from New 

Zealand and Yellowfin tuna (Thunnus albacares) (warm-water, pelagic) from Sri Lanka to 

represent different skin compositions and different habitat temperatures. Experiments on 

collagen extraction from Tarakihi and Ling were conducted in New Zealand, and Yellowfin 

tuna trials were carried out in Sri Lanka. 

Ling (Figure 4.2) belongs to the family Ophidiidae. Their average length is 80-120 

cm and their average weight is 4-10 kg (www.seafood.co.nz). Their identification features 

include pink colour elongated body with eel-like tail, barbel-like pelvic fins, and jaw extending 

behind the eye. They are commonly found off the southern south island coast 

(www.seafood.co.nz). They inhabit depths of 300-500 m (www.seafood.co.nz). The 

commercial annual catch of this species was 16,919,564 kg in 2022 (fs. fish.govt.nz). Fishing 

season is from October to November, but they are caught throughout the year. Ling is within 

the new Zealand’s top ten export earners for seafood (www.seafood.co.nz). 

 
Figure 4.2 Ling (Genypterus blacodes) (source: www.seafood.co.nz). 

 

Yellowfin tuna (Figure 4.3) belongs to the family Scombridae. Their average length 

is about 150 cm (www.fishbase.se) and their average weight is 25-90 kg 

(www.srilankabusiness.com). Their identification features include torpedo-shaped body with 

dark metallic blue backs, yellow sides, and a silver belly (www.worldwildlife.org). They are 

highly migratory and found throughout the Pacific, Atlantic and Indian Oceans and found as 

schools (www.worldwildlife.org) in the temperature range of 15-31°C. They are pelagic-

oceanic, and inhabit depths of 1-100 m (www.fishbase.se). The annual catch of this species 

was 44,760,000 kg in 2019 in Sri Lanka (Dept. of Census & Statistics, 2020). Yellowfin tuna 

fisheries plays a key role in export earnings of Sri Lanka.  

 

 

 

Figure 4.3 Yellowfin tuna (Thunnus albacares) (source: fishider.org). 

 

http://www.seafood.co.nz/
http://www.seafood.co.nz/
http://www.seafood.co.nz/
http://www.fishbase.se/
http://www.worldwildlife.org/
http://www.worldwildlife.org/
http://www.fishbase.se/
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4.2.2 Sample preparation 

Fish skins were collected from local fish markets and were transported to the laboratory in a 

chilled condition. Skins were cleaned by manually removing the scales from the outer surface 

and residual flesh left on the inner surface of the skin using a stainless steel knife. Skins were 

washed thoroughly with distilled water to remove any extraneous matter. The cleaned skins 

were packed in polyethylene bags and stored at -20°C until use. Before the experiments, the 

skin was thawed by keeping in a cold room, and cut into small slices of 10 x 10 mm in size. 

Water was not used for thawing. Samples of 50.00 g were taken for the experiments.  

4.2.3 Moisture content and crude fat content in raw fish skin 

Moisture content in raw fish skins was determined by oven-drying at 105°C (AOAC 930.15). 

Crude fat contents in raw fish skins were determined by the Soxhlet extraction method (AOAC 

960.39) using petroleum ether as the solvent. Fish skins were analysed after first freeze-drying 

to facilitate fat extraction. Crude fat content was determined gravimetrically after evaporating 

off the solvent and reported as a percentage of the wet weight of the initial fish skin. 

4.2.4 Pretreatment with Sodium hydroxide 

The pretreatment process that was used in the experiments outlined in §3.2/3.3 was unable to 

effectively remove the non-collagenous material. It is understood from the previous literature 

(Arumugam et al., 2018) that Sodium hydroxide pretreatment swells the skin to facilitate the 

leaching out of non-collagenous material from the skin. Therefore, a Sodium hydroxide 

pretreatment was used in this experiment.  

A sample of 50 g of fish skin was soaked in 0.3 M NaOH solution with continuous 

stirring at 1:10 (m/v) ratio for 4 h, changing the solution every 1 h. This modification was 

done to test the hypothesis 1. After a 4 h period, skin pieces were repeatedly washed with 

distilled water until the pH of the resulting wash water become equal to the incoming water.  

4.2.5 Extraction with hydrochloric acid 

Most fish collagen extraction methods available in the published literature have used acetic 

acid. However, due to the negative impacts associated with residues of acetic acid in producing 

collagen for biomedical applications, acetic acid was replaced by dilute hydrochloric acid. The 

concentration of 0.01 M ensures the pH remains above 2 to avoid the hydrolysis of collagen 

molecules, to retain the native triple-helix structure. The commercial bovine collagen 

extraction method (reference method) also used 0.01 M hydrochloric acid as the extraction 

medium. However, the 1:30 (m/v) ratio produced a very dilute collagen extract (§3.3), 

therefore that ratio was replaced by 1:10 (m/v). This was done to test the hypothesis 2.  

Pretreated fish skin samples were soaked in 0.01 M HCl with a 1:10 (m/v) ratio for 1 

h with continuous stirring. By this time, the skin pieces were expected to be swollen. The 

behaviour of Yellowfin tuna skin during the acid extraction step was different from the other 

two species. It formed a viscous solution by the end of 1 h with remaining skin pieces in it, 

indicating the insufficient volume of HCl solution to solubilise all the collagen from swollen 

skin. Therefore, a viscous solution containing swollen skin pieces was obtained at the end, 

however only the viscous solution without the skin pieces was taken for the next steps of the 

process. 
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4.2.6 Homogenisation of the acid extract  

The homogenisation was used to achieve the most consistent solubility of collagen and 

produce an even particle size distribution of collagen fibres in the acid extract. For Tarakihi 

fish and Ling fish skin, after acid dispersion for 1 h, the suspension was homogenised as 

described in §3.2.1.4. For Tarakihi fish, a discolouration of the homogenised solution was 

observed due to the presence of pigments. Therefore, it was vacuum filtered using a Miracloth 

to separate dark colour pigment residues. The filtration step after homogenisation was not 

required for Ling fish skin as the discolouration of the extract was not present due to low 

pigment content and light colour of pigments compared to Tarakihi fish. Foam formation 

occurred during homogenisation in Tarakihi and Ling skins, but it was much less than in the 

preliminary fish skin trial that was described in §3.3. A homogenisation step was not required 

for Yellowfin tuna as it provided a viscous solution by the end of the extraction time. A small 

amount of pigments was present in the extract, but filtration was not possible due to the high 

viscosity of the solution.  

4.2.7 Collagen fibrillogenesis 

Fibrillogenesis was achieved by adding Sodium hydroxide to increase the pH to the isoelectric 

point, whereupon the collagen precipitates to its native fibrillar form, retaining its former 

structural properties. The concentration of NaOH was changed to suit each fish species, as 

explained later.  

Precipitated collagen was separated from the solution manually using a stainless steel 

strainer, packed in polythene bags and frozen at -20°C. Frozen collagen was then freeze-dried 

at 0.5 mbar, 10°C for three days (BUCHI LyovaporTM L-300, BUCHI Labortechnik AG; 

Flawil, Switzerland) to obtain the final product of freeze-dried collagen.  

4.2.8 Characterisation of collagen 

All fish collagens were characterised by yield, scanning electron microscopy (SEM), UV 

absorption spectroscopy, attenuated total reflectance-fourier transform infrared (ATR-FTIR) 

spectroscopy, differential scanning calorimetry (DSC) and Circular Dichroism (CD) 

spectroscopy. They were then compared to the bovine tendon collagen extracted by the 

commercial method in §3.2.  

The SEM images of freeze-dried collagens, UV absorption and ATR-FTIR spectra 

were obtained according to the methods described in §3.2. 

4.2.8.1 Differential Scanning Calorimetry (DSC) 

Small pieces of freeze-dried collagen between 3-4 mg were cut and accurately weighed. They 

were hydrated in a beaker by adding excess cold deionised distilled water. The samples were 

held underwater for 2-3 min with a clean spatula to speed up the hydration. The hydrated 

collagen was removed from the water and stuck to the side of the beaker where they were 

quickly blotted with filter paper to remove excess water until it no longer dripped. The 

hydrated samples were placed into aluminium pans and accurately weighed and hermetically 

sealed. Differential scanning calorimetry (DSC) was performed using a TA Systems Q2000 

DSC (TA Instruments, Inc., New Castle, DE, USA). Temperature and enthalpy calibration 

was done using water and indium as standards. The samples were scanned in a nitrogen 

atmosphere from an initial temperature of 5°C held isothermally at this temperature for 1 min. 
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Two identical ramp profiles were subsequentially carried out consisting of a ramp up at 

5°C/min to 85°C, then ramp down at 20°C/min to 5°C, then held isothermal at this temperature 

for 1 min, after which the cycle was repeated. Iced water was used as the cooling medium (TA 

systems refrigerated cooling system 40), and an empty sealed pan was used as the reference. 

The denaturation temperature was determined from the maximum transition point (the 

endothermic peak) of the thermal denaturation curve. The total denaturation enthalpy was 

estimated by measuring the peak area in the DSC thermogram based on the dry weight of the 

sample and expressing this as J/g sample. The onset temperature was also determined. 

4.2.8.2 CD spectroscopy 

CD spectroscopy was used to assess the native triple-helical conformation of collagen. The 

freeze-dried collagen samples were dissolved in 0.05 M acetic acid to a concentration of 0.1 

mg/mL. Solutions were filtered through a 0.2 µm Millipore filter to remove any undissolved 

material and dust particles. Then the mixtures were equilibrated at 4°C for 48 h before testing. 

The same concentration of all the samples was verified by measuring the absorption at 192 

nm using a UV-visible spectrophotometer (Genesys 10S spectrophotometer, GENESYS 10S 

UV-VIS, Thermo Fisher Scientific; Madison, Wisconsin, USA) (Bürck et al., 2013). The 

degree of ellipticity was recorded with a spectropolarimeter (Chirascan, Applied 

Photophysics, Leatherhead, UK) using a standard quartz cuvette of 1 mm pathlength (Hellma 

high-precision cells, Mullheim, Germany). Samples were scanned over a wavelength range 

from 260 to 180 nm at 0.5 nm intervals. Each sample was scanned five times at a scan rate of 

40 nm/min, 0.5 s response time and 1 nm bandwidth. Acetic acid of 0.05 M concentration was 

used to record the baseline. The same cuvette was used for the baseline and samples. The 

temperature of the cell holder was maintained at 10°C using a temperature control unit 

(Quantum Northwest). The dynode voltage of all samples was checked to ensure they were 

below 600 V (Drzewiecki et al., 2016). Ellipticity measurements for replicates were averaged 

and the spectrum of 0.05 M acetic acid solution was subtracted from each sample spectrum. 

The degree of ellipticity values were converted to mean residue ellipticity (deg cm2 dmol-1) 

(Holmes et al. 2017) and were graphically presented as a function of wavelength. 

[𝜃] =
𝜃(𝑀𝑅𝑊)

10𝑐𝑑
 

where [𝜃] is the mean residue ellipticity, 𝜃 is the degree of ellipticity (degrees), 𝑀𝑅𝑊 

is the average residue molecular weight, 𝑐 is the concentration of the sample (mg/mL), 𝑑 is 

the optical pathlength (cm). 𝑀𝑅𝑊 was taken as 100 assuming the molecular weight of one 

collagen molecule is about 300,000 and the number of residues per molecule is 3000 (Akita 

et al., 2020). 

The ‘positive to negative peak ratio’ (𝑅𝑝𝑛) was calculated (Perez-Puyana et al., 2019).  

𝑅𝑝𝑛 =
𝜃𝑝

𝜃𝑛
 

where 𝜃𝑝  and 𝜃𝑛  are the molar ellipticity values of positive and negative peaks, 

respectively.    
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4.2.8.3 Yield of collagen 

The dry matter content of the raw fish skin after initial cleaning and cutting was estimated 

using oven drying at 105°C for 24 h. The dry weight of the 50.00 g of sample taken for the 

collagen extraction was estimated accordingly. For collagen, the reference freeze-dried weight 

was taken as the dry weight. The yield was calculated as dry collagen (g) per dry weight of 

raw fish skin (g). 

Yield = (
𝑀𝐹𝑟𝑒𝑒𝑧𝑒−𝑑𝑟𝑖𝑒𝑑 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛

𝑀𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 𝑖𝑛 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 
) × 100% 

where 𝑀 is the mass of the sample. 

4.3 Results and discussion 

4.3.1 Morphology and microstructure of collagen 

All freeze-dried collagen samples appeared as white soft sponges to the naked eye, except for 

some discolouration due to the presence of skin pigments in Tarakihi and Yellowfin tuna 

samples. SEM images (Figure 4.4) show a pore structure that was produced as a result of the 

sublimation of water during freeze-drying. The freeze-drying conditions were kept constant 

for all samples, which means differences in pore structure are likely to reflect differences in 

the fibril structure of the collagen networks. For the bovine reference sample, pores could be 

seen with the naked eye. These are also clearly seen in the SEM images (Figure 4.4A), where 

the porous structure contains sheets of collagen interconnected by coil-like fibrils. The sheet-

like layering with the porous structure is more clear at the lower magnification and the fibril 

structure is more clear at the higher magnification. This morphology is an important 

characteristic required for biomedical applications (Arumugam et al., 2018). 

Similarly, the fish collagens appeared porous to the naked eye. The SEM images show 

some significant differences from the bovine reference sample. Fish collagens appeared less 

fibrillar, but more sheet-like than bovine collagen (Figures 4.4B-E). Nevertheless, all fish 

collagens exhibited an interconnected pore structure. The extent to which the porous 

characteristics are important will depend on the application. 

4.3.2 UV absorption spectra 

The UV absorption spectroscopy is a qualitative technique to analyse the purity of extracted 

collagen with respect to the absence of non-collagenous proteins. Pure type I collagen gives 

the maximum absorption peak in the 220-240 nm range (Nalinanon et al., 2011; Pal et al., 

2015; Pal & Suresh 2017). This peak is associated with the -C=O, -COOH, -CONH2 groups 

in polypeptide chains of collagen molecules (Pal & Suresh 2017; Zeng et al. 2009). If non-

collagenous proteins are present as impurities it provides a small peak in the 250-280 nm range 

corresponding to tryptophan and tyrosine which are absent in collagen (Pal & Suresh 2017; 

Xu et al., 2017; Zeng et al., 2009; Sionkowska, 2000). In this study, all collagens samples 

showed maximum absorption peaks around 220 nm, corresponding to collagen without peaks 

for non-collagenous proteins (Figure 4.5). This is an indication of the effective removal of all 

non-collagenous proteins by the Sodium hydroxide pretreatment.  
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Figure 4.4 SEM images of extracted freeze-dried fish collagen and commercial bovine collagen. 

A: Bovine collagen  

B: Tarakihi fish skin collagen extracted by modified method at 19°C 

C: Ling fish skin collagen extracted by modified method at 19°C 

D: Yellowfin tuna fish skin collagen extracted by modified method at 19°C 

E: Ling fish skin collagen extracted by modified method at 4°C 
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Figure 4.5 UV absorption spectra of collagens extracted from bovine tendons by the commercial 

method described in §3.2 and collagen extracted by three fishes using the modified method. 

4.3.3 ATR-FTIR spectroscopy 

The FTIR spectra and peak locations are shown in Figure 4.6 and Table 4.1. Examination of 

these peaks can identify sensitive changes in the secondary structure of protein 

(Harnkarnsujarit et al., 2015; Jeong et al., 2013; Wang et al., 2008). Peaks were present in all 

samples for amide A, B, I, II, and III, which are all typical of type I collagen (Riaz et al., 

2018). However, the peak locations differed slightly from each other, indicating some 

differences in the protein secondary structure (Wang et al., 2008). 

The amide A peak is associated with N-H stretching vibrations which occur generally 

in the 3440-3400 cm-1 range (Li et al., 2013; Jeong et al., 2013; Wang et al., 2008). The peak 

position shifts to a lower wavenumber when N-H groups of a peptide chain form hydrogen 

bonds (Jeong et al., 2013). This shift is seen in the results for the amide A peak, where bovine, 

Tarakihi and Yellowfin tuna skin prepared at 19°C, and Ling skin prepared at 4°C, have their 

peak at around 3300 cm-1, whereas the peak for Ling prepared at 19°C occurred at 3284 cm-1. 

These decreasing wavenumbers indicate that more hydrogen bonds are present. The amide B 

peaks are due to the asymmetrical stretching of CH2 bonds (Chen et al., 2016), which occurred 

around 2924-2940 cm-1 for all collagens without any discernible differences.  

The peak position of Amide I is the most useful measure of the secondary structure of 

proteins (Sai-Ut et al., 2012). The amide I band generally occurs in the 1600-1700 cm-1 range 

due to C=O stretching vibrations in the polypeptide backbone (Liu et al., 2012). Shifting of 

the peak to lower wavenumbers indicates more hydrogen bonding of C=O bonds with adjacent 
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α-chains (Li et al., 2013). All fish collagens recorded peaks at approximately similar 

wavenumbers in the middle region suggesting similar hydrogen bonding.  

The amide II band generally occurs in the 1550-1600 cm-1 range due to N-H bending 

coupled with C-N stretching vibrations (Jeong et al., 2013). The peak position will shift to 

lower wavenumbers when hydrogen bonding between the N-H bond and adjacent α-chains 

occurs (Li et al., 2013). Here also, all collagens recorded peaks at lower wavenumbers near 

1550 cm-1 indicating more hydrogen bonds.  

Figure 4.6 ATR-FTIR spectra of  bovine collagen and fish collagens. General range of peak positions 

of amide A, B, I, II and III are shown vertical bars. Average of three values were used to draw the 

graphs. Sources for the general range of wavenumbers are from Jeong et al. 2013; Wang et al. 2008; Li 

et al. 2013. 

 

There is another implication for the shift in peaks at the wavenumbers corresponding 

to amide I and II, which is that of crosslinking, where higher wavenumbers indicate a higher 

degree of intermolecular cross-links and molecular order (Li et al., 2013). This means the 

measured peak locations are subject to two opposing influences. Here, the net result is that 

hydrogen bonding dominates and so has shifted the peaks to smaller wavenumbers. The 
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consequence of more hydrogen bonding is that peptide chains are less likely to unwind (Li et 

al., 2013), and so preserve the secondary structure of proteins. 

The amide III band occurs in the 1230-1300 cm-1 range due to N-H bending coupled 

with C-N stretching, and wagging vibrations from CH2 groups on the glycine backbone and 

proline side-chains (Jeong et al., 2013; Li et al., 2013;). Additionally, a strong CH2 bending 

occurs near 1450 cm-1 (Sun et al., 2017). The ratio of the absorbance of these two 

wavenumbers, which is called the absorption ratio, is a critical parameter used to indicate the 

intactness of the triple-helical structure, comparing that obtained after collagen preparation to 

the native structure (Li et al., 2013; Sun et al., 2017; Wang et al., 2008). The absorption ratios 

recorded by Tarakihi and Ling skin collagens at 19°C were lower which indicates some 

damage to the collagen structure. In contrast, the bovine prepared at 19°C and Ling collagen 

prepared at 4°C, recorded absorption ratios of 0.89 which indicates better preservation of the 

triple-helical structure. Yellowfin tuna collagen prepared at 19°C recorded an absorption ratio 

of 0.83. These differences are likely influenced by the processing temperature, which are well 

below the habitat temperature for Yellowfin tuna and cows, but processing Ling and Tarakihi 

at 19°C is much warmer than the habitat temperature for these species and hence samples 

prepared from these cold-water fish are more damaged. 

 

Table 4.1 ATR-FTIR peak locations of bovine collagen and fish collagens. The mean (±SD) of three 

replicates are given.  
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A 

3400-

3440 
3300(±13) 3300(±7) 3284(±5) 3302(±1) 3295(±10) 

Amide 

B 

near 

2920 
2940(±19) 2925(±1) 2928(±9) 2924(±2) 2932(±8) 

Amide 

I 

1600-

1700 
1633(±3) 1650(±2) 1645(±0) 1647(±4) 1647(±5) 

Amide 

II 

1550-

1600 
1546(±4) 1547(±3) 1538(±0) 1549(±0) 1543(±6) 

Amide 

III 

1230-

1300 
1236(±2) 1239(±1) 1240(±1) 1239(±1) 1236(±2) 

Absorption ratio 0.89(±0.02) 0.77(±0.00) 0.80(±0.03) 0.83(±0.02) 0.89(±0.01) 

*Sources for the general range of wavenumbers: Jeong et al. 2013; Wang et al. 2008; Li et al. 2013 
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In addition, Tarakihi and Yellowfin tuna skin collagens had peaks near 1744 cm-1, 

which is attributable to carbonyl compounds (Talari et al., 2017), which are present in fats. 

This result suggests the need for further pretreatment of Tarakihi and Yellowfin tuna skins to 

remove fats. Ling, which has a lower raw skin fat content, does not have a peak near 1744 cm-

1 indicating the higher effectiveness of the Sodium hydroxide pretreatment.    

4.3.4 Differential Scanning Calorimetry (DSC) 

DSC is widely used to study the thermal behaviour of proteins. The triple-helix structure of 

collagens is stabilised by the restrictions imposed by the pyrrolidine rings of the imino acids 

(hydroxyproline and proline), and intramolecular hydrogen bonding by the hydroxyl group of 

hydroxyproline (Liao et al., 2018; Pal & Suresh, 2016). When hydrated collagen is heated, the 

denaturation starts with the breaking of these bonds, and with further heating, the three 

polypeptide chains of the triple-helix disintegrate into random coils. This temperature is called 

the denaturation temperature (Chen et al., 2021; Liu et al., 2016). The denaturation 

temperature is used as a measure to interpret the secondary structure conformation of collagen. 

The denaturation temperature (Td), onset temperature and denaturation enthalpy (∆H) of 

collagen samples are given in Figure 4.7. The denaturation temperature and the onset 

temperature are higher in bovine collagen than in fish collagens. The difference in these 

thermal properties between bovine and fish collagens can be attributed to the higher content 

of imino acids (proline and hydroxyproline) present in bovine collagen, which provides 

stability to the triple-helical collagen structure (Kittiphattanabawon et al., 2005; Liu et al. 

2014). 

The collagen extracted from Tarakihi skin and Ling skin at 19°C has not shown peaks 

indicating the sample was already denatured before testing. The denaturation temperature of 

fish collagen depends on the imino acid content (Chen et al., 2021; Nalinanon et al., 2011; Pal 

& Suresh, 2016; Xu et al., 2017), habitat temperature of the fish (Chen et al., 2021; Xu et al., 

2017) and degree of cross-linking (Gauza-Włodarczyk et al., 2017). Yellowfin tuna is a warm- 

water fish with its collagen extracted at 19°C, and Ling is a cold-water fish with its collagen 

extracted at 4°C in these experiments. Generally, warm-water fishes have higher imino acid 

contents, hence their collagen can be expected to have higher denaturation temperature values 

(Kittiphattanabawon et al., 2005). However, this study gave unexpected results, where similar 

denaturation temperatures at around 43°C were obtained for collagen both from Yellowfin 

tuna and Ling. This is a high denaturation temperature value, which was not expected for two 

reasons; first, this is the first study reporting denaturation temperatures above 40°C for 

collagen from both warm and cold-water species; and second, the denaturation temperature 

was not expected to be the same for fish from these two distinctly different habitats. It is 

possible that the higher denaturation temperature obtained in this study may be due to the 

modified method used here, which used isoelectric precipitation during fibrillogenesis rather 

than salting out as used by other researchers (Li et al., 2013; Muralidharan et al., 2013; Woo 

et al., 2008), possibly causing more extensive cross-linking. Other researchers have found that 

cross-linking affects denaturation temperature. Singh et al. (2011) have also reported that 

higher denaturation temperatures around 39°C in collagen from striped catfish can be due to 

higher cross-linking. Pal & Suresh (2017) have reported that the low denaturation temperature 

in fish collagen can be improved to 40°C after fibril formation. The higher degree of cross-
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linking provides stability to the collagen structure by binding the collagen molecules tightly 

together, thus reducing the space required for hydration which prevents hydrogen and 

electrostatic bond formation between molecules.  

It is also known that denaturation temperature depends on the hydration level, where 

less hydration causes higher denaturation temperature (Miles et al., 2005; Zeugolis & 

Raghunath, 2010;). However, in this study, special attention was paid to fully hydrating the 

collagen samples to avoid this effect. Thus, the reason the denaturation temperature is high in 

this study can be attributed to the higher degree of cross-linking during fibrillogenesis.  

 
Figure 4.7 Differential scanning calorimetry thermogram of fish collagens and commercial bovine 

collagen. 

  

Although the denaturation temperature was similar for these two collagens, Ling skin 

collagen extracted at 4°C has a comparatively lower enthalpy of denaturation (17.98 J/g) than 

that of tuna skin collagen extracted at 19°C (69.81 J/g). Kittiphattanabawon et al. (2005) have 

reported an indirect relationship between the enthalpy of denaturation and the denaturation 

temperature. Other workers have found that the enthalpy of denaturation depends on the 

content of Gly-Pro-Hyp sequence in the polypeptide chains, where a high content of this 

sequence is associated with a high enthalpy of denaturation (Ahmed et al., 2019; Bae et al., 

2008). This is because hydrogen bonds between polypeptide chains of the collagen molecules 

with this Gly-Pro-Hyp sequence are more stable than with other sequences (Ahmed et al., 

2019; Bae et al., 2008). So, while the reason tuna skin collagen has a higher enthalpy of 

denaturation is not known, it could be related to having a higher content of Gly-Pro-Hyp 

sequences, something which needs further investigation.  

Another factor is the onset temperature of denaturation, obtained from the DSC 

curves. Here, the onset temperature of Ling skin collagen was 28.60°C, which is less than that 

of tuna skin collagen at 32.51°C. Given that both the enthalpy of denaturation and onset 

temperature are lower for Ling than tuna, this implies that Ling skin collagen has lower 

thermal stability. This means in processing, Ling skin collagen denaturation occurs at a lower 

temperature and requires less heat.    
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4.3.5 Circular dichroism (CD) spectra 

Circular dichroism measures the differential absorption of left and right-handed polarised light 

by peptide bond chromophores in a protein to assess the secondary structure (Drzewiecki et 

al., 2016; Qi et al., 2015; Zhou et al., 2018;). The far UV range, generally from 250 to 190 nm 

is used for this quantitative estimation (Rodger & Marshall, 2021). The native secondary 

structure of the triple-helical structure of collagen in a solution is characterised by the presence 

of a negative peak at around 198 nm related to the content of the α-helix structure, a cross-

over at 214 nm and a weak positive peak at around 220 nm due to the π-π* transition of peptide 

bonds (Liu et al., 2016; Zhou et al., 2018). The CD directly detects the triple-helical structure 

by the presence of the positive peak as it disappears upon denaturation (Drzewiecki et al., 

2016). The degree of denaturation or the triple-helical content is estimated from the 

‘positive/negative ratio’ (𝑅𝑝𝑛) from the CD spectra (Akita et al., 2020; Perez-Puyana et al., 

2019;). Due to the easy identification of the native or denatured form of the protein, circular 

dichroism is considered the gold standard for estimating the secondary structure of proteins 

among other techniques such as FTIR or DSC (Gopinath et al., 2017). 

The CD spectra obtained for fish collagens and commercial bovine collagen are 

shown in Figure 4.8. Collagen from Yellowfin tuna extracted at 19°C and Ling fish extracted 

at 4°C produced characteristic CD spectra with a negative peak at ~198 nm, a cross-over point 

at ~214 nm and a positive peak at ~220 nm. The positive peak almost disappeared for collagen 

from Tarakihi at 19°C and Ling at 19°C indicating a random conformation of the polypeptide 

chains (Zhou et al., 2018). The CD spectrum produced by bovine collagen also shows the 

characteristic pattern, but the peak positions are shifted relative to fish collagen, with a 

negative peak at ~200 nm, a cross-over point at ~218 nm and a positive peak at ~222 nm. 

These peak positions also lie within the acceptable range for the helical structure. The 𝑅𝑝𝑛 

ratios, which is an indication of the integrity of the triple-helix structure, are shown in Table 

4.2. The poorest results were obtained for collagens extracted from Tarakihi and Ling at 19°C, 

where it is evident that the triple-helical structure was not maintained as they both had a 𝑅𝑝𝑛 

ratios of -0.03.  The best results were obtained for Ling at 4°C which recorded the lowest 𝑅𝑝𝑛 

ratio (-0.13) followed by Yellowfin tuna at 19°C (-0.11). Therefore, these processing 

temperatures and conditions were suitable for preserving the triple-helical structure. For 

comparison, the 𝑅𝑝𝑛 of bovine collagen was -0.08. Researchers have shown a higher 𝑅𝑝𝑛 ratio 

implies higher denaturation (Perez-Puyana et al., 2019). Native collagen has been reported at 

-0.10, -0.1075, and -0.123, by the following authors respectively (Gopinath et al., 2017; 

Nishad Fathima et al., 2009; Sun et al., 2020), with Gopinath et al. reporting a value of 0.05 

for 100% denatured collagen. These results fall within these ranges.   

 

Table 4.2 𝑅𝑝𝑛 values of the extracted fish collagens and commercial bovine collagen. 

 Bovine  Tarakihi at 

19°C 

Ling at 

19°C 

Yellowfin 

tuna at 19°C 

Ling at 4°C 

𝑅𝑝𝑛 ratio 

from CD 

-0.08 -0.03 -0.03 -0.11 -0.13 
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Figure 4.8 Circular dichroism spectra of fish collagens and commercial bovine collagen. 

4.3.6 Yield 

The yields of collagen are shown in Table 4.3.  

Table 4.3 Yield of collagen. 

Fish skin Fish skin 

weight (g) 

Dry matter 

content (%) 

Collagen yield 

(Freez-dried 

weight) 

(g) 

% 

(Freeze-dried 

weight/dry fish 

skin weight) 

Bovine 50.00 23.79 8.21 69.02 

Bovine 50.00 23.79 8.27 69.53 

Bovine 50.00 23.79 8.42 70.79 

Tarakihi 19C 50.00 36.61 1.33 07.24 

Tarakihi 19C 50.00 36.61 1.25 06.83 

Tarakihi 19C 50.00 36.61 1.66 09.07 

Ling 19C 50.00 23.60 1.59 13.50 

Ling 19C 50.00 23.60 1.59 13.51 

Ling 19C 50.00 23.60 2.00 16.95 

Tuna 19C 50.00 43.55 6.51 29.90 

Tuna 19C 50.00 43.55 7.66 35.18 

Tuna 19C 50.00 43.55 6.53 29.99 

Ling 4C 50.00 23.60 3.37 28.56 

Ling 4C 50.00 23.60 3.01 25.51 

Ling 4C 50.00 23.60 3.45 29.24 
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The highest yield was for Yellowfin tuna processed at 19C followed by Ling at 4C, 

all with yields between 26-35% of the dry skin weight. It is important to note that in these 

samples the processing temperatures were well below their denaturation temperatures. On the 

other hand, Tarakihi processed at 19C had the lowest, with a yield of 7-9%, followed by Ling 

processed at 19C with a yield of 13-17%. These differences in yield are also reflected in the 

differences in 𝑅𝑝𝑛 ratio discussed above, suggesting that poor yield is caused by denaturation. 

Triple-helical collagen structure is lost or broken down in to individual polypeptide chains due 

to denaturation which loses its ability to form into fibrils during fibrillogenesis and therefore 

wastes in the solution.  

4.4 Implications on collagen extraction process modification 

Figure 4.9 shows the proposed modified treatment steps for the three selected fish species 

based on these findings. Step 1 is the Sodium hydroxide pretreatment, which is typically done 

at 0.1 M (for example, Muralidharan et al., 2013; Zhang et al., 2009; Duan et al., 2009). Here, 

the concentration of 0.3 M was used because it provided equivalent swelling to a 0.1 M NaOH 

solution but takes 3-4 h instead of 3 days. A shorter processing time is more practical. 

Furthermore, for effective impurity removal, four cycles of 1 h were used, with fresh NaOH 

solution added each hour. A significant swelling of fish skin in all three species was achieved 

when NaOH was used, compared to no swelling resulting from Na2SO4 treatment used in the 

reference method (§3.3).  

 

 

Figure 4.9 Proposed treatment steps for the production of collagen from three selected fish species. 

Note: Proposed processing temperature for cold-water fish (Tarakihi and Ling) is 4°C; warm-water 

fish (Yellowfin tuna) is 19°C. 
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The differences in swelling of Tarakihi skin between Sodium sulphate and Sodium 

hydroxide are shown in Figure 4.10. This swelling is required to expose and leach out the non-

collagenous proteins, and to facilitate fats and pigments removal. The repeated washes remove 

the leached material. To further refine the time for the NaOH swelling process, it would be 

useful to determine the rate of swelling of the skin at different concentrations. 

 

 

Evidence of non-collagenous protein removal from Tarakihi, Ling and Yellowfin tuna 

fish skins is seen in the UV spectra by the absence of a peak in the 250-280 nm region (Figure 

4.5). All lipid was removed in Ling, but not in Tarakihi or Yellowfin tuna fish skins. Evidence 

for the presence of residual fats was seen in the FTIR spectra with peaks at 1744.82 cm-1 for 

Tarakihi and 1741.11 cm-1 for Yellowfin tuna fish skins (Figure 4.6). This disparity in fat 

removal is likely to be due to the differing initial fat content in the fish skins; Tarakihi skin 

(7.5%), Yellowfin tuna (6.3%) and Ling skin (3.2%). These results confirm that the hypothesis 

1 (Swelling of fish skin by NaOH as a pretreatment agent facilitates the removal of non-

collagenous materials) is true. The results further confirm the need, as previously noted, of 

tuning the treatment conditions to the fish species to account for compositional differences.  

Step 2 is the extraction of the collagen into an acid solution. A solution of 0.01 M HCl 

at 1:10 mass (of fish skin) to volume (of acid solution) ratio was used. Soaking occurred for 1 

h, after which the mixture was homogenised. Fish collagen researchers typically use acetic 

acid in this step, (for example, Arumugam et al., 2018, Chen et al., 2016), but doing this 

requires many further processing steps including centrifugation and dialysis. Here, a process 

was sought with fewer steps more suited to a commercial operation. A HCl concentration of 

0.01M was used because hydrolysis of collagen needs to occur between pH 2-4.  

The mass to volume ratio was also adjusted for two reasons, concentration and 

viscosity. Both affect the later fibrillogenesis step (Zhu et al., 2018; Gobeaux et al., 2008; 

Mosser et al., 2006). Zhu et al. (2018) found a strong, but a non-linear relationship between 

the collagen fibril size and the concentration of the extraction solution. The proximity of 

collagen molecules is important to form the fibrils. Also important is the viscosity which, 

when it increases, reduces the molecular mobility for fibrillogenesis (Zhu et al., 2018). When 

the concentration of collagen solution is low, fibrillogenesis proceeds through a lag phase and 

more time is required to form fibrils. However, when the collagen concentration is increased 

the lag phase is shortened, which favours the growth of larger fibrils by increasing the 

electrostatic interactions among collagen triple-helices (Gobeaux et al., 2008). Countering this 

Figure 4.10 Photographs showing the differences between swelling of Tarakihi fish skin: (A) after 

Na2SO4 pretreatment; (B) after NaOH pretreatment. 

(

A) 

(

B) 

(A) (B) 
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is the processing challenge of viscous solutions which are difficult to mix well to achieve 

homogeneity. 

Therefore, the 1:30 (m/v) ratio of the reference method was replaced by 1:10 (m/v) 

ratio. In contrast to the dilute solution of dissolved collagen produced by 1:30 ratio (in §3.2) 

which was too dilute for fibrillogenesis to occur, the 1:10 ratio produced a thick homogenised 

collagen solution which then allowed fibrillogenesis to occur easily in the next step. These 

results confirm that the hypothesis 2 (Collagen fibril formation and its size depend on the 

concentration of the collagen solution) is true. However, the optimum mass to volume ratio 

can only be confirmed by a further optimisation experiments. 

  Step 3 is fibrillogenesis where the collagen fibres are formed from the acid solution 

by the addition of NaOH solution to raise it to close to its isoelectric point. Generally, 

concentrated collagen solutions are transparent or translucent and become opaque upon 

reaching fibrillogenesis at the isoelectric point (Gobeaux et al., 2008). However, here the 

Tarakihi and Yellowfin tuna extract solutions were slightly discoloured due to the presence of 

pigments, as noted above, which can affect the isoelectric point (Zhu et al., 2018). 

A rapid rate of pH increase is important for successful fibrillogenesis (Ramírez-

Rodríguez et al., 2014), but achieving this is balanced by the ability to mix the NaOH solution 

into the collagen extract, where poor mixing can cause the localised pH to exceed the 

isoelectric point. Therefore, the NaOH solution concentration varied between fish species 

used, as some extracts were thicker than others. The viscosity depended on the collagen 

concentration, or yield, which was highest for Yellowfin tuna processed at 19C and Ling at 

4C which meant their solutions were thicker. Consequently, to achieve good mixing without 

localised overshooting of the isoelectric point, more dilute NaOH solutions were used; 0.01 

M for Ling processed at 4C and 0.1 M for Yellowfin tuna at 19C. The concentration 

difference is also related to temperature, with the Ling extract being colder and more viscous, 

needing a more dilute caustic solution to ensure good mixing without isoelectric point 

overshoot. For the low-yield solutions, Tarakihi and Ling were both processed at 19C, and a 

1 M NaOH solution was used. These results confirm that the hypothesis 3 (Rapid increase of 

pH induces the formation of collagen fibres) is correct.  

The negative side of using a dilute caustic solution is that the rate of increase in pH is 

slower, and also it causes dilution of the collagen which makes fibrillogenesis more difficult.  

It is also important that any mixing be gentle because high-shear will prevent the collagen 

fibrils from coming together during fibrillogenesis. Even after fibrillogenesis, high shear can 

break up the collagen fibrils. Therefore, the fibrillogenesis step is a careful balance between 

the competing influences of extract conditions (step 2) and collagen concentration, caustic 

concentration, mixing rate, and the rate of pH increase. All of these can be argued to influence 

the results in different ways. 

Tarakihi skin collagen fibril formation started at pH 11.2 and was completed in 18 h. 

The long time is a consequence of the extraction conditions at 19C, and therefore only a low 

yield of collagen, (7-9%), was achieved, meaning the fibrils were relatively dilute in the 

extract solution. They were also partially denatured, identified by the 0.77 absorption ratio by 

FTIR noted above. In addition, the Tarakihi extract solution had residual pigment impurities 

and fats, which are likely to have affected fibrillogenesis. Ling skin collagen processed at 
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19C also reached its isoelectric point at pH 11.2 but took 1.5 h to complete fibrillogenesis. 

The shorter time may well reflect the lack of impurities and the higher yields, (13-17%), 

meaning the collagen concentration was higher. Far faster fibrillogenesis occurred with 

Yellowfin tuna processed at 19C, where it occurred at pH 9.3 and completed in 2-3 min, and 

for Ling processed at 4C, where the isoelectric point was also pH 9.3 and fibrillogenesis 

completed very fast in less than 1 min. These results confirm that the hypothesis 4 (Isoelectric 

pH of type I collagen from fish is different from mammalian collagen) and hypothesis 5 (Fibril 

aggregation in fish collagen is time-dependent) are true. These short times reflect the 

processing temperature being well below the denaturation temperatures, resulting in higher 

collagen yields during extraction and better preservation of the native collagen. This produced 

higher yields, meaning more concentrated collagen extract solutions. The consequence was 

thicker extract solutions, but despite this, and therefore needing the addition of more dilute 

caustic solutions during the pH increase phase, they do, on balance, result in short 

fibrillogenesis times. These results really highlight the importance of the extraction 

conditions. Further, results on collagen yields imply that collagen extractability depends on 

the temperature of the system, confirming the hypothesis 6 is true.   

Results from all three species depict a difference in fibrillogenesis pH conditions from 

bovine tendon collagens and between the three different fish species. Fibrillogenesis occurs at 

the isoelectric pH. Accordingly, the isoelectric pH of fish collagen (pH 9.3 as described for 

fish collagen in the literature, for example by Jiang et al., 2004) is different from that of bovine 

tendons (pH 6.6). Differences from pH 9.3 may occur due to species-wise differences in 

isoelectric pH. Isoelectric pH of collagen depends on the amino acid composition. Different 

fish species have different amino acid compositions; therefore, isoelectric pH may vary. The 

occurrence of fibrillogenesis at different pH values for three fish species is an indication of 

different isoelectric pH values, however it cannot be confirmed only by this experiment. For 

example, the presence of materials other than collagen in the extract has different effects on 

fibrillogenesis. Ions such as calcium can inhibit fibrillogenesis and conversely some 

macromolecules can induce fibrillogenesis.  

The interplay of competing influences is also reflected in the SEM images (Figure 

4.4). The two fish collagens processed well below their denaturation temperature, Ling at 4°C 

and Yellowfin tuna at 19C, appeared to have a different pore and fibril structure than Ling 

and Tarakihi both processed at 19C. However, all fish collagen images are different to the 

bovine (Figure 4.4A), which shows highly interconnected fibrils. The reasons for these 

differences are unknown but may well relate to the different amino acid structures of the fish 

collagens, the proximity of the processing conditions to the denaturation temperature, as well 

as the influence of pigment and fat impurities as fish skins, are more variable source of 

collagen than mammalian tendons.    

4.5 Conclusions  

These experiments show that further development of a commercial marine collagen process 

requires studies on how to optimise pretreatment steps to remove all non-collagenous 

materials, and determination of the best conditions for collagen solubilisation without 

damaging the underlying collagen structure and in fibril formation. Because each step depends 
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on the preceding step, these studies should be carried out in sequence. Key to the NaOH 

pretreatment step is the swelling rates and extents at different concentrations. This information 

will underpin efforts to optimise skin pretreatment. 
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Chapter 5. Swelling of fish skins in alkaline and acidic conditions 

5.1 Introduction 

Pretreatment steps are done to remove unwanted materials from fish skin such as non-

collagenous proteins, fats and pigments before collagen extraction. Presence of these materials 

during extraction process negatively affects the efficiency of processing and the quality and 

purity of the end product. Therefore, the effective removal of unwanted materials is important 

in collagen processing. As shown in Chapters 3 and 4, swelling of fish skin can be achieved 

using Sodium hydroxide (NaOH), to expose the inner structure to solubilise these unwanted 

materials. Alkaline pretreatment mainly removes non-collagenous proteins and removes fats 

and pigments to some extent by solubilising them into solution. Swelling caused by the 

alkaline agent also facilitates access of degreasing and pigment removal agents that may be 

used to further improve processing.  

Swelling of the pretreated fish skin is also needed during the extraction step to expose 

the inner structure to solubilise collagen molecules. However, prolonged exposure to the acid 

solution may cause deformation of collagen from its native structure which is undesirable. 

How the fish skin behaves during pretreatment and extraction steps was investigated 

in this chapter. The degree of swelling of fish skin was used as the quantitative measurement 

and related to different processing conditions. The amount of protein removal during 

pretreatment and extraction was also measured. In addition to these quantitative 

measurements, observations made during these experiments provided a better understanding 

of the behaviour of fish skin.  

5.2 Swelling of fish skin 

5.2.1 Raw material preparation 

The skins of Tarakihi fish were collected from a local fish retailer, scales and residual flesh 

were removed prior to being frozen as described in §3.3. Before swelling experiments, skins 

were defrosted overnight by keeping them in a cold room.  

To test the behaviour of fish skin during alkaline pretreatment, the following 

parameters were measured; degree of swelling, and content of proteins removed. In addition 

to the above two measurements, colour changes in the solution and texture changes in the fish 

skin were used to support the results. The size of the fish skin slices (5 x 5 mm and 10 x 10 

mm), NaOH concentration (0.1 M and 0.3 M), mass to volume ratio of skin: NaOH (1:10 and 

1:100) were chosen as variables.   

A 20 g of fish skin cut into adequate size was treated with NaOH as the alkaline 

pretreatment step, with gentle stirring to remove non-collagenous proteins. Experimental 

parameters, such as NaOH concentration, and size of skin slices varied depending on the 

experiment as stated. After treating the skin for the set time, skin slices were drained and 

washed with distilled water until the outgoing wash water pH equalled the incoming wash 

water pH. Samples were then tested by soaking in HCl and the degree of swelling was 

measured along with soluble protein. Sample preparation and all the experiments were 

conducted at normal laboratory temperatures (19-20°C). 
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5.2.2 Measurement of the degree of swelling 

The experimental set-up is shown in Figure 5.1. Samples of skins were soaked in NaOH 

solutions over time and the weight change was recorded. To do this, an apparatus was 

constructed to periodically pull the skin samples from the solution, and allow a short time for 

the sample to drain prior to recording the weight.  

For the experiments involving 10 x 10 mm skin pieces, 20 g of fish skin pieces were 

hung on fishhooks keeping adequate space between the slices for swelling, all hooks were 

attached together and hung from the bottom of a balance having the weigh-below feature. A 

NaOH solution was placed on a magnetic stirrer below the fish skin sample and a lab jack was 

used to move the NaOH solution up and down to alternate between submerging and separating 

the fish skin sample from the solution. In order to make a quick move of the skin into and out 

of the NaOH solution, a simple electric drill was connected to the lab jack. Up and down 

movements of the lab jack were made within 15 s keeping 1-min soaking time intervals 

between each measurement. Weight measurements were recorded in a computer using a data 

log software connected to the balance and at the same time, the change in pH in the NaOH 

solution was recorded continuously. The NaOH solution was stirred continuously throughout 

the experiment.  

For the experiments involving 5 x 5 mm slices, fishhooks were replaced by a pouch 

made of a wire mesh as these small pieces couldn’t be hung effectively on the hooks. All other 

set-up was kept similar.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The initial dry solids concentration of fish skin samples was determined according to 

the standard method of AOAC 930.15 using 20 g of fish skin in 4 replicates. Dry matter 

(g)/raw fish skin (g) of each sample was calculated according to the Equation 5.1 and the 

average of these 4 values was taken as the dry matter content of fish skin for calculations in 

Equation 5.2 to estimate the mass of dry solids in the skins used in the swelling experiments. 

The degree of swelling of fish skin samples in 1-min intervals was calculated according to 

Balance with weigh 

below feature 

Magnetic stirrer 

Drill  Lab jack 

Fish skin sample  

(on hooks or in 

mesh) 

Figure 5.1 Experimental set-up for measuring degree of swelling. 
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Equation 5.3. These experiments were conducted on the assumption that the amount of water 

absorbed to the skin is a measure of swelling. A similar method had been used by Bowes & 

Kenten (1950) and Bak et al. (2018).  

 

Equation 5.1: 

𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 (𝑔)/𝑟𝑎𝑤 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 (𝑔)  =
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 (𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 (𝑔)
 

 

Equation 5.2: 

𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑔)   =

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 (𝑔)  𝑥 𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 (𝑔)/

𝑟𝑎𝑤 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 (𝑔)  

 

Equation 5.3: 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =
(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑠𝑜𝑎𝑘𝑖𝑛𝑔 (𝑔) − 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑠𝑜𝑎𝑘𝑖𝑛𝑔 (𝑔))

𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
  

5.2.3 Measurement of the protein removal from the fish skin 

For the experiments involving a 1:100 (m/v) skin: solution ratio, 50 mL samples of solution 

were taken from the NaOH solution in every 5-min interval while performing the swelling 

experiments. The volume loss at each 50 mL sample taken out from the solution was neglected 

due to the comparatively large initial volume of 1 L. For the experiments involving 1:10 (m/v) 

ratio, samples after treatment with NaOH were used for analysis as continuous sampling was 

not practical due to the low volume. All the samples were preserved at -20°C for total nitrogen 

content analysis, using total carbon-nitrogen analyser (Shimadzu model TNM-L, Shimadzu 

corporation, Japan).    

Total nitrogen content measurement was taken as a measure of non-collagenous 

proteins that could be removed during the NaOH pretreatment step. It was assumed that 

collagen is not lost during the treatments. The concentration of protein was the total nitrogen 

multiplied by universal conversion factor of 6.25 (Tylingo et al., 2016).  

5.2.4 Effect of NaOH on swelling and non-collagenous protein removal  

Figure 5.2 shows the dynamics of swelling measures for five replicate experiments at two 

different NaOH concentrations. There was no obvious difference found in swelling between 

the samples of two different concentrations (orange vs blue). However, samples with low dry 

matter content (0.276(±0.002) dry matter (g)/sample (g)) from both concentrations (0.1 M S1, 

0.3 M S1, 0.3 M S2) reached a constant degree of swelling (plateau) at a comparatively higher 

degree of swelling (5-6) than the samples with high dry matter content (3.5-5) (0.319(±0.003) 

dry matter (g)/sample (g)). It is important to note that the experiment 1 of 0.1 M NaOH 

concentration and experiemnts 1 and 2 of 0.3 M concentrations were done on the day 1 and 

the rest of the samples were done on the following day. This may have caused the differences 

in dry matter content. There were some muscles attached to the skin pieces which could cause 

a variability due to the larger size (10 x 10 mm) of skin pieces. Therefore, the experiemnts 

starting from §5.3 used smaller size skin pieces (2 x 2 mm). 
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Figure 5.2 Degree of swelling of Tarakihi fish skin by two different concentrations of NaOH: 0.1 M 

and 0.3 M, as a function of pretreatment time. Size of skin slices (10 x 10 mm), m/v ratio (1:100), 

temperature (19°C) were kept constant. Five replicates under each concentration are marked as S1, S2, 

S3, S4, S5. Note that data are not shown for 0.1 S3 due to an error in data logging. 

 

According to the pretreatment methods available in the literature, different NaOH 

concentrations have been used with different parameters, generally, 0.3 M NaOH 

concentration is used with 4 repeated treatments of 1 h duration at 1:10 (m/v) ratio (Arumugam 

et al., 2018), or 0.1 M concentration is used with 3 repeated treatments each of 8 h duration at 

1:30 (m/v) ratio (Jongjareonrak et al., 2005). These kinetic measurements showed that all 

samples reached the maximum swelling before 1 h, indicating the possibility of reducing the 

soaking time. 

Figure 5.3 shows there were very little pH changes over the course of the experiments. 

Figure 5.4 shows the dynamics of the removal of non-collagenous proteins from the skins 

during the swelling experiments. These results have similar kinetics to the swelling rates, 

supporting the hypothesis that swelling aids the access of the solution to hydrolyse 

myofibrillar proteins enhances the removal of these materials. In each case non-collagenous 

protein removal increases over time but approaches a plateau after approximately an hour 

(when swelling stops). Figure 5.5 shows the removal amount as a function of the degree of 

swelling. 
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Figure 5.3 pH change in NaOH solutions at two different concentrations: 0.1 M and 0.3 M, as a function 

of pretreatment time. These measurements were from the same samples with swelling results shown in 

Figure 5.2. 

 
Figure 5.4 Total mass of non-collagenous proteins (per g dry skin) removed by the NaOH pretreatment 

solutions from Tarakihi fish skin at two different concentrations of NaOH: 0.1 M and 0.3 M as a 

function of pretreatment time. The size of skin slices (10 x 10 mm), m/v ratio (1:100), and temperature 

(19°C) were kept constant. Three replicates under each concentration were used. These measurements 

were from the same samples for the swelling results shown in Figure 5.2. Note that data are not shown 

for the 0.3 M S3 and 0-20 min time duration for 0.3 M S2 due to an error with the total carbon-nitrogen 

analyser. The data are shown by markers; the dash lines are only guides to the eye. 
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All curves in Figure 5.5 showed a similar trend: before reaching a constant degree of 

swelling the total amount of non-collagenous proteins remained at a lower level, thereafter a 

rapid increase in total non-collagenous proteins occurred. This is an indication of the extent 

of swelling required in the skin to achieve to allow the solvent access and to allow all non-

collagenous proteins to be removed. In this work an assumption was made that only the non-

collagenous proteins were removed during NaOH pretreatment (as detected by total nitrogen 

analysis) and that no collagen was solubilised.  

 

 

Figure 5.5 Total content of non-collagenous proteins removed by the NaOH pretreatment solutions 

from Tarakihi fish skin by two different concentrations of NaOH: 0.1 M and 0.3 M, as a function of the 

degree of swelling. This graph is drawn from the data from Figures 5.2 and 5.4. Note that initial data 

points are not shown for 0.3 M S2 as described for Figure 5.4 above. 

 

Different swelling behaviour was observed between the skin and residual attached 

muscles (not removed in the skin preparation process). During soaking in NaOH, both muscle 

meat and skin swelled. By the end of the soaking time the muscle flesh had been detached 

from the skin and got into the NaOH solution leaving only the skin for further processing 

(Figure 5.6). This is useful in removing unwanted muscles from the skin which are tightly 

attached, and difficult to remove during the sample preparation step.  

These differences in swelling behaviour between skin and muscles were analysed by 

the following experiment using similar conditions: 0.1 M and 0.3 M NaOH at 1:100 (m/v) 

ratio. For this experiment skin samples were prepared by removing all the attached muscles. 

For both 0.1 M and 0.3 M concentrations, swelling of the skin reached a plateau after 30 min 

(Figure 5.7A), in contrast to muscles which continued swelling even after 4-5 h of soaking at 

0.1 M concentration, and reached a constant value after around 3 h at 0.3 M concentration 

(Figure 5.7B).  
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No obvious differences were observed between 1:10 and 1:100 mass to volume ratios 

after 60 min (see Figure 5.8), however, a conclusion cannot be made based on the results from 

one sample. 

 

 

 

 

 

 

 

 

 

 

A) 
(

B) 

Figure 5.6 Photographs showing the differences in swelling behaviour between skin and muscles 

(A): after 20 min of NaOH treatment; (B): at the end of NaOH treatment. 

 

attached muscles detached muscles 

skin 

skin 

Figure 5.7 (A): degree of swelling of Tarakihi fish skin after removing all the attached muscles; 

(B): degree of swelling of Tarakihi fish muscles, using two different concentrations of NaOH: 0.1 

M and 0.3 M, as a function of pretreatment time. The size of skin slices (10 x 10 mm), size of muscle 

pieces (10 x 10 x 10 mm), m/v ratio (1:100), temperature (19°C) were kept constant.  
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Figure 5.8 Degree of swelling of Tarakihi fish skin, using two different skin to solvent (m/v) ratios: 

1:10 and 1:100, as a function of pretreatment time. The size of skin slices (10 x 10 mm), concentration 

(0.3 M NaOH) and temperature (19°C) were kept constant. 

 

 

5.2.5 Effect of fish skin piece size on swelling and non-collagenous protein removal  

This experiment was done by treating skin in 0.3 M NaOH for 4 h with a solution change 

every 1 h. As described earlier the mesh set-up was used for the 5 x 5 mm skin pieces, and the 

hook set-up was used for the 10 x 10 mm skin pieces. Throughout the process of non-

collagenous protein removal, it was noticed that the colour of the solution got lighter until 3 

h, and again increased in the final solution (Figure 5.9). This change to a darker colour at the 

final solution change may be associated with exposing the inner structures of the fish skin, 

and thus facilitating the removal of unwanted materials like pigments. A comparatively darker 

colour was expected from smaller pieces, but the reverse occurred. The same trend was 

observed in the swelling graphs (Figure 5.9 primary axis). This difference could be due to the 

mesh pouch used in this experiment. As the skin pieces inside the mesh were not well exposed 

to the NaOH solution due to the limited space inside compared to the set-up with hooks (Figure 

5.10), it may have affected this result. However, a comparatively higher non-collagenous 

protein removal was observed from smaller pieces.  
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Figure 5.9 Degree of swelling of Tarakihi fish skin at two different sizes of skin pieces: 5 x 5 

mm and 10 x 10 mm as a function of NaOH pretreatment time. Concentration (0.3 M NaOH), 

m/v ratio (1:10) and temperature (19°C) were kept constant. The amount of non-collagenous 

proteins leached into the NaOH solution at the end of each 1 h is shown using line graphs, 

showing the data points by markers and keeping lines only as guides to the eye. Colour changes 

of NaOH solutions at the end of each 1 h are shown using inset photographs. Dry matter content 

of skin samples was similar for both samples: 0.319(±0.003) dry matter (g)/sample (g). 

5 x 5 mm 

10 x 10 mm 

 

Wash 

1 

Wash 

2 

Wash 

3 

Wash 

4 
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5.2.6 Observations during soaking in distilled water to neutralise fish skin before HCl 

extraction 

During soaking and washing in distilled water after the above NaOH pretreatment, shrinking 

of the skin was observed. When the pH reached neutral, absorbed water during NaOH 

pretreatment had been removed. In addition, all the swollen muscles had been washed off, 

leaving only the skin for the next step of processing (Figure 5.11; Figure 5.12).   

 

 

 

 

 

 

 

  (A) (B) 

Figure 5.10 Photographs showing how fish skin pieces were exposed to the solution in (A) hooks set-

up (for 10 x 10 mm pieces) and (B) mesh set-up (for 5 x 5 mm pieces).  

 

Figure 5.11 Photographs showing the behaviour of fish skin during soaking in distilled water after 

NaOH pretreatment (A): before NaOH treatment; (B): after NaOH treatment; (C): after soaking in 

distilled water). 

 

(A) (B) (C) 
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Figure 5.12 Degree of swelling of Tarakihi fish skin at two different sizes of skin pieces: 5 x 5 mm and 

10 x 10 mm, as a function of soaking time in distilled water until neutral pH after NaOH pretreatment. 

Note these data are from the same samples shown in Figure 5.9. 

5.2.7 The swelling behaviour of fish skin during acid extraction conditions 

After alkaline washing and neutralisation, the skins are treated in acid conditions to breakdown 

the macro structure of the skin and facilitate extraction. Swelling of the skin is a key part of 

this process. This was investigated by treating the pretreated and neutralised skin pieces 

discussed in §5.2.5 and 5.2.6 above, in HCl solutions for an hour. 

Figure 5.13 shows the HCl swelling behaviour of the skin samples swelled and 

reported previously in Figure 5.9 for two different sizes.  

 
Figure 5.13 Degree of swelling of Tarakihi fish skin at two different sizes of skin pieces: 5 x 5 mm and 

10 x 10 mm, as a function of extraction time in HCl acid. The colour of HCl solutions at the end of 1 h 

is shown using inset photographs. Note these data are from the same samples shown in Figure 5.9 after 

alkaline treatment. 
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This result was unexpected as by increasing the surface area using smaller pieces 

during the NaOH pretreatment step, it would be expected that swelling would be faster and 

more complete. The reason is likely to be as described above, where the samples on hooks had 

greater access to all the skin surfaces and the mesh samples caused diffusion limitations. For 

the 5 x 5 mm size samples, the total amount of protein in the HCl solution after 1 h extraction 

time was 27.11 mg/ dry matter (g). This can be related to the amount of collagen leached into 

the HCl solution assuming that all non-collagenous proteins have been removed during 

pretreatment with NaOH. This result showed that some collagen was leached into the acid 

solution during the 1 h extraction time. The swollen skin together with the solution should be 

taken for homogenisation prior to fibrillogenesis (as described in §4.2.6). According to these 

results it would result in a waste of collagen that will reduce the overall collagen yield if only 

the swollen skin is used for homogenisation. 

There was a step change occurred after initial five data points in the graph related to 

5 x 5 mm skin pieces. This was not due to a loss of skin piece as observations were made 

throughout the whole experiment. It’s likely there was error with the function of the balance. 

Figure 5.13 shows very less extraction of protein using the mesh pouch. The mesh pouch was 

not effective at contacting the solution throughout the skin pieces, therefore the experiments 

using the mesh pouch were not continued. 

5.3 Further experiments on swelling during neutralisation and extraction conditions  

The methods available in published literature consist of a neutralisation step using water 

following the alkaline pretreatment, which consumes a large quantity of water and time. This 

neutralisation with water is important to remove NaOH salts which have been absorbed into 

the skin with water during pretreatment. This happens through shrinking or deswelling of the 

skin. In the methods available in published literature, this is done by washing the pretreated 

skin in running water or soaking the pretreated skin in a series of water until pH reaches 7. 

This neutral pH is important for the preceding extraction step with HCl where the skin again 

swells to solubilise the collagen molecules and dissolve them into the solution. This 

neutralisation and swelling depend on the solution pH, however, the studies done on 

understanding this aspect are lacking in the published literature. Therefore, this experiment 

was designed to understand the swelling behaviour of skin during neutralisation and extraction 

in relation to pH.  

5.3.1 Sample preparation and pretreatment 

Tarakihi fish skins were collected from a local fish store as soon the fish were processed and 

transported to the university laboratory (20-min drive) in chilled condition. Skins were then 

cleaned by removing both the scales from the outer surface and the residual flesh left on the 

inner surface of the skin. The device used for this was a food processor (Kenwood FPM910 

Multi-Pro Excel Food Processor), where the skins become attached to the spinning blades and 

the scales and residual flesh are sheared off.  

The skin was minced using a meat mincer (Kenwood PRO 2000 EXCEL MG700 

Electric Mincer and Sausage Maker) with 3 mm mesh mince plate. A relatively small particle 

size is desirable for effective mass transfer. Ice was added to the mix which maintained a low 
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temperature while mincing, which was important to avoid denaturation of the collagen. The 

minced skin was then washed thoroughly using cold-water until the wash water ran clean. It 

was then drained on a strainer in a cold room at 4C to remove as much free water as possible. 

To ensure uniformity, a random sampling method was used to collect 50 g samples which 

were individually packed in polyethylene bags and stored at -20°C until use. Sample 

preparation and all the experiments were conducted in a cold room at 4°C. 

Before the experiments, samples were thawed at 4°C. The dry matter percentage of 

this prepared skin was determined using the oven drying method (AOAC 930.15). 

Approximately 50 g (accurately weighed) samples were then pretreated with 0.3 M 

NaOH solution at a 1:10 (m/v) skin: solvent ratio for 90 min. The samples were soaked in this 

NaOH solution in a glass beaker and constantly stirred at 200 rpm using a magnetic stirrer. 

After that, the mixture of skin and solution was kept undisturbed without stirring for 1 min to 

settle the skin at the bottom of the beaker before decanting the solution phase into another 

beaker. Next, the treated skin was separated from the leftover solution by placing it on a 

stainless steel strainer of 2 x 2 mm mesh size and left for 10 min to ensure it was well-drained. 

This procedure was repeated for a second time and then the weight of the swollen skin was 

recorded.  

5.3.2 Swelling experiments 

Experiments to understand the swelling behaviour of skin were conducted according to the 

following design; 

 Neutralisation with water followed by treatment with HCl 

 Neutralisation with HCl followed by treatment with HCl 

The pretreated skin was soaked in cold distilled water (4°C) at 1:10 (m/v) ratio in a 

glass beaker and constantly stirred at 200 rpm using a magnetic stirrer. The pH was 

continuously monitored using a digital pH meter. Once the pH became constant with time, the 

stirring was stopped. The pH and the time taken for the pH stabilisation were recorded. Next, 

the skin was separated from the leftover water solution by placing it on a stainless steel strainer 

of 2 x 2 mm mesh size and drained for 1 min. Then the weight of the washed skin was recorded. 

This procedure was repeated until the pH reached 7.  

After neutralisation, this skin was soaked in 0.0025 M HCl (pH 2.6) at 1:10 (m/v) 

ratio in a glass beaker and constantly stirred at 200 rpm using a magnetic stirrer. The pH was 

continuously monitored using a digital pH meter. Once the pH became constant with time, the 

stirring was stopped. The pH and the time taken for the pH stabilisation were recorded. Next, 

the skin was separated from the leftover water solution by placing it on a stainless steel strainer 

of 2 x 2 mm mesh size and left to drain for 1 min before recording the weight of the washed 

skin. This procedure was repeated until the mass of the skin stopped increasing or started 

dropping. This experiment was conducted in three replicates.  

To test acid neutralisation and acidification, the same procedure as described above 

was followed but replaced the cold distilled water with 0.0025 M HCl (pH 2.6). This 

experiment was also conducted in three replicates.  

The measured variables in these experiments were the mass of the skin, pH and time. 

The calculations are described below. 
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5.3.3 Estimation of theoretical pH 

As explained above, the pH value was recorded for each solution change. The reduction of pH 

occurred either by soaking in water or HCl in this experiment. The skin is soaked in a mass to 

volume ratio of 1:10, therefore theoretically the pH reduction can be calculated. However, in 

practice this can be different. The study of the difference between the theoretical and practical 

pH values are important in understanding the collagen extraction process in relation to 

swelling of the skin. The theoretical pH values were calculated based on the following 

equations. 

 

The end pH value after each soaking was determined by the amount of OH- or H+ ions 

introduced by NaOH pretreatment, water wash or HCl treatment. Therefore, the theoretical 

end pH value was determined by the following equation. 

 

𝐸𝑛𝑑 𝑝𝐻 =  
(𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑠𝑘𝑖𝑛 × 10(−14−𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝐻))  +  (𝑀𝑠𝑜𝑎𝑘𝑒𝑑 × 10(−14−𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑝𝐻)) 

(𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑠𝑘𝑖𝑛 + 𝑀𝑠𝑜𝑎𝑘𝑒𝑑)
 

 

where 𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑠𝑘𝑖𝑛 = mass of water present in skin at the beginning of each 

soaking, 𝑀𝑠𝑜𝑎𝑘𝑒𝑑 = mass of water or HCl used for soaking, initial pH = pH value of the 

solution at the beginning of each soaking and, solution pH = pH value of water or HCl used 

for soaking. 

5.3.4 Results and discussion 

Figure 5.14 shows the swelling of skins versus solution pH. When neutralised with water, the 

swelling remained mostly unchanged until the pH decreased to around 11.5. The same result 

was observed with HCl. The amount of water that was removed from the skin was higher 

during neutralisation to pH 7 with water than for HCl. During neutralisation with HCl, OH- 

ions from NaOH react with H+ from HCl, producing H2O. At the same time, the reaction 

between NaOH and HCl produces NaCl which would show up in the mass as it may not be 

washed out into the solution. These may be the reasons for showing comparatively less 

reduction in swelling by the samples neutralised with HCl. In contrast, neutralisation with 

water occurs by washing out NaOH salts from the swollen skin. This is likely to be the reason 

for consuming more water and taking more time for neutralisation when using water (Figure 

5.15). When the time taken for both neutralisation and treatment with HCl is considered, the 

time taken to process using HCl neutralisation was much less than when using water (Figure 

5.15).  

The swelling of the skin during treatment with HCl was higher for the samples 

neutralised with HCl. The mass of the skin (swelling) increased until around 3.5, then started 

decreasing. On the other hand, the swelling with HCl was comparatively lower for the samples 

neutralised with water and the mass of skin (swelling) increased only until around pH 4 and 

then started decreasing. This mass reduction may be due to the dissolving of collagen in the 

HCl solution. Generally, the suitable pH range to dissolve collagen is below 4. Collagen is not 

generally soluble above pH 4 due to the closeness to the isoelectric pH value. Hydrophobic 

interactions among collagen molecules increase around the isoelectric pH, therefore collagen 

solubility decreases. On the other hand, in acidic pH values away from the isoelectric pH, the 
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net positive charge residues of collagen molecules increase, causing repulsive forces between 

collagen molecules, and therefore the collagen solubility increases (Li et al., 2013; Woo et al., 

2008). It can be seen from Figure 5.15 that the solution pH should be maintained around 3.5-

4 to solubilise collagen, and therefore the HCl concentration should be selected to achieve 

this.  

 

Figure 5.14 Swelling of skin during neutralisation and treating with HCl versus pH. The blue colour 

represents the samples neutralised with water and the brown colour represents the samples neutralised 

with HCl. Three replicates are marked as S1, S2, S3. Data points are shown by markers and the lines 

are used as guides to the eye. 

 

 
 

Figure 5.15 Cumulative time taken to stabilise the pH at each soaking. The blue colour represents 

the samples neutralised with water and the brown colour represents samples neutralised with HCl. 

Three replicates are marked as S1, S2, S3. Data points are shown by markers and the lines are used 

as guides to the eye. 
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Table 5.1 shows a comparison between experimental and theoretical pH obtained for 

each three replicates under two treatment conditions; (1) neutralisation with water followed 

by treatment with HCl and (2) neutralisation with HCl followed by treatment with HCl. 

Always the experimental pH value was higher than the theoretical pH value. This is likely to 

be due to some buffering capacity of the collagen itself. This should be considered in selecting 

the pH value of solutions to treat fish skin. For example, if the skins need to be treated at pH 

4, the treatment solution should be prepared with a lower pH value.  

 

Table 5.1 Comparison of experimental and theoretical pH at the end of each soaking. 

1. Neutralisation with water followed by 

treatment with HCl 

2. Neutralisation with HCl followed by 

treatment with HCl 

Water_rep 1 Water_rep 2 Water_rep 3 HCl_rep 1 HCl_rep 2 HCl_rep 3 

Exp. 

pH 

Ther. 

pH 

Exp. 

pH 

Ther. 

pH 

Exp. 

pH 

Ther. 

pH 

Exp. 

pH 

Ther. 

pH 

Exp. 

pH 

Ther. 

pH 

Exp. 

pH 

Ther. 

pH 

13.42 12.68 13.51 12.83 13.54 12.86 13.38 12.65 13.46 12.81 13.43 12.74 

12.72 11.97 12.88 12.19 12.82 12.15 12.61 11.87 12.89 12.23 12.62 11.93 

12.14 11.40 12.33 11.65 12.01 11.33 11.65 10.92 11.87 11.22 11.63 10.95 

11.67 10.95 11.92 11.25 11.48 10.75 7.10 6.38 9.89 9.25 8.47 7.79 

11.14 10.41 11.22 10.55 10.83 10.10 5.29 4.53 6.77 6.02 5.75 4.97 

10.48 9.70 10.61 9.89 10.22 9.42 3.83 3.25 5.33 4.67 4.49 3.87 

9.88 9.05 10.02 9.24 9.58 8.74 3.41 2.96 3.97 3.44 3.79 3.30 

9.46 8.59 9.36 8.56 9.11 8.26 3.34 2.95 3.74 3.30 3.53 3.11 

8.9 8.00 8.96 8.14 8.62 7.77 3.34 2.95 3.74 3.31 3.5 3.10 

8.69 7.80 8.63 7.75 8.18 7.34       

8.47 7.59 8.46 7.60 7.93 7.09       

8.15 7.30 7.96 7.14 7.77 6.94       

7.94 7.10 7.9 7.10 7.6 6.78       

7.59 6.79 7.98 7.17 7.51 6.70       

7.45 6.69 7.71 6.93 7.76 6.95       

7.27 6.55 7.52 6.77 7.5 6.68       

7.1 6.44 7.49 6.75 7.42 6.60       

6.97 6.34 7.47 6.74 7.24 6.43       

7.05 6.40 7.83 7.05 7.12 6.31       

7.06 6.41 7.68 6.91 7.06 6.26       

5.25 4.43 7.35 6.64 5.34 4.53       

4.04 3.33 7.25 6.56 4.76 4.03       

3.89 3.32 7.26 6.58 4.42 3.81       

3.7 3.20 7.09 6.46 3.75 3.17       

  5.3 4.49 3.46 2.94       

  4.4 3.72         

  4.07 3.52         

  3.72 3.24         

  3.48 3.05         

5.4 Conclusions 

This section shows the swelling behaviour of fish skins in alkaline and acidic conditions and 

the dynamics of neutralisation using water and HCl. The results show that at least one hour 

should be used to ensure the collagen matrix is fully swollen during NaOH pretreatment. This 

would allow greater access to the alkali for reaction and removal of non-collagenous 

components such as muscle proteins, fats and pigments. If residual flesh is present on the skin 

prior to pretreatment, then swelling can be used to separate it from the skin itself but this 

process takes up to 4 h. 
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Once pretreated, the skins need to be neutralised on the way towards acid extraction. 

This can be achieved using successive washes with fresh water, causing the skins to shrink 

(de-swell). This process is time-consuming and uses a lot of water as it relies on physically 

washing out residual NaOH in the skin. Neutralisation can be achieved much faster by direct 

neutralisation and swelling with HCl. This may leave behind residual NaCl in the skin which 

may have implications in later stages of the process.  

Acid extraction should be carried out around pH 4 where there is maximum swelling 

and evidence of collagen solubilisation. This should provide ideal conditions for 

homogenisation prior to fibrillogenesis. There could be potential for excessive hydrolysis if 

the pH is dropped to low and damage to the native collagen triple-helix structure. 

The dynamics and degree of swelling as a function of pH provided a sound basis for 

detailed investigation of the key steps involved in collagen processing. 
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Chapter 6. Physico-chemical methods for fish skin pretreatment 

6.1 Introduction 

Fish skin is generally removed from fish during commercial processing. Attached to the outer 

surface of the skin are scales and to the inner surface is some residue flesh. In collagen 

extraction, these scales and residue flesh must be removed during the initial cleaning. The 

remaining skin contains collagen protein as its main component, accounting for more than 

70% on a dry weight basis (Liu et al., 2015). The other 30% consists of non-collagenous 

proteins, fats and pigments. Before collagen extraction, these non-collagenous components 

should be removed (in a pretreatment step) as they negatively affect the extraction efficiency 

and cause low purity and yield (Song et al., 2021).  

The most important property of a fish skin pretreatment agent is the ability to swell 

the skin as shown in Chapter 5. This swelling loosens the fibres and allows the pretreatment 

solution to access and dissolve the non-collagenous components (Liu et al., 2015). The other 

function of a pretreatment agent is to remove only these non-collagenous components without 

significant loss or structural modification of the collagen molecules (Skierka & Sadowska, 

2007; Xu et al., 2017). Alkaline solutions such as Sodium hydroxide (NaOH) and Calcium 

hydroxide (Ca(OH)2) are capable of removing only the non-collagenous proteins. However, 

Ca(OH)2 does not cause swelling (Liu et al., 2015) and therefore NaOH is commonly used as 

the pretreatment agent. As well as the non-collagenous proteins, the NaOH treatment also 

removes some fats and pigments. Further fat removal can be achieved with butyl alcohol or 

other degreasing agents, and hydrogen peroxide (H2O2) can be used to oxidise any remaining 

pigments.  

Most literature is focused on the collagen extraction process rather than solely on the 

pretreatment. Of those publications that include pretreatment studies, most investigate the 

effect of pretreatment on the quality and purity of collagen after extraction. Very few studies 

have assessed the pretreatment conditions relative to the quality of pretreated material, (i.e., 

the extent to which the non-collagenous proteins, fats and pigments have been removed), and 

its impact on the quality of the collagen. Blanco et al. (2019) studied the effect of NaOH 

concentration, time and temperature using Small-spotted catshark (Scyliorhinus canicula) skin 

as the raw material, by analysing the collagen content in the pretreated skin and the 

pretreatment solution, however, they didn’t consider the fat removal. Similarly, Liu et al. 

(2015) studied the effect of NaOH concentration, time and temperature using the skin of grass 

carp (Ctenopharyngodon idella) as the raw material. They analysed the solution separated 

after pretreatment for the total protein and collagen content, and the collagen content in the 

final collagen product after freeze-drying. However, the effect of NaOH pretreatment on fat 

removal has not been studied. None of the previous literature has studied the complete 

pretreatment process including the neutralisation step.  

Due to the lack of information in the literature, this chapter investigates the effects of 

pretreatment conditions on the removal of undesirable components, providing a process 

optimised for fish skin processing. In developing this, there are some other important factors 

to be considered, which again are not well addressed in the published literature. First, residuals 

of pretreatment agents must be removed so that it does not become an impurity in the extracted 
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collagen. Second, some chemicals must be avoided, for example, butyl alcohol cannot be used 

to remove fats as the residues are not accepted in biomedical collagen. Third, the wastewater 

clean-up required for the discharge of pretreatment chemicals into the environment must be 

considered. Fourth, efficient use of chemicals is important because unnecessary chemicals are 

expensive and not cost-effective. And lastly, the pretreatment steps, (i.e., the processing unit 

operations), need to be few in number and with reasonable residence times to ensure the 

pretreatment is economically viable.  

In this study, the pretreatment agents were selected considering the above aspects. 

Sodium hydroxide was selected as the pretreatment agent to remove the non-collagenous 

proteins. It has been used for pretreatment in fish and other collagen-rich raw materials and 

can swell the structure as shown in Chapter 5. Fats and pigments were expected to be removed 

to a greater extent by the same NaOH treatment. Sodium dodecyl sulphate (SDS), which is an 

anionic detergent, was tested as a degreasing agent to further remove fats. In the published 

literature, the pretreatment processes involve a washing step with distilled water at the end of 

the pretreatment to remove residual NaOH. This washing step consumes a large quantity of 

water and time. This was investigated in detail in §5.3. In this study, this washing step was 

replaced with a neutralisation step using hydrochloric acid (HCl) followed by washing with 

distilled water to remove the Sodium chloride (NaCl) salts. This required a much-reduced 

amount of water. 

The experiments were designed in a way to understand the pretreatment process and 

the effect of removing non-collagenous components through a simple characterisation of the 

pretreated material. Treatment time, skin mass to solvent volume ratio and different treatment 

configurations were used as the process variables. The aims of this chapter were therefore to 

carry out experiments to understand the effect of treatment time, mass to volume ratio and 

different treatment configurations, and to develop a pretreatment process based on this 

understanding. The minimum use of chemicals, minimum wastage and time and cost-

effectiveness were considered in developing this process. 

The experiments were carried out under three main categories. The; 

1. Effect of time 

2. Effect of mass to volume (m/v) ratio of skin to NaOH solution 

3. Different treatment configurations (involving NaOH) 

6.2 Raw material preparation  

Tarakihi fish skins (ca. 5 kg) were collected from a local fish store as soon the fish were 

processed and transported to the university laboratory (20-min drive) in chilled conditions to 

assure the freshness and to avoid contamination with extraneous matter. Skins were then 

cleaned by removing both the scales from the outer surface and the residual flesh left on the 

inner surface of the skin. This was done using a 1.6 L thermo-resist glass-bodied blender on a 

food processor (Kenwood FPM910 Multi-Pro Excel Food Processor), where the skins become 

attached to the spinning blades and the scales and residual flesh are sheared off. The skins 

were then manually cleaned by wiping-off, without using water.  

Then the cleaned skins were minced using a meat mincer (Kenwood Pro 2000 EXCEL 

MG700 Electric Mincer and Sausage Maker) with 3 mm mincing plate, using speed number 

1 rotary control in a single pass. This size reduction was done to facilitate maximum mass 
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transfer during NaOH soaking. Ice was added to the mix which maintained a low temperature 

while mincing, which was important to avoid denaturation of the collagen. The minced skin 

was then washed thoroughly using cold-water until the wash water ran clean. It was then 

drained on a strainer in a cold room at 4°C to remove as much free water as possible. To ensure 

uniformity, a random sampling method was used to take 50 g samples from the bulk mince, 

which were then individually packed in polyethylene bags and stored at -20°C until use. The 

proximate composition of one of these samples was analysed to obtain the moisture content 

by the oven drying method (AOAC 930.15), crude protein content by means of total nitrogen 

content according to the Kjeldahl method (AOAC 981.10), crude fat content by the Soxhlet 

method (AOAC 960.39) and, ash content by igniting in a muffle furnace (AOAC standard 

920.153). All the analysis was done in triplicate. Prior to pretreatment experiments, the 

samples were thawed at 4°C overnight. This sample preparation procedure was followed for 

all three categories of experiments mentioned in this chapter.  

6.3 The effect of time on pretreatment 

6.3.1 Experimental protocol  

Treatment times of 30, 40, 50, 60, 70, 80 and 90 min were selected to determine the non-

collagenous material removal. The 30 min time duration was selected as the minimum 

requirement based on the preliminary experiments (Chapter 5) which indicated that at least 30 

min is required to start swelling of the fish skin in 0.3 M NaOH solution. The 90 min was 

selected as the maximum time duration to avoid hydrolysis of collagen and to save time. A 

0.3 M NaOH concentration was selected based on the preliminary experiments outlined in 

Chapter 4 and the swelling experiments carried out in Chapter 5. Experiments were done in a 

cold room at 4°C to assure that the processing conditions are maintained below the 

denaturation temperature. According to the results of Chapter 4, Td of cold-water fish collagen 

was found at 42°C which implies that the collagen is not denatured above 4°C. A sample of 

nominally 50 g was taken, and the exact mass was recorded. The mass to volume ratio of skin 

to NaOH solution was kept constant at 1:10. The exact weight (approximately 500 mL) of 

NaOH solution was recorded. Fish skin samples were soaked in this NaOH solution in a 1 L 

glass beaker and constantly stirred at 200 rpm using a magnetic stirrer (40 mm long stirring 

bar) for the particular time duration. After that, this mixture of skin and solution was kept 

undisturbed without stirring for 1 min to settle the skin at the bottom of the beaker. Then the 

solution was decanted into another beaker.  

The treated skin was separated from any residual solution by filtering through a 

stainless steel strainer of 2 x 2 mm mesh size. The skin was left on the strainer for 10 min; by 

this time solution had stopped filtering through. The volume and weight of the filtrate was 

measured and stored for the later determination of dissolved non-collagenous protein content 

by means of total nitrogen content according to the Kjeldahl method using the same methods 

described above. The pretreated skin was weighed. It was frozen at -20°C and freeze-dried at 

0.5 mbar pressure, 10C temperature for 3 days (BUCHI LyovaporTM L-300, BUCHI 

Labortechnik AG; Flawil, Switzerland). The freeze-dried weight was recorded and stored for 

the determination of collagen protein content, fat content and ash content as previously 

described. All analysis was done in triplicate. The dependant variables were non-collagenous 
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proteins in the pretreated skin, non-collagenous proteins in the washed solution, fats in the 

pretreated skin and fats in the washed solution. Experiment was performed in a cold room at 

4°C.  

6.3.2 Calculations 

6.3.2.1 Calculation of composition 

By the end of pretreatment, all non-collagenous proteins should have been leached into the 

treatment solution. The collagen is retained in the skin. As explained above, each solution and 

the skin are then subjected to the Kjeldahl method to determine total nitrogen, where the 

conversion factors are N x (100/18) for collagen and N x (100/16) for non-collagenous 

proteins. The conversion factors are according to Mariotti et al. (2008).  Therefore, the 

following balance equations apply. 

 

𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 = [N × (100/18)]𝑀𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠  

   

𝑀𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 = [N × (100/16)]𝑀𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛   

     

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑖𝑛 𝑟𝑎𝑤 𝑓𝑖𝑠ℎ 𝑠𝑘𝑖𝑛 =
𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛+𝑀𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛
× 100 

  

where 𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛= mass of collagen protein in the skin after pretreatment [g], 

𝑀𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 = mass of non-collagenous proteins in the filtrate after pretreatment [g], 

𝑀𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠 = mass of freeze-dried pretreated skin [g], 𝑀𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 = mass of 

filtrate after pretreatment, and N = percentage of nitrogen obtained from the Kjeldahl method 

[%]. 

Nearly 90% of all proteins was found to be present as collagen for all experiments 

regardless of experiment time.  Therefore, the crude protein mass balance can be simplified to 

the skin containing 90% of the crude protein as collagen and 10% of the crude protein as non-

collagenous proteins. In equation form this is 

 

𝑀𝐶𝑃,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 = [𝑁 × (0.9 (
100

18
) + 0.1 (

100

16
))] 𝑀𝑟𝑎𝑤 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠   

 

where MCP,raw skin = grams of crude protein in raw skin [g], N = percentage of nitrogen obtained 

using the Kjeldahl method [%] and 𝑀𝑟𝑎𝑤 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠 = mass of freeze-dried raw skin [𝑔] 

6.3.2.2 Corrections for the pretreated skin mass 

After treating with NaOH solution, NaOH salts are retained in the pretreated skin, which adds 

to the recorded mass of the skin, and so must be removed to obtain an accurate skin-only mass. 

If not removed, the NaOH salts elevate the ash content. 

Assuming that the ash minerals (other than NaOH) are not removed during 

pretreatment, but are instead retained within the skin, the NaOH content can be accounted for. 

For a starting sample of 50 g (wet basis) of raw skin, the NaOH mass balance is given as 
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𝑀𝑁𝑎𝑂𝐻,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

50 𝑔 𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
=

𝑀𝑎𝑠ℎ,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

50 𝑔 𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
−

𝑀𝑎𝑠ℎ,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛

50 𝑔 𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
     

  

where 𝑀𝑎𝑠ℎ,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛= 𝑀𝑁𝑎𝑂𝐻,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 +  𝑀𝑎𝑠ℎ,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 

 

This then allows the mass of pretreated skin to be expressed on a NaOH-free basis. 

 
𝑀𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠,𝑁𝑎𝑂𝐻−𝑓𝑟𝑒𝑒 𝑏𝑎𝑠𝑖𝑠

50 𝑔 𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
=

𝑀𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠,𝑤𝑖𝑡ℎ 𝑁𝑎𝑂𝐻

50 𝑔 𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
−

𝑀𝑁𝑎𝑂𝐻,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

50 𝑔 𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
  

 

As explained in the methods section, the ash measurements were done on freeze-dried 

skin samples before and after pretreatment. The results for crude protein, fat and ash contents 

were then adjusted from a total basis to a NaOH-free basis.  

6.3.2.3 Removal of non-collagenous proteins and fats with time 

Pretreatment aims to remove the non-collagenous proteins and fats, however, some remain in 

the skin. The extent to which these are removed is compared across the range of 30-90 min, 

of pretreatment times. To calculate the amount of proteins and fats remaining in the skin, it is 

necessary to assume that some of the solubilised non-collagenous proteins remain with the 

liquid phase retained in the skin and that their concentration (relative to the amount of water 

in the skin) is equal to that washed into the pretreatment solution. Therefore, the following 

balance equations apply (Table 6.1). 

 

Table 6.1 Mass balances determined in the experimental method. 

Category Balance equation 

Raw skin 𝑀𝑡𝑜𝑡𝑎𝑙,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 = 𝑀𝑤𝑎𝑡𝑒𝑟,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 + 𝑀𝑁𝐶𝑃,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛

+ 𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 + 𝑀𝑓𝑎𝑡,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛

+ 𝑀𝑎𝑠ℎ,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 

Raw skin crude protein 𝑀(𝐶𝑃, 𝑟𝑎𝑤 𝑠𝑘𝑖𝑛)

= [𝑁 × (0.9(100/18)

+ 0.1(100/16))] 𝑀(𝑟𝑎𝑤 𝑠𝑘𝑖𝑛, 𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠)    

where 𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 = [𝑁 × 0.9 (
100

18
)] 

𝑀𝑟𝑎𝑤 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠 and 𝑀𝑁𝐶𝑃,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 = [𝑁 ×

0.1 (
100

16
)] 𝑀𝑟𝑎𝑤 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠 

Initial solution 𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑛 = 𝑀𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑛 + 𝑀𝑁𝑎𝑂𝐻,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑛 

Pretreated skin 𝑀𝑡𝑜𝑡𝑎𝑙,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 = 𝑀𝑤𝑎𝑡𝑒𝑟,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

+ 𝑀𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

+ 𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

+ 𝑀𝑓𝑎𝑡,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 + 𝑀𝑎𝑠ℎ,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛

+ 𝑀𝑁𝑎𝑂𝐻,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 
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Category Balance equation 

Solution after 

pretreatment  

𝑀𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 = 𝑀𝑤𝑎𝑡𝑒𝑟,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 + 𝑀𝑁𝑎𝑂𝐻,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛

+ 𝑀𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 + 𝑀𝑓𝑎𝑡,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 

Crude protein balance 𝑀𝐶𝑃,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 = 𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 + 𝑀𝑁𝐶𝑃,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛

= 𝑀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛  

+ 𝑀𝑁𝐶𝑃,𝑝𝑡𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛  +  𝑀𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 

Water balance 𝑀𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑛

= 𝑀𝑤𝑎𝑡𝑒𝑟,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛  

+ 𝑀𝑤𝑎𝑡𝑒𝑟,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 

NaOH balance 𝑀𝑁𝑎𝑂𝐻,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑛

= 𝑀𝑁𝑎𝑂𝐻,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

+ 𝑀𝑁𝑎𝑂𝐻,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 

Fat balance 𝑀𝑓𝑎𝑡,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 = 𝑀𝑓𝑎𝑡,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 + 𝑀𝑓𝑎𝑡,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛  

 

The concentrations used in the results section are determined from the above masses, where; 

 

𝐶𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 = 𝑑𝑖𝑟𝑒𝑐𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝐾𝑗𝑒𝑙𝑑𝑎ℎ𝑙 𝑚𝑒𝑡ℎ𝑜𝑑  

 

𝐶𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 =
𝑀𝑤𝑎𝑡𝑒𝑟,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛𝐶𝑁𝐶𝑃,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛

𝑀𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠,𝑁𝑎𝑂𝐻−𝑓𝑟𝑒𝑒 𝑏𝑎𝑠𝑖𝑠
 

 

𝐶𝑓𝑎𝑡,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑  𝑠𝑘𝑖𝑛 =
𝑀𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠,𝑤𝑖𝑡ℎ 𝑁𝑎𝑂𝐻𝐶𝑓𝑎𝑡,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠

𝑀𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛,𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠,𝑁𝑎𝑂𝐻−𝑓𝑟𝑒𝑒 𝑏𝑎𝑠𝑖𝑠
 

 

𝐶𝑓𝑎𝑡,𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 =
𝑀𝑓𝑎𝑡,𝑟𝑎𝑤 𝑠𝑘𝑖𝑛 − 𝑀𝑓𝑎𝑡,𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛

𝑀𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛 
 

 

𝑀𝑝𝑟𝑒𝑡𝑟𝑚𝑡 𝑠𝑜𝑙𝑛  = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑛𝑔 𝑠𝑘𝑖𝑛 [𝑔] 

 

𝐶𝑁𝐶𝑃 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑛𝑜𝑛𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛𝑜𝑢𝑠 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 [
𝑔

𝑔
] 

 

The best treatment time was selected based on the efficiency of removing non-

collagenous proteins and fats.  

6.3.3 Results and discussion 

An initial series of experiments were conducted to determine the best treatment time, before 

investigating the other variables. The results are shown in Figure 6.2.  In Figures 6.2(A) and 

(B), the non-collagenous protein concentration values varied within a very narrow range 

across the selected time durations of 30-90 min, with the 30-50 minute results showing the 
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best removal and also being very similar to each other. The 60-80 minute results had slightly 

poorer removal and were also similar to each other, with the 90 min result being in between. 

Analysis of Variances (ANOVA) showed that the differences are significant with treatment 

time (p<0.05). However, according to the Tukey pairwise comparison, the 90 min treatment 

time was not different to either the 30-50 min or the 60-80 min treatment times. When the 

removal of fats is considered in Figures 6.3(A) and (B), the results are all similar except at 90 

min which shows better removal. However, ANOVA showed a significant difference with 

treatment time (p<0.05), due to the weighting of the 90 min result. This is confirmed by the 

Tukey pairwise comparison, which shows that the 90 min treatment is significantly better to 

each of the other treatment times (p<0.05). 

Overall, considering both non-collagenous protein and fat removal, the 90 min 

pretreatment time was selected for all the following experiments. The dynamics found in this 

experiment are consistent with the kinetics of swelling found and reported in Chapter 5. This 

makes sense as swelling, provides access into the skin for the NaOH to hydrolyse non-

collagenous proteins and wash out fats. 
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Figure 6.1 Removal of non-collagenous proteins from fish skin as a function of the time, varied from 

30 to 90 min. Sub-figures show; (A), the non-collagenous protein remaining in the skin; (B), the non-

collagenous protein in the pretreatment solution. Grey colour dots represent individual values and red 

colour dots represent average values.  
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Figure 6.2 Removal of fats from fish skin as a function of the time, varied from 30 to 90 min. Sub-

figures show; (A) the fat remaining in the skin; and (B), the fat in the pretreatment solution. Grey colour 

triangles represent individual values and red colour triangles represent average values.  

 

6.4 Effect of skin mass to NaOH volume ratio 

6.4.1 Experimental protocol  

Ratios of 1:5, 1:10, 1:20 and 1:30 were selected for the mass of skin to the volume of NaOH 

solution. In industrial applications using the least amount of solution is desirable, but where 

the removal of non-collagenous proteins and fats is still achieved. This requires smaller vessels 

and results in more concentrated waste solutions that are easier to treat. A concentration of 0.3 

M NaOH was used, as in the previous experiments.  

For each treatment, a sample of ca. 50 g of fish skin was taken and its exact mass was 

recorded. Similarly, the exact volume and mass of NaOH solution were recorded. Fish skin 

samples were soaked in NaOH solution in a glass beaker (1 L for 1:5 and 1:10 ratios; 2 L for 

1:20 ratio; 5 L for 1:30 ratio) and constantly stirred at 200 rpm using a magnetic stirrer (40 
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mm long stirring bar) for 90 min. The rest of the procedure was the same as the previous 

experiment where measurements were taken accordingly, and all calculations were the same. 

The best mass to volume ratio was defined to be that which removed the most grams of non-

collagenous proteins and fats per gram of fish skin. 

6.4.2 Results and discussion 

Visual observations of the results (see Figures 6.4 and 6.5) were confirmed by ANOVA, where 

the mass to volume ratio had a significant effect on non-collagenous protein removal (p<0.05); 

however, it did not affect fat removal, although it does appear that fat removal in 1:10, 1:20 

and 1:30 ratio solutions were higher than the 1:5 ratio solution. Therefore, considering both 

the non-collagenous protein and fat removal, and the need to choose the lowest effective ratio 

for industrial application, the 1:10 ratio was selected for all following experiments.  

 
Figure 6.3 Removal of non-collagenous proteins from fish skin as a function of the mass of fish skin 

to volume of pretreatment solution ratio, varied from 1:5 to 1:30, for a soak time of 90 min. Sub-figures 

show; (A), the non-collagenous protein remaining in the skin; (B), the non-collagenous protein in the 

pretreatment solution. Grey colour dots represent individual values and red colour dots represent 

average values.  

 

1:5 1:10 1:20 1:30 

1:5 1:10 1:20 1:30 
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Figure 6.4 Removal of fats from fish skin as a function of the mass of fish skin to volume of 

pretreatment solution ratio, varied from 1:5 to 1:30, for a soak time of 90 min. Sub-figures show; (A) 

the fat remaining in the skin; and (B), the fat in the pretreatment solution. Grey colour triangles represent 

individual values and red colour triangles represent average values. 

 

6.5 Effect of different treatment configurations 

After fish skin has been soaked for 90 min and removed from the solution, it still contains 

residual non-collagenous proteins and fats, as shown in the above results.  These need to be 

washed out. A series of wash treatments was then trialled to determine the most effective 

treatment.  Two of these also altered the pretreatment step with the addition of a surfactant 

(SDS), targeting improved removal of fats. 

 

 

 

1:5 1:10 1:20 1:30 

1:5 1:10 1:20 1:30 
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6.5.1 Experimental protocol  

The different subsequent wash treatment configurations were as shown in Table 6.2. 

 

Table 6.2 Summary of alternative pretreatmnt configurations. 

 Pretreatment step Subsequent wash step 

1 NaOH wash (1:10 m/v for 90 min) None 

2 NaOH wash (1:10 m/v for 90 min) NaOH wash (1:10 m/v for 90 min) 

3 NaOH wash (1:10 m/v for 90 min) water wash (1:10 m/v for 90 min)  

4 2% SDS in NaOH wash (1:10 m/v for 90 

min) 

None 

5 2% SDS in NaOH wash (1:10 m/v for 90 

min) 

2% SDS in NaOH wash (1:10 m/v for 90 

min) 

6 NaOH wash (1:10 m/v for 90 min) HCl wash (until pH 7) 

 

In each experiment, a sample of ca. 50 g of fish skin was taken and its exact weight 

was recorded. As explained above, the mass of skin: volume ratio of pretreatment solution 

was kept constant at 1:10, and its exact volume and mass (ca. 500 mL) were recorded. Also, 

as described above, each fish skin sample was soaked in NaOH solution in a glass beaker (1 

L) and constantly stirred at 200 rpm using a magnetic stirrer (40 mm long stirring bar) for 90 

min. However, in trials 4 and 5 the pretreatment solution also had the addition of 2% SDS. 

Between the pretreatment and the subsequent wash step, the treated skin was separated using 

a stainless steel strainer of 2 x 2 mm mesh size until no further dripping occurred. Then it was 

soaked in the subsequent wash solution in a glass beaker (1 L), also at a 1:10 (m/v) ratio and 

stirred again at 200 rpm using a magnetic stirrer (40 mm long stirring bar) for 90 min.  

After the sixth pretreatment and separation of the fish skin with a stainless steel 

strainer, the subsequent wash step is better described as a neutralisation step.  Here, a solution 

of 0.1 M HCl was added little-by-by little with continuous mixing until the residue liquid 

achieved pH 7. The addition of this acid solution had the effect of shrinking the swollen skin, 

exuding liquid.  The rest of the procedure, for these trials 1-6, was the same as the previous 

experiment, with measurements and calculations conducted in the same way. The best 

combination of pretreatment step and subsequent wash step was then selected to be that which 

removed the most grams of non-collagenous proteins and fats per gram of fish skin.  

6.5.2 Results and discussion   

The results (see Figures 6.6 and 6.7) show clear differences; first, that the subsequent washing 

with NaOH solution improves the removal of both proteins and fats; second, that subsequent 

washing with water does not improve the removal of fats; third, that the addition of 2% SDS 

only improved fat removal; and fourth, that subsequent neutralisation with HCl has a negative 

effect on the removal of fat.  

The first observation was expected because replacing the solution and stirring for an 

additional 90 min will remove any remaining soluble proteins and fats. The second 

observation, that washing with water does not affect fat removal, is explained later with 
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respect to the fat chemistry, which also explains the fourth observation.  For the third 

observation, there is a drawback in using SDS to treat fish skin in cold temperatures. SDS is 

not dissolvable in cold temperatures such as at 4°C used in these experiments.  As maintaining 

cold temperatures is critical to avoid the denaturation of collagen in cold-water fish, this rules 

out SDS solutions as a treatment option. Here, it was also found that precipitated SDS powder 

was found deposited in the treated fish skin, which means that the SDS had not dissolved but 

rather was in suspension, and therefore not acting as a surfactant.   

The statistical analysis supports the general observations. Non-collagenous protein 

removal from the skin was significantly different between trials 1-6 (ANOVA, p<0.05). 

According to the Tukey pairwise comparison, trials 1 and 4 showed the same effect, but all 

other pairwise comparisons were significantly different from each other (i.e., 2:3, 2:5, 2:6, 3:5, 

3:6 and 5:6).  Fat removal from the skin was also significantly different between trials 1-6 

(ANOVA, p<0.05). According to Tukey pairwise comparison, trials 2, 4 and 5 showed the 

same effect, but all the other pairwise comparisons were significantly different from each other 

(1:3, 1:6 and 3:6).  

The variability in the amount of fats present in the pretreated skin after different 

treatment configurations can be explained as follows. The crude fat content in the pretreated 

freeze-dried skin was analysed by the Soxhlet method. Crude fat includes phospholipids, 

sterols, free fatty acids, carotenoids, chlorophyll, and some other minor compounds, in 

addition to the fats. In trials 1 and 2, fat reacts with NaOH and produces sodium salts of fatty 

acids and glycerol as shown in Figure 6.8. These sodium salts of fatty acids are dissolved in 

water and therefore do not contribute to the crude fat. When water is added to these sodium 

salts of fatty acids as done in trial 3, it forms free fatty acids which contribute to the crude fat. 

When HCl is added to the sodium salts of fatty acids as done in trial 6, it forms free fatty acids 

which contribute to the crude fat content. This is likely to be the cause that trials 3 and 6 show 

higher amounts of fat compared to trial 1. This implies that the actual fat content in the form 

of triglycerides in trials 1, 3 and 6 are almost similar despite the different recorded 

concentrations.  
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Figure 6.5 Removal of non-collagenous proteins from fish skin for the combinations of pretreatment 

and subsequent wash steps. Each uses a 1:10 ratio for both the mass of fish skin to volume of 

pretreatment solution, and to the subsequent wash solution. Soaks times are 90 min.  Sub-figures show; 

(A), the non-collagenous protein remaining in the skin; (B), the non-collagenous protein in the 

pretreatment solution. Grey colour dots represent individual values and red colour dots represent 

average values. 
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Figure 6.6 Removal of fats from fish skin for the combinations of pretreatment and subsequent wash 

steps. Each uses a 1:10 ratio for both the mass of fish skin to volume of pretreatment solution, and to 

the subsequent wash solution. Soaks times are 90 min. Sub-figures show; (A), the fat remaining in the 

skin; (B), the fat in the pretreatment solution. Grey colour triangles represent individual values and red 

colour triangles represent average values. 
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Figure 6.7 Reactions of fatty acids with NaOH, H2O and HCl. 

 

Based on the necessity to remove both non-collagenous proteins and fats, the method 

given in trial 2, i.e., a pretreatment and subsequent wash with NaOH, was selected to 

incorporate into the overall pretreatment process, making it now a two-step process. However, 

this still needs to be developed into a complete process, because the NaOH salts remain within 

the skin.  Literature studies achieve this by washing with distilled water until neutral pH is 

achieved, which involves high consumption of water and time, generally overnight (Chapter 

4). In this study, our focus on developing an industrially relevant process means minimising 

water wastage, cost and time. Therefore, a third step, neutralisation with HCl was assessed as 

an alternative to water washing. Trial 6 above, explored this after a single NaOH pretreatment 

a simple triglyceride sodium salts of fatty acids glycerol 

free fatty acids sodium salts of fatty acids 

sodium salts of fatty acids free fatty acids 
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step, and showed benefit in removing additional non-collagenous proteins. Here, a HCl 

neutralisation was trialled after two NaOH washes, which was expected to enhance this effect.  

However, the reaction of HCl with the sodium salts of fatty acids produces NaCl salts which 

are then present as residues in the skin. These residues need to be washed from the skin before 

the later collagen extraction process. Therefore, a fourth step, a water wash, was incorporated. 

The effect of this final water wash and the frequency of washing were assessed in the next 

experiment. 

6.6 Washing off the salts 

As explained above, the determined pretreatment process consists of two NaOH washes 

followed by neutralisation with HCl.  Here, because residual salt, NaCl, remains in the skin, 

this stage of the process development explores a washing step to remove the salt solution. Two 

different procedures were experimented as follows: 

Procedure A 

1. 0.3 M NaOH wash at 1:10 m/v ratio for 90 min 

2. 0.3 M NaOH wash at 1:10 m/v ratio for 90 min 

3. Neutralise with 0.1 M HCl 

4. Water wash at 1:10 m/v ratio for 90 min 

Procedure B 

1. 0.3 M NaOH wash at 1:10 m/v ratio for 90 min 

2. 0.3 M NaOH wash at 1:10 m/v ratio for 90 min 

3. Neutralise with 0.1 M HCl 

4. Water wash at 1:10 m/v ratio for 90 min 

5. Water wash at 1:10 m/v ratio for 90 min 

6.6.1 Methodology 

A sample of about 50 g was taken and the exact weight was recorded. The sample was treated 

according to the above procedure in a glass beaker with constant stirring at 200 rpm using a 

magnetic stirrer for each of a series of steps. Once each treatment time was reached, the 

mixture of skin and solution was kept undisturbed without stirring for 1 min to settle the skin 

at the bottom of the beaker. Then, the solution was removed as much as possible by decanting 

it into another beaker. Then the treated skin was separated from the leftover solution by 

filtering through a stainless steel strainer of 2 x 2 mm mesh size. The skin was left on the 

strainer for 10 min, by which time the solution stopped filtering. It was then added to the next 

treatment solution and the same procedure was repeated until the end.  

The volume and weight of the filtrate were measured and stored for the determination 

of dissolved non-collagenous protein content using total nitrogen content according to the 

Kjeldahl method. The pretreated skin was weighed. It was frozen at -20°C and freeze-dried. 

The freeze-dried weight was recorded and stored for the determination of collagen protein 

content, fat content and ash content as previously described. The dependent variables were 

collagen protein in the pretreated skin, non-collagenous proteins in the filtrate, fat in the 

pretreated skin and fat in the filtrate. The calculations were done as explained earlier. All the 
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experiments were done in triplicate. The best pretreatment process was selected based on the 

efficiency of removing non-collagenous proteins and fats.  

6.6.2 Results and discussion 

The concentration of non-collagenous proteins for both procedures were found below the 

lower detection limit of Kjeldahl protein analysis (0.1 mgN) indicating the successful removal 

of non-collagenous proteins from both procedures. Fat removal was not significantly different 

between the two procedures (ANOVA, p<0.05) (Figure 6.8). Process A was selected as the 

final treatment because, with four steps instead of five, it is the simpler of the two procedures.  

However, the results show there is still some fats present in the pretreated skin, which 

ideally would be removed. This may be due to the same reason associated with crude fat 

determination by the Soxhlet method as explained earlier, caused by the neutralisation, in step 

3, where HCl helps form free fatty acids which contribute to the measured crude fat content. 

In addition to non-collagenous protein and fat removal, pigment removal was also 

expected from the pretreatment step. The presence of pigments in the final collagen product 

gives an undesirable colour which is not acceptable. In this study, pigment removal by the 

pretreatment process was not successful, as shown by the remaining slight discouloration after 

step four of Procedure A in Figure 6.9. However, complete pigment removal was achieved by 

a filtration step at the end of the collagen fibrillogenesis process described in Chapter 8.  
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Figure 6.8 Removal of fats from fish skin for the two pretreatment procedures; Procedure A and 

Procedure B. Sub-figures show; (A), the fat remaining in the skin; (B), the fat in the pretreatment 

solution. Grey colour triangles represent individual values and red colour triangles represent average 

values. 
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Figure 6.9 Photographs of the fish skin after steps 1-4 of procedure A. Step 1: 0.3 M NaOH wash at 

1:10 (m/v) ratio for 90 min; Step 2: 0.3 M NaOH wash at 1:10 (m/v) ratio for 90 min; Step 3: Neutralise 

with 0.1 M HCl; Step 4: Water wash at 1:10 (m/v) ratio for 90 min. 

 

6.7 Conclusions 

This chapter has developed a rigorous procedure for pretreatment of fish skin to 

remove non-collagenous proteins, fats and pigment, prior to the later steps of extraction and 

fibrillogenesis. The procedure developed here is mindful of the commercial imperative for a 

cost-effective process, minimising water wastage and minimising the number of processing 

steps. This work, therefore, presents a guideline for scale-up to the industrial level, and for use 

on other fish as a starting methodology, whether or not they have similar or different protein 

and fat contents. The outcome of the pretreatment procedure described here is that non-

collagenous proteins are removed below the lower detection limit of Kjeldahl method, some 

fat remains, which is expected to be related to the effect of free fatty acid formation in 

procedure A - step 3, and not all pigments are removed as shown by the discolouration.  

However, this pretreatment procedure is effective, because the later steps of extraction and 

fibrillogenesis, result in further purification. The next two chapters discuss the optimisation 

of the extraction and fibrillogenisis steps. 
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Chapter 7. The effect of process conditions on collagen extraction 

7.1 Introduction 

Type I collagen is a right-handed supercoiled triple-helix molecule composed of three left-

handed α-helices (Bhuimbar et al., 2019; Brown et al., 2000). The stability of this super helical 

structure is maintained by two main forces: the steric hindrance or the conformational 

restrictions imposed by the pyrrolidine rings of the imino acids (proline and hydroxyproline) 

(Nagai et al., 2008; Jenkins & Raines, 2002), and the intramolecular hydrogen bonds formed 

through the hydroxyl groups between glycine and hydroxyproline (Zeugolis et al., 2008; Nagai 

et al., 2008; Jenkins and Raines, 2002). When these collagen molecules are arranged into 

fibres, lysine-derived covalent cross-links occur between the non-helical end of one collagen 

molecule and the helical region of another collagen molecule (Hofman et al., 2012). During 

collagen extraction it is important to preserve the intramolecular hydrogen bonds but break 

the intermolecular covalent cross-links. 

Collagen extraction begins by the hydration and swelling of collagen fibres which 

facilitates the exposure of collagen to the extraction medium (Skierka & Sadowska, 2007). As 

the swelling occurs, the inter-molecular cross-links are cleaved and collagen molecules 

become soluble in the medium, but retain their triple-helical structure (Schmidt et al., 2016). 

This dissolution step is necessary because these collagen molecules self-assemble back into 

fibres during the subsequent fibrillogenesis step. The most important factor is that the 

solubilised collagen remains in its native triple-helical conformation (Qi et al., 2015). If this 

structure is broken or the collagen molecules are hydrolysed, they cannot self-assemble into 

fibres with the required D-spacing which is essential for biomedical applications (Zhu et al., 

2018). The effectiveness at each step of the extraction is determined by the fish-type and 

processing conditions. Variables include the type and concentration of the acid (or pH), mass 

to volume ratio of the skin and acid, duration of extraction, and temperature of processing. 

These effects have been described in detail in Chapter 2.  

Many researchers have described the importance of a mild chemical treatment, mainly 

using acetic acid for this purpose. The higher efficiency of acetic acid over hydrochloric acid 

(Skierka and Sadowska, 2007; Wang et al., 2008; Schmidt et al., 2016; Liu et al., 2015) in 

relation to breaking cross-links, solubility of collagen and higher extractability (Liu et al., 

2015) have been mentioned without proper explanation of the reasons. However, acetic acid 

has drawbacks for biomedical collagen extraction. Due to the incomplete ionisation nature of 

acetic acid, it can be adsorbed onto collagen molecules and can remain as residues in the final 

freeze-dried collagen product (Qi et al., 2015). Bak et al. (2018) prepared porous scaffolds 

using porcine skin collagen by dissolving in acetic acid and water separately while keeping 

all other conditions similar. They reported that acetic acid residues are not suitable to maintain 

a stable environment for cells in cell therapy-related applications. Furthermore, they reported 

that acetic acid residues make larger pores with weaker pore walls during freeze-drying which 

cause inferior structural modifications. A denaturation temperature of 225°C in the dehydrated 

state was recorded for collagen scaffolds made with water while reporting the denaturation of 

collagen scaffolds made with acetic acid. These facts are described in detail in Chapter 2 

(§2.4.3). Therefore, traditional extraction methods using acetic acid, (for example, 
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Muralidharan et al., 2013; Li et al., 2013; Wang et al., 2008; Xu et al., 2017) require dialysis 

steps to remove the acetic acid residues, which introduces additional costs for industrial 

application. In addition, extraction of collagen with acetic acid involves longer extraction 

times, usually for 72 h (Ahmed et al., 2019; Muralidharan et al., 2013; Pal & Suresh, 2015), 

which is another drawback at the industrial-scale. 

An alternative is to use HCl solution. In solution, HCl ionises to H+ and Cl- ions, where 

only the H+ ions adsorb to collagen molecules (Zhou et al., 2018). The Cl- ions adsorb only in 

highly acidic conditions (below pH 2) which can lead to decreased hydration and low 

solubility (Skierka & Sadowska, 2007). However, conditions below pH 2 are not used due to 

the denaturing effect (Skierka & Sadowska, 2007), therefore, the use of HCl acid above pH 2 

avoids the drawback of having acid residues in the collagen product. For these reasons, HCl 

acid was selected as the extraction medium in this research. The preliminary experiments 

(Chapter 4-5) demonstrated marine collagen could be derived using HCl. Secondly, the HCl 

concentration of 0.01 M (pH 2) was selected based on the understanding from the swelling 

experiments with HCl (Chapter 5).  

In the collagen extraction processes, the raw material is soaked in extraction medium 

with agitation until collagen molecules are completely solubilised. Longer extraction times 

can denature the collagen molecules and shorter extraction times can cause incomplete 

solubilisation of collagen due to incomplete cleavage of the cross-links (Skierka & Sadowska, 

2007). In addition, longer extraction times are not cost and time effective at industrial-scale. 

Therefore, homogenisation was used in this study to first break down the swollen skin to small 

pieces, and so speed up the collagen solubilisation. Homogenisation is a high-shear activity 

which causes heating and can cause denaturation of collagen. Therefore, care should be taken 

to pulse homogenisation to avoid unduly increasing the temperature of the extraction medium.  

Homogenisation has been applied in collagen extraction processes by previous 

researchers, but in different ways to this study. Sadowska et al. (2003) and Hwang et al. (2007) 

used homogenisation for pretreatment of the skin, but details about their methods or purpose 

were not reported. There are no references in the literature on homogenisation during 

extraction. Homogenisation promotes solubilisation, and so improves the extraction 

efficiency. Nevertheless, incomplete solubilisation can leave skin pieces which are visible to 

the naked eye.  This was used as a measure of the homogenisation-solubilisation efficiency. 

The homogenisation and solubilisation produces a viscous solution in which the viscosity 

varies with the extraction conditions, such as mass to volume ratio, extraction time and 

temperature. The viscosity is important for the fibril formation during fibrillogenesis, which 

is the final step of collagen processing. The effect of swelling, pH, solubility of collagen, and 

viscosity should be studied together for a proper understanding of the collagen extraction 

process, which is generally lacking in published literature. This knowledge is important to 

understand the behaviour of fish skin in the extraction medium, and design efficient extraction 

processes. Most importantly, the method of extraction should be capable of extracting the 

collagen in its native triple-helical form for biomedical applications (Sun et al., 2020). 

Therefore, a more detailed characterisation of collagen using different techniques was done in 

this study to determine the effect of a range of extraction conditions on the triple-helical 

structure.  
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The experiments in this chapter were designed to study the different sub-steps (Figure 

7.1) of the extraction process in relation to the behaviour of fish skin. Extraction time, and 

mass to volume ratio of fish skin to HCl acid solution were used as the process variables. The 

aims of this chapter were therefore to develop the understanding of the effect of these 

processing variables in relation to the changes in skin and extraction medium and to develop 

an extraction process. The quality of collagen, the time and cost- effectiveness, minimum use 

of chemicals, water, and energy were considered in selecting the processing conditions for the 

extraction process.  

 

 
Figure 7.1 Flow diagramme of collagen extraction and subsequent fibrillogenesis showing the 

measured variables.  

7.2 Materials and methods 

The extraction time in 0.01 M HCl solution and the mass to volume ratio of skin to HCl 

solution were selected as the independent variables. There were 20 treatments experimented, 

by selecting the combinations of five extraction times; (0.5 h, 1 h, 2 h, 5 h, and 8 h) and four 

mass to volume ratios; (1:10, 1:15, 1:20, and 1:25).  

7.2.1 Sample preparation 

Tarakihi fish skin was used as the raw material. The fish skin was minced and 50.00 g samples 

were selected according to the method in §6.2. The samples were then pretreated according to 

the method developed in Chapter 6 where, to recall, each sample was soaked in 0.3 M NaOH 

solution at 1:10 weight to volume ratio for 90 min with continuous stirring at 200 rpm using 

a magnetic stirrer. After 90 min, the skin was separated from the solution using a strainer of 2 

x 2 mm mesh. Then, this skin was added into a fresh 0.3 M NaOH solution and the procedure 

was repeated, after which the skin was neutralised with 0.1 M HCl, and similarly filtered 

through the strainer. Distilled water was then added at 1:10 mass to volume ratio and soaked 
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for 90 min with the same continuous stirring, and again filtered through the strainer. The skin 

was then left on the strainer until the solution stopped dripping. The weight of the skin was 

recorded. The dry matter content of a representative sample was determined by oven drying.  

7.2.2 Experimental protocol   

The mass to volume ratio was based on the 50.00 g of raw skin mass taken after mincing as 

described above. HCl solutions of 0.01 M concentration were prepared separately for each of 

the 20 treatments. The initial pH of these HCl solutions were recorded. For each treatment, 

pretreated fish skin samples were soaked in HCl solutions in 2.5 L plastic containers and 

constantly stirred at 350 rpm using a magnetic stirrer (40 mm long stirring bar). After the 

particular extraction time, the weight of swollen skins and the pH of the solutions were 

recorded. Then, they were recombined and homogenised using a hand blender (Kenwood 

Triblade Systempro, 1000 W) at high speed for 15 s followed by a 60 s rest interval to avoid 

overheating, and repeated 10 times. A preliminary experiment (data not shown) was 

performed which showed that 10 x 15 second homogenisation pulses achieved adequate 

structural breakdown. By keeping each pulse short and by resting the samples for 60 s between 

pulses, avoided the samples from overheating. The temperature of the solution was monitored 

during homogenisation to keep it below 10°C. At the completion of homogenisation, a 1.5 mL 

vial of the homogenised solution was taken from the top middle region to analyse the solubility 

of the skin as described below. The pH and the weight of the homogenised solution were 

measured, after which the solution viscosity was measured, using the procedure described 

below, and the pH was again recorded just before fibrillogenesis. For all the samples, 

homogenisation and viscosity measurements were completed within 40 min.  

Collagen fibres were then formed in each homogenised solution by slowly adding 

NaOH solution of 0.01 M concentration until pH 9.3 was reached. This precipitated collagen 

fibres leaving a colourless solution. Then, the solutions were kept undisturbed for 10 min 

before separation from the fibres by filtering through a strainer of 2 x 2 mm mesh size. These 

fibres were then packed in polythene bags, frozen at -20 °C and freeze-dried at 0.5 mbar, 10 

°C. The weight of the freeze-dried collagen was recorded. The freeze-dried collagen was 

characterised for colour, morphology, and native structure. All the experiments were done in 

a cold room at 4°C. 

7.2.2.1 pH of the solutions 

The pH of the solutions was measured using a portable pH meter (Thermoscientific, Orion 

Star A326 pH/RDO/DO meter). It was calibrated every time according to the manual (Thermo 

Scientific 2015). 

7.2.2.2 Solubility of the skin after homogenisation 

The 1.5 mL vial sample taken from the homogenised solution as described above was put into 

a glass petri dish of 14.32 mm diameter. A 7.5 mL volume of distilled water and 1.0 mL of 

Coomassie blue staining solution were added to the same petri dish and mixed well using a 

glass rod. The petri dish was put in a flat-bed scanner with a dark background and scanned at 

2400 dpi resolution and saved as a colour *.jpg image. These images clearly differentiate the 

undissolved skin pieces from the dissolved skin in the solution. The estimation of the 

homogenisation efficiency was based on the amount of undissolved skin pieces in the 1.5 mL 
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sample. The areas of these undissolved skin pieces were measured using the ImageJ software 

version 1.53t. The areas similar or higher than 2 mm2 were taken as undissolved skin pieces 

and compared between different treatments.  

7.2.2.3 Viscosity of the solutions after homogenisation 

Viscosity was used as a measure of dynamics of solutions over time. Characterisation of the 

rheology of the system was not considered in this experiment as it needs sophisticated 

instruments like rheometers. The well-mixed homogenised collagen sample was poured to the 

500 mL mark of a 600 mL glass beaker and the viscosity was measured using spindle number 

4 at 10 rpm in a Brookfield viscometer (Brookfield viscometer DV2T extra, Brookfield 

Engineering Laboratories, Middleboro, USA). Spindle 5 was used to measure the viscosity 

above 20,000 cP. Ideally, the temperature was maintained between 9-10 °C. The viscosity was 

measured three times. Brookfield viscometer is useful in the industry due to its simple 

operation. 

7.2.2.4 Yield of collagen 

The dry matter content of the pretreated skin was estimated using oven drying at 105°C for 24 

h (AOAC 930.15). For collagen, the reference freeze-dried weight was taken as the dry weight. 

Yield was calculated as dry collagen (g) per dry weight of pretreated fish skin (g). 

Yield = (
𝑀𝐹𝑟𝑒𝑒𝑧𝑒−𝑑𝑟𝑖𝑒𝑑 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛

𝑀𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 𝑖𝑛 𝑝𝑟𝑒−𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑘𝑖𝑛 
) × 100% 

7.2.2.5 Morphology and microstructure of collagen 

Optical photographs were taken to show the visual differences of collagen under the naked 

eye. Microstructure of collagens was analysed by scanning electron spectroscopy (SEM). For 

SEM, the freeze-dried collagen samples were mounted onto aluminium stubs using double-

sided tape to ensure high electrical conductivity between the specimen and the stub. Then, it 

was sputter-coated with approximately 100 nm of gold (Baltec SCD 050 sputter coater) and 

viewed in the FEI Quanta 200 Environmental Scanning Electron Microscope (Hillsboro, 

USA) at an accelerating voltage of 20 kV.   

7.2.2.6 Colour  

The colour of freeze-dried collagen samples was measured using a spectrophotometer 

(Minolta CR-400). The instrument was calibrated using the white standard (L*=83.86, 

a*=0.72, b*=5.91). The L* (lightness), a* (redness∕ greenness) and b* (yellowness∕ blueness) 

colour coordinates were recorded from five places in each sample, and the total difference of 

colour (∆E*) was calculated according to the following equation (Pal and Suresh 2015): 

 

∆𝐸 ∗ =  [(∆𝐿 ∗)2 +  (∆𝑎 ∗)2  + (∆𝑏 ∗)2] 1 2⁄  

 

where ∆L*, ∆a* and ∆b* are the differences between each five place of a sample and 

the white standard.  
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7.2.2.7 Characterisation techniques to determine the native triple-helical structure 

The collagen samples prepared in this experiment were characterised using the methods 

outlined in §Chapter 4.2.8 (ATR-FTIR, DSC and CD). A summary of each method is given 

below for convenience. 

The ATR-FTIR spectra were used to assess the type of collagen and the native triple-

helical conformation. The ATR-FTIR spectra were obtained using a Nicolet iS5FTIR 

spectrometer (Wisconsin, USA) equipped with an iD7 ATR diamond sampler accessory. A 

small piece of freeze-dried collagen was placed on the single reflection crystal cell. The signals 

were automatically collected for 32 scans over the 4000-400 cm-1 range using 2 cm-1 

resolution. Background spectra were collected from the clean empty crystal cell. 

Differential Scanning Calorimetry (DSC) was used to determine the thermal 

properties of collagen. Small pieces of freeze-dried collagen between 3-4 mg were cut and 

accurately weighed. They were hydrated in a beaker by adding excess cold deionised distilled 

water. The samples were held underwater for 2-3 min with a clean spatula to speed up the 

hydration. The hydrated collagen was removed from the water and stuck to the side of the 

beaker where they were quickly blotted with filter paper to remove excess water until water 

was no longer dripping. The hydrated samples were placed into aluminium pans and 

accurately weighed and hermetically sealed. Differential scanning calorimetry was performed 

using a TA Systems Q2000 DSC (TA Instruments, Inc., New Castle, DE, USA). Temperature 

and enthalpy calibration was done using water and indium as standards. The samples were 

scanned in a nitrogen atmosphere from an initial temperature of 5°C held isothermal at this 

temperature for 1 min. Two identical ramp profiles were subsequentially carried out consisting 

of a ramp up at 5°C/min to 85°C, then ramp down at 20°C/min to 5°C, then held isothermal 

at this temperature for 1 min, after which the cycle was repeated. Iced water was used as the 

cooling medium (TA systems refrigerated cooling system 40), and an empty sealed pan was 

used as the reference. The denaturation temperature was determined from the maximum 

transition point (the endothermic peak) of the thermal denaturation curve. The total 

denaturation enthalpy was estimated by measuring the peak area in the DSC thermogram 

based on the dry weight of the sample and expressing this as J/g sample. The onset temperature 

was also determined. 

Circular Dichroism (CD) spectroscopy was used to assess the native triple-helical 

conformation of collagen. The freeze-dried collagen samples were dissolved in 0.05 M acetic 

acid to a concentration of 0.1 mg/mL. Solutions were filtered through a Whatman grade 1 

filter paper to remove any undissolved material. Then, the mixtures were equilibrated at 4°C 

for 48 h before testing. The concentrations of the samples, which should all be the same, were 

verified by measuring the absorption at 192 nm (Bürck et al., 2012). The degree of ellipticity 

was recorded with a spectropolarimeter (Chirascan, Applied Photophysics, Leatherhead, UK) 

using a standard quartz cuvette of 1 mm pathlength (Hellma high-precision cells, Mullheim, 

Germany). Samples were scanned with a wavelength range from 260 to 180 nm at 0.5 nm 

intervals. Each sample was scanned five times at a scan rate of 40 nm/min, 0.5 s response time 

and 1 nm bandwidth. The same acetic acid of 0.05 M concentration which was used to prepare 

the samples was used to record the baseline. The same cuvette was used for baseline and 

samples. The temperature of the cell holder was maintained at 10°C using a temperature 

control unit (Quantum Northwest). The dynode voltage of all samples was checked to ensure 



117 

 

they were below 600 V (Drzewiecki et al., 2016). The ellipticity measurements were averaged 

and the spectrum of 0.05 M acetic acid solution was subtracted from each sample spectrum. 

The degree of ellipticity values were converted to mean residue ellipticity or molar ellipticity 

(deg cm2 dmol-1) (Holmes et al., 2017) and graphically presented as a function of wavelength. 

[𝜃] =
𝜃(𝑀𝑅𝑊)

10𝑐𝑑
 

where [θ] is the mean residue ellipticity or molar ellipticity, θ is the degree of 

ellipticity (degrees), MRW is the average residue molecular weight, is the c concentration of 

the sample (mg/mL), d is the optical pathlength (cm). MRW was taken as 100 assuming the 

molecular weight of one collagen molecule is about 300,000 and the number of residues per 

molecule is 3000 (Akita et al., 2020). 

The ‘positive to negative peak ratio’ (Rpn) was calculated (Perez-Puyana et al., 2019).  

𝑅𝑝𝑛 =
𝜃𝑝

𝜃𝑛
 

where θp and θn are the molar ellipticity values of positive and negative peaks, 

respectively.    

 

7.3 Results and discussion 

7.3.1 pH, solubility and viscosity during extraction   

Table 7.1 shows the pH values of collagen extracts at different stages of extraction. A 0.01 M 

HCl solution was used as the extraction medium which has a theoretical pH of 2.00. The initial 

pH values of the HCl solutions, and the pH values at three different stages of extraction (by 

the end of each extraction time, by the end of homogenisation, and before starting the 

fibrillogenesis), as measured by the pH meter are given in the table. 

Table 7.1 clearly shows an increase of pH throughout the extraction process 

irrespective of the treatment conditions. Further, different extraction conditions have led to 

different pH levels at different stages of extraction. In most literature, the initial pH or the 

concentration of the chosen acid has been mentioned, however the changes of pH during 

extraction has not been discussed with respect to its effect on collagen dispersion. This is 

addressed here. The collagen extraction process starts by swelling the skin thus facilitating the 

exposure of collagen fibres to the extraction medium. This allows the acid to promote the 

dispersion of collagen fibres to colloidal particles by breaking the intermolecular cross-links 

between collagen molecules. Complete ionisation of HCl provides H+ and Cl- into the 

extraction medium. Some of these H+ ions adsorb onto the alkaline side chain radicals (-NH2) 

of collagen molecules and the rest are free in the solution. This adsorption of H+ decreases the 

concentration of H+ in the solution, therefore increasing the solution pH. The H+ adsorption 

also increases the net positive charge which increases the electrostatic repulsion between 

different parts of the collagen molecules bound within colloidal particles (Qi et al., 2015; Li 

et al., 2013; Woo et al., 2008; Rodrı´guez et al., 2017; Pal and Suresh, 2016). This repulsion 

drives further breakdown into even smaller particles and into collagen molecules. This 

exposes more alkaline side chains and consequently more H+ adsorption, thus further 

increasing the solution pH (Qi et al., 2015).  
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Table 7.1 The pH values of collagen extracts at different stages of extraction for 20 different treatments. 

Extraction 

time (h) 
 

Skin: 

HCl 

(m/v) 

ratio 

HCl pH 

(initial) 

 

pH by the 

end of 

extraction 

time 

pH by the end 

of 

homogenisation 

 

pH before 

starting the 

fibrillogenesis  

 
 

     

0.5 1:10 2.04 3.24 3.99 4.20 

 1:15 2.04 3.21 3.30 3.46 

 1:20 2.04 3.02 2.95 3.06 

 1:25 2.04 2.83 2.70 2.71 

1 1:10 2.04 4.12 4.57 4.60 

 1:15 2.04 3.57 3.87 3.91 

 1:20 2.04 3.29 3.15 3.29 

 1:25 2.05 2.92 2.83 2.83 

2 1:10 1.99 3.95 4.02 4.23 

 1:15 2.00 3.42 3.56 3.60 

 1:20 2.00 3.34 3.42 3.48 

 1:25 2.00 3.04 2.97 3.00 

5 1:10 2.04 4.51 4.58 4.61 

 1:15 2.00 3.92 4.11 4.21 

 1:20 2.01 3.66 3.75 3.82 

 1:25 2.01 3.07 3.18 3.22 

8 1:10 2.00 4.82 4.90 4.93 

 1:15 2.02 4.14 4.17 4.29 

 1:20 2.01 3.64 3.77 3.77 

 1:25 1.99 3.16 3.25 3.28 

 

There was a time gap between the end of homogenisation, due to the time required to 

do the viscosity measurements reported later, and the start of fibrillogenesis, and so pH was 

recorded again because further dissolving of collagen molecules into the solution had 

occurred. As the pH approaches the isoelectric point of collagen, it decreases the net positive 

charges and so decreases the repulsive forces between molecules thus decreasing the 

solubility, and forming collagen aggregates (Rodrı´guez et al., 2017; Woo et al., 2008). 

Therefore, pH conditions close to the isoelectric pH of collagen are not suitable for collagen 

extraction. Previous studies have reported less solubility of collagen above pH 4 due to the 

approach to the isoelectric pH of collagen. For example, Song et al. (2021) reported a 

remarkable decrease in the solubility of Nile tilapia skin collagen from pH 4 to 7; and 

Rodrı´guez et al. (2017) reported maximum solubility between pH 2-4, and a decrease in 

solubility between pH 4-8 for mussel byssus collagen. In the experiments reported in Table 

7.1 and marked in red, the 1:10 mass to volume ratio for all five extraction times, and the 1:15 

mass to volume ratio for both 5 and 8 h extraction times, exceeded pH 4 during extraction. 

This will be discussed alongside the other results later in this chapter.  

As noted earlier, although solubility increases with increasing acidity, this also has a 

limit. Very high acidic conditions are not suitable due to their denaturing effect, as reported 

by Qi et al. (2015) for pH 3 and Ahmed et al. (2019) for pH 2. In this study, the 1:25 mass to 

volume ratio for 0.5, 1 and 2 h extraction times have reported pH below 3, which should be 

avoided in selecting the extraction conditions. It is well understood from the results of this 

experiment that the pH during extraction is more important in deciding extraction conditions 
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than the initial pH of acid. In these experiments the initial pH was 2, which is on the borderline 

of causing denaturation according to these authors; however, here, the pH quickly increases 

due to the removal of the H+ ions from the solution as alkaline side chain radicals become 

exposed.  Therefore, it can be assumed that it is the pH during extraction that is important 

rather than the initial pH. Nevertheless, it is possible that there is an initial pH that is too acidic 

and initiates denaturation rather than adsorption. If so, this work shows that it is not pH 2, but 

must be some lower but undetermined value. 

Because the pH has a relationship with the solubility of collagen, it is important to 

discuss them together. As described above, previous studies have reported the effect of pH on 

the solubility of collagen, however no studies were found describing the effect of pH on 

collagen dispersion from fish skin. Therefore, experiments were done to measure this aspect, 

as explained in §7.2.2.2 above. This simple method was introduced in this study to 

qualitatively measure the solubility of the skin by measuring the number of undissolved skin 

pieces and their surface areas after homogenisation. For the analysis, seven categories of 

surface area were selected; 2-5, 5-10, 10-20, 20-30, 30-40, 40-50 and 50-60 mm2 and the 

number of skin pieces in each category were counted and presented as a frequency distribution 

(Figure 7.2). The results can be anticipated from the expected chemistry. More skin should 

dissolve in the extraction medium with increasing extraction time (from 0.5 to 8 h) and with 

increasing solution (from 1:10 to 1:25 skin mass to solution volume ratio). Homogenisation 

then mechanically breaks down remaining undissolved skin pieces, reducing large skin pieces 

to form smaller pieces. The particle area analysis indicates the efficacy of dissolution and 

homogenisation in reducing skin piece size. 

 

 

 

Figure 7.2 Frequency distribution of undissolved skin pieces after homogenisation for all treatments of 

the combination of extraction time (0.5 to 8 h) and skin mass to solution volume ratio (1:10 to 1:25).  

Skin surface area categories are 2-5, 5-10, 10-20, 20-30, 30-40, 40-50 and 50-60 (mm2).  The legend 

shows the shading for the 1:10 ratio in blue colour. The other ratios follow the same shading with 

different colours as orange for 1:15, green for 1:20, and purple for 1:25. 
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The results in Figure 7.2 approximately follow this expectation where there are more 

small-area skin pieces than large-area ones. In addition, there are three trends; (i), at 0.5 h 

extraction time, the count distribution is unaffected by the skin mass to solution volume ratio 

which suggests an insufficient time for solubilisation of skin pieces; (ii), at 1 h extraction time, 

the overall count reduces as the ratio decreases, which suggests that there is sufficient time for 

solubilisation so that the effect of the amount of solution becomes important; and (iii), for all 

results across extraction times from 1 to 8 h there are many more skin pieces at a skin to 

solution ratio of 1:10 than at 1:25, which suggests that the 1:10 ratio provides insufficient 

hydrogen ions for the required adsorption, and which is also supported by the finding that the 

pH of these solution rises above 4, indicating depletion in the availability of H+ ions. 

Interestingly, trend (ii) does not carry through to the longer extraction times of 2, 5 and 8 h, 

but this could be statistical as the total number of measured skin pieces was not high.   

These solubility results can be further interpreted with respect to the viscosities of the 

homogenised solutions, which are shown in Figure 7.3. Viscosity of the homogenised collagen 

solutions were measured by spindle 4 at 10 rpm. Spindle 5 was used to measure the viscosity 

above 20,000 cP. As shown in Figure 7.3, viscosity values recorded for 2 h, 1:20 (m/v) 

treatment by both spindles number 4 and 5 were very similar as shown by green colour 

triangles. Similarly, viscosity values recorded for 5 h, 1:20 (m/v) treatment by both spindles 

were also very similar. This may be due to the very small differences found in shear rates 

between these two spindles because of their very similar diameters. Therefore, it is reasonable 

to use spindle 5 to measure viscosities which are not possible with spindle 4. Viscosity affects 

two aspects; the molecular mobility and the ease of mixing, which are both important in the 

next step, fibrillogenesis, where the collagen fibres are formed from the acid solution by the 

addition of NaOH solution to raise it to close to its isoelectric point. When the viscosity of the 

solutions is too high, it both reduces the ease of mixing and therefore mixture uniformity 

during the fibrillogenesis, and the molecular mobility for self-assembly (Gobeaux et al., 2008; 

Mosser et al., 2006; Zhu et al., 2018).  

Solution viscosity is also expected to affect the swelling of the skin, and solubilisation 

of collagen molecules. Swelling of the skin occurs by absorbing the solution, which is easier 

when the solution has low viscosity. As described before, swelling enables breaking down the 

inter-molecular cross-links and dispersion of collagen molecules into the extraction medium. 

Low viscosity will provide good molecular mobility for diffusion of the H+ ions to the 

adsorption sites and the movement of the dissolved collagen molecules back into the solution. 

However, the gradual increase in dissolved collagen content in the solution is expected to 

increase the solution viscosity over time. This is supported by the results, which show that the 

1:15, 1:20 and 1:25 ratios have progressively lower viscosity at all extraction times because 

the dissolved collagen is more dilute in the solution.  However, of great interest is the peak in 

viscosity, which occurs at 2 h extraction time, and thereafter decreases, which suggests that 

even in solution the collagen is undergoing further cleavage of crosslinks. The 1:10 ratio, as 

noted before, appears to not have enough H+ ions for the adsorption phase of the dissolution, 

and so the development of viscosity is limited.   
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Figure 7.3 Viscosity of homogenised collagen solutions measured by spindle 4 at 10 rpm. Spindle 5 

was used to measure the viscosity above 20,000 cP. Note: Direct comparison of spindle 4 and 5 are not 

theoretically same. So, there will be small differences in shear rates. The 2 h and 5 h treatment times at 

1:20 (m/v) rato show they are comparable. 

 

These two adjustable parameters, extraction time and skin mass to solution volume 

ratio, also influence the swelling, measured here by the total weight of extracted skin just prior 

to homogenisation, as shown in Figure 7.4.  The treated skin contains the absorbed solution 

plus the initial mass of 50 g of fresh skin. The 0.5 h extraction time has the least swelling and, 

as noted previously, the lowest solution viscosity and least solubility, which all support the 

hypothesis that the process is time constrained. For the 1 and 2 h extraction times, swelling, 

solution viscosity and solubility all increase, because the process is increasingly less time 

constrained. However, here the effect of the skin mass to solution volume ratio becomes 

apparent, with the 1:10 ratio being constrained by the available H+ ions, and the 1:15, 1:20 

and 1:25 less so, but which also have the progressive advantage of lower solution viscosity 

and so appear to achieve slightly more swelling in the given extraction time. The most 

perplexing result is the dip in the swelling of the skin at 5 h, but which is restored at 8 h to the 

same swelling as observed at 2 h. The reason for this is unknown.  The results show that 

measurements made at higher spindle speeds (circles) generally have lower viscosity than 

those made at low RPM. This suggests that the solutions exhibit shear thinning behaviour 

where the viscosity decreases with increasing shear rate.  
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Figure 7.4 Weight of swollen skin after treating with HCl. Before swelling, the fresh skin mass was 

nominally 50.0 g. 

 

These results provide important information about the influence of the process 

conditions on the efficacy of collagen extraction, with a particular focus on the solution. The 

processing objectives are to have; (i), an upper limit of pH 4 for the extraction solution; (ii), 

maximum swelling; (iii), a manageable viscosity of the extraction solution; and (iv) as few 

undissolved pieces of skin as possible. Considering all these factors, the 5 h extraction time at 

1:20 mass to volume ratio was provisionally selected as the optimal treatment condition. The 

next section moves from analysing measurements of the solution to measurements of the 

collagen produced.  

7.3.2 Yield of collagen 

The freeze-dried yield of collagen extracted from the skin lied between 80-87%, but are 

inconclusive with respect to trends; because here the yield includes undissolved skin pieces if 

still present. This yield is the total yield after fibrillogenesis and so is also affected by the 

conditions during fibrillogenesis, however the fibrillogenesis conditions were kept the same 

for all treatments to allow comparison.  

7.3.3 Morphology and microstructure of collagen 

Optical photographs of the collagen are shown in Figure 7.5. Undissolved skin pieces are 

clearly seen in the top row for the 1:10 ratio solution, but a few or absent in the 1:20 and 1:25 

ratios of 5 and 8 h extraction times. These observations align with the counting of the 

undissolved skin pieces in the solution after homogenisation as shown in Figure 7.2.  
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Figure 7.5 The optical photographs of freeze-dried collagen after fibrillogensis with respect to 

extraction time and the fish skin mass to solution volume ratio. The solution is 0.3 M NaOH. 

 

Figure 7.5 also shows colour. Fish skin contains pigments in different amounts 

depending on the species, gender, habitat, season, therefore it is difficult to obtain collagen 

which is completely devoid of colour. Generally, in fish collagen extraction methods, a 

pretreatment agent such as H2O2 is used to oxidise pigments and provide a white colour. In 

this study, pigment removal was expected from the NaOH pretreatment which was used for 

non-collagenous protein and fat removal (Chapter 6). However, Figure 7.5 shows that 

pigments were not totally removed, yielding a brown colour to the freeze-dried collagen, 

although there is a transition to a lighter colour with increasing extraction time and decreasing 

solids to solution ratio. While the colour of collagen gives an aesthetic value depending on the 

intended application and does not influence the functional properties (Pal & Suresh, 2015), it 

is nevertheless preferred to be white and so the colour was explored in more detail. 
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The colour was characterised using L*a*b* colour space compared to a white colour 

standard. In this method, L* indicates lightness, a* indicates redness or greenness, and b* 

indicates yellowness or blueness. In the analysis, these parameters were not analysed 

separately, but the total colour difference between the samples and the standard is graphically 

presented in Figure 7.6. The total colour difference should be close to zero if the collagen is 

devoid of pigments and white in colour. No samples had a value close to zero, where the 

minimum difference was recorded by 1:25 ratio of 8 h extraction time, followed by the 1:20 

ratio of 5 h extraction times. This outcome supports the earlier decision that the 1:20 ratio and 

5 h extraction time was the best case selection of operating parameters according to the 

solubility, viscosity, and pH.  

To achieve a whiter product, further pigment removal is needed for this collagen, 

which can be achieved by incorporating an H2O2 treatment during the pretreatment as reported 

in previous literature. It can be done in different ways; with combination of NaOH (Xu et al., 

2017) or NaCl (Sadowska et al., 2003), at different concentrations, mass to volume ratios and 

time durations at different levels of effectiveness. Structural changes in gelatin due to H2O2 

treatment have been reported by Nagarajan et al. (2013). No such information for collagen has 

been found. Some others, for example, Sadowska et al. (2003) have used centrifugation to 

successfully remove pigments. In this study, further removal of pigments was achieved by a 

second extraction of collagen to achieve a total colour difference close to zero. These results 

will be discussed in §7.4.  

 
Figure 7.6 Total colour difference of collagens as measured from L*a*b* colour method as a function 

of the extraction time. The legend gives the ratio of dry skin mass to solution volume. Treatments with 

no significant differences (Two-way ANOVA, p<0.05) are shown by similar letters.  

 

The surface microstructures of freeze-dried collagens were visualised using SEM 

images at low magnification (Figure 7.7). All images show a sheet-like layering with a porous 

structure produced as a result of the sublimation of water during freeze-drying. The freeze-

drying conditions were kept constant for all samples, which means differences in pore 

structure are likely to reflect differences in the collagen networks. However, no differences 

can be seen in these images to conclude any effect from extraction time or mass to volume 

ratio.  
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Figure 7.7 SEM images (x50) of freeze-dried collagen after fibrillogensis with respect to extraction 

time and the fish skin mass to solution volume ratio.  

7.3.4 Analysis of the native collagen structure 

The secondary structure of collagen was analysed by the ATR-FTIR spectroscopy, DSC and 

CD spectroscopy techniques.  

7.3.4.1 ATR-FTIR spectroscopy  

FTIR is used to determine the type of collagen (Riaz et al., 2018) and the changes in the 

secondary structure of collagen based on the chemical bonding state (Harnkarnsujarit et al., 

2015; Jeong et al., 2013; Wang et al., 2008). The peak locations of all 20 collagen samples are 

given in Table 7.2 and Figure 7.8. Amide A, B, I, II, and III peaks were present for all samples 

which are typical of Type I collagen. However, peak positions showed slight differences 

indicating some differences in the secondary structure (Wang et al., 2008).  
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Amide A peak is due to the stretching vibration of the N-H bond in the 3400-3440 

cm-1 region (Jeong et al., 2013; Li et al., 2013; Wang et al., 2008). This peak shifts to a lower 

wavenumber when the N-H group is involved in hydrogen bonding with a carbonyl group of 

a peptide bond from another polypeptide chain (Jeong et al., 2013; Riaz et al., 2018). All 

collagens have shown decreased wavenumbers towards 3300 cm-1 indicating more hydrogen 

bonds which is a good indication of the triple-helical collagen structure. All collagens have 

shown a strong peak around 2925 cm-1 due to the asymmetrical stretching of CH2 bonds, which 

is responsible for amide B (Chen et al., 2016).  

The amide I peak is found in the 1600-1700 cm-1 region due to C=O stretching 

vibration (Liu et al., 2012). The formation of H bonds between N-H (X position) and C=O 

(Gly) of the fourth residue is responsible for the triple-helical conformation and is shown by 

the shifting of peak position to a lower frequency (Li et al., 2013). The amide I peak position 

is the most useful measure which allows a better differentiation of the secondary structures 

(Sai-Ut et al., 2012; Woo et al., 2008): 1620-1640 cm-1 (β sheet or extended structure); 1640-

1644 cm-1 (irregular structure); 1645-1659 cm-1 (α-helix); 1660-1700 cm-1 (β turn) (Farrell et 

al., 2001 in Li et al., 2013). The wavenumbers for all twenty collagens were found in the 1645-

1659 cm-1 region suggesting the α-helix structure. There are some peaks found which are 

related to β sheet and irregular structures, but this is negligible compared to the content of α-

helix structure. 

The N-H in-plane bending coupled with C-N stretching vibrations is responsible for 

amide II peak in the 1550-1600 cm-1 region (Jeong et al., 2013). Here also, the peak position 

shifts to a lower wavenumber if more hydrogen bonds are present between adjacent α-chains 

(Li et al., 2013). All collagen samples have recorded peak positions around or below 1550 cm-

1 indicating more hydrogen bonds.  

There is another implication for the shift in wavenumber for amide I and II peaks, 

which is that of crosslinking, where higher wavenumbers indicate a higher degree of 

intermolecular cross-links and molecular order (Li et al., 2013). This means the measured 

wavenumbers are subject to two opposing influences. Here, the net result is that hydrogen 

bonding dominates and so has decreased the wavenumbers. The consequence of more 

hydrogen bonding is that peptide chains are less likely to unwind (Li et al., 2013), and so 

preserve the secondary structure of proteins. 

The amide III band occurs in the 1230-1300 cm-1 region mainly due to N-H bending 

coupled with C-N stretching, and wagging vibrations from CH2 groups of the glycine 

backbone and proline side-chains (Ahmed et al., 2019; Jeong et al., 2013; Li et al., 2013; Xu 

et a; 2017). All collagens have recorded peaks in the 1230-1238 cm-1 region. Another strong 

peak occurs near 1450 cm-1 due to pyrrolidine ring vibrations of proline and hydroxyproline 

(Liu et al., 2012). A useful parameter which is called the absorption ratio is calculated from 

the ratio of the amide III and 1450 cm-1 absorbances to determine the intactness of the triple-

helical structure (Li et al., 2013; Sun et al., 2017; Wang et al., 2008). This ratio is close to 1 

for triple-helical structure (Chen et al., 2016; Liu et al., 2015; Song et al., 2021; Xu et al., 

2017); and close to 0.5 if the structure is denatured (Goissis et al., 1998). The absorption ratios 

calculated for twenty samples are shown in Table 7.2 which are around 0.85 confirming the 

triple-helical structure (Barzideh et al., 2014). These results confirm that the extraction 
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conditions used in this study were able to maintain the native triple-helical conformation of 

collagen up to 8 h.  

 

 

Figure 7.8 FTIR spectra of freeze-dried collagen extracted at five extraction times and four mass to 

volume ratios. Graphs represent the mean of five replicates. Blue colour represents 1:10, orange colour 

represents 1:15, green colour represents 1: 20, and purple colour represents 1:25.  

 

 

The triple-helical structure of collagens is stabilised by the restrictions imposed by the 

pyrrolidine rings of the proline and hydroxyproline, and intramolecular hydrogen bonding 

between the hydroxyl group of hydroxyproline in one polypeptide chain and the amide 

carboxyl group of another chain, mediated by water molecules (Ahmed et al., 2019; Liao et 

al., 2018; Pal & Suresh, 2016). The thermal denaturation process of collagen starts by first 

breaking these intramolecular bonds upon heating which unravels the tightly-bound triple-

helix into looser polypeptide chains, followed by disintegrating into random coils at a 

particular temperature which is defined as the denaturation temperature (Chen et al., 2021; 

Liu et al., 2016;). This thermal denaturation results in irreversible damage in physico-chemical 

and biological properties of collagen (Usha & Ramasami, 2004).   
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Table 7.2 ATR-FTIR peak locations of freeze-dried collagen extracted at five extraction times and four 

mass to volume ratios. The mean (±SD) of five replicates are given.  
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Extraction time 

0.5 h 1 h 2 h 5 h 8 h 

Amide 

A 

3400-

3440 

1: 10 3303(±5) 3300(±5) 3298(±11) 3298(±9) 3289(±4) 

1: 15 3298(±5) 3298(±6) 3299(±4) 3301(±3) 3294(±7) 

1: 20 3303(±4) 3296(±4) 3297(±10) 3301(±7) 3298(±5) 

1: 25 3298(±6) 3300(±3) 3298(±8) 3297(±5) 3293(±10) 

Amide 

B 

near 

2920 

1: 10 2924(±1) 2923(±1) 2924(±1) 2924(±1) 2924(±1) 

1: 15 2924(±1) 2923(±1) 2924(±1) 2924(±1) 2923(±0) 

1: 20 2924(±1) 2923(±1) 2924(±2) 2924(±0) 2924(±0) 

1: 25 2923(±1) 2924(±1) 2924(±0) 2924(±1) 2923(±1) 

Amide 

I 

1600-

1700 

1: 10 1649(±5) 1641(±6) 1646(±9) 1644(±7) 1651(±3) 

1: 15 1645(±5) 1644(±9) 1642(±6) 1647(±6) 1639(±4) 

1: 20 1647(±8) 1636(±3) 1642(±7) 1647(±7) 1641(±5) 

1: 25 1650(±2) 1649(±3) 1649(±2) 1649(±2) 1645(±5) 

Amide 

II 

1550-

1600 

1: 10 1541(±4) 1540(±5) 1545(±6) 1541(±7) 1538(±1) 

1: 15 1542(±5) 1542(±6) 1540(±3) 1546(±5) 1538(±2) 

1: 20 1543(±3) 1540(±3) 1540(±5) 1547(±3) 1536(±3) 

1: 25 1542(±3) 1540(±3) 1542(±5) 1548(±2) 1536(±4) 

Amide 

III 

1230-

1300 

1: 10 1236(±1) 1235(±2) 1237(±1) 1236(±2) 1235(±1) 

1: 15 1236(±1) 1235(±2) 1236(±1) 1238(±1) 1234(±1) 

1: 20 1237(±1) 1235(±2) 1236(±1) 1238(±1) 1233(±1) 

1: 25 1236(±0) 1237(±1) 1236(±1) 1237(±1) 1233(±2) 

Absorption ratio 1: 10 0.85 

(±0.01) 

0.86 

(±0.02) 

0.86 

(±0.02) 

0.85 

(±0.02) 

0.82 

(±0.02) 

  1: 15 0.87 

(±0.01) 

0.87 

(±0.01) 

0.86 

(±0.02) 

0.86 

(±0.01) 

0.84 

(±0.03) 

  1: 20 0.85 

(±0.02) 

0.86 

(±0.02) 

0.84 

(±0.01) 

0.86 

(±0.01) 

0.84 

(±0.01) 

  1: 25 0.86 

(±0.02) 

0.85 

(±0.01) 

0.88 

(±0.03) 

0.87 

(±0.01) 

0.85 

(±0.02) 
*Sources for the general range of wavenumbers: Jeong et al., 2013; Wang et al., 2008; Li et al., 2013. 
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7.3.4.2 Differential scanning calorimetry  

These thermal properties are measured in DSC by direct measurement of heat to 

interpret the secondary structure conformation of collagen (Gauza-Włodarczyk et al., 2017). 

There are two characteristic temperatures measured in DSC: denaturation temperature which 

corresponds to the temperature of maximum power absorption during denaturation providing 

a sharp peak in the thermogram, and the onset temperature which is the temperature at which 

the tangent to the initial power versus temperature line crosses the baseline (Zeugolis & 

Raghunath, 2010). In addition, the denaturation enthalpy which is calculated from the area 

under peak corresponding to the total heat involved in the transition is also used (Zeugolis & 

Raghunath, 2010). 

The denaturation temperature (Td), onset temperature and denaturation enthalpy (∆H) 

of collagen samples are given in Table 7.3 and Figure 7.9. The 1:10 and 1:15 mass to volume 

ratios have higher Td values which may be due to the presence of undissolved skin pieces. 

Other ratios have values around 34-38°C. Previous studies have reported Td values for warm-

water fish collagen around 30°C (Kittiphattanabawon et al., 2005; Nalinanon et al., 2011), and 

cold-water fish collagen mostly below 20°C (Kittiphattanabawon et al., 2005; Li et al., 2013). 

Therefore, the Td values reported in this study is higher than previously reported values for 

cold-water fish collagen.  Denaturation temperature depends on the fish species (Chen et al., 

2021), proline and hydroxyproline contents (Chen et al., 2021; Xu et al., 2017; Pal and Suresh 

2016; Nalinanon et al., 2011), the degree of cross-linking (Gauza-Włodarczyk et al. 2017), 

and habitat temperature of the fish (Chen et al., 2021; Gauza-Włodarczyk et al., 2017; Xu et 

al., 2017;). The higher denaturation temperatures in warm-water fish collagen are due to 

higher contents of proline and hydroxyproline which provide stability to the collagen structure 

(Kittiphattanabawon et al., 2005; Liu et al., 2014).  

There are several factors affecting the DSC results which should be considered in 

sample preparation and choice of method, such as pH and concentration of the medium, 

heating mode (Chen et al., 2021), the water content in the sample, and presence of admixtures 

(Gauza-Włodarczyk et al., 2017). Considering these factors, it can be argued that the higher 

Td values reported in this study were not due to any of these, as the source of collagen, sample 

preparation and analysis method were the same. It is possible that the higher Td may be due to 

the higher degree of cross-links formed during the fibrillogenesis step which used isoelectric 

precipitation rather than salting out as used by other researchers such as Li et al. (2013), 

Muralidharan et al. (2013), and Woo et al. (2008). More cross-links can bind the collagen 

molecules tightly together, reducing the space required for hydration, whereas less hydration 

causes higher denaturation temperatures (Miles et al., 2005; Zeugolis & Raghunath, 2010). 

Pal & Suresh, (2017) have reported increased denaturation temperature to 40°C in fish 

collagen after fibril formation. Singh et al. (2011) have reported that Td around 39°C in 

collagen from striped catfish can be due to a higher degree of cross-linking.  

The onset temperatures were comparatively lower and varied for extraction durations 

up to 2 h, while much more consistent and higher values (25-30°C) were observed for 5 and 

8 h. This may be due to the presence of more homogenous solutions consisting of collagen 

molecules after 5 and 8 h extractions compared to the mix of skin and collagen molecules in 

the extracts up to 2 h as explained in §7.3.1. These results imply the possibility of using 

processing temperatures up to 25°C without any thermal degradation effect on collagen. This 
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is important in practical handling and further processing into biomedical materials since the 

physico-chemical, mechanical and biological properties are destroyed by thermal denaturation 

(Liu et al., 2014; Sugiura et al., 2009; Sun et al., 2010).  

There was no relationship found between Td and denaturation enthalpy. Previous 

studies have reported that a higher denaturation enthalpy is associated with a higher content 

of Gly-Pro-Hyp sequence in the polypeptide chains (Bae et al., 2008; Ahmed et al., 2019; 

Burjanadze, 1999 in Ahmad and Benjakul, 2010). This is due to the higher stability of 

hydrogen bonds between polypeptide chains of this Gly-Pro-Hyp sequence compared to other 

sequences (Bae et al., 2008; Ahmed et al., 2019). However, the different denaturation enthalpy 

values reported in this study cannot support this argument, hence further studies are needed. 

 

 

Table 7.3 Thermal properties of collagen measured by differential scanning calorimetry. 

Time 

(h) 

m/v 

ratio 

Onset 

temperature (°C) 

Denaturation 

temperature (°C) 

Enthalpy of 

denaturation (J/g) 
0.5 1:10 26.13 40.13 24.90 

 1:15  22.82 41.49 21.83 

 1:20 25.78 37.41 52.52 

 1:25 21.46 39.44 36.07 

1 1:10 21.04 41.43 40.50 

 1:15 20.89 42.34 26.51 

 1:20 25.89 36.03 49.15 

 1:25 21.34 36.79 46.66 

2 1:10 20.85 34.23 78.45 

 1:15 21.76 34.66 44.59 

 1:20 27.00 34.50 49.09 

 1:25 21.30 34.98 40.90 

5 1:10 25.82 42.12 24.06 

 1:15 28.14 35.20 42.89 

 1:20 26.15 35.05 54.01 

 1:25 27.34 33.98 33.22 

8 1:10 26.34 42.59 69.36 

 1:15 30.55 42.85 36.40 

 1:20 27.51 33.59 34.15 

 1:25 28.35 37.70 39.79 
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Figure 7.9 Differential scanning calorimetry thermograms of collagens. Blue colour represents 1:10, 

orange colour represents 1:15, green colour represents 1: 20, and purple colour represents 1:25. 

 

 

7.3.4.3 Circular dichroism spectroscopy 

Circular dichroism spectroscopy is considered the gold standard for estimating the secondary 

structure of proteins among other techniques like FTIR and DSC due to the easy identification 

of the native and denatured conformations (Gopinath et al., 2017). The secondary structure 

determination by this technique is based on the measurement of differential absorption of left 

and right-handed polarised light by peptide bond chromophores in a protein (Drzewiecki et 

al., 2016; Zhou et al., 2018; Qi et al., 2015), in the far UV range, generally from 250 to 190 

nm (Rodger and Marshall 2021). The native triple-helical structure of collagen in a solution is 

characterised by the presence of a negative peak at around 198 nm related to the content of 

the α-helix structure, a cross-over at 214 nm and a weak positive peak at around 220 nm due 

to the π-π* transition of peptide bonds (Zhou et al., 2018; Liu et al., 2016). The easy 

identification of the native structure from the denatured structure is based on the presence or 

absence of the positive peak as it disappears upon denaturation (Drzewiecki et al., 2016). The 

calculated value of the ‘positive/negative ratio’ (Rpn) from the CD spectra is used as a measure 

to estimate the degree of denaturation or the triple-helical content (Perez-Puyana et al., 2019; 

Akita et al., 2020).    

The CD spectra obtained for twenty different treatment combinations are shown in 

Figure 7.10. All collagens have produced characteristic CD spectra with a negative peak at 

~198 nm, a cross-over point at ~214 nm and a positive peak at ~220 nm. The Rpn ratios of 20 

samples are shown in Table 7.4. If the collagen is denatured the Rpn ratio is a positive value 

0.5 h 

1 h 

2 h 

5 h 

8 h 
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and increases with an increasing degree of denaturation (Perez-Puyana et al., 2019). For 

example, Gopinath et al. (2017) reported a Rpn ratio of 0.05 for 100% denatured collagen. The 

Rpn ratios reported in previous studies for native collagens were -0.12, -0.1075, and -0.123, by 

Gopinath et al. (2017), Nishad Fathima et al. (2009); and Sun et al. (2020), respectively. The 

values reported in this study were almost similar for all samples and found in the range from 

-0.11 to -0.13 which falls within the values of previous studies. Therefore, these results 

indicate that the extraction durations and mass to volume ratios used in this study were suitable 

for preserving the triple-helical structure.  

Considering all of the above results, and the time and cost-effectiveness, the treatment 

time of 5 h at 1:20 mass to volume ratio can be selected as the best treatment time to extract 

collagen in native triple-helical conformation.  

 

Figure 7.10 Circular dichroism spectra of collagens. 
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Table 7.4 Rpn values of the extracted collagens. 

 Extraction time (h) 

m/v ratio 0.5 1 2 5 8 

1:10 - 0.12 -0.13 - 0.12 - 0.12 - 0.11 

1:15 - 0.12 -0.13 - 0.12 - 0.12 - 0.13 

1:20 - 0.12 -0.13 - 0.13 - 0.12 - 0.13 

1:25 - 0.12 - 0.12 - 0.13 - 0.13 - 0.13 

 

7.4 A second extraction to increase the purity and colour of collagen 

The collagens extracted under the twenty different treatments presented in the last section, 

showed discolouration due to the presence of skin pigments. These were the remaining 

pigments which had not been removed by the Sodium hydroxide pretreatment. Functional 

properties are not affected by the colour of collagen, however it gives an aesthetic value 

depending on the intended application (Pal and Suresh, 2015). The presence of pigments 

affects the purity of collagen as well. Therefore, it is advantageous to remove pigments at 

some point during the processing.  

There are already available methods to get rid of this discolouration, for example, 

H2O2 treatment to bleach the colour pigments (Xu et al., 2017; Sadowska et al., 2003) or 

centrifugation to remove them (Sadowska et al., 2003). In this research, the H2O2 treatment 

was not used as it is only a bleaching technique in which the pigments will remain in the final 

product. The centrifugation was not used mostly due to the need of high cost refrigerated 

centrifugation to avoid heat denaturation of collagen. Therefore, a different approach was 

taken in this study to remove the pigments – i.e. repeating the extraction procedure.  

The extent to which the second extraction was capable of removing pigments was 

measured by comparing the colour of the freeze-dried collagen. Also, the integrity of the 

native triple-helical conformation was again measured as it is the key factor to be considered 

in any application. 

7.4.1 Materials and methods 

Tarakihi fish skin was used as the raw material and preprocessed using the method developed 

in Chapter 6. The first extraction was performed using the best of the 20 treatments 

investigated in the previous section, that being the 5 h extraction time using a skin solid mass 

to solution volume ratio of 1:20.  A second identical extraction was performed on the collagen 

extracted from the fibrillogenesis of the first. The freeze-dried collagen from the second 

extraction was then subjected to the tests detailed below.   

Optical photographs were used to show the colour of freeze-dried collagen as seen by 

the naked eye. In addition, the colour was measured using L*a*b* colour method compared 

to a white colour standard as described earlier in this chapter. The freeze-dried collagen was 

characterised to determine the presence of native triple-helical conformation by the ATR-
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FTIR spectroscopy, DSC and CD spectroscopy techniques in the same way as described for 

the single-step extraction process. These characteristics were compared to that of collagen 

obtained by 5 h extraction time at 1:20 mass to volume ratio as this was selected as the best 

treatment condition to extract collagen in native triple-helical conformation.  

7.4.2 Results and discussion 

7.4.2.1 Colour of collagen 

Figure 7.11 shows optical photographs of the collagen formed after one and two extractions, 

each of 5 h extraction time at 1:20 mass of skin to solution volume ratio. Clearly, the second 

extraction removes more pigments. It is whiter in appearance and when assessed using the 

colour difference to the white standard, the score goes from 15.74 (±2.91) to 0.57 (±0.25) 

which is close to zero.  

 

 

 

 

 

 

 

 

 

 

 

 

7.4.2.2 ATR-FTIR spectroscopy 

As previously done, the FTIR was used to determine the changes in the secondary structure 

of collagen based on the chemical bonding state. After the second cycle of extraction, the peak 

locations for five replicates (Table 7.5) corresponding to Amide A, B, I, II, and III were present 

for all samples. The amide A and amide II peak positions shifted to lower frequencies 

indicating more hydrogen bonds between polypeptide chains (Riaz et al., 2018; Jeong et al., 

2013; Li et al., 2013), which are good indications of the stability of the triple-helical collagen 

structure. The position of amide I peak provides information on the different secondary 

structures present in collagen (Sai-Ut et al., 2012; Woo et al., 2008): 1620-1640 cm-1 (β sheet 

or extended structure); 1640-1644 cm-1 (irregular structure); 1645-1659 cm-1 (α-helix); 1660-

1700 cm-1 (β turn) (Farrell et al., 2001 in Li et al., 2013). The wavenumbers for all five 

replicates were found at 1652 cm-1 suggesting the α-helix structure is present to form the triple-

helix. The absorption ratio is calculated from the ratio of the amide III and 1450 cm-1 

absorbances to determine the intactness of the triple-helical structure (Li et al., 2013; Sun et 

al., 2017; Wang et al., 2008). This ratio increased slightly from an average of 0.86 for the first 

extraction to 0.88, which also reflects positively on the stability of triple-helical conformation. 

These results confirm that the second extraction, which was used to increase the purity of 

collagen was also able to maintain the native triple-helical conformation.  

 

a) b) 
(A) (B) 

Figure 7.11 The optical photographs of freeze-dried collagen after fibrillogensis: (A) 5 h extraction 

time at 1:20 mass fish skin mass to NaOH solution volume ratio; (B) second extraction using the same 

conditions of 5 h extraction time at 1:20 mass to volume ratio. 
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Table 7.5 ATR-FTIR peak locations of freeze-dried collagen extracted by two repeated extractions. 

The mean (±SD) of five replicates are given.  

Region 
General range of wavenumber 

(cm-1)* 
Peak position 

Amide A 3400-3440 3310(±6) 

Amide B near 2920 2924(±2) 

Amide I 1600-1700 1652(±0) 

Amide II 1550-1600 1554(±2) 

Amide III 1230-1300 1240(±0) 

Absorption ratio                                                     0.88(±0.01) 

*Sources for the general range of wavenumbers: Jeong et al., 2013; Wang et al., 2008; Li et al., 2013 

7.4.2.3 Differential scanning calorimetry (DSC) 

As described above, the thermal properties of collagen: denaturation temperature, 

onset temperature and denaturation enthalpy measured by DSC can be used to interpret the 

secondary structure conformation of collagen. Collagen from the second extraction had a 

denaturation temperature of 34.85°C, an onset temperature of 25.72°C, and a denaturation 

enthalpy of 40.36 J/g. These were similar to the first extraction values of 35.05C, 26.15C 

and 54.01 J/g respectively.  The temperature values show that the second extraction has not 

altered the structure of the collagen, and so the assumption still holds that processing 

temperatures are possible up to 25C without thermal degradation.  The denaturation enthalpy 

was somewhat lower.  The reason for this is unknown, but was still within the range found for 

the 20 treatments (Table 7.3).   

7.4.2.4 Circular dichroism spectroscopy (CD) 

The collagen produced a characteristic CD spectrum with a negative peak at ~198 nm, a cross-

over point at ~214 nm and a positive peak at ~220 nm (Figure 7.12). The Rpn ratio was -0.11 

which is close to -0.12 found for the first extraction and in agreement with the published 

literature (Gopinath et al., 2017; Nishad Fathima et al., 2009; Sun et al., 2020) for collagens 

with native triple-helical structure.  

 
Figure 7.12 Circular dichroism spectra of collagen after the second extraction. 
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These results indicate that the repeated extraction of collagen for 5 h at 1:20 mass to 

volume ratio produced successful results of removing skin pigments and improving the colour. 

Moreover, these conditions have not caused any deterioration to the native triple-helical 

collagen structure. Therefore, it can be used as a successful method to increase collagen purity 

and colour by removing pigments without using any chemicals or expensive methods like 

refrigerated centrifugation. The down side is that it adds significant extra time to the overall 

process as it requires two extractions and two fibrillogenesis steps. 

 

7.5 Conclusions 

This chapter developed an effective extraction method to solubilise collagen in its native 

triple-helical conformation, with a particular focus on the behaviour of fish skin and changes 

in the extraction medium. It further provides guidelines for the application of this knowledge 

on any fish species of interest by providing four processing objectives: (i) an upper limit of 

pH 4 for the extraction solution; (ii) maximum swelling; (iii) a manageable viscosity of the 

extraction solution; and (iv) as few undissolved pieces of skin as possible; and two quality 

objectives; (v) preserving the native helical structure of the collagen; and (vi), minimising 

pigment discolouration. The 5 h extraction time at 1:20 mass of skin to volume of solution 

ratio was selected as the best treatment conditions to achieve these objectives. This chapter 

further introduced a pigment removal step to improve the purity and colour of collagen by 

using a second extraction, while still preserving the collagen native structure. While 

fibrillogenesis conditions were standardised in this chapter, there are several variables that 

could be manipulated to control the macrostructure of the precipitated collagen. This is the 

focus of the next chapter. 
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Chapter 8. The effect of process conditions on fibrillogenesis 

8.1 Introduction 

In vivo fibrillogenesis is an entropy-driven self-assembly process that is regulated by the cell 

(Silver et al., 2003). During this process, triple-helical collagen molecules assemble in parallel 

into fibrils having a characteristic banding pattern with a distinct periodicity of about 67 nm 

(the D-period) (Gelse et al., 2003; Lee et al., 2001; Li and Douglas, 2013). Fibril diameters 

are between 25 and 400 nm (Gelse et al., 2003), and their length is less than 1 cm (Shoulders 

and Raines, 2009). Similar structural properties can be recreated in vitro by manipulating the 

fibrillogenesis conditions such as pH (Li and Douglas., 2013; Zhu and Kaufman, 2014); rate 

of pH change (Pawelec et al., 2016; Zhu et al., 2018); temperature (Christiansen et al., 2000; 

Zhu and Kaufman, 2014), ion species (Li et al., 2009), ionic strength (Zhu and Kaufman, 

2014), and buffer conditions (Christiansen et al., 2000). 

In collagen processing, fibrillogenesis is the third and final step following the 

pretreatment and extraction. Pretreatment involves the removal of non-collagenous 

components such as non-collagenous proteins, fats and pigments which is essential for the 

purity of collagen. The extraction involves the solubilisation of collagen molecules into the 

extraction medium in the native triple-helical conformation. If the triple-helical conformation 

is not preserved during extraction, it will form fibres without a native D-banding pattern during 

the fibrillogenesis step and so will lose its application as a biomedical material (Qi et al., 2015; 

Sun et al., 2020), because cellular responses such as cell proliferation, cell migration, cell 

differentiation, and cell adhesion (Zhu et al., 2018), and mineralisation of the collagen matrix 

(Li et al., 2009) depend on this D-banding pattern. Chapters Six and Seven studied the first 

two processing steps in detail and developed pretreatment and extraction processes suitable 

for fish skin. 

Fibrillogenesis has been well-studied by previous researchers. The self-assembly 

process of fibrillogenesis is an entropy-driven process that is favoured by a large positive 

entropy contribution due to the release of structured water around collagen molecules (Li and 

Douglas 2013; Pawelec et al., 2016; Li et al., 2009). Three main intermolecular interactions 

have been described to affect this process and to form the D-periodicity: the hydrophobic 

interactions between non-polar regions of adjacent collagen molecules, hydrogen bonding 

between polar residues, and the electrostatic interactions due to the charges on ionisable 

groups (Li et al., 2009). The highest hydrophobic and polar interactions are achieved when 

the collagen molecules are set by a distance of 234 amino acid residues, forming the native D-

banding pattern (Li et al., 2009).  

In almost all the fish collagen extraction studies, (for example, Nagai & Suzuki, 2000; 

Zeng et al., 2009; Li et al., 2013; Arumugam et al., 2018), Sodium chloride was used to achieve 

fibrillogenesis, which involves a salting-out mechanism. Salting-out can leave salt residues 

and requires a number of complex and time-consuming dialysis treatments with intermediate 

centrifugation to remove the salts. Therefore, the isoelectric precipitation method was used in 

this study to induce the fibril formation by raising the pH to the isoelectric point. Different 

factors can shift the isoelectric point, which include: fish species differences, processing 

temperature, collagen concentration, and rate of fibrillogenesis.  
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A better understanding of the in vitro fibrillogenesis process is required to develop a 

fish collagen extraction method. Therefore, the experiments reported in this chapter were 

designed to assess the effect of three processing variables on the morphology of fibrils: initial 

collagen concentration, end pH of fibrillogenesis and mixing speed.  

8.2 Research strategy 

Two variables, the concentration of initial collagen solution and the end pH of the 

fibrillogenesis were studied first, as step 1, in a matrix of experiments.  The speed of mixing 

to achieve the end pH was studied later, as step 2, on a selected pairing of the initial 

concentration and end pH.   

In step one, 12 fibrillogenesis conditions were experimented as: two collagen 

concentrations; 0.15% (1.5 mg/mL) and 0.30% (3.0 mg/mL) and six pH levels; 6.0, 7.0, 8.0, 

9.0, 9.3, and 10.0. These collagen concentrations and pH levels were selected based on the 

understanding of the previous literature. The pH 9.3 condition was included as previous 

literature has described it as the isoelectric pH of type I collagen (Jiang et al., 2004). It was 

observed during the experiments under Chapter Four that the mixing speed has an effect on 

fibril morphology, however it was not a focus of that chapter. Previous lietrature has explained 

the effect of rate of pH change on the fibril morphology, for example, by Pawelec et al. (2016); 

Zhu et al. (2018), however no studies were found regarding the effect of different mixing 

speeds. Therefore, in step two, to test the effect of speed of mixing, three speeds were tested 

at 0.30% collagen concentration and pH 9.3.  

8.3 Materials and methods 

8.3.1 Sample preparation 

Tarakihi fish skin was used as the raw material. The fish skin was minced and a 50.0 g sample 

was taken according to the method in §6.2. The samples were then pretreated according to the 

method developed in §6.6. Then the collagen from this pretreated skin was extracted into HCl 

acid medium according to the method developed in Chapter 7 where, to recap, the pretreated 

skin sample was soaked in 0.01 M HCl solution at 1:20 mass to volume ratio for 5 h with 

continuous stirring at 350 rpm using a magnetic stirrer. After 5 h, the skin and the solution 

were homogenised together using a hand blender. Then, the pH of the medium was raised to 

pH 9.3 by adding 0.01 M NaOH to form fibrils. These collagen fibrils in a hydrated state were 

then separated using a strainer of 2 x 2 mm mesh. They were then added to a fresh 0.01 M 

HCl solution in a second extraction step and the pH of the medium was raised to pH 9.3 by 

adding 0.01 M NaOH to form fibrils. Afterwards, these collagen fibrils in a hydrated state 

were separated using a strainer of 2 x 2 mm mesh, and packed into polythene bags, frozen at 

-20 °C, then freeze-dried at 0.5 mbar, 10 °C. The collagen needed for all the experiments in 

this chapter was extracted in the same batch to avoid variability in fibrillogenesis experiments 

due to differences that might occur between batches. 
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8.3.2 Experimental protocol   

8.3.2.1 Effect of initial collagen concentration and end pH on fibrillogenesis 

Collagen solutions of 0.15% and 0.30% concentrations were prepared by dissolving freeze-

dried collagen obtained according to §8.3.1, in 100 mL of 0.01 M HCl (pH 2.0) for 1 h in a 

cold room at 4°C. The pH of each solution was adjusted by adding 0.1 M NaOH and mixing 

at a constant speed to reach the desired pH according to the following procedure. A 0.5 mL of 

NaOH solution was first added into the 100 mL collagen solution (in a 250 mL glass beaker) 

and mixed with a stainless steel plate attached to a stirrer (Phipps & Bird stirrer, Model 7790-

402, Unit of General Medical Corp., Richmond, VA) at a speed of 18 revolutions per minute 

and NaOH addition and mixing were repeated four times. After that NaOH was added 

dropwise while mixing at the same speed until the desired pH was reached. This was done on 

ice to maintain the sample temperature at 4°C. Then the turbidity of this sample was measured 

according to the method described below in §8.3.4.  

The collagen fibrils which were precipitated in the glass beaker were kept undisturbed 

for 24 h and were separated by filtering through a strainer of 2 x 2 mm mesh size. The fibrils 

were then packed in polythene bags, frozen at -20 °C and freeze-dried at 0.5 mbar, 10 °C. The 

weight of the freeze-dried collagen was recorded.  

The freeze-dried collagen samples were characterised for surface morphology, fibril 

diameter, and D-space using the methods described below. 

8.3.2.2 Effect of mixing speed on fibrillogenesis 

Three mixing speeds were tested as 9 revolutions per minute (low speed), 18 rpm (medium 

speed), and 36 rpm (high speed) by using the 0.30% initial collagen concentration and end pH 

of 9.3. Otherwise, the experiment followed the same procedure as §.8.3.2.1 above.  

8.3.3 pH Measurement  

The pH of the solutions were measured using a portable pH meter (Thermoscientific, Orion 

Star A326 pH/RDO/DO meter). 

8.3.4 Turbidity measurement  

The fibril-forming ability was determined by measuring the absorbance at 310 nm based on 

the turbidity change during fibril formation. As described in the §8.3.2 above, soon after 

reaching the desired pH, a sample was taken from the top middle area of the beaker to a 1.5 

mL quartz cuvette of 1 cm path length and the absorbance was measured at 310 nm using a 

UV-visible spectrophotometer (Genesys 10S spectrophotometer, Wisconsin, USA), 

conditioned at 6°C in a cold room. The 0.01 M HCl solution was used as the blank. The 

absorbance measurement was continued every minute until 10 min; then every 10 min until 

60 min; and hourly until 24 h.  

8.3.5 Yield of collagen 

The yield of collagen was calculated as dry collagen (g) per dry weight of collagen taken for 

the experiment (g). 

Yield = (
𝑀𝐹𝑟𝑒𝑒𝑧𝑒−𝑑𝑟𝑖𝑒𝑑 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑎𝑓𝑡𝑒𝑟 𝑒𝑎𝑐ℎ 𝑓𝑖𝑏𝑟𝑖𝑙𝑙𝑜𝑔𝑒𝑛𝑒𝑠𝑖𝑠  

𝑀𝐹𝑟𝑒𝑒𝑧𝑒−𝑑𝑟𝑖𝑒𝑑 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑡𝑎𝑘𝑒𝑛 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 
) × 100% 
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8.3.6 Surface morphology of collagen 

The surface morphology of collagen samples was analysed by scanning electron spectroscopy 

(SEM) according to the method described in §3.2.1.6.1.  

8.3.7 Fibril characteristics 

Transmission electron microscopy (TEM) was used to analyse the D-periodicity and the fibril 

diameters. Small pieces of approximately 5x5 mm size were cut from freeze-dried collagens 

and fixed in a modified Karnovsky fixative and kept refrigerated until further processing. 

When the samples were ready for processing they were washed with buffer and fixed 

successively in glutaraldehyde and osmium in cacodylate buffer. Then the samples were 

progressively dehydrated in an acetone series (25%, 50%, 75%, 95%, 100%) before 

embedding in resin. The resin-embedded samples were sectioned at 100 nm Leica UC6 

Ultramicrotome (Leica Microsystems GmbH Ernst-Leitz-Straße 17–37 Wetzlar, 35578 

Germany) and imaged in a Philips CM100 BioTWIN transmission electron microscope with 

LaB6 emitter (Philips/FEI Corporation, Eindhoven, Holland) fitted with MegaView lll digital 

camera (Olympus Soft Imaging Solutions GmbH, Münster, Germany) using an accelerating 

voltage of 100 kV. The D-periodicity and the fibril diameters were measured from these 

images using ImageJ software version 1.53t.     

8.3.8 Zeta potential measurement of collagen solutions 

The surface charge of collagen molecules was measured as the zeta potential. A collagen 

solution of 0.5 mg/mL in 12 mM HCl with MilliQ water was prepared at 4°C by dissolving 

freeze-dried collagen using a magnetic stirrer at 200 rpm until collagen was completely 

solubilised. A series of solutions were prepared from this solution in the pH range from 3.0 to 

11.0 in 0.5 intervals by adding 0.1 M NaOH. The zeta potential of each solution was carried 

out at 4°C using a zeta potential analyser (Malvern Zetasizer Pro).  

8.4 Results and discussion 

8.4.1 Fibril-forming ability 

In this research, the fibrillogenesis was induced by the addition of NaOH solution to raise the 

pH of the acidic collagen solution to close to the desired pH. Generally, concentrated collagen 

solutions are transparent or translucent and become opaque upon forming fibrils. These fibrils 

can scatter light depending on the amount of fibrils, where the higher intensity of scattered 

light means higher turbidity or a higher degree of fibril formation (Gobeaux et al., 2008). The 

fibrillogenesis mechanism has been described as progressing through three phases: a lag 

phase, the growth phase, and the plateau phase resulting in absorbance following a sigmoidal 

curve over time (Li & Douglas, 2013). The lag phase occurs before the onset of fibrillogenesis, 

therefore no change in turbidity occurs. The growth phase is observed by a rapid increase in 

turbidity due to fibril formation, and the plateau phase marks the completion of fibrillogenesis 

by no further turbidity increase (Li et al., 2009). 

The turbidity vs. time curves of collagen fibrillogenesis under the effect of initial 

collagen concentration and end pH is shown in Figure 8.1. The highest turbidity was seen at 

pH 8.0 for both 0.15% and 0.30% concentrations over the 24 h. Interestingly, both graphs did 

not show a lag phase and had reached the plateau by eight minutes. The lowest turbidity was 
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seen at pH 10.0 for both collagen concentrations. The turbidity values remained unchanged 

until around 12 h without evidence of any growth, but then slightly decreased. The 

fibrillogenesis at pH 6.0 and pH 7.0 for both concentrations progressed through a lag phase, 

growth phase and plateau phase, but the turbidity remained in the middle range. Fibrillogenesis 

at both pH 9.0 and pH 9.3 at 0.30% concentration followed the typical sigmoidal curve, having 

almost similar turbidity and reaching a plateau by 10 minutes. Similarly, fibrillogenesis at pH 

9.0 and pH 9.3 at the lower 0.15% concentration have followed the sigmoidal curve, but the 

turbidity remained at comparatively lower values and showed an increase again after around 

16 h.  

The results obtained on the fibril-forming ability are quite different from that of 

previous literature. Liao et al., (2018) reported the highest turbidity at pH 7.0 for collagen 

extracted from the skin of barramundi (Lates calcarifer) fish, and Li et al. (2009) reported the 

highest turbidity at pH 9.2 for collagen extracted from cattle hide, which are different from 

this study. These differences can be due to the collagen extraction method, the solvent used 

for dissolving collagen, and the initiation conditions of fibril formation (Zhang et al., 2014). 

In addition, in these studies, fibril formation ability had been assessed in the buffer solutions 

at different pH levels to maintain the pH unchanged, however, in the present study buffer 

solutions were not used because the experiments were conducted without any deviations from 

the method intended to develop in the research. Therefore, in this work, the solution passed 

through a range of pH until it reached the intended pH. These facts have been considered in 

discussing the results later in this chapter.  

The surface charge of collagen solutions over a pH range from 3.0 to 11.0 was 

measured as zeta potential and correlated with the fibrillogenesis process (Figure 8.2). The 

isoelectric pH (pI) of the collagen measured at 4°C in this experiment was pH 7.5. The pI of 

type I collagen reported in the literature is pH 9.3, however, it can be shifted to lower values 

around pH 7.0 due to electrostatic interactions between some ions and the amino or carboxyl 

groups of collagen molecules (Li et al., 2009; Li & Douglas 2013). For example, Li et al. 

(2009) reported the pI at pH 9.2 at a lower ionic strength compared to pH 7.4 at a higher ionic 

strength, indicating the net dependence of the surface charge of collagen molecules by the 

medium pH and the added salts. In the current research no ions were added to induce 

fibrillogenesis. However, it is possible that there are still some salts remaining from 

neutalising the NaOH with HCl during the pretreatment which can shift the pI to pH 7.5. It 

should be noted that the comparisons are more valid when the processing conditions are more 

similar. However, the highest turbidity at both collagen concentrations were recorded at pH 

8.0 which is close to the pI obtained in this study. In addition, these graphs clearly show that 

the turbidity values of 0.30% collagen concentration were always higher than that of 0.15% 

concentration. These results are described below in relation to intermolecular interactions 

where possible.  
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Figure 8.1 Progress of fibril formation under the effect of initial collagen concentration and end pH. 

(A) From 0 min to 30 min showing the short-term turbidity changes; (B) From 0 min to 1440 min (24 

h) showing the long-term turbidity changes. 
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The turbidity vs. time curves of collagen fibrillogenesis under the effect of different 

mixing speeds are shown in Figure 8.3. The time taken to reach the end pH of 9.3 was different 

at the three different speeds; 5 min at high speed (36 rounds per min), 20 min at medium speed 

(18 rounds per min), and 40 minutes at low speed (9 rounds per min). The highest turbidity 

over the whole 24-h period was recorded at the high mixing speed. It progressed through a 

growth and a plateau phase. The medium speed (the same graph in Figure 8.1) followed the 

typical sigmoidal curve. The initial turbidity shown by the low speed was higher than that of 

the medium speed. The low mixing speed provided the fibrils time to change through the 

Figure 8.2 Fibril formation as a measure of change in turbidity at particular time durations, under the 

effect of initial collagen concentration and end pH: (A) 0 min; (B) 5 min; (C) 10 min; (D) 6 h; (E) 12 

h; (F) 24 h. The measured zeta potentials in the pH range from 3 to 11 are shown in the second y axis 

of the same graph. Broken lines of the zeta potential graphs are guides to the eye. 
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different pH values, including the isoelectric pH (pH 7.5) until the medium eventually reached 

pH 9.3. It can be argued that fibrils had been aggregated at the isoelectric point and had come 

to the top by the time the solution reached pH 9.3. This may be the reason for showing higher 

turbidity from the beginning without continuing through a lag or growth phase. These results 

can be explained with the fibril characteristics described below in §8.4.2. 

 

 
Figure 8.3 Progress of fibril formation under the effect of mixing speed. (a) From 0 min to 1440 min 

(24 h); (b) From 0 min to 30 min. 
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8.4.2 Fibril characteristics 

The transmission electron micrographs of the self-assembled collagen fibrils after 24 h, under 

the effect of initial collagen concentration and the end pH, are shown in Figure 8.4. Out of the 

six end pH values at 0.15% concentration, the fibril structure with a banding pattern was 

visible only for pH 10.0 (Figure 8.4 (F)). The banding periodicity was 50-56 nm and the fibril 

diameters ranged from 170-410 nm and appeared as loose bundles of fibrils. From Figure 8.4 

(A-E), disordered small nanofibrils were visible all over the field of view. There were only 

one or two fibril-like structures visible with some unclear banding pattern. These results 

indicate that the fibril formation has been started, however, it has not produced fibrils of native 

D-banding of 62-67 nm. Previous studies have reported native D-periodicity of 65-67 nm for 

wet tissues and 62-64 nm for air-dried samples (Li et al., 2009). The banding pattern around 

50-60 nm has been reported in previous studies as an unusual alignment of collagen molecules 

in the early stage of fibrillogenesis (Li et al., 2009).  

For the 0.30% collagen concentration, small fibrils which are more densely packed 

than that of 0.15% are seen in the images from figure 8.4 (G-J). Periodic arced patterns 

suggestive of a helical structure are seen for pH 7.0, 8.0 and 9.0 (Figure 8.4 (H-J)). Similar 

results have been reported by Gobeaux et al. (2008) for higher collagen concentrations. This 

pattern was more prominent at pH 9.0, and interestingly it has progressed to form collagen 

fibrils with a banding pattern of 65-69 nm similar to the native D-banding pattern at pH 9.3. 

The fibril diameters ranged from 155-275 nm with a higher frequency above 200 nm. 

Ramı´rez-Rodrı´guez et al. (2014) reported that the formation of the D-banding pattern is a 

pH-dependent process which starts after the fibril formation becomes steady, and a D-

periodicity close to native collagen (62-67 nm) is an indication that the fibril formation has 

reached the final most stable state. Therefore, pH 9.3 at a 0.30% initial collagen concentration 

and medium mixing speed can be taken as the most suitable fibrillogenesis condition to form 

fibrils with native D-banding pattern. The fibril structures have been disappeared again if 

fibrillogenesis was ended at pH 10.3.  

The fibril characteristics at different mixing speeds are shown in Figure 8.5. There 

were only small nanofibrils visible at low speed (Figure 8.5 (K1)). The low mixing speed may 

have caused the fibrils to stay at unnecessary long residence time durations at the different 

transient pH levels and destroy fibril structures as explained above in §8.4.1. Figure 8.5 (K2) 

is the same as Figure 8.4 (K) which shows the fibril characteristics at medium speed (a D-

banding of 65-69 nm, and fibril diameter of 155-275 nm). The high-speed fibrillogenesis 

produced tightly-packed collagen fibrils with a banding pattern of 55-65 nm, and fibril 

diameters of 90-148 nm (Figure 8.5 (K3)). This difference in fibril diameter with the medium 

speed can be related to the rate of fibrillogenesis. A gradual increase of pH during 

fibrillogenesis can slow down the fibril formation length-wise due to unnecessary time the 

solution spends at undesirable fibrillogenesis conditions. Instead, it favours the lateral 

aggregation forming broader fibrils. In contrast, a rapid increase in pH favours the formation 

of thinner fibrils (Ramı´rez-Rodrı´guez et al., 2014). This is the reason for the smaller diameter 

of fibrils at high mixing speed compared to that of medium speed. However, at high speed a 

heterogeneity in the D-periodicity between 55-65 nm was seen and may be due to the existence 

of a few localised areas of different pH values in the collagen solution resulted from improper 
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mixing at high speed. Although previous studies have reported similar unusual D-

periodicities, the literature is still limited on this aspect which needs further investigation.  

The mechanism of fibrillogenesis in relation to the isoelectric point has been well-

explained in the previous literature. At the isoelectric pH, the surface charges on collagen 

molecules become zero thus decreasing the electrostatic repulsion, and the hydrophobic 

interactions increase, leading to collagen aggregation and precipitation (Kittiphattanabawon 

et al., 2005; Li & Douglas 2013; Pawelec et al., 2016; Li et al., 2009;). When the pH of the 

medium is above or below the isoelectric pH, a net negative or positive charge exists on 

collagen molecules, leading to interaction with water and solubilisation due to charge 

repulsions (Kittiphattanabawon et al., 2005). These mechanisms have been described in detail 

in §2.4.4.1. In the current study, although higher turbidity was observed at a pH very close to 

the pI, the desired D-periodicity occurred at a pH higher than pI.  

The results of this study didn’t indicate a relationship between turbidity and D-

periodicity. The highest turbidity was reported at pH 8.0 for both concentrations, however, the 

fibril structures with banding patterns were visible only at pH 10.0 for 0.15% concentration 

and at pH 9.3 for 0.30% concentration. The highest turbidity at pH 8.0 means higher 

aggregation of collagen molecules, however, the collagen molecules are still present as non-

fibrillar collagen as shown in Figure 8.4 (C and I). This can be a reason of higher 

viscoelasticity once the collagen molecules are aggregated to the top of the beaker, hence 

reducing the molecular mobility. Gobeaux et al. (2008) reported that high viscoelasticity can 

obstruct the fibril formation process, and only a limited fraction of collagen molecules is 

aggregated into fibrils. This is evident from the results of this study as well where only one or 

two fibril structures are seen in a majority fraction consisting of non-fibrillar collagen. 

However, further experiments are suggested to analyse the effect of the viscosity of collagen 

solutions on the formation of collagen fibrils with D-periodicity using rheology. Previous 

studies on this aspect is limited, with different arguments reported in relation to D-banding 

and pI.  

Ramı´rez-Rodrı´guez et al. (2014) reported that a higher number of fibres having 

native D-periodicity were observed at a pH higher than the pI. According to Zhu et al. (2018) 

and Pawelec et al. (2016), at pH values far away from the isoelectric point, fibrillogenesis was 

slow or incomplete where fibrils gathered to form sub-fibrils without the D-banding pattern. 

However, the findings of Gobeaux et al. (2008) were different, where they reported the 

formation and stability of native fibrils in a wide pH range from 6.2 to 12.2, and the fibrils 

without banding structure were formed only at pH 13. The stability of fibrils above the pI can 

be due to non-ionic forces such as hydrophobic or van der Waals forces (Gobeaux et al., 2008). 

However, a comparison of the fibril characteristics of previous studies with that of the current 

study is not easy when the extraction medium, fibrillogenesis method and fibrillogenesis 

conditions are different.  
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Figure 8.4 TEM images of the self-assembled collagen fibrils after 24-h of fibrillogenesis: (A) 0.15% 

pH 6.0; (B) 0.15% pH 7.0; (C) 0.15% pH 8.0; (D) 0.15% pH 9.0; (E) 0.15% pH 9.3; (F) 0.15% pH 

10.0; (G) 0.30% pH 6.0; (H) 0.30% pH 7.0; (I) 0.30% pH 8.0; (J) 0.30% pH 9.0; (K) 0.30% pH 9.3; 

(L) 0.30% pH 10.0. The mixing was done at medium speed. The scale bar represents 200 nm. 
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Figure 8.5 TEM images of the self-assembled collagen fibrils after 24 h of fibrillogenesis: (K1) low 

speed; (K2) medium speed; (K3) high speed. The initial collagen concentration was 0.3% and the end 

pH of fibrillogenesis was pH 9.3. The scale bar represents 200 nm. 

 

8.4.3 Surface morphology of collagen 

Scanning electron micrographs were used to analyse the surface morphology of freeze-dried 

collagens. The effect of initial collagen concentration and the end pH of fibrillogenesis is 

shown in Figure 8.6 and the effect of mixing speed is shown in Figure 8.7. All collagens 

appeared as sheet-like structures with irregular porosity with no obvious differences between 

samples.  

 

 



149 

 

 
Figure 8.6 SEM images of freeze-dried collagens at x100 magnification: (A) 0.15% pH 6.0; (B) 0.15% 

pH 7.0; (C) 0.15% pH 8.0; (D) 0.15% pH 9.0; (E) 0.15% pH 9.3; (F) 0.15% pH 10.0; (G) 0.3% pH 6.0; 

(H) 0.3% pH 7.0; (I) 0.3% pH 8.0; (J) 0.3% pH 9.0; (K) 0.3% pH 9.3; (L) 0.3% pH 10.0. The mixing 

was done at medium speed. The scale bar represents 500 µm. 
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Figure 8.7 SEM images of freeze-dried collagens: (K1) low speed; (K2) medium speed; (K3) high 

speed. The initial collagen concentration was 0.30% and the end pH of fibrillogenesis was pH 9.3. The 

scale bar represents 500 µm. 

8.4.4 Yield of collagen 

The yield of collagen obtained at combinations of six different end pH values and two 

different collagen concentrations are given in Table 8.1. The lowest yields were recorded at 

pH 10.0 for both concentrations. The lowest turbidity has also been recorded at pH 10.0 as 

discussed above. The lower yield of collagen at pH 10.0 may be due to the increased solubility 

of collagen by the increased repulsive forces between collagen molecules at a pH so far away 

from the isoelectric point. The yields obtained at pH 6.0 were also less. According to the 

results of turbidity and TEM images, the fibril formation has been started when the solution 

reaches pH 6.0 however it is only at its initial stage. This may be the reason for the lower yield 

at pH 6.0. When the different mixing speeds at pH 9.3 for 0.30% collagen concentration are 

concerned the highest yield (84.40%) was recorded at high speed, and the lowest (79.27%) at 

low speed. The reason can be the increased amount of fibrils formed at high speed and the 

destruction of fibrils at low speed as discussed under §8.4.1.      

 

Table 8.1 The yield of collagen expressed as dry collagen (g) per dry weight of freeze-dried collagen 

taken for the experiment (g). 

Initial collagen 

concentration 

End pH of fibrillogenesis 

6.0 7.0 8.0 9.0 9.3 10.0 

0.15% 78.27 80.67 83.93 80.93 81.27 74.60 

0.30% 79.07 81.67 84.03 83.27 82.37 75.30 

 

8.5 Conclusions 

This chapter developed a method to form collagen fibrils with D-banding pattern 

which is an important requisite for biomedical applications. A possible explanation from the 

results of these experiments is that self-assembly process of in vitro fibrillogenesis depends to 

a greater extent on the initial collagen concentration and the mixing speed. There should be a 
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proper balance between the initial collagen concentration and the mixing speed where 

concentration is important for the molecular availability and the mixing speed is important for 

the molecular mobility. The end pH is also important, which has been shown to be of greater 

influence than the concentration and the mixing speed. These results indicated that although 

the fibril aggregation is highest at or near the isoelectric pH, the formation of D-banding 

requires a higher pH. However, more experiments are needed to properly describe this factor 

in relation to molecular interactions.  
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Chapter 9. Conclusions and opportunities for future research 

9.1 Conclusions 

The work presented in this thesis was based on building mechanistic knowledge on how the 

fish skin structure and composition relate to the physico-chemical processes of collagen 

extraction. A method was developed to extract biomedical collagen from fish skin based on 

this understanding while presenting guidelines to use this method for variable fish species at 

the industrial level.  

The application of a commercial bovine biomedical collagen extraction method to fish 

skin at laboratory scale and discovering the reasons for failure was the key to developing a 

fish skin collagen extraction method in this work. The heterogenous structure of the fish skin 

was identified as the reason for non-applicability and changes were proposed based on this 

understanding. The method development for fish skin was carried out in a sequence of steps 

because each step depends on the preceding step: pretreatment, collagen extraction, and 

fibrillogenesis.  

Although this biomedical collagen extraction method developed in on the laboratory 

scale has not been scaled-up to the industrial level in the present study, it shows the potential 

industrial application. The process flow diagramme of the developed process is presented in 

Figure 9.1. The process was developed in a way to be simple, cost and time effective, having 

a small number of processing steps, and minimising the water and chemical use. Due to the 

simplicity and non-requirement of high-tech equipment, it is likely that this method can be 

used at small or large-scale processing. Most importantly, the mechanistic knowledge 

developed through the whole study forms the basis on how the processing conditions should 

be adjusted to the fish species of interest.  

One key process condition is the need to carry out processing well below the thermal 

denaturation temperature. For cold-water fish such as Tarakihi and Ling, this should be around 

4 ͦC. Note that low temperatures are also likely to be needed to avoid microbial growth during 

processing. 

The need for swelling of the fish skin during pretreatment was identified as the driving 

force for a successful removal of non-collagenous proteins and fats. This swelling was 

achieved by using Sodium hydroxide as the pretreatment agent. The developed pretreatment 

process uses only two washes with a Sodium hydroxide solution followed by neutralisation 

with hydrochloride acid, and removal of residual salts by a water wash. This procedure is 

efficient in water use, chemicals, and time as well.   

The mechanistic approach taken to study the collagen solubilisation process from fish 

skin formed the knowledge of the relationship between the behaviour of fish skin and changes 

in the extraction medium during the collagen solubilisation. Maintaining an upper limit of pH 

4 during extraction, obtaining maximum swelling of skin, attaining a manageable viscosity 

after homogenisation to achieve maximum dissolution of skin were all found to be important 

processing objectives. The use of a hydrochloric acid solution with an initial pH 2 was shown 

to be successful to achieve this while maintaining the native triple-helical collagen structure.  
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Figure 9.1 The process flow diagramme of the fish skin collagen extraction process developed in this 

study.  
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It is expected that the swelling will be different for other fish species, causing 

differences in skin solubility, pH during extraction and viscosity. Therefore, it is likely that 

the process conditions will need to be adjusted for different fish species of interest. It is likely 

that the above processing objectives can be achieved by using a hydrochloric acid solution 

with initial pH 2 and checking that the solution pH during extraction does not exceed pH 4. 

This is an easy way of adjusting this method for any fish species even without knowledge 

about the behaviour of its skin in the extraction medium.  

The pigment removal was not successful by the pretreatment process developed in 

this study, causing a discolouration in the collagen fibrils after first fibrillogenesis. However, 

it opened a pathway to re-think the need for pigment removal, whether to improve only the 

colour or, both purity and colour. With this understanding, a second extraction was introduced 

to remove pigments to achieve improvement in both colour and purity. This was successful 

while still maintaining the triple-helical conformation. This result showed the opportunity for 

processing fish skins having a high amount of skin pigments if sufficient pigment removal 

was not achieved during the pretreatment step.  

The native D-banding pattern of collagen fibrils which is essential for biomedical 

applications so was the ultimate focus.  This was achieved through studying the underlying 

mechanisms governing the fibril morphology. A proper balance between the initial collagen 

concentration and mixing speed was found to be an important determinant of molecular 

availability for fibrillogenesis. Interestingly, the native D-banding occurred at a higher pH, far 

away from the isoelectric pH, and was influenced by the initial collagen concentration and 

mixing speed. It is likely that different molecular interactions play a role in forming D-banding 

at a pH higher than the isoelectric pH. Although some efforts were made in this study to 

describe the underlying mechanisms of forming D-bands, more experiments are needed to 

properly describe this factor in relation to molecular interactions.  

The best conditions for forming collagen fibrils with native D-banding pattern 

according to those found in this study were: an initial collagen concentration of 0.30% in 

0.01M hydrochloric solution, adding 0.1 M Sodium hydroxide until pH 9.3 with a gentle 

mixing and keeping for 24 h at 4°C. Collagen with native D-banding can be obtained from the 

skin of any fish species of interest once these processing conditions are used. However, it 

cannot be predicted from this study how the fibril structure would be changed when these 

conditions are altered.  

 It is important to mention some issues that should be considered in using this 

method at small or large-scale processing. One important aspect is the filtering mechanism of 

the skin after each pretreatment step. In the present study, the skin was separated from the 

pretreatment solution by keeping the solution undisturbed until the skin pieces settle in the 

bottom, decanting the solution as much as possible, and then sieving the skin through a 

stainless steel filter. This approach was taken to avoid the trapping of fat back onto the skin 

after it been removed into the solution. This method was not that successful to avoid re-

trapping the fat, therefore it is proposed to investigate a possible alternative to separate the 

skin. 

Another aspect is the homogenisation method. In the present study this was done using 

a hand blender, but at the industrial-scale it can be replaced with a homogeniser. Foams can 
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form during homogenisation due to void space. Therefore, it is recommended to consider this 

aspect as well. 

Mixing the collagen solution during fibrillogenesis is another important aspect. A 

turbulent flow should be avoided as it can break the fibrils. There should be a method to have 

a laminar flow with a gentle forward and backward mixing. Therefore, designing a rocking 

mixer considering these aspects is proposed for industrial-scale.   

The term ‘biomedical collagen’ lies in a spectrum of structure, toxicology, 

biocompatibility and cell viability. The method developed in the present study was focused 

on confirming the native D-banding pattern, and it was successful. However, it is suggested 

to test the other aspects before confirming this collagen as ‘biomedical-grade collagen’. 

9.2 Opportunities for future research   

While this work has contributed to an improved understanding of the collagen extraction 

process from fish skin for potential biomedical applications, it also highlights some areas 

which need further research for a more complete understanding and to develop a more 

complete industrial process. They are listed below. 

 The initial water washing of the minced skin was done until the washed water ran 

clean to remove any remaining scales or attached muscles. It was observed that some 

fat is removed while washing, however, this washing process was not studied in the 

present study in relation to the amount of fat and non-collagenous proteins that can be 

washed off. It is likely that a proper optimisation study can be done on initial water 

washing with the objective of minimising water use for cleaning.  

 The viscosity of the collagen solutions were found to be important in the 

fibrillogenesis process to form fibrils with a D-banding pattern, however, it was not 

studied (except in terms of initial concentration) in the present study. Therefore, 

rheology experiments while combining the effect of mixing speed are suggested for a 

better understanding of the effect of viscosity of collagen solutions on the fibril 

morphology. This study can also look into different collagen concentrations, shear 

rates, and the dependence of Sodium hydroxide concentration on these factors to 

increase the medium pH.   

 It was evident from the present study that the fibril morphology, particularly the D-

banding pattern has not shown a relationship with the turbidity. There may be an effect 

of time, but the evidence from this study is insufficient to prove it. There is an 

opportunity to study this effect and relate it to possible molecular interactions.  

 The process temperature used in this study was 4°C, and it was not allowed to increase 

the medium temperature above 10°C, for example, during homogenisation. It is 

suggested to test the effect of temperature, especially on the fibril morphology as 

fibrillogenesis is an entropy-driven process. And also, it will be important at the 

industrial-scale to minimise energy use. However, it is recommended to maintain the 

temperature below the onset temperature of thermal denaturation.  

 It is suggested to do a scaling-up study of this method for pilot scale and industrial-

scale.   
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 Although the method developed in this study is particularly intended for biomedical 

collagen extraction, there is likely to be a greater opportunity of using this method as 

a reference for marine collagen processing for other applications such as cosmetics. 

 There were some innovative low-cost techniques introduced in this study such as 

measurement of swelling and measurement of skin solubility which may be useful 

techniques for similar or different types of research. 
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