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membranes at Day 14 and 42. (A) Reconstruction of the defects using 
micro-CT taken at Day 14 and 42 for each of the test samples. Dotted 
circle represents initial defect diameter of 10mm, pink colour represents 
regenerated bone.  Images shown here are representative of the samples.  
(B) Scoring of extent of bone union on the calvarial defects (n=6 per 
group) after 42 days. Scoring: 0– No bone formation within defect; 1– 
Few bony spicules dispersed through defect; 2– Bony bridging only at 
defect borders; 3– Bony bridging over partial length of defect; 4 – Bony 
bridging entire span of defect at longest point (10 mm) [339] 
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Figure 6.7 H&E staining of cross section of the defect site at Day 14. A) Sham, B) 
DTS, decellularized tilapia skin C) CETC, cross-linked electrospun 
tilapia collagen. The region of interest is indicated by a black box and 
is magnified. Scale bar represents 250µm 
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Figure 6.9 Cell attachment and proliferation were evaluated with AlamarBlue 
assay at Day 1, 3 and 5 after human dermal fibroblasts (HDFs) were 
seeded onto tilapia skins treated in different conditions. The 
fluorescence level was used as an indication of relative metabolic 
activity of HDFs. Blank = polystyrene well plate. No significant 
difference (p < 0.05) were observed between groups at each time point 
and between time points for each group. DTS = Decellularized tilapia 
skin; DTS-N = Alkali-treated decellularized tilapia skin. 
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Figure 6.10 Cell attachment and viability were evaluated with Live/Dead® 
cytotoxicity kit at Day 1 and 5 after human dermal fibroblasts (HDFs) 
were seeded onto tilapia skins treated in different conditions. Live cells 
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Figure 6.11 Murine wound healing model. (A) View of the mouse immediately after 
surgery. (B) View of the same mouse one week later, after sacrifice. In 
this model two full thickness wounds are created on either side of the 
midline allowing each mouse to serve as their own control. The left 
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Figure 6.12 Wound healing in BALB/c mice. (A) Representative images of skin 
wounds after treatment with native tilapia skin, DTS (decellularized 
tilapia skin), DTS-N (alkali-treated decellularized tilapia skin) or 
Duoderm, with untreated wounds as control (n = 3). The circular splint 
has an inner diameter of 6 mm and an outer diameter of 12 mm. For 
wounds with detached splints, the inner circumference of the splint was 
indicated with a blue dashed line. (B) Wound area quantified at 1 week 
and 2 weeks after surgery. 
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Summary 

Collagen is a popular biomaterial in tissue engineering due to its natural abundance and 

excellent biocompatibility. However, most commercial collagen comes from porcine and 

bovine sources, which have a risk of transmissible diseases and are unsuitable for patients with 

religious restrictions. Fish-derived collagen scaffolds are gaining attention due to their low 

immunological risk and the abundance of collagen in fish waste such as skin and scales. Among 

the various fish types, Nile Tilapia (Oreochromis niloticus), a tropical freshwater fish native to 

Africa, is lauded as a promising source of collagen due to its rapid growth rate and high protein 

content. Tilapia collagen scaffolds can be formed by reconstituting collagen extracted from 

tilapia skin, or by removing cells from tilapia skin in a process known as decellularization. 

While reconstituted tilapia collagen had been studied in tissue engineering, there was very little 

information on the decellularization of tilapia tissues. This revealed a great potential and 

novelty for decellularized tilapia skin to be used as a tissue engineering scaffold and to address 

the growing demand for tissue constructs. In this thesis, we hypothesized that (1) tilapia skin 

could be decellularized using appropriate treatments to yield an acellular scaffold, (2) the 

decellularized tilapia skin (DTS) would possess favourable physical and biological properties, 

and (3) the DTS would be suitable as a scaffold in tissue regeneration. 

As collagen accounts for more than 90% of the dry weight of the extracellular matrix (ECM) 

in most tissues including fish skin, the properties of tilapia collagen was studied via 

bioinformatics characterisation and development of a crosslinked electrospun tilapia collagen 

(CETC) scaffold, to facilitate the understanding of tilapia skin ECM in subsequent experiments 

and to compare the advantages and disadvantages between collagen reconstitution and 

decellularization. The bioinformatics characterisation revealed a high level of conservation 

between tilapia collagen and mammalian collagen, suggesting that tilapia collagen would be 
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well-tolerated by mammals. We also successfully electrospun tilapia skin collagen into well-

defined nanofibrous mats using a novel non-toxic PBS/ethanol solvent, and demonstrated that 

the CETC scaffold was non-cytotoxic and support cellular proliferation.  

To develop tilapia skin into a decellularized scaffold suitable for tissue engineering, the 

decellularization process had to be designed and optimised to maximise the removal of 

immunogenic cellular materials and to minimize damage to the extracellular matrix. We had 

demonstrated that a combination of enzyme and detergent treatments were effective in 

decellularizing tilapia skin, with 99.6% of the DNA removed and 69.3% of the collagen 

retained. The optimized decellularization protocol did not adversely affect the structural 

morphology, mechanical properties and denaturation temperature of the decellularized tilapia 

skin (DTS), although the mechanical properties of tilapia skin were discovered to be dependent 

on the location of the skin and the direction of pull.  

The DTS was demonstrated to have a lower immunogenic potential than native tilapia skin, a 

low cytotoxicity and a high cellular biocompatibility towards murine fibroblasts L929, which 

exhibited increasing metabolic activity over time after seeding onto DTS. The DTS also did 

not induce long-term inflammatory responses after the acute inflammation phase in the rat 

subcutaneous implant model, as shown by the expression of pro-healing cytokines and the 

decrease of pro-inflammatory cytokines at the late time-point of Day 14.  

To determine the suitability of DTS for tissue engineering, DTS was evaluated as a barrier 

membrane in guided bone regeneration, a dental surgical procedure to restore bone tissue in an 

alveolar defect, together with CETC. In osteogenic cell culture studies, both DTS and CETC 

supported the proliferation, differentiation and mineralization of murine pre-osteoblast cells, 

while micro-CT results in a rat calvarial defect model revealed that both DTS and CETC led 

to improved bone regeneration compared with the empty control.  
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DTS was also evaluated as a wound dressing in full-thickness skin wounds. As DTS was found 

to be more immunogenic than CETC and inferior to CETC in terms of in vitro and in vivo 

osteoinduction in the guided bone regeneration studies, DTS was subjected to an additional 

alkali treatment in an attempt to improve its biocompatibility. The alkali-treated DTS (termed 

as DTS-N) was demonstrated to have a lower immunogenic potential and improved cellular 

biocompatibility to human dermal fibroblasts (HDFs), compared to DTS. Results from the 

murine full-thickness skin wound model revealed that DTS induced a better healing rate than 

native tilapia skin, and an additional alkali treatment further improved the wound healing rate, 

as demonstrated by the smaller mean wound area in the DTS-N group than that of the DuoDerm 

group on Day 14, as well as the formation of a continuous epidermal layer in the DTS-N group 

observed in the histological sections.  

In summary, this thesis illustrated the functionality of DTS in various tissue engineering 

applications, supported by in vitro and in vivo evidences, and the findings of this study proved 

the hypothesis that tilapia skin can be decellularized to produce an acellular scaffold, the 

decellularized tilapia skin (DTS) possesses favourable physical and biological properties, and 

the DTS is suitable as a scaffold in tissue regeneration. Moving forward, we aim to improve 

the decellularization process by using electricity as a novel decellularization strategy to reduce 

processing time and reduce chemical waste. We would also like to propose doing further 

biochemical characterisation of the substances in tilapia skin, investigating the antimicrobial 

properties of DTS, using supercritical carbon dioxide to achieve decellularization and 

sterilization in a single treatment, and looking into decellularizing tissues from other fish 

species. The findings in this thesis and subsequent works would help to meet the increasing 

need for tissue constructs especially from patients who are unable to take mammalian products, 

and transform fish waste into useful and valuable biomaterials.  
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1 Introduction 

1.1 Background 

 Regenerative medicine and tissue engineering  

Regenerative medicine is a rapidly developing field in the health sciences which aims to restore 

normal functions in a non-functional tissue or organ [1, 2]. With the incidence rate of tissue 

failure due to diseases and aging projected to increase worldwide, there is a great demand for 

regenerative medicine to relieve the burden and improve the quality of life for patients with 

tissue failure. Tissue engineering, an interdisciplinary field devoted to the manufacture of tissue 

constructs ex vivo to replace non-functional tissues, serves a vital role in regenerative medicine 

due to its potential to address the shortage of autologous grafts and donors, as well as the 

potential to satisfy unmet medical needs [3].  The term “tissue engineering” was first introduced 

at a panel meeting of the National Science Foundation in 1987 and was further defined by 

Langer and Vacanti in 1993 [3, 4]. Since then, tissue engineering has progressed into a thriving 

industry involving over 100 companies, employing 14,000 people and generating nearly 4 

billion US dollars in sales as of 2011 [5], and the field is constantly growing due to increasing 

needs.  

In tissue engineering, the development of a successful tissue construct depends on one or a 

combination of these five tenets: scaffolds, cells, growth factors, bioreactors, and bioimaging 

[6]. In particular, the scaffold plays an essential role in a tissue construct as it forms the 

structural framework to facilitate tissue regeneration processes and provide mechanical 

stability in the implantation site [7]. A scaffold is defined as a three-dimensional porous solid 

biomaterial designed to perform some or all of these roles: (i) possess physical properties 

suitable for the intended application, (ii) promote cell proliferation, (iii) allow diffusion of 
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nutrients and bioactive molecules, (iii) biodegrade at a controllable rate to allow regenerated 

host tissue to take its space, and (iv) possess minimal toxicity and immunogenicity [8]. Typical 

tissue engineering scaffolds can be composed of synthetic polymers (e.g. polylactic acid, 

polyglycolic acid, and polycaprolactone) and/or natural materials (e.g. collagen, alginate, and 

chitosan). Synthetic polymers offer the advantages of controllable mechanical properties and 

degradation kinetics, while natural materials have the advantages of inherent bioactivity and 

low cytotoxicity [9].  

 Extracellular matrix (ECM) 

Many tissue engineering scaffolds are designed to mimic the native extracellular matrix (ECM), 

which is composed of structural and functional molecules organized in a three-dimensional 

structure unique to each tissue [10]. The ECM give tissues and organs their shapes, and provide 

a home for the cells that form tissues and organs. The ECM plays a pivotal role in tissue 

development as it creates the cellular microenvironment, provides structural information and 

biochemical cues to cells, regulates signalling activities, and influences cell behaviour 

including cell shape, migration, proliferation and differentiation via cell-ECM interactions [11]. 

Studies have shown that the ECM can function as an inductive scaffold for tissue regeneration 

due to the presence of bioactive molecules that support cellular and physiological functions. A 

number of these bioactive molecules, such as collagen, fibronectin, laminin, and hyaluronic 

acid, are commonly used in the fabrication of tissue engineering scaffolds [10, 11]. Among 

these ECM-derived molecules, collagen is the most widely used in tissue engineering as it is 

the most abundant component of the ECM, making up more than 90% of the dry weight of the 

ECM in most tissues and organs [12]. Collagen is also the most abundant protein in human and 

vertebrate animals, making up 25-35% of the total protein mass [13]. 
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 Fish collagen in tissue engineering 

Collagen is a popular biomaterial in tissue engineering due to its excellent biocompatibility and 

biodegradability. However, most commercial collagen comes from porcine and bovine sources, 

which may introduce a potential risk of transmissible mammalian diseases such as bovine 

spongiform encephalopathy (BSE) [14, 15]. Porcine and bovine collagen is also unsuitable for 

patients with religious or dietary restrictions. In view of the limitations of mammalian collagen, 

there is a growing interest in alternative sources of collagen, with fish collagen gaining 

prominence due to the large amounts of fish waste generated by the fish-processing industry 

[16]. The discarded fish scales and skins often contain a high amount of collagen, which is 

under-utilized. Among the various type of fishes, Nile Tilapia (Oreochromis niloticus), a 

tropical freshwater fish native to Africa, seems to be a promising source of collagen considering 

its popularity in modern fish farms, rapid growth rate and high protein content [17]. Ever since 

tilapia collagen was identified as a potential biomaterial in tissue regeneration, studies has been 

done to investigate the biological safety and biocompatibility of tilapia collagen. Not only was 

tilapia collagen proven to be biologically safe, it was also proven to be suitable for tissue 

engineering applications such as corneal regeneration and skin regeneration [18-20].  

In tilapia, type I collagen can be found abundantly in the skin and scales [21]. In order for 

tilapia collagen to be usable, it needs to be solubilised from the skin or scales with an acid or a 

proteolytic enzyme. The solubilised collagen can then be converted into tissue engineering 

scaffolds by the removal of the solvent and the crosslinking of the collagen molecules to form 

a solid porous structure to support cell attachment and nutrient diffusion. Among the various 

methods of collagen scaffold production, electrospinning is increasingly employed because the 

nanofibrous architecture of the electrospun membranes mimics the structure of extracellular 

matrix (ECM), and the structural morphology and biochemical properties of the electrospun 

membranes can be easily adjusted by varying the solution composition and spinning parameters  
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[22]. The nanofiber membrane can be stabilized by physical or chemical crosslinking treatment 

to preserve its structure and mechanical integrity. There have been numerous studies that 

reported the use of crosslinked electrospun collagen scaffolds in tissue regeneration, but almost 

every study utilised mammalian collagen [23, 24]. Prior to this thesis, there was only one study 

on crosslinked electrospun tilapia collagen, which was reported to improve skin regeneration 

in vitro and in vivo [20]. There was limited information on the cytotoxicity and immunogenicity 

of crosslinked tilapia collagen, as well as its suitability for other clinical applications. In 

addition, most electrospinning processes involved the use of toxic solvents such as hexafluoro-

isopropanol, and there is a motivation to develop greener solvents to reduce the impact on 

health and environment. In our opinion, obtaining more information on the biological 

properties of crosslinked tilapia collagen, exploring new clinical applications and improving 

the safety of scaffold fabrication would allow fish collagen-derived biomaterials to become an 

attractive alternative to current mammalian collagen products.  

 Decellularized fish tissues in tissue engineering 

Another approach to obtain collagen scaffolds from tilapia skin or scales is the removal of cells 

from the tissue, leaving behind an acellular matrix with a preserved structure consisting of 

mainly collagen. This method of cell removal, known as decellularization, have been used 

extensively to derive acellular tissues and organs for a variety of clinical applications, such as 

reconstruction of damaged/diseased tissues and wound healing [25-27]. Due to a shortage of 

human donors, animal tissues, especially porcine and bovine tissues, are often used to derive 

acellular matrix. As mentioned previously, porcine and bovine tissues may be a source of 

transmissible diseases and are unsuitable for patients with religious restrictions. As a result, 

fish scales and fish skin, usually discarded by the fish processing industry, are seen as a novel 

and abundant source of decellularized tissues. Currently, the market of decellularized tissues is 
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dominated by mammalian sources and the number of studies done on decellularized fish tissues 

is limited, as shown in the search results in Table 1-1. Hence, there is a great potential for 

decellularized fish tissues to be used as a non-mammalian alternative in tissue engineering.  

Table 1-1: Number of results based on the following search terms in scientific database Web of Science 
(https://apps.webofknowledge.com) and biomedical database PubMed (https://www.ncbi.nlm.nih.gov/pubmed). 
Search was performed on 01 Feb 2019. 

Search term Web of Science PubMed 
“Collagen” 219053 209864 

“Decellularization” 1697 1422 
“Decellularized” 2971 2594 

“Collagen” AND “Fish” 2469 2032 
“Decellularization” AND “Fish” 2 3 

“Decellularized” AND “Fish” 8 8 
 

To obtain an acellular scaffold from fish skin, the skin has to be subjected to a series of physical, 

chemical and enzymatic treatments to remove as much cellular materials as possible while 

preserving the native structure of the extracellular matrix (ECM). The presence of contaminants 

such as nucleic acid, the structural integrity of the ECM, and the biocompatibility and 

cytotoxicity have to be evaluated before the acellular scaffold can be used for tissue 

engineering. While decellularized cod skin has been developed by Kerecis, an Icelandic 

medical device company, and approved for clinical use as a wound dressing by the United 

States Food and Drug Adminstration (US FDA) [28], there are no other reports on 

decellularized fish skin to our knowledge. In view of the dramatic decline in cod population 

globally due to overfishing and the long time required (2 to 4 years) for cod to reach maturity, 

more sustainable and faster-growing fish species are desired as a source of decellularized 

tissues [29]. Nile tilapia (Oreochromis niloticus) is seen as an attractive and economical 

alternative, as tilapia is farmed in more than 100 countries and valued for its rapid growth and 

high protein content. Also, collagen extracted from tilapia skin and scales have been reported 

to possess numerous benefits, including a high denaturation temperature and favourable 
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biological properties [30]. While there were already numerous studies on tilapia collagen in 

food science and a small but increasing number of studies on tilapia collagen for biomedical 

applications, there was no prior reports on the decellularization of tilapia skin. In the author’s 

opinion, decellularized tilapia skin would be an economical and effective non-mammalian 

alternative to acellular mammalian matrix for tissue regeneration. 

1.2 Objective and specific aims 

Given the lack of prior studies on decellularized tilapia skin, the main objective of this thesis 

was to develop tilapia skin into an acellular scaffold and investigate whether decellularized 

tilapia skin could serve as an effective scaffold for tissue regeneration. In line with this 

objective, the thesis focused on the following specific aims: 

Specific Aim 1: To investigate the properties of tilapia collagen and to develop a crosslinked 

electrospun scaffold from tilapia collagen  

Specific Aim 2: To develop an acellular scaffold from tilapia skin by decellularization 

Specific Aim 3: To evaluate the physical, chemical and biological properties of decellularized 

tilapia skin (DTS), using crosslinked electrospun tilapia collagen (CETC) as a comparison 

Specific Aim 4: To investigate the suitability of DTS for two selected clinical applications - 

guided bone regeneration (GBR) and full-thickness skin wound regeneration 

1.3 Hypotheses 

Hypothesis 1: Tilapia collagen can be electrospun and crosslinked into a scaffold which is 

highly biocompatible.    
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Hypothesis 2: Tilapia skin can be decellularized using appropriate treatments to yield an 

acellular scaffold with preserved extracellular matrix. 

Hypothesis 3: The decellularized tilapia skin (DTS) possesses favourable physical and 

biological properties, and is less immunogenic than native tilapia skin. 

Hypothesis 4: The DTS is suitable as a scaffold in tissue regeneration, with favourable tissue-

scaffold interactions.  

1.4 Novelty and significance 

While the use of fish collagen has been widely reported in the fields of food science and 

cosmetics, the use of fish biomaterials in tissue engineering and regenerative medicine is 

currently overshadowed by the presence of numerous mammalian products, as shown by the 

search results in Table 1-1. Fish biomaterials have a great potential to replace mammalian 

biomaterials in medical applications as they offers similar benefits and properties without the 

limitations faced by mammalian biomaterials. In particular, the novelty of the thesis lies in the 

development and evaluation of acellular scaffolds from tilapia skin, which has not been 

reported prior to this thesis. The results from this research would aid in improving our 

understanding of fish-derived biomaterials, and increase the impact of fish-derived 

biomaterials in regenerative medicine. 

With a substantial amount of fish weight (about 75%) in the form of skins, scales, bones, fins, 

heads and guts discarded in the fishing industry [16], one significance of my research is the 

transformation of some of these wastes into useful and safe biomaterials for tissue engineering 

applications to increase revenue and reduce wastage. For patients who are unable to use 

mammalian products due to religious or health reasons, fish-derived biomaterials are seen as a  
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practical and economical alternative. The 1.8 billion Muslims and 1.1 billion Hindus in the 

world, making up 24.1% and 15.1% of the global population respectively as of 2015 [31], 

contribute a significant market for fish-derived biomaterials, and so does the small but 

increasing number of people who have developed allergy to mammalian tissues [32]. The 

ability to provide a solution to these patients is another significance of my research. 

1.5 Scope of thesis 

Chapter 1 provides a brief introduction on regenerative medicine and fish biomaterials, and 

also lists the objectives, hypotheses and scope of this thesis. 

Chapter 2 provides a literature review on tissue engineering scaffolds derived from collagen 

and decellularized tissues, with a focus on fish biomaterials, especially from Nile tilapia.  

Chapter 3 focuses on the properties of tilapia collagen and the development of a crosslinked 

electrospun scaffold from tilapia collagen. 

Chapter 4 focuses on the decellularization of tilapia skin, the optimisation of the 

decellularization process, and the characterisation of the decellularized tilapia skin. 

Chapter 5 evaluates the cytotoxicity and immunogenicity of the crosslinked electrospun tilapia 

collagen (CETC) and decellularized tilapia skin (DTS). 

Chapter 6 investigates the suitability of CETC and DTS in selected tissue engineering 

applications, namely guided bone regeneration (GBR) and skin wound healing. 

Chapter 7 presents a conclusion of this thesis with recommendations on future work. 
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2 Literature review 

2.1 Collagen – Structure, Synthesis & Degradation 

Collagen, the main structural protein in the ECM of animal tissues, is responsible for 

maintaining biological and structural integrity of the ECM. Ubiquitously found in various 

animal species and relatively conserved across species at the gene level, collagen is the most 

abundant high molecular weight protein in vertebrate organisms, particularly in mammals 

where collagen can constitute up to 25% of total proteins [33]. Due to its numerous advantages 

such as good biocompatibility, low immunogenicity, wide availability and biodegradability, 

collagen is a popular biomaterial for biomedical applications, such as drug delivery, wound 

healing, and tissue regeneration [34, 35]. There are more than 20 types of collagen, all 

displaying a typical triple helix structure but there are slight differences in structural and 

hierarchical organization. Among them, type I collagen is most commonly exploited in 

biomedical applications due to its abundant distribution in animal skin, bones, tendons, 

ligaments and cornea [36].  

Despite the structural diversity among the different collagen types, all collagen molecules have 

a common structure, which is a right-handed triple alpha helix consisting of three polypeptide 

α-chains. For example, mammalian type I collagen consists of two α1 and one α2 chains, while 

teleost fish type I collagen consists of one α1, one α2 and one α3 chains [37]. Each of these 

chains typically has more than 1000 amino acids and contains at least one series of repeating 

amino acid sequence Gly-X-Y [38, 39]. Glycine, being the smallest amino acid and being 

present on the chain at every third position, allow the three chains to pack tightly around a 

central axis, while the positions X and Y are usually occupied by proline or hydroxyproline 

[40]. Being a unique amino acid present only in collagen, hydroxyproline is formed by the 
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post-transcription hydroxylation of proline and possesses a hydroxyl (-OH) group which 

contributes to intramolecular hydrogen bonding and stabilises the triple helix structure. 

Another unique amino acid present only in collagen is hydroxylysine, which, like 

hydroxyproline, is formed by the post-transcription of lysine. The hydroxyl group on 

hydroxylysine allows the attachment of sugar components to the collagen molecule to form the 

triple-helical structure [41].  

  

Figure 2.1: Structure of collagen from the fibre level to the molecule level. Numbers below each term indicates 
the diameter of the single structure. (Figure adopted from [36] with permission from Elsevier B.V.) 

 

A majority of the collagen in connective tissues is produced by the fibroblast, where a unique 

mRNA is transcribed to form a collagen pro-α chain in the rough endoplasmic reticulum. The 

pro-α chains are then transported to the Golgi apparatus, where some proline and lysine 

residues are hydroxylated to introduce hydroxyl groups for intramolecular hydrogen bonding 

and glycosylation later. As the pro-α chains exit the cell via excretory vesicles, the pro-peptides 

are cleaved and the collagen chains self-assemble into 10-300 nm diameter fibrils, which then 

aggregate into 0.5-3 µm diameter fibres [42]. The self-assembly of fibrils is an entropy-driven 

process where hydrophobic residues are buried within the fibril. The process of self-assembly 

is referred to as fibrillogenesis and has great importance in ECM pathology and tissue 

development [43].  The mature collagen molecules are further stabilised by enzymatic 

crosslinks mediated by lysine hydroxylase and lysyl oxidase, and chemical crosslinks induced 

Tendon fibre
100–500 µm 

Fascicle
50–300 µm 

Collagen fibril
50–500 nm 
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by glycation, oxidation, and disulphide bonding [44]. Although the triple helix is the key 

feature of collagen, the non-helical domains at the ends of the chains are also important. Before 

the cleaving of the pro-α chains, the C-terminus pro-peptides are involved in initiating the 

triple-helix formation and the N-terminus pro-peptides are involved in regulating primary fibril 

diameters [45]. After the removal of the pro-peptides, the short non-helical telopetides at the 

ends of the processed collagen chains are involved in intramolecular cross-linking within the 

fibrils as well as intermolecular cross-linking with other components of the surrounding ECM 

[46]. In summary, the long amino acid sequences of each chain, the tight packing of the chains 

due to glycine, the presence of intramolecular hydrogen bonding due to hydroxyproline, and 

the formation of inter-molecular crosslinks all contribute to collagen’s high mechanical 

strength, one of the main reasons why collagen is a highly valued biomaterial. 

Like most biomaterials, collagen can lose its structural integrity via thermal denaturation, 

chemical reaction or enzymatic degradation. When heat is applied to collagen beyond its 

denaturation temperature, thermal denaturation occurs as the intramolecular hydrogen bonds 

break down and the collagen molecules undergo an irreversible kinetic process to form random 

coiled polymeric chains known as gelatin [47]. The denaturation temperature is the transition 

point where the ordered triple helix structure switches into a random coil structure. It is known 

that the denaturation temperature is dependent on the concentration of hydroxyproline since 

hydroxyproline is responsible for the intramolecular hydrogen bonds within the collagen 

molecule [48]. The degree of hydroxylation of the proline residues in collagen varies among 

different animal species, generally with warm-blooded animals and animals living in warm 

environments having a higher concentration of hydroxyproline in their collagen [15].    

Collagen can also undergo denaturation in the presence of acids, alkalis, detergents and organic 

solvents, which disrupts the intramolecular hydrogen bonds and destabilise the triple helix 
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structure [34]. In addition, degradation of collagen can occur via chemical hydrolysis of its 

amino acid chains in the presence of acids and alkalis. Hence, when a collagen-derived material 

is being processed, it is important to control the temperature and chemical parameters to 

prevent the premature denaturation or degradation of the collagen, so that the structural 

integrity of the collagen is maintained [36]. 

Being a biomolecule, collagen can also undergo biodegradation in vitro and in vivo by cellular 

enzymes [49, 50]. In fact, biodegradability is an important aspect of a biomaterial, as the ability 

of a material to degrade and be replaced by new host tissues prevents the need of a second 

surgery to remove the implanted material [51]. It is also important for the degradation products 

and metabolites of a biomaterial to be non-toxic and be easily eliminated from the body or 

absorbed by the body. Being the most abundant protein in most animals, collagen does not have 

problems in biodegradability and metabolite toxicity. In humans, collagenases such as matrix 

metalloproteinase (MMP) are responsible for most in vivo degradation of collagen [52]. There 

are many types of collagenases, each having a different rate of collagen hydrolysis. In general, 

the proteolytic activity of all collagenases depends on three principles – the ability to bind to 

collagen, the ability to unwind the triple helix, and the ability to cleave each of the three strands 

[53]. In addition, collagen can also be degraded by bacterial collagenases and non-specific 

proteolytic enzymes such as trypsin [41, 54]. Hence, it is important to prevent bacterial 

contamination during processing and implantation of a collagen-derived scaffold, and it is 

important to re-evaluate the rate of degradation if the scaffold is going to be implanted at a site 

with high levels of proteolytic enzymes and/or bacteria, such as the oral cavity or digestive 

tract [55]. To regulate the rate of degradation in these instances, the collagen may need to be 

crosslinked or structurally modified. This will be discussed further in the next section. 
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2.2 Collagen-derived biomaterials 

Thanks to its abundance in various animals and its vital role in providing mechanical functions 

in tissues, collagen is one of the most studied biomolecules and many collagen-derived 

biomaterials have been developed for various medical applications such as tissue regeneration 

and drug delivery [41]. There are two fundamental techniques to obtain collagen-derived 

biomaterials. The first technique is to break down a collagenous tissue to extract collagen 

molecules, which are then purified and reconstituted into structures resembling the ECM. The 

second technique is to remove cells from a collagenous tissue leaving behind an acellular 

collagen matrix with preserved ECM structure, in a process known as decellularization [33]. 

Each of these techniques would be described in detail below. 

 Extraction, purification and reconstitution of collagen 

Despite its high hydrophilicity, native collagen is insoluble in water due to the presence of 

intra- and intermolecular crosslinks in the collagen matrix. To extract collagen molecules from 

tissues, the tissues can be treated with acids (e.g. dilute acetic acid), alkalis (e.g. NaOH 

solutions) or proteolytic enzymes (e.g. pepsin) to break down the crosslinks and release the 

individual collagen molecules [34, 56]. Being water-soluble at room temperature, the collagen 

molecules can be purified by precipitation with neutral salts such as sodium chloride, followed 

by centrifugation and dialysis to obtain a neutral collagen solution. The purification of collagen 

is important as it removes non-collagenous molecules that can cause cytotoxicity and adverse 

immune reactions [57].  

Solubilised collagen molecules have the ability to polymerise spontaneously in vitro into fibrils 

in a thermodynamically-driven process known as “self-assembly” [58]. However, the 

assembled fibrils are mobile in solution and therefore do not possess sufficient mechanical 
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stability. In order to achieve the functions required for clinical applications, the solubilised 

collagen needs to be reconstituted into physical scaffolds by solvent removal and/or 

stabilisation with crosslinking or chemical modification [59]. There is a wide number of 

fabrication techniques to convert solubilised collagen into physical scaffolds, as well as a wide 

number of crosslinking methods. The choice of physical form, fabrication technique and 

crosslinking method depends on the requirements of the application. 

The physical forms of collagen-derived biomaterials can be broadly categorised into four 

groups: (i) hydrogels, (ii) microspheres, (iii) sponges and (iv) membranes/films [34]. The 

currently applied fabrication techniques and applications of each of these physical forms are 

summarized in Table 2-1. 

Table 2-1: Currently applied fabrication techniques and applications for various physical forms of collagen-
derived biomaterials [34] 

Physical form Fabrication techniques Applications 
Hydrogels Physical cross-linking (e.g. UV irradiation), 

chemical cross-linking (e.g. carbodiimide), 
blending with other polymers 

Injectable scaffolds, 3D printed 
scaffolds, cell delivery, drug 
release 

Microspheres Phase separation, emulsification Drug delivery 
Sponges Freeze-drying, solvent casting, phase 

inversion, rapid prototyping 
Tissue regeneration scaffolds, 
drug release scaffolds 

Membranes/films Solvent casting, freeze-drying, phase 
separation, electrospinning 

Wound healing, tissue repair, 
guided tissue regeneration 

 

Due to the hydrophilicity and gelling ability of collagen molecules, collagen can be readily 

fabricated into a hydrogel, which is defined as a three-dimensional network of hydrophilic 

polymer chains swollen by water. Collagen hydrogel has been used in a wide variety of 

applications due to its numerous advantages [60]. Its biocompatibility enables cell 

encapsulation and proliferation; its high water content facilitates diffusion of nutrients and 

waste; its fluidity makes it injectable or 3D-printable, allowing high versatility in its 

applications; and its biodegradability and non-toxicity allow it to be resorbed or eliminated 
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harmlessly [61]. Beside hydrogel, collagen can also be formed into microspheres for drug 

delivery [62]. However, collagen hydrogels and microspheres lack mechanical strength at the 

macro scale and are therefore only suitable for delivery (of cells, drugs, growth factors, 

antibiotics, etc) and soft tissue regeneration  [34].  

To enable hard tissue regeneration and wound/defect protection, collagen needs to be formed 

into a solid physical scaffold, such as sponge, membrane or film. Here are the three most 

common methods to fabricate physical collagen scaffolds. 

• Solvent casting is a fabrication technique where a polymer is dissolved in a solvent, the 

solution is poured into a mold and the solvent is removed, leaving behind the solid 

polymer [63]. Solvent casting is one of the simplest fabrication techniques for polymer 

scaffolds, but such scaffolds are usually dense and compact unless porogens are added 

to the polymer solution and removed after solvent evaporation to yield a porous scaffold 

[64]. For collagen, the solvent is usually water or aqueous buffers, as collagen denatures 

in most organic solvents. The solvent can be removed by evaporation or fluid expulsion 

[56]. An advantage of using solvent casting is the ability to control the thickness and 

uniformity of the scaffold [65]. However, as solubilised collagen is heat-sensitive, 

solvent removal by evaporation has to be done at room temperature or lower 

temperatures, making this method time-consuming. Solvent removal by fluid expulsion 

works by the application of a compressive load on the collagen solution to expel the 

solvent by ultra-filtration via dialysis membrane and/or capillary action via absorbent 

pads, and the resultant construct is referred to as plastic compressed collagen [66].  

• Freeze-drying, or lyophilisation, is a fabrication technique where frozen samples are 

subjected to high vacuum and the ice sublimes directly into water vapour, resulting in 

dry samples with intact structures [67]. Freeze-drying can be performed on collagen 
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solutions to obtain collagen sponges. After the ice sublimes, a porous network of 

collagen sponge remains. The density and porosity of the sponge can be controlled by 

varying the concentration of the collagen solution before freeze-drying and the 

temperature profile of the freezing cycle [68]. One study showed that collagen type I 

scaffold had larger pore size when frozen at -30°C than at -80°C [69]. The lyophilized 

sponge can be used in its porous form or further compressed into a membrane or film. 

• Electrospinning is a fabrication technique which uses an electric field to deposit 

polymer fibres onto a target substrate, and the fibre diameter can be controlled to a 

range from several microns down to 100 nm or less [70]. Electrospinning is increasingly 

employed in the production of collagen scaffolds because the nanofibrous architecture 

of the electrospun scaffolds mimics the porous micro-structure of natural ECM and the 

structural and biochemical properties can be easily adjusted by varying the solution 

composition and spinning parameters [22]. The principles of electrospinning and the 

applications of electrospun scaffolds in tissue engineering will be reviewed in more 

details in section 3.1. 

After the reconstitution of solubilised collagen into a physical form, the collagen-derived 

biomaterial can be crosslinked to stabilise its structure and to enhance its mechanical properties 

and to control the rate of biodegradation [59]. The principle behind a crosslinking reaction is 

the formation of intermolecular covalent bonds by modifying the amine and carboxyl groups 

within the collagen molecules [33]. Crosslinking techniques are broadly categorized into 

physical, chemical and enzymatic crosslinking, as described in detail below. 

• Physical crosslinking usually consists of a thermal source or a high-energy radiation 

source (e.g. ultra-violet or gamma ray) to induce the formation of covalent bonds. Both 

irradiation and dehydrothermal (DHT) treatment leads to an increase in tensile strength 
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but may lead to some fragmentation in the collagen molecules [71]. While irradiation 

is more time-effective than DHT treatment (15 min for UV irradiation versus 3 days for 

DHT treatment), UV irradiation only works for thin or transparent scaffolds [72]. 

Gamma irradiation can penetrate through thick scaffolds but may cause more collagen 

fragmentation due to its high energy [36, 41]. 

• Chemical crosslinking consists of a wider variety of techniques compared to physical 

crosslinking. The most common class of chemical crosslinker is aldehydes, such as 

formaldehyde and glutaraldehyde. In particular, glutaraldehyde is the most utilised 

method to crosslink collagen-derived biomaterials [73]. Other classes of commonly 

used chemical crosslinker include carbodiimides and isocyanates. While chemical 

crosslinkers are effective in enhancing the mechanical properties of collagen, they are 

inherently toxic and any trace residues can induce cytotoxicity and adverse immune 

reactions in the recipient [74, 75]. Genipin, a plant-derived crosslinker, has a potential 

to replace conventional chemical crosslinkers due to its low toxicity, but its use is 

limited by its high price [76]. 

• Enzymatic crosslinking consists of bond-forming enzymes such as transglutaminase. 

Crosslinking enzymes have the advantage of being less toxic and leaving no chemical 

residues [77]. However, such enzymes may not be able to assess the interior of dense 

and thick scaffolds, leading to incomplete or uneven crosslinking. The enzymes may 

also be difficult to remove from the crosslinked scaffolds and the residual enzymes may 

provoke adverse immune response [78]. 

Besides crosslinking, solubilised collagen can also be blended with other polymers to enhance 

the mechanical properties. One method is to promote the formation of ionic bonds by blending 

collagen with an ionic polymer such as chitosan and alginate. Chitosan creates ionic bonds 

between the amine and carboxyl groups of collagen, which are strong enough to provide 
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mechanical strength [79]. Alginate has the ability to form gel in the presence of calcium ions, 

and the collagen molecules can be immobilised in the alginate-calcium matrix [80]. Another 

method is to blend collagen with a strong polymer such as poly-caprolactone and the copolymer 

mixture can be solvent casted or electrospun to obtain a mechanically strong and yet porous 

scaffold [81, 82].  

 Decellularization of collagenous tissues 

Another way to obtain a collagen-derived biomaterial is decellularization, where cells are 

removed from a tissue or an organ, leaving behind the ECM which comprises of a complex 

network of collagen and other structural and functional proteins [27, 83]. This intact acellular 

matrix can be used as a scaffold to support cell proliferation and eventually tissue regeneration, 

and would be tolerated well even by xenogenic recipients as the components of the ECM are 

generally conserved between species [84]. Although individual ECM components such as 

collagen, fibronectin and laminin have been isolated and applied successfully in tissue 

engineering, utilizing decellularized ECM has the advantage of having structural and functional 

molecules in their native three-dimensional arrangements and in similar compositions as in 

nature [25]. Most tissue engineering scaffolds were designed to mimic the ECM and there has 

even been attempts to produce ECM analogs with individual ECM components and/or 

synthetic materials [85, 86], but the complexity of the ECM and the diversity of its component 

makes the ECM difficult to replicate in vitro. Hence, the decellularization of the ECM would 

be an effective method to obtain scaffolds for tissue engineering applications.  

Ideally, the decellularization process should remove all cellular and nuclear materials which 

can trigger immune reactions in the host recipient, while preserving the architecture, 

mechanical integrity and biological activity of the remaining ECM . However, any processing 

step with the aim of removing cells from a tissue will inevitably alter the native structure and 
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composition of the ECM [87]. The challenge in decellularization is to determine the optimal 

methods to minimise disruption of the ECM while achieving efficient removal of cellular 

materials. There are many methods of decellularization, which are categorized into physical, 

chemical and enzymatic methods. The mode of action and effect on ECM of each method are 

briefly described in Table 2-2.  

Table 2-2: Commonly used methods of decellularization of animal tissues, their modes of action and their effects 
on ECM [26, 27] 

Method Modes of action Effects on ECM 
Physical   
Freeze-thaw Disrupts cell membrane via 

expansion of ice crystals 
Can damage ECM by multiple 
freeze-thaw cycles 

Force & pressure Bursts cell membrane and disperses 
cellular contents 

Can damage ECM by abrasion 

Mechanical agitation Facilitates exposure to chemicals/ 
enzymes and disperses cellular 
contents 

Can damage ECM by aggressive 
agitation 

Electroporation Destabilise cell membrane and burst 
cells with electrical pulses 

Slow removal of cellular debris 
from ECM 

Chemical   
Acids & bases Solubilise cellular components, 

disrupt nucleic acids 
Remove GAGs, can damage 
collagen 

Non-ionic detergents 
(e.g. Triton X-100) 

Disrupt lipid-lipid and lipid-protein 
interactions but not protein-protein 
interactions 

Variable cell removal, efficiency 
dependent on time 

Ionic detergents (e.g. 
sodium dodecyl sulfate 
(SDS), sodium deoxy-
cholate) 

Solubilise cell membrane and 
nuclear membrane, disrupt nucleic 
acids, denature proteins 

Tend to damage ECM structure, can 
denature collagen, can lead to 
cytotoxicity if not washed away 
thoroughly 

Organic solvents Dissolve cell membrane, disrupt 
protein-protein interactions such as 
hydrogen bonds and hydrophobic 
interactions 

Variable cell removal, can disrupt 
ECM proteins 

Hypotonic/hypertonic 
solutions 

Cause cell lysis by osmotic shock Does not remove cellular 
components efficiently 

Enzymatic   
Proteases (e.g. dispase, 
trypsin, collagenase) 

Catalyses the hydrolysis of peptide 
bonds 

Can disrupt ECM structure, can 
remove ECM proteins (e.g. laminin, 
elastin, etc) 

Nucleases Catalyses the hydrolysis of nucleic 
acids 

Difficult to remove from ECM and 
can cause cytotoxicity if not 
removed completely 
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Physical methods such as freeze-thaw processing and mechanical force can easily disrupt cell 

membranes but physical methods alone are inefficient in getting cellular materials out of the 

ECM and can cause damage to the ECM structure and mechanical properties [88]. Chemicals 

such as ionic solutions and detergents can solubilize and dissociate cellular materials from the 

ECM, but the chemicals can damage the ECM after long exposures and can cause cytotoxicity 

if the decellularized tissue is not properly rinsed [87]. Enzymes such as nucleases and proteases 

offer high specificity in the removal of undesirable residues, but it is difficult to achieve 

complete cell removal with enzymes alone and residual enzymes left by incomplete washing 

may trigger adverse immune responses [26]. Enzymes may also be inhibited by native protease 

inhibitors released from the lysed cells and lose activity over time [89]. Hence, an effective 

decellularization protocol normally consists of a combination of physical, chemical and 

enzymatic methods with thorough rinsing after each step to maximise the benefits and 

minimize the drawbacks of each individual method. 

After decellularization, it is important to determine the extent of removal of cellular 

components in the decellularized tissue, as certain cellular components can contribute to 

cytotoxicity and cause adverse host responses during implantation [90]. Although it is 

impossible to remove 100% of cellular components in any decellularization methods, it is 

generally acceptable for residual cellular materials to fall below the threshold concentration 

required to elicit adverse cell and host responses. Among the various cellular components, 

double-stranded DNA (dsDNA) is most commonly quantified as dsDNA is present in all cell 

types and its quantity is directly proportional to the number of mononuclear cells or the amount 

of residual cellular materials [91]. DNA can be readily detected quantitatively using 

commercially available assay kits or qualitatively using routine histologic staining or 

immunofluorescent methods. 
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Based on a compilation of findings among scientists performing decellularization processes, 

the following criteria were established as accepted standards for defining the success of a 

decellularization process [26, 27]:  

• The amount of dsDNA is less than 50 ng per mg ECM (dry weight). 

• The length of the DNA fragments was less than 200 base pairs. 

• Histological tissue sections stained with hematoxylin & eosin (H&E) or 4’,6-

diamindino-2-phenylindole (DAPI) show a lack of visible nuclear material. 

Besides DNA, antigens such as galactose-alpha-1,3-galactose (alpha-gal) and major 

histocompatibility complex I (MHC-I) can also be quantified to determine the extent of 

decellularization of animal tissues, as the purpose of decellularization is to remove antigenic 

components from a tissue to minimise its immunogenic potential [92, 93]. However, 

quantifying these antigens may not reveal the actual immunogenic potential of the 

decelluarized tissues, as there are other antigens that are not detected, and methods to identify 

unknown antigens can be expensive and time-consuming [94]. To assess the entire 

immunogenic potential of decellularized tissues rapidly, a novel human serum-based system 

was developed using a human serum pool, which contains polyclonal antibodies associated 

with the adaptive immune response [95]. Using the polyclonal antibodies in the serum pool as 

a primary antibody, antigens in decellularized tissues can be detected and visualized by 

immunohistochemistry, or quantified by ELISA. 

Compared to the extraction, purification and reconstitution of collagen, decellularization has 

the advantage of being simpler and less time consuming as the decellularized tissue already 

possess a natural ECM architecture so there is minimal need for reconstitution and crosslinking 

[96]. The preservation of the ECM also leads to a retention of mechanical strength in 

decellularized tissues. However, decellularized tissue has a higher immunological risk than 
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reconstituted collagen as the decellularized tissue consisting of various proteins may retain 

antigens which can trigger adverse host responses [93]. Large and complex tissues are 

challenging to decellularize and sterilize, and are likely to trap residual chemicals or enzymes 

from the decellularization process which can contribute to potential cytotoxicity [27]. Attempts 

to remove residual contaminants with more thorough treatments and/or washing steps may 

increase the rate of damage to the ECM. Hence, it is important to select the optimal 

decellularization methods and evaluate their effectiveness for different types of tissue 

engineering applications. 

 Sterilization of biologic scaffolds 

It is vital to sterilize biologic scaffolds prior to in vitro or in vivo use to prevent contamination 

and infection. In the United States, biologic scaffolds including collagen scaffolds and 

decellularized tissues are typically regulated by the Food and Drug Administration (FDA) as 

medical devices, and are required to be sterilized according to directed guidelines (e.g. ISO/DIS 

1135-1, ISO/DIS 1137-1) [87]. Biologic scaffolds can be sterilized by incubation in acids (e.g. 

peracetic acid) or antiseptics (e.g. chlorhexidine), which kill microoganisms by disrupting 

cellular components, but such treatments may not provide sufficient penetration of porous 

scaffolds or may cause damage to the ECM [97]. Terminal sterilization methods such as gamma 

irradiation and ethylene oxide exposure are generally more effective as they generate oxidative 

species that kill microorganisms quickly, but these methods are reported to affect ECM 

structure and mechanical properties [98, 99]. Of these, ethylene oxide exposure has recently 

been classified as a mutagen and carcinogen, and residues of ethylene oxide can cause 

undesirable host immune responses [100]. Gamma irradiation can cause ECM degradation by 

oxidising ECM components, even at relatively low doses of 5 kGy, and causes residual lipids 

to become cytotoxic [99, 101].  
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Recently, supercritical carbon dioxide has become a main method to sterilise food and 

pharmaceuticals and is currently being investigated as a method to sterilise biologic scaffolds 

[102]. The time required for supercritical carbon dioxide sterilization was reported to be 

significantly shorter than ethylene oxide or irradiation methods and similar to steam 

autoclaving, and the efficacy is due to the rapid diffusion of carbon dioxide into cells and the 

altering of pH within cells [103]. Supercritical carbon dioxide has also been used for tissue 

decellularization and it was shown to be compatible with biological materials and leave no 

toxic residues [104]. Low amount of chemical sterilant can also be mixed with supercritical 

carbon dioxide to create a very effective and yet gentle medium for sterilization of sensitive 

biomaterials [105]. Supercritical carbon dioxide shows great potential to be an effective 

sterilant, but further studies would be necessary to validate its sterilising efficacy on various 

types of biologic scaffolds. 

2.3 Sources of collagen 

As the most abundant protein on earth, collagen can be extracted from a wide variety of sources 

such as mammals (e.g. pigs, cows, sheep) [106, 107], reptiles (e.g. frogs, crocodiles) [108, 109], 

birds (e.g. chicken, ostrich) [110, 111], and aquatic animals (e.g. fish, sharks, jellyfish) [112-

114]. Since ancient times, collagen has been used as a glue, obtained through the boiling of 

animal skin and collagenous tissues. In fact, the use of collagen as a glue was dated as far as 

4000 years ago in ancient Egypt, and the word collagen originates from the Greek word kolla, 

meaning “glue” [115]. In a broader sense, collagen could be seen as the “glue” holding tissues 

and organs together. In the past two centuries, collagen, especially in its denatured form known 

as gelatin, has been used in food, photographic, cosmetic and pharmaceutical applications due 

to its gel-forming and viscoelastic properties [116]. The use of collagen as a scaffold in tissue 
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engineering emerged in the 1990s, and much progress has been made ever since in the 

development and application of collagen scaffolds [117].    

Traditionally, most of the collagen extracted for industrial applications comes from porcine 

and bovine tissues as pigs and cows are widely farmed for their meat. While collagen has been 

used for centuries, the industrial manufacture of collagen only started in the 1930s with pig 

skin as the first raw material [116]. Even today, porcine and bovine tissues continues to be 

important materials for large-scale industrial production of collagen. As at 2008, the annual 

global output of collagen and gelatin is nearly 326,000 tons, with pig skin accounting for the 

largest source (46%), followed by bovine hides (29,4%), bovine bones (23.1%) and other 

sources (1.5%) [118]. With a long history of industrial production and a large share in the 

collagen market, bovine and porcine collagen forms the bulk of collagen scaffolds in tissue 

engineering.  

Although bovine and porcine collagen have a proven record of medical efficacy and are 

considered safe for clinical use, they still carry a risk of zoonotic diseases, such as bovine 

spongiform encephalopathy [36]. The cells of non-primate mammals, including pigs and cows, 

also expresses antigens that can contaminate the extracted collagen and trigger allergic 

reactions in humans, with galactose-alpha-1,3-galactose (or alpha-gal) being a prominent 

example of such a xenoantigen [119]. As alpha-gal is present in the saliva of certain tick species, 

a person bitten by one of these ticks can develop allergic reaction to mammalian products, 

including meat by oral ingestion [120]. In 2018, tick-induced mammalian tissue allergy had 

been reported on 6 continents in 17 countries, with the figures expected to increase [121]. For 

patients with this allergy, bovine and porcine collagen pose a significant risk. In the United 

States, studies on Zyderm, an implant derived from purified bovine collagen, revealed 3 % of 

its subjects (n > 250,000) experiencing localized hypersensitivity reactions and 1 % of treated 
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patients demonstrating symptoms of hypersensitivity at treatment sites [122]. If the sample 

population of this study is representative of the global population, the number of people who 

are hypersensitive to bovine and porcine collagen would be indeed very high.  

Considering the immunological risks of animal collagen, human collagen has also been 

produced from human cadavers for biomedical applications, but the use of human collagen is 

limited by the shortage of tissue donors and the complicated process of extraction and 

purification [123]. To meet the demand for human-collagen and to improve consistency 

between batches, recombinant human collagen from transgenic plants had been developed, but 

this new technology is limited by high costs and low yields [124-126].  

 Fish collagen as an alternative to mammalian collagen 

In view of the growing global demand for collagen and the limitations of mammalian collagen, 

alternative sources of collagen such as avian collagen, amphibian collagen and fish collagen 

are gaining intense interest among consumers and researchers. Avian collagen is abundant in 

poultry skin, tendons and bones, but despite the high human consumption of poultry,  

commercial production of avian collagen for biomedical applications is still limited as poultry 

skin and tendons are also a coveted food source, and occasional episodes of avian flu outbreaks 

generate concerns about the use of avian collagen in biomedical applications [118]. Collagen 

from amphibians and reptiles, especially frog skin collagen and turtle collagen, shows promises 

as a novel biomaterial [127, 128], but the actual use of amphibian and reptile collagen in clinical 

applications is limited due to the rapid decline of many amphibian and reptile species caused 

by habitat destruction and unsustainable exploitation [129, 130]. In this regard, fish collagen is 

seen as a highly attactive alternative to mammalian collagen, especially when fish consumption 

accounted for almost 20% of the global average per capita intake of animal proteins in 2011 

[131]. Fish collagen is highly abundant in fish skin, scales and bones, which makes up a 
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considerable amount of fish weight (up to 75%) and are often discarded as waste by the fish-

processing industry [16]. Exploiting this under-utilized resource would generate value out of 

unwanted fish parts, and lead to a reduction of waste and pollution. Currently, the production 

of fish collagen/gelatin is still in its infancy, contributing only about 1% of the annual global 

collagen/gelatin production [132]. 

Although fish collagen has been studied since the 1950s and produced by acid extraction since 

the 1960s, the study of fish collagen has been largely eclipsed by mammalian collagen, and its 

use has been mainly limited to the food industry until the 1990s, when fish collagen is gaining 

prominence in the cosmetics and biomedical industries [118]. The use of fish collagen for 

biomedical applications was traditionally limited because fish collagens generally have low 

denaturation temperature (Td), which renders them difficult to process. For example, the Td of 

chum salmon collagen is approximately 19 °C, making it unstable at human body temperature 

and limiting the extraction conditions to low temperatures to avoid denaturation [133]. In 

comparison, most mammalian collagen has a Td of more than 40 °C. Fish collagen generally 

has a low Td than mammalian collagen due to a lower content of imino acids (proline and 

hydroxyproline) which contributes to intramolecular hydrogen bonding [134].  

To overcome the limitation of low Td, one approach is to crosslink fish collagen or blend fish 

collagen with another polymer to enhance its thermal and mechanical stability. For example, 

chemical crosslinking with carbodiimide brings the Td of salmon collagen to 55 °C [135]. 

Another approach is to isolate collagen from warm water fish, as warm water fish collagen has 

a higher imino acid content than cold water fish collagen and hence higher thermal stability. 

Among various reported fish collagens, type I collagen from Nile tilapia (Oreochromis 

niloticus), a tropical freshwater fish, has the highest Td (35 °C) to date, and a high Td allows 
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the processing conditions to be less temperature sensitive. Tilapia collagen would be described 

in more detail in Section 2.6. 

2.4 Sources of decellularized tissues 

Decellularized tissues can be harvested from a variety of allogeneic or xenogeneic tissue 

sources, and to date almost all decellularized ECM products approved for clinical applications 

have been of mammalian origins, particularly from human, bovine, porcine, or equine sources, 

as shown in Table 2-3. Unlike solubilised collagen which is extracted mostly from skins and 

tendons, decellularized tissues can be isolated from a wider variety of tissues, including skin 

[136], small intestine [137], kidney [138], heart [139] and blood vessels [140]. As each tissue 

type possesses different structures and functions, a diversity of source tissues allows scientists 

to select an appropriate tissue type to suit a particular clinical application. 

As mammalian tissues dominate the decellularized product market, there are strong concerns 

and a sense of pessimism among consumers and patients due to a risk of transmissible diseases 

from mammalian tissues to human recipients, such as bovine spongiform encephalopathy (BSE) 

[14, 15]. Certain patients also tend to avoid bovine and porcine products due to religious 

restrictions. For example, Muslim and Jewish followers are forbidden to consume porcine 

products while Hindu followers are forbidden to consume bovine products [118]. There is also 

a small but increasing number of people who has developed allergy to mammalian tissues [141]. 

In view of the growing global demand for tissue implants and the limitation of mammalian 

tissues, alternative sources of decellularized tissues are gaining increasing interest among 

researchers, clinicians and patients. The rationale of using non-mammalian tissue is that, as the 

components of the ECM are generally conserved and highly similar between species, a properly 

decellularized tissue from a non-mammalian invertebrate species would be well-tolerated in a 
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Table 2-3: Summary of commercially available decellularized ECM products, arranged by species [25, 56]. At 
the time of writing there is only one FDA-approved non-mammalian decellularized ECM product – MariGen™ 
Omega3 from Kerecis. The other decellularized ECM products are all from mammalian sources.  
(C-link. = crosslinked, DS = dry sheet, HS = hydrated sheet, SIS = small intestinal submucosa) 

Product Company Source tissue Process Form Use 
Human origin      
AlloDerm™ Lifecell Skin C-link. DS Abdominal wall, breast, head 

and neck reconstruction 
AlloPatch™ Musculoskeletal 

Transplant Foundation 
Fascia lata C-link. DS Orthopedic applications 

Axis™ Dermis Mentor Dermis Natural DS Repair pelvic organ prolapse 
FasLata™ Bard Fascia lata Natural DS Repair soft tissue 
GraftJacket™ Wright Medical Tech Skin C-link. DS Foot ulcers 
Suspend™ Mentor Fascia lata Natural DS Urethral sling 
Bovine origin      
Dura-Guard™ Synovis Surgical Pericardium C-link. HS Spinal/cranial repair 
Durepair™ TEI Biosciences Fetal skin Natural DS Spinal/cranial repair 
Peri-Guard™ Synovis Surgical Pericardium C-link. DS Repair soft tissue 
PriMatrix™ TEI Biosciences Fetal skin Natural DS Wound healing 
SurgiMend™ TEI Biosciences Fetal skin Natural DS Repair damaged soft tissue 

membranes 
TissueMend™ TEI Biosciences Fetal skin Natural DS Repair soft tissue in rotator 

cuff 
Vascu-Guard™ Synovis Surgical Pericardium C-link. DS Reconstruct blood vessels in 

neck, limbs 
Veritas™ Synovis Surgical Pericardium C-link. HS Repair soft tissue 
Xenform™ TEI Biosciences Fetal skin Natural DS Repair pelvic organ prolapse; 

urethral sling 
Porcine origin      
CollaMend™ Bard Dermis C-link. DS Repair soft tissue 
CuffPatch™ Arthrotek SIS C-link. HS Reinforce soft tissue 
Durasis™ SIS SIS Natural DS Repair dura mater 
MatriStem™ ACell Bladder Natural DS Repair soft tissue, burns 
Oasis™ Healthpoint SIS Natural DS Partial/full thickness wounds, 

burns 
Pelvicol™ Bard Dermis C-link. HS Repair soft tissue 
Permacol™ Tissue Science 

Laboratories 
Skin C-link. HS Repair soft connective tissue 

Restore™ DePuy SIS Natural DS Reinforce soft tissues 
Stratasis™ Cook SIS SIS Natural DS Treat urinary incontinence 
Surgisis™ Cook SIS SIS Natural DS Repair soft tissue 
Zimmer 
Collagen 
Patch™ 

Tissue Science 
Laboratories 

Dermis C-link. HS Orthopedic applications 

Equine (horse) origin     
DurADAPT™ Pegasus Biologicals Pericardium C-link. DS Repair dura mater 
OrthADAPT™ Pegasus Biologicals Pericardium C-link. DS Repair soft tissue in 

orthopedics 
Piscine (fish) origin     
MariGen™ 
Omega3 

Kerecis Cod skin Natural DS Wound healing 
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human recipients [84]. Compared to decellularized mammalian tissues, the development of 

decellularized non-mammalian tissues is still at its infancy and current studies suggest that non-

mammalian tissues have great potentials in clinical applications. 

 Fish tissues 

After mammals, fish is the next most studied class of animals for xenotransplantation into 

mammalian recipients. Back in the 1970s, piscine islets were demonstrated to be able to survive 

and function in diabetic rats. Subsequently, piscine islets were shown to exhibit glucose-

sensitive insulin release in vitro and in vivo, and islets from Nile tilapia (Oreochromis niloticus) 

were shown to be able to tolerate mammalian body temperatures and hypoxic conditions in the 

implant site [142]. Piscine islets have the advantage of being much easier and cheaper to harvest 

than porcine islets, and functioning immediately after transplantation unlike mammalian islets 

which take weeks to mature post-transplantation. However, implanted piscine islets can cause 

hyperacute rejection (HAR) and researchers have to use immunosuppression and islet 

encapsulation to prolong the life of the piscine implant in mammals [143, 144]. Interestingly, 

piscine tissues generally take a longer time than mammalian tissue to evoke HAR in rodents as 

piscine cells do not express α(1,3) gal, an antigen expressed by most mammalian cells that 

leads to rapid HAR [145]. 

One of the first cell-free piscine tissues developed for regenerative medicine was an acellular 

collagen scaffold derived from decellularized and decalcified tilapia scales for corneal 

regeneration [18]. The tilapia scale-derived scaffold was reported to support proliferation and 

migration of corneal cells, and in later studies, the scaffold was reported to have good host-

implant integration in rat and rabbit models [146-148]. Decellularized and decalcified scales 

have the advantage of having similar optical and mechanical properties as mammalian cornea, 

and possessing good biocompatibility and biodegradability due to type I collagen being the 
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major component. In another study, decellularized fish scales were shown to have similar 

mechanical properties to mammalian bone and were therefore developed into bio-resorbable 

bone pins for internal fixation of bone fracture [149]. 

The first decellularized piscine scaffold approved by FDA and patented for clinical applications 

is the MariGen™ Omega 3 wound dressing derived from decellularized North Atlantic cod 

skin [28]. The product, developed in Iceland, was reported to induce wound healing in vitro 

and in vivo due to the preservation of ECM components such as collagen and the preservation 

of omega-3 fatty acids which possess antibacterial and anti-inflammatory properties [150]. 

Unlike mammalian tissues which have risks of viral and prion transmission and therefore 

require harsh decellularization conditions, piscine tissues do not have such risks and therefore 

can be processed more gently, preserving most of the beneficial components in the tissue [151]. 

In another study in Brazil, disinfected tilapia skin was shown to induce skin regeneration in 

patients with burn injuries [152]. Beside fish skin, decellularized fish swim bladder was also 

shown to be effective in full thickness skin wound healing in rats [153]. All these studies prove 

that piscine tissues are safe and effective in regenerative medicine applications, without the 

disease transmission risk and religious restrictions associated with mammalian tissues. 

There are also studies suggesting that fish tissues may facilitate regeneration in damaged 

mammalian organs with limited regenerative capability, such as hearts, brains and spinal cords 

[154, 155]. In mammals, the adult cells in these organs lost the ability to proliferate, and any 

injury would cause inflammatory and fibrotic responses instead of regenerative responses. Fish, 

being more evolutionary primitive, retain regenerative capability throughout adulthood, and 

the ECM was suggested to be one of the reasons for this evolutionary difference. To prove the 

hypothesis that piscine ECM can restore the regenerative capability in mammalian organs, a 

study was performed to transplant decellularized zebrafish cardiac ECM into adult mouse heart 

tissues after acute myocardial infarction. The hypothesis was proven when the transplanted 
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zebrafish ECM increase cell proliferation in vitro and enabled cardiac functional recovery in 

vivo [154]. This study brings exciting hopes of using decellularized fish tissues to regenerate 

organs with limited regenerative capability.  

 Reptile and amphibian tissues 

Unlike fish, reptiles and amphibians are not so widely studied for xenotransplantation into 

mammals. An early study was performed to graft reptile (lizard) and amphibian (tree frog) skin 

onto nude mice with thymic defect. While the reptile and amphibian skins were not rejected by 

nude mice, the skins underwent some morphological changes, possibly caused by physiological 

incompatibility [156]. Meanwhile, no literature has been known on the decellularization of 

reptile and amphibian tissues. 

Reptiles and amphibian tissues hold a similar promise to fish tissues due to the ability of certain 

reptiles to regenerate lost tail and limbs, with complete restoration of bone, muscle and nerve 

tissues [157]. However, tissue regeneration in reptiles and amphibians is a very complex 

process and is not fully understood yet, especially at the cellular and molecular level. Hence, 

there are still many challenges to translate tissue regeneration in reptiles and amphibians to 

mammals. Moreover, studies on animal regeneration concur that high regeneration capability 

is a privilege enjoyed only by evolutionary primitive species. More complex species like 

mammals may have high regeneration capability during the early phase of life (e.g. embryonic 

and neo-natal phases) but rapidly lose the capability during growth, due to the introduction of 

more regulatory pathways to control tissue healing, cell differentiation and cell 

dedifferentiation [158]. More studies need to be performed to determine whether the ECM 

contributes to tissue regeneration in reptiles and amphibians, and whether decellularized reptile 

and amphibian tissues can retain regenerative properties in mammals. 
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 Avian tissues 

The idea of using avian tissues as xenografts started as early as the 1970s, when chicken skin 

was grafted onto nude mice with thymic defect, in the same study where lizard and tree frog 

skin were grafted onto nude mice. While the chicken skin was not rejected by nude mice, the 

chicken skin caused irritation to the mice due to de novo feather growth [156]. One of the first 

studies on the decellularization of avian tissues was performed on chicken tendon, with the aim 

of generating scaffolds suitable for tendon and ligament regeneration. The results showed that 

the decellularized chicken tendons retained 76-78% of the tensile strength of fresh tendons, 

and did not induce chronic inflammation when implanted subcutaneously into mice [159].  

Among all avian species, ostrich is currently the most popular in terms of deriving 

decellularized tissues for regenerative medicine applications due to similar organ sizes between 

ostrich and human. Studies have been performed to evaluate decellularized ostrich skin for 

wound healing [160], decellularized carotid artery as vascular grafts [161], decellularized 

ostrich cornea for corneal regeneration [162], and decellularized ostrich tendon for tendon 

regeneration [163]. Results from these studies showed that decellularized ostrich tissues 

supported tissue regeneration in mammals (e.g. mice, rabbits and guinea pigs) and are therefore 

potentially suitable for tissue regeneration in humans. 

There was also a study on the decellularization of chicken and emu lungs to generate scaffolds 

for lung regeneration. The avian lung is known to be superior to the mammalian lung in terms 

of oxygenation and gas exchange, due to thinner and more uniform walls of avian pulmonary 

capillaries [164]. By careful preserving the ECM and the architecture of the avian lung during 

decellularization, it is possible to develop a new class of scaffolds for lung regeneration [165]. 
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 Current developments 

Although decellularized tissues from non-mammalian species show great promises in 

regenerative medicine, most studies are not yet translated into real clinical applications due to 

the long and difficult process of passing clinical trials and obtaining regulatory approval. Also, 

decellularized mammalian tissues are already well-studied and well-established in regenerative 

medicine, creating an inertia for clinicians to adopt non-mammalian decellularized tissues. To 

date, there is only one commercially available non-mammalian decellularized ECM product 

that is approved by the United States Food & Drug Administration (US FDA) for clinical use. 

It is MariGen™ Omega3, a wound dressing derived from decellularized North Atlantic cod 

skin, as mentioned in section 2.4.1 [28]. The FDA approval of this cod-derived product for 

clinical use suggested that decellularized fish tissues can be safe and effective, making them 

an attractive alternative to decellularized mammalian tissues. The high human consumption of 

fish and the abundance of ECM in fish waste also makes fish tissues an economical and easily-

available source for decellularization. Fish tissues also has the additional advantages of 

avoiding religious constraints and risk of disease transmission associated with mammalian 

tissues, and having a lack of galactose-alpha-1,3-galactose (or alpha-gal), a xenoantigen that is 

present in mammalian tissues and is known to trigger hyperacute rejections and allergic 

reactions in humans [95, 119]. In the author’s opinion, decellularized fish tissues have a lot of 

untapped potentials to become novel biomaterials for clinical applications, due to the huge 

diversity of fish species and the very small number of studies that has been done in this field. 

2.5 Properties of fish skin 

Fish have served as sources of food for humans since ancient times and many species of fish 

are also kept as ornamental pets or studied in research, especially in the fields of genetics,  
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developmental biology and pathology. While there are 8000 species of mammals, there are 

over 25000 species of fish [166]. Among all living fish, 96% belong to the infraclass teleost, 

which is different from the other fish mainly in the structure of the jaw bones [167]. Being the 

largest group of living vertebrates with the highest number of species, teleost fish come in a 

variety of shapes, sizes and habitats. Despite its diversity, teleost fish share a similar anatomy 

and physiology [166]. While there is a large evolutionary distance and many functional 

differences between teleost fish and mammals, interestingly a long list of human disease 

models has been successfully established in teleost fish, especially zebrafish, suggesting a 

substantial level of functional conservation between teleost fish and humans [168]. The success 

of using teleost fish in the field of pathology can be extrapolated to the field of tissue 

engineering, where useful biomaterials and bioactive substances can be extracted from teleost 

fish and applied in humans to facilitate tissue regeneration.  

Among the various tissues and organs of a teleost fish, the skin is of the greatest interest to 

tissue engineers, due to the high amount of type I collagen and the presence of numerous 

bioactive substances in the skin, as well as the huge amount of fish skin discarded in the fishing 

industry, accounting for around 30% of fish waste [16, 169]. The structure and function of 

teleost fish skin would be reviewed in more details in the following section. 

 Anatomy and physiology of fish skin 

As in other vertebrates, the skin of a teleost fish is a multifunctional organ and the outermost 

layer of the body, separating the interior from the environment and serving important functions 

including protection, sensory perception, communication, ion and osmotic regulation, 

metabolism, and thermal regulation [170]. Like human skin, teleost fish skin comprises of (i) 

the epidermis, a relatively thin layer consisting of multiple layers of cells, (ii) the dermis, a 

dense layer containing blood vessels and nerves, and consisting of mainly fibrous connective 
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tissue, and (iii) the hypodermis, a fatty layer connecting the dermis to the muscular or skeletal 

tissues [171]. The main differences between teleost fish and human skin are the lack of a 

keratinized layer in fish epidermis, the presence of scales and scale-forming osteoblasts instead 

of hairs, and the presence of mucous glands to protect the skin against pathogen and to provide 

lubrication instead of sweat glands and sebaceous glands [172], as shown in Figure 2.2. 

 

Figure 2.2: Simplified schematic drawing of (a) human and (b) fish skin. Major cell types and appendages are 
represented and listed in the legend. Several cell types such as mast cells or merkel cells are present in human and 
fish skin but are not shown. [172]  (Figure reused with permission from Journal of Investigative Dermatology)  

  

As fish epidermis lacks a keratinized layer which serves as a waterproof and shear-resistant 

layer in mammalian skin, teleost fish depends on scales to provide mechanical protection for 

deeper tissue. Most teleost fish possess elasmoid (bony-ridge) scales consisting of a thin outer 

layer of hydroxyapatite and a dense inner core of type I collagen fibres with a criss-cross 

plywood-like arrangement, which provides exceptional tensile strength and penetration 

resistance, as well as allows for flexibility [173]. The scales overlaps in a staggered 

arrangement, forming a continuous protective cover, allowing the scales to slide along each 

other smoothly during the fish’s motion and allowing mechanical stress to spread outwards to 

surrounding scales and soft tissues when a compressive load is applied onto the fish body [174]. 

The scales, being covered in hydroxyapatite and surrounded by osteoblasts and osteoclasts, 
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also serves as an internal calcium reservoir and play a vital role in regulating blood calcium 

levels, similar to the endoskeleton of mammals [175]. 

While the scales protect the fish from external mechanical forces, the mucous glands on the 

fish epidermis serve as a chemical shield by producing mucous secretions to keep the skin 

surface free of pathogens. The mucus is produced and shed from the skin constantly, preventing 

a build-up of pathogens on the skin surface and helping to keep the skin and gills free of debris 

in turbid waters [176]. The mucus also helps to reduce friction between overlapping scales 

during the fish’s motion. As the mucosal coating on fish skin is an ideal habitat and colonization 

target for water-borne pathogens, the mucous secretion contains a cocktail of anti-microbial 

peptides (AMPs), hydrolytic enzymes such as lysozyme, antibodies and other anti-infection 

substances to impair the establishment and proliferation of pathogens [177]. Traditionally, fish 

AMPs have been of interest in the aquaculture industry for the suppression of pathogen growth 

in fish farms, but due to their antibacterial and immunomodulatory activity, fish AMPs are 

gaining attention in human medicine as potential antimicrobial agent for treating human 

pathogens [178]. Fish mucus contains a large variety of AMPs, with each AMP offering 

selectivity against certain bacteria, fungi, algae, viruses, or parasites [172]. Understanding the 

mechanisms of fish AMP regulation could lead to a better understanding of AMP regulation in 

human or other species, and could lead to the design of novel antimicrobial agents. 

Epithelial cells, which form the bulk of the fish epidermis, provide a vital form of protection 

when the skin is wounded. Within seconds or minutes after injury, epithelial cells migrate from 

the edge of the wound towards the centre in compact groups and rapidly cover the wound to 

form a barrier against infection by opportunistic pathogens [179]. The wound is closed rapidly 

by migrating epithelial cells, with the closure complete within a few hours to a few days [171]. 

In fact, fish epithelial cells are among the fasting moving cells from in vitro studies, moving at 
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a speed 10 to 20 times faster than mammalian fibroblasts [180]. Due to the high motility, fish 

epithelial cells has been a subject of interest to study the principles of locomotion in cells [181]. 

Beside wound coverage, epithelial cells also help to protect the skin from pathogens via 

proteolytic and phagocytic activities especially during the process of wound healing [182]. 

The dermis of most fishes is divided into two major layers: the upper layer known as stratum 

spongiosum, and the lower layer known as stratum compactum. The stratum spongiosum 

consists of a loose network of collagen and reticulin fibres and is home to fibroblasts, pigment 

cells, leukocytes and scale-forming osteogenic cells [171]. The stratum compactum consists of 

a dense matrix of collagen bundles arranged in a series of highly ordered layers, with the angles 

of the collagen bundles alternating between layers [183]. This criss-cross “plywood” 

arrangement of the collagen bundles gives the dermis a very high mechanical strength and at 

the same time offers flexibility by allowing the collagen layers to slide on top of one another 

during the fish’s movement [184]. Beside dermal fibroblasts which are distributed between the 

collagen fibres, few other cells are present in the stratum compactum. Among the various 

components of the fish skin, it is the stratum compactum that has received the most attention 

in tissue engineering, due to the high composition of type I collagen and the high mechanical 

strength of the ECM. While type I collagen has been extracted from fish skin in the food 

industry since the 1960s and was gaining prominence in the cosmetics and biomedical 

industries from the 1990s [118], the utilization of the intact stratum compactum as a biomaterial 

in tissue engineering is a relatively new concept, with the first fish-skin derived scaffold 

appearing as recently as 2013, when MariGen™ Omega 3, a wound dressing derived from 

decellularized North Atlantic cod skin, was introduced [28].  
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 Fish proteins and peptides 

Beside type I collagen, fish skin also harbours a variety of bioactive substances that could be 

beneficial for tissue regeneration. Fish protein hydrolysates, produced by the enzymatic 

hydrolysis of fish collagen or fish skin, have been shown to exhibit potent biological activities 

beyond their nutritional value, including antioxidant, antimicrobial, antihypertensive and 

obesity-control properties [185, 186]. The most potent peptides of these fish protein 

hydrolysates are usually small protein fragments having 2-20 amino acids, with the bioactivity 

dependent on the amino acid composition of the sequence [187]. Interestingly, these bioactive 

peptides remain latent within the original protein molecule or ECM and shows bioactivity only 

after hydrolysis. The most commonly used proteases for the hydrolysis of fish proteins or 

tissues include pepsin, alcalase, and chymotrypsin [188]. The peptides can be separated using 

chromatographic methods and further purified by ultrafiltration membranes [189]. 

One application of fish peptides that has gained wide recognition is cosmetics, due to a number 

of beneficial properties including high moisturizing action, antioxidant properties and 

protection against UV radiation [190]. These properties are in high demand in cosmetic 

products as there is an increasing interest in health and physical appearance. Fish peptides 

exhibit antioxidant properties owing to their abilities to scavenge free radicals that cause 

oxidative stress and inflammation, and they do not possess safety concerns associated with 

synthetic antioxidants traditionally used in food and cosmetics such as butylated 

hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and propyl gallate [191]. Fish 

peptides have been shown to inhibit the activity of matrix metalloproteinases (MMPs) and 

collagenases, which are responsible for aged-related wrinkle formation by degrading collagen 

and ECM in aging skin [192, 193]. Fish peptides were reported to protect the skin from UV 

radiation as they are able to reverse and prevent the oxidative damage in the tissue caused by 
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the UV radiation and inhibit ECM breakdown [194, 195]. Fish peptides that possess cationic 

moieties have been reported to have antimicrobial properties and are extensively studied in the 

development of novel antimicrobial agents in cosmeceutical products [196].  

2.6 Nile tilapia (Oreochromis niloticus) 

There is a growing interest in Nile tilapia from the biomedical community, due to the high 

denaturation temperature (Td) of its type I collagen, which at 35 °C, is the highest Td among all 

reported fish collagen and is close to the Td of mammalian collagen [30]. Nile tilapia, a tropical 

freshwater fish native to Africa, had been a food source in ancient Egypt and is now only second 

to carp as the world’s most cultivated fish. Dubbed by fishery experts as the “aquatic chicken”, 

tilapia is farmed in more than 100 countries due to its fast breeding, high protein content, 

adaptability in a wide range of environments, and high resistance to disease [17].  Due to 

territorial and sexual competition in its native habitat, tilapia reaches sexual maturation within 

a short time (usually within 6 months), and has high birth and turnover rates in the absence of 

predators and competing species [197]. In comparison, the North Atlantic cod takes more than 

2 years to mature and has a high mortality rate when farmed, making it an expensive source of 

food and biomaterials [198].  

Originally cultivated on a subsistence level in developing countries to meet local protein needs, 

tilapia has moved into mainstream seafood markets worldwide due to its mild flavour, 

affordable price and reliable year-round supply. To meet worldwide demand, the global 

production of tilapia increased from 1.5 million tonnes in 2003 to 2.5 million tonnes in 2010 

and to 3.4 million tonnes in 2013 [17]. The wide geographical distribution and constant 

availability of tilapia allow tilapia collagen and tilapia-derived biomaterials to be produced on 

a large scale and at a low price. 
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The skin and scales of tilapia are rich in Type I collagen, and there have been numerous studies 

on the extraction, purification and characterisation of tilapia collagen, especially in the field of 

food science [199-201]. Tilapia collagen was first identified as a potential biomaterial in 2009 

by Sugiura et al, who reported that tilapia collagen sponges exhibited similar bioresorption 

rates and inflammatory responses to porcine collagen sponges [30]. In 2010, Lin et al 

developed a novel scaffold for corneal regeneration from decellularized tilapia scales, and 

follow-up in vivo studies in rat and rabbit models showed that decellularized tilapia scales had 

similar optical properties to human cornea, had high biocompatibility and supported function 

through a long term evaluation of 6 months [18, 147, 148]. In 2014, Yamamoto et al performed 

a series of in vitro and in vivo biological tests on tilapia collagen to evaluate its sterility, toxicity 

and immunogenicity. The sterility tests showed an absence of bacteria and viruses, and all 

evaluations of cell toxicity, sensitization, chromosomal aberrations, intracutaneous reactions, 

acute systemic toxicity, pyrogenic reactions, and hemolysis were negative according to ISO 

criteria, proving that tilapia collagen is biologically safe for biomedical applications [19]. In 

2015, Tang et al performed an in vitro study with rat odontoblast-like cells on tilapia scale 

collagen, and reported that tilapia collagen has similar biocompatibility to porcine collagen, 

suggesting that tilapia collagen might be a potential alternative to mammalian collagen for oral-

maxillofacial regeneration [202]. In 2016, Zhou et al developed crosslinked electrospun tilapia 

collagen nanofibers for skin wound dressing, and reported that the electrospun tilapia 

nanofibers supported proliferation of human dermal fibroblasts and human keratinocytes, and 

accelerated in vivo wound healing in rats effectively [20]. In 2017, a team in Brazil reported 

that disinfected tilapia skin was able to induce skin regeneration in patients with burn injuries, 

and there was minimal scarring due to the high amount of type I collagen in tilapia skin [152]. 

To the author’s knowledge, the study of decellularized tilapia skin has not been reported, so 

the work in this thesis is expected to contribute valuable information in the field of 
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decellularized fish tissues for clinical applications. Extrapolating from the successes of the 

previous studies on tilapia collagen and decellularized tilapia scales, we can hypothesize that 

tilapia derived collagen and decellularized tilapia skin would be able to play a constructive role 

in a variety of clinical applications and would become an economical, religiously sensitive and 

biologically safe alternative to mammalian collagen products. 
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3 Development of crosslinked electrospun tilapia collagen 

scaffolds 

3.1 Introduction 

Collagen from the Nile tilapia (Oreochromis niloticus) has been extracted as a food additive 

for several decades but its potential as a tissue engineering biomaterial was only identified as 

recently as 2009 by Sugiura et al [30]. The biological safety of Tilapia collagen was validated 

by Yamamoto et al in 2014 [19], and tilapia collagen has been proven to support a variety of 

tissue regeneration including corneal regeneration [18], oral-maxillofacial regeneration [202] 

and chondrogenesis [203]. However, in some of these studies, tilapia collagen was evaluated 

as a coating on tissue culture dishes, which may be useful for assessing cell biocompatibility 

but is not representative for in vivo and clinical applications. For tilapia collagen to be 

successfully translated into clinical applications, it has to be processed into a scaffold capable 

of being handled and implanted into a target site with ease.  

As mentioned in chapter 2, there are two approaches to convert tilapia collagen into useable 

scaffolds. The first approach is to extract collagen molecules from a tissue, purify them and 

reconstitute them into solid structures, while the second approach is to decellularize a 

collagenous tissue leaving behind an acellular collagen matrix [33]. The first approach was 

attempted by Sugiura et al in 2009 when they subjected lyophilised tilapia collagen sponges to 

physical or chemical crosslinking to produce crosslinked collagen sponges for in vitro and in 

vivo evaluations. In 2015, Zhang et al successfully fabricated fibrous scaffolds from tilapia 

collagen and polycaprolactone (PCL) by electrospinning, and the scaffolds supported the 

growth of L929 fibroblasts, although the composition of collagen in the composite scaffold 

was relatively low (accounting for only 4-10% of the scaffold by weight) [82]. In 2016, Zhou 
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et al developed an electrospun membrane comprising entirely of tilapia collagen and 

crosslinked by glutaraldehyde vapour [20]. The membrane, which supported the proliferation 

of human skin cells and accelerated wound healing in rats, generated an intense interest in 

tilapia collagen scaffolds, as this study was one of the first to report on an electrospun scaffold 

made of 100% collagen from one of the world’s most cultivated fish species.    

Decellularization, the other approach to produce collagen scaffolds, had been attempted by Lin 

et al in 2010, when they successfully decellularize and demineralize tilapia scales into acellular 

scaffolds for corneal regeneration [18]. Beside tilapia scales, no other parts of the tilapia has 

been reported for decellularization prior to this thesis. In the author’s opinion, tilapia skin 

would be a novel and useful source of decellularized tissue due to its high composition of type 

I collagen and its high mechanical strength. Due to a lack of information on decellularized 

tilapia skin and the success of crosslinked electrospun tilapia collagen in the study by Zhou et 

al, the first objectives of this thesis would be to investigate the properties of tilapia collagen on 

the basis that collagen accounts for more than 90% of the dry weight of the ECM in most 

tissues, including fish skin [12], and to develop a crosslinked electrospun tilapia collagen 

scaffold to pave the way for evaluating the decellularized tilapia skin scaffolds developed 

subsequently. Knowing the properties of tilapia collagen would help in the understanding of 

tilapia ECM during the development of decellularized tilapia skin scaffolds, as tilapia collagen 

is the major component of tilapia skin ECM. Developing a crosslinked electrospun tilapia 

collagen scaffold would also allow us to compare the advantages and disadvantages between 

scaffolds formed by the reconstitution of collagen and scaffolds formed by decellularization. 

Electrospinning, a fabrication technique using an electric field to deposit polymer fibres onto 

a target substrate, is increasingly employed in tissue engineering to reconstitute biomaterials 

from solutions to fibrous membranes [204]. Electrospinning is valued for its simple operation, 
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low-cost setup, high performance in nanofiber production, and most importantly, its ability to 

mimic the porous micro- and nano-structure of natural ECM, as the fibre diameter and pore 

size can be controlled to a range from several microns down to 100 nm or less [22]. The process 

is easily reproducible, and the structural and biochemical properties of the electrospun scaffold 

can be adjusted by varying the solution composition and spinning parameters [20, 81, 82]. The 

main principle of electrospinning is the electrostatic interaction driven by the high voltage 

difference between the needle and the collector, causing the polymer solution at the end of the 

needle to form a Taylor cone towards the collector, as shown in Figure 3.1 [205]. The positively 

charged polymer solution, drawn by the negatively charged collector, would leave the needle 

and accelerate towards the collector. As the polymer solution approaches the collector, it 

becomes thinner due to molecular cohesion, and the solvent evaporates, leaving the residual 

polymer fibres collecting randomly on the collector to form a fibrous mat [206]. 

 

Figure 3.1: Schematic diagram of a basic electrospinning process [205] (Figure reused with permission from 
Elsevier B.V.) 

 

Originally reported in 1934 for spinning artificial fibres in the textile industry [207], 

electrospinning was used mainly for the production of air filters, adsorbent pads, and protective 
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clothings [208]. The potential applications of electrospun mats in tissue engineering only began 

to be examined in the 1970s, when Annis and Bornat reported the use of electrospun 

polyurethane mats as vascular prosthesis [209]. As the volatility of the solvent can affect the 

quality of the electrospun fibres, early electrospun scaffolds were mostly made of synthetic 

polymers that are soluble in volatile solvents [70]. Collagen is hydrophilic, so it was a challenge 

to find a suitable solvent that is able to dissolve collagen and yet volatile. It was only in 2002 

when Matthews et al successfully electrospun calf-skin collagen using hexafluoro-isopropanol 

(HFIP) as the solvent [210]. HFIP is a volatile solvent that is able to solubilise collagen by 

breaking the hydrophobic interactions via its two trifluoromethyl groups and by breaking 

hydrogen bonds via its mildly acidic hydroxyl group. Also, HFIP is able to dissolve collagen 

to form a viscous solution without the aid of carrier polymers. While collagen is soluble in 

aqueous solutions, aqueous collagen solutions are often too fluid and require carrier polymers 

to achieve the required viscosity and volatility for electrospinning [211]. As a result, HFIP has 

become the solvent of choice for the electrospinning of collagen, and was adopted in many 

studies involving electrospun collagen, including the study by Zhou et al in 2016, where  

electrospun tilapia collagen scaffolds were reported to accelerate would healing [20].  

Despite its exceptional ability to dissolve collagen and form electrospun fibres, HFIP is toxic 

and corrosive. HFIP in its liquid form can cause severe skin burns and eye damage, while HFIP 

vapour is toxic if inhaled [212]. As the solvent is evaporated during the electrospinning process, 

the HFIP vapour would become a health hazard to surrounding personnel or an environmental 

hazard if released into the atmosphere. For electrospinning to become a viable and sustainable 

method to produce collagen scaffolds, there is a motivation to develop greener electrospinning 

solvents to reduce the impact on health and environment. A number of studies have been 

conducted on the use of benign solvents for the electrospinning collagen, but all the studies 

focused on bovine and porcine collagen [213-215]. Some of these studies use acetic acid or 
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formic acid as the solvent. Although acetic acid and formic acid are less toxic than HFIP, they 

are also corrosive and dangerous to handle in high concentrations. Among the numerous studies 

on benign solvents, the use of a phosphate-buffered saline/ethanol solvent reported by Dong et 

al [216] and Bak et al [217] appears highly promising, as both phosphate-buffered saline (PBS) 

and ethanol are non-toxic, non-corrosive, cheap, and easily available. This PBS/ethanol system 

has been attempted on the electrospinning of bovine collagen and porcine collagen, and bead-

free electrospun fibres could be obtained by lowering the humidity level and increasing the 

amount of ethanol in the solvent. The author of this thesis assumed that this PBS/ethanol system 

would work well for the electrospinning of tilapia collagen too.   

At the time of writing, there was limited information on the use of benign solvents for the 

electrospinning of fish collagen, particularly tilapia collagen. Since one objective of this thesis 

is to develop a tilapia collagen scaffold as a model to investigate the biocompatibility of tilapia 

collagen, it would be beneficial and novel to use a benign solvent which is biologically and 

environmentally friendly to electrospin tilapia collagen.  

3.2 Methodology 

 Materials and reagents 

Fresh tilapia was purchased from a local supermarket and processed on the same day. 

Phosphate-buffered saline (PBS), penicillin-streptomycin, Dubecco’s Modified Eagle’s 

Medium (DMEM), fetal bovine serum (FBS), and AlamarBlue assay kit were obtained from 

Life Technologies (Grand Island, NY, USA). The reagents and apparatus for sodium dodecyl 

sulphate−polyacrylamide gel electrophoresis (SDS−PAGE) were obtained from Bio-Rad 

(Hercules, CA, USA). All other chemicals were obtained from Sigma Aldrich (St Louis, MO, 

USA) unless otherwise stated. 
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 Characterization with Bioinformatics 

The theoretical properties of the type I collagen chains from human (homo sapiens), cow (bos 

taurus), rat (Rattus norvegicus) and tilapia (oreochromis niloticus) were characterized and 

compared using currently available bioinformatics tools. The amino acid sequences and the 

sequence ID of the collagen type I chains from various species were retrieved from the 

Universal Protein Resource (UniProt) website (https://www.uniprot.org) provided by the 

European Bioinformatics Institute. The theoretical properties and theoretical amino acid 

content of the collagen chains were characterized with the ExPASy ProtParam tool 

(https://web.expasy.org/protparam) provided by the Swiss Institute of Bioinformatics. The 

amino acid sequence homology between two different collagen chains were analysed with the 

Basic local alignment search tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) provided 

by the National Center for Biotechnology, USA.    

 Collagen extraction 

Collagen was extracted from tilapia skin and scales according to the methods reported by Zhou 

et al [20] and Pati et al [218], with slight modifications. The fish skin and scales were removed 

from freshly obtained tilapia, weighed separately, and immersed in PBS with 1% 

penicillin/streptomycin for 1 hour to remove blood and debris. The skin and scales were then 

rinsed in DI water, lyophilised, and weighed. The dried skin was cut into smaller pieces and 

each piece was weighed. The skin and scales were stirred in 0.1 M NaOH solution (in separate 

containers) for 6 hours with a change of solution every 2 hours to remove non-collagenous 

proteins. The skin and scales were rinsed with deionised (DI) water until the pH was below 8. 

The skin was stirred in 10% 1-butanol and 20% isopropanol in water for 24 hours to remove 

fats and fat-soluble pigments, while the scales were stirred in 0.5M EDTA for 48 hours with a 

change of solution every 24 hours to remove the superficial hydroxyapatite. The skin and scales 
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were rinsed with DI water again. Afterwards, the scales and skin were stirred in 0.5 M acetic 

acid for 48 hours to solubilize the collagen. The crude collagen extracts were separated from 

the solid residue by centrifugation at 10000g for 20 minutes, and 5 M NaCl solution was added 

to the supernatant to a final concentration of 1 M to precipitate the collagen. After 

centrifugation at 10000 g for 1 hour, the precipitate was re-dissolved in 0.5 M acetic acid. The 

solution was filtered through Whatman no. 1 filter paper, dialyzed using dialysis tubes with a 

molecular weight cutoff of 14 kDa in DI water overnight, and lyophilized to obtain collagen 

sponges. The whole process was performed at room temperature (23°C ± 1°C). 

Collagen was also extracted from rat tail collagen according to the methods reported by 

Timpson et al [219] with some modifications. Rat tails were obtained from the Animal 

Research Facility (ARF) of Nanyang Technological University (NTU) and were stored in 70% 

ethanol at -20°C until ready for processing. The tendons from the rat tails were removed and 

immersed in PBS with 1% penicillin/streptomycin for 1 hour to remove blood and debris. The 

tendons were rinsed with DI water, lyophilised, and weighed. The subsequent collagen 

extraction and purification steps were identical to those for tilapia collagen mentioned above, 

except that the whole process for rat tail collagen was performed at 4°C. 

 Calculation of collagen extraction yield 

The yield of the collagen extraction was calculated to quantify the amount of collagen obtained 

from each batch of animal tissue. After the lyophilization, the collagen spongers were weighed. 

The weight of the collagen sponge was divided by the dry weight of the starting material to 

determine the percentage yield. 

Percentage yield =  !"#$%&	()	*+(,%#*#-".	/(**0$"123+	4"#$%&	()	01#50*	&#667"6 	8	100% 
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 Electrospinning 

Electrospinning was performed according to the methods reported by Zhou et al [20] and Bak 

et al [217] with some modifications. Lyophilised collagen was dissolved in hexafluoro-

isopropanol, a 20xPBS:ethanol solution at 50:50 ratio, or a 20xPBS:ethanol solution at 40:60 

ratios. The collagen solutions were centrifuged at 5000 g for 3 minutes to separate solid debris 

and each solution was drawn into a 3 ml syringe with a needle (inner diameter 0.25 mm). The 

syringe was mounted on a syringe pump with the needle tip 10 cm above the aluminum foil 

collector. The set-up was conducted in a hermetically sealed glove box (Kiyon, Korea) with 

the inner atmosphere maintained by nitrogen gas, the temperature maintained within (24 ± 

2) °C and the relative humidity maintained in the range of (30 ± 5) %. A voltage of 10 kV was 

applied between the needle and the collector, and the pump flow rate initially set at 0.6 mL/h. 

To optimise the electrospinning process, each parameter (voltage, flow rate or distance) was 

adjusted, and electrospun nanofibers were collected on microscopic glass slides and observed 

under a microscope. The fibre diameters were then measured by ImageJ analysis software 

(National Institute of Health, USA). After the process was optimized, the electrospinning was 

left to continue for 3 hours, with the collector rotated every 15 minutes to ensure all areas of 

the collector was covered. The electrospun mats were then crosslinked in glutaraldehyde 

vapour for 4 hours or in 200 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) + 

200 mM N-hydroxy-succinimide (NHS) in ethanol for 24 hours. The glutaraldehyde-

crosslinked mats were vacuum-dried overnight, while the EDC/NHS-crosslinked mats were 

rinsed in absolute ethanol to remove residual EDC/NHS before being vacuum-dried overnight. 

The whole process was performed at room temperature.  
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 Scanning Electron Microsopy 

The morphology of the membranes was analysed by scanning electron microscopy (SEM). 

Each sample were cut into 3 mm × 3 mm pieces, fixed on carbon tape,and dried in vacuum 

overnight. The dry samples were sputter-coated for 200 seconds at 10 mA using a platinum ion 

coater (JFC-1600, JEOL, Japan) and analysed with the SEM machine (JSM-6700F, JEOL, 

Japan). 

 Differential Scanning Calorimetry  

The denaturation temperature of the collagen sample was determined by differential scanning 

calorimetry (DSC) with the Diamond DSC system (PerkinElmer, MA, USA). The lyophilised 

collagen were rehydrated with 0.05M acetic acid with a weight:volume ratio of 1:40, while 

crosslinked membranes were pre-wetted to mimic physiological conditions, tapped with tissue 

paper to remove excess water and cut into 3 mm × 3 mm pieces. After weighing, each piece 

was placed into an aluminium sample pan, which was then sealed with a pan cover. The sample 

pan and reference pan were inserted into the DSC system and the denaturation temperature and 

denaturation enthalpy of the samples were determined with a heating rate of 10 °C per minute. 

The test was performed at least three times for each set of samples. 

 Sodium dodecyl sulphate−polyacrylamide gel electrophoresis  

The composition and molecular weight of the individual proteins in the collagen samples were 

visually analysed using sodium dodecyl sulphate−polyacrylamide gel electrophoresis 

(SDS−PAGE). Lyophilised collagen was dissolved in 1x PBS to form a 2 mg/ml collagen 

solution, 50 µl of which was mixed with equal volume of Laemmli sample buffer (Bio-Rad, 

USA). Crosslinked membranes were cut into 3 mm × 3 mm pieces and dissolved in 50 µL of 

10% SDS and 50 µL of Laemmli sample buffer. The samples were heated at 95 °C for 30 
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minutes. 10 µL of each sample solution and the protein ladder solution were added into the 

wells of a SDS-PAGE gel containing a 4% polyacrylamide stacking gel (upper portion) and 

7.5% polyacrylamide resolving gel (lower portion). The loaded gel was connected to a constant 

voltage of 110-120V until the blue tracking dye was reaching the bottom of the gel. The gel 

was then stained for 1 hour with CBB Stain One (Nacalai Tesque, Japan) and destained with 

DI water several times until the background was clear. The gel was scanned and analysed. 

 Indirect cytotoxicity  

Indirect cytotoxicity studies were performed in accordance to ISO 10993-5 protocols. Murine 

fibroblasts L929 (ATCC®, VA, USA) were cultured in DMEM + GlutaMAX supplemented 

with 10% FBS and 1% penicillin-streptomycin. Cells were incubated at 37 °C and medium was 

changed every 2 days until seeding. Samples were sterilized with 70% ethanol for 2 hours and 

washed with DMEM + GlutaMAX, before being individually incubated in DMEM (6 cm2 per 

ml media) at 37°C for 24 hours to obtain an extract of the test sample. Simultaneously, L929 

cells were seeded into 24-well plates (Corning, USA) at a density of 2 × 104 cells/well and 

grown overnight. The culture media were then replaced by the sample extracts and after 24 

hours incubation, cells were visualised by light microscopy and cell viability determined using 

AlamarBlue assay (Invitrogen, USA). Polyurethane film containing 0.1% zinc 

diethyldithiocarbamate (ZDEC) was used as positive (toxic) control and high-density 

polyethylene (HDPE) was used as negative (non-toxic) control. 

 Cell adhesion, viability and proliferation 

The biocompatibility of the membranes were evaluated with L929 fibroblasts. Samples were 

cut into 10 × 10 mm squares, sterilized as previously described and placed into a 24 well plate 

(Corning, USA). L929 cells were seeded onto the samples at a density of 2 × 104 cells/well. 

After 1, 3, 7 days, cell proliferation was evaluated by AlamarBlue assay.   
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 Statistical Analysis 

Quantitative results are expressed as mean ± standard deviation (SD) and differences between 

mean values were evaluated using a two-tailed Student’s t-test. A p-value of <0.05 was 

considered to be statistically significant. 

3.3 Results and Discussion 

 Characterization with Bioinformatics 

Before using tilapia collagen in tissue engineering applications, it is useful to understand the 

basic properties of tilapia collagen and the similarities and differences between tilapia collagen 

and mammalian collagen. Thanks to information technology, many of the physical and 

molecular properties of proteins can be predicted and analysed in a short time using a wide 

array of bioinformatics tools. As the goal of this thesis is to utilise tilapia collagen biomaterials 

in tissue engineering applications, it would be appropriate to investigate the properties of tilapia 

collagen and compare tilapia collagen with mammalian collagen, in order to predict the 

physical properties of tilapia collagen and the biocompatibility of tilapia collagen towards other 

species in vitro and in vivo.  

Among the various types of collagen, type I collagen is the most abundant in animal skin and 

bones and is the most common type of collagen in collagen biomaterials, so the attention of the 

bioinformatics characterization would be on type I collagen. In particular, tilapia type I 

collagen would be compared with human type I collagen because of the goal of using tilapia 

collagen in human patients, with bovine type I collagen because of its popularity in current 

commercial products, and with rat type I collagen because of the widespread use of rats in 

animal testing of biomaterials. The theoretical properties and theoretical amino acid content of 

the pro-collagen type I chains from the four species were presented in Table 3-1.  
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Table 3-1: Theoretical properties and theoretical amino acid content of pro-collagen type 1 chains from human (Homo sapiens), Cow (Bos taurus), Rat (Rattus norvegicus) and 
Nile Tilapia (Oreochromis niloticus) using the Expasy ProtParam tool (https://web.expasy.org/protparam). pI = isoelectric point. 

Species Human (Homo sapiens) Cow (Bos taurus) Rat (Rattus norvegicus) Nile Tilapia (Oreochromis niloticus) 
Collagen Name Type I a1 Type I a2  Type I a1 Type I a2  Type I a1 Type I a2  Type I a1 Type I a2  Type I a3 
Gene Name COL1A1 COL1A2 COL1A1 COL1A2 COL1A1 COL1A2 COL1A1 COL1A2 COL1A3 
Sequence ID P02452 P08123 P02453 P02465 P02454 P02466 G9M6I5 G9M6I6 G9M6I7 
Number of Amino Acids 1464 1366 1463 1364 1453 1372 1447 1350 1444 
Molecular Weight (Da) 138942 129314 138938 129064 137953 129564 137283 126477 136079 
Theoretical pI 5.60 9.08 5.60 9.23 5.71 9.39 5.64 9.18 5.68 
Amino acid content (Number of amino acid in protein, percentage of total number of amino acids) 
Alanine (A) 139 (9.5%) 129 (9.4%) 143 (9.8%) 126 (9.2%) 130 (8.9%) 128 (9.3%) 157 (10.9%) 145 (10.7%) 137 (9.5%) 
Arginine (R) 71 (4.8%) 72 (5.3%) 70 (4.8%) 73 (5.4%) 67 (4.6%) 74 (5.4%) 73 (5.0%) 73 (5.4%) 68 (4.7%) 
Asparagine (N) 28 (1.9%) 41 (3.0%) 29 (2.0%) 43 (3.2%) 32 (2.2%) 41 (3.0%) 28 (1.9%) 36 (2.7%) 27 (1.9%) 
Aspartic acid (D) 66 (4.5%) 43 (3.1%) 64 (4.4%) 43 (3.2%) 61 (4.2%) 40 (2.9%) 63 (4.4%) 47 (3.5%) 66 (4.6%) 
Cysteine (C) 18 (1.2%) 9 (0.7%) 18 (1.2%) 9 (0.7%) 18 (1.2%) 9 (0.7%) 18 (1.2%) 8 (0.6%) 17 (1.2%) 
Glutamine (Q) 49 (3.3%) 33 (2.4%) 51 (3.5%) 36 (2.6%) 49 (3.4%) 39 (2.8%) 43 (3.0%) 30 (2.2%) 38 (2.6%) 
Glutamic acid (E) 75 (5.1%) 66 (4.8%) 76 (5.2%) 64 (4.7%) 74 (5.1%) 63 (4.6%) 78 (5.4%) 58 (4.3%) 69 (4.8%) 
Glycine (G) 391 (26.7%) 381 (27.9%) 389 (26.6%) 380 (27.9%) 389 (26.8%) 382 (27.8%) 387 (26.7%) 385 (28.5%) 396 (27.4%) 
Histidine (H) 9 (0.6%) 15 (1.1%) 9 (0.6%) 12 (0.9%) 9 (0.6%) 12 (0.9%) 7 (0.5%) 16 (1.2%) 10 (0.7%) 
Isoleucine (I) 24 (1.6%) 32 (2.3%) 25 (1.7%) 35 (2.6%) 26 (1.8%) 32 (2.3%) 26 (1.8%) 24 (1.8%) 31 (2.1%) 
Leucine (L) 48 (3.3%) 61 (4.5%) 50 (3.4%) 60 (4.4%) 50 (3.4%) 62 (4.5%) 44 (3.0%) 53 (3.9%) 41 (2.8%) 
Lysine (K) 57 (3.9%) 50 (3.7%) 57 (3.9%) 50 (2.75) 57 (3.9%) 49 (3.6%) 57 (3.9%) 46 (3.4%) 55 (3.8%) 
Methionine (M) 13 (0.9%) 10 (0.7%) 13 (0.9%) 9 (0.7%) 15 (1.0%) 10 (0.7%) 26 (1.8%) 14 (1.0%) 20 (1.4%) 
Phenylalanine (F) 27 (1.8%) 22 (1.6%) 24 (1.6%) 23 (1.7%) 26 (1.8%) 22 (1.6%) 29 (2.0%) 22 (1.6%) 26 (1.8%) 
Proline (P) 278 (19.0%) 232 (17.0%) 279 (19.1%) 236 (17.3%) 275 (18.9%) 230 (16.8%) 252 (17.4%) 228 (16.9%) 252 (17.5%) 
Serine (S) 60 (4.1%) 52 (3.8%) 58 (4.0%) 54 (4.05) 68 (4.7%) 64 (4.7%) 52 (3.6%) 63 (4.7%) 81 (5.6%) 
Threonine (T) 45 (3.1%) 42 (3.1%) 44 (3.0%) 43 (3.2%) 44 (3.0%) 44 (3.2%) 53 (3.7%) 49 (3.6%) 49 (3.4%) 
Tryptophan (W) 6 (0.4%) 5 (0.4%) 6 (0.4%) 5 (0.4%) 6 (0.4%) 4 (0.3%) 6 (0.4%) 5 (0.4%) 6 (0.4%) 
Tyrosine (Y) 13 (0.9%) 16 (1.2%) 16 (1.1%) 13 (1.0%) 14 (1.0%) 14 (1.0%) 10 (0.7%) 15 (1.1%) 13 (0.9%) 
Valine (V) 47 (3.2%) 55 (4.0%) 42 (2.9%) 50 (3.7%) 43 (3.0%) 53 (3.9%) 38 (2.6%) 33 (2.4%) 42 (2.9%) 
Instability index * 30.43 23.38 31.64 24.35 33.20 22.46 27.03 23.21 26.42 
Aliphatic index ** 37.98 47.67 38.09 47.03 37.93 47.25 37.33 40.07 37.37 
Number of RGD peptide 0 0 0 1 0 0 2 0 0 

* Instability index – An estimate of the stability of the protein in aqueous solution based on statistical analysis of 12 unstable and 32 stable proteins 
** Aliphatic index – Relative volume occupied by aliphatic side chains (Ala, Val, Ile, Leu)
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As the amino acid sequences from the Universal Protein Resource (UniProt) website are 

derived from the genome of each species, the amino acid sequences of collagen actually reflect 

the sequences of pro-collagen, which is formed immediately after mRNA transcription and has 

not undergone post-translational modifications. Hence, the amino acids hydroxyproline and 

hydroxylysine, which are present in collagen and are formed by the hydroxylation of proline 

and lysine during post-translational modifications, are reflected as proline and lysine on the 

sequences of pro-collagen. Also, the pro-peptides at the end of the chains, which are cleaved 

off during post-translational modifications, are reflected in the pro-collagen sequence. 

Nevertheless, using the pro-collagen sequences allow us to compare the sequences at the 

genetic level, and evaluate the degree of genetic conservation of type I collagen between 

species. 

From Table 3-1, it was observed that the number of amino acids, molecular weight and 

isoelectric point (pI) differ between the a1 and a2 chains in every species, but are generally 

similar in the a1 chains between species and similar in the a2 chains between species. One 

major difference between mammalian and tilapia type I collagen is that mammalian type I 

collagen composes of two a1 chains and one a2 chains, while fish type I collagen composes of 

3 different chains – a1, a2 and a3 [37]. For all species, the a2 chain is shorter than the a1 chains 

by 80-100 amino acid residues, and for tilapia, the a1 and a3 chains have similar lengths, with 

the a1 chain longer than the a3 chain by just 3 amino acid residues. One interesting observation 

is that the a1 chains in all species, as well as the a3 chain in tilapia, have a theoretical isoelectric 

point (pI) of 5.6 to 5.7, while the a2 chains in all species have a theoretical pI of 9.0 to 9.4. The 

isoelectric point (pI) of a protein is the pH where the protein acquires a zero net charge, and is 

also the pH where the protein has minimum solubility in water and would precipitate out of 

solution [21]. The lower pI values of the a1 and a3 chains are due to a higher composition of 
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aspartic acid and glutamic acid residues in the sequences. At neutral pH (pH 7), the a1 and a3 

chains would carry a negative charge while the a2 chain would carry a positive charge. This 

charge difference creates an electrostatic attraction between the a1/a3 and a2 chains, which 

explains the ability for collagen molecules to self-assemble readily in solution. In reality, the 

pI of collagen is lower, with the actual pI values of bovine gelatin reported to be 4.7 and 7.7 

[220]. This is because some of the proline (pI = 6.3) and lysine (pI = 9.5) residues are 

hydroxylated during post-translational modification to hydroxy-proline (pI = 5.7) and 

hydrolysine (pI = 9.2), leading to a drop of pI [221]. Extrapolating from this observation, we 

expected the actual pI values of tilapia collagen to be lower than those reported in Table 3-1. 

Another observation was that the amino acids glycine and proline make up a significant portion 

of the pro-collagen chains in all species, accounting for almost 30% and 20% respectively. As 

mentioned in section 2.1, glycine, being the smallest amino acid and being present on the chain 

at every third position, allow the three chains to pack tightly around a central axis, while the 

other two positions are usually occupied by proline or hydroxyproline (reflected as proline in 

the pro-collagen sequence) to provide stabilisation of the triple helix and hydrogen bonding 

between the three chains. The arrangement of the amino acids can be visualised in Figure 3.2. 

However, it was observed that tilapia pro-collagen has a slightly lower number of proline 

residues than mammalian pro-collagen, suggesting that tilapia collagen may have a lower 

mechanical and thermal stability than mammalian collagen. All the pro-collagen chains are 

predicted to be stable and hydrophilic, as indicated by the low values in the instability index 

and the aliphatic index. To further appreciate the similarities and differences of the type I 

collagen between tilapia and other animal species, sequence alignments were conducted with 

the Basic Local Alignment Tool (BLAST) and shown in Table 3-2. The sequence alignment 

between human pro-collagen type I a1 chain and tilapia pro-collagen type I a1 chain was also 

visualised in Figure 3.2. 
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Table 3-2: Alignment results of pro-collagen type 1 from human (Homo sapiens), Cow (Bos taurus), Rat (Rattus 
norvegicus) and Nile Tilapia (Oreochromis niloticus) using BLAST. “Identities” refer to amino acids that are 
identical between the two sequences, “positives” refer to amino acids that are identical or have similar chemical 
properties between the two sequences, and “gaps” refer to amino acids that are not “identities”, not “positives” or 
missing in either sequence. 

Query Sequence Subject Sequence Identities Positives Gaps 

Human type I a1 

Human type I a2 888/1467 (61%) 1007/1467 (68%) 104/1467 (7%) 
Bovine type I a1 1426/1464 (97%) 1442/1464 (98%) 1/1464 (0%) 

Rat type I a1 1347/1464 (92%) 1388/1464 (94%) 11/1464 (0%) 
Tilapia type I a1 1152/1465 (79%) 1240/1465 (84%) 19/1465 (1%) 

Human type I a2 
Bovine type I a2 1269/1366 (93%) 1303/1366 (95%) 2/1366 (0%) 

Rat type I a2 1245/1372 (91%) 1287/1372 (93%) 6/1372 (0%) 
Tilapia type I a2 957/1367 (70%) 1059/1367 (77%) 18/1367 (1%) 

Tilapia type I a1 

Tilapia type I a2 857/1447 (59%) 987/1447 (68%) 97/1447 (6%) 
Tilapia type I a3 1130/1451 (78%) 1232/1451 (84%) 11/1451 (0%) 
Bovine type I a1 1154/1464 (79%) 1243/1464 (84%) 18/1464 (1%) 

Rat type I a1 1131/1457 (78%) 1227/1457 (84%) 14/1457 (0%) 

Tilapia type I a2 
Tilapia type I a3 855/1446 (59%) 990/1446 (68%) 98/1446 (6%) 
Bovine type I a2 960/1367 (70%) 1053/1367 (77%) 20/1367 (1%) 

Rat type I a2 937/1375 (68%) 1044/1375 (75%) 28/1375 (2%) 

Tilapia type I a3 
Human type I a1 1078/1466 (74%) 1201/1466 (81%) 24/1466 (1%) 
Bovine type I a1 1083/1465 (74%) 1204/1465 (82%) 23/1465 (1%) 

Rat type I a1 1053/1457 (72%) 1183/1457 (81%) 17/1457 (1%) 

 

 

Figure 3.2: BLAST analysis of amino acid sequence alignment between human pro-collagen type I a1 (Query) 
and tilapia pro-collagen type I a1 (Sbjct). The row between Query and Sbjct represents identical and positive 
amino acids between the two sequences. Glycine (G) is highlighted in blue and proline (P) is highlighted in purple. 
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From the alignment results, a high degree of genetic conservation was observed tilapia collagen 

and mammalian collagen, with the sequence of the tilapia pro-collagen type I a1 being 79% 

identical and 84% positive to human or bovine pro-collagen type I a1, and having less than 2% 

gaps with the pro-collagen type I a1 of any other species. In figure 4, human and tilapia pro-

collagen type I a1 chains were observed to share multiple regions of identical domains, and 

both sequences show the characteristic repeating Gly-X-Y sequence where many of the X and 

Y are occupied by proline. Interestingly, among the 4 species, bovine collagen has the closest 

sequence to human collagen with the highest number of identities and positives, indicating the 

close evolutionary distance between cows and humans. In tilapia, the a3 chain is more similar 

to a1 than a2, and the a1/a2 alignment yields similar results as the a2/a3 alignment (59% 

identities, 68% positives, 6% gaps). This similarity between a1 than a3 suggested that the genes 

for both proteins probably originated from the duplication of an ancestor a1 gene during the 

evolution of teleost fish 320 million years ago [222].  

In view of the high degree of genetic conservation was observed tilapia collagen and 

mammalian collagen, it was predicted that tilapia collagen would have similar biochemical 

properties as mammalian collagen and would be biocompatible to mammalian cells and tissues. 

 Yield of extracted collagen and  

 The dry weight yield of the collagen extraction is presented in Table 3-3.  

Table 3-3: Yield of collagen extraction from tilapia skin, tilapia scale and rat tail 

Tilapia skin Tilapia scale Rat tail 
16.6 % ± 3.5 % 0.41 % ± 0.11 % 32.0% ± 2.8 % 

 

The yield of collagen from tilapia skin reported here is close to the value of 20.7% reported by 

Potaros et al, who also extracted collagen from tilapia skin at 22-23°C [223]. Our yield is 



 
 

58 

slightly lower than the reported value because of an additional filtration step to remove solid 

debris after the resolubilization of the salt-precipitated collagen in 0.5 M acetic acid. The yield 

of collagen from tilapia scale is close to the yield from grey mullet scales (0.43%), flying fish 

(0.72%) and horse mackerel scale (0.64%) reported by Minh Thuy et al [113], but lower than 

the yield from tilapia scales (2%) reported by Ikoma et al, who used 0.01M HCl instead of 

0.5M acetic acid for the collagen extraction [224]. The yield of collagen from tilapia scale is 

much lower than the yield from tilapia skin, because the collagen fibres in scales is much more 

tightly packed than the collagen in skin, making solubilisation of collagen from scales much 

slower [201]. The yield of collagen from rat tail is much higher than the yield from tilapia skin 

because rat tail tendons contain a higher concentration of collagen than other tissues and do not 

contain non-collagenous proteins, blood, lipids and appendages which are present in skin [57].   

 Electrospinning of tilapia collagen – optimisation of parameters 

While there is a plethora of data from the electrospinning of fish collagen with HFIP as the 

solvent, there was no prior reports of using PBS/ethanol as a solvent to electrospin fish collagen. 

As a result, some process optimisation was necessary to ensure the formation of fine and 

consistent fibres without beads. Generally, there are three main parameters during the 

electrospinning process that can affect the diameter and consistency of the fibres, and they are 

(i) voltage, (ii) flow rate and (iii) distance from needle to collector. In addition, the temperature 

and humidity can also affect the quality of the electrospun mat, but these parameters were kept 

in a constant range: (24 ± 2) °C and (30 ± 5) % relative humidity to maintain a consistent 

environment. Using a 8% (w/v) fish collagen in 50:50 20xPBS:ethanol solution, 

electrospinning was attempted with the following initial parameters: voltage = 10 kV, flow rate 

= 0.6 ml/h, distance from needle to collector = 10 cm. The fibre diameter after the adjustment 

of each parameter was presented in Table 3-4. 
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Table 3-4: Effect of different electrospinning parameters on the diameter of electrospun fibres from 8% (w/v) 
tilapia skin collagen in 50:50 20xPBS:ethanol. 

Constant flow rate = 0.6 ml/h 
Constant distance = 10 cm 

Varying voltage 

Constant voltage = 10 kV 
Constant distance = 10 cm 

Varying flow rate 

Constant voltage = 10 kV 
 Constant flow rate = 0.6 ml/h 

Varying distance 
Voltage (kV) Diameter (µm) Flow rate (ml/h) Diameter (µm) Distance (cm) Diameter (µm) 

12 1.70 ± 0.06 0.3 1.89 ± 0.32 10 1.80 ± 0.24 
15 1.98 ± 0.19 0.4 1.81 ± 0.30 12 1.75 ± 0.18 
18 1.70 ± 0.45 0.6 1.70 ± 0.10 15 1.77 ± 0.24 

 

As the target of the optimization was to get fine and consistent fibres, the spinning parameters 

that produce fibres with smaller diameters and smaller standard deviation were chosen. From 

the results presented in Table 3-4, the following operating parameters were chosen: voltage = 

12 kV, flow rate = 0.6 ml/h, distance from needle to collector = 12 cm. These parameters were 

adopted for the subsequent electrospinning processes with the following solutions: (i) 8% 

tilapia scale collagen in 50:50 20xPBS:ethanol, (ii) 8% tilapia scale collagen in 40:60 

20xPBS:ethanol, (iii) 8% tilapia skin collagen in 50:50 20xPBS:ethanol, and (iv) 8% tilapia 

skin collagen in 40:60 20xPBS:ethanol. As each solution has slightly different viscosities, the 

conditions of the electrospun fibres were monitored for the first 5 minutes of electrospinning 

by collecting the fibres on a glass slide and observing it under the microscope, and the flow 

rate was adjusted accordingly. After 1 hour of electrospinning, the electrospun mats were 

analysed by SEM and shown in Figure 3.3. 

To compare between the traditional solvent HFIP and the novel PBS:ethanol solvent, tilapia 

skin collagen was also electrospun using HFIP as the electrospinning solvent. The spinning 

parameters for tilapia skin collagen in HFIP was optimized to: voltage = 11 kV, flow rate = 0.7 

ml/h, distance from needle to collector = 10 cm. The electrospun mats after 1 hour of 

electrospinning with HFIP were also analysed by SEM and shown in Figure 3.3. 
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Figure 3.3: SEM images of electrospun mat with optimized parameters: (A) 8% tilapia scale collagen in 50:50 
20xPBS:ethanol (1000x), (B) 8% tilapia scale collagen in 40:60 20xPBS:ethanol (1000x), (C) 8% tilapia skin 
collagen in 50:50 20xPBS:ethanol (1000x), (D) 8% tilapia skin collagen in 40:60 20xPBS:ethanol (1000x), (E) 
8% tilapia skin collagen in 40:60 20xPBS:ethanol (5000x), (F) 8% tilapia skin collagen in HFIP (1000x), (G) 8% 
tilapia skin collagen in HFIP (5000x)  

 

Among the four samples electrospun from PBS:ethanol, 8% tilapia skin collagen in 40:60 

20xPBS:ethanol (Figure 3.3D & E) produced the best-looking fibres as the nanofibers were 

continuous, were mostly straight, had a narrow distribution of diameters ranging from 200 to 

400 nm, and had minimal bead formation. The fiber morphology and consistency in 8% tilapia 

skin collagen in 40:60 20xPBS:ethanol were similar to those in 8% tilapia skin collagen in 

HFIP (Figure 3.3F & G), thus proving 40:60 20xPBS:ethanol as an effective electrospinning 

solvent for tilapia skin collagen. 
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On the other hand, 8% tilapia scale collagen in 50:50 20xPBS:ethanol (Figure 3.3A) and 8% 

tilapia skin collagen in 50:50 20xPBS:ethanol (Figure 3.3C) produced similar-sized fibres but 

most of the fibres ended up merging or breaking. A number of beads were also formed and 

merged with the fibres. This could be due to the incomplete evaporation of the solvent, as 50:50 

20xPBS:ethanol contained more water than 40:60 20xPBS:ethanol and was less volatile as a 

result. As the deposited fibres were still wet on the collector, they merged with one another 

before the solvent evaporates.  

Lastly, 8% tilapia scale collagen in 40:60 20xPBS:ethanol (Figure 3.3B) did not form 

continuous fibres like 8% tilapia skin collagen in 40:60 20xPBS:ethanol. When tilapia scale 

collagen was dissolved in 40:60 20xPBS:ethanol, the solution was noticed to be less viscous 

than the tilapia skin collagen solutions. Viscosity was reported to be one factor affecting fibre 

quality, as surface tension is a dominant factor in the formation of the Taylor cone at the end 

of the needle, and a solution with low viscosity leads to weak surface tension, resulting in the 

deposition of droplets instead of fibres [225]. Even though tilapia scale collagen and tilapia 

skin collagen are both type I collagen, studies have shown that the same type of collagen from 

different parts of the same animal may have different degrees of hydroxylation, leading to slight 

variations in properties [226]. Hence, to obtain good electrospun mat from tilapia scale collagen, 

it would be necessary to re-optimize the spinning parameters, as well as adjusting the collagen 

concentration and solvent composition of the spinning solution.  

In summary, 8% tilapia skin collagen in 40:60 20xPBS:ethanol was chosen for subsequent 

experiments due to the formation of smooth and consistent fibres. As the fibre morphology and 

consistency in 8% tilapia skin collagen in 40:60 20xPBS:ethanol are similar to those in 8% 

tilapia skin collagen in HFIP, we had shown that 40:60 20xPBS:ethanol is a good alternative 

of HFIP for the electrospinning of tilapia skin collagen, without the toxicity of HFIP. 
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 Fabrication of crosslinked electrospun collagen scaffolds 

To evaluate the biocompatibility of tilapia collagen scaffolds electrospun with the benign 

PBS:ethanol solvent, 8% tilapia skin collagen in 40:60 20xPBS:ethanol was electrospun for 3 

hours. One set of electrospun scaffold was crosslinked in glutaraldehyde vapour and the second 

set of scaffold was crosslinked in EDC/NHS in ethanol to evaluate the effect of the crosslinkers 

on the biocompatibility of the scaffolds. The crosslinked electrospun scaffolds were analysed 

by SEM (Figure 3.4) and the fibre diameters are measured by ImageJ (Table 3-5). 

  

Figure 3.4: SEM images (1000x) of tilapia skin collagen scaffolds electrospun with 40:60 20xPBS:ethanol. (A) 
Tilapia skin collagen scaffold without crosslinking, (B) Tilapia skin collagen scaffold crosslinked by 
glutaraldehyde vapour for 4 hours, (C) Tilapia skin collagen scaffold crosslinked by EDC/NHS in ethanol for 24 
hours 

 

Table 3-5: Fibre diameters of tilapia skin scaffolds electrospun from 8% (w/v) tilapia skin collagen in 40:60 
20xPBS:ethanol and crosslinked in different reagents.  

Scaffold Abbreviation Fibre diameter (nm) 

Electrospun tilapia 
skin collagen 

non-crosslinked TSC-ES 318.0 ± 73.6 
crosslinked by glutaraldehyde TSC-GTA 505.0 ± 143.5 

crosslinked by EDC/NHS TSC-EDC 534.6 ± 80.2 



 
 

63 

Electrospun tilapia skin collagen (TSC-ES) showed straight and consistent fibres (Figure 3.4A) 

with a mean diameter of 318.0 nm (Table 3-5). When TSC-ES was crosslinked, the fibre 

diameters generally increased as the fibres merged, with EDC/NHS generating thicker fibres 

and exhibiting more merging (Figure 3.4C). Although the fibre diameter increased, shrinking 

was observed in all crosslinked collagen films, and the contraction and merging of the collagen 

fibers led to a decrease in porosity, as observed in the SEM images.  

After crosslinking in glutaraldehyde vapour for 4 hours, the crosslinked tilapia skin collagen 

(TSC-GTA) showed the formation of crystals (Figure 3.4C & D), which were very likely salt 

crystals precipitated from PBS, which comprises of sodium chloride, potassium chloride, 

sodium hydrogen-phosphate and potassium dihydrogen-phosphate [227]. As the electro-

spinning solvent used was 40:60 20xPBS:ethanol, the evaporation of the solvent would leave 

the PBS salts immobilised within the electrospun fibres, with the salts presumably stabilized 

by the hydrophilic groups of the collagen molecules. During the crosslinking in glutaraldehyde 

vapour, the formation of new covalent bonds made the collagen fibres shrink and merge, 

causing the destabilisation between the salt and collagen molecules and leading to the 

crystallization of the salt. One set of electrospun collagen were crosslinked in glutaraldehyde 

vapour for 24 hours, but the results were not shown as the 24 hour glutaraldehyde crosslinked 

sample showed excessive shrinkage and cracks.  

The EDC/NHS crosslinked samples (TSC-EDC) exhibited a higher degree of shrinking and 

fibre merging, but there was no formation of salt crystals, as the crosslinking was done in a 

solution of EDC/NHS in ethanol and the PBS salts were presumably removed by the solvent. 

The duration of the EDC/NHS crosslinking was chosen to be 24 hours, as electrospun collagen 

samples crosslinked in EDC/NHS for 4 hours, 8 hours and 12 hours were found to be too fragile 

to be handled. From literature, glutaraldehyde is reported to be a highly potent, fast-acting and 
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inexpensive crosslinker that reacts with free amino groups of proteins to create new covalent 

bonds, and is widely used as a crosslinking agent despite reports on its cytotoxicity [228]. In 

view of glutaraldehyde’s toxicity, carbodiimides including EDC were viewed as a less toxic 

alternative. EDC works by activating the carboxylic acid groups in proteins, and NHS serves 

as a catalyst to covalently join the carboxylic acid groups to free amine groups in the protein 

[229]. EDC has limited cross-linking ability due to its short molecular structure and slower 

reaction time, but is not as cytotoxic as glutaraldehyde [75].  

 Differential Scanning Calorimetry  

A biomaterial intended for in vivo applications must be thermally stable at body temperature 

to ensure that it would not undergo thermal degradation rapidly upon implantation. Hence, it 

is important to measure the denaturation temperature (Td) of the material using differential 

scanning calorimetry (DSC), which is a popular instrument to measure the Td of biomaterials. 

The denaturation temperatures of the collagen sponges, electrospun collagen scaffolds and 

crosslinked electrospun collagen scaffolds were presented in Table 3-6. 

Table 3-6: Denaturation temperatures of collagen sponges, electrospun collagen scaffolds and crosslinked 
electrospun collagen scaffolds. Samples were rehydrated to mimic physiological conditions before measurement. 

Scaffold Abbreviation Denaturation temperature (°C) 
Tilapia scale TSc 76.0 ± 2.0 

Tilapia scale collagen  TScC 36.5 ± 0.1 
Tilapia skin TS 68.1 ± 1.0 

Tilapia skin collagen  TSC 37.2 ± 0.7 

Electrospun tilapia 
skin collagen 

non-crosslinked TSC-ES 34.3 ± 0.6 
crosslinked by glutaraldehyde TSC-GTA 56.3 ± 0.5 

crosslinked by EDC/NHS TSC-EDC 54.5 ± 3.1 
Rat tail tendon RT 63.2 ± 1.4 

Rat tail collagen sponge RTC 40.0 ± 0.9 
 

The Td of the native tissues were found to be much higher than the extracted collagen. Tilapia 

scale has the highest Td of among all native tissues, because of the tight packing of collagen 
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fibrils within the scale and the outer coating of hydroxyapatite, a inorganic material known for 

its high thermal stability [149]. The Td of tilapia skin is also surprisingly high, and this high  Td 

could be attributed to the extensive crosslinking between collagen molecules and between 

collagen and other structural components of the ECM. The thermal properties of tilapia skin 

would be discussed in more details in section 4.3.6 of Chapter 4. Rat tail tendon was also 

analysed as a comparison and was observed to have a high Td, which could be attributed to the 

high level of crystallinity and structural alignment of the collagen fibrils within the tendon, as 

reported by Zeugolis et al [230]. 

After acid solubilisation and purification, the Td of the extracted collagen became lower. The 

Td of tilapia scale collagen (36.5°C) and tilapia skin collagen (37.2°C) determined in this study 

were close to that of tilapia scale collagen (36°C) reported by Ikoma et al [224], while the Td 

of rat tail collagen (40.0°C) was close to that (38.6°C) reported by Ozecelikkale & Han [231]. 

Rat tail collagen is expected to have a higher Td than tilapia collagen, because to cope with 

higher body temperatures, the collagen in warm-blooded animals has a higher composition of 

hydroxyproline which contributes to intramolecular hydrogen bonding and stabilisation of the 

triple helix in the collagen molecules [232]. Among the collagen of all fish species, tilapia 

collagen was reported to have the highest Td due to its warm native habitat [30]. 

After electrospinning, the Td of tilapia skin collagen dropped, suggesting that the collagen 

molecules became unstable during the electrospinning process. Zeugolis et al reported a loss 

of up to 99% of triple-helical collagen when collagen was electrospun in HFIP, with the Td of 

porcine tendon collagen and bovine dermal collagen dropping more than 10°C after 

electrospinning [230]. Zeugolis et al also proved by circular dichroism that HFIP caused the 

denaturation of collagen by dissociating the triple-helix molecule into three randomly coiled 

a-chains. Although HFIP was not used as the solvent in our study, the presence of ethanol in 
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the electrospinning solvent might play a role in destabilising the collagen. Gopinath et al 

reported that collagen retains its triple helix in the presence of ethanol at low temperature (5°C) 

but becomes thermodynamically unstable at elevated temperature (~34°C), as ethanol has a 

dehydrating effect and disrupts the inter-peptide and water-mediated hydrogen bonds in 

collagen [233]. Although the PBS/ethanol solvent caused a drop in Td of tilapia skin collagen, 

the drop was not as drastic as that reported by Zeugolis et al, suggesting that PBS/ethanol has 

a less destabilising effect than HFIP, with the ionic salts in PBS presumably reducing the 

dehydrating effect of ethanol by preserving the hydrogen bonds in the collagen.  

Both glutaraldehyde and EDC/NHS increased the Td of electrospun tilapia skin collagen due 

to the formation new covalent bonds between the collagen molecules, but the Td of the 

crosslinked electrospun collagen still could not match the Td of native tissues, as native tissues 

possess other structural components that stabilise the tissue integrity while the crosslinked 

electrospun collagen lack these non-collagenous structural molecules. Nevertheless, the 

increased Td makes the crosslinked membranes stable at body temperature and suitable for in 

vivo applications.   

 Sodium dodecyl sulphate−polyacrylamide gel electrophoresis  

Collagen, like any proteins, can undergo degradation in the presence of heat, chemicals, or 

enzymes. To determine the effect of processing parameters on the stability and structural 

integrity of the collagen chains, collagen samples can be denatured in the detergent sodium 

dodecyl sulphate (SDS) and analysed by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE), which is a technique to separate protein mixtures by molecular 

weight. Here, the protein composition and molecular weights of the collagen samples were 

analysed SDS-PAGE (Figure 3.5). 
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Figure 3.5: SDS-PAGE characterization of TSC (tilapia skin collagen), RTC (rat tail collagen), TSC in PBS:EtOH 
(tilapia skin collagen dissolved in 40:60 20x PBS:ethanol), TSC-ES (electro-spun tilapia skin collagen), TScC 
(tilapia scale collagen), TSC-GTA (glutaraldehyde crosslinked electro-spun tilapia skin collagen), and TSC-EDC 
(EDC/NHS crosslinked electro-spun tilapia skin collagen). Molecular markers were added on the leftmost lane 
and the marker bars indicate the protein’s molecular weight in kDa. 

 

The electrophoresis patterns showed that the extracted collagens from tilapia skin, rat tail and 

tilapia scales were mainly composed of a-chains (approximately 110 kDa and 130 kDa) and 

crosslinked b and g chains (approximately 240 kDa, 250 kDa and 350 kDa). From the 

bioinformatics characterisation results (section 3.2.2), the molecular weight of pro-a1, pro-a2, 

pro-a3 chains are 137 kDa, 126 kDa and 136 kDa respectively. When the pro-collagen chains 

undergoes post-translational modification, despite the addition of hydroxy groups to proline 

and lysine residues, the molecular weight drops slightly due to the removal of the pro-peptides 

at the end of the chains [234]. Hence, in the SDS-PAGE gel, the 130kDa band corresponds to 

the a1 and a3 chains and the 110 kDa band corresponds to the a2 chain. As the a1 and a3 chains 

have similar molecular weights, the 2 bands overlap to form a more intense band at 130kDa. 

The 240 kDa and 250 kDa bands correspond to b chains, which are crosslinked dimers of a 

chains, while the 350 kDa bands correspond to g chains, which are crosslinked trimers of a 
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chains. The presence of a, b and g chains indicates that the structural integrity of the collagen 

molecules is preserved. An absence of the a, b and g bands and the appearance of bands 

corresponding to lower molecular weights would indicate the degradation of the collagen.  

The electrophoresis patterns showed that PBS/ethanol-electrospun tilapia skin collagen retain 

the a, b and g bands, while Zeugolis et al reported extensive denaturation of the collagen 

molecules in HFIP-electrospun collagen and the disappearance of bands for HFIP-electrospun 

collagen in SDS-PAGE gels [230], indicating that PBS/ethanol is less damaging to the structure 

of collagen molecules than HFIP. However, glutaraldehyde cross-linking caused the a, b and 

g bands to disappear, while EDC/NHS crosslinking retained the a bands to a small extent but 

caused the b and g bands to disappear. As chemical crosslinkers form new covalent bonds 

between collagen molecules, the crosslinked collagen chains become immobile and could not 

travel down the SDS-PAGE gel during electrophoresis. As mentioned in section 3.3.4, EDC 

was reported to have a slower reaction time and lower crosslinking efficiency [75], hence the 

cross-linking might not be complete and some unbound collagen molecules could travel down 

the SDS-PAGE gels, giving rise to the a bands.  

 Indirect cytotoxicity  

Before a biomaterial is used for any in vitro or in vivo applications, it is crucial to check 

whether the material is toxic and has the potential to induce unfavourable immune responses. 

Indirect cytotoxicity assay, which is the determinination of cell viability after incubation in the 

sample extract, is a relatively simple method to evaluate the toxicity of a material and is an 

accepted standard method in ISO-10993-5 [235]. Here, the cell viability of L929 fibroblasts 

after incubation in the sample extract was evaluated quantitatively in term of the cellular 

metabolic function by AlamarBlue assay (Figure 3.6).  
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Figure 3.6: Indirect cytotoxicity studies of TSC-GTA (glutaraldehyde crosslinked electro-spun tilapia skin 
collagen) and TSC-EDC (EDC/NHS crosslinked electro-spun tilapia skin collagen) by determining the metabolic 
function of murine fibroblast L929 with AlamarBlue assay. The samples were assayed after 24h incubation and 
the fluorescence intensity values were normalized against the non-toxic control. *p < 0.05 when compared to 
HDPE (non-toxic control). 

 

The results indicated that both crosslinked electrospun collagen scaffolds were non-toxic, as 

L929 cells incubated in the extracts of the 4 scaffolds exhibited higher metabolic activities than 

the non-toxic control HDPE. Although glutaraldehyde is reported to be cytotoxic, the 

glutaraldehyde-crosslinked scaffolds did not exhibit any cytotoxicity, suggesting that the 

amount of residual glutaraldehyde was negligible. It was assumed that the free glutaraldehyde 

molecules had been removed by vacuum drying or had totally reacted with the collagen 

molecules. On the other hand, EDC/NHS-crosslinked scaffolds were found to be even less 

toxic than the glutaraldehyde-crosslinked scaffolds, with the cellular metabolic activities in 

their extracts significantly higher than that of the non-toxic control. This confirmed that EDC 

is a less cytotoxic crosslinker than glutaraldehyde. Between the two scaffolds, TSC-EDC 

showed the least cytotoxicity, as evident by the highest metabolic activity exhibited by the 

L929 cells incubated in the extract of TSC-EDC. Looking at the SDS-PAGE results, it was 

possible that the crosslinking was incomplete in EDC/NHS-crosslinked scaffolds, leading to 
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the unbound collagen molecules leaching into the sample extract and improving the viability 

of the L929 cells. As the indirect cytotoxicity assay evaluates the cytotoxicity of a material by 

the toxic substances released into the sample extract, any water-soluble biocompatible 

substances may interfere with the toxicity of the dissolved toxins. To assess the cytotoxicity of 

a material more accurately, it would be necessary to conduct experiments where cells have 

direct contact with the material.  

 Cell adhesion and proliferation  

The biocompatibility of a scaffold and its integration with the host tissues depend on its surface 

properties, which play a role in influencing cell attachment and proliferation. Here, the 

biocompatibility of the four crosslinked electrospun collagen scaffolds were assessed by 

seeding L929 fibroblasts onto the scaffolds and evaluating the biological behaviour at selected 

time-points (1, 3 and 7 days) (Figure 3.7). The blank in this study referred to the polystyrene 

culture dish, where cells were directly seeded onto the dish without any scaffolds.  

 

Figure 3.7: Biocompatibility of TSC-GTA (glutaraldehyde crosslinked electro-spun tilapia skin collagen) and 
TSC-EDC (EDC/NHS crosslinked electro-spun tilapia skin collagen) with L929 fibroblasts determined by the 
cellular metabolic function with AlamarBlue assay. No statistical differences (p < 0.05) were observed between 
all groups at each time point, but for every sample, the cellular metabolic activities on Day 3 and 7 were 
significantly higher (p < 0.05) than those on Day 1 and Day 3 respectively. 
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Once again, the results indicated that both crosslinked electrospun collagen scaffolds were non-

toxic, as the metabolic activities of L929 cells seeded on both scaffolds increased exponentially 

and significantly at each time point. The increase in L929 cellular metabolic activities 

suggested that the L929 cells adhered onto the scaffolds rapidly and began to proliferate and 

reproduce shortly after adhesion. Between the 2 scaffolds, TSC-EDC induced a higher 

metabolic activity than TSC-GTA on Day 3 and Day 7, supporting the fact that EDC is a less 

toxic crosslinking agent and EDC/NHS-crosslinked scaffolds are less cytotoxic. Nevertheless, 

the glutaraldehyde-crosslinked scaffolds showed similar performance to the blank (polystyrene 

culture dish), indicating that the glutaraldehyde-crosslinked scaffolds are also not cytotoxic, 

despite reports on the cytotoxicity of glutaraldehyde. Due to the potency of glutaraldehyde, 

crosslinking with glutaraldehyde vapour is a much quicker process, and the shorter processing 

time may make glutaraldehyde crosslinking a more attractive option when the production of 

crosslinked collagen scaffolds is scaled up.  

The fact that L929 cells which are from a murine origin could grow well on tilapia skin collagen 

scaffolds showed that tilapia collagen could be well tolerated by mammalian cells due to the 

high level of functional and structural conservation between tilapia collagen and mammalian 

collagen (with 78% identities and 84% positives between tilapia and rat collagen type I a1 as 

revealed in section 3.3.1). Looking at the biocompatibility of tilapia skin collagen scaffolds 

towards murine cells, we could hypothesize that tilapia skin collagen scaffolds would  also be 

well-tolerated by human cells and human tissues.  
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3.4 Conclusion 

In this study, type I collagen was successfully extracted and purified from the skin and scales 

of Nile tilapia, a tropical fish that is widely cultivated as food and valued for its type I collagen 

with high denaturation temperature. Tilapia skin collagen was then successfully electrospun 

into well-defined nanofibrous mats using a novel benign PBS/ethanol solvent which had been 

attempted on bovine and porcine collagen but not on fish collagen. While there was some 

degree of collagen instability during the electrospinning, the PBS/ethanol solvent was shown 

to have a less adverse effect on the structure of collagen than HFIP, a fluoro-alcohol which is 

a popular solvent for collagen electrospinning. The fibre morphology and consistency of 

electrospun tilapia skin collagen were similar between PBS/ethanol and HFIP. More 

importantly, PBS/ethanol is non-toxic and more environmentally friendly than HFIP. The 

electrospun tilapia skin scaffolds were crosslinked with glutaraldehyde vapour or EDC/NHS, 

and all crosslinked scaffolds were shown to be non-cytotoxic and support adhesion and 

proliferation of L929 fibroblasts. The high level of conservation between tilapia collagen and 

mammalian collagen revealed in the bioinformatics characterisation suggests that tilapia 

collagen would be well-tolerated by mammals.  

Extrapolating from the results of the bioinformatics characterisation and the characteristics of 

the tilapia collagen scaffolds reported in this chapter, the author would expect decellularized 

tilapia tissues to be biocompatible in mammals and have similar, if not superior, physical and 

biological performances as decellularized mammalian tissues. The experimental methods 

reported in this chapter would also serve as a guideline to characterise and evaluate the 

decellularized tilapia skin in the subsequent chapters.  
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4 Decellularization of tilapia skin 

4.1 Introduction 

Biologic materials derived from the extracellular matrix (ECM) of human or animal tissues are 

commonly used as scaffolds to support the regeneration of damaged or missing tissues or 

organs [10]. Such biologic materials are obtained from a process known as decellularization, 

where cells are removed from a tissue or an organ, leaving behind the ECM which comprises 

of a complex network of structural and functional proteins. This acellular ECM can be used as 

a scaffold to support cell proliferation and eventually tissue regeneration [25]. 

Ideally, the decellularization protocol should remove all cellular and nuclear materials which 

can trigger immune reactions in the host recipient, while preserving the structure, mechanical 

integrity and biological activity of the remaining ECM. However, any processing step with the 

aim of removing cells from a tissue will inevitably alter the native structure and composition 

of the ECM [27]. The challenge in decellularization is to determine the optimal methods to 

preserve the ECM while achieving high removal of cellular materials [83].  

Currently, many decellularized ECM products are employed in various fields of regenerative 

medicine, including dermatologic applications (e.g. wound-healing), soft tissue repair, urethral 

reconstruction, spinal repair and orthopaedic applications [26]. Most of these decellularized 

ECM products are from human, bovine or porcine origins. Examples of approved and 

commercially available decellularized ECM products are AlloDerm® (Lifecell) derived from 

human skin, Matristem® (ACell) derived from porcine urinary bladder, Oasis® (Healthpoint) 

derived from porcine small intestinal submucosa, and PriMatrix® (TEI Biosciences) derived 

from fetal bovine skin  [25, 56]. 
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Recently, there is a growing interest in decellularized tissues from non-mammalian sources due 

to the avoidance of porcine and bovine products by patients with religious constraints and the 

risk of disease transmission from mammals to humans, as seen in the cases of bovine 

spongiform encephalopathy, swine influenza and foot-and-mouth disease [14, 15]. In this 

regard, the use of decellularized tissues of piscine origin is considered to be an attractive 

alternative, due to the similarity of the physical structure, chemical composition and 

physiological functions of the ECM between piscine and mammalian tissues [170]. Fish is 

traditionally an accepted food source in most religions, including Islam, Judaism and Hinduism 

[236, 237], so fish tissues avoid the religious constraints associated with mammalian tissues. 

Also, zoonoses from fish to humans are rare and are restricted to a small number of 

opportunistic bacterial pathogens, which can be eliminated with proper decellularization and 

sterilisation, unlike mammalian zoonoses caused by viruses or prions, which are difficult to 

eliminate [238]. Another motivation to use fish tissues is the huge amount of waste generated 

by the seafood industry. In the case of fish, about 75% of the fish weight is discarded in the 

form of skins, scales, bones, and internal organs [16]. Conversion of these largely untapped 

resources into valuable products would concurrently generate more revenue and reduce 

wastage in the seafood industry .  

The use of decellularized fish skin for wound care and other tissue healing applications was 

described in U.S. Patent Number 8,613,957 B2 by Kerecis, an Icelandic medical device 

company, in 2013 [28]. Kerecis had successfully developed the “Kerecis™ Omega3”, an 

acellular graft product derived from the skin of farmed North Atlantic cods. At the time of 

writing, Kerecis is only one company in the world which has received approval from the Food 

and Drug Administration (FDA) in the United States for the use of decellularized fish tissues 

in medical treatments. Other studies involving decellularized fish tissue included the 

development of a collagen matrix from tilapia fish scales for corneal reconstruction [18], the 
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fabrication of a bioabsorable bone pin from decellularized fish scales for bone regeneration 

[149], and the development of scaffolds from decellularized fish swim bladder for skin wound 

healing and soft tissue regeneration [153, 239]. Other than the works mentioned above, there 

are very few reported works on the use of decellularized fish tissues in regenerative medicine.  

Among the various organs in teleost fish, the skin is of the greatest interest to tissue engineers 

as the skin has a high composition of type I collagen and possess numerous bioactive 

substances whose benefits have not been fully explored. In addition, a huge amount of fish skin 

is discarded in the fishing industry, accounting for around 30% of fish waste [16, 169]. These 

factors, together with the fact that there were few reported works on decellularized fish tissues, 

generated a motivation to study the decellularization of fish skin and investigate the suitability 

of decellularized fish skin in tissue engineering. In this thesis, Nile tilapia was chosen as the 

species of interest due to its popularity as a food source and the high denaturation temperature 

of its type I collagen. 

Hence, the next objective of this thesis would be to develop an acellular scaffold from tilapia 

skin by decellularization. Since there was no prior studies on the decellularization of tilapia 

skin, another objective would be to investigate the effects of different decellularization methods 

on tilapia skin and to optimise the decellularization process in order to maximise removal of 

cellular components while preserving the ECM structure. 

In Chapter 3 of this thesis, it was reported that tilapia skin collagen and rat tail collagen were 

successfully electrospun into well-defined nanofibrous scaffolds using a novel benign 

PBS/ethanol solvent, and after crosslinking, the scaffolds were shown to be non-cytotoxic and 

support adhesion and proliferation of L929 fibroblasts. The similar biological performances 

between tilapia collagen scaffolds and rat collagen scaffolds suggests that tilapia collagen 

would be well-tolerated by mammals. Moving from the molecular level to the tissue level, the 
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degree of functional and structural conservation between tilapia and mammals should be 

similar and one hypothesis in this thesis was that decellularized tilapia skin might be thermally 

stable in vivo, biocompatible to mammals, non-toxic, biodegradable, and not immunogenic.  

This chapter would focus on the process optimisation for the decellularization of tilapia skin, 

and physical and biochemical characterization of decellularized tilapia skin, while Chapter 5 

and 6 would focus on the biological characterization and clinical assessment of decellularized 

tilapia skin, using crosslinked electrospun tilapia collagen as a comparison biomaterial.  

At the end of this chapter, a short section would be devoted to the introduction of electricity as 

a novel decellularization medium. Some preliminary data from the electric decellularization of 

tilapia skin would be presented, with suggestions for future work.  

4.2 Methodology 

 Materials 

Fresh tilapia was purchased from a local supermarket and processed on the same day. 

Phosphate-buffered saline (PBS), Pierce Universal Nuclease, Dispase and PicoGreen DNA 

quantification kit were obtained from Life Technologies (Grand Island, NY, USA). Sircol 

collagen assay kit, Fastin elastin assay kit and Blyscan glycosaminoglycan assay kit were 

obtained from BioColor (Carrickfergus, UK). Other chemicals were obtained from Sigma 

Aldrich (St Louis, MO, USA) unless otherwise stated.  

 Decellularization of fish skin – process optimization 

The scales and skin were removed from fresh tilapia. The skin was cleaned, cut into smaller 

pieces (4cm × 4cm), and stored in PBS with 1% antibiotics at 4°C until ready for processing. 

As there is no prior studies on the decellularization of tilapia skin, a series of studies were 
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performed using various chemical and enzymatic treatments to optimize the decellularization 

process. The optimization of the decellularization process was carried out in two phases. In the 

first phase, two groups of tilapia skin were placed separately into two detergents, 1% sodium 

dodecyl sulphate (SDS) in PBS and 1% Triton-X in PBS, and shaken on an orbital shaker at 

100 rpm for 6 hours. The skins were then rinsed with DI water and characterized to evaluate 

the effectiveness of each detergent treatment. In the second phase, one group of tilapia skin 

was shaken in 2.5 U/mL dispase in PBS for 3 hours to detach the epidermis before the 6 hour 

detergent treatment. Another group of tilapia skin was shaken in 25 U/mL Pierce Universal 

Nuclease in PBS for 3 hours to break down the nucleic acids after the 6 hour detergent treatment. 

All the skins were rinsed with water thoroughly after each detergent treatment or enzymatic 

treatment. The skins were then characterized to assess the effectiveness of the additional 

enzymatic treatment.  

Finally, the optimized decellularization process was carried out as followed. The skin was 

shaken in 2.5 U/mL dispase in PBS for 3 hours to detach the epidermis. The skin was rinsed 

with DI water, and shaken in 1% SDS in PBS for 6 hours to lyse the cells and release cellular 

contents. The skin was then gently scrapped to physically remove the epidermis. The skin was 

rinsed with DI water, and shaken in 25 U/mL Pierce Universal Nuclease in PBS for 3 hours to 

break down the nucleic acid. Finally, the skin was rinsed with DI water, and shaken in 1% 

sodium dodecyl sulphate (SDS) in PBS again for 1 hour to remove the nuclease and residual 

contaminants. The skin was rinsed with DI water and lyophilized in a freeze-dryer for 24 hours. 

The lyophilized skin was further dried in a vacuum chamber for 1 hour to remove any 

condensation. The whole process was performed at room temperature (23 ± 1 °C). This final 

product is termed decellularized tilapia skin (DTS) and was stored dry at room temperature 

until further use. The optimization of the decellularization process is summarized in Table 4-1. 
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Table 4-1: Steps taken during the optimization of the decellularization process  

Step Duration Phase 1 Phase 2 Optimized 
2.5 U/mL dispase in PBS 
Water rinse 

3 hours 
5 min ´ 4 times 

 Yes  Yes 

Detergent (1% SDS in 
PBS or 1% Triton in PBS) 6 hours The detergent with better 

performance would be 
used in the next phase 

Yes Yes Yes 
Water rinse 5 min ´ 4 times 
25 U/mL nuclease in PBS 
Water rinse 

3 hours 
5 min ´ 4 times 

  Yes Yes 

 

 Determination of DNA and collagen content 

Fresh tilapia skin and decellularized tilapia skin were tapped dry with tissue paper and cut into 

5 mm × 5 mm pieces. Each piece was weighed and placed into a 1.5 mL sample tube. For DNA 

content quantification, the DNA was extracted from the sample with the Favorprep™ Tissue 

Genomic DNA Extraction Mini Kit (Favorgen, Taiwan) and then quantified with the 

PicoGreen® dsDNA assay kit (Life Technologies, USA) according to the manufacturer’s 

instructions. For collagen content quantification, the collagen in the sample was solubilised 

and quantified with the Sircol Collagen Assay kit (Biocolor, UK) according to the 

manufacturer’s instructions. For plotting of the standard curve for the collagen assay, standards 

were prepared from tilapia collagen (extracted and purified as per section 2.2.1) instead of the 

porcine collagen provided by the Sircol Collagen Assay kit. 

 Scanning Electron Microsopy 

The morphology of the membranes was analysed by scanning electron microscopy (SEM). 

Bio-Gide®, CETC and DTS were cut into 3 mm × 3 mm pieces. The samples were fixed in 

2.5% glutaraldehyde in PBS for 1 hour at room temperature, washed twice with water, 

dehydrated with increasing concentrations of ethanol (i.e. 50%, 70%, 90%, 100%), and dried 

in vacuum overnight. The dry samples were sputter-coated using a platinum ion coater (JFC-

1600, JEOL, Japan) and analysed with the SEM machine (JSM-6700F, JEOL, Japan) 
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 Hematoxylin & eosin histology 

The structural morphology and the presence of DNA in the samples were visually analysed by 

hematoxylin & eosin (H&E) histology. The samples were cut into small pieces, fixed in 10% 

neutral-buffered formalin solution overnight, dehydrated through increasing concentrations of 

ethanol (i.e. 50%, 70%, 90%, 100%) and xylene, and embedded in paraffin wax at 60 °C. The 

embedded samples were then sliced perpendicularly to the skin surface at a thickness of 5 µm 

with a rotary microtome (RM2255, Leica, Germany) to obtain cross-sectional sections of the 

samples. The sections were stained with hematoxylin and eosin, and observed with light 

microscopy. Areas stained blue or purple indicated the presence of DNA, while areas stained 

pink represent the proteins [240]. 

 Determination of sodium dodecyl sulphate content 

The concentration of sodium dodecyl sulphate (SDS) in the rinse and storage solutions was 

quantified by a stains-all reagent according to the method reported by Rusconi et al [241]. First, 

1 mg of stains-all was dissolved in 1 mL of isopropanol:water (50:50 v/v) to produce the 

reagent stock. Then, 1 mL of the reagent stock and 1 mL of formamide were mixed with 18 

mL of water to produce the reagent. A series of standards from 0 % to 0.2 % SDS were prepared 

by diluting various amount of 1 % SDS solution with water. A 6 cm2 piece of decellularized 

tilapia skin was immersed in 1% SDS solution for more than 1 hour, and then rinsed in PBS or 

water 4 times, each time for 10 minutes at 100 rpm on an orbital shaker. At the end of each 

rinse, a small amount of the rinse solution was collected. After the 4 rinses, the skin was 

immersed in a storage solution (PBS) and a small amount of the storage solution was collected 

after 24 hours. 1 µL of the standard, the rinse solution or the storage solution was added into 

each well in a clear 96 well plate, followed by 200 µL of reagent. The plate was read for 
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absorbance at 438 nm and the SDS concentration in the sample was calculated from the 

standard curve. 

 Determination of elastin and glycosaminoglycan content 

Fresh tilapia skin and decellularized tilapia skin were tapped dry with tissue paper and cut into 

5 mm × 5 mm pieces. Each piece was weighed and placed into a 1.5 mL sample tube. For 

elastin quantification, the elastin in the sample was solubilised in 0.25M oxalic acid and 

quantified with the Fastin Elastin Assay kit (Biocolor, UK) according to the manufacturer’s 

instructions. For glycosaminoglycan (GAG) quantification, the sample was digested in a 

papain extraction reagent (400 mg sodium acetate, 200 mg EDTA disodium salt, 40 mg 

cysteine hydrochloride and 5 mg papain in 50 ml of 0.2 M sodium phosphate pH 6.4) and the 

GAG in the supernatant was quantified with the Blyscan GAG assay (Biocolor, UK) according 

to the manufacturer’s instructions. 

 Determination of amino acid content 

Fresh tilapia skin, decellularized tilapia skin and lyophilised tilapia collagen were separately 

homogenized into fine powder at cryogenic temperature for 10 cycles at 10 minutes per cycle 

with the 6970EFM Freezer Mill (SPEX SamplePrep, USA). 1 milligram of each homogenized 

sample was sent to Proteomics International, Australia, where the samples underwent 24 hours 

gas phase hydrolysis with 6 M hydrochloric acid at 110 °C and the amino acids in the 

hydrolysates were analysed in duplicate using the Waters AccQTag Ultra chemistry. 

 Tensile test 

The mechanical strength of the tilapia skin was determined by uniaxial tensile testing. Pre-

wetted membranes were tapped with tissue paper to remove excess water, cut into 30 mm × 5 
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mm strips, and secured onto the tensile tester (Instron 5543, Instron, USA) with clamps in a 

100 N load cell. The dimensions of the sample was measured with a micrometer and recorded 

in the tensile testing software. The load cell of the tensile tester was calibrated and the sample 

was pulled with an extension rate of 10 mm/min until the sample broke. The maximum tensile 

stress and Young’s modulus, derived from the tensile testing software, were recorded and 

compiled. Five samples from each group were tested and the results were expressed as the 

mean and standard deviation. 

 Differential Scanning Calorimetry 

The denaturation temperatures of the skin samples were determined by differential scanning 

calorimetry (DSC) with the Diamond DSC system (PerkinElmer, MA, USA). Lyophilised 

skins were pre-wetted to mimic physiological conditions. Wet skins were then tapped with 

tissue paper to remove excess water and cut into 3 mm × 3 mm pieces. After weighing, each 

piece was placed into an aluminium sample pan, which was then sealed with a pan cover. The 

sample pan and reference pan were inserted into the DSC system and the denaturation 

temperature and denaturation enthalpy of the samples were determined with a heating rate of 

10 °C per minute. Three samples from each group were tested and the results were expressed 

as the mean and standard deviation. 

 Statistical Analysis 

Quantitative results are expressed as mean ± standard deviation (SD) and differences between 

mean values were evaluated using a two-tailed Student’s t-test. A p-value of <0.05 was 

considered to be statistically significant. 
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4.3 Results and Discussion 

 Decellularization of fish skin  

As there were no prior studies on the decellularization of tilapia skin, several methods 

encompassing different combinations of detergents and enzymes were tested and evaluated 

based on their effectiveness of removing cellular materials and preserving structural 

components. In this study, DNA content was used to assess the extent of decellularization due 

to its correlation to immunogenic reactions and its ease of isolation and quantification, while 

collagen content was used to assess the preservation of the ECM due to the role of collagen as 

the main structural component of the ECM [26]. The visual appearance of the epidermal layer 

was also used to assess the extent of decellularization as the epidermal layer of tilapia skin is 

rich in mucous cells, pigment-forming melanophores, scale-forming osteoblasts and immune 

cells, all of which are highly likely to cause adverse immune responses in the xenograft 

recipient [242].  

In the first phase of the decellularization process optimization, two detergents were assessed – 

SDS, a strong ionic detergent, and Triton-X, a non-ionic detergent. Detergent treatment is 

commonly employed in decellularization as detergents solubilize cell membranes and 

dissociate cellular components from one another [26, 27]. In the second phase of the 

decellularization process optimization, two enzymes were assessed – dispase, which is a 

protease commonly used to dissociate epithelial cells from tissues, and nuclease, which cleave 

nucleic acids and aid in DNA removal after cell lysis [26]. The effects of the different 

detergents and enzymes on the visual appearance of the skin and the DNA and collagen content 

in the skin were presented in Figure 10. 
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Figure 4.1: Visual appearance of (A) native tilapia skin, (B) tilapia skin treated with 1% SDS in PBS for 6 hours, 
(C) tilapia skin treated with 1% triton-X in PBS for 6 hours, (D) tilapia skin treated with 2.5U/ml dispase for 3 
hours and 1% SDS in PBS for 6 hours. (E) DNA quantitation of treated tilapia skins compared to native samples, 
n ³ 3. Dotted line at 50 ng DNA/mg tissue indicates recommended limit to avoid immunological response [26]. * 
p < 0.05 when compared to native skin. # p < 0.05 when compared to skin treated by SDS only. (F) Collagen 
quantitation of treated tilapia skins compared to native samples, n ³ 3. No significant difference (p < 0.05) were 
observed between groups. 
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In the first phase of optimizing the decellularization process, 1% SDS in PBS was shown to be 

a more effective decellularizing agent than 1% Triton-X in PBS, as upon visual inspection, the 

SDS-treated skin has less remaining black pigment (Figure 10B) than the native skin (Figure 

10A) and Triton-treated skin (Figure 10C). The SDS-treated skin also has less residual DNA 

(71.2 ± 6.8 ng/mg tissue) than the native skin (419.9 ± 109.5 ng/mg tissue) and Triton-treated 

skin (102.4 ± 22.0 ng/mg tissue) as shown in Figure 10E. The results demonstrated that SDS 

was more effective than Triton-X in wearing down the epidermal layer and reducing the 

amount of DNA significantly (p < 0.05) while retaining a high amount of collagen and 

maintaining the morphology of the dermis. However, SDS alone is insufficient to remove the 

epidermal layer completely and reduce the DNA content to below 50 ng DNA/mg tissue, the 

recommended maximum limit to avoid adverse immune responses [26].  

In the second phase of optimizing the decellularization process, an additional 3 hour treatment 

in 2.5 U/mL dispase in PBS causes a complete disappearance of the epidermal layer, leaving 

behind a white tissue (Figure 10D). However, the dispase treatment was unable to bring the 

DNA content (61.9 ± 2.3 ng/mg tissue) to below 50 ng/mg tissue. On the other hand, an 

additional 3 hour treatment in 25 U/mL Pierce Universal Nuclease in PBS had no effect on the 

visual appearance of the skin, but significantly reduced the DNA content (15.5 ng/mg tissue) 

to below 50 ng/mg tissue. The results demonstrated that the dispase treatment, when carried 

out in a combination with SDS treatment, was effective in removing the epidermal layer. 

Dispase and trypsin are two of the most commonly used proteolytic enzymes in 

decellularization protocols, but in this study, dispase was selected over trypsin because dispase 

specifically targets the proteins in the basement membrane between the epidermis and dermis 

with minimal degradation of type I collagen [243], and is effective at a low concentration of 

2.5U/mL [244]. Although trypsin is effective in cleaving proteins responsible for cell adhesion, 

it may also degrade type I collagen and other ECM proteins with prolonged exposure [26]. 
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Dispase is also chosen because of its bacterial origin, unlike trypsin which is isolated from 

porcine pancreas [243]. As the aim of this study is to develop scaffolds from tilapia as non-

mammalian alternatives, mammalian substances should be avoided during the scaffold 

fabrication. It is the same reason that Pierce Universal Nuclease, with its bacterial origin, was 

selected over other nucleases. Pierce Universal Nuclease has an additional advantage over other 

nucleases, as it targets all kinds of nucleic acids, including ribonucleic acid (RNA), while most 

other nucleases are selective for either DNA or RNA [245]. As both DNA and RNA are known 

to induce antigenicity, it is useful to have a single nuclease that can degrade both DNA and 

RNA [246, 247].    

When the dispase treatment, SDS treatment and nuclease treatment were combined into an 

optimised process, the resultant product, which we termed as DTS (decellularized tilapia skin), 

had only 1.8 ± 0.9 ng DNA per mg tissue, or 0.4% of the native DNA content (Figure 10E). 

The DTS also retained 362.5 ± 35.6 µg collagen/mg tissue, or 69.3% of the native collagen 

content (Figure 10F).  

The extensive removal of DNA by the optimized decellularization protocol can also be 

observed by comparing the histological sections of the native and decellularized tilapia skin 

where cellular and nucleic materials are visibly absent in the decellularized skin (Figure 4.2). 

The SEM images show that the native tilapia skin has a smooth continuous inner surface and a 

compact layered structure (Figure 4.3A & B). The decellularization seemed to have no visible 

effect to the inner surface of the skin (Figure 4.3C). The layered structure was maintained but 

the interior layers became more porous (Figure 4.3D). In general, the structural integrity of the 

skin was retained after the decellularization. 
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Figure 4.2: Hematoxylin & Eosin stained histological images of (A) native tilapia skin, sagittal view, (B) 
decellularized tilapia skin, sagittal view, (C) native tilapia skin, cross-sectional view, and (D) decellularized tilapia 
skin, cross-sectional view. Cell nuclei are visible in (A) and (C) as blue spots. Scale bars are 100 µm. 

 

 

Figure 4.3: SEM images of (A) inner surface of native tilapia skin, (B) cross-sectional view of native tilapia skin, 
(C) inner surface of decellularized tilapia skin (treated by dispase, SDS, and nuclease), and (D) cross-sectional 
view of decellularized tilapia skin. Scale bars are 10 µm.  
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 Determination of sodium dodecyl sulphate content 

As SDS is cytotoxic, it is important to quantify the amount of residual SDS in the decellularized 

skin after the rinsing step and during storage, so as to minimise the introduction of SDS into 

the host recipient [241]. As PBS and DI water are the two most common rinsing agents in 

decellularization protocols [248, 249], the two agents were compared for their ability to remove 

SDS during the rinsing phase. The concentration of SDS in the rinse solutions and storage 

solution was quantified with the Stains-All reagent and shown in Figure 4.4. 

 
Figure 4.4: SDS concentration in rinse solutions and storage solutions. The rinses were performed after the skin 
was immersed in 1% SDS for 1 hour, and each rinse was performed for 10 minutes at 100 rpm on an orbital shaker. 
The rinse solutions were collected at the end of the 10 minute rinse. The storage solution was sampled after the 
decellularized skin was immersed for 24 hours post-rinsing. * p < 0.05 when compared to water. 

 

In a previous study, the lower cytotoxic threshold for residual SDS in tissue was reported to be 

about 10 µg/mg dry tissue [250]. As the volume of rinse solution used to wash the tilapia skin 

in this study was 40 times the dry weight of tilapia skin, the lower cytotoxic threshold for 

residual SDS in the rinse solution should be 10 µg SDS / 40 ml solution, or 0.025 % w/v. From 

the results (Figure 4.4), although the SDS concentrations in the PBS rinses were below the 

0.025% w/v threshold, the SDS concentration in the storage solution was much higher than the 

threshold, indicating that a substantial amount of SDS remained in the tilapia skin despite 4 
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rounds of PBS rinses. On the other hand, the SDS concentrations were high in the first 2 water 

rinses, and the SDS concentration dropped below the 0.025% w/v threshold in the third rinse 

and remained below the threshold in the fourth rinse and in the storage solution. One possible 

reason is that water has a greater osmotic pressure than PBS, so water is able to penetrate into 

the tilapia skin ECM more deeply and force the SDS out of the skin more quickly. This 

presumption was supported by the higher amount of SDS in the first three water rinses. As 

more SDS was present in the rinses, less SDS remained in the skin. Water also has the 

advantage of being hypotonic, and therefore is able to cause cell lysis by hypoosmotic shock 

[251]. Due to the observations, it was decided that all rinses in the decellularization protocol 

would be performed with water, and every rinsing phase would consist of at least 4 rinses, each 

time for 10 minutes, so as to maximise the removal of cytotoxic detergents, enzymes, and 

cellular contaminants. To ensure minimal contamination by SDS or any residual reagents, the 

storage solution would be changed 24 hours after the skin was rinsed and immersed in the 

storage solution.  

 Determination of elastin and glycosaminoglycan content 

While collagen is the main component of ECM, there are other substances in the ECM that has 

important structural and functional roles. One of them is elastin, a key ECM protein that is 

responsible for the elasticity and resilience of many vertebrate tissues including arteries, lung, 

tendon and skin [252]. Elastin fibres, made up of an outer layer of microfibrils and an inner 

core of tropoelastin molecules, form a highly crosslinked network that contributes to the 

tissue’s structural integrity through persistent flexibility, allowing the tissue to retain its shape 

after repeated stretch and relaxation cycles [253]. Another important component of the ECM 

is glycosaminoglycans (GAGs), a family of polysaccharide chains composed of specific 

disaccharide units. Due to the numerous negatively charged carboxyl and sulphate groups on 
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the GAG chains, GAGs are responsible for water retention, providing a gel-like environment 

in the ECM, and the binding and releasing of growth factors and bioactive substances [254].  

Like any ECM components, elastin and GAGs may degrade when exposed to chemicals and 

enzymes used for decellularization. To investigate the effect of decellularization on these two 

components, quantification assays were performed on native and decellularized tilapia skin and 

the results were presented in Table 4-2.  

Table 4-2: Elastin and GAG content in native and decellularized tilapia skin quantified by Fastin Elastin assay 
and Blyscan GAG assay.  

Sample µg elastin / mg tissue µg GAG / mg tissue 
Native tilapia skin 59.4 ± 4.6 3.9 ± 0.1 
Decellularized tilapia skin 5.3 ± 1.2 2.2 ± 0.1 
 % elastin retained % GAG retained 
 9.0 % ± 2.1 % 55.1 % ± 1.4 % 

 

The results indicated that tilapia elastin was not stable during decellularization, with only 9.0% 

being retained after decellularization. One possible explanation is that, in physiological 

conditions, elastin is highly insoluble due to the presence of multiple hydrophobic domains in 

the tropoelastin molecules, but in the presence of SDS, a strong ionic detergent, the tropoelastin 

molecules became solubilized by the hydrophobic tails of SDS, causing the elastin fibers to 

denature [255]. Moreover, elastin is formed by the coacervation of tropoelastin, which is the 

reversible and thermodynamically-controlled self-aggregation of tropoelastin molecules by 

hydrophobic interaction [256]. Detergents and organic solvents can easily destabilise elastin 

by disrupting the hydrophobic interaction between tropoelastin.  

On the other hand, GAGs are more stable than elastin, with 55.1% being retained after 

decellularization. Unlike elastin, GAGs are highly hydrophilic and form strong hydrogen bonds 

with other hydrophilic ECM components, making them unlikely to be affected by SDS. Many 

GAGs are also covalently bonded to proteins via glycosylation, forming proteoglycans which 
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are important in regulating cellular pathways [257]. Proteoglycans are huge molecules and are 

often anchored within the ECM, making them unlikely to be removed during decellularization. 

 Determination of amino acid content 

Proteins such as collagen, elastin, fibronectin and laminin form the bulk of the ECM and 

contribute to the mechanical and biochemical properties of tissues and organs. As the 

decellularization process differentially removes some proteins while leaving other proteins 

mostly intact, the protein composition in a tissue would change after decellularization [258]. 

As amino acids are the building blocks of all proteins, analysing the amino acid content before 

and after decellularization is a simple way to quantify and evaluate the change in protein 

composition in a tissue. The amino acid analysis results are presented in Table 4-3. 

Table 4-3: Amino acid analysis of native tilapia skin, decellularized tilapia skin and lyophilised tilapia collagen. 
For the theoretical amino acid content, the value for each amino acid were derived by dividing the sum of that 
amino acid in the a1, a2 and a3 pro-collagen type 1 chains by the sum all all amino acids in all three chains. 
Asparagine and glutamine are converted to aspartic acid and glutamic acid during the hydrolysis process and 
therefore counted together with aspartic acid and glutamic acid respectively. Cysteine and tryptophan are unstable 
during the hydrolysis and cannot be quantified, but their absences do not affect the results due to their low 
abundance in tilapia collagen (<1% theoretical content). Numbers are expressed as percentage (%) of total number 
of amino acid residues. 

 Native TS DTS Tilapia 
collagen 

Theoretical amino acid 
content from Table 3-1  

Alanine 11.8 12.1 12.0 11.0 
Arginine 5.3 5.3 5.3 5.4 
Aspartic acid 5.4 5.0 4.9 4.4 
Glutamic acid 7.4 7.2 7.2 5.2 
Glycine 32.0 33.5 33.1 29.4 
Histidine 0.6 0.5 0.6 0.8 
Hydroxylysine 0.7 0.7 0.7 - 
Hydroxyproline 7.6 8.1 8.1 - 
Isoleucine 1.2 0.9 1.0 2.0 
Leucine 2.8 2.4 2.4 3.5 
Lysine 2.7 2.6 2.6 4.0 
Methionine 0.9 0.8 0.9 1.5 
Phenylalanine 1.5 1.4 1.4 1.9 
Proline 11.4 11.8 11.8 18.4 
Serine 3.4 3.2 3.3 4.9 
Threonine 2.6 2.4 2.5 3.8 
Tyrosine 0.5 0.3 0.4 1.0 
Valine 2.2 1.9 2.0 2.8 
Total 100.0 100.0 100.0 100.0 
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The results showed a high degree of similarity in the amino acid content between tilapia 

collagen and tilapia skin (both native and decellularized), confirming that collagen is the 

dominant component in tilapia skin. There is also a high degree of similarity in the amino acid 

content between native and decellularized tilapia skin, suggesting that the decellularization 

process did not cause considerable changes to the overall amino acid composition. Glycine 

makes up close to one-third of all amino acids in tilapia collagen and tilapia skin, due to its 

presence at every third position in the collagen molecules as mentioned in section 3.3.1. The 

abundance of glycine and alanine, the two smallest amino acids, allow the three collagen chains 

to pack tightly around a central axis in the collagen molecules. There is also a high abundance 

of hydroxyproline and proline, which provide stabilisation of the triple helix by forming 

hydrogen bonds between the three chains.  

While the theoretical contents and actual contents for most amino acids are similar (with 

differences of less than 2%), the actual glycine content is higher than the theoretical glycine 

content. This is because the theoretical content is derived from the amino acid sequences of 

pro-collagen, which is formed immediately after mRNA transcription and has not undergone 

post-translational modifications. In Figure 3.2, it is obvious that most glycine residues are 

concentrated in the central portion and not in the pro-peptides at the end of the chains. Hence, 

after the pro-peptides are cleaved off during post-translational modifications, the concentration 

of glycine increases. Also, during the post-translational modifications of collagen, a portion of 

proline and lysine residues undergoes hydroxylation (attachment of hydroxy groups), leading 

to the formation of hydroxyproline and hydroxylysine, which were absent in the theoretical 

content but present in the actual content. 

Another interesting observation is the small increase of glycine, hydroxyproline and proline 

content in tilapia skin after decellularization (from 32.0 to 33.5% for Gly, from 7.6% to 8.1% 

for Hyp, from 11.4 to 11.8% for Pro). As glycine, hydroxyproline and proline are abundant in 
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collagen, the increase in glycine, hydroxyproline and proline content indicated the removal of 

non-collagenous proteins during the decellularization process, leaving behind an acellular 

tissue which is richer in collagen. 

 Tensile test 

One of the factors that influence the effectiveness of a tissue engineering scaffold is its 

mechanical property. A scaffold serving as a protective membrane for tissue defects should 

possess these suitable biomechanical properties – strong enough to resist tearing during 

processing, suturing and in vivo movements, and soft enough to fit and cover the wound, and 

not cause irritation to surrounding soft tissue. Uniaxial tensile testing is one of the simplest 

methods to determine the mechanical properties of a biomaterial, and comparing the 

mechanical strength of a material before and after a process would enable us to determine 

whether the material undergoes degradation during the process.  

Before performing mechanical evaluation on skin, it is important to consider the variations in 

mechanical behaviour of skin at different locations, in order to avoid random errors during data 

collection. According to Naresh et al, the mechanical properties of shark skin differed at 

different regions and different direction of test due to differences in histological characteristics 

and functional roles [259]. This variation in mechanical behaviour was also reported in skin 

from a variety of species, including humans [260], rats [261] and seals [262], and therefore 

would be expected for tilapia skin as well. To obtain a reliable and reproducible comparison of 

native and decellularized tilapia skin, it would be appropriate to study the intrinsic variations 

in mechanical properties in tilapia skin, and then standardize the region of skin and direction 

of pull for subsequent tensile experiments. To study the mechanical variations of tilapia skin, 

tensile test was performed in two directions, anterior-posterior (A-P) and dorsal-ventral (D-V), 
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on native tilapia skin isolated from two different parts of the body – one near the head and the 

other near the tail. The schematic diagram and results were presented in Figure 4.5.  

For each tensile test performed, a force-displacement curve was obtained where the maximum 

stress, smax, maximum strain, emax, and Young Modulus, E, were determined. A typical curve 

is illustrated with the terms explained in Figure 4.6. 

  

Figure 4.5: (A) Representative diagram of the two locations and two pulling directions for the tensile testing of 
native tilapia skin, (B) Young modulus of native tilapia skin at two locations under two pulling directions, (C) 
Maximum tensile stress of native tilapia skin at two locations under two pulling directions, and (D) Maximum 
strain of native tilapia skin at two locations under two pulling directions. * p < 0.05 when compared to D-V. Note: 
1 MPa (Mega Pascal) = 1 N/mm2 

 

The tensile data indicated that native tilapia skin samples pulled vertically in the D-V direction 

exhibited notably stiffer and stronger tensile responses compared to skin samples pulled 

horizontally in the A-P direction, at both locations. When pulled in the D-V direction, the skin 

near the head was stiffer and stronger than the skin near the tail. However, when pulled in the 

A-P direction, the skin near the tail was stiffer and stronger than the skin near the head. 

0
10

20
30
40
50
60

70
80
90

100

vertical head vertical tail horizontal head horizontal tail

Yo
un

g'
s 

M
od

ul
us

 (M
Pa

)

Young Modulus, E

0

5

10

15

20

25

30

35

vertical head vertical tail horizontal head horizontal tail

M
ax

im
um

 S
tre

ss
 (M

Pa
)

Maximum Stress, smax

0

20

40

60

80

100

120

140

160

180

vertical head vertical tail horizontal head horizontal tail

M
ax

im
um

 S
tra

in
 (%

)

Maximum Strain, emax

D-V head D-V tail A-P head A-P tail 

D-V head D-V tail A-P head A-P tail D-V head D-V tail A-P head A-P tail 

D-V
(head)

D-V
(tail)

A-P
(head)

A-P
(tail)

Dorsal

Ventral

PosteriorAnterior

A B 

C D 

* 

* 

* 

* 

* 



 
 

94 

 
Figure 4.6: Typical stress-strain graph for tensile test. The stress, s was calculated by dividing the tensile force 
by the original cross sectional area of the sample, while the strain, e was calculated by diving the extended length 
of the sample by the initial length. The Young Modulus, E is defined as the steepest slope on the stress-strain 
curve and is a measure of the stiffness of a material. The maximum stress, smax and maximum strain, emax occur 
at the point where the sample reached the maximum extension just before failure. 

 

The higher stiffness of the skin near the head could be due to a higher concentration of collagen 

fibres, while the higher stiffness of the skin in the D-V direction could be attributed to the 

arrangement of the collagen fibres in the stratum compactum layer of the skin. A study by 

Szewciw & Barthelat revealed that the collagen fibres in the stratum compactum of striped bass 

(Morone saxatilis) are aligned to two axis - the anterodorsal-posteroventral (AD-PV) axis and 

the anteroventral-posterodorsal (AV-PD) axis [184]. As teleost fish share a similar physiology, 

the findings by Szewciw & Barthelat could apply here to tilapia skin.  The fibres in two 

directions are arranged in a criss-cross plywood like layered structure, with the directions of 

the collagen fibres alternating between layers. When a tensile force is applied to the skin, the 

collagen fibers slide on top of one another and align to the direction of the applied load, as 

illustrated in Figure 4.7. 
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Figure 4.7: (Top) Representative diagram of the alignment of the collagen fibre in the anterodorsal-posteroventral 
(AD-PV) direction shown in red, and in the anteroventral-posterodorsal (AV-PD) direction shown in blue, with 
respect to the fish body. (Below) Representation diagram of how the collagen fibres align with the direction of 
pull when the skin was pulled in a D-V direction, and how the collagen fibres become further apart when then 
skin was pulled in a A-P direction. 

As most of the collagen fibres are continuous from the dorsal to the ventral side of the fish, 

when the skin is pulled in the D-V direction, the collagen fibres become parallel to the tensile 

force. When the collagen fibres are fully extended, the skin stiffens and behaves like tendon. 

On the other hand, as there are very few collagen fibres that are continuous from the anterior 

to the posterior side of the fish, when the skin is pulled in the A-P direction, the collagen fibers, 

which are perpendicular to the tensile force, tend to get further apart, making the skin more 

elastic and less stiff. Szewciw & Barthelat also reported that the angle between the collagen 

fibres and the A-P axis decrease from the head to the tail. This explains why the skin near the 

tail was stiffer and stronger than the skin near the head when pulled in the A-P direction.  

From literature, it was also reported that the collagen density in a tissue is also dependent on 

the age, diet and health of the animal, and therefore can vary among individuals [263]. To 

reduce the effect of variability among skin samples, we only chose tilapia with a weight of 500 

± 50 g, and we only used the skin near the head for decellularization. (Other parts of the skin 

was used for collagen extraction.) Subsequent tensile tests of tilapia skin were done in the D-
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V direction, to reduce random errors and to allow effective comparison of the skin before and 

after decellularization by focusing on the mechanical strength of the load-bearing collagen 

fibres. 

The mechanical properties of the native and decellularized skin (isolated near the head of the 

fish and pulled in the D-V direction) were determined by uniaxial tensile testing and shown in 

Table 4-4, together with the data for porcine and bovine acellular dermal matrices from a 

previous study [264] as well as data for human skin [265]. The mechanical properties of 

electrospun tilapia collagen and glutaraldehyde-crosslinked electrospun tilapia collagen (from 

Chapter 3) were also measured and included in the table. 

Table 4-4: Maximum tensile stress and Young’s modulus of native tilapia skin, decellularized tilapia skin and 
lyophilized & rehydrated decellularized skin (isolated near the head and pulled in the D-V direction). The 
mechanical properties of porcine acellular dermal matrix (Strattice, Lifecell, USA) and bovine acellular dermal 
matrix (SurgiMend, TEI Biosciences, USA) reported by Adelman et al.[264], human skin reported by Ni Annaidh 
et al [265], electrospun tilapia collagen and glutaraldehyde-crosslinked electrospun tilapia collagen reported in 
Chapter 3, were included for comparison and reference. Note: 1 MPa (Mega Pascal) = 1 N/mm2  

 Maximum tensile stress (MPa) Young’s modulus (MPa) 
Fresh tilapia skin  28.4 ± 4.4 69.4 ± 24.6 
DTS  24.0 ± 10.2 56.2 ± 14.4 
Lyophilized & rehydrated DTS  22.8 ± 2.7 64.9 ± 17.6 
Porcine acellular dermal matrix 11.8 ± 2.5 49.4 ± 19.2 
Bovine acellular dermal matrix 18.5 ± 5.1 55.7 ± 18.5 
Human skin (from the back of body) 21.6 ± 8.4 83.3 ± 34.9 
Electrospun tilapia collagen Disintegrates when wetted Disintegrates when wetted 
Crosslinked electrospun tilapia collagen 0.44 ± 0.05 1.30 ± 0.11 

A slight drop of mechanical strength in tilapia skin was observed after decellularization, which 

could be attributed to the increase in porosity in the dermis, as seen in the SEM images of DTS 

(Figure 4.3D). As the dermis became more porous, the collagen fibres could slide more easily, 

causing the skin to be less stiff. Despite the drop in mechanical strength, DTS (when pulled in 

the D-V direction) was found to have a higher maximum tensile stress than porcine and bovine 

acellular dermal matrices (ADMs). One explanation is that the dermis of tilapia skin lacks 

appendages such as hair glands and sebaceous glands, which are common in mammalian 
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dermis [171]. This lack of appendages allows the collagen fibers to be packed more tightly in 

tilapia skin, contributing to a higher density of load-bearing collagen fibers per cross-sectional 

area. 

The results demonstrated that tilapia skin possessed a high mechanical strength, and even after 

decellularization, acellular tilapia skin (when pulled in the D-V direction) has a higher 

mechanical strength than acellular porcine and bovine dermal matrix. Tilapia skin was also 

found to be stronger than human skin, although not as stiff. This suggested that the 

decellularization process did not adversely affect the structural integrity of tilapia skin. It was 

also noted that the lyophilisation and rehydration of decellularized tilapia skin did not have any 

adverse effects on its mechanical strength. This suggests that freeze-drying is an effective 

method to obtain dried decellularized skin for long-term storage and the skin can be simply 

rehydrated and applied without loss of mechanical integrity.  

The mechanical properties of electrospun tilapia collagen and crosslinked electrospun tilapia 

collagen were also investigated. From the results, it can be deduced that the crosslinking 

process strengthened the mechanical properties of electrospun tilapia collagen. Before 

crosslinking, the electrospun membrane disintegrated when wetted. After crosslinking, the 

membrane remained intact when wetted and it was able to withstand a uniaxial tensile stress of 

0.44 ± 0.05 MPa. This value is lower than that for DTS, but it was proposed that an increase of 

the membrane thickness or crosslinking time would allow the mechanical properties of CETC 

to match those of decellularized tissues [266, 267]. The results also showed that scaffolds 

obtained from decellularization are generally mechanically stronger than scaffolds obtained 

from the extraction and reconstitution of collagen, due to the preservation of native ECM 

architecture and collagen fibre alignment in the decellularized skin as observed from the 

histology images (Figure 11) and SEM images (Figure 12). 
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 Differential Scanning Calorimetry  

Before a biomaterial is utilised for in vivo applications, it is important to check the denaturation 

temperature (Td) of the material to ensure that the material is thermally stable and does not 

undergo thermal degradration rapidly at body temperature. For decellularization, the Td of the 

native and decellularized tissue could also reveal the effects of the decellularization treatments 

on the structural integrity of the tissue. The denaturation temperatures of the native and 

decellularized tilapia skins, determined by differential scanning calorimetery (DSC), were 

presented in Table 4-5.  

Table 4-5: Denaturation temperature and denaturation enthalpy of native tilapia skin and decellularized tilapia 
skin, determined by Differential Scanning Calorimetry (DSC).  

Sample Denaturation temperature (°C) Denaturation enthalpy (J/g) 
Native tilapia skin (head) 68.1 ± 1.0 18.0 ± 0.9 
Native tilapia skin (tail) 67.8 ± 0.9 19.9 ± 1.1 
Decellularized tilapia skin (head) 64.2 ± 0.6 19.1 ± 1.0 

 

It could be deduced from the results that the decellularization protocol did not adversely the 

thermal stability of the tilapia skin, as the DTS retained a high Td of 64.2°C. In fact, the Td of 

DTS was higher than the Td of the glutaraldehyde-crosslinked and EDC/NHS-crosslinked 

electrospun tilapia collagen scaffolds (56.3°C and 54.5°C) reported in Chapter 3, agreeing with 

the tensile test results that scaffolds obtained from decellularization are generally stronger than 

scaffolds obtained from the extraction and reconstitution of collagen. The ECM is an intricate 

interlocking mesh of collagens, elastic fibers and glycoproteins, with covalent crosslinks 

joining many of the structural components [268]. This complex interlocking network, together 

with the dense packing of the collagen fibers, makes the ECM resistant to mechanical stress 

and thermal degradation. On the other hand, the collagen fibers in electrospun scaffolds are 

oriented randomly, hence even with crosslinking between the molecules, the thermal stability 

of the electrospun scaffolds cannot match that of decellularized tissues. 
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Although the skin near the head and the skin near the tail exhibited different mechanical 

properties, they have similar thermal stability, with no significant differences in the 

denaturation temperature and denaturation enthalpy. From this observation, we hypothesized 

that the denaturation temperature depends more on the bonds and interactions of the ECM 

components at the molecular level and less on the structural arrangements of the ECM 

components at the macro level. 

4.4 Electricity – a novel agent to decellularize tilapia skin 

 Introduction 

Current decellularization protocols involving physical, chemical and enzymatic methods have 

the limitations of long processing time, irreversible changes to the ECM structure, and in the 

case for chemical and enzymatic methods, toxicity caused by residual chemicals/enzymes and 

huge amount of chemical waste generated [26]. In view of these limitations, electricity can be 

a novel method to decellularize tissues in a short period of time through disruption of cells but 

not affecting the ECM structure and protein content.  

Electric decellularization works mainly on the principle of electroporation, where the 

application of an electric field to a cell causes an increase in permeability of the cell membrane 

through the formation of nanopores. At low electric fields, the cell membrane is temporarily 

permeable and the cell reverts to its original state upon removal of the electric field, in a process 

known as “reversible electroporation”. This process is commonly used to deliver molecules 

such as drugs or DNA into cells. However, once the applied electric field exceeds a critical 

threshold, the cell membrane is unable to recover and cell death occurs, in a process known as 

“irreversible electroporation (IRE)” [269]. As IRE does not involve any drugs, chemicals, or 

enzymes, cells can be efficiently killed and removed from a tissue without affecting the ECM 
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structure and protein content, provided that the duration and strength of the electric field are 

controlled to avoid thermal heating of the tissue [270]. 

While electricity has been used as a bactericical process in the food industry since the early 

19th century, the idea of using electricity for decellularization is still in its infancy as most 

studies in the biomedical application of electricity focus on tumour ablation and bioburden 

reduction [271]. To date, there were no known prior studies on the use of electricity to 

decellularize marine tissues. In our preliminary study, electroporation was attempted on tilapia 

skin and was found to be an effective method to decellularize tissues, with an efficient removal 

of cellular remnants and minimal damage to the tissue structure. 

 Methodology 

Fresh tilapia was obtained from a local market and the skin was removed from both sides of 

the fish. After the scales were removed with a fish-scaler and the attached muscle tissues were 

scrapped away with a surgical blade, the skin was stored in PBS with 1% 

penicillin/streptomycin at 4°C for at least 1 hour before the experiment. A piece of moist tilapia 

skin (2 cm × 2 cm) was sandwiched between two stainless steel plates, which were connected 

to an electric circuit consisting of a DC power supply with voltage booster (MPS-3003S, Matrix, 

Spain) and a 4-pin relay (HR-CR313DC012, China) operated by an arbitrary function generator 

(AFG-3051, Instek, Taiwan). The function generator was set to output pulsed square-wave 

current of uniform pulse size. The set-up is illustrated in Figure 4.8. 
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Figure 4.8: Circuit diagram of the electroporation set-up.  

 

The DC power supply could be adjusted to give a voltage of 0-30V, while a voltage booster 

could increase the voltage to between 30V and 80V. The function generator could be set to turn 

the relay switch on and off to generate square-wave pulse with a frequency of 0.5-2 Hz. To 

study the effect of voltage and frequency on the electroporation of tilapia skin, the parameters 

were varied according to Table 4-6. 

Table 4-6: Parameters for the electroporation of tilapia skin 

 Duration (s) Voltage (V) Frequency (Hz) 
Set 1 (varied voltage) 60 <10, 20-35, 50-60, 70-80 1 
Set 2 (varied frequency) 60 20-35 0.5, 1, 2 

 

 Results and discussion 

The DNA content and collagen content of tilapia skin after the electroporation treatment are 

presented in Figure 4.9 and Figure 4.10. At high voltage (above 30V), the voltage from the DC 

power supply and voltage booster could not be maintained at a stable voltage, hence a voltage 

range was used for each group of samples. 
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Figure 4.9: (A) DNA content and (B) collagen content in tilapia skin treated with electroporation of varying 
voltage (V = 10-15V, 23-35V, 55-60V, 80-90V), at f = 1 Hz and t = 60 s. * p < 0.05 when compared to control 
(native tilapia skin).  

 

The results of varying voltage indicated that the DNA content in tilapia skin decreased with 

increasing voltage, and the collagen content was not affected significantly with increasing 

voltage, indicating that electricity can efficiently remove DNA while preserving the collagen 

in the skin. In fact, by using a voltage of 23-35V, the amount of residual DNA of all samples 

decreased to below 50 ng / mg tissue, the recommended maximum limit to avoid adverse 

immune responses [26].  

 

 
Figure 4.10: (A) DNA content and (B) collagen content in tilapia skin treated with electroporation of varying 
frequency (f = 0.5 Hz, 1 Hz, 2 Hz), at V = 23-35 V and t = 60 s. * p < 0.05 when compared to control (native 
tilapia skin), # p < 0.05 when comparing between 1 Hz and 2 Hz. 
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The results of varying frequency showed that there was no clear correlation between frequency 

and DNA content, while there was no significant changes in collagen content at all frequencies. 

However, for high frequency (f = 2 Hz), the DNA content was significantly higher than that at 

f = 1 Hz. One presumption is that if the frequency was too high, the membrane of the cells 

could not charge up to the critical voltage required to create irreversible pores on the membrane. 

At f = 0.5 Hz or 1 Hz, the amount of residual DNA decreased to below 50 ng / mg tissue, the 

recommended maximum limit to avoid adverse immune responses. 

 

Figure 4.11: H&E histological images of tilapia skin (A) before and (B) after electroporation. Images taken at 
940X magnification by Leica DVM6 microscope (Germany). E = epidermis, Me = melanophores. Electroporation 
parameters: V = 23-35 V, f = 1 Hz, t = 60 s.  

 

The extensive removal of DNA was also observed in the H&E histological images (Figure 

4.11), as DNA, represented by purple dots and visible in the native skin (Figure 4.11A), were 

no longer visible in the bulk of the skin after electroporation (Figure 4.11B). The ECM structure 

also looked preserved and unaffected by the treatment.  

During the electroporation, it was observed that heat was generated after electroporation for 

more than 60 s. Also, as the voltage gets higher, the amount of heat generated increased. To 

prevent thermal denaturation of the tilapia skin, it was recommended that the duration should 

be kept to 60 s and the voltage was set at 23-35 V. Based on the results, the optimal parameters 

A B 
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were established to be time = 60 s, V = 23-35V, f = 1 Hz. Compared to the decellularization 

protocol reported in section 4.2.2, electroporation is a much quicker method to decellularize 

tilapia skin, as the detergent and enzymatic treatments took more than 12 hours while 

electroporation took only 1 minute.   

In summary, the results of this preliminary study suggested that electroporation was effective 

in removing DNA from tissues while preserving the ECM. However, this study only focused 

on DNA content, collagen content and histology to assess the effectiveness of the treatments. 

Also, there are many parameters that can affect the effectiveness of the treatment but only a 

few parameters were studied here. To evaluate and understand the effect of electricity on the 

treated tissues more comprehensively, the tissues have to be subjected to more varying 

parameters, and be further characterized for properties such as mechanical strength and thermal 

stability. As the aim of decellularization is to produce acellular scaffolds for tissue engineering, 

biological properties such as cytotoxicity and biocompatibility have to be investigated too.  

In this study, the tissue of interest was tilapia skin, which is a thin tissue and is more easily 

decellularized than thicker tissues such as tendons and muscles, as well as whole organs. For 

large tissues or organs, electroporation may have insufficient effectiveness in decellularization 

due to the limited contact area between the tissue and the electrodes. Hence, for every tissue 

type it is essential to investigate and optimise the process parameters to ensure maximal 

removal of cellular content with minimal disruption to the ECM. 

Nevertheless, electricity is an attractive and novel decellularization medium, as electrical 

treatments generate little chemical waste, and offer substantial time savings compared to 

current physical, chemical and enzymatic methods. When optimized, electric decellularization 

can also be easily scaled up to process large amount of tissues in short times. As the demand 

on biologic scaffolds increases worldwide, electric decellularization is expected to serve as a 
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novel and rapid method to generate acellular tissue scaffolds to meet the needs of clinicians 

and patients. 

4.5 Conclusion 

Tilapia skin was successfully decellularized via a series of chemical and enzymatic treatments. 

After optimization of the decellularization protocol, it was determined that a combination of 

SDS, dispase and nuclease treatments was effective in decellularizing tilapia skin with almost 

all DNA (99.6%) removed and relatively high amount of collagen (69.3%) retained. However, 

the optimized decellularization process removed a large amount of elastin (91%), although 

glycosaminoglycans (GAGs) were less affected, with 55.1% retained. It was also found that 

water is a more effective rinsing agent than PBS, as the amount of residual SDS is lower in 

water-rinsed samples than in PBS-rinsed samples. The skin decellularized by the optimized 

process was termed DTS (decellularized tilapia skin). The physical properties of DTS were 

investigated in this chapter, while its biological properties would be investigated in the next 

two chapters. 

Tensile tests performed on tilapia skin revealed that the mechanical properties of skin are 

dependent on the location of the skin and the direction of pull. When pulled in the dorsal-

ventral (D-V) direction, tilapia skin exhibited higher mechanical strength than bovine and 

porcine acellular matrix, and the mechanical strength of tilapia skin remained high even after 

decellularization, lyophilisation and rehydration. The high mechanical strength of tilapia skin 

was attributed to the highly-ordered arrangements of the collagen fibres, which align with the 

direction of pull and make the skin stiffen like tendon when the skin is pulled in the D-V 

direction. As the mechanical and thermal properties are related, both native and decellularized 

tilapia skin possessed high denaturation temperatures (> 64°C). On the other hand, crosslinked 
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electrospun tilapia collagen had a much lower mechanical strength and denaturation 

temperature, as the collagen molecules were no longer in their native tightly packed 

arrangements and were randomly aligned instead.  

Lastly, electricity was introduced as a novel decellularization medium. Electroporation was 

attempted on tilapia skin, and preliminary results suggested that electroporation was effective 

in the removal of DNA and the preservation of the ECM. In the author’s opinion, more studies 

are needed to validate the effectiveness of electric decellularization. As electric 

decellularization generates little chemical waste, works much more rapidly compared to current 

decellularization methods, and easy to scale up, it would be a novel and promising technique 

to meet the increasing needs in tissue engineering. 
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5 Biological evaluation of tilapia scaffolds 

5.1 Introduction 

In tissue engineering, a scaffold can be described as an artificial structure used to support tissue 

regeneration. An ideal scaffold should provide a suitable 3-dimensional support, possess 

biological signals to induce cell proliferation and differentiation, and degrades over time to 

allow regenerated host tissue to take its space [1]. Over the years, a variety of biomaterials 

from natural and synthetic sources has been developed to fulfil the purposes of an ideal scaffold, 

but there are still some important challenges to be overcome to translate these biomaterials into 

real clinical applications in vivo. While there are many factors that contributes to the fate and 

effectiveness of a scaffold, including its mechanical and physical properties, it is the tissue-

material interactions that dominantly determines the ultimate success of the scaffold [272]. As 

the body is equipped with a comprehensive defence system to detect and reject any intruding 

object, any material that is destined to be implanted into the body must be chosen and evaluated 

meticulously in order to survive this hostile and sensitive environment. Failure to address this 

issue may result in the loss of functionality of the implanted material, or in a more serious case, 

would lead to health complications in the patient and might even lead to death. 

All materials, when introduced into a living tissue, would cause local injury to the tissue and 

provoke the body of the recipient to initiate an inflammatory reaction, known as the foreign 

body reaction (FBR), to protect the body from the foreign object [273]. The FBR typically 

comprises of an initial acute phase and a subsequent chronic phase. The acute phase, which can 

last from hours to days, is mostly responsible for the cleaning of the wound site and is 

characterized by the presence of leukocytes and the formation of a provisional matrix. The 

chronic phase, which is caused by persistent inflammatory stimuli, is generally characterized 
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by the presence of monocytes, macrophages, and lymphocytes, with the proliferation of blood 

vessels and connective tissues [274]. When the implanted material no longer poses a threat, the 

healing response is initiated by monocytes and macrophages, leading to vascularization and the 

formation of granulation tissue by fibroblasts.  

For degradable scaffolds, the FBR will generally continue to be chronic, until complete 

degradation of the scaffold. For nondegradable or non-biocompatible scaffolds, a collagenous 

fibrous capsule may form around the scaffold to isolate it from the host tissue [275]. In large 

tissue defects or in sites with extensive loss of cells, native tissues may not be regenerated in 

time, leading to fibroblasts forming excessive fibrous tissue to fill up the space. This formation 

of excessive fibrous tissue, known as fibrosis, can lead to the loss of functionality of the 

encapsulated material, hinder tissue regeneration, and lead to formation of scars [276]. While 

it is impossible for a scaffold to avoid FBR as any foreign object would evoke an inflammatory 

reaction, a good scaffold should minimise the negative impact of FBR by being biocompatible 

to host cells, supporting angiogenesis, and degrading in a timely manner to allow the host tissue 

to regenerate in its place. 

Thankfully, there is a variety of methods to predict the biocompatibility and the immunogenic 

potential of a biomaterial. For biomaterials of natural origin, especially decellularized tissues, 

the detection of antigens is a common approach to evaluate the immunogenic potential of the 

scaffold. Although xenogenic tissues contain many structural and functional molecules that are 

biocompatible and well-tolerated due to the high degree of conservation between species, they 

also harbour a number of antigens that would provoke adverse immune reactions in the 

recipient [277]. Based on the assumption that cell removal equals antigen removal, the 

quantification of antigens becomes a standard approach to evaluate the effectiveness of a 

decellularization protocol [95]. A number of methods are available to detect known antigens, 

such as DNA,  galactose-alpha-1,3-galactose (alpha-gal) and major histocompatibility complex 
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I (MHC-I) [92, 93], but quantifying these antigens may not reveal the actual immunogenic 

potential of the decelluarized tissues as there are other antigens that may not be detected. To 

assess the entire immunogenic potential of decellularized tissues rapidly, Daugs et al developed 

a novel human serum-based detection system using a human serum pool, which contains 

polyclonal antibodies associated with the adaptive immune response [95]. Using the polyclonal 

antibodies in the serum pool as a primary antibody, antigens in decellularized tissues can be 

detected and visualized by immunohistochemistry, or quantified by ELISA. 

Beside immunogenic potential, cytotoxicity is another important biological parameter that is 

included in safety assessments of biomaterials. Cytotoxicity testing, a primary requirement for 

the regulatory approval of biomaterials and medical devices, uses in vitro cell culture systems 

to evaluate the health of cells exposed to the test material or the extract of the test material 

[278]. As most mammalian cell types react similarly to toxic substances, materials that are 

toxic to cells would also be toxic to humans, so potentially toxic materials can be identified 

rapidly prior to in vivo or clinical testing, saving time and resources, as well as preventing 

unnecessary sufferings of laboratory animals [279]. To establish a uniform system to evaluate 

cytotoxicity in a variety of biomaterials and environments, the international standards for 

medical devices ISO 10993-5 has been published by the International Organization for 

Standardization (ISO), and is now used by regulatory agencies worldwide to assess the toxicity 

of biomaterials and to approve/reject their uses for in vivo and clinical applications [235]. 

Even if a biomaterial is found to have a low immunogenic potential and a low cytotoxicity, the 

biological evaluation of a biomaterial would not be complete without an in vivo assessment, as 

the complexity of the mammalian immune system and the mechanisms of the FBR from the 

molecular level to the cellular level and tissue level are extremely difficult to replicate in vitro. 

In the body, multiple cell types contribute to the FBR by secreting cytokines and growth factors 

that act as molecular messengers to promote inflammatory events such as macrophage 
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recruitment, as well as healing events such as vascularization [280]. Since many of these 

cellular and molecular pathways in immune response are similar between mammals, animal 

testing using a mammalian model is an effective approach to predict the FBR to a biomaterial 

in humans [281]. Among various mammals, rodents such as mice and rats are commonly used 

in biomedical research. Despite a number of differences between mouse and human immune 

systems and the presence of genomic gaps, rodents are still the foundation of biomedical 

research as they are easy to keep, they breed rapidly and their genomes can be easily 

manipulated [282]. By monitoring the cell populations and quantities of molecular messengers 

after implantation of a biomaterial in a rodent, one can interpret the in vivo FBR to the material 

and accordingly predict the immune responses in humans. 

In view of the importance of establishing the biological safety of novel biomaterials and the 

lack of prior studies on the biological properties of decellularized tilapia skin, the next objective 

of the thesis would be to evaluate and characterise the immunogenic potential, cytotoxicity, 

and in vivo immune response of decellularized tilapia skin (DTS), using crosslinked 

electrospun tilapia collagen (CETC) and a porcine collagen product as a comparison. The 

hypotheses of the biological evaluations would be that DTS and CETC would have low 

immunogenicity, low cytotoxicity and favourable in vivo immune response. Results from the 

biological evaluations would reveal the suitability of tilapia-derived biomaterials for tissue 

engineering applications.      

5.2 Methodology 

 Materials 

Fresh tilapia was purchased from a local supermarket and processed on the same day. Fresh 

porcine artery was obtained from a local abattoir and stored in -20°C until use. Phosphate-
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buffered saline (PBS), Dubecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum 

(FBS), penicillin-streptomycin, AlamarBlue assay kit and PicoGreen DNA quantification kit 

were obtained from Life Technologies (Grand Island, NY, USA). The Milliplex® Rat Cytokine 

assay kit were obtained from Merck (Darmstadt, Germany). Other chemicals were obtained 

from Sigma Aldrich (St Louis, MO, USA) unless otherwise stated.  

 Sample preparation 

Decellularized tilapia skin (DTS) was prepared according to the methods mentioned in section 

4.2.2 of this thesis. In summary, freshly obtained tilapia skin was cleaned, cut into smaller 

pieces (4cm × 4cm), and stored in PBS with 1% penicillin/streptomycin at 4°C for 1 hour to 

remove blood and debris. The skin was shaken in 2.5 U/mL dispase in PBS for 3 hours to 

detach the epidermis. The skin was rinsed with DI water, and shaken in 1% SDS in PBS for 6 

hours to lyse the cells and release cellular contents. The skin was then gently scrapped to 

physically remove the epidermis. The skin was rinsed with DI water, and shaken in 25 U/mL 

Pierce Universal Nuclease in PBS for 3 hours to break down the nucleic acid. Finally, the skin 

was rinsed with DI water, and shaken in 1% sodium dodecyl sulphate (SDS) in PBS again for 

1 hour to remove the nuclease and residual contaminants. The skin was rinsed with DI water 

and lyophilized in a freeze-dryer for 24 hours. The lyophilized skin was further dried in a 

vacuum chamber for 1 hour to remove any condensation. This final product is termed 

decellularized tilapia skin (DTS) and was stored dry at room temperature until further use.  

Crosslinked electrospun tilapia collagen (CETC) membranes were prepared according to the 

methods reported by Zhou et al [20] and mentioned in section 3.2.3 and 3.2.5 of this thesis, 

with slight modifications. In brief, freshly obtained tilapia skin was immersed in PBS with 1% 

penicillin/streptomycin for 1 hour to remove blood and debris, stirred in 0.1 M NaOH solution 

for 6 hours to remove non-collagenous proteins, rinsed with deionised (DI) water, stirred in 10% 
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1-butanol and 20% isopropanol in water for 24 hours to remove fats and fat-soluble pigments, 

rinsed with DI water again, and stirred in 0.5 M acetic acid for 48 hours to solubilize the 

collagen. The crude collagen extracts were separated from the solid residue by centrifugation 

at 10000g for 20 minutes, and 5 M NaCl solution was added to the supernatant to a final 

concentration of 1 M to precipitate the collagen. After centrifugation at 10000 g for 1 hour, the 

precipitate was re-dissolved in 0.5 M acetic acid. The solution was filtered through Whatman 

no. 1 filter paper, dialyzed in DI water overnight, and lyophilized to obtain collagen sponges, 

which were dissolved in hexafluoro-isopropanol to make a 8% (w/v) solution. The collagen 

solution was centrifuged at 5000 g for 3 minutes to separate solid debris and each solution was 

drawn into a 3 ml syringe with a needle (inner diameter 0.25 mm). The collagen was 

electrospun for 3 hours with a voltage of 10 kV, a flow rate of 0.6 ml/h and a distance of 10 

cm between the needle tip and the aluminum foil collector, with the collector rotated every 15 

minutes to ensure all areas were covered. The electrospun mat was crosslinked in 

glutaraldehyde vapour (50% solution in water) for 2 hours and vacuum-dried overnight. The 

whole process was performed at room temperature (23 °C).  

 Human serum based Immunohistochemical analysis 

Immunohistochemical (IHC) analysis was performed according to the method reported by 

Daugs et al [95], with slight modifications. Native tilapia skin, DTS and porcine arteries were 

fixed for 16 hours in Carnoy buffer (60% ethanol, 30% chloroform, 10% acetic acid), 

dehydrated using increasing ethanol concentrations, and embedded in paraffin. The embedded 

samples were then sliced at a thickness of 5 µm with a rotary microtome (RM2255, Leica, 

Germany) to obtain cross-sectional sections of the samples. The sections were dried at 62°C 

for 2 hours, incubated two times for 10 minutes in xylene and rehydrated in decreasing ethanol 

concentrations. After rinsing with DI water, endogenous peroxidases in the samples were 
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inactivated in 0.3% hydrogen peroxide in PBS for 10 minutes. Slides were washed in PBS-T 

(PBS with 0.05% Tween-20) for 5 minutes and were treated with blocking buffer (0.5% fish 

gelatin (Virico, Singapore) in PBS-T) at room temperature. Slides were then incubated at 4°C 

with the primary antibody solution (human serum pool (PAN-Biotech, Germany)) for 2 hours, 

rinsed in PBS-T, and incubated with the secondary antibody solution (Goat-anti-human Ig(G, 

A, M)-peroxidase (Sigma-Aldrich, USA) diluted to 1:6000 with PBS) for 1 hour at room 

temperature. Slides were rinsed and incubated with the UltraVision Quanto HRP DAB 

Detection System (Thermo Scientific, USA) for 10 minutes. After rinsing with DI water, cell 

nuclei were stained with hematoxylin for 3 minutes, which were blued in warm water for 10 

minutes. Finally, sections were dehydrated with increasing ethanol concentrations, washed in 

xylene, embedded in tissue mounting medium (Leica, Germany), dried, and analysed by light 

microscopy (DVM6, Leica, Germany).  

 Human serum based ELISA 

Native tilapia skin, DTS, CETC and porcine arteries were separately homogenized into fine 

powder at cryogenic temperature for 10 cycles at 10 minutes per cycle with the 6970EFM 

Freezer Mill (SPEX SamplePrep, USA). One hundred milligrams of the powder were dissolved 

in 1 ml TE-buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.2), followed by 15 minutes of vortex 

and 15 minutes of ultrasonification. The mixture was centrifuged at 5000 g for 10 minutes to 

remove insoluble debris, and the total protein content of the supernatant was determined using 

the Pierce BCA protein assay kit (Thermo Scientific, USA). 

The protein extracts were then used for enzyme-linked immunosorbent assay (ELISA) 

according to the method reported by Daugs et al [95], with slight modifications. Each protein 

extract was diluted to 1:10, 1:100 and 1:1000 with TE buffer, and 100 µL of every original and 

diluted extract were added in duplicate to wells of high-binding 96-well plates (Corning, USA). 
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After 1 hour of incubation with the protein extracts, the wells were rinsed 3 times for 5 minutes 

with PBS-T (PBS with 0.05% Tween-20), treated with 150 µl blocking buffer (0.5% fish 

gelatin (Virico, Singapore) in PBS-T) for 30 minutes, incubated with 100 µl primary antibody 

solution (human serum pool (PAN-Biotech, Germany)) for 2 hours, rinsed in PBS-T 3 times, 

incubated with 100 µl secondary antibody solution (Goat-anti-human Ig(G, A, M)-peroxidase 

(Sigma-Aldrich, USA) diluted to 1:6000 with PBS), rinsed in PBS-T 3 times, and finally 

incubated in 100 µl Ultra TMB Reagent (Thermo Scientific, USA) for 20 minutes. The reaction 

was stopped with 100 µl stop reagent (2M sulphuric acid) and the plate was read at 450/620 

nm absorbance. The whole process was performed at room temperature (23°C ± 1°C). 

 Indirect cytotoxicity  

Indirect cytotoxicity studies were performed in accordance to ISO 10993-5 protocols. Murine 

fibroblasts L929 (ATCC®, VA, USA) were cultured in DMEM + GlutaMAX supplemented 

with 10% FBS and 1% penicillin-streptomycin. Cells were incubated at 37 °C and passaged 

every 2-3 days until seeding. Samples were sterilized with 70% ethanol for 2 hours and washed 

with DMEM + GlutaMAX, before being individually incubated in DMEM (6 cm2 per ml media) 

at 37°C for 24 hours to obtain an extract of the test sample. Simultaneously, L929 cells were 

seeded into 24-well plates (Corning, USA) at a density of 2 × 104 cells/well and grown 

overnight. The culture media were then replaced by the sample extracts and after 24 hours 

incubation, cells were visualised by light microscopy and cell viability determined using 

AlamarBlue assay (Invitrogen, USA). Polyurethane film containing 0.1% zinc 

diethyldithiocarbamate (ZDEC) was used as positive (toxic) control and high-density 

polyethylene (HDPE) was used as negative (non-toxic) control. 
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 Cellular biocompatibility 

Cellular biocompatibility studies were performed with murine fibroblast L929. Samples were 

cut into 10 × 10 mm squares, sterilized as previously described and placed into a 24 well plate 

(Corning, USA). L929 cells were seeded onto the samples at a density of 2 × 104 cells/well. 

After 1, 3, 7 days, cell proliferation was evaluated by AlamarBlue assay.   

 In vivo experiments in rats 

All animal experiments were performed in the Animal Research Facility (ARF), Nanyang 

Technological University (NTU) under the rules and regulation of NTU’s Institutional Care 

and Use Committee (NTU-IACUC) and Singapore’s National Advisory Committee for 

Laboratory Animal Research (NACLAR).  

 Cytokine analysis via cage implant system 

The implantation of cages and the subsequent analysis of extracted exudate were performed 

according to the procedures described by Schutte et al. with slight modification [283]. Surgical-

grade stainless steel mesh was cut and formed into cylindrical cages (2 cm × Ø 1 cm). The 

cages were autoclaved and divided into 4 groups; empty, Bio-Gide®, CETC and DTS. Bio-

Gide® (Geistlich, Switzerland) is a commercial porcine collagen membrane used in guided 

bone regeneration. Membranes of 1 cm × 1 cm inserted aseptically into each cage and one cage 

from each group was implanted subcutaneously into the back of a male adult Sprague-Dawley 

rat (n = 3) under anaesthesia with isofluorane. On days 1, 2, 7 and 14 after implantation, the 

rats were anesthetized and the exudate fluid in each cage was drawn and centrifuged (300g) for 

10 minutes at 4°C, before the supernatants were frozen at -80 °C for later analysis. 

After the last time-point (14 days after implantation), the exudate samples were assayed for 

cytokines with a Milliplex® Map Rat Cytokine / Chemokine assay kit (Merck Millipore, 
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Germany). Cytokines interleukin-1beta (IL-1β), IL-2, IL-4, IL-6, IL-10, 1L-13, monocyte 

chemoattractant protein 1 (MCP-1), tumour necrosis factor alpha (TNF-α) and vascular 

endothelial growth factor (VEGF) were measured according to the manufacturer’s protocol. In 

brief, the working standards were prepared with the Assay Buffer provided in the kit. The 

samples and standards were added into a 96-well plate, followed by the addition of antibody 

coupled magnetic beads. The plate was incubated with agitation followed by addition of 

Streptavidin-Phycoerythrin. The beads were resuspended in the provided Sheath Fluid and 

analysed on a Luminex Magpix machine (Luminex Corporation, USA). The cytokine 

concentrations (pg/mL) were determined from mean fluorescence intensities (MFI) with 

respect to standard curves using the Cubic Spline curve fitting method to analyze the data. 

 Subcutaneous implantation 

Samples were implanted subcuteaneously through a 2 cm skin incision into the back of a male 

adult Sprague-Dawley rat (n = 3 per time point) under anesthesia with isofluorane. The samples 

(1 × 2 cm) were implanted in the subcutaneous space on the back of the animals. On days 7 

and 14 after implantation, the rats were sacrificed and the tissue around each sample was 

harvested en block. Paraffin-embedded sections were slices along the longitudinal axis into 5 

µm thick sections with a microtome (RM2255; Leica, Germany), stained with hematoxylin and 

eosin, and observed with light microscopy (BX51; Olympus, Japan). The inflammatory 

response around the implant was determined by counting the number of cell layers surrounding 

the implant. 

 Statistical Analysis 

Quantitative results are expressed as mean ± standard deviation (SD) and differences between 

mean values were evaluated using a two-tailed Student’s t-test. A p-value of <0.05 was 

considered to be statistically significant. 
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5.3 Results and discussion 

 Immunohistochemical analysis 

In vitro detection of antigens such as DNA, alpha-Gal or MHC-I is often used to evaluate the 

extent of decellularization and the immunogenicity of xenografts based on the assumption that 

cell removal is equal to antigen removal, but a lot of unknown tissue components are able to 

activate the immune system. The aim of this analysis was to use a novel human-serum based 

detection system that allows the qualitative and quantitative determination of a xenograft’s 

immunogenic potential in vitro without focusing on individual antigens. Here, 

immunohistochemical (IHC) staining of tissue sections was established to visualise and 

identify antigenic tissue components.  

 

Figure 5.1: Cross-sectional immunohistochemical staining of (A) native tilapia skin, (B) decellularized tilapia skin 
(DTS), (C) native tilapia skin (no primary staining), (D) porcine artery. Tissue samples were fixed in Carnoy 
buffer, dehydrated, embedded in paraffin, and sectioned to 5 µm. Slides except (C) were treated with human serum 
as primary antibody. All slides were then treated with peroxidase-linked anti-Ig (G, A, M) antibodies as secondary 
antibodies, followed by staining with DAB substrate and hematoxylin. Brown areas indicate DAB staining of 
antigens and purple/blue areas indicate hematoxylin staining of DNA. 

A B 

C D 
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In the IHC section of the native tilapia skin with no primary staining (Figure 5.1C), cell nuclei 

were clearly visible as blue spots due to the staining of DNA by hematoxylin. With primary 

staining, a strong detection of antigens was observed as brown stains in the epidermis, at the 

outer layers of the dermis and in the gaps between the collagen layers within the dermis (Figure 

5.1A). Decellularization greatly reduced the intensity of the brown stains and eliminate blue 

spots (Figure 5.1B), indicating a significant removal of antigens and a thorough removal of 

DNA by the decellularization protocol. Some antigens were still visible in decellularized tilapia 

skin (DTS), and were mostly concentrated in the gaps between the collagen layers. The 

collagen layers were not stained brown, an indication that collagen is less antigenic. The IHC 

section of the porcine artery showed a high density blue spots in a brown-stained background, 

indicating that porcine artery has a high density of cells and the ECM has high amounts of 

antigens. While IHC staining allows us to visualise the antigens and pinpoint them to certain 

locations or cells, it does not provide quantitative data and does not reveal the identities of the 

antigens [284]. Hence, further tests would be required to determine the immunogenicity of the 

samples more accurately.  

 ELISA analysis 

To detect and quantify potential antigens in native and decellularized tilapia skin, the tissues 

were homogenized and dissolved in TE buffer to extract the tissue proteins. The extracts were 

screened for antigens by ELISA with a human serum pool containing polyclonal IgG, IgA and 

IgM antibodies associated with primary immune response and hyperacute graft rejection [285]. 

The quantity of antigens in the sample was expressed as the immunogenic potential, and 

normalised to the value for native tilapia skin. (Native tilapia skin represents 100%.) The 

immunogenic potentials of the samples are illustrated in Figure 5.2. 
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Figure 5.2: Immunogenic potentials of native tilapia skin, DTS, CETC (crosslinked electrospun tilapia collagen) 
and porcine artery detected by ELISA. Plates were coated with diluted protein extracts of the samples and blocked 
with 0.5% fish gelatin. Primary staining was done with human serum, secondary staining was done with 
peroxidase-linked antibodies, and detection was done with TMB substrate. * p < 0.05 when compared to native 
tilapia skin. # p < 0.05 when compared to CETC.  

 

From the ELISA, it was evident that decellularization resulted in a significant reduction (p < 

0.05) of immunogenic potential of 57.4% in tilapia skin, which agrees with the 

immunohistochemical staining data. Crosslinked electrospun tilapia collagen (CETC) was 

included in this assay to investigate the immunogenicity of crosslinked collagen scaffolds, and 

CETC was found to have a significantly lower immunogenic potential (p < 0.05) than both 

native tilapia skin and DTS, with only 10.6% potential compared to native tilapia skin. As 

CETC is fabricated from purified collagen only from tilapia skin, it does not have any other 

substances beside collagen and glutaraldehyde. Collagen is a protein abundant in the ECM and 

highly conserved between species, so it is expected to have a low immunogenic potential. 

Although glutaraldehyde is reported to be cytotoxic, the crosslinking time for this batch of 

CETC was relatively short (2 hours) and the CETC samples were thoroughly vacuum-dried to 

remove residual glutaraldehyde. Therefore the CETC has a low immunogenic potential. 

On the other hand, porcine artery was found to have a significantly higher immunogenic 

potential than native tilapia skin, with its value 35.4% higher than that of native tilapia skin, 
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suggesting that native mammalian tissues are immunogenic than native fish tissues. It was 

reported that fish tissues are generally less immunogenic than mammalian tissues as fish tissues 

do not have certain antigens that are common in mammalian tissues, such as galactose-alpha-

1,3-galactose (or a-gal), a xenoantigen that is expressed on the surface of all cells in non-

primate mammals [286]. Alpha-gal is known to trigger hyperacute rejections and allergic 

reactions in humans [95, 119] as continuous exposure to gut bacteria expressing a-gal leads to 

the generation of xenoreactive antibodies against a-gal [287]. In fact, anti-a-gal antibodies 

make up 1-8% of human immunoglobulin M (IgM) and 1-2.4% of human immunoglobulin G 

(IgG) antibodies, making a-gal the dominant antigen causing hyperacute rejections of 

mammalian xenografts in humans [288]. As fish cells do not express a-gal, fish tissues have 

an immunogenic advantage over mammalian tissues.  

With human serum-based IHC staining and ELISA, it is possible to compare and evaluate 

tissues of different origin and tissues processed by various decellularization methods for their 

immuno-compatibility. It is also possible to predict FBR at an early stage so that highly 

immunogenic samples can be identified in vitro, reducing unnecessary sufferings in animal 

testing [95]. However, this approach has some limitations, one of which is the inability to 

predict acute and chronic rejection caused by formation of new antibodies in the recipient’s 

body, which usually occurs weeks after implantation. Another limitation is the inability to 

identify the individual substances responsible for the antigenicity, as this human serum-based 

approach only reveals the immunogenicity at the macro-scale. To predict the immune-

compatibility with more certainty, in vivo testing would be required.  
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 Indirect cytotoxicity  

The cytotoxicity of the samples was evaluated quantitatively by determining the cell viability 

of L929 cells in term of the cellular metabolic function by AlamarBlue assay. The relative 

metabolic activity of the cells exposed to the sample extract was normalised to the value of the 

non-toxic control. (Non-toxic control represents 100%.) The results are shown in Figure 5.3. 

 

Figure 5.3: Metabolic activity of L929 cells after incubation in sample extract determined by AlamarBlue assay, 
and cell permeability determined by visually checking both sides of the samples with SEM. For metabolic function, 
the samples were assayed after 24 hours incubation and the fluorescence intensity values were normalised against 
the non-toxic control. 

 

Before the implantation of a biomaterial, it is important to check whether the material is toxic. 

Determining the cell viability after incubation in the sample extract is a simple way to evaluate 

the toxicity of a material [235]. When cells proliferate, innate metabolic activity results in a 

chemical reduction of the AlamarBlue dye, changing the dye from the oxidized (non-

fluorescent) form to the reduced (fluorescent) form [289]. If the sample contains soluble toxic 

components, the toxic substances would leach into the extract, causing the cells exposed to the 
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extract to be affected, and the reduced metabolic activity would be reflected by a drop of 

fluorescence intensity in the assay.  

From the results, it was observed that all samples have similar or higher values than the non-

toxic control, indicating that the materials are all non-cytotoxic. Hence, it could be presumed 

that cytotoxic chemicals and enzymes used in the decellularization of tilapia skin had been 

successfully washed away from DTS and residual glutaraldehyde was also successfully 

removed from CETC.  

Among all samples, CETC was observed to support the highest metabolic activity of L929 in 

its extract, with its value significantly higher (p < 0.05) than that of the non-toxic control. As 

the indirect cytotoxicity assay evaluates the cytotoxicity of a material by the toxic substances 

released into the sample extract, any water-soluble biocompatible substances may reduce or 

mask the toxicity of the dissolved toxins. Observing the high metabolic activity of L929 in the 

CETC extract, we hypothesized that the crosslinking was incomplete in CETC, leading to the 

unbound collagen molecules leaching into the sample extract and increasing the metabolic 

activity of the L929 cells.  

 Cellular biocompatibility 

To evaluate the direct cytotoxicity and cellular biocompatibility of DTS and CETC, the 

scaffolds were seeded with murine fibroblast L929 and the cellular activity were measured at 

selected time-points with AlamarBlue assay. The fluorescence values of the metabolite were 

converted to the relative cellular metabolic activity. The result is shown in Figure 5.4. 
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Figure 5.4: Cell viability on CETC (crosslinked electrospun tilapia collagen) and DTS (decellularized tilapia skin), 
represented by the relative metabolic activity of L929, as determined by direct AlamarBlue assay. No significant 
differences (p < 0.05) were observed between groups at each time-point, but within each group, the metabolic 
activity at Day 3 or Day 7 was significantly higher (p < 0.05) than that at the previous time-point. 

 

The results showed increasing growth of L929 cells with time on both scaffolds, indicating that 

both CETC and DTS were not cytotoxic and exhibited good cellular biocompatibility towards 

L929 cells. Between CETC and DTS, CETC possessed better cellular biocompatibility due to 

the higher number of cells observed on CETC at Day 3 and Day 7. CETC was also found to 

have a lower immunogenic potential in the human-serum ELISA and low cytotoxicity in the 

indirect cytotoxicity assay. Although CETC is mechanically weaker than DTS as reported in 

section 4.3.5, it has better biological performances as indicated in the human-serum ELISA, 

indirect cytotoxicity and cellular biocompatibility assays. In terms of cytotoxicity and cellular 

biocompatibility, DTS was found to have similar performances to Bio-Gide®, suggesting that 

DTS and CETC would be suitable candidates for tissue engineering applications.  
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 Cytokine analysis 

In this study, subcutaneous cage implants in rats were used to examine the in vivo immune 
response of our tilapia-derived scaffolds, based on the experimental design reported by other 
groups [290-292]. Exudate samples were extracted from the empty and sample-containing 

stainless steel mesh cages implanted subcutaneously in rats. The quantities of nine cytokines 
– IL-1β, IL-2, IL-4, IL-6, IL-10, 1L-13, MCP-1, TNF-α and VEGF – in the exudate were 

measured with a multiplex magnetic bead array system and shown in  
 

Figure 5.5. 

In this study, Bio-Gide®, a commercially available porcine collagen membrane use, was 

included as a reference. As Bio-Gide® has been approved for clinical use in guided bone 

regeneration [293], any scaffolds that has similar or better immunological performances than 

Bio-Gide® would be highly likely to be suitable for tissue engineering applications. 

Among the tested cytokines, IL-2 (interleukin-2), IL-6 (interleukin-6), and TNF-α (tumour 

necrosis factor alpha), promote inflammation [294-296]. Pro-inflammatory/pro-wound healing 

cytokines, which include IL-1β (interleukin-1 beta) and MCP-1 (monocyte chemoattractant 

protein 1), can activate both inflammatory cells and wound healing cells while anti-

inflammatory/anti-wound healing cytokine IL-10 (interleukin-10) does the opposite by 

suppressing both cells [297-299]. Anti-inflammatory/pro-wound healing cytokines, which 

include IL-4 (interleukin-4) and IL-13 (interleukin-13), inhibit inflammation and promote 

wound healing [300]. Another important cytokine VEGF (vascular endothelial growth factor) 

promotes the formation of blood vessels to support growth of new tissue [301]. 

The results ( 
 

Figure 5.5 and Figure 5.6) indicated a high production of pro-inflammatory cytokines such as 

IL-1β, IL-6, IL-10 and MCP-1 at the early time-points and a decrease in production with time. 

Notably on Day 1, Bio-Gide®, CETC and DTS induced a higher production of IL-1β than the 

empty cage, and CETC and DTS induced a significantly higher  
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Figure 5.5: Levels of pro-inflammatory and pro-healing cytokines in rat exudates on 1, 2, 7 and 14 days after 
subcutaneous implantation of empty cages, cages with Bio-Gide®, cages with crosslinked electrospun tilapia 
collagen (CETC) and cages with decellularized tilapia skin (DTS). IL = interleukin, TNF-a = tumour necrosis 
factor alpha, VEGF = vascular endothelial growth factor 



 
 

126 

     

 
   
Figure 5.6: Levels of pro-inflammatory/pro-healing and anti-inflammatory/anti-healing cytonkines in rat exudates 
on 1, 2, 7 and 14 days after subcutaneous implantation of empty cages, cages with Bio-Gide®, cages with 
crosslinked electrospun tilapia collagen (CETC) and cages with decellularized tilapia skin (DTS). IL = interleukin, 
MCP-1 = monocyte chemoattractant protein 1 

 
 
production of IL-6 and IL-10 than the empty cage and Bio-Gide®. Such a difference 

diminished after 7 days. The results also showed a comparable production of cytokines at all 

time-points with little or no differences between the empty cage, Bio-Gide® and CETC for IL-

2 and TNF-α. The pro-healing cytokines IL-4, IL-13 and VEGF were observed in low 

production at the early time-points and the production increased with time. For IL-4 and IL-13, 



 
 

127 

cytokine production was only noticeable on Day 14. For VEGF, cytokine production increased 

with time and peaked on Day 7, before dropping to very low levels on Day 14. 

A more detailed analysis revealed some general trends among all the groups. Firstly, all 

implantation groups including the empty group induced a strong expression of MCP-1 and a 

mild expression of IL-1β, IL-2, IL-6 and TNF-α after 1 day post-implantation, indicating that 

the stainless steel cages alone caused inflammation. MCP-1 had a high production after 1 and 

2 days post-implantation and its production decreased after 7 and 14 days, indicating the 

accumulation of monocytes in the acute inflammation phase and the clearance of monocytes in 

the wound healing phase respectively [297]. Pronounced production of IL-1β in the collagen 

containing groups was found in the first 2 days of implantation, which was not noticeable after 

7 days. Secondly, the expression of IL-4 and IL-13 for all the groups only became evident after 

14 days post-implantation indicating the implantation sites progressed from the acute 

inflammation phase into the wound healing phase. Thirdly, the concentration of VEGF 

increased with time and reached a peak after 7 days post-implantation for all samples, before 

dropping back to low levels. This suggested that the implantation site was undergoing 

vascularization for the first 7 days, and once a network of blood vessels was formed to supply 

oxygen, nutrients and soluble factors into the cages, VEGF was no longer produced in high 

amounts. 

As tilapia collagen and mammalian collagen are reported to have similar properties [30], we 

expected CETC and DTS to have similar cytokine responses as Bio-Gide®, which is derived 

from porcine collagen. Indeed it was found that CETC, DTS and Bio-Gide® had comparable 

cytokine profiles in terms of pro-inflammatory cytokines IL-1β, IL-2, MCP-1 and TNF-α. For 

IL-6, CETC and DTS had a higher cytokine response at earlier time-points, but later, CETC 

and DTS had comparable responses as Bio-Gide® and the empty cage. One possible 

explanation for the high response at the earlier time points is that certain portions of the tilapia 
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collagen molecules might be considered foreign by the rat immune system and therefore 

triggered the high expression of IL-6. As the tilapia collagen molecules get degraded, the 

cytokine response at the later time-points became similar to that of the empty cage. The low 

concentrations of pro-inflammatory cytokines at late time-points showed that the tilapia 

collagen membranes are not cytotoxic and do not cause chronic inflammation, suggesting that 

the tilapia collagen membranes were resorbed or well tolerated by the body.  

 Subcutaneous implantation 

To further investigate the in vivo immunological effects of our tilapia-derived scaffolds, the 

host tissue response was evaluated at 1 and 2 weeks after the samples were subcutaneously 

implanted into the back of male adult rats. The histological sections were stained with 

hematoxylin and eosin and shown in Figure 5.7. 

Host reactions following biomaterial implantation may include fibrous capsule formation, 

foreign body reaction, injury, blood-material interactions, provisional matrix formation and 

inflammation to name a few [275, 302]. After 1 week of implantation, Bio-Gide and DTS 

samples demonstrated thin localized fibrous tissue encapsulation. No obvious granulomatous 

reactive tissue or inflammatory cells seen in all groups while CETC samples did not show any 

fibrous tissue encapsulation. After 2 weeks, the encapsulation was more distinct and thicker in 

the Bio-Gide® and DTS samples while that of the CETC still had a lack of an encapsulating 

layer of cells. 

From the histology data (Figure 5.7), it is evident that the CETC membrane elicits a lower 

tissue response from the host as indicated by the lack of / thin biomaterial encapsulation as 

compared to that of Bio-Gide® and DTS. In general, biomaterials that have cross-linking may 

in some cases result in the non-incorporation and graft failure, also the preclusion of immune 

cell penetration, making such grafts unable to participate in normal remodelling [303, 304]. 



 
 

129 

However, despite chemical cross-linking of the collagen membrane, no increase in cellular 

encapsulation was observed after 2 weeks. 

 

Figure 5.7: Histology sections of the subcutaneous implants stained with H&E. Control represents native tissue 
without any implants. The implants are highlighted with a blue line to indicate their location. Sections are 
representative of the samples. Scale bars are 100 µm. 



 
 

130 

Typically, a foreign body response occurs under normal physiological conditions and is based 

on nonspecific protein adsorption, and interaction between the implant and inflammatory cells, 

which protect the body from the foreign objects [273]. Importantly, in this inflamed 

environment, the immune cells contribute to the development of a dense layer of fibrotic 

connective tissue which is detrimental to the implants’ function, safety, and biocompatibility 

[273-275]. The lack of encapsulation suggests that the host does not mount a typical foreign 

body response to CETC and this observation is in agreement with the results from the cytokine 

assay. 

On the other hand, thin localized fibrous tissue encapsulation was observed for Bio-Gide® and 

DTS one week after implantation and the encapsulation became thicker two weeks after 

implantation. The presence of a fibrous capsule indicated that the FBR was still in the chronic 

phase, as the scaffolds have not been completely degraded.  Bio-Gide® was designed to be a 

protective barrier membrane that prevents the entry of epithelial cells into the bone defect site, 

to allow osteogenic cells inside the defect to proliferate and generate bone tissues. As a result, 

Bio-Gide® was designed to have a controlled degradation so as to provide protection and 

mechanical support to the defect site for an extended time [293]. As the subcutaneous implants 

were harvested two weeks after implantation, it was unlikely that the Bio-Gide® samples 

would have degraded by then. Based on the high mechanical strength of DTS, it was also 

unlikely that the DTS samples would have degraded in 2 weeks. For degradable scaffolds, the 

FBR will generally continue to be chronic, until complete degradation of the scaffold [275]. 

Hence it would be expected that the fibrous capsule would last until the complete 

biodegradation of Bio-Gide® and DTS.   

The FBR is also influenced by the surface topography and surface chemistry of the implant, as 

the tissue-implant interface manipulates macrophage adhesion and activation in the early phase 
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of inflammation. High surface-to-volume implants, such as porous materials will have higher 

ratios of macrophages than smooth-surface implants, which will result in fibrosis being a 

significant component of the implant site [305]. From the human-serum ELISA, it was 

observed that DTS still had some degree of immunogenicity even after decellularization. 

Indeed, both in vitro and in vivo studies have shown that persistent antigens remain in 

decellularized tissues, and scaffold acellularity does not guarantee the elimination of 

inflammatory and immune responses towards decellularized scaffolds [306]. The porous nature 

of the scaffolds and the presence of residual antigens are likely factors that contribute to the 

formation of fibrous encapsulation for Bio-Gide® and DTS. Despite the presence of fibrous 

encapsulation, which is a sign of chronic FBR and will last until the complete degradation and 

resorption of the scaffold, no obvious granulomatous reactive tissue or inflammatory cells were 

observed after 1 week and 2 weeks, indicating that Bio-Gide® and DTS were not cytotoxic, 

did not release toxic metabolites and did not induce chronic inflammation. This observations 

were in agreement with the results of the cytokine assay.  

5.4 Conclusion 

In this chapter, two forms of tilapia-derived scaffolds – DTS (decellularized tilapia skin) and 

CETC (crosslinked electrospun tilapia collagen) were subjected to a series of biological 

assessments to evaluate their biological safety and performance. The immunogenic potential 

of the scaffolds were assessed with human serum based immunohistochemical staining and 

human serum based ELISA. The results indicated that decellularization significantly reduced 

the immunogenic potential of tilapia skin, but DTS still possessed some degree of 

immunogenicity. CETC had a significantly lower immunogenic potential than DTS, as CETC 

comprised of pure collagen only. Porcine artery, included in the assay as a reference, had a 

significantly higher immunogenic potential than native tilapia skin. As fish cells do not express 
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antigens expressed by mammalian cells such as a-gal, fish tissues are seen as less immunogenic 

than mammalian tissues. 

The cytotoxicity and cellular biocompatibility of the scaffolds were assessed with murine 

fibroblasts L929. Both DTS and CETC were observed to be non-cytotoxic to cells, with cells 

in the CETC group exhibiting higher metabolic activity than the cells in the DTS group. An 

increase of cellular metabolic activity of L929 cells was also observed on both DTS and CETC 

with increasing duration, indicating that both scaffolds are biocompatible to L929 cells.  

Lastly, the in vivo immune responses of the scaffolds were assessed with a cytokine assay of 

the exudate extracted from subcutaneously implanted cages, and H&E stained sections of 

subcutaneously implanted scaffolds. All samples induced the expression of inflammatory 

cytokines at early time points (Day 1 and Day 2), which is a sign of acute inflammation. The 

level of inflammatory cytokines decreased and the level of pro-healing cytokines increased at 

late time points (Day 7 and Day 14), suggesting that inflammation had given way to wound 

healing and there was no chronic inflammation. CETC was found to have exceptional in vivo 

immune responses and biocompatibility due to the lack of fibrous encapsulation, while DTS 

and Bio-Gide® was observed to be surrounded by a thin fibrous encapsulation, which was 

attributed to the slow degradation and porous nature of the scaffolds. The formation of fibrous 

encapsulation is a part of the chronic phase in the FBR, and the fibrous tissue would persist 

until complete degradation of the implanted scaffold. Despite the presence of fibrous 

encapsulation, there were no granulomatous tissue or inflammatory cells after 2 weeks, 

indicating that DTS and Bio-Gide® were non-toxic and did not induce chronic inflammation. 

As CETC had better biological performance than Bio-Gide® and DTS has similar 

performances to Bio-Gide®, it was expected that CETC and DTS would be suitable scaffolds 

in tissue engineering applications. 
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6 Evaluation of tilapia scaffolds for tissue engineering 

applications 

6.1 Introduction 

Organ shortage has been reported as a growing problem globally due to the increasing 

prevalence of tissue failure caused by diseases, aging and trauma [307]. The dire shortage of 

organs and long waiting time for organ transplantation have necessitated a rising demand for 

tissue-engineered constructs to restore structural and functional attributes in the impaired or 

missing organ. Among the numerous types of tissue-engineered constructs, collagen scaffolds 

are widely used due to the abundance of collagen in humans and animals and its essential role 

as a structural protein in the extracellular matrix (ECM) [56]. Currently dominated by 

mammalian products, the collagen scaffold market is gradually shifting to non-mammalian 

sources to mitigate the risk of disease transmissions and religious constraints associated with 

mammalian products, with fish tissues being identified as a promising alternative [186]. In this 

thesis, we focused on Nile tilapia (Oreochromis niloticus) due to its popularity as a food source 

and the favourable characteristics of its type I collagen. 

The preceding chapters of this thesis have highlighted the development and characterisation of  

two types of tilapia-derived scaffolds: crosslinked electrospun tilapia collagen (CETC) and 

decellularized tilapia skin (DTS). CETC was fabricated by the extraction and purification of 

collagen from tilapia skin, followed by the reconstitution of the collagen by electrospinning 

and crosslinking, while DTS was fabricated by subjecting tilapia skin to a series of chemical 

and enzymatic treatments to remove cellular materials and antigens from the tissue. The two 

scaffolds were found to be non-cytotoxic and biocompatible to cells. For DTS, the optimized 

decellularization process removed most of the DNA and significantly reduced the antigen 
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content, while preserving the collagen content, ECM structure and physical properties. While 

CETC has been previously reported to support in vitro and in vivo skin regeneration [20], there 

was no prior studies on DTS, making this study one of the first to investigate the properties of 

DTS and the potential of DTS as a tissue engineering material.  

Considering the small number of studies done on crosslinked electrospun tilapia collagen and 

the lack of prior studies on decellularized tilapia skin in tissue engineering applications, the 

next objective of the thesis would be to explore the suitability of CETC and DTS for selected 

clinical applications using appropriate in vitro and in vivo models. As there are numerous 

collagen scaffolds derived from mammalian tissues already approved and marketed for clinical 

use, the hypothesis of this investigation would be that CETC and DTS would also be 

structurally and functionally suitable as tissue engineering scaffolds in clinical settings. 

Collagen scaffolds are currently utilised in many types of medical and cosmetic applications, 

but due to a limited time-frame, this thesis focused on two applications introduced below.   

 Guided bone regeneration 

Following tooth loss or extraction, the alveolar bone would undergo irreversible resorption, 

and the resultant inadequate bone volume poses challenges to the placement of dental implants 

[308]. To promote bone growth and restore bone tissue in the alveolar defect, a dental surgical 

procedure known as guided bone regeneration (GBR) is performed with the help of a barrier 

membrane [309, 310]. The ideal GBR membrane should prevent epithelial cells from entering 

the defect so as to allow time for bone cells to grow and bone tissue to regenerate. In addition, 

the membrane should also support bone cell attachment and promote osteo-induction within 

the defect. The membrane should also provide mechanical support to protect the defect, allow 

nutrition diffusion and vascularization, and be bioresorbable (ideally after 2 months) so as to 

prevent the need for a secondary operation to remove the membrane [311, 312].  
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Historically, non-resorbable materials such as PTFE (polytetrafluoroethylene) and resorbable 

materials such as PLGA (poly-lactic/co-glycolic acid) have been developed as barrier 

membranes for GBR, but recently collagen membranes are gaining popularity for GBR 

applications due to its abundance in tissues, good biocompatibility and bioresorbability [293]. 

Current commercial barrier membranes are derived from bovine or porcine collagen, and their 

uses are limited due to high prices and religious restrictions associated with bovine and porcine 

products. Hence, tilapia-derived collagen scaffolds may offer an attractive and economical non-

mammalian alternative. In this chapter, the suitability of CETC and DTS as GBR membranes 

would be evaluated using osteogenic cell culture and a rat calvarial defect model. 

 Skin wound healing 

The skin is the largest organ of the human body and it acts as a barrier to protect the host from 

the foreign environment [313]. In addition, the skin helps to regulate body temperature and 

support sensory functions. Given the importance of the skin, any damage to the skin’s structure 

or function must be treated quickly in order to prevent complications or infections. However, 

patients with severe skin damages (e.g. burns) or chronic diseases (e.g. diabetes) may not have 

skin regeneration capability and will require wound dressing to cover their wounds [314, 315].  

Current wound dressing products fall mainly into two categories – “traditional wound care 

products” which are simple hemostatic dressings acting as a physical barrier between the 

wound and the environment, and “advanced wound care products” which possess unique 

properties to enhance wound healing, such as antimicrobial properties and the ability to release 

bioactive molecules [315]. Among the advanced wound care products, skin substitutes are the 

dressing of choice for burn wounds and chronic wounds that extend into the deep dermis or 

through the entire dermis [316]. Autografts are the gold standard for skin substitutes but are 

limited by inadequate supply, damage to donor sites and scar formation. Allografts and 
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xenografts are more readily available but there are risks of disease transmission and 

immunological rejection [317]. To eliminate such risks, decellularization may be the solution 

to produce acellular scaffolds that mimic the native skin environment and offer 

biocompatibility and bioresorbability. Due to limited supply of human skin to be used as 

allografts and religious restrictions associated with porcine and bovine xenografts, 

decellularized fish skin may become an attractive alternative as a wound dressing to protect the 

wound from the external environment and support skin regeneration. In this chapter, the 

suitability of DTS as a skin wound dressing would be evaluated using fibroblast cell culture 

and a murine full-thickness skin defect model. 

6.2 Methodology 

 Materials 

Fresh tilapia was purchased from a local supermarket and processed on the same day. 

Phosphate-buffered saline (PBS), Dubecco’s Modified Eagle’s Medium (DMEM), minimum 

essential media-alpha (MEM-α), fetal bovine serum (FBS), penicillin-streptomycin, 

AlamarBlue assay kit and PicoGreen DNA quantification kit were obtained from Life 

Technologies (Grand Island, NY, USA). Other chemicals were obtained from Sigma Aldrich 

(St Louis, MO, USA) unless otherwise stated.  

 Sample preparation 

Decellularized tilapia skin (DTS) was prepared according to the methods mentioned in section 

4.2.2 of this thesis. In summary, freshly obtained tilapia skin was cleaned, cut into smaller 

pieces (4cm × 4cm), and stored in PBS with 1% penicillin/streptomycin at 4°C for 1 hour to 

remove blood and debris. The skin was shaken in 2.5 U/mL dispase in PBS for 3 hours to 
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detach the epidermis. The skin was rinsed with DI water, and shaken in 1% SDS in PBS for 6 

hours to lyse the cells and release cellular contents. The skin was then gently scrapped to 

physically remove the epidermis. The skin was rinsed with DI water, and shaken in 25 U/mL 

Pierce Universal Nuclease in PBS for 3 hours to break down the nucleic acid. Finally, the skin 

was rinsed with DI water, and shaken in 1% sodium dodecyl sulphate (SDS) in PBS again for 

1 hour to remove the nuclease and residual contaminants. The skin was rinsed with DI water 

and lyophilized in a freeze-dryer for 24 hours. The lyophilized skin was further dried in a 

vacuum chamber for 1 hour to remove any condensation. This final product is termed 

decellularized tilapia skin (DTS) and was stored dry at room temperature until further use.  

Crosslinked electrospun tilapia collagen (CETC) membranes were prepared according to the 

methods reported by Zhou et al [20] and mentioned in section 3.2.3 and 3.2.5 of this thesis, 

with slight modifications. In summary, freshly obtained tilapia skin was immersed in PBS with 

1% penicillin/streptomycin for 1 hour to remove blood and debris, stirred in 0.1 M NaOH 

solution for 6 hours to remove non-collagenous proteins, rinsed with deionised (DI) water, 

stirred in 10% 1-butanol and 20% isopropanol in water for 24 hours to remove fats and fat-

soluble pigments, rinsed with DI water again, and stirred in 0.5 M acetic acid for 48 hours to 

solubilize the collagen. The crude collagen extracts were separated from the solid residue by 

centrifugation at 10000g for 20 minutes, and 5 M NaCl solution was added to the supernatant 

to a final concentration of 1 M to precipitate the collagen. After centrifugation at 10000 g for 

1 hour, the precipitate was re-dissolved in 0.5 M acetic acid. The solution was filtered through 

Whatman no. 1 filter paper, dialyzed in DI water overnight, and lyophilized to obtain collagen 

sponges, which were dissolved in hexafluoro-isopropanol to make a 8% (w/v) solution. The 

collagen solution was centrifuged at 5000 g for 3 minutes to separate solid debris and each 

solution was drawn into a 3 ml syringe with a needle (inner diameter 0.25 mm). The collagen 

was electrospun for 3 hours with a voltage of 10 kV, a flow rate of 0.6 ml/h and a distance of 
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10 cm between the needle tip and the aluminum foil collector, with the collector rotated every 

15 minutes to ensure all areas were covered. The electrospun mat was crosslinked in 

glutaraldehyde vapour (50% solution in water) for 2 hours and vacuum-dried overnight. The 

whole process was performed at room temperature (23 °C).  

 Water Contact Angle 

The water contact angle, which corresponds to the hydrophilicity of the material surface, was 

measured using a contact angle goniometer (FTA200, First Ten Angstroms, VA, USA). Prior 

to measurement, the membranes were gently tapped dry with a tissue and placed flat on a glass 

slide. A drop of water (approx 1 – 2 µL) was introduced onto the surface and an image of the 

drop of water on the membrane surface was captured within three seconds after contact. The 

angle between the solid surface and the liquid-vapour interface was determined by analysing 

the image with the software connected to the contact angle goniometer. 

 Porosity 

The porosity of the membranes, which is the volume in the membrane occupied by empty space, 

was determined by an ethanol intrusion method reported by Pham et al [318]. Dry Bio-Gide® 

membrane, dry CETC and freeze-dried DTS were cut into 1 cm × 1 cm pieces, weighed, and 

immersed in ethanol overnight on a shaker to allow the void volume to be filled by ethanol. 

The scaffolds were taken out, tapped with a Kimwipe to remove excess ethanol, and reweighed. 

The dimensions of the membranes (length, width, thickness) were also measured. The change 

in mass after the intrusion was multiplied by the density of ethanol (0.789 g/mL) to obtain the 

volume of the ethanol occupying the void, and the porosity was determined by dividing the 

volume of the ethanol by the volume of the membrane (length × width × thickness).   
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 Water permeability 

Membrane permeability was measured using a device and method adapted from the work of 

Sell et al [319]. In the device, a 5 ml pipette is placed horizontally on a shelf 160 cm above the 

ground. The pipette tip was connected to a 3-way valve, which was connected to a funnel on 

one outlet and the sample holder 10 cm above the ground (or 150 cm below the pipette) on the 

other outlet. Clear rubber tubing was used for the connections. An open/close valve was 

installed along the tubing between the 3-way valve and the sample holder. The sample holder 

consisted of two silicone gaskets with an inner diameter of 4 mm, secured by a metal cage. The 

membrane, with its thickness measured, was placed between the two silicone gaskets. The 5 

ml pipette, rubber tubing and sample holder were filled with water via the funnel, and then 

water was passed through the membrane from the 5 ml pipette. Fluid flow was measured via 

the markings in the 5 ml pipette at selected time-points, and the membrane permeability was 

determined by the Darcy equation: 

! = #. %. ℎ'
(. ). (+. ,. ℎ) 

where τ is the membrane permeability in darcy unit (D), Q is the volume of water passing 

through the membrane in time t, η is the viscosity of water (0.89 cp at 25°C), hm is the 

membrane thickness, F is the membrane’s cross sectional area, and (ρ.g.h) is the applied 

pressure head defined by the density of water ρ (1 g/mL at 25°C), the gravitational force g and 

the height of the system from the pipette to the sample h (1.5 m). The applied pressure head 

has to be converted from pascals (Pa) to atmosphere (atm) for use in the Darcy equation. 
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 Degradation 

The degradation profile of the membranes was measured according to the procedure described 

by Zhang et al. [82] and the other according to the procedure described by Ma et al. [79], both 

with some modifications. In the first method, each 1 cm × 1 cm sample was freeze-dried, 

accurately weighed, and placed in 2 ml PBS under aseptic conditions. The tubes were sealed 

and incubated at 37 °C for 7, 14, 21 and 28 days. After each time-point, samples were taken 

out and rinsed in DI water, freeze-dried and weighed. The degree of degradation of each sample 

is defined as the weight loss percentage calculated by the following equation: 

./0,ℎ)	2344	(%) = 	.6 −.8
.6

× 100 

where W0 represents the initial weight (g) of the dried sample before incubation and Wt 

represents the weight of the degraded sample after the respective time-points. 

In the second method, each 1 cm × 1 cm sample was freeze-dried, accurately weighed, and 

placed in 200 U/ml collagenase type I to simulate in vivo enzymatic degradation [79]. The tubes 

were sealed and incubated at 37 °C for 1, 2 and 3 days. After each time-point, the degradation 

was stopped by incubating the tubes on ice. After centrifugation at 10,000 g for 10 min, 50 µl 

of the clear supernatant were hydrolysed with 200 µl of 6 M HCl at 120°C for 6 hours. The 

amount of collagen released by the sample during degradation was quantified by measuring 

the amount of hydroxyproline in the hydrolysate with a hydroxyproline assay kit (MAK008, 

Sigma-Aldrich, USA). The degree of degradation is defined as the percentage of released 

hydroxyproline from the sample at a certain time-point to the completely degraded sample with 

same composition and weight. 
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 In vitro bone regeneration 

Murine-derived pre-osteoblast cell line MC3T3-E1 Subclone 4 (ATCC® CRL2593, VA, USA) 

was used in this study. MC3T3-E1 cells were cultured in MEM-α and supplemented with 10% 

FBS and 1% penicillin-streptomycin. Cells were incubated at 37 °C and passaged every 2-3 

days. All samples for the in vitro studies were sterilized with 70% ethanol for 2 hours and 

washed with MEM-α (for MC3T3-E1) prior to use in cell culture. Osteogenic induction 

medium was prepared by supplementing the culture media with 0.2 mM ascorbic acid, 10 mM 

b-glycerophosphate and 10-8 M dexamethasone and sterile filtered prior to use. These 

supplements were added to the culture medium and culture medium replaced every 3–4 days.  

MC3T3-E1 cells were seeded on the membranes at a density of 2 x 104 cells/well in 24-well 

plates. Cells seeded directly into the well without any samples were used as a control. After 

culturing for 1, 2 and 3 weeks, the seeded samples were harvested to determine osteogenic gene 

expression, calcium deposition and distribution of mineralized ECM.  

The calcium deposited by MC3T3-E1 cells after osteogenic differentiation was quantified by 

a calcium assay. After each time-point, the samples were digested in 0.25 mg/mL Proteinase 

K (Invitrogen, USA) at 50 °C for 3 hours. The mixtures were further frozen and thawed 3 times 

to lyse the cells. The lysates were centrifuged at 10,000 g for 5 min. For each sample, the 

supernatant was analysed with the PicoGreen assay kit to quantify the DNA content, while the 

pellet was dissolved in 400 µl of 0.5 M acetic acid and analysed with the Quantichrom Calcium 

Assay Kit (BioAssay Systems, USA) to quantify the calcium content. The calcium content was 

then divided by the DNA content to give the normalised calcium content. 

The mineralized extracellular matrix secreted by the MC3T3-E1 cells was examined by Von 

Kossa staining.  After each time-point, samples were fixed with 4% paraformaldehyde and 
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thereafter washed thrice in distilled water. Samples were stained with 2% silver nitrate for 10 

minutes in the dark and then exposed to bright light for 15–30 minutes. The exposed samples 

were soaked in 5 % (w/v) sodium thiosulphate solution to prevent further darkening. The 

stained samples were then observed with light microscopy (Leica DVM6, Germany). 

The gene expression of osteogenic markers was quantified by Real-time polymerase chain 

reaction (RT-PCR). After each time-point, RNA was extracted using the RNeasy extraction kit 

(Qiagen, Germany) and reverse-transcribed into cDNA using the iScript cDNA synthesis kit 

(Bio-Rad, USA). The expression of genes related to osteogenic differentiation - bone 

sialoprotein (BSP), osteocalcin (OC), and osteopontin (OPN) was determined with the iQ 

SYBR Green Supermix (Bio-Rad, USA) on a CFX Connect Real-Time PCR System (Bio-Rad, 

USA). The RT-PCR data were normalised to the values of the housekeeping gene GAPDH and 

calculated via the 2-∆∆Ct method [320]. The RT-PCR primers (AIT Biotech, Singapore) are 

listed in Table 6-1. 

Table 6-1: RT-PCR primer sets (AIT Biotech, Singapore) 

Gene/Oligo Name Oligo Sequence 
BSP forward 5’-TTTATCCTCCTCTGAAACGGT-3’ 
BSP reverse 5’-GTTTGAAGTCTCCTCTTCCTCC-3’ 
OC forward 5’-CCGGGAGCAGTGTGAGCTTA-3’ 
OC reverse 5’-TAGATGCGTTTGTAGGCGGTC-3’ 
OPN forward 5’-GATGAACAGTATCCTGATGCC-3’ 
OPN reverse 5’-TTGGAATGCTCAAGTCTGTG-3’ 
GAPDH forward 5’-AACGACCCCTTCATTGAC-3’ 
GAPDH reverse 5’-TCCCACGACATACTCAGCAC-3’ 

 

 In vivo bone regeneration  

Animal experiments were approved by NTU-IACUC and conducted in accordance to its 

guidelines and procedures. The rat calvarial defect model was used to evaluate the suitability 

of the tilapia scaffolds for in vivo bone regeneration, based on the protocol adapted from Spicer 

et al. [321]. In our study, a 10 mm defect was created in the calvarial bone of 10 week-old male 
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Sprague-Dawley rats. The rats (n=36) were divided into three groups: sham (no sample, blank), 

DTS and CETC. Samples were sterilised in hydrogen peroxide vapour and rinsed in PBS before 

implantation into the calvarial defect. Samples were harvested at two time points of 14 and 42 

days post implantation, with n=6 per group per time point.  

At designated time points, the animals were euthanized and the cranium containing the implant 

was harvested and fixed in 10% formalin (Sigma, USA). The samples were first evaluated 

using microcomputed tomography (micro-CT) (Shimadzu SMX90-CT, Japan) and images 

were rendered (VGStudio 3). Thereafter, samples were decalcified in 10% ethylenediamine-

tetraacetic acid (EDTA) for 3 weeks to prepare for histology analysis. The paraffin-embedded 

samples were sectioned along the longitudinal axis into 5 µm thick slides with a microtome 

(Leica RM2255, Germany), stained with hematoxylin and eosin and observed with light 

microscopy (Leica DVM6, Germany).  

 Acid/alkali treatment of decellularized tilapia skin 

In an attempt to modify the surface properties of the decellularized tilapia skin (DTS), an 

additional acid or alkali treatment was added to the optimised decellularization protocol 

reported in section 4.2.2 and 6.2.2. In summary, after freshly obtained tilapia skin was washed 

in PBS with 1% penicillin/streptomycin, the skin was shaken in 0.025 M ascorbic acid for 15 

minutes or 0.5 M sodium hydroxide for 3 hours. The acid or alkali-treated skin was then 

subjected to the normal decellularization protocol consisting of dispase, SDS and nuclease 

treatments, following by rinsing and lyophilsation. The acid/alkali treated skin was then 

characterised with DNA assay (section 4.2.3), collagen assay (section 4.2.3), DSC (section 

4.2.10), tensile test (section 4.2.9), water contact angle (section 6.2.3), indirect cytotoxicity 

(section 5.2.5), human serum based ELISA (section 5.2.4), elastin assay (section 4.2.7) and 

GAG assay (section 4.2.7). 
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 In vitro skin regeneration 

Primary human dermal fibroblast (HDF) (Invitrogen, USA) was used in this study. HDF cells 

were cultured in DMEM + GlutaMAX supplemented with 10% FBS and 1% penicillin-

streptomycin. Cells were incubated at 37 °C and passaged every 2-3 days until seeding. 

Samples were cut into 10 × 10 mm squares, sterilized with 70% ethanol for 2 hours, washed 

with DMEM and placed into a 24 well plate (Corning, USA). HDF cells were seeded onto the 

samples at a density of 2 × 104 cells/well. After 1, 3, 5 days, cell proliferation was evaluated 

by AlamarBlue assay and picogreen assay. The cell morphology and viability was also 

evaluated by Live/Dead® cytotoxicity kit after 1 and 5 days according to the manufacturer’s 

instructions.  

 In vivo skin regeneration 

Animal experiments were approved by NTU-IACUC and conducted in accordance to its 

guidelines and procedures. The splinted murine wound model was used to evaluate the 

suitability of tilapia skin for in vivo wound healing, based on the method reported by Dunn et 

al [322]. In our study, two 6 mm full-thickness skin defects were created on the back of 6 week 

old BALB/c mice. A circular silicone splint with 6 mm inner diameter and 12 mm outer 

diameter was fixed over the wound with sutures to prevent the wound from contracting. The 

mice (n=24) were divided into four groups: Native fish skin, decellularized tilapia skin (DTS), 

decellularized tilapia skin with NaOH treatment (DTS-N), and Duoderm (positive control), an 

established hydro-colloid dressing used in the management of chronic wounds [323]. 

Samples were sterilised in hydrogen peroxide vapour and rinsed in PBS before implantation 

onto the wound. The left defect was left empty as the negative control while the right defect 

was covered with the sample held in position by the splint. The two wounds were covered with 
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a transparent dressing. Samples were harvested at two time points of 1 week and 2 weeks post 

implantation, with n=3 per group per time point. 

At designated time points, the animals were euthanized and the splints were removed to reveal 

the wounds. After photos were taken, the whole area around the wound was harvested en block 

and fixed in 10% formalin. The samples were embedded and sectioned cross-sectionally into 

5 µm thick slides with a microtome (Leica RM2255, Germany), stained with hematoxylin and 

eosin and observed with light microscopy (Leica DVM6, Germany).  

 Statistical analysis  

All quantitative data are expressed as mean ± standard deviation and differences between mean 

values were analyzed using a two-tailed Student’s t test. A p value of less than 0.05 was 

considered statistically significant. 
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6.3 Results and discussion 

 Water contact angle, porosity and water permeability 

A major factor contributing to the success of a tissue engineering scaffold is the surface 

properties of the scaffold, as unique microenvironments of the biomaterial surfaces can 

influence tissue-scaffold interactions and affinities of bioactive molecules on the surface [324].  

One surface property that can be easily quantified is the water contact angle, which is a measure 

of the hydrophilicity of the surface. Beside surface properties, the porosity and permeability of 

the scaffold is also important factors defining the success of a scaffold, as the scaffold should 

be micro-porous to transport nutrients and waste products [325]. The water contact angle, 

porosity and water permeability of CETC and DTS were measured and the results were 

summarized in Table 6-2.  

Table 6-2: Contact angle, porosity and water permeability of CETC and DTS, using Whatman filter paper No. 4 
(GE Healthcare, USA) as the control 

 Filter paper (control) CETC DTS 

Contact angle 
Water droplet absorbed 

instantly 
Inner: 29.2° ± 2.9° 

Exposed: 33.9° ± 4.4° 
Inner: 54.1° ± 4.5° 
Outer: 57.0° ± 2.5° 

Porosity 35.4 % ± 1.7 % 53.5 % ± 9.4 % 33.5 % ± 2.1 % 
Permeability 0.36 ± 0.01 Darcy (4.6 ± 0.5) × 10-5 Darcy (3.1 ± 0.6) × 10-5 Darcy 

The water contact angle is related to the surface tensions at the liquid-vapour, solid-vapour and 

solid-liquid interfaces. A low contact angle represents a stronger attraction between the liquid 

(water) and the solid surface, meaning that the surface is more hydrophilic. For biomaterials, 

surfaces with a contact angle of more than 90° are generally defined as hydrophobic. The 

results show that CETC and DTS are hydrophilic as their contact angles are all below 90°. As 

hydrophilic surfaces tend to better support cell attachment, it was predicted that CETC would 

support cell attachment better than DTS. There was a slight difference between the two sides 

of CETC because the crosslinking took place when the electrospun membrane was still attached 
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to the collector plate, leading to the exposed side being more crosslinked than the inner side. 

Before decellularization, the outer surface of fresh tilapia skin has a contact angle of as high as 

90° (experimental value = 90.4° ± 3.2°) which helps to repel impurities and microorganisms 

when the fish is in water. After decellularization, the contact angle dropped to 57°, as the 

decellularization removed the hydrophobic epidermal layer from the skin. 

From the porosity results, it was observed that CETC was relatively porous, having more of 

their volume as void spaces, while DTS is relatively compact. In DTS, the low porosity is most 

likely be due to the compact stacking of the collagen layers, as observed in the SEM images of 

DTS (Figure 4.3 C & D). The high porosity values for CETC may be due to the higher 

hydrophilicity of the collagen, as deduced from the contact angle results. The high 

hydrophilicity may lead to more retention of ethanol, which is a polar solvent and is attracted 

to hydrophilic surfaces. A non-polar liquid may reduce the effect of liquid-material attraction, 

but its high volatility may lead to inaccurate readings during the weighing step.  

From the water permeability results, CETC and DTS had very low permeability, compared to 

the control (filter paper). From the SEM images in Figure 4.3, DTS appeared to have stacked 

layers of tightly packed collagen fibres. This tight packing of the collagen fibres in each layer 

and the stacking of multiple such layers contribute to the low permeability. On the other hand, 

although electrospinning usually produces porous membranes, the permeability of CETC was 

low presumably because of the effect of cross-linking, which caused the fibres to contract and 

merge, making the material less permeable. Although a low permeability may affect nutrient 

diffusion, it is a benefit in applications where water retention and the maintenance of a moist 

environment is desired, such as skin wound healing [326]. A low permeability is also desirable 

in applications where the purpose of the scaffold is to prevent penetration of cells and/or 

microbes, such as guided bone regeneration [309].  
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 Degradation  

The degradation rates of CETC and DTS were evaluated and compared after the samples were 

incubated in PBS or 200 U/ml collagenase at 37 °C (Figure 6.1).  

 

 
Figure 6.1: Degradation profile of DTS and CETC in (A) sterile PBS and (B) 200 U/ml collagenase. Samples 
were incubated in individual sterile tubes at 37°C and the dry weight or hydroxyproline content of each sample 
was measured before and after the incubation. 

 

The degradation rate of DTS was evaluated and compared with CETC by two methods. In the 

first method where samples were incubated in sterile PBS at 37°C (Figure 6.1A), DTS samples 
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retained (97.4 ± 4.7) % after 4 weeks and (81.0 ± 2.1) % of their weight after 8 weeks, while 

CETC samples only retained (30.7 ± 7.4) % of their weight after 4 weeks and (13.9 ± 6.0) % 

of their weight after 8 weeks. In the second method where samples were incubated in 200 U/ml 

collagenase (Figure 6.1B), DTS samples retained (99.0 ± 1.0) % after 24 hours, (45.9 ± 21.1)% 

after 48 hours and (13.7 ± 12.6) % of their weight after 72 hours, while CETC samples only 

retained (93.0 ± 1.1) % of their weight after 24 hours and negligible amount of the samples 

remained after 48 hours. 

If the degradation profiles of the 2 materials were compared with their mechanical strength, a 

trend was observed where a material with higher mechanical strength had a slower degradation. 

One explanation is that a material with higher mechanical strength had a more tightly packed 

and more crosslinked structure, which takes a longer time to break down. The compactness of 

the collagen fibres, observed in the SEM images of DTS (Figure 4.3), is one factor that 

contributed to the slow degradation rate of DTS in PBS. However, in the presence of 

collagenase, DTS degrades rapidly. We hypothesized that the tightly packed collagen fibres 

are resistant to hydrolysis and the low water permeability of the outer layers protects the inner 

layers from bulk degradation. On the other hand, collagenase causes the collagen fibres on the 

outer layer to break up and separate, thus exposing the inner layers to further degradation. The 

collagenase concentration in this study is much higher than the actual concentration in real 

physiological conditions [327], but it allowed us to accelerate the biodegradation and observe 

the effects in a shorter time.  

In guided bone regeneration, current collagen-based membranes exhibit good biocompatibility 

but have the problem of easy collapse and rapid degradability in vivo, compromising the 

formation of new bone tissue [311]. Ideally, a GBR membrane should last for more than 6 

months to support new bone formation and maturation, but Bio-Gide®, a commercial porcine 
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collagen membrane, was shown to lose 60% of its initial collagen content at 4 weeks and 80% 

at 9 weeks after implantation in Wistar rat calvarial defects [56]. A study to implant two layers 

of Bio-Gide® to control its degradation has also been attempted but the degradation rate was 

similar to that of one layer [328]. From the results of this project, DTS appears to be a promising 

material for GBR due to its slow degradation, but further studies are needed to determine the 

long term in vivo biodegradability of DTS. 

 In vitro bone regeneration 

In tissue engineering, the scaffold plays an important role due to its effect on cell behaviour. 

One major requirement of any tissue engineering scaffold is biocompatibility, which is the 

ability to support normal cellular activity without any toxic effects to the host tissue [329]. The 

biocompatibility of DTS and CETC to osteogenic cells were evaluated using MC3T3-E1 cells, 

an immortalized pre-osteogenic cell-line derived from murine calvaria and commonly used to 

assess in vitro osteogenic development [330].  

The ability of MC3T3-E1 cells to adhere onto the surface of DTS and CETC was evaluated 

qualitatively by SEM on Day 1, Day 3 and Day 7 (Figure 6.2A). SEM images showed the cells 

could attach well to both membranes by Day 1 and a ‘layer’ of cells can be observed after 1 

week. The proliferation of the cells was also evaluated quantitatively on Day 7, 14 and 21 by 

AlamarBlue assay (Figure 6.2B), which showed increasing cell metabolic activity from Day 7 

to Day 14. Cells grown on DTS showed higher metabolic activity than cells on the blank 

(polystyrene well plate) on Day 14 and 21, while cells grown on CETC were metabolically 

more active than cells grown on DTS and the blank at all time points. The SEM images and 

metabolic data indicated that the DTS and CETC membranes are able to promote MC3T3-E1 

attachment and the cells remain metabolically active for up to 3 weeks. 
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Figure 6.2: Cell attachment and proliferation were evaluated at Day 1, 3 and 7 after MC-3T3 cells were seeded 
onto the different membranes. (A) Scanning electron microscopy of membrane surfaces. Micrographs are 
respective of each sample. (B) AlamarBlue assay with fluorescence as an indication of metabolic activity. Blank 
= polystyrene well plate. * p < 0.05 when compared to blank at each respective time point. # p < 0.05 when 
compared to DTS at each respective time point. DTS- Decellularized tilapia skin; CETC- Cross-linked tilapia 
collagen. 
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To assess the osteogenic differentiation of MC3T3-E1 cells on DTS and CETC membranes, 

gene expression involved with osteogenesis (BSP, OC, and OPN) was determined by 

performing quantitative RT-PCR on the cells cultured for 21 days. In osteogenic media, 

MC3T3-E1 cells would undergo osteogenic differentiation, which involves the phases of 

proliferation, maturation and mineralization [331]. These phases could be identified by the up-

regulation of osteogenic genes, the increased production of osteogenic proteins, and the 

production of mineralized matrix [330]. Among the various osteogenic genes, BSP, OC and 

OPN were used as markers to investigate osteogenic differentiation in this study. Bone 

sialoprotein (BSP) facilitates the crystallization of hydroxyapatite in mineralized matrix [332]. 

Osteocalcin (OC) binds calcium in mineralized matrix and is used as a late-stage marker of 

osteogenic differentiation [333]. Osteopontin (OPN) facilitates the attachment of osteoblasts 

and osteoclasts to the ECM [334].  

 
Figure 6.3: RT-PCR of genes related to osteogenic differentiation – BSP, OC and OPN, normalised to the 
expression of GAPDH. MC-3T3 cells were grown on the membranes and the relative expression of mRNA was 
quantified at Day 21. * p < 0.05 when compared to cells grown in normal growth media (O-). BSP = Bone 
sialoprotein, OC = osteocalcin, OPN = osteopontin, GAPDH = Glyceraldehyde 3-phosphate dehydrogenase 
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From the RT-PCR results, basal levels of gene expression were observed for cells grown in 

non-osteogenic media (O-) but an increased expression of BSP and OC could be observed for 

cells grown on both DTS and CETC in osteogenic media (O+). Remarkably, DTS induced a 7-

fold and 11-fold increase in the expression levels of BSP and OC. On the other hand, we did 

not observe an increase in expression of OPN. We hypothesized that the expression of OPN 

only occurs in the early stages of osteogenic differentiation due to its role of facilitating the 

attachment of osteoblasts.  

To further verify the osteogenic differentiation of cells on different substrates, Von Kossa 

staining and calcium assay were performed to visualize and quantify the mineral deposition by 

MC3T3-E1 cells. Von Kossa staining, which indicates the presence of hydroxyapatite, was 

performed on the samples on Day 7, Day 14 and Day 21 to allow visualization of mineralization 

nodules. The images (Figure 6.4A) showed an observable increase in the mineralization over 

time. At Day 14, DTS showed some mineralization nodules while CETC was observed to have 

more. At Day 21, there was an increase in mineralization nodules for both membranes with 

those on CETC covering almost the entire membrane. 

The calcium deposition was also quantitatively analysed on Day 14 and 21, and normalized 

against the DNA content to account for the variation in cell numbers. From the graph (Figure 

6.4B), calcium deposition was observed at Day 14 and increased proportionally at Day 21 on 

both membranes incubated in osteogenic differentiation media, while little calcium deposition 

was observed on membranes incubated in normal growth media. In fact, the osteogenic 

differentiation media induced significantly higher calcium deposition (p < 0.005) than normal 

growth media at all time points for both membranes, and the proportional increase of calcium 

deposition observed in the quantitative data is in alignment with the Von Kossa results (Figure 

6.4A). 
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Figure 6.4: The calcium deposition by MC-3T3 cells on DTS and CETC were evaluated after seeding and 
incubation in osteogenic medium. (A) Samples were Von Kossa stained at Day 7, 14 and 21. Areas that appear 
dark indicate the presence of phosphate and suggest calcium deposition. (B) Calcium depositions from MC-3T3 
cells were quantified and normalized against DNA content at Day 14 and Day 21. The calcium content were 
compared between cells grown in normal growth media (O-) and cells grown in osteogenic differentiation media 
(O+). * p < 0.05 when compared to cells grown in normal growth media (O-) at same time-point. 
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We observed an increase of stained areas on both DTS and CETC in Von Kossa staining, and 

an increase of calcium content over time in the calcium assay. This indicated that the MC3T3-

E1 cells underwent differentiation and mineral deposition on both DTS and CETC in 

osteogenic media, in agreement to the RT-PCR data. There is no mineralization in the normal 

growth media (O-), indicating that the materials do not induce osteogenic cellular 

differentiation automatically. Interestingly, mineralization nodules were observed as localized 

patches on DTS but appeared continuously and extensively on CETC. Collagen molecules 

contain some functional peptide sequences such as Arg-Gly-Asp (RGD) which can promote 

cell proliferation and differentiation [335]. We hypothesized that in CETC, the collagen 

molecules are separated and dispersed randomly, causing the functional peptide sequences to 

be homogenously distributed and exposed. Hence the osteogenic differentiation and mineral 

deposition occurred uniformly across the membrane. In DTS, the collagen molecules are 

bundled together and crosslinked tightly in the ECM with other structural molecules, hence 

only some of the functional peptide sequences are exposed, leading to localised osteogenic 

differentiation on the exposed collagen bundles.  

 In vivo bone regeneration 

As the aim of this study is to evaluate the suitability of DTS and CETC for guided bone 

regeneration, an appropriate animal model is necessary to simulate a physiological bone defect 

and evaluate the therapeutic effects of our sample materials. Critical size defects (CSDs) in 

small animals are commonly used in preclinical studies due to the reproducibility of the 

defect’s shape and size, and feasibility of operation and evaluation [336]. A CSD is defined by 

Schmitz and Hollinger as “the smallest size defect which will not heal on its own during the 

lifetime of the animal” and its size is dependent on the animal species used [337]. Rats are one 

of the most common model for CSDs due to their manageable size, fast healing time and 
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relatively low cost [338], and the rat calvarial model was chosen in this study to evaluate the 

in vivo performance of our scaffolds. 

As the generally accepted size for rat calvarial defect is 8 mm [321], we chose a defect of 10 

mm to ensure that the defect would not heal on its own. After the creation of a 10 mm critical 

defect in the rats, the membranes were placed to cover the defect (Figure 6.5). At Day 14 (2 

weeks) and 42 (6 weeks), the rats were sacrificed and the extent of new bone formation was 

examined. To evaluate DTS and CETC for bone regeneration in vivo, we used microcomputed 

tomography (micro-CT) and H&E histology to visualise the volumetric and spatial density of 

mineralized tissue in the defect. 

 
Figure 6.5: Rat calvarial defects (10mm) with test membranes. DTS – decellularized tilapia skin; CETC – cross-
linked electrospun tilapia collagen. 

 

Micro-CT was performed to obtain 3D rendering of the calvarial defect site (Figure 6.6). The 

sham, DTS and CETC groups had minimal bone regeneration at Day 14 post-surgery (Figure 

6.6A). After 42 days, the images revealed varying degrees of bone union with the sham group 

being the poorest while the DTS and CETC having observable bone coverage at the defect site. 

To better classify these observations, we used a scoring system of 1 (no bone formation) to 4 

(bony bridging covering defect at largest length) that has been previously reported [339]. The 

animals from the DTS and CETC group had higher scores than the sham group at Day 42, 

indicating that the membranes promote bone formation (Figure 6.6B).  

Sham CETCDTS
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Figure 6.6: Micro-CT analysis of the calvarial defects treated with different membranes at Day 14 and 42. (A) 
Reconstruction of the defects using micro-CT taken at Day 14 and 42 for each of the test samples. Dotted circle 
represents initial defect diameter of 10mm, pink colour represents regenerated bone.  Images shown here are 
representative of the samples.  (B) Scoring of extent of bone union on the calvarial defects (n=6 per group) after 
42 days. Scoring: 0– No bone formation within defect; 1– Few bony spicules dispersed through defect; 2– Bony 
bridging only at defect borders; 3– Bony bridging over partial length of defect; 4 – Bony bridging entire span of 
defect at longest point (10 mm) [339]  

 

Figure 6.7 shows an overview of histological sections of different groups after 2-week 

implantation. Surgical created margin of bone plate is visible as a cement line where newly 

formed bone and original bone meet. In the control group (Sham) the defect area was mainly 

occupied by unsupported soft tissues (Figure 6.7A). Dura mater was extruding from defect area 

and adherent to the soft tissue originating from skin side. Very limited bony matrix can be 
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found along the surgically created defect margin. For the DTS group, stratified structure of the 

residual DTS was present within the defect (Figure 6.7B). There is obvious infiltration of 

lymphocytes and plasma cells in the cerebral side of the defect. At the skin side of the defect, 

it is filled with structured fibro-collagenous stroma with less inflammatory cells but without 

obvious mineralized matrix. For the CETC group, in 4 out of 6 samples, unsupportive fibrous 

connective tissue was present in the defect without obvious mineralized matrix (Figure 6.7C). 

Notable infiltration of lymphocytes and plasma cells was present in the area of defect as well. 

In 2 samples from the CETC group, the defect was filled with maturing woven bone structure 

at the cerebral side. Lining osteoblasts present surround the mineralized osteoid. There is 

inflammatory cell infiltrate in the soft tissue with presence of dark stained multinucleate cells. 

Figure 6.8 shows an overview of histological sections of different groups after 6-week 

implantation. In the control group (Sham) the defect area was still occupied by unsupported 

soft tissues and exhibited no sign of tissue regeneration (Figure 6.8A). For the DTS group, 

similar to the 2-week results, the presence of stratified structure of the residual DTS within the 

defect is consistent among all samples in the group (Figure 6.8B). There is now a lower density 

of cells due to the subsided acute cellular response including lymphocytes and plasma cells, 

especially at the cerebral side of the defect. Instead, the population of cells now contain an 

elevated level of macrophages, multinucleated cells and active fibroblasts. Some samples from 

this group showed island shape matrix deposition which could be found in between the 

stratified collagen structure. For the CETC group, unsupportive fibrous connective tissue is 

present in the defect (Figure 6.8C). Newly formed bone was observed with more mature 

structure on the cerebral side than the skin side. Grey stratified residual material could be found 

in the defect area, with bone matrix. The residual stratified material is still present at one side 

of bone margin, which is surrounded by inflammatory (neutrophilic, histiocytic, multinucleated) 

cells. 
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Figure 6.7:  H&E staining of cross section of the defect site at Day 14. A) Sham, B) DTS, decellularized 
tilapia skin C) CETC, cross-linked electrospun tilapia collagen. The region of interest is indicated by a black 
box and is magnified. Scale bar represents 250µm 

 

 
Figure 6.8:  H&E staining of cross section of the defect site at Day 42. A) Sham, B) DTS, decellularized 
tilapia skin C) CETC, cross-linked electrospun tilapia collagen. The region of interest is indicated by a black 
box and is magnified. Scale bar represents 250µm 
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In normal bone healing, tissue regeneration generally occurs in the defect in three phases: 

hematoma formation, where extracellular matrix is produced by mesenchymal, endothelial and 

immune cells; soft callus phase, where osteogenic progenitor cells migrate to the defect; and 

hard callus phase, where mineralization and bone maturation occurs [338].  At Day 14 post-

surgery, no mineralized tissues were observed for all samples, suggesting that the defects were 

still in the hematoma formation phase and soft callus phase, where newly formed cartilage and 

fibrous tissues were abundant and mineralization had not started. Interestingly, osteoblasts and 

mineralized osteoids were observed in some defects in the CETC group, indicating that CETC 

catalyses the migration of osteoblasts to the defect and supports osteoinduction.  

At Day 42 post-surgery, a reduction of immune cells in all samples indicated that the hematoma 

formation phase had ended and the defect was filled with newly formed extracellular matrix 

from the host. For the DTS and CETC groups, the appearance of mineralized tissues along the 

defect edge in the micro-CT images and the presence of island shape matrix depositions in the 

histology images suggested that tissue regeneration has progressed to the hard callus phase, 

where osteoblasts had migrated to the defect and initiated mineralization to form new bone. In 

DTS, the matrix deposition occurred within the stratified collagen structure, indicating that 

DTS was degrading to allow cells to migrate into the interior of DTS, and the biocompatible 

environment within DTS promoted the formation of new matrix by osteoblasts. However, in 

the CETC group, fibrous connective tissues were observed in addition to the newly formed 

bone. Given that the degradation rate of CETC was rapid (Figure 6.1), it was likely that the 

CETC managed to prevent epithelial cell ingrowth and support osteoinduction in the first 2 

weeks, but degraded in vivo between 2 weeks and 6 weeks, allowing external fibroblasts to 

enter the defect site and form fibrous tissues. Alternatively, the fibrous tissues may be formed 

as an immune response to the CETC from the host’s immune system. Nevertheless, the DTS 
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and CETC groups exhibited superior performance to the empty group where minimal or no 

mineralization was observed.  

The role of a barrier membrane in guided bone regeneration (GBR) is to prevent the entry of 

epithelial cells into the bone defect and provide mechanical support and promote 

osteoinduction in the defect space. This requires the barrier membrane to be thermally stable 

at the recipient’s body temperature, possesses sufficient mechanical strength, be permeable to 

nutrients but not to cells; and have a controlled degradation rate where the membrane degrades 

at the same rate of host tissue regeneration [309, 311]. We have demonstrated that DTS and 

CETC have high thermal stability, low permeability, and good biocompatibility. DTS has an 

advantage of high mechanical strength and slow degradation rate, while CETC exhibited better 

in vitro osteogenic support than DTS but has a limitation of poor mechanical strength and fast 

degradation. To overcome the limitations of DTS and CETC, the two membranes could be 

combined to form a bi-layer membrane for GBR, where DTS provides mechanical support to 

the defect space and prevents the entry of fibroblasts and microbes, while CETC provides a 

biocompatible surface for osteogenic cell adhesion and proliferation and supports 

osteoinduction. The outer DTS layer would also protect the inner CETC from rapid degradation, 

allowing the CETC layer to serve its function for a longer time. We proposed to develop and 

evaluate this bilayer membrane for GBR in our future work.  

 Acid/alkali treatment of decellularized tilapia skin 

In previous sections, DTS was reported to be biocompatible to murine fibroblasts L929 and 

murine osteogenic cells MC3T3-E1, but when compared to CETC, DTS appeared to be less 

biocompatible. In summary, DTS was found to be inferior to CETC in terms of immunogenic 

potential, in vivo immune responses, cellular biocompatibility to MC3T3-E1 cells, 

mineralization of MC3T3-E1 cells, and in vivo bone regeneration. One possible explanation 



 
 

162 

for the inferior biological performances of DTS was its relatively higher water contact angle 

compared to CETC. As hydrophilic surfaces have been reported to be more biocompatible 

[324], it was hypothesized that a reduction of water contact angle of DTS would improve its 

biocompatibility. Another possible explanation for the inferior biological performances of DTS 

was the presence of antigens. Despite a drop of 57.4% in immunogenic potential after 

decellularization, there was still a substantial amount of antigens remaining in DTS. Hence, it 

was hypothesized that a further reduction of immunogenic potential would improve the 

biocompatibility of DTS. 

To reduce the water contact angle and immunogenic potential, an additional step was added 

into the decellularization protocol. The tilapia skin was subjected to 0.025 M ascorbic acid for 

15 minutes or 0.5 M sodium hydroxide for 3 hours, before being processed according to the 

optimized protocol reported previously. Ascorbic acid was chosen due to its antioxidant 

properties and its ability to improve cellular biocompatibility [340], and sodium hydroxide was 

chosen due to its ability to dissociate non-collagen proteins and its established role as a 

sanitization agent of chromatography columns [341, 342]. The acid-treated skin was labelled 

as DTS-A and the alkali-treated skin was labelled as DTS-N. The effects of the additional 

acid/alkali treatment on the physical and biological properties of DTS were investigated and 

presented in Table 6-3. 

The results indicated that, while an additional treatment of ascorbic acid or sodium hydroxide 

did not affect the DNA removal rate, the ascorbic acid treatment significantly reduced the 

collagen content in the tissue. In fact, the duration of the ascorbic acid treatment was limited 

to 15 minutes and the concentration was limited to 0.025 M, because when the duration 

exceeded 20 minutes or when the concentration was 0.05 M and above, the tilapia skin 

disintegrated into a gel-like substance. As collagen solubilises rapidly in acidic conditions, the 
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presence of ascorbic acid might have caused the collagen in the tilapia skin to solubilise, 

leading to a reduction of collagen content in the skin. The loss of collagen also explained the 

huge loss in mechanical strength of DTS-A, although the denaturation temperature and water 

contact angle were not significantly affected. 

Table 6-3: Physical, chemical and biological properties of native tilapia skin, DTS, DTS-A and DTS-N. * p < 0.05 
when compared to DTS. TS = tilapia skin, DTS = decellularized tilapia skin, DTS-A = ascorbic acid treated 
decellularized tilapia skin, DTS-N = sodium hydroxide treated decellularized tilapia skin. 

Property Native TS DTS DTS-A DTS-N 
DNA content (ng/mg tissue) 419.9 ± 109.5 6.3 ± 0.9 6.3 ± 2.5 7.0 ± 1.1 

Collagen content (µg/mg tissue) 522.9 ± 45.0 362.5 ± 35.6 166.7 ± 130.1 * 339.2 ± 50.9 
Denaturation temperature (°C) 68.1 ± 1.0 64.2 ± 0.6 62.1 ± 3.3 62.8 ± 1.1 
Maximum tensile stress (MPa) 28.4 ± 4.4 24.0 ± 10.2 0.39 ± 0.37 * 4.7 ± 2.1 * 

Young’s Modulus (MPa) 69.4 ± 24.6 56.2 ± 14.4 1.5 ± 2.1 * 30.0 ± 12.0 
Water contact angle (outer surface) 90.4° ± 3.2° 57.0° ± 2.5° 50.7° ± 6.3° 59.8° ± 9.1° 

Indirect cytotoxicity  
(relative metabolic activity of L929,  

100% = non-toxic control) 

107.6 %  
± 5.1 % 

103.1 %  
± 7.0 % 

60.0% 
± 5.5 % * 

101.7 %  
± 14.2 % 

Immunogenic potential  
(determined by human-serum ELISA,  

100% = native tilapia skin) 

100.0 % 
± 7.9 % 

42.6 % 
± 3.1 % Not measured 

35.3 % 
± 2.1 % 

Elastin content (µg/mg tissue) 59.4 ± 4.6 5.3 ± 1.2 Not measured 5.2 ± 3.2 
GAG content (µg/mg tissue) 3.9 ± 0.1 2.2 ± 0.1 Not measured 2.0 ± 0.5 

 

From the indirect cytotoxicity results, DTS-A had a 40% reduction of relative metabolic 

activity compared to native tilapia skin. According to ISO-10993-5, a reduction of more than 

30% in the relative metabolic activity means that the material is cytotoxic [235]. The 

cytotoxicity was presumed to be contributed by residual ascorbic acid in the treated skin, as 

ascorbic acid was reported to react with DMEM (the medium used for the culture of L929 cells) 

to generate hydrogen peroxide that induces apoptosis in cells [343]. As the ascorbic acid 

treatment greatly reduced the collagen content and mechanical strength, and induced in vitro 

cytotoxicity, DTS-A was removed from subsequent evaluations. 

On the other hand, the sodium hydroxide treatment did not adversely affect the properties of 

tilapia skin. The collagen content, denaturation temperature, water contact angle and indirect 
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cytotoxicity did not experience a significant change after the skin was exposed to 0.5 M sodium 

hydroxide for 3 hours. 0.5 M sodium hydroxide has an additional advantage of removing 

pathogens from the tilapia skin, as 0.5 M sodium hydroxide is a validated sanitization agent for 

protein-based affinity chromatography columns [341, 342] and is effective in the inactivation 

of viruses [344]. However, sodium hydroxide was reported to reduce mechanical properties in 

decellularized tissues due to the cleavage of collagen fibrils and disruption of collagen 

crosslinks [97], which explained the drop of maximum tensile stress from 24.0 ± 10.2 MPa in 

DTS to 4.7 ± 2.1 MPa in DTS-N. Nevertheless, the loss of mechanical properties in DTS-N 

was not as drastic as that in DTS-A and the collagen content in DTS-N was similar to that in 

DTS, suggesting that the collagen molecules did not solubilise in the sodium hydroxide 

treatment and most of the collagen molecules were retained in DTS-N. Contrary to our belief, 

the sodium hydroxide treatment did not reduce the water contact angle of the skin, suggesting 

that the surface chemistry and hydrophilicity of the skin were not affected by the sodium 

hydroxide treatment. The elastin content and GAG content in DTS-N were also observed to be 

similar to those in DTS, indicating that elastin and GAG were not affected by the sodium 

hydroxide treatment and the decline in elastin and GAG contents was most likely contributed 

by the SDS treatment. 

Interestingly, the sodium hydroxide treatment led to a further reduction in the immunogenic 

potential. As sodium hydroxide was known to remove non-collagenous proteins from tissues 

[345], it was likely that some antigens were removed by the sodium hydroxide treatment. In 

subsequent experiments, the biological performances of native tilapia skin, DTS and DTS-N 

would be evaluated and compared to investigate the effect of 2 decellularization protocols on 

tilapia skin. 
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 In vitro skin regeneration 

In the skin, fibroblasts and keratinocytes are two key types of cells responsible for maintaining 

skin homeostasis and for orchestrating skin tissue regeneration [346, 347]. Fibroblasts, in 

particular, serve an important role in forming ECM components and secreting proteinases and 

proteinase inhibitors to remodel the ECM [347]. In damaged tissues, fibroblasts become 

activated and differentiate into myofibroblasts, which generate contractions and produce ECM 

proteins to facilitate wound closure [348]. Therefore, scaffolds intended for wound healing and 

skin regeneration should possess low cytotoxicity and good biocompatibility towards 

fibroblasts. In this study, primary human dermal fibroblasts (HDFs) were used to evaluate the 

cellular biocompatibility of tilapia skin to skin cells. AlamarBlue assay was performed to 

investigate the cell attachment and proliferation of HDFs on native tilapia skin, DTS 

(decellularized tilapia skin), and DTS-N (alkali-treated decellularized tilapia skin). 

 

Figure 6.9: Cell attachment and proliferation were evaluated with AlamarBlue assay at Day 1, 3 and 5 after human 
dermal fibroblasts (HDFs) were seeded onto tilapia skins treated in different conditions. The fluorescence level 
was used as an indication of relative metabolic activity of HDFs. Blank = polystyrene well plate. No significant 
difference (p < 0.05) were observed between groups at each time point and between time points for each group. 
DTS = Decellularized tilapia skin; DTS-N = Alkali-treated decellularized tilapia skin. 
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The ability of HDFs to adhere onto the native tilapia skin, DTS and DTS-N was evaluated 

quantitatively by AlamarBlue assay on Day 1, Day 3 and Day 5 (Figure 6.9), and qualitatively 

by Live/Dead® cytotoxicity kit (Figure 6.10). Live/dead stained images showed that the HDFs 

were able to attach to all three skin samples and had high viability on Day 5, as indicated by 

the numerous live cells dyed green by calcein-AM and the low number of dead cells dyed red 

by ethidium homodimer-1. Some areas were stained red in the live/dead images of native tilapia 

skin, because of the presence of residual tilapia DNA in the untreated skin. After staining, the 

HDFs were observed to be spindle-shaped, indicating good cell attachment and favourable 

cellular biocompatibility of the surface. (On incompatible or toxic surfaces, fibroblasts would 

not attach well and would appear rounded.)  For DTS on Day 1, no cells were observed, 

suggesting that the cells had not attached securely to the skin and were washed away during 

the staining steps. 

 

Figure 6.10: Cell attachment and viability were evaluated with Live/Dead® cytotoxicity kit at Day 1 and 5 after 
human dermal fibroblasts (HDFs) were seeded onto tilapia skins treated in different conditions. Live cells were 
dyed green by calcein-AM, and dead cells were dyed red by ethidium homodimer-1.  
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From the AlamarBlue results (Figure 6.9), it was observed that all three samples supported 

HDF proliferation, with the metabolic activity of the HDFs increasing over time. Among the 

three samples, DTS-N exhibited the best cellular biocompatibility, indicating that an additional 

sodium hydroxide treatment helped to improve the biocompatibility of tilapia skin. The 

observation in this study was similar to the results in another study where rat lungs 

decellularized by sodium hydroxide solution exhibited better recellularization than rat lungs 

decellularized by SDS [349]. The reason why sodium hydroxide leads to better cellular 

biocompatibility in tilapia skin was unclear, but we could rule out the hypothesis that the 

improved biocompatibility was caused by a reduction of water contact angle as the sodium 

hydroxide treatment did not reduce the contact angle of DTS-N.  

On the other hand, DTS-N was observed to have a lower immunogenic potential than DTS, 

and this could be a possible reason for the better cellular biocompatibility of DTS-N. However, 

more experiments, especially in vivo studies, would be needed to prove the hypothesis that a 

reduction of antigen content in the sodium hydroxide treated tilapia skin would improve its 

biocompatibility. 

 In vivo skin regeneration 

Impaired wound healing is responsible for considerable morbidity and mortality globally, 

especially for diabetic patients and immunosuppressed patients [322]. In mammals including 

humans, wound healing is a continuous process involving four overlapping phases – (i) 

hemostasis, where blood vessels were constricted and blood clots were formed by the activation 

of platelets to prevent further blood loss; (ii) inflammation, where neutrophils and macrophages 

are recruited to the wound to prevent infection; (iii) proliferation, where the fibroblasts and 

epithelial cells contribute to wound repair by collagen deposition, wound retraction and 
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angiogenesis; and (iv) remodelling, where development of normal epithelium and maturation 

of the scar tissue takes place [350, 351].  

The complexity of wound healing is impossible to be replicated in vitro and therefore 

necessitates the use of animal models. Among various mammals, the laboratory mouse are 

commonly used in biomedical research due to easy housekeeping and easy genetic 

manipulations [282]. However, murine wounds heal differently to human wounds as a 

subcutaneous striated muscle layer present in murine skin but not in human skin causes rapid 

contraction of murine skin after wounding. To overcome this limitation, a splint was 

incorporated around the wound so that the repair process was dependent on epithelialization, 

cellular proliferation and angiogenesis, closely mirroring the human wound healing process.  

 

Figure 6.11: Murine wound healing model. (A) View of the mouse immediately after surgery. (B) View of the 
same mouse one week later, after sacrifice. In this model two full thickness wounds are created on either side of 
the midline allowing each mouse to serve as their own control. The left wound was left untreated while the right 
wound was covered with the sample of interest. Silicone splints are fixed to the wound perimeter by suture to 
prevent wound contraction, providing a model relevant to that of human wounds.  

 

Here, two 5 mm full-thickness defects were created on the back of 6 week old mice and fixed 

with circular silicone splints (Figure 6.11A). One defect was covered with the sample of 

interest and the other defect was left uncovered as the control. At 1 week and 2 weeks after 
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implantation, the mice were sacrificed (Figure 6.11B). The morphology of the wounds was 

examined and H&E histology was performed to evaluate the extent of tissue regeneration in 

the defect. The covered defect was then compared with the uncovered defect to determine the 

effect of the sample on in vivo skin regeneration. 

The morphology of the wounds were captured on photograph and presented in Figure 6.12A, 

and the area of each wound was quantified, with the mean and standard deviation represented 

in Figure 6.12B. The H&E stained histological sections of the wound are shown in Figure 6.13. 

 

 

Figure 6.12: Wound healing in BALB/c mice. (A) Representative images of skin wounds after treatment with 
native tilapia skin, DTS (decellularized tilapia skin), DTS-N (alkali-treated decellularized tilapia skin) or 
Duoderm, with untreated wounds as control (n = 3). The circular splint has an inner diameter of 6 mm and an 
outer diameter of 12 mm. For wounds with detached splints, the inner circumference of the splint was indicated 
with a blue dashed line. (B) Wound area quantified at 1 week and 2 weeks after surgery. 
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Figure 6.13: Representative images of cross-sectional H&E stained sections of mouse skin wounds covered with 
native tilapia skin, DTS (decellularized tilapia skin), DTS-N (alkali-treated decellularized tilapia skin) or 
DuoDerm, with untreated wounds as control (n = 3). Scalebar represents 50 µm. 
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Compared to the control groups, improvement in wound healing was observed for all groups 

at Day 7 and Day 14, with the exception of the native tilapia skin group at 2 weeks where signs 

of chronic inflammation were noticed (Figure 6.12A). For DTS, DTS-N and DuoDerm, most 

of the wound area was covered with a continuous epidermis at Day 14, while the wounds in 

the control group and native tilapia skin group were not completely healed. The incomplete 

healing and signs of chronic inflammation for the native tilapia skin group suggested that the 

healing process was hindered by the presence of antigens in the native tilapia skin, and 

decellularization of tilapia skin appeared to help in improving the wound healing rate. 

Interestingly, the addition of sodium hydroxide treatment into the decellularization protocol 

further improved the wound healing rate, making the healing in the DTS-N group relatively 

better than that of the DuoDerm group at Day 14, as evident in the smaller mean wound area 

of DTS-N in Figure 6.12B.  

The histology images (Figure 6.13) confirmed that DTS-N induced the lowest degree of 

inflammatory response and promoted the best growth of new epidermis throughout the process 

of wound healing. Good epidermal growth and low inflammatory response were also observed 

for the DTS and DuoDerm groups at both Day 7 and Day 14, but the thickness and continuity 

of the new epidermis were at a less extent compared to DTS-N. In the DTS, DTS-N and 

DuoDerm groups, the epidermal cells appeared to be fully differentiated, with the basal cells 

closely arranged at the epidermis-dermis boundary and the keratinocytes forming dense layers 

at the outermost portion of the skin. In the control and native tilapia skin groups, the wound 

area was mainly occupied by inflammatory cells and granulated tissue at Day 7, with the 

presence of inflammatory cells and granulated tissue present in native tilapia skin continuing 

to Day 14. In the control group, the boundary between the epidermis and the dermis was not 

defined and there is a presence of inflammatory cells at Day 14, suggesting that the wound 

healing was not yet completed.  
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As the rate of skin regeneration may differ in each mouse, we devised a scoring system where 

the healing of the sample-covered wound was rated as “worse”, “similar” or “better” than the 

healing of the non-covered (control) wound on the same mouse. The definition of each term in 

the scoring system is explained in Table 6-4, and the results are illustrated in Figure 6.14. 

Table 6-4: Definition of terms in the scoring system of wound-healing 

 Visual inspection H&E histology 
Better • The sample-covered wound is smaller 

than the non-covered wound  
• Minimal scarring 

• The regenerated tissue in the sample-
covered wound is thicker than that in the 
non-covered wound. 

• No inflammation 
Similar • The sample-covered wound has a 

similar size to that of the non-covered 
wound  

• The regenerated tissue in the sample-
covered wound has a similar thickness 
to that in the non-covered wound. 

Worse • The sample-covered wound is larger 
than the non-covered wound  

• Excessive scarring 

• The regenerated tissue in the sample-
covered wound is thinner than that in the 
non-covered wound. 

• Evidence of chronic inflammation 
 

 

Figure 6.14: Wound healing scores of native tilapia skin, DTS (decellularized tilapia skin), DTS-N (alkali-treated 
decellularized tilapia skin) and DuoDerm, according to the score system listed in Table 6-4.  

 

From the results, it was evident that native tilapia skin was not favourable to wound healing at 

Day 14, which was evident in the high level of inflammation observed in the histology images. 

This was a sign of adverse foreign body reaction, which was likely caused by the high 

immunogenic potential of native tilapia skin. After decellularization, the inflammatory 
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response was remarkably reduced and DTS managed to induce new epidermis growth. With 

an additional sodium hydroxide treatment, there was a further improvement in in vivo 

biocompatibility, as more samples in the DTS-N group have better performance than the 

control, compared to the DTS group. The performance of DTS-N is similar to that of DuoDerm, 

an established hydro-colloid dressing used for the management of chronic wounds. DuoDerm 

is known for its ability to maintain a moist environment in the wound, to provide occlusion that 

is beneficial for collagen synthesis, and to not damage the newly formed epithelium when the 

dressing is removed [323]. These beneficial properties were observed in the DTS-N group, as 

shown by the low water permeability which helped to retain moisture, the positive regeneration 

of the dermis during the healing process, and the preservation of the epidermis after the sample 

is removed from the wound. The results of this study suggested that DTS-N is an effective 

scaffold for skin wound regeneration.     

6.4 Conclusion 

In this chapter, the suitability of decellularized tilapia skin (DTS) and crosslinked electrospun 

tilapia collagen (CETC) as tissue engineering scaffolds were investigated. Physical properties 

which could influence tissue-scaffold interactions, such as water contact angle, porosity, and 

water permeability were characterized for DTS and CETC. The in vitro degradation profiles of 

the scaffolds were also assessed to predict the stability and the rate of biodegradation in vivo. 

From the physical characterisations, DTS was found to be less hydrophilic and less porous than 

CETC, and both materials have an extremely low water permeability. DTS was also highly 

durable in sterile PBS, losing only 19.0% of its weight after 8 weeks of immersion, but it 

degraded rapidly in the presence of collagenase. It was hypothesized that the low hydrophilicity, 

low porosity and low water permeability of DTS were attributed to the multiple layers of tightly 

packed collagen fibres in the skin and contributed to the high mechanical strength and slow 
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degradation by hydrolysis. In the presence of collagenase, the tightly packed collagen fibres 

started to break down, leading to a rapid degradation of DTS. For CETC, the higher 

hydrophilicity contributes to its better biological performance than DTS, as hydrophilic 

surfaces favour cell attachment.  

Next, we evaluated the suitability of our tilapia-derived scaffolds in two clinical applications. 

In the first application, decellularized tilapia skin (DTS) and crosslinked electrospun tilapia 

collagen (CETC) were evaluated for their suitability as barrier membranes in guided bone 

regeneration. Both DTS and CETC were found to be biocompatible to murine pre-osteogenic 

MC3T3-E1 cells, and support the osteogenic differentiation and mineralization of MC3T3-E1 

cells in the presence of the osteogenic media, with CETC exhibiting a better performance. In 

the rat calvarial defect model, both DTS and CETC supported bone regeneration and did not 

induce chronic inflammation within the defect. However, fibrous tissues were observed in the 

defects in the CETC group, suggesting that the CETC degraded in vivo, allowing fibroblasts to 

enter the defect. To combine the benefits of the two scaffolds, namely the high mechanical 

strength of DTS and the positive biological performance of CETC, we proposed to combine 

the two scaffolds into a bi-layer membrane for GBR, with DTS facing the exterior to provide 

mechanical support and prevent the entry of fibroblasts, and CETC facing the defect to provide 

a biocompatible surface for osteoinduction. 

In the second application, DTS was evaluated for its suitability as a skin wound dressing. As 

DTS was found to be inferior to CETC in terms of immunogenic potential, in vivo immune 

responses, and in vitro and in vivo osteoinduction, an additional acid or alkali treatment step 

was added to the decellularization protocol to reduce the water contact angle and reduce the 

antigen content the skin. It was observed that an additional 3 hour treatment in 0.5 M sodium 

hydroxide was able to reduce the immunogenic potential of DTS and improve its cellular 
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biocompatibility to human dermal fibroblasts (HDFs). The alkali-treated DTS (DTS-N) was 

then compared with native tilapia skin, DTS and DuoDerm, an established hydrocolloid wound 

dressing, in the murine full-thickness skin wound model. It was observed that decellularization 

of tilapia skin improved the wound healing rate in mice. An addition of sodium hydroxide 

treatment further improved the wound healing rate, making the healing in the DTS-N group 

relatively better than that of the DuoDerm group. The results of this study suggested that DTS-

N is a potentially effective scaffold for skin wound regeneration. 
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7 Conclusion and future work 

7.1 Conclusions 

This thesis started with a goal to develop the skin of Nile tilapia (Oreochromis niloticus), a 

tropical fish popularly cultivated as food, into acellular scaffolds to provide an economical and 

safe alternative to mammalian-derived scaffolds in tissue engineering applications. The 

motivation to develop scaffolds from tilapia skin was driven by the huge demand for tissue 

constructs to restore non-functional tissues in patients and the huge amount of collagen-rich 

fish waste generated by the fishing industry, as mentioned in Chapter 1. The choice of fish skin 

as the source of biomaterials was also prompted by the limitations of current mammalian 

products, which include the risks of disease transmission from mammals to humans, the 

rejection of mammalian products by religious patients, and the high immunogenicity of 

mammalian tissues. This thesis focused on Nile tilapia due to its rapid growth and wide 

distribution, and also due to the numerous benefits possessed by tilapia collagen, as reported 

in previous studies and reviewed in Chapter 2.  

As collagen is the main constituent of tilapia skin, the properties of tilapia collagen were studied 

in Chapter 3 by bioinformatics analysis and physio-chemical characterisation. The high level 

of conservation between tilapia collagen and mammalian collagen revealed in the 

bioinformatics characterisation suggested that tilapia collagen would be well-tolerated by 

mammals. In the same chapter, a crosslinked electrospun tilapia collagen (CETC) scaffold was 

successfully developed with a novel benign PBS/ethanol solvent, which was non-toxic and 

more environmentally friendly than the traditional electrospinning solvent HFIP. The data 

obtained in Chapter 3 addressed the first hypothesis that tilapia collagen can be electrospun 

and crosslinked into a scaffold which is highly biocompatible. 
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With the knowledge gained from the development and characterisations of CETC scaffolds, 

tilapia skin was then decellularized to yield acellular scaffolds, which were termed as 

decellularized tilapia skin (DTS). Chapter 4 demonstrated that a combination of enzyme and 

detergent treatments were effective in decellularizing tilapia skin, with almost all DNA (99.6%) 

removed and relatively high amount of collagen (69.3%) retained. The optimized 

decellularization protocol did not adversely affect the mechanical properties and denaturation 

temperature of DTS, although the mechanical properties of tilapia skin were discovered to be 

dependent on the location of the skin and the direction of pull. Electricity was also introduced 

as a novel medium for decellularization, with preliminary data suggesting the effectiveness of 

electroporation and electrolysis in the removal of DNA and the preservation of the ECM in 

treated tissues. In summary, the results in Chapter 4 addressed the second hypothesis that tilapia 

skin can be decellularized using appropriate treatments to yield an acellular scaffold. 

DTS was further subjected to a series of biological assessments to evaluate its biological safety 

and performance in Chapter 5, using CETC as a comparing scaffold. The human serum based 

assays revealed that native tilapia skin has a lower immunogenic potential than porcine tissues 

and decellularization significantly reduced the immunogenic potential of tilapia skin further. 

Cell culture results demonstrated the low cytotoxicity and high cellular biocompatibility of 

DTS and CETC towards murine fibroblasts L929, while the in vivo immune responses of both 

scaffolds indicated the lack of chronic inflammation after implantation in rats. Together with 

the results in Chapter 4, the findings in Chapter 5 addressed the third hypothesis that DTS 

possesses favourable physical and biological properties, and is less immunogenic than native 

tilapia skin. 

The suitability of DTS as a tissue engineering scaffold was investigated in Chapter 6, where 

further physical characterization revealed that DTS had low hydrophilicity, low porosity and 
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low water permeability, all of which are plausible factors that contribute to the slow 

degradation rate of DTS in sterile PBS. Although DTS lost only 19.0% of its weight after 8 

weeks of immersion in sterile PBS, it degraded rapidly in the presence of collagenase, 

indicating the importance of collagen in the structural integrity of DTS.  

The clinical applications of DTS were evaluated in two studies. In the first study, where DTS 

and CETC were assessed as barrier membranes in guided bone regeneration, in vitro results 

demonstrated the biocompatibility of DTS and CETC towards murine pre-osteogenic MC3T3-

E1 cells and the ability of both scaffolds to support osteogenic differentiation and 

mineralization. In the rat calvarial defect model, both DTS and CETC supported bone 

regeneration and did not induce chronic inflammation within the defect. However, DTS was 

found to be inferior to CETC in terms of in vitro and in vivo osteoinduction, while CETC 

degraded rapidly in vivo and failed to prevent fibroblast infiltration. To combine the benefits 

of the two scaffolds, we proposed to develop a bi-layer membrane comprising of DTS as the 

outer layer to prevent fibroblasts infiltration and CETC as the inner layer to support 

osteoinduction in the defect. In the second study, DTS was assessed for its suitability as a skin 

wound dressing. DTS was subjected to additional alkali treatment in an attempt to improve its 

biocompatibility, and the alkali-treated DTS (termed as DTS-N) was shown to have a reduced 

immunogenic potential and improved cellular biocompatibility to human dermal fibroblasts 

(HDFs), compared to DTS. Results from the murine full-thickness skin wound model revealed 

that DTS induced a better healing rate than native tilapia skin, and an additional alkali  

treatment further improved the wound healing rate, making the healing in the DTS-N group 

relatively better than that of the DuoDerm group. The findings in Chapter 6, together with the 

data from Chapter 4 and 5, addressed the fourth hypothesis that DTS is suitable as a scaffold 

in tissue regeneration, with favourable tissue-scaffold interactions. 
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In conclusion, the capability of tilapia skin as a biomaterial for tissue engineering applications 

has been demonstrated in this thesis. While a previous study reported the effectiveness of 

CETC in skin regeneration, there have been no known prior studies on DTS, making this thesis 

one of the firsts to report on the development, evaluation and application of DTS for tissue 

engineering applications. The high mechanical strength, long degradation time and favourable 

biological properties of DTS would render this novel biomaterial useful for tissue engineering 

applications requiring strong protective membranes for long term tissue regeneration.  

7.2 Recommendations for future work 

 Further characterisation of fish skin components 

In this thesis, we only focused on selected substances in the tilapia skin to determine the extent 

of decellularization. The removal of cellular components was measured by DNA content and 

immunogenic potential without focusing on individual antigens, while the preservation of the 

extracellular matrix (ECM) was measured by collagen content, elastin content and 

glycosaminoglycan (GAG) content. There are many bioactive substances in tilapia skin that 

can contribute to favourable or adverse cellular response and tissue-implant interaction, and it 

is a challenge to isolate and identify every substance in tilapia skin. When section 6.3.5 – 6.3.7 

reported that an additional sodium hydroxide treatment in the decellularization protocol 

improved the biocompatibility of tilapia skin, we could only make educated guesses on what 

the sodium hydroxide did without knowing the actual reasons.  

Looking ahead, we would like to perform a more detailed analysis of the biochemical 

composition of tilapia skin before and after decellularization, to identify substances that are 

beneficial to tissue-implant interactions and also substances that provoke adverse response. 

Proteins and peptides from tilapia skin can be separated and identified by immunoproteomic 
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approaches such as two-dimensional gel electrophoresis, liquid chromatography and mass 

spectrometry, and the separated proteins can be analysed individually for their cytotoxicity and 

antigenicity [94, 352, 353]. As fish peptides have been reported to exhibit potent biological 

activities beyond their nutritional value (as mentioned in section 2.5.2), it would be interesting 

to investigate whether decellularized tilapia skin would possess any of these biological 

activities. Beside proteins and peptides, the fat content of tilapia skin would also be worth 

investigating, as certain fish oils, especially omega-3 polyunsaturated fatty acids, have been 

reported to regulate inflammatory activities and facilitate wound healing [354, 355]. Fish oils 

can be isolated from tilapia skin by extraction with organic solvents and purification with liquid 

chromatography and mass spectrometry. If certain fish oils were found to be beneficial to tissue 

regeneration, the decellularization protocol could be amended to minimise the loss of the fish 

oils in tilapia skin. 

 Investigation of antimicrobial properties 

In addition to adverse foreign body reaction, another major challenge in the use of scaffolds in 

tissue engineering is the risk of bacterial infection. As scaffold-associated infection has been 

increasing identified as a major failure mechanism in scaffolds, there is an urgency to address 

the challenge on how to create scaffolds that promote tissue-scaffold interactions while 

concurrently inhibiting bacterial colonization [356]. Despite advances in sterilisation 

techniques, it is impossible to eliminate all trace of pathogens when implanting a biomaterial 

due to the ubiquitous presence of opportunistic pathogens in the environment and also in the 

body of the implant recipient. Normally weakly virulent due to the suppression by the immune 

system of a healthy individual, opportunistic pathogens can become virulent when there is a 

loss of innate or adaptive immune responses in a immunocompromised individual [357]. In 

some patients, adverse FBR to an implant may require the suppression of the patient’s immune 
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system, creating an opportunity for opportunistic pathogens to proliferate. To make things more 

complicated, the three-dimensional architecture of many tissue engineering scaffolds can 

enhance bacterial colonization by allowing small-sized bacteria to penetrate into remote parts 

that are inaccessible to larger mammalian cells. To address this issue, there is a motivation to 

develop scaffolds with inherent antimicrobial properties to reduce the risk of scaffold-

associated infections.  

The antimicrobial properties of tilapia skin were briefly studied through a preliminary bacterial 

adherence assay. Native and decellularized tilapia skins, cut into discs with 6 mm diameter, 

were incubated in broths containing gram-positive Staphylococcus aureus (#25923, ATCC, 

USA) or gram-negative Pseudomonas aeruginosa (PA01, ATCC, USA) at 37°C for 1 hour. 

The skin samples were washed gently with PBS twice to remove non-adhering bacteria, and 

adhered bacteria were dislodged by vortexing the samples in 1 ml PBS for 1 minute. The 

solutions containing the dislodged bacteria were plated on agar and the colonies were counted 

after 24 hour incubation at 37°C. From the results, no colonies were observed for both native 

tilapia skin and decellularized tilapia skin, suggesting that tilapia skin prevented the adhesion 

of S. aureus and P. aeruginosa, and the anti-adhesion property was retained after 

decellularization.  

To validate the antimicrobial properties of tilapia skin, we would like to propose performing 

this assay with other species of microbes, as well as performing other tests such as disc 

diffusion assay and endotoxin assay. In the event that our tilapia scaffolds do not possess 

sufficient antimicrobial properties, we would like to propose the addition of antimicrobial 

substances into the scaffolds to minimise the risk of infection during implantation and tissue 

regeneration.    
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 Further optimisation of electric decellularization 

In section 4.4, electricity was introduced as a novel decellularization medium. Preliminary 

results suggested that electroporation was effective in the removal of DNA and the preservation 

of the ECM. As we only assessed the effect of electric decellularization on tilapia skin based 

on DNA content, collagen content and histology, we would like to propose more 

characterisations to validate the effectiveness of electric decellularization. In particular, the 

mechanical properties, immunogenic potential and biocompatibility of the electricity-treated 

samples would be of significant interest to us. The setup of the electric decellularization can 

also be optimised to enable scaling up without excessive heat generation. 

 Decellularization using supercritical carbon dioxide 

In section 2.2.3, supercritical carbon dioxide was introduced as a method of sterilization and 

decellularization. The term supercritical fluid refers to a fluid held above its critical temperature 

and critical pressure, having a viscosity and diffusion coefficient intermediate between a gas 

and a liquid [358]. The high transfer rate and high permeability, which can be adjusted by 

varying the temperature and pressure, allows supercritical carbon dioxide to be used as a 

versatile, cheap and non-toxic solvent in a variety of applications [359]. Traditionally used as 

a solvent to extract compounds from plants and remove contaminants from food, supercritical 

carbon dioxide is now used for tissue decellularization, as it is compatible with biological 

materials, do not react with ECM components, and do not leave toxic residues [104].  

Another advantage of using supercritical carbon dioxide is its capability as a sterilization 

medium. According to stringent safety regulations, scaffolds often require terminal sterilization 

methods such as gamma irradiation and ethylene oxide exposure to achieve absolute sterility, 

but such methods often affect ECM structure and mechanical properties of biologic scaffolds 
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[98, 99]. Supercritical carbon dioxide is seen as a novel alternative for terminal sterilization, as 

it can dissolve a low amount of chemical sterilant to form a very effective and yet gentle 

medium for sterilization of sensitive biomaterials [105]. Hence, supercritical carbon dioxide 

has the benefit of achieving both decellularization and sterilisation in one treatment, saving 

substantial amount of time and resources. 

Despite the numerous advantages of supercritical carbon dioxide, this medium is not commonly 

used due to the serious drawback of high investment costs, which is the main reason why this 

technique was not employed in this thesis. Looking forward, we would like to propose doing a 

preliminary study of using supercritical carbon dioxide to decellularize and sterilize tilapia skin 

for tissue engineering applications. If supercritical carbon dioxide is proven to be effective in 

this preliminary study, the investment on the supercritical carbon dioxide system and a larger-

scale study would be justified.  

 Decellularization of tissues from other fish species 

Beside tilapia, we would like to look into decellularizing tissues from other fish species. 

According to the statistics from the Food and Agriculture Organization of the United Nations, 

global fish production peaked at about 171 million tonnes in 2016, with aquaculture 

representing 47 percent of the total production [360]. As the harvest level of wild fish remains 

relatively static since the late 1980s, aquaculture is becoming more important in the supply of 

fish for human consumption. As for 2016, a total of 598 marine species were cultivated for 

consumption, but the aquaculture industry is dominated by a small number of staple species, 

with the 20 most produced species accounting for 84.2 % of the total production (Table 7-1).  
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Table 7-1: The 20 most produced fish species in global aquaculture and their production levels in 2010 and 2016 
(in 1000 tonnes) [360] 

Species 2010 production 
(1000 tonnes) 

2016 production 
(1000 tonnes) 

% of total, 
2016 

Grass carp, Ctenopharyngodan idellus 4 362 6 068 11 
Silver carp, Hypophthalmichthys molitrix 4 100 5 301 10 
Common carp, Cyprinus carpio 3 421 4 557 8 
Nile tilapia, Oreochromis niloticus 2 537 4 200 8 
Bighead carp, Hypophthalmichthys nobilis 2 587 3 527 7 
Carassius spp. 2 216 3 006 6 
Catla, Catla catla 2 977 2 961 6 
Freshwater fishes nei, Osteichthyes 1 378 2 362 4 
Atlantic salmon, Salmo salar 1 437 2 248 4 
Roho labeo, Labeo rohita 1 133 1 843 3 
Pangas catfishes nei, Pangasius spp. 1 307 1 741 3 
Milkfish, Chanos chanos 809 1 188 2 
Tilapias nei, Oreochromis (=Tilapia) spp. 628 1 177 2 
Torpedo-shaped catfishes nei, Claria spp. 353 979 2 
Marine fishes nei, Osteichthyes 477 844 2 
Wuchang bream, Megalobrama amblycephala 652 826 2 
Rainbow trout, Oncorhynchus mykiss 752 814 2 
Cyprinids nei, Cyprinidae 719 670 1 
Black carp, Mylopharyngodon piceus 424 632 1 
Snakehead, Channa argus 377 518 1 
Other fishes 5 849 8 629 16 
Total 38 494 54 091 100 

 

This thesis has demonstrated the biomedical benefits of collagen and decellularized skin from 

Nile tilapia, the second most cultivated fish after the carp family. As Nile tilapia only made up 

8 % of the total aquaculture production in 2016, and there is currently very little information 

on decellularized fish tissues (Table 1-1), there are huge potentials in deriving decellularized 

tissues and beneficial bioactive substances from the other commonly cultivated species, 

especially from the carp family.  

Extrapolating from the positive results of decellularized tilapia skin from this thesis, we would 

expect the decellularization of tissues from other fish species to contribute to the production of 

biocompatible, economical and sustainable scaffolds for tissue engineering, as well as the 

reduction of fish waste in the fish processing industry and the increase in value for fish by-

products. 
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 Investigation of mechanisms behind enhanced healing 

In section 6.3.7, DTS was evaluated for its suitability as a skin wound dressing, and DTS 

showed an improved wound healing rate in mice compared to native tilapia skin. After an 

addition of sodium hydroxide treatment, the DTS-N (sodium hydroxide treated DTS) exhibited 

further improvement in the in vivo wound healing rate, matching the performance of DuoDerm, 

an established hydro-colloid dressing used for the management of chronic wounds.  

Although the process of skin wound healing has been extensively studied, the mechanism of 

how DTS and DTS-N contributed to enhanced healing of the skin has not been investigated. In 

the results and discussion, we suggested that the reduction of immunogenic potential by the 

decellularization process contributed to the enhanced healing. However, there are many other 

factors that play a role in the wound healing process, which has not been thoroughly studied in 

this thesis. In chapter 1, I mentioned that the development of a successful tissue construct 

depends on one or a combination of these five tenets: scaffolds, cells, growth factors, 

bioreactors, and bioimaging. For my future work, I would like to investigate each of these 

tenets in more detail, to understand the mechanism behind the enhanced healing by DTS and 

DTS-N: 

1) Scaffolds – The tilapia skin may contain bioactive substances and surface properties 

that can contribute to favourable or adverse cellular response and tissue-implant 

interaction. Such substances and surface properties have not been studied in detail in 

my thesis. As mentioned in section 7.2.1, we would like to perform a more detailed 

analysis of the biochemical composition of tilapia skin before and after 

decellularization, to identify substances that contribute to beneficial tissue-implant 

interactions and also substances provoking adverse response. As surface morphology 

and stiffness could also influence cellular behaviour [361], it would be useful to 
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investigate the surface properties of tilapia skin before and after decellularization, to 

find out whether the modified surface properties of DTS and DTS-N affect cell and 

tissue response in vivo. 

2) Cells – Among the five tenets of tissue engineering, cells play the most crucial role in 

skin regeneration as they are responsible for the inflammatory and healing response, 

as well as the formation of new tissues. The tremendous ability of the skin to 

regenerate is due to the presence of fibroblasts that create new ECM to contract the 

wound, and the presence of keratinocytes that undergo terminal differentiation to a 

keratinized layer forming the skin’s outermost barrier [362, 363]. In my thesis, we 

only investigated the metabolic activity and viability of human dermal fibroblasts on 

the tilapia skin for the in vitro study and performed H&E histology for the in vivo 

study. For my future work, I would study the cellular behaviour of keratinocytes on 

tilapia skin, and study how the tilapia skin affects the terminal differentiation of 

keratinocytes via in vitro gene expression study, immunohistochemical analysis of  

keratinocytic markers in histological sections, and in vivo quantitative assay of wound 

healing related biomarkers, similar to the work done in section 5.3.5.  

3) Growth factors – As a biological tissue, the fish skin could contain inherent growth 

factors which could influence cellular behaviour. Growth factors involved in skin 

regeneration include platelet-derived growth factor (PDGF), fibroblast growth factor 

(FGF), and insulin-like growth factor (IGF) [364]. However, the identification and 

quantification of growth factors in the fish skin have not been carried out within the 

scope of my thesis. The similarities and differences between human growth factors 

and fish growth factors are also not well-understood. For my future work, I would 

compare human growth factors and fish growth factors via bioinformatic analysis 

(similar to the work done in section 3.3.1) to predict the effects of fish growth factors 
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on human cells. I would also perform ELISA to isolate and quantify the relevant 

growth factors from fish skin, to study whether the decellularization process would 

affect the quantify of these growth factors, and how these growth factors affect skin 

regeneration.  

4) Bioreactors – Although bioreactors are beyond the scope of my thesis, they would be 

useful to investigate cellular behaviour on the tilapia skin in a dynamic environment. 

For example, cells can be seeded on a piece of tilapia skin undergoing cyclic strains 

and/or temperature fluctuations, to mimic the conditions experienced by cells in a real 

wound. 

5) Bioimaging – My thesis contains some simple forms of bioimaging such as scanning 

electron microscope (SEM), brightfield microscopy, live/dead cytotoxicity 

fluorescent imaging and microcomputed-tomography (µCT). In my future work, it 

will be definitely very helpful to include more advanced forms of bioimaging such as 

fluorescent tagging of skin cells and/or wound healing markers,  
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